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ABSTRACT

Chemical water quality monitoring is increasingly complemented with bioassays. The performance of drinking water treatment technologies

was evaluated with bioassays. CALUX bioassays and the Ames fluctuation bioassay for mutagenicity were used to analyze the responses of

raw feed water with and without a spiking mixture of organic contaminants in different pilot-scale water treatment trains applying advanced

oxidation processes, reverse osmosis and filtration with activated carbon for the preparation of drinking water. In general, CALUX responses

in the spiked feed water were in the same range as in the unspiked feed water, indicating that spiking did not significantly elevate the activity

measured in the feed water. This observation was in line with a calculation of the combined additive behavior of the spiking mixture using

bioactivities of the spiked chemicals in analog bioassays from ToxCast. This calculation gave no indication of a measurable response in the

bioassays to be expected by the spiking, except for oxidative stress. Responses in the Ames fluctuation assay in most feed water were in

some cases increased by advanced oxidation processes (AOPs) and mostly removed by active concentrations. The bioassay responses

demonstrate the removal of emerging chemicals with different mechanisms of action by different water treatment technologies.
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HIGHLIGHTS

• Bioassays were applied to evaluate pilot-scale water treatments fed with spiked influent water.

• Advanced oxidation induced the formation of compounds with different bioassay responses that are removed by activated carbon.

• Different treatment technologies remove emerging chemicals with different mechanisms of action.

• Concentration addition was applied to in vitro data to predict the activity of the spiking mixture.
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redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

1. INTRODUCTION

Organic micropollutants (OMPs) end up in the environment as a result of the everyday use of substances in the modern
society (Tosun et al. 2020). The number of new chemicals synthesized and marketed increases exponentially (Binetti et al.
2008; Bernhardt et al. 2017). Many chemicals reach surface waters via diffuse or local emissions as a result of domestic
use, industrial discharge, hospital effluent, and insufficiently effective wastewater treatment (Tosun et al. 2020). At the

same time, millions of European inhabitants depend on surface waters for their need of drinking water. Drinking water com-
panies are as such increasingly confronted with mixtures of new and different OMPs present at low – but detectable –

concentrations in their water sources (Fischer et al. 2017). Therefore, the companies use a multitude of screening methods

to get insight into the presence of OMPs, and they often combine complementary treatment processes (‘multibarrier
approaches’) to remove as much of the micropollutants as possible. Since these OMPs cover a wide range of physicochemical
properties, a combination of treatment processes (targeting different removal mechanisms such as size exclusion, oxidation,

and adsorption) is required to comply with drinking water standards that have become more stringent throughout the years
(e.g., Post 2021).

The research presented in this study was conducted within a joint program set up by four Dutch surface water companies to

safeguard drinking water quality. They proactively investigate the robustness of their water treatment processes for the
removal of micropollutants (‘Robustness of treatments’). Within this program, every 5 years the four companies assess the
removal capacity for micropollutants of processes that are operated at the time or aimed to be implemented in the near
future. To this aim, each time a selection was made of OMPs that were considered relevant for drinking water production.

These chemicals have been frequently detected or have been detected in significant concentrations in Dutch surface
waters and were selected based on (lack of) knowledge of their potential toxicity, challenges regarding effective treatment,
and/or their physicochemical properties and analytical detectability. The chemicals were spiked in pilot-scale experiments

and their fate during water treatment trains was assessed.
Five water treatment processes were investigated, including advanced oxidation processes, reverse osmosis (RO) in com-

bination with ultrafiltration and (biological) activated carbon filtration steps. As targeted chemical analyses cannot

completely capture the effects exerted by all chemicals in a mixture, a panel of bioassays was used to quantify the chemical
burden and assess their utility for the assessment of water quality changes, alongside non-target screening (NTS) (Brunner
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et al. 2020), and quantitative target chemical analysis of 34 spiked OMPs. Bioassays are biological test systems that directly

detect integrated biological responses of chemicals that have a similar associated interaction with the biological targets (such
as receptor proteins). As OMPs have different interactions with biological systems (mechanisms of action), appropriate bioas-
says need to be applied to detect their specific effects (endpoints). As mixtures of OMPs typically exert diverse types of

biological effects, a panel of bioassays for effect-based monitoring needs to include several bioassays detecting different mech-
anisms of action. Several studies have included panels of bioassays to monitor water quality improvement by drinking water
treatment processes, although the treatment processes and/or bioassay endpoints included differ (Neale et al. 2020;
Oskarsson et al. 2021; Kienle et al. 2022). For specific purposes, such as the evaluation of the performance of water treatment

technologies, a relevant and efficient set of bioassays can be selected on a case-by-case basis, considering, e.g., the specific
chemical composition of local sources and the likelihood of the formation of transformation products that might exert
specific biological activities. To assess whether a response may be related to potential risks, the effect level at which potential

risks cannot be excluded is defined using effect-based trigger (EBT) values (van der Oost et al. 2017; Neale et al. 2022). Differ-
ent methods are published, and EBT values may differ for potential risks to human health, on the one hand, and the
environment, on the other (Brand et al., 2013; Escher et al., 2015; van der Oost et al. 2017; Been et al. 2021). EBT values

were used for interpretation of the data and may not always reflect realistic risks posed to human health.
A set of CALUX reporter gene assays and the Ames fluctuation test for mutagenicity were used to study the outcome of

biological activities of water samples collected before and after treatment in pilot-scale water treatment trains. As a wide var-

iety of chemicals were spiked in the experiments in the pilot treatment plants and owing to the use of advanced oxidation
processes, bioassays for mechanisms related to reactive toxicity were included: the Ames fluctuation test for mutagenicity
(Heringa et al. 2011), CALUX tests for oxidative stress response via the nuclear factor erythroid 2-related factor 2 (Nrf2) path-
ways activation (Nrf2 CALUX) (van der Linden et al. 2014), and metabolism via activation of the aryl hydrocarbon receptor

(AhR, in the polycyclic aromatic hydrocarbon (PAH) CALUX) (Pieterse et al. 2013). In addition, two CALUX assays for hor-
mone-related mechanisms (estrogenic activity measured in the estrogen receptor CALUX (ERα) and anti-androgenic activity
measured in the anti-androgen receptor CALUX (anti-AR)) were included for comparability with earlier water quality studies.

The ERα CALUX measuring estrogenic activity (activation of the female sex steroid hormone receptor estrogen receptor α)
was chosen because low levels of estrogenic activity are commonly found in surface waters (Houtman et al. 2020). This also
holds for anti-androgenic activity, i.e., antagonistic binding on the male sex hormone receptor (androgen receptor), as

measured in the anti-AR CALUX assay (Houtman et al. 2021).
In the present study, we aimed to look into the impact of OMPs on bioassay responses as a measure of water quality and the

effects of five water treatment processes. A targeted set of bioassays was used to evaluate changes in chemical water quality in
pilot-scale drinking water treatment trains fed with a mixture of micropollutants. EBTs values and ToxCast bioactivity data of

analog endpoints as in the applied bioassays were used for further interpretation and evaluation of the bioassay battery. The
ToxCast bioactivity data were used to predict the combined effect of the spiking mixture, using the concept of concentration
addition (Loewe & Muischnek 1926).

2. METHODS

2.1. Pilot treatment trains and process conditions

Four Dutch drinking water companies participated in the study, accounting for five different pilot treatment plants treating
surface water or infiltrated surface water. General descriptions of the treatment processes are given below. A schematic over-

view is given in Table 1. More specific treatment process conditions are provided in the Supplementary Material (Table S1).
Pilot treatment plant A consisted of advanced oxidation by O3/H2O2 followed by UV/H2O2. Feed water was obtained from

a full-scale installation. In this full-scale installation, surface water is abstracted from a side branch of the River Meuse. After
dosing with FeSO4 to reduce phosphate concentration and sedimentation, the water was treated by microsieve filtration and

rapid sand filtration. At this point, the feed water for the pilot treatment plant was abstracted. For drinking water production,
this water was infiltrated in the dunes with a residence time of approximately 2 months, followed by softening, powdered acti-
vated carbon treatment, aeration, and rapid and slow sand filtration, subsequently. Samples within the spiking experiments

were taken on 5 October and 12 October 2017, several days after spiking the feed water. The average feed flow rate in this
pilot treatment plant was 5 m3/h. More information on pilot treatment plant A is outlined in Table S1 in the Supplementary
Material or in the study by Brunner et al. (2020).
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Pilot treatment plant B consisted of ultrafiltration and RO. Feed water for pilot treatment plant B was abstracted from a full-
scale installation in which surface water from Lake IJssel was pretreated by aeration, drum sieves, coagulation/floc formation,
lamella separators, rapid sand filtration, and granular activated carbon (GAC). At this point in the treatment train, the feed

water for the pilot treatment plant was abstracted. For drinking water production, this pretreated water was further treated in
the full-scale plant, either by (1) ultrafiltration followed by RO (as in the pilot treatment plant) or by (2) UV in combination
with H2O2, followed by GAC filtration and dune infiltration. After abstraction from the dunes, this water was further treated

by softening, aeration, rapid sand filtration, and dosing of chlorine dioxide. Water from the two lines was mixed before dis-
tribution. The spike solution was added after the ultrafiltration step to assess the impact of the RO process. Samples within the
spiking experiments were taken on 21 September and 22 September 2017, 72 and 96 h after spiking the feed water, respect-

ively. The average feed flow rate in this pilot treatment plant was 9.7 m3/h. More information on pilot treatment plant B is
outlined in Table S1 in the Supplementary Material or in the study by Brunner et al. (2020).

Pilot treatment plant C consisted of UV in combination with H2O2 followed by GAC treatment, as described in line 2 of the

full-scale plant. The feed water for pilot treatment plant C was the same as that for pilot treatment plant B. Samples within the
spiking experiments were taken on 3 –5 October 2017, several days after spiking the feed water. The average feed flow rate in
this pilot treatment plant was 18.3 m3/h. More information on pilot treatment plant C is outlined in Table S1 in the Sup-
plementary Material or in the studies by Ebrahimzadeh et al. (2021) and Brunner et al. (2020).

Pilot treatment plant D consisted of ozone treatment, followed by a two-step biologically active carbon filtration (BACF).
For the BAC treatment step, carbon batches from the full-scale installation with two different operating (service) times were
used, with the filter in the last step containing the batch with the shortest operating time (least preloading). Feed water was

abstracted from a full-scale installation in which surface water from the Lekkanaal (a channel fed with water mainly originat-
ing from the river Rhine) at Nieuwegein was treated by dosing with FeCl3, sedimentation, rapid sand filtration, dune
infiltration and abstraction, and subsequent rapid sand filtration. At this point, the feed water for the pilot treatment plant

Table 1 | Collected samples (treatment steps, from top to bottom, are sequential)

Note: BAC, biologically active carbon; BACF, biologically active carbon filtration; RO: reverse osmosis.

Water Supply Vol 24 No 11, 3779

Downloaded from http://iwaponline.com/ws/article-pdf/24/11/3776/1511721/ws2024243.pdf
by KWR WATERCYCLE RESEARCH user
on 05 December 2024



was obtained. Samples within the spiking experiments were taken on 6 November 2018 (duplicates), several hours after spik-

ing the feed water. The average feed flow rate in this pilot treatment plant was 5 m3/h.
Pilot treatment plant E consisted of three different treatments studied in parallel using columns filled with saturated BACF,

from which samples were taken after 10 (sampling point 3) and 20 min (sampling points 2 and 4) of empty bed contact time,

respectively. The feed water of the pilot trains consisted of water abstracted from the river Meuse, followed by reservoir sto-
rage that was pretreated with coagulation, sedimentation, dual media filtration, and UV disinfection. Samples within the
spiking experiments were taken (duplicate) on 18 October and 19 October 2018, several hours after starting spiking the
feed water. The average feed flow rate in this pilot treatment plant was 2.8 m3/h for each BACF filter unit.

2.2. Spiking and sampling

Spike chemicals were selected based on their priority indicated in databases and reports of the Association of River Water
Works (RIWA) (Slootweg & Houtman 2014; Stroomberg et al. 2018; Pronk et al. 2020; Slootweg et al. 2022), the Water
Framework Directive (WFD) guideline (https://environment.ec.europa.eu/topics/water/water-framework-directive_en),

and company-specific research (data not shown). Chemicals were selected in case measured concentrations (monitored
between 2011 and 2015) repeatedly exceeded drinking water standards or target values (0.01 μg/L for genotoxic compounds,
0.10 μg/L for other biologically active compounds, and 1.00 μg/L for other anthropogenic compounds without known
specific biological activity; Mons et al. 2013) or if often detected at concentrations above 50% of these values, and based

on (lack of) toxicological information, challenges regarding effective treatment and/or their physicochemical properties,
analytical detectability, and commercial availability. The selected chemicals (Table 2) were prepared in a spike solution to
be added to the feed water of the pilot treatment plants, in which their concentrations were defined based on limits of quanti-

fication (LOQs) of the target analytical methods, the flowrates of the pilot treatment plants, dosing time, and knowledge on
removal efficiencies leading to nominal concentrations as given in Table 2. A more detailed paragraph on the preparation of
the spiking solution can be found in section I in the Supplementary Material.

Duplicate experiments took place on two different days (fall 2017 (plants A–C) and fall 2018 (plants D and E)). As the
experiments took place on different days, the time between the preparation of the dosing solution and their use in the spiking
experiments differed between the plants and between duplicate experiments. This could, in principle, cause the actual con-
centrations on the days of the experiments to deviate slightly between the pilot treatment plants. Therefore, actual

concentrations of the spike chemicals in the spiked feed water were determined chemically during each experiment, with
quantitative chemical analysis methods, as described in Brunner et al. (2020). Samples were collected from feed water,
spiked feed water, and after specific treatment steps (Table 1). Water samples were stored in glass bottles at 4 °C and pro-

cessed within 1 week. Details about the procedures of the experiments can be found in Brunner et al. (2020).

2.3. Prediction of bioactivity of the spiking mixture

2.3.1. ToxCast data

To explore if specific in vitro bioactivities of the chemicals in the spiking mixture would expectedly evoke responses in (one of)

the CALUX bioassays, ToxCast bioactivity data (active concentration (AC50); the concentration that induces half-maximum
response, reported in μM) for analog assay endpoints in the ToxCast database were extracted from the CompTox dashboard,
together with ToxCast AC50 data for the reference compounds and experimentally obtained AC50 values (Tables S2 and S3 in

the Supplementary Material) (accessed 11 January 2022, via https://comptox.epa.gov/dashboard/). This analysis assumed
that analog ToxCast in vitro assay responses were predictive of the response in CALUX bioassays if their respective endpoints
can be considered mechanistically analog (Been et al. 2021). Secondary read-outs, such as cell viability or control conditions,

were excluded. Only bioassay-compound combinations with an active hit call were included in the analysis. The concen-
tration response series only got an active hit call (and high-quality rating) when they met three criteria: (i) the Hill model
should emerge as the best model, (ii) the top of the modeled curve must be above the efficiency threshold (efficacy cutoff),

and (iii) for at least one concentration, the median response must be above the efficacy threshold). AC50 concentrations
(in μM) were converted to AC50 concentrations in μg/L, based on the molecular weight of the compound.

2.3.2. Mixture toxicity

If the potencies of all individual spike compounds in the applied bioassays were known, it would be possible to predict the
combined effect of the spiking mixture, by using the concept of concentration addition (Loewe & Muischnek 1926).
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Table 2 | Spiked chemicals

Chemical name Use category Nominal spiking concentration (μg/L)

Spiked feed
water A (μg/L)

Spiked feed
water B (μg/L)

Spiked feed
water C (μg/L)

Spiked feed
water D (μg/L)

Spiked feed
water E (μg/L)

1 2 1 2 1 2 1 2 1 2

Acesulfame-K Sweetener 0.1 13 14 11 7.3 11 10 8 8.4 9 8.8

AMPA Glyphosate metabolite 0.02 NA NA NA NA NA NA NA NA 2 2

Aniline Industrial chemical 0.01 1.1 0.98 0.91 0.4 0.81 0.8 0.5 0.51 0.55 0.52

Barbital Pharmaceutical 1 11 12 8.8 6 8.3 9.3 8.3 9.2 8.5 8.2

1H-benzotriazole Industrial chemical 0.01 1.9 1.9 1.3 0.98 1.4 1.3 1 1.1 1.3 1.3

Carbamazepine Pharmaceutical 0.01 1.2 1.2 1.1 0.68 0.95 0.96 0.93 0.95 0.97 0.96

Carbendazim Fungicide 0.01 0.41 0.45 0.38 0.24 0.29 0.32 0.65 0.66 0.75 0.73

Diatrizoic acid Contrast agent 0.03 5.1 4.9 4.1 2.7 4 3.9 2.4 2.5 2.5 2.5

Diclofenac pharmaceutical 0.01 0.11 0.12 0.12 0.07 0.09 0.09 0.17 0.18 0.18 0.17

Dimethenamid Herbicide 0.01 1.2 1.2 1 0.64 0.93 0.94 0.66 0.67 0.71 0.72

Dimethomorph Fungicide 0.01 1.1 1.1 1 0.6 0.79 0.78 0.79 0.78 0.81 0.79

EDTA Industrial chemical 0.05 NA NA NA NA NA NA NA NA 13 12

Phenobarbital Pharmaceutical 0.5 11 11 9.1 6.2 7.5 8.6 7.3 7.6 7.3 7.2

Furosemide Pharmaceutical 0.03 1.7 1.6 1.8 1 0.92 0.97 1.5 1.5 1.5 1.6

Gabapentin Pharmaceutical 0.01 1.6 1.6 1.3 0.68 1.2 1.2 0.85 0.87 0.97 0.95

Glyphosate Herbicide 0.05 NA NA NA NA NA NA NA NA 4.3 4.3

HFPO-DA (Gen-X) Industrial chemical 0.2 13 13 12 6.9 9.6 10 8.6 9 9.5 9.7

HMMM Industrial chemical 0.03 0.27 0.26 0.22 0.24 0.23 0.22 <LOQ <LOQ 0.14 0.13

Hydrochlorothiazide Pharmaceutical 0.05 5.2 5.8 4.6 2.5 4 3.9 4.3 4.4 4.5 4.7

Melamine Industrial chemical 0.05 9.1 9.3 6 3.8 5.4 5.4 5 5 6.9 6.6

Metformin Pharmaceutical 0.05 5.9 5.5 4.9 2.9 4.8 4.6 3.7 3.9 4.2 3.8

4-methyL-1H-benzotriazolea Industrial chemical 0.01 1.2 1.3 0.94 0.64 0.86 0.83 0.78 0.8 1 0.98

5-methyl-1H-benzotriazolea Industrial chemical 0.01 1.7 1.7 1.4 0.84 1.2 1.3 1 1.1 1.2 1.1

Propranolol Pharmaceutical 0.01 2 2 2.4 1.3 1.4 1.5 1.7 1.8 1.8 1.8

Pyrazole Industrial chemical 0.5 11 13 11 6.8 8.9 9.2 8.9 8.7 7.6 7.3

Sucralose Sweetener 1 13 13 9.3 6.2 8.2 8.4 10 11 11 12

Terbuthylazine Herbicide 0.01 0.57 0.58 0.51 0.33 0.46 0.44 0.3 0.31 0.38 0.38

Tetraglyme Industrial chemical 0.03 4 4 3.7 2.3 3.3 3.2 2.7 2.8 3 3

TFA Industrial chemical 0.05 6.5 6.3 5.2 7.3 6 5.9 5.8 5.9 5.4 5.7

Tiamulin Pharmaceutical 0.01 2.4 1.5 1.9 0.9 0.68 0.65 1.6 1.8 1.6 1.6

Triphenylphosphine oxide (TPPO) Industrial chemical 0.01 1.3 1.3 1.2 0.76 1 0.99 0.92 0.94 0.93 0.93

Tramadol Pharmaceutical 0.01 1.3 1.2 1.1 0.66 0.93 0.89 1.1 1.2 1.2 1.2

Urotropin Industrial chemical 0.05 2.9 3 2.8 0.69 2.8 2.7 1.5 1.4 1.1 1.1

M/P-Xylene Industrial chemical 0.05 NA NA NA NA NA NA 5.1 5.4 NA NA

aMixture of 35% 4-methyl-1H-benzotriazole and 65% 5-methyl-1H-benzotriazole.

Source: PUBCHEM and analytical methods included in Brunner et al. (2020), and the analyzed concentrations in spiked feed water introduced in the different pilot treatment plants (two replicates)
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However, since individual potencies were not available for most of the 34 spiked compounds in the applied bioassays, Tox-

Cast bioactivity data (AC50 data) in bioassays for analog endpoints to the CALUX bioassays in our study were collected and
used to predict a possible mixture effect. As no analog endpoints were available for responses in the Ames fluctuation test for
mutagenicity (yet), this analysis was not performed for the Ames tests. Expected mixture effects for each pilot treatment plant

were calculated based on toxic units for each individual chemical i (TU is the ratio between the actual concentration
measured at the location and the concentration evoking an effect in the assay (AC50)).

TUi ¼ ci
AC50,i

(1)

Individual potencies of compounds were expressed relative to those of the reference compounds in the CALUX assays
(Table S3; anti-AR CALUX – flutamide; ER CALUX – 17β-estradiol; Nrf2 CALUX – curcumin; PAH CALUX – benzo(a)
pyrene; PXR CALUX – nicardipine; and PPARγ CALUX – rosiglitazone) by calculating their relative potency factors

(RPFs). RPFs for each of the 14 chemicals were calculated based on the chemical-specific AC50 values for the analog ToxCast
assays (Table S2) and the (measured) AC50 values for the reference compounds for the specific CALUX assay endpoints.

RPF ¼ AC50�ref

AC50�x
(2)

If no experimental data were available (i.e., in the case of Nrf2 CALUX), the AC50 of the reference compound was based on

the arithmetic mean of the AC50 values of the analogous ToxCast assays (Table S4).
The measured concentrations in the pilot treatment plants could then be expressed in equivalents of the reference com-

pound by multiplying the respective concentrations by the corresponding RPF (Equation (3)). However, prior to

calculating the equivalents, AC50 values in μM were needed to be converted to μg/L to match the concentrations of the
feed water in the pilot treatment plants.

EQi ¼ ci � RPFi (3)

The total expected mixture toxicity, expressed in equivalents, was determined according to the concentration addition

principle.

Xn

i¼1

EQi ¼ EQmix (4)

If AC50 values for multiple analog ToxCast assays were available per endpoint, the most conservative value was chosen. As

much data were lacking on the effects of individual chemicals, we consider the mixture toxicity as described above as a
measure for the minimal expected activity of the mixture.

2.4. Bioassays

2.4.1. Performance of CALUX bioassays

CALUX® cells were supplied by BioDetection Systems B.V. (Amsterdam, the Netherlands). CALUX bioassays for anti-AR,
ERα, PAHs, oxidative stress response (tested in the Nrf2 CALUX), activation of the PXR receptor and activation of the

PPARγ receptor were performed according to the supplier’s protocols. The PXR CALUX and PPARγ CALUX were only per-
formed at pilot treatment plant D, based on observations in earlier company research (data not shown). Water samples (1 L)
were taken from the feed water and treated water of the pilot treatment plants in two independent experiments (acting as
duplicates), stored in glass bottles at 4 °C and processed within 1 week. Water samples were concentrated by solid-phase

extraction and evaporation of the solvents (Houtman et al. 2018; Alygizakis et al. 2019).
For anti-AR, ERα, PAH, and Nrf2 CALUX, compounds in the samples were extracted on Oasis hydrophilic-lipophilic

balanc solid phase extraction (HLB SPE) cartridges, as described in Houtman et al. (2018), and extracts were reconstituted

in 50 μL dimethylsulfoxide (DMSO). From these extracts, 3-, 10-, 30-, and 100-fold dilutions were prepared in DMSO. Extracts
and dilutions were tested in the ERα CALUX and antagonistic mode of the AR CALUX (anti-AR CALUX) at 0.1% extract
concentration, as described previously (Van der Linden et al. 2008; Houtman et al. 2018) with reference compounds 17β-
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estradiol (E2) and flutamide, respectively. The anti-androgenic activity was tested in the presence of DHT at the EC50 level.

Induction of the AhR was tested in the same extracts and dilutions at an exposure concentration of 0.8% in the PAH CALUX,
as described by Pieterse et al. (2013), with benzo(a)pyrene (B(a)P) as a reference compound. Oxidative stress was tested at an
exposure concentration of 1.0% in the Nrf2 CALUX as described by van der Linden et al. (2014) with curcumin as a reference

compound. For the PXR and PPARγ CALUX, separate extracts were prepared, using similar SPE cartridges and volumes, but
using methanol and acetonitrile as solvents for the elution. PXR and PPARγ CALUX were exposed to 0.1% extract concen-
trations, according to Gijsbers et al. (2011) and Alygizakis et al. (2019). Nicardipine and rosiglitazone were used as their
respective reference compounds.

2.4.2. Performance of the Ames fluctuation test

The Ames fluctuation test uses genetically modified Salmonella typhimurium bacteria to investigate the potential induction of
DNA mutations by exposure to chemicals or environmental samples to determine a potential for genotoxicity (Reifferscheid
et al. 2011). The Ames fluctuation test was performed, as reported previously (Heringa et al. 2011) with minor modifications

(regarding the used Salmonella strains, culture media, statistics, and interpretation). Strains TA98 and TA100 were used to
detect frame-shift mutations and base-pair substitution, respectively. Water samples were concentrated by SPE using Oasis®

HLB cartridges (Waters Corporation,Milford, CT,USA), evaporating the solvents and dissolving the 10,000 times concentrated
water sample extract inDMSO,as reportedpreviously (Kolkman et al.2013). Theextractswere storedat�18 °Cprior tobioassay

testing. Extracts and procedure controls were tested in triplicatewith andwithout the S9 enzymemix in two independent exper-
iments. Solvent (DMSO) control and positive controls (in DMSO) were also tested in triplicate [TA98� S9: 20 μg/mL 4-
nitroquinolineN-oxide (4-NQO)and500 μg/mL4-nitro-o-phenylenediamine (4-NOPD);TA98þ S9: 5 μg/L2-aminoanthracene

(2-AA); TA100� S9: 12.5 μg/mLnitrofurantoin (NF); TA100þ S9: 20 μg/mL2-AA].Histidine, nutrient broth no. 2 oxoid, 2-AA,
MgCl2·6H2O, NaH2PO4·H2O, and Na2HPO4·2H2O were obtained in analytical grade from Boom (Meppel, the Netherlands).
NaCl andKClwerepurchased fromAvantor PerformanceMaterials B.V. (Deventer, theNetherlands). 4-NOPD, 4-NQO,NF,D-

glucose-6-phosphate, nicotinamide adenine dinucleotide phosphate, and ampicillin were purchased from Sigma-Aldrich
(Zwijndrecht, the Netherlands). The 24- and 96-well plates were supplied by Greiner Bio-One (Alphen A/d Rijn, the Nether-
lands) and the Corning 384-well plates from Sigma-Aldrich. Cytotoxicity (reduced optical density at 595 nm) may result in
false-negative responses, while increased cell growthmay result in higher sensitivity of the assay. Therefore, cell growth and sur-

vival were checked using a custom cytotoxicity test with subsamples of the exposure cultures in a medium with histidine.

2.5. Data analysis and interpretation

2.5.1. CALUX bioassays data

Responses of dilutions of the water extracts giving response between the LOQ and the EC50 were interpolated in the standard
curve and responses were expressed as equivalents of the reference compounds per liter of water (Houtman et al. 2004).
Responses were benchmarked against EBTs for environmental toxicity (van der Oost et al. 2017) and human health (Been
et al. 2021). As spiking concentrations were not based on biological activities in this study, a risk evaluation of the spiked

water as such based on the bioassay results was less relevant. EBTs were used here to evaluate unspiked feed water for
environmental quality and drinking water for human health and more generally to benchmark bioassay responses for
which numerical results can vary widely. For the Nrf2 CALUX and the PPARγ CALUX, the EBTs were below the respective

LOQs in these tests. By definition, every exceedance of the LOQ also exceeds the EBT, and the exceedance of the EBT cannot
be ruled out when positive responses are not measured.

2.5.2. Ames fluctuation test data

Ames results were expressed as the number of cell culture wells (total number of wells: 48) in which a color change of the pH
indicator in the culture medium is observed. Maximum (25) and minimum (10) average numbers of wells in which a color

change is observedare considered for the solvent control andpositive control conditions, respectively. Test conditionswerecom-
pared to solvent and procedure controls (as a control for potential false-positive results caused by contamination during sample
preparation). A chi-square test (for data with binomial distribution) was used to determine statistically significant differences

(p, 0.05) between the control and the test conditions. As no dilutions were included in the Ames fluctuation test (unlike in
the CALUX assays), a lot of uncertainty may be introduced when testing only a single sample. In addition, the Ames fluctuation
test only results in ayes/noanswer andnoquantitative result (effect concentration), and concentrations of compounds in surface
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waters and influents fluctuate considerably in space and time. Therefore, (at least) two independent Ames fluctuation tests were

performed in this study. A tested sample was considered mutagenic if a statistically significant response was replicated in two
independent experiments in at least one of the test conditions (TA98� S9, TA98þ S9, TA100� S9, and TA100þ S9), based
on an earlier work by Beal et al. (2023). This was different from the assessment method for the Ames fluctuation test based

on a baseline. However, in practice, results may be similar, unless there is a lot of variability in concentration data.

3. RESULTS AND DISCUSSION

3.1. Prediction of possible bioactivities of the spiking mixture

3.1.1. Prediction of possible activities of the spiking mixture in the anti-AR, ERα, PAH, Nrf2, PXR, and PPARγ CALUX
bioassays

Information on the activity on analog ToxCast assay endpoints was available for a subset of 14 of the spiked chemicals
(Supplementary Table S3). For each of the CALUX tests applied here, several of the spiked chemicals elicit responses in
analog ToxCast assay endpoints, albeit at higher concentrations than observed in the pilot treatment plant experiments.

For none of the individual spiked chemicals, the concentration measured in the spiked feed water would be expected to
elicit a response in an analog ToxCast endpoint for any of the CALUX tests applied here. Individual spiked chemicals
thus do not explain (part of) the observed responses. For the other chemicals included in the spiked mixture of chemicals

fed into the pilot treatment plants, only negative (inactive) bioactivity data were available in the CompTox chemical dash-
board (Table 3). For two chemicals, the majority of the reported bioactivity data had a negative (inactive) hit call:
phenobarbital (245/255) and melamine (212/219). The total predicted mixture activities, expressed in equivalents of the refer-

ence compound, are shown in Table 4. The predicted mixture activities slightly deviate between pilot treatment plants
because the actual concentrations of the spiking compounds were slightly different between the pilot experiments (see
Table 2). The predicted mixture activities in the anti-AR, ERα, PAH, and PPARγ CALUX were undetectably low. Only in

the Nrf2 and PXR CALUX, some measurable mixture activity (a maximum of 2.2-fold the LOQ) was predicted. In the
ERα and PPARγ CALUX, indeed no activity was measured in the pilot plant samples (Figure 1; detailed discussion of
pilot plant results will follow in the next section). While we did not expect mixture toxicity, activities were measured in
the feed waters in the anti-AR CALUX (all plants) and PAH CALUX (with the exception of treatment installation C), implying

that other compounds already present in the feed water contributed to CALUX responses and/or that possibly one or more
compounds lacking AC50 data for all analog assays in ToxCast contributed as well. In addition, for Nrf2 (except in the feed
water of plants A and E) and PXR CALUX, no activities were measured, while (small) mixture activities were expected based

on mixture toxicity calculations. This might be due to the fact that the AC50 values might not 100% be equal or representative
between the CALUX assays used in this study and the analog assays for similar endpoints in ToxCast. This might specifically
hold for urotropin for which a high potency (low AC50) for Nrf2 was found in ToxCast, leading to high predicted mixture

activity, while no activity in the Nrf2 CALUX was found in the spiked water from the pilot plants B, C, and D.

3.1.2. Likelihood of possible activity of the spiking mixture in bioassays for other toxicological endpoints

The bioactivity of spike compounds reported in the ToxCast database for all other ToxCast assay endpoints was considered to
give an indication if bioassays for other endpoints would be valuable additions to the panel of bioassays in future studies eval-

uating water treatments. Only a subset of 14 micropollutants in the spiked feed water activity could reasonably be expected if
these assays were applied. In 28 chemical endpoint combinations, bioactivity was elicited in one of the 156 ToxCast assay
endpoints included in this study. These endpoints included mainly assays based on human embryonic kidney cell lines
and human liver cancer cell lines. These assay endpoints were not considered analogous to the CALUX assays in the present

study and may be used in a follow-up study to monitor the removal of compounds eliciting bioactivity. Table S2 provides
chemicals that elicited responses for at least one out of 156 different ToxCast assay endpoints. However, the AC50 values
were in most cases higher than the concentrations in the pilot treatment plant experiment. Table S3 provides chemicals

for which AC50 data from ToxCast bioassays were available, but none of the concentrations in the spiked feed water exceeded
these AC50 data.

3.2. CALUX bioassays results of pilot installation samples

The CALUX bioassay results of the duplicate samples from the pilot installations are shown in Figure 1.
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Table 3 | RPFs for all compounds included in the analysis

Bioactivity of spiked chemicals micropollutants

RPFs

Analog toxcast assay
endpoints

1H-
benzotriazole

5-methyl-1H-
benzotriazole Carbamazepine Carbendazim

Diatrizoic
acid Dimethenamid Dimethomorph Phenobarbital Furosemide HMMM Hydrochlorothiazide Terbuthylazine

Triphenylphosphine
oxide (TPPO) Urotropin

Anti-AR
CALUX

TOX21_AR_BLA
_antagonist_ratio

1.8E-02 4E-03 8.3E-03

TOX21_AR_LUC
_MDAKB2_Antagonist
_0.5 nM_R1881

7.6E-02 1.3E-01

TOX21_AR_LUC_MDAKB2
_Antagonist_10 nM_R1881

4E-03 3.5E-02 8.9E-02

ERαCALUX ATG_Era_TRANS_up 4E-08 7E-08 4E-06
ATG_ERE_CIS_up 5E-08 1E-07 3E-07 2E-07 2E-06 8E-07
TOX21_Era_BLA

_Agonist_ratio
1E-07

TOX21_Era_LUC
_VM7_agonist

2E-07 3E-08 2E-06

Nrf2CALUX ATG_NRF2_ARE_CIS_up 8.3E-1 3.5E0 8.7E-01 1.4E-01 2.8E-01 2.1E01
TOX21_ARE_BLA

_agonist_ratio
2.2E0

PAH
CALUX

ATG_Ahr_CIS_up 2E-04 5E-03 5E-03 1E-04
TOX21_AhR_LUC_agonist 2E-03

PXR
CALUX

ATG_PXR_TRANS_up 3.2E-03 1.4E-01 6.4E-01
ATG_PXRE_CIS_up 1.8E-02 2.7E-01 5.2E-02 5.8E-03 9.5E-02 7E-02 6.7E-02

PPARγ
CALUX

ATG_PPARg_TRANS_up 1.9E-02 1.7E-03
ATG_PPRE_CIS_up 3.2E-02 2.4E-02
TOX21_PPARg_BLA

_agonist_ratio W
ater
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p
ly

V
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N
o
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3.2.1. Anti-androgenic activity in the anti-AR CALUX

Unspiked feed water from all pilot treatment plants, except the duplicate of plant A, induced responses in the anti-AR CALUX

assay (Figure 1, top panel). Many micropollutants in water are known to exhibit anti-androgenic activity. Therefore, it is likely
that anti-androgenic activity was already present in the unspiked feed water due to the presence of unknown anti-androgens
in the source waters (Aït-Aïssa et al. 2010; Christen et al. 2014; Liscio et al. 2014). The presence of anti-androgenic activity
was a common observation in the unspiked feed water of these plants (for plants A, B, C, and E; Been et al. 2021), which may

possibly be due to the presence of unknown anti-androgens in the source waters (i.e., raw feed waters). The composition of
surface waters can fluctuate considerably over a short time. This can explain the differences in the concentration of the anti-
androgenic activities between the duplicates of plant A, as this plant uses water from the river Meuse as its source.

The spiked feed water showed anti-androgenic activity in all plants and duplicates in a similar range as the unspiked feed
water (except the duplicate of plant A). No detectable activity from the spiking mixture was expected. The measured activity
was therefore most likely due to substances already present in the (undosed) feed water (see paragraph above). The highest

anti-androgenic activity was measured in the unspiked and spiked feed waters of plant D. Sometimes, the water at this
location contains elevated levels of anti-androgenic activity, as was also the case in fall 2018 (Houtman et al. 2021). Appar-
ently, the pretreatment performed before the water was used as feed for the pilot fails to completely remove the substances

that cause the anti-androgenic activity. This underlines the importance of a multibarrier approach in drinking water treatment
as endorsed and applied by the companies participating in this study. The anti-androgenic activity was not detected after the
treatments, indicating efficient removal by both advanced oxidation (O3/H2O2 at plant A, UV-H2O2 at plant C, and O3 at
plant D), RO (at plant B), and activated carbon (BACF at plant E). At pilot treatment plant E, freshly reactivated carbon

removed the compounds with anti-androgenic activity completely, whereas some activity at levels below EBT remained
after using the saturated BACFs.

The unspiked and spiked feed water of plant D exceeded the EBT for environmental quality (anti-androgenic activity). The

identification of responsible compounds was a topic of earlier research. Pesticides were identified by effect-directed analysis
in water from the Meuse and in waste water treatment plant effluent to contribute to this activity (Houtman et al. 2020, 2021).
A study investigating the nature of anti-androgenic activity at other drinking water sources, including the Lekkanaal, is

Table 4 | Total calculated mixture activity (in equivalents of the corresponding reference compound) for each
pilot treatment plant and CALUX assay type

Notes: The orange cells marked in red have detectable activities (.LOQ). No bioassays have been performed for samples indicated by gray cells.
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Figure 1 | Anti-AR, ERα, Nrf2, and PAH CALUX responses induced by water samples collected from pilot treatment plants (a)–(e). Treatment
steps were sequential unless indicated in Table 1. The dotted area indicates the LOQ. The blue and green lines represent human EBTs (Been
et al. 2021) and environmental EBTs (van der Oost et al. 2017), respectively. PXR and PPARγ CALUX responses induced by water samples
collected from pilot treatment plant D. Treatment steps were sequential unless indicated in Table 1. The dotted gray area indicates the LOQ.
The blue and green areas represent human EBT (Been et al. 2021) and environmental EBT (van Der Oost et al. 2017), respectively.
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ongoing. All unspiked and spiked feed water samples exceeded the human EBT for anti-androgenicity (Been et al. 2021).
However, all drinking water samples were below this value. This indicates that the applied treatment steps – even after spiking
of feed water with micropollutants – removed anti-AR CALUX responses to a level at which no risk was expected for drinking
water consumers from anti-androgenic activity.

3.2.2. Estrogenic activity in the ERα CALUX

No estrogenic responses in the ERα CALUX were observed in any of the pilot treatment plants in the unspiked and spiked
feed water samples. This indicates that the spiking mixture indeed did not show measurable estrogenic activity, in line with
the calculated mixture toxicity. For the treated samples from plants A, B, and C, no activity was observed. The capability to

remove compounds with estrogenic activity of the investigated treatment processes at these plants therefore cannot be judged
from these experiments. Anyhow, it can be concluded that the estrogenic activity was not generated during the treatment.

At pilot treatment plants D and E, a low activity was observed for one of the duplicates after activated carbon filtration.

Possibilities are that desorption of OMPs accumulated at the (B)AC adsorptive sites occurs, where OMPs had accumulated
in the GAC bed by adsorption onto the GAC medium during the earlier passage of pretreated water. This would be in line
with the fact that no activity was seen for the reactivated carbon at pilot treatment plant E. Estrogenic activities in all samples
were below EBT for both ecological as well as human health, indicating that no risk is expected from estrogenic activity for

both the aquatic environment as for drinking water consumers.

3.2.3. Oxidative stress response in the Nrf2 CALUX

Unspiked and spiked feed waters of plants abstracting water from the Meuse (A and E) showed oxidative stress in the Nrf2

CALUX, while unspiked and spiked feed waters from plants B, C, and D showed no oxidative stress (Figure 1). Unknown
compounds present in the raw Meuse water could explain this activity, and temporal fluctuations in the chemical water qual-
ity of this river could explain the high variability in the measured concentrations. Oxidative stress response was observed
neither in unspiked feed water of the other plants nor after spiking in these plants, indicating no measurable contribution

of the spiking mixture. This is in contrast with the calculated mixture toxicity of the spiking mixture (see Table 4), indicating
a measurable activity only for the endpoint of Nrf2 induction. The calculated oxidative stress response of the spiking mixture
was almost only (.90%) attributed to a single compound, urotropin. However, these results were based on only a single AC50

for urotropin for a single analogous bioassay from ToxCast. It is possible that the data are not representative of the activity of
urotropin in the Nrf2 CALUX and the mixture effect is overestimated.

The activity in the spiked and unspiked feed water of plant A decreased considerably after oxidation with O3/H2O2. On the

contrary, a slightly elevated oxidative stress response was observed after UV/H2O2 treatment at plant C, probably due to the
transformation of compounds. Compounds exerting this activity were removed by sequential activated carbon treatment. At
plants B and D, (almost) no activity in the Nrf2 CALUX was observed. In plant E, reactivated GAC successfully eliminated

the oxidative stress response, whereas exposed carbon did not. In plant D, saturated carbon (BAC1 and BAC2) eliminated the
low activity produced after O3/H2O.

Both the spiked and unspiked feed waters of plants A and E exceeded the environmental EBT. A possible exceedance of the
environmental EBT in both feed waters of the other plants cannot be judged as the EBT is lower than the LOQ of the assay.

Since the EBT was based on background levels instead of toxicity data, it should be considered an indicator for overall chemi-
cal stress and not directly as a measure of low micropollutant risk.

3.2.4. AhR activation in the PAH CALUX

Unspiked feed water to the pilot treatment plants A, B, D, and E induced responses in the PAH CALUX. The presence of
PAH-like activity in surface water samples was not surprising, as the AhR can be activated by a variety of chemicals, including
many PAHs, polychlorinated biphenyls (PCBs), dioxins, and many naturally occurring chemicals such as flavonoids (Barouki
et al. 2012). The spike mixture apparently did not induce additional response in the PAH CALUX as in most samples (8 out of

10) the activity in the spiked feed water was not higher than in the unspiked water, which was in agreement with the calcu-
lated mixture toxicity. In addition, the spiking mixture did not contain PAHs.

In water samples collected from pilot treatment plant C, moderate responses were induced after treatment with UV/H2O2.

After additional treatment with BACF, the compounds inducing these responses were completely removed, while this was not
the case in the other plants. The PAH-like activity was reduced when treating the water with O3 at plants A (O3/H2O2) and D
(O3). An increase in activity was seen for one of the duplicates of RO (plant B).
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After activated carbon treatments (BAC1 at plant D) and reactivated BACF (plant E), a reduction of activity was observed.

However, slight increases in activity were seen after activated carbon treatment (BAC2 at plant D) and saturated BACF1 and
2 (plant E). One of the duplicates of the feed water at plant E was close to the environmental EBT, as derived by van der Oost
et al. (2017), but none of the samples exceeded this value. Half of the treated waters exceeded the human health EBT.

3.2.5. Xenobiotic response in PXR CALUX and PPARγ CALUX

The PXR CALUX and PPARγ CALUX were only applied in pilot treatment plant D. In both tests, no responses were induced
by unspiked feed water and spiked feed water. The calculation of mixture toxicity indicated an activity only just above (18%)

the LOQ. Therefore, it was no surprise that no activity was found in practice. This may, e.g., be explained by a recovery of the
contributing spiking during sample preparation slightly below 100%, which is quite common for sample preparation methods
that have to cover a very broad range of chemicals, as in this study. Alternatively, ToxCast analog may not be representative of

the CALUX assays included in this study. After treatment with ozone, high responses in the PXR CALUX were induced, indi-
cating the formation of transformation products that activate the PXR. These bioactive compounds were removed after two
additional treatment steps with BAC. In the PPARγ CALUX, small and unreplicated responses were observed after the

additional treatment steps. After treatment with O3 or activated carbon, very low activity in the PPARγ CALUX was observed
in one of the independent duplicates. Because these activities were only just above the LOQ and not consistent in the dupli-
cate experiments, they might be just a consequence of experimental error. The possible exceedance of the environmental EBT

by the feed waters could not be evaluated, as the EBT was lower than the LOQ.

3.3. Ames fluctuation test results (mutagenic response)

TA98 and TA100 strains were used in the Ames fluctuation test, in the absence or presence of an enzymatic S9 mixture to

model bioactivation. An overview of these results is presented in Figure 2, the underlying data in Table S7. Overall, most
responses were observed in the TA98 strain without metabolic activation. In none of the samples, metabolic activation
induced additional responses in the TA98 strain (in comparison to the response in the absence of S9). In the TA100

strain, responses after metabolic activation were increased only in a few cases (in comparison with those observed in the
absence of S9).

Unspiked and spiked feed water evoked replicated positive responses in one or more of these test conditions for water in

pilot treatment plants A, B, C, and E. The presence of mutagenic activity in surface waters has been observed before and
might partly originate from natural compounds (Kool & Van Kreyl 1988). The outcome of mutagenic activity during drinking
water treatment is considered a relevant endpoint for monitoring by drinking water companies. This holds especially if oxi-
dative processes are applied due to the previous finding that under certain process conditions UV/H2O2 treatment led to the

formation of byproducts with mutagenic activity that, importantly, were removed by subsequent filtration over activated
carbon (Hofman-Caris et al. 2015). In our study, this finding was confirmed: an increase in mutagenic activity was observed
by UV/H2O2 treatment (plant C; TA98 with and without S9) and by O3 (plant D; TA98 without S9), although the latter may

be a false-positive response related to induced cell growth as observed in the experiment. Removal of mutagenic activity by
activated carbon filtration was seen at all pilot treatment plants with activated carbon (plant C (TA 98 without S9), plant D
(TA98 without S9), and plant E (all four test conditions)).

A mutagenic response in the Ames test does not necessarily indicate a human or ecological health risk. This would depend
on the responsible compounds and if they also would be mutagenic for target organisms in the aquatic environment after
exposure to current concentrations. For drinking water safety, it is important that the activated carbon filtration following

oxidative processes shows complete removal of mutagenicity. As the participating drinking water companies all apply sub-
sequent BACF filtration in their full-scale plants (including plant A, although this company did not sample an ‘after BACF’
sample in its pilot experiment), mutagenic activity is not expected in their final drinking water and as such is not expected
to pose a health risk.

To estimate the contribution of individual spiked chemicals to the responses observed in the Ames test, a high-level inven-
tory of data on the mutagenic, genotoxic, and carcinogenic potential of the spiked chemicals was collected from GENE-TOX
(PubChem) and ToxNet and safety data sheets. For about a third of the spiked chemicals, indications for mutagenic activity

were found in any or more of these data sources (data not included). However, as it is only reported whether the substance
has mutagenic potential, and without any information on potency (differences), it was not possible to estimate the contri-
bution of the spiked chemicals.
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Figure 2 | Ames fluctuation test results from pilot treatment plants (a)–(e) in TA98+ S9 and TA100+ S9. Bars represent the average of the
triplo assay, results of duplicate samples were side-by-side. Gray asterisks indicate an unreplicated statistically significant effect (deviation
from Evian control). Double black asterisks indicate a replicated response in both independent duplicate samples. For the observed positive
effects in pilot treatment plant D, it cannot be excluded that this response is associated to increased cell growth (false positive).
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3.4. General discussion

3.4.1. Biological activity of the spiked mixture

The performance of various pilot-scale water treatment trains using spiked feed water was evaluated using a panel of bioas-

says. The concentrations of the spike chemicals that emerge in Dutch surface water were chosen to ascertain the detectability
of the chemicals and quantification of their removal percentage up to 2 log units, and not to ensure measurable responses in
the applied bioassays. Within the planning of the project, it was not feasible to determine the biological activity of the spiking

mixture in the bioassays. Thanks to the public availability of the potency data in ToxCast, it was possible to generate a first,
albeit incomplete, idea of any bioassay activity that should be expected from the spiking. The actual influence of spiking on
the bioassay activity during the pilot experiments was evaluated by comparing measured activities in unspiked and spiked

feed water. No activity of the spiking mixture (i.e., higher activity in spiked than in unspiked feed water) was observed in
the bioassays. Nevertheless, the outcome of activity in the anti-AR, PAH, and Nrf2 CALUX during the various treatments
could be evaluated as these activities were already detectable in (most) unspiked feed waters. For the remaining assays

(ERα, PPARγ, and PXR), showing activity neither in the unspiked nor in the spiked feed water, it was not possible to deter-
mine the capacity of the tested treatments to remove the substances that cause these activities. The results were still valuable,
as they could serve to monitor the possible introduction of activity during treatment steps as was seen for estrogenic activity
by saturated activated carbon.

Bioassays specifically designed to detect specific mechanisms of action are inherently sensitive. Therefore, not every posi-
tive response is by definition associated with potential risks to human health or the environment. To assess whether a
response may be related to potential risks, the effect level at which potential risks cannot be excluded was defined using

EBT values (van der Oost et al. 2017; Neale et al. 2022). Different methods are published and EBT values may differ for
potential risks to human health, on the one hand, and the environment, on the other. In the present study, potential risks
were determined based on (spiked and unspiked) feed water in pilot treatment plants, rather than full-scale installations

used for (drinking) water production. Therefore, EBT values were only used for interpretation of the data and may not reflect
realistic risks posed to human health due to actual exposure to contaminants in the unspiked water. The absence of activity
for some endpoints in the feed waters underlines that trying to mutually adjust the spiking mixture and the selection of bioas-

says can help optimize the experimental setup to obtain the maximum information from the pilot experiments, as far as this is
possible within the practical restrictions set by the scale of the pilot treatment plants and chemical techniques. This can be
done by including in the spike mixture at least some active compounds in active concentrations for each of the selected end-
points and as such ascertain the presence of activity in the spiked feed water and the possibility to evaluate its removal.

Another possibility is the other way around: to select bioassays according to the endpoints for which the chosen spiking com-
pounds were active. To this aim, the evaluation of all endpoints in ToxCast as performed here is a good approach. In the next
edition of the ‘Robustness of treatments’ program for which preparations have started recently, the spiking mixture is tested in

candidate bioassays after which the definitive selection of bioassays is made. In multiple CALUX bioassay experiments, bio-
logical activity was detected in the unspiked samples, which is likely due to unknown compounds. To perform a proper risk
assessment, identification of the chemicals causing the activity is needed. To this aim, a dedicated analysis of possible corre-

lations between the outcome of activity and that of specific NTS features (a set of elements of substances) can serve as a first
step.

3.4.2. Capability of treatments to remove bioactive compounds

The advanced oxidative processes O3/H2O2–UV/H2O2, O3, and UV/H2O2 showed good removal of anti-androgenic activity.

This was in line with the high removal of OMPs by O3/H2O2–UV/H2O2 published by Timmers et al. (2022) (spiked com-
pounds with this approach (90%)). Oxidative processes generally do not completely mineralize chemicals but break them
down to transformation products. These transformation products depend on the chemicals in the feed water and on process
conditions (e.g., lamp intensity, oxidant concentrations) and may have their own biological activities. This may explain that

PAH-like activity, unlike anti-androgenic activity, increased by both O3/H2O2–UV/H2O2 and UV/H2O2, as well as mutagenic
activity by O3/H2O2 treatment. For oxidative stress, varying results were obtained, which contrasts with the finding of another
study by Neale et al. (2020), who reported a decrease in oxidative stress response after the implementation of UV treatment.

Treated waters in the study by Neale et al. (2020) had low effects compared to EBT values for activation of estrogenic activity
and oxidative stress. While equal results were obtained for estrogenic activity in the present study, this was not the case for
oxidative stress, as the obtained responses sometimes exceeded the EBTs. However, in the study by Neale et al. (2020), it
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remains unclear which of the treatment processes contributed most to the elimination of the oxidative stress response. Bypro-

ducts may have been formed during oxidative processes, including UV/H2O2 and O3/H2O2, which may be active in the Nrf2
CALUX, the PAH CALUX, and the PXR CALUX (in plant D). This was also suggested in the studies by Oskarsson et al.
(2021) and Kienle et al. (2022). Indeed, NTS confirmed the formation of unknown transformation products during the oxi-

dative processes in the spiking experiments in the pilot installations described here (Brunner et al. 2020).
RO removed anti-androgenic activity successfully. Other activities were (almost) not present in the (un)spiked feed water,

and as such their removal could not be judged. RO (based on filtration) is a powerful technique for the removal of micropol-
lutants. This was confirmed by the parallel observed high removal of spiked compounds and .95% of NTS features

decreasing in intensity with this technique (Brunner et al. 2020).
Activated carbon (BAC and GAC) showed good removal of anti-androgenic and PAH-like activity and oxidative stress. This

was in line with the good removal rates of the spike compounds found for this treatment (Brunner et al. 2020). Saturated
carbon was still capable of removing the anti-androgenic activity. PAH-like activity and oxidative stress, on the contrary,
were not removed. These results are in accordance with the findings of Oskarsson et al. (2021) and Kienle et al. (2022),
which report the effective removal of AhR-inducing (PAH-like) and anti-androgenic chemicals in treatment plants, including

those using (unsaturated) GAC. During use, activated carbon is loaded with dissolved organic carbon as well as with OMPs
that occupy the active sites at the GAC surface, turning the carbon into saturated carbon over time. The thermal reactivation
of saturated GAC is a costly process and is environmentally unfriendly due to its high CO2 footprint (Sierka 2011). This

demonstrates that the reactivation interval of carbon must be balanced carefully between performance (water quality
improvement with respect to the removal of OMPs triggering a response in the bioassays) and costs and emissions.

Quantitative target analysis based on partially the same pilot setups published earlier showed a very good removal of spiked
chemicals in the drinking water treatment trains (Brunner et al. 2020). Removal rates were quantified to be (averaged over all

spiked chemicals) 95–98%, depending on the pilot treatment plant. The NTS provided, although only in a semiquantitative
manner, together with the effect-based monitoring using bioassays, a more complete assessment of treatment performance.
This previous research demonstrated that, although feature intensities decreased due to treatments (2–5-fold), this was

much less than the percentages found by the target analysis of the spike compounds. In addition, also an increase in feature
intensities and the introduction of new features were observed (Brunner et al. 2020), suggesting that (part of the) compounds
already present in the unspiked feed water were more persistent than spiked chemicals and/or transformed into transform-

ation products.
The applied combination of techniques created a more integrated picture of the chemical water quality during drinking

water treatment than any individual technique could achieve. The bioassays proved their added value in measuring the
removal (or sometimes introduction) of bioactive chemicals by the water treatments. They reflected the fate of the biological

activities of the total mixtures in the effluent. In addition, the results confirmed that in some cases, bioactive substances
(byproducts and transformation products) may be formed during treatment processes (e.g., ozonation), which may lead to
increased responses in PAH CALUX and/or Nrf2 CALUX. Although broadening the range of micropollutants, the applied

approach still does not provide a complete view of all OMPs present in water. First, due to the need for extraction for the
bioassays, most very polar micropollutants were probably lost during sample preparation. Current research is therefore
ongoing to model the purification of polar compounds. Second, the panel of bioassays applied now does not cover all end-

points that might be relevant for ecosystems or human health. This was shown by the fact that data mined from ToxCast
suggested that some of the spiked micropollutants were active in other bioassays. Extension of the panel with bioassays
for other endpoints may therefore also help obtain a more complete picture of the chemical loads and water quality in

terms of human toxicology during water treatments.

4. CONCLUSIONS

In the present study, we demonstrated that OMPs impact bioassay responses and, therefore, water quality. Furthermore, the
study showed clear differences between different water treatments in their ability to remove specific biologically active sub-
stances, sometimes introducing bioactive compounds. Nevertheless, most pilot treatment plants did not show any detectable

bioassay activities in their final treated waters, thanks to the combination of complementary treatment processes (‘multibar-
rier approaches’) to remove as many of the micropollutants as possible. The activities most often observed in the final treated
waters from the pilot plants were oxidative stress (plants A and E) and PAH-like activity (plants A, B, D, and E). In these
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plants, bioactivities were already present in a similar or higher range in the unspiked and spiked feed water. However, in plant

C, treatment with UV/H2O2 increased oxidative stress and PAH-like activity, indicating the formation of bioactive com-
pounds during advanced oxidation. In plant D, treatment with ozone resulted in high responses in the PXR CALUX. In
both plants C and D, the formed bioactive compounds were removed after the additional treatment steps with GAC or

BAC, respectively. Other activities were generally removed by ozonation and/or sequential activated carbon treatment.
Bioassays in this study proved their added value in measuring the occurrence of bioactive chemicals. The applied combi-

nation of techniques created a more integrated picture of the chemical water quality during drinking water treatment than any
individual technique could achieve. It appeared that most of the measured bioactivity was not due to the spiked chemicals. It

is therefore recommended to investigate the nature of and conditions that lead to the presence of activity-inducing com-
pounds in drinking water sources and specific treatment steps. This requires advanced analytical approaches for the
identification of active compounds as many compounds can cause oxidative stress and AhR activation, and only a small frac-

tion of the response in a water sample can be typically explained by known chemicals.
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