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Matti t. Leppänen g, Johanna Järvistö g , Jyrki Viidanoja g, Selim Ait-Aissa h,  
Emmanuelle Maillot-Marechal h, Abd El Rahman El Mais h, Beate I. Escher i , Maria König i,  
Henner Hollert j, Simone Wollenweber j , Sebastian Buchinger k, Marina Ohlig k,  
Roberta Pedrazzani l , Johan Lundqvist m, Agneta Oskarsson m , Etienne Vermeirssen n ,  
Sibylle Maletz n , Daniel Olbrich n, Alvine C. Mehinto o, Kameron Wong o, Nancy Denslow p ,  
Luca Amendola q, Ruben Gil-Solsona r , Pablo Gago-Ferrero r, Monica Potalivo s,  
Mario Carere t , Teresa Lettieri c,*,2

a Piksel S.r.l., Italy
b ARHS Developments S.A., 4370, Belvaux, Luxembourg
c European Commission, Joint Research Centre (JRC), Ispra, Italy
d Environment Agency Austria (EAA), Spittelauer Laende 5, 1090, Vienna, Austria
e Scientific Institute of Public Service (ISSEP), Rue Du Chéra, 200, 4000, Liège, Belgium
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A B S T R A C T

Effect-based methods (EBMs) may be included in the European Water Framework Directive (WFD) to evaluate 
estrogenic substances. The European Commission's Joint Research Centre conducted an interlaboratory study to 
assess estrogenic EBMs and effect-based trigger (EBTs) values derived using three options: (1) linking the EBT 
value to environmental quality standards (EQS), (2) correlating in vitro and in vivo data, and (3) averaging 
bioassay-specific EBT values. Surface water samples from eight Northern-Italian sites containing estrogenic 
hormones and endocrine-disrupting chemicals (EDCs) were analysed by fourteen laboratories employing EBMs, 
while four laboratories performed chemical analysis. Chemical data indicated cumulative risk in several samples, 
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with estrone and bisphenol A identified as main drivers. All EBMs detected estrogenic activity, but specificity 
differed: some bioassays responded mainly to hormones, whereas others also responded to non-hormonal EDCs. 
EBMs flagged estrogenic risk in a sample that showed no individual exceedances of EQS. Applying EBT option 1 
yielded the highest concordance with chemical results, achieving full compliance in eight bioassays and proven 
to be the most protective. Indeed, option 2 reduced the risk quotient (RQ) by > 30%, leading to two bioassays in 
full compliance, while Option 3 resulted in RQ changes (<20%) for most EBMs, with seven bioassays in full 
compliance with chemical analysis.

The study underscores the need to harmonise EBMs – including data evaluation – to address chemical mixtures 
and provides recommendations for Member States on their application in the WFD. Integrating EBMs with 
conventional monitoring enhances protection against cumulative estrogenic risks from both hormones and EDCs.

1. Introduction

Thousands of chemicals enter aquatic environments from different 
sources, including industrial discharges, agricultural runoff, sewage 
treatment plants, and urban stormwater (Singh et al., 2024). These 
substances can interact, potentially leading to greater environmental 
hazards than individual chemicals alone, posing significant concerns to 
both environmental and human health (Luijten et al., 2023; Savitz and 
Hattersley, 2023). Among them, hormones and endocrine-disrupting 
chemicals (EDCs) are particularly concerning. EDCs can interfere with 
the hormonal system of humans and animals, while estrogenic hormones 
(EH) are especially critical due to activity at very low (pg/L or ng/L) 
concentrations (Könemann et al., 2018). EH are widely released to 
surface waters mainly due to excretion by humans, medical therapy, 
contraceptive use and livestock-related agricultural practice (Adeel 
et al., 2017; Císlak et al., 2023) and may cause adverse effects on sen
sitive aquatic species such as fish (Jarošová et al., 2014a, 2014b).

The strategy for water protection established by the European Union 
(EU) Directive 2000/60/EC (Water Framework Directive, WFD - EC, 
2000; EC, 2008; EU, 2013) defines safety limit concentrations (i.e. 
Environmental Quality Standard (EQS)), protective for human health 
and the environment, for a narrow number of priority substances (PS) of 
EU wide concern. The current approach used for chemical water quality 
monitoring and to evaluate compliance with good chemical status in the 
EU is to compare detected chemical concentrations from targeted 
chemical analysis to the EQS set at european level for PS (EQS Directive, 
EQSD - EC, 2008) and by the Member States for the national river basin 
specific pollutant (RBSP). Consequently, the environmental risks posed 
by complex chemical mixtures and their potential additive and syner
gistic effects cannot be addressed. To support the identification of new 
PS, the Watch List mechanism was first introduced under the WFD in 
2013 (EU, 2013). The EH, estrone (E1), 17β-estradiol (E2), and 
17α-ethinylestradiol (EE2) were listed on the first Watch List published 
in 2015 (EU, 2015) and renewed in 2018 (EU, 2018) for a continuous 
four-year monitoring. Based on the risk assessment of the monitoring 

data (e.g. Loos et al., 2018) the aforementioned EH have been included 
in the list of PS in the proposal to amend the WFD (EC, 2022). Although 
these substances are the main drivers of estrogenic activity in surface 
water, other EDCs may contribute to the overall estrogenic activity in 
the aquatic environment (Gonsioroski et al., 2020; Kunz et al., 2017). 
Five substances classified in EU or under assessment as endocrine dis
ruptors according to the European Chemicals Agency (ECHA) and with 
potential estrogenic effects are included as PS in the WFD, i.e., di 
(2-ethylhexyl) phthalate (DEHP), diuron, 4-nonylphenol (4-NP), 4-ter
t-octylphenol, terbutryn, while two have been added to the proposal 
of the amendment of the WFD, including bisphenol A (BPA) and tri
closan. Nevertheless, other estrogenic EDCs not included in the WFD or 
in the proposal of the amendment of the WFD, such as tamoxifen, may 
also occur in the acquatic environment.

This emphasises the need for monitoring methods that account for 
the overall impact of chemical mixtures and, accordingly, the estab
lishment of threshold values to assess their risk (Wernersson et al., 2015; 
Altenburger et al., 2019; Drakvik et al., 2020). In vitro effect-based 
methods (EBM) offer a rapid, sensitive, and cost-effective way to 
screen the overall compounds sharing modes of action (MoAs). Thus, 
they are proposed in the WFD amendment and recently approved by the 
Council (EC, 2022) for assessing cumulative estrogenic effects in surface 
waters. However, EBM validation and harmonisation are essential 
before policy implementation. Several in vitro bioassays or EBMs are 
included in the Organisation for Economic Co-operation and Develop
ment (OECD) test guidelines (e.g., OECD TG455) for assessing the (anti) 
estrogenic potency of chemicals. There are also International Organi
zation for Standardization (ISO) standards 19040 for determining the 
estrogenic potential of water such as ISO Standard (2018a,b,c). Never
theless, in vitro EBM responses do not automatically indicate water 
toxicity or unacceptable chemical quality. Thus, establishing 
EBM-related threshold values is crucial. Effect-based trigger values 
(EBTs) help distinguish acceptable from unacceptable EBM responses 
(Escher et al., 2021; Neale et al., 2023a). MoA-specific EBTs could be 
used as a guidance as follows: if the bioanalytical-equivalent concen
tration (BEQ) is lower than the EBT, there is no indication of risk, and if 
the BEQ is equal or higher than the EBT, there is indication of potential 
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risk and further action is warranted.
There is no single, universally accepted method for deriving EBTs. 

Instead, the literature presents different approaches (Leusch et al., 2014; 
Tang and Escher, 2014; Jarošová et al., 2014a; Kunz et al., 2015; van der 
Oost et al., 2017; Besselink et al., 2017; Escher et al., 2018; Brion et al., 
2019; Escher et al., 2021; Neale et al., 2023a), each with its own 
strengths and limitations (Simon et al., 2022b). This diversity in meth
odologies reflects the complexity of assessing the combined effects of 
multiple pollutants and the need for tailored solutions depending on 
specific environmental contexts and objectives.

Whithin this framework, the Joint Research Centre (JRC) launched 
and led a joint strategic action plan for the identification of EBT values to 
determine the environmental risk of chemical mixtures through this 
interlaboratory study focused on estrogenicity EBMs. To establish the 
EBT, two approaches from the literature were selected: the first one 
(option 1) links the trigger value to the EQS according to Escher et al. 
(2018), while the second approach (option 2) relies on a correlation 
between in vitro and in vivo methods as determined by Brion et al. (2019)
to demonstrate the ecological relevance of the in vitro methods used and 
the threshold set. Additionally, a third approach (option 3) was included 
as average of eleven bioassay-specific EBTs of option 1.

This interlaboratory study aimed at providing the basis for proposing 
an EBT for estrogenicity EBMs and to compare the results obatained with 
different EBMs to chemical analysis. To achieve this goal, eight envi
ronmental Water Samples (WS) were collected, and mixture controls 
either of EH (E1, E2 and EE2), or estrogenic EDCs (BPA, DEHP, diuron, 
4-NP, 4-tert-octylphenol, tamoxifen, terbutryn and triclosan) were pre
pared. These samples were distributed and measured by the partici
pating laboratories using EBMs (14 participants, 12 different bioassays) 
and/or chemical analysis (4 participants).

The results of these analyses were compared in terms of risk quotient 
(RQ) to determine: (i) whether the EBMs were able to identify the 
presence of estrogenic substances at the same level of chemical analysis; 
(ii) the sensitivity of the tested EBM benchmarked against the results of 
the chemical analysis; (iii) if the EBMs were able to detect estrogenic 
effects of other EDCs when EH were not present; and (iv) to provide an 
evidence-based ground for discussion and recommendations to the 
Member States on EBM applications to support the monitoring of EH and 
EDCs under the WFD.

2. Materials and methods

2.1. Participating laboratories

Eighteen laboratories from 11 countries including EU Member States 
(Austria, Belgium, Czech Republic, Finland, France, Germany, Italy, 
Spain, Sweden), Switzerland, and the United States of America (USA) 
voluntereed to participate in the interlaboratory study. Fourteen labo
ratories carried out EBM analysis using twelve different EBMs covering 
estrogenicity, while four laboratories carried out chemical analysis 
(Supplementary Information, SI, Table S1).

2.2. Water samples and controls

WS were collected from eight different locations near the JRC, in 
Ispra (Italy). The sampling points (SP) were selected based on the ex
pected presence of EH (E1, E2 and EE2) and other estrogenic EDCs 
(diuron, nonlylphenol, 4-tert-octylphenol, terbutryn) according to the 
monitoring data collected previously by the Regional Environmental 
Protection Agency (ARPA, Lombardy and Piedmont, Italy) and Water 
Information System for Europe (WISE) database (European Environ
mental Agency, EEA, 2015-2022). A description of the sampling sites is 
summarised in Table S2 (SI). A solvent control and two artificial mixture 
controls, one EH mixture (EM) and one estrogenic EDCs mixture (EDCM) 
were included. EM and EDCM controls were prepared at a concentration 
equal to 1 x EQS according to Table 1. In this study, the terms EH and 

estrogenic EDCs will refer only to the estrogenic substances present in 
the EM and EDCM controls that are listed in Table 1 and SI (Section 1.1).

2.2.1. Solid-phase extraction (SPE) for chemical analysis and EBM 
analysis

WS and controls were loaded onto SPE cartridges and eluted 
following a standard operating procedure (SOP). Cartridges were kept at 
4 ◦C until they were distributed to the participating laboratories where 
they were stored at − 20 ◦C until elution. The SOP followed recom
mendations given by a large SPE optimisation study specifically tar
geting EDCs (Schulze et al., 2024). More details are in the SI (Section 
1.1).

2.3. Chemical analysis

Three laboratories (#15, #17 and #18) performed the chemical 
analyses of EH for the eight WS extracts and controls (solvent and 
blank). In addition, two laboratories (#16 and #17) analysed the eight 
EDCs for WS extracts and controls, while laboratory #18 measured only 
BPA.

Although more laboratories initially performed measurements, only 
two laboratories and three distinct analytical methods were retained in 
the evaluation, as some did not follow the SOP for the elution step and 
used their own protocols instead (see SI, Fig. S1). The quantification of 
EH (E1, E2, and EE2), BPA, diuron, terbutryn, and tamoxifen was per
formed using liquid chromatography coupled with tandem mass spec
trometry (LC-MS/MS), with the latter three compounds analysed using a 

Table 1 
Estrogenic hormones (EH) and other estrogenic endocrine disrupting chemicals 
(EDC) analysed using chemical methods during the interlaboratory study and 
used to prepare the control mixture. In blue the EH present in EM control and in 
white the estrogenic EDCs present in EDCM control. PS, Priority Substances; UA, 
under assessment (ECHA's ED assessment list). Yes, officially recognised in the 
EU as ED (ECHA). SERM (selective estrogen receptor modulator).

Substance Confirmed ED 
with estrogenic 
activity

Legislation EQS (ng/ 
L)

Controls

Estrone (E1) Yes Proposal as 
PS 
candidatea

0.36 EM

17β-estradiol (E2) Yes Proposal as 
PS candidate 
a

0.18

17α- 
ethinylestradiol 
(EE2)

Yes Proposal as 
PS candidate 
a

0.017

Bisphenol A (BPA) Yes Proposal as 
PS candidate 
a

10b EDCM

Di(2-ethylhexyl) 
phthalate (DEHP)

Yes WFD 1300

Diuron UA WFD 49
4-Nonylphenol Yes WFD 37
4-tert-Octylphenol Yes WFD 100
Tamoxifen SERM RIVMc 67
Terbutryn UA WFD 65
Triclosan UA Proposal as 

PS candidate 
a

20a

a Candidate Priority Substance in the proposal WFD review and listed in the 
Environmental Quality Standard Directive (EQSD) review.

b The current EQS in the WFD proposal (EC, 2022) is much lower (0.17 ng/L) 
than the value selected by the JRC for the interlaboratory study (10 ng/L). 
During a meeting held on June 29, 2023 the experts agreed to use a concen
tration which would resemble the environmental concentration. The selected 
value corresponds to 10-folds the blank values, which are often around 1 to 2 
ng/L, depending on methods used.

c The Dutch National Institute for Public Health and the Environment (RIVM), 
Moermond et al. (2018).
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dedicated LC-MS/MS method. The simultaneous determination of BPA, 
DEHP, 4-NP, 4-tert-octylphenol, and triclosan was carried out using gas 
chromatography coupled with tandem mass spectrometry (GC-MS/MS). 
More details are in the SI (Section 1.2 and Chapter 2).

2.4. Effect-based methods

Fourteen laboratories analysed the WS and controls using EBM. 
Expert laboratories were allowed to choose estrogenicity bioassays ac
cording to their preferences and expertise without limitations to a spe
cific method (i.e., standardised bioassays, commercial kits and methods 
described in scientific literature were allowed) providing an overall EBM 
pool which included as many different bioassays as possible for the study 
(SI, Table S1). Twelve bioassays were included in the study, comprising 
a range of cell-based, yeast-based, and protein-binding assays (Table 2, 
and SI Section 1.3).

Biological activities of the controls and WS extracts in the bioassays 
were expressed as BEQ (ngpositive control equivalent/L), representing the 
concentration of the positive control that elicits the same effect as the 
sample. The natural hormone E2 was used as a reference compound to 
determine the estrogenic potential of the samples and controls, which 
were expressed as E2-equivalent concentration (EEQ, ngE2/L). More 
details are in the SI (Section 1.3.4).

2.5. Effect-based trigger values

A risk assessment based on two existing datasets from Könemann 
et al. (2018) and Gómez et al. (2021) was performed using two EBT 
derivation options based on Escher et al. (2018) and Brion et al. (2019), 
with the aim to compare results from EBMs and chemical analyses (JRC, 
unpublished study). The outcome of the two case studies indicated that 
the chosen EBT values were suitable for risk assessment of WS. Conse
quently, we selected these approaches as a starting point for deriving 
estrogenicity EBT values (Table 3). The first one (option 1) links the 
trigger value to environmental quality standards (EQS) according to the 
EBT derivation option B described by Escher et al. (2018) limited to E1, 
E2 and EE2. The EBT values calculated based on this approach and the 
updated annual average EQS (AA-EQS) were derived for all bioassays. 
The second one (option 2) is based on a correlation between in vitro and 
in vivo methods determined by Brion et al. (2019). To obtain interme
diate values between the EBT simulated by option 1 and the EBT 
determined by Brion et al. (2019), an assessment factor (AF) of 2 was 
applied. Since Option 1 is based on EQS (derived with AF) we applied a 
low AF to harmonise the approaches. The EBT values determined by 
Brion et al. (2019) divided by 2 were used for four in vitro bioassays 
(Table 3). The third one (option 3) is determined as average of all EBTs 
in option 1. Table 3 shows the three different EBT options used in this 
study. More details can be found in the SI (SI, Chapter 3 and Table S32).

2.6. Risk quotients (RQs)

The individual chemical RQs were calculated for each EH (E1, E2 and 
EE2) and EDC (BPA, DEHP, diuron, 4-NP, 4-tert-octylphenol, tamoxifen, 
terbutryn and triclosan) at all SPs and controls (EM and EDCM) by 
dividing the measured concentration by the respective AA-EQS. Then, 
the cumulative risk was assessed by 

∑
RQs (i.e. summing the individual 

RQs of E1, E2 and EE2) indicating a risk if 
∑

RQs ≥1 and a low or no risk 
when 

∑
RQs <1.

Regarding the EBM RQ, the EEQ determined by the participating 
laboratories through in vitro EBMs were divided by each of the three EBT 
options shown in Table 3, giving values ≥ 1 that inform about risk, or <1 
which indicate a low or no risk.

Concerning non-detects, three data scenarios were considered: i) 
worst-case when concentrations below the limits of quantification 
(LOQ) were substituted with LOQ, ii) common approach when concen
trations below LOQ were assumed equal to LOQ/2, and iii) lower bound 
when concentrations below LOQ were set as zero. The worst-case sce
nario was used in this study for the RQ calculation for both chemical and 
EBM analyses. For RQ of EH, also the estimates based on spiking were 
used (SI, sections 2.4 and 2.5).

The compliance or non-compliance with the chemical analyses of 
EH, EDCs or the sum of EH and EDCs were examined for each sampling 
point. Compliance (conformity or accordance) indicates that the results 
of the EBM analysis align with the chemical analysis (reference method). 
Compliance is defined by categorical agreement, which is achieved 
when both methods classify a site as either risk (RQ ≥ 1) or non-risk (RQ 
< 1). Non-compliance occurs when the two methods provide opposite 
classifications. Borderline values shall be rounded to the nearest deci
mal; for example, a value of 0.95 shall be rounded to 1.00. EBMs need to 
demonstrate an equal sensitivity compared to chemical analysis to 
ensure the same safety level.

2.7. Data analysis

Data were analysed in terms of RQs. The RQs based on EBM results 
estimated by different bioassays or participating laboratories were 
evaluated using firstly ANOVA test for statistical significance of differ
ences and additionally by several correlation tests (goodness of fit, 
Pearson and Spearman).

ANOVA checks whether the group means of RQs (in our analysis the 
various bioassays or laboratories) are different from the overall mean of 
the data by checking the variance of each individual group against the 
overall variance of the data. If one or more groups are outside the range 
of variation by the null hypothesis (all group means are equal), then the 
test of differences is statistically significant. The ANOVA output tables 
are included in the SI (Chapter 5).

The correlation of the EBM estimates with the chemical RQs was 
assessed in three manners. Firstly, by the coefficient of determination 
(R2) representing the goodness of fit, a statistical measure of how well 
the regression line approximates the actual data. Thereafter, statistical 
correlation tests of Pearson (a linear association between two normally 
distributed random variables) and Spearman (more robust to outliers 
and without distributional assumptions comparing to Pearson) were 
applied. According to the commonly accepted way to interpret R2 scores, 
the values near one indicate a high/strong correlation and opposite – the 
scores near zero suggest weak or no correlation. Similarly, the absolute 
values of Pearson and Spearman correlation coefficients are interpreted 
as follows: strong ≥0.7, good in the interval 0.5≤ − <0.7, moderate in 
the range 0.3≤ − <0.5, low <0.3, no correlation = 0. For the inter
pretation, a preference was given to the high Spearman correlations but 
the decisions were supported also by R2 and Spearman evaluation (de
tails in SI, Section 5.5.1).

Table 2 
Bioassays tested in the interlaboratory study.

Cell-based transactivation assays Yeast-based 
transactivation 
assays

Protein-binding 
assay

ERα-CALUX Yeast Estrogen 
Screen (YES)

Ligand Binding 
Estrogen Receptor 
Assay (LiBERA)MELN assay YES XenoScreen

ERα-GeneBLAzer Arxula YES
T47D-Signosis Lyticase-assisted 

YES (L-YES)
VM7Luc ER transactivation (TA) 

assay
Planar YES (p-YES)

Estrogen receptor bioassay for 
environmental sample 
monitoring (INDIGO Biosciences)

​
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3. Results

3.1. Results of the chemical analysis

3.1.1. Chemical analysis of estrogenic hormones (EH)
The results obtained by the laboratories #15, #17 and #18 are 

shown in the SI (Chapter 2). Participating laboratory #15 reported 
lower concentrations for the EM control respect to the spiked ones. This 
laboratory quantified the EH in several SPs (2, 4, 5, 6 and 8), while 
participating laboratory #17 was able to quantify the considered EH 
only in SP3 and SP4 with a low level of recovery. For the EM control, the 
latter reported non-detected concentrations (below the limit of detec
tion, LOD = 0.02 ng/L), Laboratories #15 and #17 did not apply the 
elution protocol included in the SOP circulated by the JRC which rec
ommends two solvents - methanol and ethyl acetate. Instead, they used 
their own elution protocols based only on methanol. This could explain 
the observed difference between reported analytical results, including 

low recoveries in some cases. Therefore, after a quality check as shown 
in the workflow (SI, Fig. S1), it was decided to exclude the results of 
laboratories #15 and #17, but to keep these of laboratory #18. Further 
analyses and comparisons are presented (in the SI, Chapter 2, Sections 
2.1, 2.3 and 2.5).

Fig. 1 visualises the expected cumulative chemical risk of EH esti
mated by summing RQs of the individual substances, according to the 
results of laboratory #18 for the EM control and the 8 SPs. Estimates 
based on spiking were used for E2 and EE2 in the cases the values were 
below the LOQ (SI, section 2.4). All SPs showed 

∑
RQs>1, i.e. a presence 

of cumulative estrogenic risk. In addition, the figure evidences a vari
ability of main drivers of the cumulative estrogenic risk at the different 
sampling locations. Indeed, E1 is the main driver at SPs 2, 3, 5 and 6, 
while for the EM control and SPs 1, 4, 7 and 8 this is the combined action 
of E2 and EE2.

The driving role of individual substances in the cumulative risk of the 
considered EH is confirmed also by statistical analysis with ANOVA test 

Table 3 
Effect-based trigger value (EBTs) options chosen and evaluated during this interlaboratory study, the values are expressed as ng E2-equivalents/L. The relative potency 
(REP) used to determine the EBT options 1 and 3 can be checked in the SI (Table S31). NA, not available.

EBT 
option

Source ERα- 
CALUX

MELN ERα-Gene- 
BLAzer

T47D- 
Signosis

VM7Luc4E2 
TA

INDIGO YES A-YES L-YES pYES LiBERA

Option 1 JRC derived following 
Escher et al. (2018) option 
B

0.073 a 0.094 a 

b
0.079 a, c 0.151d 0.068 e 0.093f 0.095 

g
0.087 
h

0.084 
i

0.079 c 0.106 j

Option 2 EBT as half value 
determined by Brion et al. 
(2019)

0.14 0.28 0.12 NA NA NA NA NA NA 0.25 NA

Option 3 Average of option 1 0.092

a REP as average of the values obtained by Könemann et al. (2018), Simon et al. (2022b).
b REP as average of the values reported by Neale et al. (2018), Könemann et al. (2018) and Serra et al. (2020).
c REP obtained from Könemann et al. (2018).
d REP obtained from Laboratory #11.
e REP obtained from Test Guideline No. 455, OECD (2021).
f REP calculated as average REP value from the other cell-based bioassays (ERα-CALUX, MELN, ERα-Gene-BLAzer, T47D-Signosis, VM7Luc4E2 TA) included in this 

study.
g REP determined as average of literature values from Jarošová et al. (2014a), Murk et al. (2002), Rutishauser et al. (2004), Schultis et Metzger, 2004, Leusch et al., 

2010 (SI), Zhao et al. (2011) (SI).
h REP obtained as average of Simon et al. (2022b) and laboratory #9.
i REP obtained from Simon et al. (2022b).
j REP derived by the JRC.

Fig. 1. Cumulative chemical risk of estrogenic hormones (E1, E2 and EE2) estimated by summing the RQs of the individual substances, according to the analytical 
results of laboratory #18, for the control and the 8 sampling points (SP). The dashed line marks the critical threshold of RQ = 1, above which there is indication 
of risk.
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(SI, Section 5.1.1). Generally, E1 is dominating or contributing to the 
cumulative estrogenic risk.

3.1.2. Chemical analysis of further estrogenic EDCs
Two laboratories (#16 and #17) reported results for the chemical 

analyses of the eight EDCs for WS extracts and controls, while laboratory 
#18 measured only BPA. For the reasons mentioned in section 3.1.1, the 
results from laboratory #17 were excluded from the analysis (see SI 
Chapter 4, Sections 2.2, 2.3, 2.4, 2.5). Fig. 2 presents the worst case 
scenario (non quantified = LOQ) of the cumulative chemical risk posed 
by the measured EDCs, estimated by summing the RQs (concentration in 
sample divided by EQS) of the individual compounds, according to the 
results of laboratory #16 and laboratory #18 (only BPA). A presence of 
cumulative risk (

∑
RQs>1) was found at a majority of the SPs (2, 3, 4, 5, 

6 and 7) and it was observed that BPA, which was quantified at all SPs 
except the first one, is a driver of this risk. The remaining SPs (1 and 8) 
showed no presence of cumulative risk in regard to the eight EDCs 
analysed in this study. The dominant role of BPA as a driver of the cu
mulative risk, amongst the considered EDCs, is confirmed also by sta
tistical analysis with ANOVA test (SI, Section 5.1.2).

3.2. Results of the EBM analyses

The EBM results were reported by the participating laboratories as 
EEQ. EEQ values by laboratory and bioassay are reported in the SI 
(Chapter 2 and section 5.4.1, Tables S33 and S34). In the following 
sections the EBM results are discussed as RQ determined using the three 
EBT options evaluated in this study (see Table 3, Section 2.5).

3.2.1. Analysis of EBM results using different EBT options
The impact of using the different EBT options for calculating the RQ 

on the EBM results is described in the SI (Section 5.2). The three EBT 
options were available for four bioassays (ERα-CALUX, MELN, ERα- 

GeneBLAzer and p-YES). For the rest of bioassays (VM7Luc4E2, T47D- 
Signosis, INDIGO, YES, A-YES, L-YES and LiBERA) only option 1 and 
option 3 were available.

EBT option 1 was taken as reference to compare the results obtained 
using option 2 and option 3. EBT option 2 would reduce the RQ by more 
than 30%, whereas option 3 would result in changes below 20%, except 
for the bioassays based on VM7Luc4E2 (− 26%, underestimation of risk) 
and T47D-Signosis (+64% overestimation of risk) cell lines.

3.2.2. Analysis of EBM results of participanting laboratories using the same 
or variants of similar bioassays

Some participating laboratories used the same or variants of similar 
bioassays. For instance, ERα-CALUX was applied by three laboratories 
(#1, #7 and #12) and ERα-GeneBLAzer by two laboratories (#6 and 
#13), while variants of YES bioassay were performed by six laboratories 
(#2, #3, #4, #8, #9 and #12). Among them two laboratories used A- 
YES (#4 and 9#). All WS and controls analysed by laboratory #3 using 
YES Xenoscreen were below the LOQ. This bioassay had an LOD much 
higher (4.9 ng/L) than the EBTs evaluated in this study, therefore, it was 
excluded from further analysis. Among the two laboratories using ERα- 
GeneBLAzer (#6 and #13), laboratory #13 reported quantified EBM 
values only for two SPs, while laboratory #6 reported effect data for all 
SPs. A possible explanation for these differences is the sample stability in 
the cartridges that could have been compromised due to a long shipment 
time. For this reason, ERα-GeneBLAzer results from laboratory #13 were 
not averaged with those of laboratory #6 and excluded from further 
analyses.

A detailed analysis of the differences between EBM results of labo
ratories performing the same or similar bioassays (i.e., ERα-CALUX and 
A-YES) is presented in the SI (Section 5.3). In this study, the results of the 
EBM are shown as average in case of laboratories performing the same 
bioassay. In the case of ERα-CALUX, some differences were observed 
between laboratories with laboratory #7 reporting lower values. This 

Fig. 2. Cumulative chemical risk of EDCs estimated by summing RQs of the individual compounds, according to the analytical results of laboratory #16 and #18 
(only for BPA), for the EDCM control and the 8 sampling points. BPA: bisphenol A; DEHP: di(2-ethylhexyl) phthalate; DIU: diuron; NP: 4-nonylphenol, OP: 4-tert- 
octylphenol; TAM: tamoxifen; TBUT: terbutryn; 4-nonylphenol; TRIC: triclosan. The dashed line marks the critical threshold of RQ = 1, above which there is 
indication of risk.
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may be due to the delay between sample shipment, extraction and 
analysis. Laboratory #2 repeated the analysis of WS extracts after two 
weeks stored at − 80 ◦C and observed a significant decrease in the es
trogenic activity indicating that sample stability may be compromised 
by the time elapsed between SPE and analysis.

3.2.3. Overview of the EBM RQs using EBT options 1, 2 and 3
EBM RQ results obtained for the controls (EM and EDCM) and the 

eight WS (SP1-SP8) estimated using EBT options 1, 2 and 3 are shown in 
Fig. 3 and in the SI (Section 5.4).

INDIGO and T47D-Signosis showed generally higher mean RQ values 
compared to the other bioassays when using EBT option 1 or option 3. 
ANOVA statistics was performed to check about significant or non- 
significant differences between means of RQ estimated by EBM results 
of the different bioassays and participating laboratories (SI, Section 
5.4.2.). ANOVA tests confirmed the observations concluded by the 
descriptive statistics of RQs for EBT options 1 and 3. For EBT option 2. 
ANOVA tests showed differences between ERα-GeneBLAzer and the 
other bioassays.

3.3. Comparison of the EBM RQs with the cumulative chemical RQs

The EBM RQs determined using the three EBT options were 
compared to the chemical analysis of EH and EDCs showing very similar 
trends. While the choice of EBT option may increase or decrease the RQs, 
the direction and pattern of the fitting lines remain consistent across all 
options. Consequently, only the correlation results corresponding to the 
EBT option 1 are shown. The correlation analysis was performed as 
described in the materials and methods (section 2.7) and includes in
formation about the coefficient of determination as well as Pearson and 
Spearman tests. Detailed information is presented in the SI (Section 
5.5.1).

3.3.1. Overall correlation between EBM and chemical analysis
The main findings of the correlation analysis between EBM results 

and chemical analyses of the three EH are presented in Fig. 4. Overall, 
four EBMs, ERα-CALUX, MELN, T47D-Signosis and L-YES performed 
well, showing high coefficient of determination and statistically signif
icant strong Spearman correlations. ERα-GeneBLazer, VM7Luc4E2, IN
DIGO, YES, p-YES and LiBERA showed good while A-YES weaker 
correlations.

The correlation of EBM results was also analysed considering only 
the EDCs included in this study and the mixture of all substances (EH 
and EDCs). Briefly, LiBERA and ERα-GeneBLazer results showed strong 
and good correlations (respectively) to the chemical RQs of the estro
genic EDCs; MELN, T47D-Signosis, L-YES and p-YES had moderate to 
low correlations, while the rest of the bioassays showed no correlations. 
The comparison with the mixture of all substances (EH and estrogenic 
EDCs) indicated strong/good correlations for ERα-CALUX, MELN, ERα- 
GeneBLAzer, T47D-Signosis, L-YES, p-YES and LiBERA. Complete results 
are presented in the SI (Sections 5.5.1 and 5.5.2).

3.3.2. Analysis of the results by sampling point
Table 4 summarises the compliance assessment of bioassays against 

cumulative chemical risk estimated for EH, EDCs, or their sum at each 
SP. Compliance was also evaluated for controls (EM and EDCM, see SI, 
section 5.5.4). Fig. 5 visualises the RQs estimated by chemical analysis 
(EH, EDCs and EH + EDCs) and different EBMs at each SP under EBT 
option 1, along with deviations as percentages. Compliance/non- 
compliance results are summarised in Table 5 and displayed in Fig. 6
as compliance percentages per EBT option.

Table 4 shows that ERα-CALUX (option 1), MELN (options 1 and 3), 
ERα-GeneBLAzer, T47D-Signosis, VM7Luc4E2, INDIGO, YES and p-YES 
are compliant with cumulative chemical risk of EH at all SPs.

A-YES did not indicate cumulative chemical risk of EH when there 
was no individual risk of E1 and did not respond to cumulative risks 

arising exclusively from EDCs when the overall cumulative risk of EH 
was low (SP3).

ERα-CALUX (option 3), MELN (option 2), L-YES could not identify 
estrogenic chemical risk at only one site (SP7) under condition of low 
level of cumulative risk created either individually only by EE2 (missing 
individual risk from E1) or cumulatively by EDCs.

ERα-CALUX (option 2) did not identify the estrogenic chemical risk 
at two sampling sites (SP3 and SP7), where there is cumulative risk of 
EDCs but the cumulative risk of EH is not high.

LiBERA did not identify estrogenic chemical risk at two sampling 
sites (SP1 and SP7), at these sites the presence of cumulative risk of EH is 
dominated by EE2 and no individual risk of E1 and E2. Moreover, there 
is no cumulative risk of estrogenic EDCs at SP1, while at SP7 the cu
mulative risk of EDCs is slightly above 1 and dominated by BPA.

The compliance/non-compliance checks of bioassays comparing to 
cumulative risk estimated by chemical analysis of only estrogenic EDCs 
showed non-compliance for SP1 and SP8. There is no cumulative risk of 
EDCs at these SPs, but most bioassays indicated risk, which was trig
gered by EH.

The EBM RQs showing higher overall correlation with chemical 
analysis and higher rate of compliance at sampling points are usually 
near to or in the ±50% range of the cumulative chemical RQs (Fig. 5).

As presented in Table 5, ERα-CALUX (option 1), MELN (options 1 and 
3) ERα-GeneBLAzer, T47D-Signosis, VM7Luc4E2, INDIGO, YES, and p- 
YES showed 100% compliance with chemical risk estimates, while 
others, A-YES, ERα-CALUX (option 2) and LiBERA, exhibited non- 
compliance at 12.5–25% of sites. Non-compliance primarily occurred 
when cumulative risk was driven solely by estrogenic EDCs or low-level 
EH (e.g., E1). Additional analysis for the mixture of EH and EDCs is 
provided in the SI (Sections 5.5.4 and 4.5.5).

Using EBT option 1 and when chemical analysis of only EH was 
considered (Fig. 6, A), 8 out of 11 bioassays (73% of all bioassays) 
achieved full compliance (100%); for EBT option 2, 2 out of 4 bioassays 
(50% of those for which option 2 is available) achieved full compliance; 
and for EBT option 3, 7 out of 11 bioassays (64% of all bioassays) ach
ieved full compliance.

Comparing the results of the EBM RQ with the chemical analysis of 
only estrogenic EDCs (Fig. 6, B), 9 out of 11 bioassays (82%) reach the 
75% compliance when EBT option 1 is used, 2 out of 4 (50%), when EBT 
option 2 is used and 8 out of 11 (73%) when EBT option 3 is used.

4. Discussion

This study confirmed that effect-based monitoring provides signifi
cant advantages for assessing water quality regarding EH and estrogenic 
EDCs, aligning with previous research (Carvalho et al., 2014; Gómez 
et al., 2021; Simon et al., 2022a; Glineur et al., 2024). EBM capture in a 
single measurement a broader spectrum of chemicals contributing to 
biological effects, beyond what chemical analysis alone can quantify. 
Results also showed that both EH and EDCs exert estrogenic activity, 
effectively detected by various estrogenicity EBMs. Notably, in three 
samples (SP1, SP4, SP5 and SP8) estrogenic activity observed in bio
assays could not be explained only by EH and EDCs (SI, sections 5.5.7 
and 5.5.8).

The study also identified possible key factors – sample pre-treatment, 
elution protocols, storage conditions, data evaluation methods, type of 
EBM used, and EBT derivation approach – that are critical for enabling 
the use of EBMs. The EBM analysis of surface WS usually requires a 
sample enrichment step. In the current study, SPE was used to concen
trate the samples by a factor of one thousand. Blank and solvent controls 
are essential to determine whether estrogenic effects were triggered by 
impurities captured during the extraction process, due to the SPE ma
terials and solvents used for WS enrichment (Neale et al., 2018). Among 
the EH and EDCs included in the study, DEHP and 4-NP were detected by 
chemical analysis in the blank and solvent controls. For 4-NP, the con
centration was below the LOQ and 74-fold lower than the EQS. 
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Fig. 3. Changes on the RQ results using the different bioassays evaluated during this interlaboratory study by sample, when EBT options 1 (A), 2 (B) and 3 (C) are 
used. Please note that option 2 is available only for four bioassays. The red dashed line indicates the risk threshold (RQ = 1) above which there is indication of risk.
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Regarding DEHP, the value was slightly higher than the LOQ but 65-fold 
lower than the EQS. No effects were detected in the blank and solvent 
controls by most EBMs, only in few cases with a very low signal (below 
the LOD), showing that the contribution of the solvents and impurities to 
the estrogenic activity was minimal, and that there was no cross 
contamination between samples.

Despite the challenges of chemical analysis, some participating lab
oratories identified EH and selected estrogenic EDCs across eight sam
pling locations. However, differences among participants were observed 
and may be attributed to variations on the application of the SPE pro
tocol. The detection of all substances in the EM and EDCM controls 
further indicates that the analytical methods employed are sufficiently 
sensitive to detect these compounds in surface water at the EQS level, 
except for EE2. The chemical analysis of triclosan was also difficult 
showing low recovery (40%), with a concentration in the EDCM control 
2.5- fold lower than the EQS.

E1 and BPA were the primary drivers to estrogenic activity in the WS. 
E1, E2, EE2, BPA and triclosan are not yet under legal frame monitoring 
program i.e. WFD, meaning no specific measures are currently in place 
to control their concentrations in EU water bodies. In contrast, other 
EDCs included in this study are subject to regulatory measures, which 
may explain why their concentrations remain below the EQS and do not 
pose a significant risk for the aquatic environment.

Differences between laboratories testing the same EBM were 
observed (e.g., ERα-CALUX and ERα-GeneBLAzer) which could be 
attributed to a compromised stability of the sample due to sample pro
cessing delay and shipment conditions. Sample stability is influenced by 
the time elapsed between sample collection, shipment, preparation of 
the sample extract, and analysis. Additionally, variations in elution pa
rameters, such as reagents and instruments, could also contribute to 
these differences. These findings highlight the importance of robust 
methods and SOP for WS collection, processing and analysis. The 
repeatability of ISO bioassays in this study was assessed by averaging 
results from laboratories using the same bioassay, even though some 
differences were observed between them. The uncertainty in the EBM 
results is also influenced by the estimation of EEQ, highlighting the 
importance of accurate input data and assumptions in the overall anal
ysis (Wagner et al., 2013).

Apart from the variations in the sample processing and analysis of 
results, differences on the EBM responsiveness might be attributable to 
the intrinsic nature of the bioassays, which are based on different kinds 
of biological systems i.e., yeast, human cell lines, other mammalian cell 
lines, recombinant proteins and also the type of estrogen receptor (α, β) 
expressed (Könemann et al., 2018; Gómez et al., 2021; Simon et al., 
2022b).

The EBT derivation approach is also critical for assessing EBM re
sults. EBTs are essential for water quality effect-based monitoring as 
discussed in the works of Escher et al. (2018, 2021), Simon et al. 
(2022b), and Neale et al. (2023a).

Here we explored three EBT derivation options (options 1, 2 and 3) 
and our findings are consistent with previous research showing that 
EBM results depend on the EBT option applied. The bioassay specific- 
EBT derivation (option 1) showed to be the most protective for most 
bioassays with eight out of eleven bioassays included in the study 
reaching the 100% compliance with chemical analysis of EH and EDCs 
in WS. The use of EBT option 2 reduced the RQ by more than 30% 
leading to non-compliance for the EM and EDCM controls and for two 
water samples. The use of EBT option 3 (0.09 ng E2-Eq/L) resulted in 
rchanges below 20%, except for two bioassays, and showed to be slightly 
less protective compared to option 1, with seven bioassays out of eleven 
reaching the 100% compliance. Within this dataset and under the stated 
assumptions (e.g. worst-case scenario, chemical data exclusion after 
quality check), option 1 resulted the most appropriate methods because 
it covers all bioassays included in the study and showed to be the most 
conservative. Therefore, the following paragraphs are referred to EBT 
option 1.

The EBMs applied in this study detected estrogenic activity in the 
natural WS. Additionally, the EM and EDCM controls were also active in 
most EBMs, confirming the assays’ responsiveness to the target com
pounds. All EBMs except LiBERA and MELN showed estrogenic activity 
and/or risk in the EM control. While all EBMs except ERα-CALUX, L-YES, 
and LiBERA indicated estrogenic activity and/or risk at EDCM. These 

Fig. 4. Overall evaluation of EBMs by correlations of RQs estimated by EBM 
and cumulative chemical analysis results for the mixture of estrogenic hor
mones (EH). A) R2, B) Pearson and C) Spearman correlation coefficients. 
Interpretation of correlations (lines in the figure): - strong ≥ 0.7, good 0.5 ≤ - <
0.7, moderate 0.3 ≤ - < 0.5, low <0.3. The strong correlations shown on the 
figure correspond to statistically significant results. The correlation of EBM 
results with chemical analysis was verified also considering only estrogenic 
EDCs and the mixture of all substances (EH and EDCs) (SI, Section 5.5.1).
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findings are consistent with those of previous studies showing that ERα- 
CALUX is more responsive to EH, particularly to E2 and EE2 than es
trogenic EDCs compared to other EBMs (Gómez et al., 2021). Carvalho 
et al. (2014) and Gómez et al. (2021) found that LiBERA responded to 
estrogenic EDCs when EH were not present. The current comparison 
between LiBERA and chemical analysis of EDCs showed a strong cor
relation supporting the previous observation that LiBERA is more 
responsive to estrogenic EDCs other than EH.

Compliance between chemical analysis and EBMs for assessing es
trogenic exceedances (EH + EDCs) in WS ranged from 75% to 100%. 
ERα-CALUX, MELN, T47D-Signosis, and L-YES showed strong correla
tions with EH chemical analysis, while ERα-GeneBLAzer and LiBERA 
correlated well with EDC analysis. Most bioassays (ERα-CALUX, MELN, 
ERα-GeneBLAzer, T47D-Signosis, VM7Luc4E2, INDIGO, YES and p-YES) 
demonstrated 100% compliance with the cumulative chemical risk of 
EH at all SP. Three SP (SP1, SP3 and SP7) provided key features of es
trogenic risk. At SP1, the cumulative chemical risk from EH was driven 
by EE2 with no individual or cumulative risk of other EDCs. EBMs 
excluding LiBERA indicated risk. At SP3, individual hormones concen
trations were below (E2, EE2) or equal (E1) to the EQS. EBMs, excluding 
A-YES, detected activity, suggesting that other unmeasured estrogenic 
EDCs can contribute to the overall estrogenic activity. Finally, SP7 
showed BPA-driven EDCs risk, with EBMs (excluding LiBERA and L-YES) 
confirming risk. These findings highlight the value of EBMs in capturing 

combined estrogenic effects and untargeted EDCs, complementing 
traditional chemical analysis for comprehensive water quality assess
ment - though some bioassays require refinement. ERα-CALUX, MELN, 
ERα-GeneBLAzer, YES and p-YES showed good correlations with 
chemical RQs of EH and full compliance with the estimated cumulative 
risk, making them suitable for estrogenicity monitoring. While INDIGO 
and T47D-Signosis also aligned well with chemical data and full 
compliance, their results differed statistically from other bioassays, 
suggesting methodological or sensitivity variations. For estrogenic EDCs 
monitoring, only LiBERA and ERα-GeneBLAzer exhibited strong or good 
correlations (75% compliance) in WS analysis. ERα-CALUX showed no 
significant correlation and a lower compliance rate in WS analysis, 
indicating limited utility for estrogenic EDC monitoring when EH are 
absent.

Refinement actions are suggested based on the outcome of this 
interlaboratory study when differences among results from the EBM and 
chemical analysis are identified (e.g. correct application of the SOP, 
minimising time lapse between sample collection, extraction and anal
ysis). In case the differences mainly resulted from the intrinsic nature of 
the bioassays, the application of an adjustment factor is being evaluated, 
as exemplified by LiBERA. To enhance its sensitivity, Ferrero et al. 
(2014) modulated the binding properties of the ERαLBD by rationally 
modifying its amino acid composition, resulting in various variants. 
Among these, the M421F-ERα LBD variant exhibited 2- to 6-fold 

Table 4 
Check for compliance or non-compliance of EBMs using EBT options 1, 2 and 3 with cumulative risk estimated by chemical analyses at SPs regarding mixture of EH; 
EDCs; and the combination of EH and EDCs. Compliance refers to the degree to which the results of the EBM risk analysis align with the chemical risk analysis, non- 
compliance occurs when the results of the EBM risk analysis deviate from the values from the chemical risk analysis. The level of risk is given in brackets (<1: no 
risk).

Sample Characterization of individual and cumulative 
chemical risk at SPs by RQs

Characterization of EBM 
risk by bioassay and EBT 
option

Compliance/Non- 
compliance comparing to 
the cumulative 
chemical risk of EH

Compliance/Non- 
compliance comparing to 
the cumulative 
chemical risk of 
estrogenic EDCs

Compliance/Non- 
compliance comparing to 
the cumulative 
chemical risk of EH and 
estrogenic EDCs

SP1 Cumulative risk of EH (2.8) which is dominated 
by EE2 (1.5). No individual risk of E1 (0.6) and 
E2 (0.7). 
No cumulative risk of EDCs.

LiBERA options 1 (0.8) and 
3 (0.9)

Non-compliance Compliance Non-compliance

All others for options 1, 2 
and 3

Compliance Non-compliance Compliance

SP2 High cumulative risk of EH (11.5) which is 
dominated by E1 (6.8) followed by EE2 (2.9) and 
E2 (1.8). 
There is also a cumulative risk of EDCs (6.5) 
which is dominated by BPA (4.4)

All for options 1, 2 and 3 Compliance Compliance Compliance

SP3 Cumulative risk of EH exists but is not high (1.5) 
and is dominated by E1 (1.0). No individual risk 
regarding E2 (0.2) and EE2 (0.3). 
Observed a cumulative risk of EDCs (6) which is 
dominated by BPA (5.3).

A-YES options 1 (0.4) and 3 
(0.4) 
ERα-CALUX option 2(0.2)

Non-compliance Non-compliance Non-compliance

All others for options 1, 2 
and 3

Compliance Compliance Compliance

SP4 Cumulative risk of EH (4.8) which is dominated 
by E2 (2.2) followed by E1 (1.5) and EE2 (1.1). 
No cumulative risk of EDCs.

All for options 1, 2 and 3 Compliance Compliance Compliance

SP5 Cumulative risk of EH (6.7) which is dominated 
by E1 (3.9) followed by E2 (1.6) and EE2 (1.1). 
Cumulative risk of EDCs (2.5) exists and is 
dominated by BPA (1.1)

All for options 1, 2 and 3 Compliance Compliance Compliance

SP6 Cumulative risk of EH (7.4) which is dominated 
by E1 (4.8) followed by EE2 (1.6) and E2 (1). 
Cumulative risk of EDCs (6.5) exists and is 
dominated by BPA (4.1.)

All for options 1, 2 and 3 Compliance Compliance Compliance

SP7 Cumulative risk of EH (2.4) which is dominated 
by EE2 (1.65). No individual risk of E1 (0.5) and 
E2 (0.2). 
Cumulative risk of EDCs exists but is not high 
(1.3) and is dominated by BPA (0.8).

L-YES options 1(0.2) and 3 
(0.4) 
LiBERA options 1 (0.4) and 
3 (0.5) 
ERα-CALUX option 2 (0.5) 
and 3 (0.8) 
MELN option 2 (0.4)

Non-compliance Non-compliance Non-compliance

All others for options 1, 2 
and 3

Compliance Compliance Compliance

SP8 Cumulative risk of EH (6.3) which is dominated 
by E2 (3.9) followed by E1 (1.5) and EE2 (0.8). 
No cumulative risk of EDCs.

All for options 1, 2 and 3 Compliance Non-compliance Compliance
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Fig. 5. Comparison of RQs estimated by different EBMs and chemical analysis for A) estrogenic hormones (EH), B) estrogenic EDCs and C) EH and EDCs at each 
sampling location (SP1-SP8) for EBT option 1 (for options 2 and 3 the graphs can be seen in the SI, section 5.5.3). The error bars represent ±50% of the cumulative 
chemical RQs. The dashed line marks the critical threshold of RQ = 1, above which there is indication of risk.

L. Gómez et al.                                                                                                                                                                                                                                  Environmental Research 298 (2026) 124218 

11 



increased binding affinity for E2, EE2, BPA and 4-NP, making it a 
promising assay for detecting EDCs.

In the case of bioassays for which the EBT option 1 value was 
calculated based on averaged REP (INDIGO), it is strongly recommended 
the derivation of specific REP.

For effective WFD monitoring, the JRC recommends a combined 
assessment using EBM and chemical analysis as discussed in the litera
ture (Neale et al., 2023b), considering the different sensitivity and 
specificity of the estrogenicity EBMs. EBMs should be used as an initial 
screening method, followed by chemical analysis to identify substances 
triggering the estrogenic response. Integrating EBM and chemical data 
would provide a comprehensive water quality assessment covering both 
known and unknown contaminants. Successful EBM implementation 

requires selecting appropriate assays - sensitive, reproducible, and 
relevant to all estrogenic contaminants occurring in the WS. Appropriate 
sampling (e.g., sampling locations, times, and frequencies) is essential to 
ensure that the WS are representative of the water body being moni
tored. Sample handling (e.g., containers, stabilisation, storage) and 
processing steps (e.g., filtration, extraction, and concentration steps to 
isolate the contaminants of interest) should be carried out under SOP. 
Quality controls – including positive/negative controls, replicates and 
standard reference materials – are critical for reliable results. EBM data 
need to be interpreted in the context of water quality standards and 
guidelines. This involves comparing the EBM results to EBT values that 
indicate potential risks to human health and the environment. Imple
mentation should be iterative, incorporating feedback from Member 
States to refine the methods and address challenges.

To fully validate the EBT values proposed here, a second inter
laboratory study is planned as follow up. Ideally, involving all Member 
States and a larger number of freshwater samples from diverse EU lo
cations, to ensure statistical robustness and account for climatic 
variability.

This study identified three areas of limitations: chemical analysis 
relied only on one laboratory (except for BPA); EEQ derivation methods 
varied across laboratories and in some cases lacked complete method
ological detail, affecting comparability; and compliance comparability 
between EBMs and chemical analysis was tested only at eight sites with 
known exposure, a relatively simple context.

Future studies should address these limitations by engaging at least 
two laboratories for EH and EDCs concentration reporting within 
acceptable limits (e.g. 30% deviation); standardised EEQ derivation 
methods for consistency; and expanding comparability tests to more 
samples and diverse locations for robust verification.

5. Conclusions

This study provides scientific-based evidence for the application of 
EBMs and EBT within a legal framework and will contribute to the 
development of guidance for Member States to properly implement 
these methods in water quality monitoring under the WFD. Among 
these, estrogenicity EBMs are now ready for implementation, with some 
having been already identified as fit for purpose. They can be applied as 
initial screening monitoring prior to chemical analysis to identify the 
existence and cumulative (mixture) risk based on the MoA. In the case of 
estrogenicity monitoring, different EBMs could be used depending on 
the pollution source, since some of them proved to be more sensitive to 
estrogenic hormones, while others correlated better with other estro
genic EDCs.

The power of EBMs lies in its ability to capture the effects of chemical 
mixtures through their MoA. However, the coverage of MoA remains 
limited, and in vitro assays capable to detect multiple MoA – such as 
those critical for assessing per- and polyfluoroalkyl substances (PFAS) - 
are often lacking. Biotechnology-based innovations can play a key role 
in this field by accelerating efforts to address this gap.

Table 5 
Summary of compliance/non-compliance analysis of bioassays relative to the 
cumulative chemical risk estimated by chemical analyses (

∑
RQs >1) for EH and 

EDCs at eight sampling locations (SP1-SP8). EBT options are specified in 
parenthesis when results differ across options.

Bioassay Compliance/Non- 
compliance

Notes

ERα-CALUX 
(option 1) 
MELN (options 
1 and 3) 
ERα- 
GeneBLAzer 
T47D-Signosis 
VM7Luc4E2 
INDIGO 
YES p-YES

Compliance at 
100% of sites.

ERα-CALUX (option 1), MELN (options 
1 and 3), ERα-GeneBLAzer, T47D- 
Signosis, VM7Luc4E2, INDIGO, YES, 
and p-YES showed compliance with 
cumulative chemical risk of EH at all 
sampling points. The cumulative risk 
from EH was complemented at 5 
locations from the cumulative risk 
generated by the EDCs.

ERα-CALUX 
(option 3) 
MELN (option 
2) 
L-YES

Compliance at 
87.5% of sites. 
Non-compliance at 
12.5% of sites.

ERα-CALUX (option 3), MELN (option 
2) and L-YES could not identify 
estrogenic chemical threats at lower 
levels of cumulative risk created either 
individually only by EE2 (missing 
individual risk from E1) or 
cumulatively by EDCs.

A-YES Compliance at 
87.5% of sites. 
Non-compliance 
12.5% of sites

A-YES could not forecast cumulative 
chemical risk of EH when no individual 
risk of E1, E2 or EE2 is observed. This 
bioassay did not react to cumulative 
risk generated only by EDCs when 
cumulative risk of EH is low.

ERα-CALUX 
(option 2)

Compliance at 75% 
of sites. 
Non-compliance at 
25% of sites

ERα-CALUX (option 2) could not 
forecast cumulative chemical risk of EH 
when it is low. This bioassay did not 
react to cumulative risk generated only 
by EDCs when cumulative risk of EH is 
low.

LiBERA Compliance at 75% 
of sites. 
Non-compliance at 
25% of sites

LiBERA showed a compliance with 
cumulative risk created by the EH only 
at sites having also an elevated 
cumulative risk due to EDCs. It could 
not identify cumulative risks posed 
only by EH at sites without or with a 
low cumulative risk from EDCs.

Fig. 6. The compliance percentages between EBM and chemical analyses of estrogenic hormones (EH) (A) and EDCs (B) for each EBT option across eight sampling 
sites (SP1-SP8) are presented. The results are shown as the percentage of bioassays achieving 75 %, 87.5% and 100 % compliance for all the SPs in the case EH or 50 
%, 62.5 % and 75 % compliance in the case of estrogenic EDCs.
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In conclusion, the implementation of the estrogenicity EBMs in the 
WFD will accelerate and foster biotechnology-based applications in the 
development of in vitro assays, thereby enhancing environmental 
monitoring and regulatory compliance.
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