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Abstract

The European Decision EU 2015/495 included thremigtal estrogens, estrone igstradiol and 1o~
ethinyl estradiol, in the “watch-list” of the WatEramework Directive (WFD). As consequence, these
substances have to be chemically monitored atethed bf their environmental quality standards, wahic
can be challenging. This project aimed to ideméfyable effect-based methods (EBMs) for screening
endocrine disrupting compounds, to harmonise mdngoand data interpretation methods, and to
contribute to the current WFD review process. Wated wastewater samples were collected across
Europe and analysed using chemical analyses andsEBMe results showed that ft&stradiol
equivalents were comparable among methods, whdelteecan vary between methods based on the
relative potencies for individual substances. Fenmttderived 1p-estradiol equivalents were highly
correlated with LC-MS/MS analyses. This study shdhat the inclusion of effect-based screening
methods into monitoring programmes for estrogenssunface waterbodies would be a valuable
complement to chemical analysis.

Keywords

Science-policy interface Estrogen screening OEride disruption

Surface and waste water assessment Emergingaubut EU watch-list

Steroid analyses In vitro bioassays Integrated effects of mixtures
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1 State of the Art

Over the past two decades, numerous scientificieguidave demonstrated that endocrine disrupting
chemicals (EDCs) elicit adverse effects on serssithquatic species, such as fish [1-7]. Steroidal
estrogens, like the natural hormones estrone (Bdl) ap-estradiol (E2), as well as the synthetic
hormone 1d@-ethinyl estradiol (EE2), are of particular envinental concern [8-11]. Due to their steady
release via waste water effluents into surface iwdfe?, 13] and their high biological activity, eveery

low concentrations of E2 and EE2 have been showadse reproductive toxicity with negative effects
at the population level [14-16]. As a consequeidg,E2, and EE2 were included in a European Union
(EU) Water Framework Directive (WFD) “watch-listLT-20]. The WFD watch-list mechanism aims to
collect high-quality monitoring data on concenwas of emerging pollutants and potentially hazasdou
substances, whose currently available monitoridgrimation shows either quantitative or qualitative
deficiencies [21]. To collect more high-quality @atlisted substances have to be monitored at
representative EU sampling sites for a period ofeast 12 and up to 48 months. The watch-list
mechanism is expected to support future substanocstigation processes, enable the implementation

of measures, and facilitate environmental risk s@®ent across the EU.

Chemical monitoring of estrogens for the watch4rstchanism is challenging, because the European
Commission set maximum acceptable method detelitnits (MDLs) at EQS levels of 400 pg/L for E1
and E2, and 35 pg/L for EE2 [18, 22]. Most routem@alytical methods used by the Member States
cannot meet these requirements, especially for B&%d on [23, 24]. Hence, the quality assessnient o
water bodies based on current methods is a challtwghe detection/quantification limits that aoe

high to detect if EQS are being exceeded or ndeckEbased methods are able to detect estrogenic
substances at sub-ng or even pg levels and hayeothatial to be used as a complementary screening
tool [12, 25-27]. In addition, they do not requaeoriori knowledge of the substances to be monitored,
as they are able to determine the biological respooaused by complex mixtures of unknown
compounds. Thus, effect-based methods may be Ruit@lserve as a valuable link between chemical
analytical and ecological quality assessments,esihe effects can rarely be linked to individual

compounds.

As described in an EU technical report, which wlab@rated in the context of the Chemical Monitoring
and Emerging Pollutants (CMEP) expert group under@ommon Implementation Strategy (CIS) of
the WFD, effect-based tools can be categorisedthri@e main groups: Bioassaya {itro, in vivo),
biomarkers, and ecological methods [28]. With rdgar steroidal estrogens and other ED@syitro
reporter gene assays have been used predominantigtérmine the total estrogen receptor (ER)
mediated estrogenicity of an environmental samp®. [Among the most commonly applied assays are
in vitro methods such as estrogen receptor transactivasigasys (ER-TAS), which use various cell types
including yeast, human and other mammalian cedislithat were transfected with a human estrogen

receptor coupled to a reporter gene [30]. Activatod the ER leads to the expression of the reporter
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gene product, usually an enzyme that modifies @mathemical, causing a quantifiable response. The
resulting estrogenic potential of a sample is esggd as an E2 equivalent concentration (EEQ),
indicating the estrogenic activity of the sample sample dilution in terms of equivalency to the

estrogenic activity of the corresponding E2 refeesconcentration [31].

Although ER-TAs are highly advantageous methods tloe detection of ER activation and
quantification of very low estrogen concentrationsurface waters [23], these methods are not dedu
within current WFD monitoring programmes [20]. Oneason for this is the lack of data that
demonstrate their applicability as a monitoring aswteening tool in combination with chemical
analytical methods (see e.g. [14]). Such infornmatimuld greatly increase their regulatory acceptanc
As a response to this need, an EU-wide projecthitng 24 research organisations and environmental
agencies from 12 countries was carried out to exalthe usefulness of specifit vitro methods for
identifying the presence of the watch-list substan&l, E2, and EEZ2, in surface and waste watbes. T
project aimed to compare the chemical and effesethalata resulting from the analysis of 16 surface
and 17 waste water treatment plant effluent samp@lealyses were conducted in seven participating
laboratories using different LC/MS- (three laborags) and effect-based methods (five laboratories).
The objectives of the study were (i) the demonsinadf reliable effect-based screening methodgHer
monitoring of estrogenic EDCs in waste water andase water, (i) the harmonisation of data
interpretation methods, and (iii) providing recomrmdations for the implementation of cost-effective

and reliable effect-based methods in WFD monitopragrammes.

2 The Project
2.1 Sampling

A total number of 16 surface water (SW) and 17 easiter (WW) samples were collected according to
a protocol developed by the participants (SI, PgrtSelected sampling sites were located in seven
European countries in Central and Southern Eurbjgrie 1): Austria (1 SW/ 3 WW), Belgium (2/2),

Czech Republic (2/2), France (1/1), Germany (4td)y (5/3), and Spain (1/2). Sample collection was
carried out from September to November 2015 bypgeticipating institutions. The samples were taken
based on prior knowledge on their contaminationhwaistrogens and represented a gradient of

contamination from high to moderate.
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Figure 1: Samples taken in various European States (darR.gfég circles indicate the number of surface wébhre) and
waste water samples (red) taken in each country.
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2.2 Sample preparation

The sample preparation included the filtering qfaat of the SW (see SI, Part A) and all WW samples
over glass fibre filters (Millipore, type 4, reteart 2.7 um, circle size 4.7 cm). Since a filtratgiap can
have an impact on the composition of a sample endstrogenic activity [32], the filtration step sva
investigated during a feasibility study prior t@ thmain study presented here. The results of thetpdy

did neither show a significant reduction in estrtgity in the control nor in tested environmental
samples (data not shown). Subsequently, all samy#es enriched by means of solid-phase extraction
(SPE; 11 L sample to 11 mL extract) and extractewassed over silica gel (SiOH) columns (methods
focusing on E1, E2 and EE2). While for surface watech extract was split into eleven 1 mL aliquots
that were each passed over a single SiOH columny#gte water a single column was inadvertently
used to treat the whole extract (11 mL). For LC-MS/ analysis this means that matrix was less
efficiently removed from WW extracts (relative t&VSextracts) and higher matrix loads would have
impeded low LOQs in WW LC-MS/MS analysis. For bisag analysis this means that, should
additional ER-agonists (i.e. other than E1, E2 Bft®) have been present in the extracts, a reduced
clean-up efficiency would have reduced ER-agomistaval which in turn would have caused enhanced
effects in bioassays. Full details of sample pragam are provided in Sl, Part A.
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2.3 Chemical and effect-based analyses

Participating laboratories received spiked refeeesamples, blanks and encoded water extracts. The
chemical analyses were conducted in three diffdledsg, which applied an LC-MS/MS with negative
electron spray ionisation (detailed informationSh Part D Table S2). The effect-based methods were
conducted in five different labs: Estrogen Recefitemical Activated LUciferase gene eXpression
(ER-CALUX) at Biodetection Systems (BDS), lucifezasansfected human breast cancer cell line
(MELN) gene-reporter assay at INERIS [33], ER-Geln&Ber assay at the Helmholtz Centre for
Environmental Research (UFZ) [34], the stably tfacted human estrogen receptor-alpha
transcriptional activation Assay using hé=RleLa-9903 cells (HeLa-9903 assay) at RECETOX [35],
and planar Yeast Estrogen Screen (pYES) at the &eFaderal Institute of Hydrology (BfG) [36, 37].
The pYES is a method, which combines a chromatdgcapeparation of the sample by thin layer
chromatography (TLC) with a subsequent performasfcthe YES on the planar surface of the TLC-
plate [38-40]. Like the common assays which ardopered in micro-well-plates, this approach allows
the quantification of the overall estrogenic agyiiresent in the sample by means of E2-equivalence
concentrations. Furthermore, like methods basedL@MS, it also allows the estimation of
concentrations of individual estrogenic compouredg, E1, E2 and EE2, due to the chromatographic
separation of the sample. For this purpose theentispe standard compounds are used for a calibratio
on the same TLC plate — in the present study E1FE2, and estriol (E3) were applied in a mixture a
three different levels. Due to the limited sepamaower of the thin layer chromatography compaoed
HPLC and GC in particular, a co-migration of es&oig compounds cannot be excluded. Therefore,
under the assumption of effect addition, the edtahandividual concentrations represent the possibl
maximal concentration of the respective compourils &pproach can be used to identify and quantify

substance groups causing ER-activation.

2.4 Blanks and positive controls

Ultrapure water (11 L) was used as extraction blakk extraction blank was included with each
extraction run of 10 samples, subjected to cleamug distributed the same as the sample extracts.
Further, each analysis using effect-based methuazisded a negative control. To avoid solvent effect
on cell viability, its concentrations did not exdee defined value (see SlI, Part D Table S3). Adiges
controls for ensuring the validity and enablinganparison of the methods, surface water samples
(11 L each) from the Netherlands were spiked wizhaBd EE2 at two concentrations by the central lab
(BDS). The “low spike” (600 pg/L) represented a @amtration slightly above the proposed EQS for E2
(400 pg/L). The “high spike” (6000 pg/L) represehta concentration that is quantifiable with high

certainty by both effect-based and chemical methods
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2.5 Data evaluation — effect-based methods

Raw data and information on relative enrichmentdiac (REF) of the extracts were collected from
participating laboratories. The REF expresses ¢imebmation of: 1) sample enrichment using SPE and
2) extract dilution steps in each of the applicfgé@tbased methods. Estrogenic activity of theastsr
was expressed as E2-equivalence concentration Big/LEwater) (described in detail in Sl, Part B).
Briefly, dose-response curves of the reference camg, E2, and the dilution series of the water
extracts and blanks were fitted using a five-patameon-linear regression with normalised datae Th
concentration of the positive control (E2) neededntduce 10 % effect of the maximum E2-induction
(PCo), was calculated. Subsequently, the relative REthe sample, that stimulates the assay at PC
level was determined by interpolation. The ;f@eference concentration was divided by the
corresponding sample dilution (REF) to obtain theQEof the sample. EEQs derived by the;fC

method are presented in the results section.

2.6 Data evaluation — chemical analysis

Internal standard calibration and interpolationngsi linear regression model were performed to
determine concentrations (pg/L) of the individuakrsidal estrogens in sample extracts. Identificatf
selected analytes was performed based on twode tultiple Reaction Monitoring (MRM) transitions
between the precursor ion and two or three moshddmt product ions, depending on the laboratory
where analyses were done. The first transition wgasl for quantification purposes whereas the second
and third transitions were used to confirm the @neg of the target compound in the sample. Queditifi
analytes were identified by comparing the retentiome (RT) of the corresponding standard and the

ratio between two ion transitions recorded (+20i8dhe standard and water samples.

2.7 Calculation of sample-dependent LOD and LOQ

The Limits of quantification (LOQ) for effect-basadethods the LOQs were calculated as 3-fold the
standard deviation (SD) of the averaged responsigeafiegative control on each assay plate. Theteffe

level of 3-fold the SD was interpolated from the E2erence curve and divided by the REF of the
sample to derive the LOQ. The actual reportingdffect-based methods occurred at the 10% effect
level which was always above LOQ (typically at 2Ze5effect levels).

In case of the chemical analysis the limits of digtea (LOD) were determined for each compound in

each sample based on the signal intensity of ttegnial standards or the analyte peak by a signral-to
noise (S/N) ratio of 3:1 and LOQ by a S/N ratidLof1.

When comparing LOQs of effect-based methods witts¢éhof chemical analyses the various key
differences between the two approaches need takem tinto account (for further background see SlI,
Part C).
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2.8 Comparison of chemical and biological analysis

The EEQ; is the ratio of the effect concentration of thierence compound estradiol &E?2) (pg/L)
and the sample Egsample) (Equation 1) and was derived in this stusing the Pg approach (see
above). The EEQe.n was calculated from the sum of the relative effpatencies REPtimes the
detected concentration of estrogenic chemical [4t]. The REP, in turn, is the ratio of the effect

concentration of the reference compound estradiigy(E2) and the chemical i's Egi) (Equation 2).

ECso(E2
EEQpio = L
ECso(sample)
1)
S z“:REP N EC50(E2)
Qchem— - i*C = ECSO(I) Ci
1= =
)

Due to the analytical method detection limits of &l EE2, we evaluated the potential contributibn o
non-detected estrogens to the overall EEQob» Using Equation 3, where values below the LOD
(“non-detects”) were included as LOD/2. If the atighl lab reported data as <LOQ, we used LOQ/2 in
Equation 3 instead of LOD/2. In Equation 3, n refer the total number of chemicals included in the
analysis, m refers to the number of chemicals bdloMd. Ci is the average value of three analytical

measurements,

n-m m
EEQchem, Lon/2 = Z REP; ¢ + Z REP;- LOD;/2
i=1 i=1

3)

2.9 Correlation analysis

The correlation analysis among effect-based metl{gf<,;) was performed with GraphPad Prism,

using the Pearson correlation (r). [42].

3 Results and discussion

3.1 Reference chemicals and validation

All essential criteria for method performance wkdélled in this study (described in more detail the

Sl, Part E). As shown in Table S4 (SI, Part E),d¢hemical analytical as well as effect-based method
showed good recovery in the spiked samples. Nogestic activity or quantifiable concentrations of
El, E2, and EE2 were measured in the blank sanfipfegprocedure-, extraction- and solvent blanks).

As the derived effect concentrations in the effemted methods and chemically measured EE2
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concentrations matched with the nominal concemwinatof the spiked samples, the observed effects can

be ascribed to the samples themselves.

3.2 Results of chemical analysis

Measured concentrations of the three estrogen&Eand EE2 differed widely between sampling sites
as well as between surface and waste water sanfjifésxrences among SW samples can be explained
by varying river characteristics, e.g. flow (dituti factor), or temperature, as well as differenices
estrogenicity of treated WW, that are released th® SW. The results of the analyses, which are
summarised in Figure 2, show a 3.2 to 3.6 time&drignean concentration for E1 and E2 in WW
(Figure 2B) compared to SW (Figure 2A). Due to highly contaminated WW sample M(23), possibly
influenced by an industrial discharge of EE2, theam concentration of EE2 across all WW samples
was approximately 20 times higher compared to SWu(E 2). Estrone (E1) was quantified in all
samples. For E1 maximum concentrations of 5.6 rigdmple P(7)) and 20.5 ng/L (sample Q(20)) in
SW and WW were measured, respectively. E2 wasdbensl most frequently quantified estrogen and
measured above LOQ in nine of 16 SW and six of W Wamples. Measured concentrations ranged
from 0.4 ng/L (sample N(33)) to 1.1 ng/L (sample@j in WW, and from 0.06 ng/L (sample J(10)) to
0.5 ng/L (sample N(15)) in SW. The synthetic EEZWaast frequently quantified and measured above
LOQ in four of 16 SW and four of 17 WW samples withmaximum concentration of 0.3 ng/L in SW
sample O(3) and 7.5 ng/L in WW sample M(23). Thesacentration ranges and patterns are in

accordance with recent review studies [43, 44].
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Figure 2: Chemical analytically measured concentrabns for SW (A) and WW extracts (B) above LOQ for E1 E2 and
EE2. The bars show the mean concentration of all thpgdiedd methods for each analyte showing result©®)| the standard
deviation is shown when two or three methods regresults. The sample-dependent LOQs are listédeirsupplementary
information together with the measurement datenafygical methods (SI, Part F, Table S6 and S7).

Our results underline the analytical difficultidsat have recently been highlighted for E2 and E¥2 b
several studies and workshops [16, 45], stressiaghallenges that emerge for routine methods imsed
national monitoring programmes. Despite the usejuwfe advanced chemical analytical techniques
(status 2015), the detection and quantificatiokE®fand EE2 in SW and WW samples was problematic
in some cases. While it was possible to quantify iklalmost all samples, the percentage of
quantifications was significantly reduced for E-daven more for EE2 (Figure 3). This was partially
due to the fact that insufficient silica gel wasdigo reduce the matrix effects in WW. WW is

considered as worst-case regarding matrix effd@&s47].
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Figure 3: Mean percentage of quantified (>LOQ) samms for each substance in SW and WWTlhe sample-dependent
LOQs are listed in the supplementary informatiogetber with the measurement data of the analytiegthods (S| Part F,
Table S7).

However, the gquantification of substances itselh@ the only challenge faced by those routinely
applying analytical methods for watch-list monitmyi According to the EU Commission Decision
2015/495, which established the first watch-lisg indicative methods applied by Member States have
to meet the minimum requirement for method detediimits (MDL) equal to the proposed EQSs of E1
at 3.6 ng/L, E2 at 0.4 ng/L and EE2 at 0.035 nd/®].[ To take into consideration the matrix effeats
different waters, LODs and LOQs had to be calcdldte each sample (Sl Part F, Table S7). The three
techniques used in the current study were abledet DL requirements for E1 in all SW and WW
samples. Also for E2, in 96 % of surface water dampnd 94 % of waste water samples detection was
possible at the level of the proposed EQS. In s ©f EE2, the minimum criteria were not met, einc
only 56 % and 16 % of SW and WW samples, respdygticeuld be monitored at the EQS level. These
findings are in accordance with a recent repomf015, which showed that the lowest LOQ found in
literature at that time was sufficient for comptanmonitoring of E1 and E2 in inland surface waters
while the criteria were not met for EE2 by sevevi@imber States [24]. It has to be pointed out timat,
this project, the silica clean-up step for the slangxtracts differed between WW and SW samples (see
methods section) favouring the presence of polanpounds in extracts of WW samples. This
difference likely reduced the sensitivity of theabmical method for the target compounds in WW
samples. Furthermore, sample extraction was peedrat pH 3 possibly increasing concentrations of
humic acids and thus lowering sensitivity of LC/M&sed methods applied. Under ideal conditions, we
estimate that analytical methods can achieve LQidsL®Qs of a factor 2 to 3 lower in WW samples.
It has to be recognised that the LODs of chemicallydgical methods used exclusively for steroidal
estrogens already significantly decreased from 200D E2 and EE2 of 100 pg/L) to 2015 (E2: 60
pg/L, EE2: 85 pg/L) and will certainly decreasetlfier [16, 23].

Nevertheless, if steroidal estrogens were to beided in the EU priority list for monitoring, vestrict

minimum performance criteria would apply. As statedhe Commission Directive 2009/90/EC, an

analytical method used for monitoring of prioritybstances needs a LOQ equal or below a value of
10



304
305
306
307
308
309
310
311

312

313
314
315
316
317
318
319
320
321
322
323

324
325
326

327
328

329

330
331

30 % of the EQS [48]. These requirements can ptiysee met only for E1, but not for E2 or EE2 ih al
SW. Regarding the quantification of E2, and EE2stext routine analytical techniques still lag mehi
the requirements. This result is supported by we@nt reviews on the performance of current arcallyti
methods that have shown that 35 % of reviewed ndstiiomplied with the EQS for E2, while only one
method complied with the EQS for EE2 [49, 50]. hder to not only detect but also quantify at such
low concentrations as required for regulatory nammig application, a further decrease of LOQs is
necessary, which is difficult to achieve for roefiynused non-tailored analytical methods in thertsho

term.

3.3 Quantification limits of chemical-analytical andin vitro effect-based methods

The LOQs for all methods applied in this study swenmarised in Figure 4. Since E2 is used as the
reference compound for all effect-based methods L tQ of E2 is shown for the chemical-analytical
methods as an example. When comparing LOQs adnesdifferent methods it has to be taken into
account that LOQs were derived along different apphes (see method section and SI, Part C for
further details). The effect-basedvitro methods were generally able to quantify effecterat to two
orders of magnitude lower concentrations than theyéical methods used. For effect-based methods,
LOQs ranged between 0.002 ng/L and 0.2 ng/L for &Mvell as WW, while for chemical-analytical
methods LOQs for E2 were 0.04 ng/L to 1.5 ng/L W &nd 0.05 ng/L to 3 ng/L in WW. This increase
in LOQs for chemical-analytical methods in WW saesplFigure 4B) compared to surface water
(Figure 4A) can be ascribed to the higher compjeaitthe waste water matrix [46, 47] as well as the

less efficient clean-up used for WW samples.

A B
Lab 1- — [+ Lab 1+ ——
Lab 2 [T+ Lab 2+ —
Lab 3 [ Lab 3 ——
ER-CALUX+— [ ER-CALUX +—{ I
MELN - H TH MELN - HiH
GeneBLAzer +—}—— GeneBLAzer H—
HeLa-9903 —1 H HeLa-9903 - — 1T
PYES N PYES ——
1 10 100 1000 10000 1 10 100 1000 10000
LOQ in pg/L LOQ in pg/L

Figure 4: Sample-dependent LOQs in surface water (Aand waste water (B) extractsFor the chemical analytical method
the LOQ of E2 is shown as an example and for tfecebased methods the LOQ of the integrated effisctepresentedlots
indicate the distribution of data, thereby the dttand the top of the box are the first and thindrtjles, while the line inside

the box is the median. The whiskers show the mimirand maximum of all data.

3.4 Measured estrogenic effects

As a result of these low effect-based quantificatimits, estrogenic activities were detected inesdted

samples. As expected, highest EEQs were measuk&irsamples (Figure 5A and B) . In SW, EEQ
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ranged from 0.16 ng/L measured with HeLa-9903 myda B(6) to up to 5.4 ng/L measured with pYES
in sample O(3). In WW, the lowest EEQof 0.03 ng/L was measured in sample A(26) with ER-
GeneBLAzer, while the highest EEQof 24 ng/L was measured in sample M(23) with H8B&3.
Further, it is evident that EEQfor SW samples determined with the MELN, as wslite pYES, were
higher (> 50 %) than the EEQmeasured with the other effect-based methods. $siple reason for
this pattern, which was less pronounced in WW, @¢dnd a higher sensitivity of the MELN and pYES
towards E1 (see Sl Part F, Table S8), combined witlarger proportion of E1 in surface water.
Additionally, alterations in the method’s perforrosaroccur due to differences between the test sgstem
which was already mentioned in previous studies 423 51] and is further discussed for this projact

an associated publication [52].

A O ERCALUX O MELN A Hela-9903 V GeneBLAzer # pYES
10000
o B 8
U & 0O
S 1000 . s $ v ®
c o ¢ é ° a
£ & o L3 g . o v A
° & ¢ o @ A
o 100 o 7 g 3 x °
m \4
w g o, v X
vV g N X
X a a
10 T T T T T T T T T T T T T T T T
N D S S DN DD DD DD DD DD
N N e UL v & &
2 \?,Q' O & OQ’ Q/Q’ 0\ 3(\’ Q\Q’ N *_Q’ @Q’ \/Q’ eQ’ Q O
Surface water samples
100000
a
_, 10000 ¢ A4
E (] [m] s E E
g (m] [m] (] u : 0
= 1000 s o 8 Q ; g x xn O )4
) o
& o 3 2 § ©
w1004 & g é - A
10 T T T T T T T T T T T T T T T T T
SN D NN BN A SN D DO D O DD DS D
> NN 2 W WY NV (@ W
gl (20 (R E QWY TR W

Waste water samples

Figure 5: Measured E2-equivalents for all SW (A) andVW (B) extracts. The symbols show the EEQs for each bioassay,
which were calculated according to the method desdrin section 2.5. The sample-dependent LOQsrametioned in the
supplementary information, together with the measent data of effect-based methods (S| Part FeTaBland S9).

3.5 Comparison of chemical analysis andh vitro effect-based methods

We cannot a priori expect consistency between gEQalculated from E1, E2, and EE2 concentrations

and EEQ,. Although the extraction and clean-up method fedusn E1, E2, and EE2, other natural

estrogens and xenoestrogens (both agonists angoargts) might still be present in the extracts and
12
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contribute to the mixture effects detected by effexsed methods. Thus, there can be situationsewher
EEQ+em is lower than EEQ, because: 1) agonists other than E1, E2, and EE2 present in the
sample but not quantified by LC-MS/MS analyses )osdne target compounds were present but below
LOQ or LOD, thus they were not included in EEQ but still contributed to EEQQ. Alternatively,

EEQ+remCan be higher than EEQwhen antagonists supress the response of the assay

For ER-CALUX, the comparison of EEQwith EEQyem (Figure 6A ) indicated an underestimation of
EEQ,, by EEQuem at low concentrations of steroidal estrogens. WEé&nconcentrations are low,
typically E2 and EE2 concentrations are below L&@re 2). However, as stated above, also below
their LOD/LOQ, these chemicals may be present amdribute to the biological mixture effect (i.e.
EEQ),). We therefore also calculated the ERQLoprthat uses the LOD/2 or LOQ/2 for those E2 and
EE2 concentrations below the LOD or LOQ. The inseemn EEQ.n due to the inclusion of LOQ/2
and LOD/2 data (SI, Part F, Table S10-14), shifssEEQn.m- EEQ,, data cluster towards the one-to-
one line (Figure 6B). In fact, there is now a dighierestimation of the biological effect in thenga
where EEQ concentrations are low (up to ca.100 )pdhe fact that the agreement between EEQ
and EEQ, has become much better (going from Figure 6A tpi§E good indication that E2 and EE2

are indeed present and were captured by effectivaséhods.

The situation for MELN is markedly different fronhat of ER-CALUX. For MELN the direct
comparison between EEQ,and EEQ, is already very good (Figure 6C). In fact, ERQtends to be
above EEQ, already before adding the additional ERQcomponent using LOD/2 or LOQ/2 for E2
and EE2. The inclusion of LOD/2 or LOQ/2 in the EEQcalculation caused a notable overestimation
of EEQyem for almost all samples (>90 % of data above the 1 line in Figure 6C). The other three
bioassays show results that are intermediate betk#eCALUX and MELN, with a general trend
towards a slight underestimation of Ef& for samples with low EEg) and an overestimation after
adding LOD/2 or LOQ/2 (see Figure S1).

The marked differences between ER-CALUX and MELM mot unexpected. MELN has the highest
relative E1 effect potency of all tested bioass@y9 compared to 0.01 for ER-CALUX; Table S5).
Thus, EEQ.enresults for MELN are strongly based on E1 coneginins — a compound that was always
measured (except for a few samples by Lab 2, Fid)reConsequently, for MELN the relative

contribution of E2 and EE2 at LOD/2 or LOQ/2 on tifpmeasured E1 concentrations is relatively small

though still noticeable for samples with low EEQicentrations (compare Figure 6C to 6D).
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382  Figure 6: Comparison of EEQpem With EEQy,. Exemplary graphs are shown for the ER-CALUX (A, BYaMELN assay
383  (C, D) (further figures in the SI, Part G). Grapimstbe left show the EEQderived from values >LOQ, while the graphs on
384

the right show the EEQ.m + Loor2 or Logi£alculated by including LOD/2 or LOQ/2. The dastied indicates perfect agreement
385  of EEQpemWith EEQ).

386 3.6 Comparison of effect-based methods

387 To compare the five effect-based methods amongst ether, a correlation analysis was conducted by

388 plotting the EEQs of one method against the EEQallobther methods for SW samples and WW
389 samples, respectively (Figure 7).
390

14



>

EEQyi, PYES in pg/L

EEQy,;, HeLa-9903 in pg/L o

4
10 =004
o,
o
L
,'.
103 0
,"l.
o Y o
. o®
.
102, .. ’
101 T T
10t 102 103 104
EEQpioc MELN in pg/L
5
10°7 =099
,'.ll
104, "’,
..
10%,
~
102, ... .
”.’,"o
101 e
101 102 10® 104 10°

EEQypio, ER-CALUX in pg/L

EEQyi, HeLa-9903 in pg/L

EEQyi, PYES in pg/L

4
10 =058
1037 ’_," l.
e [ ) [ )
L ]
[ ) [ )
1024 “ '
® L ]
oo ©
101 ol T T
10t 102 103 10°
EEQpio MELN in pg/L
5
10°r=0ss
104 o
.. .l ’
103 .
[ ] ,"’.
,"
102, Y ' ¢
101 e
10! 102 10% 10% 10°

EEQpi, HeLa-9903 in pg/L

391

392 Figure 7: Exemplary graphs of correlation analysis b effect-based methods for SW (A) and WW (B) showin the
393 strongest and weakest correlationsThe correlation analysis was based on the metlesdribed in section 2.9. The dashed
394 line indicates perfect agreement of the compartstiebased methods. All correlations were signiftoaith a p value <0.0001
395 except for MELN and HelLa-9903 (top right panel) efhhad a p value 0.01. Further graphs are shown in SI, Part H, iéigu
396 S2andSa3.

397 The results of this analysis are summarised in&aband Table 2 and show a strong correlation and
398 thus good comparability of pYES, MELN and ER-CALURor SW samples, the strongest correlations
399 were seen for pYES/MELN (r°=0.94) and pYES/ER-G&nkzer (r°=0.94), while the weakest
400 correlation was determined for MELN/HelLa-9903 (£58). For WW samples, test results correlated
401 strongly among all methods (Table ), and the sesthgorrelation (r°= 0.99) was observed for ER-
402 CALUX/HelLa-9903. It is known that effect-based nuth differ in their REPs for individual ER-
403 agonists [53-55] which can explain that resultsaot@d by the HeLa-9903 assay correlated less $yrong
404  with other test results . Based on these differemftect-based methods can be split into two groups
405 pYES and MELN with high E1 REP and ER-CALUX, HelL863 and ER-GeneBLAzer with lower E1
406 REP.
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Table 1: Pearson correlation coefficients of all biassays for SW.The values were calculated according to the method
mentioned in section 2.9. All correlations werengigant with a p value <0.0001 (***) and a p vala®.01 (*).

MELN ER-GeneBLAzer HelLa-9903 pYES

ER-CALUX 0.81 *** 0.91 *** 0.86 *** 0.76 ***
MELN 0.93 *** 0.58 * 0.94 ***
ER-GeneBLAzer 0.77 *** 0.94 ***
HelLa-9903 0.61*

Table 2: Pearson correlation coefficients of all biassays for WW. The values were calculated according to the method
mentioned in section 2.9. All correlations werengfigant with a p value <0.0001 (***).

MELN ER-GeneBLAzer HelLA-9903 pYES

ER-CALUX 0.94 *x* 0.98 *** 0.99 *** 0.89 ***
MELN 0.98 *** 0.94 *** 0.97 *x*
ER-GeneBLAzer 0.97 *** 0.96 ***
HelLa-9903 0.88 **+

4 Conclusions and trends

By including E1, E2, and EE2 in the watch-list b&é tWFD, the European Commission recognised the
need to assess environmental occurrence and iraptetse endocrine disrupting substances. However,
the current WFD monitoring approach, which is based chemical analytical measurements and
compliance with specific EQSs, has been shown tlinfited with regard to the ability to detect these
substances at required concentrations [18, 51].dé&monstrated in this study, chemical analytical
methods (status 2015) were unable to quantify tdreiglal estrogens E2 and EE2 at EQS concentrations
in all samples although E1 was measured effectiveéging effect-based methods, EEQ concentrations
could be determined in all samples. As these EERremrations are the responses to mixtures of
known as well as unknown substances, effect-basstiads have the potential to be highly valuable
tools complementing routine monitoring and watealiqy assessment for estrogenic compounds. Effect-
based methods are of particular regulatory inteasdibols to screen and prioritise samples fohéurt
analysis by chemical analytical methods. FurtheenddIN/EN/ISO standards to determine the
estrogenic potential of water samples — coveringndmu cell lines (e.g. ER-CALUX) and yeast based
assays — will be available in early 2018 under [BS19040. The availability of such standards will

facilitate the integration of effect-based methimds regulatory schemes.

Our study showed that EEQ results obtained fronefédict-based methods applied were comparable —

especially at higher concentrations found in WWut tesults can vary between methods based on the
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relative effect potencies for individual substandédss has to be considered for the interpretatiotata

and determination of threshold values. As statex@bl)in vitro effect-based methods cannot deliver
single substance based measurements, but arelsutasissess overall estrogenicity in water samples
and 2) results of these methods need to be corfibyeadvanced chemical analysis. Along these lines,
the inclusion of effect-based methods into monigriprogrammes as a screening tool (detailed
description in Kase et al., [52]) for estrogenibstances in surface water bodies would be a vaduabl
complement to chemical analysis currently foredgethe Directive 2013/39/EU and WFD [28, 56, 57].
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Highlights

In vitro effect-based methods integrate effects of mixtures of chemical compounds with the same mode of action
E2 equivaents are highly correlated with LC-MS/MS

E2 equivaents are highly correlated among effect-based methods

Implementation of effect-based methods in the water framework directive is highly recommended



