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Environmental context. Endocrine disrupting compounds (EDCs) are among the most recently targeted
micropollutants detected in wastewater treatment plant (WWTP) effluents and in aquatic environments. There
is a need for the development of robust analytical methods for most relevant estrogenic EDCs. This study
provides optimisation of analytical techniques and addresses several relevant aspects that are often overlooked
in the literature. The method was finally successfully employed for the analysis of WWTP effluents.

Abstract. Two analytical approaches – liquid chromatography–tandem mass spectrometry (LC-MS/MS) and gas
chromatography–tandem mass spectrometry (GC-MS/MS) methods – were compared for the simultaneous determination
of the 19 most important oestrogenic endocrine disrupting chemicals (EDCs), such as 17b-oestradiol, oestrone,
17a-ethinyloestradiol, bisphenol A and triclosan in wastewater treatment plant effluents. To lower the instrument limits
of detection (ILODs), a derivatisation step preceded detection in both methods. The stability, sensitivity and ease of
use of dansylation (Dns) for LC-MS/MS and trimethylsilylation (TMS) for GC-MS/MS derivatives were evaluated before
method validation. TMS derivatisation products were highly unstable over time. Parameters such as susceptibility tomatrix
effects and the stability of monodansylated and didansylated derivatisation products of phytohormones are discussed.
Lower ILODs of highly potent EDCs (0.11 ng mL�1 for 17b-oestradiol, 0.01 ng mL�1 for 17a-ethinyloestradiol and
0.22 ng mL�1 for oestrone) and stability of derivatisation products within 7 days were achieved using LC–MS/MS;
therefore, further validation of thismethod at environmentally relevant concentrationswas conducted. Themethod limits of
detection (MLODs) met the requirements of the European Union defined in Directive 2008/105/ES for 17a-ethinylo-
estradiol (0.035 ng L�1) and 17b-oestradiol (0.4 ng L�1). Twenty samples of wastewater treatment plant effluent from the
Czech Republic were screened using LC-MS/MS. Fifteen of the EDCs were detected in at least one sample. The most
abundant EDCs were bisphenol A, with a concentration up to 1107 ng L�1, and triclosan, with a concentration up to
76 ngL�1. No seasonal trend between late spring and autumn sampleswas observed in the frequency or quantity of analytes.
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Introduction

There has been increasing interest in environmental contami-
nation by endocrine-disrupting chemicals (EDCs) in recent
decades. These substances have the potential to interfere with
hormonal systems and cause adverse effects in exposed organ-
isms. Moreover, even substances with a biologically plausible
link to the endocrine-disrupting mode of action can be consid-
ered EDCs according to the European Chemicals Agency and
European Food Safety Authority (ECHA et al. 2018).

Endocrine disruptors encompass endogenous hormones and
a wide range of manmade chemicals that can affect various
hormonal pathways. Wastewater treatment plant (WWTP)
effluents are often referred to as secondary sources or as hot
spots of EDC release into the environment owing to insufficient

removal. Accordingly, effluents and downstream river water are
among the most studied matrices (Grover et al. 2009; Gorga
et al. 2013; Golovko et al. 2018; Kramer et al. 2018; Ronderos-
Lara et al. 2018).

In the present European and US legislation, there are no
specific regulations regarding target values for maximum levels
of EDCs in WWTP effluents. To date, information about these
limits is only in the form of recommendations or proposals
(Drinking Water Candidate Contaminant List assembled by the
US EPA, Watch List of Water Framework Directive of the
European Union 2015/495). However, as a first step towards
limiting EDCs, the European Commission included the three
most potent and frequently occurring compounds, 17b-oestradiol
(b-E2), oestrone (E1) and 17a-ethinyloestradiol (EE2), on a
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watch list for aqueousmatrices (Watch List referring to European
Commission decision 2015/495 with regard to Directive 2008/
105/ES). Methodological instructions for their determination
were defined as maximum acceptable method limits of detection
(MLODs; 0.035 ng L�1 for EE2 and 0.4 ng L�1 for E1 andb-E2).

Owing to increasing concerns about EDC pollution and the
effects of their mixtures, reliable methods for screening a wider
group of analytes and low MLODs are needed. Oestrogenic
activity is the most described and usually the most frequently
found hormonal activity in aqueous samples (Tousova et al.
2017). Oestrogenic active compounds occur at very low con-
centrations (ng L�1); nevertheless, these concentrations are
biologically relevant (Adams 1998; Routledge et al. 1998; Nash
et al. 2004; Gross-Sorokin et al. 2006; Kidd et al. 2007).
Therefore, method validation and subsequent analysis of envi-
ronmental samples must be performed with the lowest possible
concentration, at least at concentrations that are predicted to have
no biological effect. This is challenging because these substances
differ in physical and chemical properties. Furthermore, the
complex matrix of environmental samples can lead to problems
described asmatrix effects (MEs), especially in the case of liquid
chromatography (Antignac et al. 2005; Bienvenu et al. 2017).

Most of the current methods focus only on some known
oestrogenic compounds represented by human endogenous hor-
mones, the active substances in contraceptives, and industrial
chemicals. With respect to the mixture of contaminants to which
humans and wildlife populations are constantly exposed, it is
highly necessary to monitor all substances in the groups (Preindl
et al. 2019). In fact, derivatisation is often applied before separa-
tion methods to enhance ionisation and to reach lower LODs
(higher sensitivity). The two most commonly used derivatisation
reagents for hydroxyl groups are N,O-bis(trimethylsilyl)-
trifluoroacetamide with trimethylsilyl chloride (BSTFA:TMCS,
99:1, trimethylsilylation) and dansyl chloride (dansylation) for
gas chromatography–tandem mass spectrometry (GC-MS/MS)
and liquid chromatography–tandemmass spectrometry (LC-MS/
MS), respectively (Tomsikova et al. 2012; Barreiros et al. 2016;
Caballero-Casero et al. 2016; Kramer et al. 2018).

Compared with GC-MS, LC-MS systems are more susceptible
to MEs, which decrease the signal-to-noise ratio; therefore, the
ILODs increase (Matuszewski et al. 2003; Antignac et al. 2005;
Grover et al. 2009; Bienvenu et al. 2017). Tandemmass spectrom-
etry (MS/MS) is typically used for environmental samples to avoid
noise. Diaz-Cruz et al. (2003) tested the detection of hormonally
active compounds using two ionisation techniques for LC: elec-
trospray ionisation (ESI) and atmospheric pressure chemical
ionisation. ESI was considered the optimal ionisation source
(Diaz-Cruz et al. 2003). The limitation of ESI for the detection
of steroids is the selectivity of fragments (Vanderford et al. 2003;
Glineur et al. 2018). Nevertheless, ESI is often used in such
analyses, despite the low ionisation efficiency of the semipolar
features of hormones (Glineur et al. 2018; Preindl et al. 2019).

The aimof the present studywas to develop a reliable, sensitive
and suitablemethod for the determination of the 19most important
oestrogenic active compounds, consisting of six endogenous
compounds, three phytoestrogens, one mycoestrogen and nine
xenoestrogens and progestins (Table 1). Various factors, such as
the strength of the ligand binding to the oestrogenic receptor,
environmental concentration, present consumption, worldwide
increasing production of soybeans and pharmaceuticals, and
legislative recommendations, were considered for inclusion in
this method. Prior to method validation and application, the two
most frequent analytical approaches for themeasurement of EDCs

were compared (LC-MS/MS and GC-MS/MS). The advantages
and disadvantages of bothmethods are discussed in detail. During
validation, special emphasis was given to environmentally rele-
vant concentrations and to the stability of derivatisation products,
which have rarely been studied. Finally, the optimisedmethodwas
applied for screening 19 EDCs in 20 typical municipal WWTP
effluents across the Czech Republic.

Materials and methods

Chemicals

Bisphenol A (BPA; 99þ%), bisphenol F (BPF; $98%), bisphe-
nol S (BPS;$98%), equilin (EQN;$98%), estriol (E3;$ 97%),
E1 ($99%), triclosan (TCS;$97%), hexachlorobenzene (HCB;
99%), mestranol (MES; $99%), 19-norethindrone (NORE;
$98%), EE2 (99.4%) and b-E2 ($98%) were purchased from
Sigma–Aldrich (Germany). Standards of (R,S)-equol (EQ; 98%),
daidzein (DAID; 98%), a-zearalenol (ZEA; 96.92%), 17a-oes-
tradiol (a-E2; 98%) and all labelled standards, except [2H4]-
mestranol, were obtained from Toronto Research Chemicals, Inc.
(Canada). [2H4]-Mestranol was purchased from Alsachim
(France). Genistein (GEN; 99þ%) and dansyl chloride ($96%)
were obtained from Alfa Aesar (Germany). Equilenin (LEN)
solution in acetonitrile ($98%), D(–)-norgestrel (NRG; $99%)
and derivatisation reagent BSTFAþ TMCS (99:1) were acquired
from Supelco (Sigma–Aldrich, Germany). 4-Nonylphenol
(NP; 99.9%) was purchased from Fluka (Germany). Analytes
and some of their physicochemical properties are listed in Table 1.

Ethyl acetate (EtAc,$99.8%), methanol (MeOH,$99.9%)
and LC-MS-grade methanol (MS-MeOH, $99.9%) were pur-
chased from VWR (Czech Republic). Pyridine (PYR,.99.9%)
and dimethylformamide (DMF, .99.9%) were acquired from
Sigma–Aldrich. Formic acid (FA; LC-MS quality) was obtained
fromLabicom (CzechRepublic). Ultrapurewater (MQ; 18.2MO

cm)was prepared using aMilli-Q purification system (Millipore)
or a BarnsteadTM Smart2PureTM system (Thermo Fisher).

Sample collection and preparation

Sample collection

Twenty municipal WWTP effluents were sampled twice in
two seasons (autumn 2018 and late spring 2019) in the Czech
Republic. The locations are not named to protect the privacy of
the operators. The WWTPs receive mainly household wastewa-
ter and their population equivalent ranged between hundreds
and hundreds of thousands. Mechanical removal, activated
sludge treatment and phosphorus precipitation were the main
processes involved. The total organic carbon (TOC) content was
measured to characterise the effluents using a FORMACSHT

TOC/TN analyser (Skalar).
Samples were collected in clean amber glass bottles with

Teflon-lined caps, transported to the laboratory on the same day
and stored at 4 8C until extraction was performed within 36 h.

Solid-phase extraction

The grab samples were divided into three equal samples with
volumes of 0.85–1 L. The sample pH was adjusted to 2.5 with
hydrochloric acid (35%). Then, the sample was filtered through
paper filters (0.5 mm, Macherey–Nagel) and cellulose nitrate
membrane filters (0.45 mm, Whatman) purchased from P-LAB
(Czech Republic). Solid-phase extraction was performed using
Chromabond� C18 ec cartridges (6 mL, 500 mg, BDL,
Czech Republic) according to previously published methods
(Samaras et al. 2011; Kresinova et al. 2018). Each column was
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Table 1. List of the studied oestrogenic endocrine disruptors and their physicochemical properties

Monoisotopic mass (g mol�1) Log PA pKa Usage or origin Structure

Bisphenol A (BPA) 228.1 3.30 9.78 Industry HO OH

H
3
C CH

3

2,2-Bisphenol F (BPF) 200.1 2.90 9.84 Industry
 

OHHO

Bisphenol S (BPS) 250.0 1.90 7.42 Industry

O

S

O

OHHO

Daidzein (DAID) 254.1 2.50 6.48 Phytoestrogen O

O

OH

HO

Equilenin (LEN) 266.1 3.50 9.78 Horse hormone
O

HO

H

CH
3

Equilin (EQN) 268.1 2.90 9.41 Horse hormone

O

H

HO

H CH
3

R,S-Equol (EQ) 242.1 3.00 9.63 Phytoestrogen

O OH

HO

17a-Oestradiol (a-E2) 272.2 4.00 10.33 Human hormone

CH
3

H

HH

H
OH

HO

17b-Oestradiol (b-E2) 272.2 4.00 10.33 Human hormone

CH
3

H

H H

H

OH

HO

Estriol (E3) 288.2 2.50 10.33 Human hormone HO

H

H

OH

H
OH

HH

CH
3

Estrone (E1) 270.2 3.10 10.33 Human hormone

O

H

HO

H H

CH
3

(Continued)
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conditioned with 6 mL EtAc, 2 � 3 mL MeOH, 2 � 3 mL MQ
water and 4 mL MQ water (pH 2.5). After loading the whole
water sample into the system, the sorbent was washed with 6mL
MQ water (pH 2.5) and dried under vacuum. The retained
analytes were eluted with 6 mL EtAc, and the final volume
was reduced to ,2 mL. The exact volume was determined by
weighing, and the typical concentration factor was at least 400.
After derivatisation with dansyl chloride, the final measurement
was performed using LC-MS/MS.

MQ water from the two purification systems served as
method blanks for an evaluation of potential background
contamination.

Derivatisation

The derivatisation reaction for LC-MS/MSwas adopted from

the literature (Anari et al. 2002; Backe 2015) and slightly

modified (incubation time and reagent volume were optimised):

400 mL of standard inMeOH or sample solution was dried under

a gentle stream of nitrogen (N2). After that, 200 mL 100 mM

sodium bicarbonate buffer and 200 mL dansyl chloride in

acetone (1 mg mL�1) were added to the dry residues. The

samples were vortexed, incubated (60 8C, 5 min), cooled to

ambient temperature, and injected into the LC-MS/MS system.

Four incubation intervals (3, 5, 8 and 20 min) and two volumes

Table 1. (Continued)

Monoisotopic mass (g mol�1) Log PA pKa Usage or origin Structure

17a-Ethinyloestradiol (EE2) 296.2 3.70 10.33 Synthetic hormone

OH

H

H

HC OH

H

CH3

Genistein (GEN) 270.1 2.70 6.55 Phytoestrogen HO

O OH

OHO

Mestranol (MES) 310.2 4.00 17.59 Synthetic hormone

O

H

H

HC OH

H

CH
3

CH
3

4-Nonylphenol (NP) 220.2 5.60 10.41 Industry HO

H
3
C

19-Norethindrone (NORE) 298.2 3.00 17.59 Synthetic hormone

CH
3H

H H

CH
OH

O

H

D(–)-Norgestrel (NRG) 312.2 3.30 17.91 Synthetic hormone O

H

H

H
CH

3

H

HO

HC

Triclosan (TCS) 288.0 5.00 7.68 Personal care product

Cl OH

O

Cl

Cl

a-Zearalenol (ZEA) 320.2 4.00 8.54 Mycohormone

CH
3

H

H

OO OH

OH

HO

AValues of the partition coefficients were calculated according to the atom-additive method and taken from PubChem.
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of derivatisation reagents (40 or 100% of final sample volume)
were tested.

The stock solution of dansyl chloride was prepared by adding
exact aliquots of acetone to weighed dansyl chloride. The vial
was sonicated between each addition of solvent and filtered
through a PTFE membrane syringe filter (0.2 mm, Rotilabo�,
P-LAB, Czech Republic). Sodium bicarbonate buffer was
prepared by dissolving 0.42 g sodium bicarbonate in 50 mL
MQwater. The buffer pH was adjusted to 10.5 with 1M sodium
hydroxide (Sosvorova et al. 2017).

Two derivatisation treatments were investigated for GC-MS/
MS using PYR or DMF addition as recommended in Shareef
et al. (2006) and Zhang et al. (2006). For the first approach, 1mL
of sample was dried under a stream of N2, and 100 mL PYR was
added. For the second approach, 100 mL DMF was added to
1 mL of the sample, and the mixture was evaporated to 100 mL.
In both cases, the solution was mixed with 200 mL of derivatisa-
tion reagent BSTFA þ TMCS (99:1) and incubated (70 8C,
30 min). After cooling to room temperature, the BSTFA þ

TMCS was evaporated to dryness (PYR treatment) or to 100 mL
(DMF treatment) under a gentle stream of N2. Finally, 100 mL
internal standard (IS; HCB in EtAc, 1 mgmL�1) was added, and
the sample was reconstituted with EtAc (final volume was
,1 mL). The MS signal of each sample was recalculated
according to the response of the IS to correct the final volume.
The influence of incubation time has already been tested by
Shareef et al. (2006); in addition, a 30-min interval was
recommended in the manufacturer’s instructions.

Derivatisation stability

The short- and long-term stability of dansylated (Dns) and
trimethylsilylated (TMS) products was tested using a standard
stock solution at three concentration levels covering a linear
range; these concentrations were designated low, middle and

high (see Tables 2 and 3 for the specific concentration range of
each analyte with respect to the instrument used). Short-term
stability was assessed by repeated injections of triplicate solu-
tions within 20 h (samples at point 0 were injected 2 h after
derivatisation). The long-term stability of the samples was
measured with triplicate solutions after 0, 1, 3, and 7 days of
storage at 4 8C. The long-term stability test was repeated twice to
confirm the trends.

Statistical analysis using one-way ANOVA was applied to
the data from the derivatisation stability tests. The dataset for
ANOVA included all three concentrations, and the significance
of time was tested.

Instrumentation

LC-MS/MS conditions

A Shimadzu Nexera X2 LC system coupled to a triple
quadrupole Sciex 4500 mass spectrometer (Sciex) was used to
separate and detect target analytes. A Kinetex Phenyl-hexyl
2.6 mm analytical column (100 � 2.1 mm, Phenomenex)
preceded by a same-phase security guard column (ULTRA,
2.1 mm) was used for chromatographic separation.

The mobile phase consisted of MQ water and MS-MeOH,
both with the addition of 0.1% FA. All 19 target compounds
were separated and eluted within 40 min in gradient mode as
follows: the initial conditions were set to a total flow of
0.3 mL min�1 of 50% MS-MeOH, followed by a gradient
change to 80:20 MS-MeOH:MQ water in 7 min. The mobile
phase was isocratically held till 13 min; then, the MS-MeOH
content was increased linearly to 100% by 20 min; 100% MS-
MeOH solution was held to 30min, and a final gradient returned
the solution to the initial conditions. The injected sample
volume was 5 mL, and the column temperature was 30 8C. The
separation gradient was a result of a previous optimisation.

Table 2. Parameters of the LC-MS/MS method with instrumental limits of quantification and detection (ILOQ and ILOD)

‘Mono’ and ‘di’ indicate monodansylated and didansylated derivatisation products used for final validation. The linear range was individually optimised for

each analyte according to the sensitivity of the instrument. At least two multiple reaction monitoring (MRM; with collision energy (V) in brackets) transitions

were used for analyte identification. The matrix effect (ME) was tested in two matrices with low (7.48 mg L�1) and high (12.46 mg L�1) contents of total

organic carbon (TOC). MEs corrected to the respective labelled standards and without any correction are shown. n.d., not determined

Dansylation

level

ILOQ

(ngmL�1)

(n¼ 6)

ILOD

(ngmL�1)

(n¼ 6)

Linear

range

(ngmL�1)

R2

(n¼ 6)

Retention

time (min)

MRM transitions (collision

energy)

ME (%) (low

TOC; high

TOC)

ME (%) corrected

(low TOC; high

TOC)

BPA di 13.39 4.02 10–500 0.9994 21.0 694.6 .155.8 (103), 169.8 (51) 85; 85 113; 94

BPF di 19.57 5.87 10–500 0.9998 20.3 666.6 .170.9 (47), 169.9 (47) 88; 87 119; 98

BPS di 19.44 5.83 20–1000 0.9989 20.0 716.6 .155.8 (99), 170.9 (49) 97; 92 96; 87

DAID mono 0.53 0.16 0.2–10 0.9994 10.1 488.1 .170.9 (39), 169.8 (39) 86; 54 12; 15

LEN mono 6.10 1.83 10–500 0.9980 17.2 499.7 .155.8 (75), 170.8 (39) 94; 96 n.d.

EQN mono 0.007 0.002 0.01–0.5 0.9993 17.3 502 .155.8 (73), 170.9 (41) 93; 104 78; 81

EQ di 21.98 6.59 1–50 0.9987 20.7 709.0 .170.0 (49), 156.0 (103) 74; 84 69; 84

a-E2 mono 0.29 0.09 0.2–10 0.9990 16.4 506.4 .155.8 (75), 170.8 (43) 111; 100 94; 101

b-E2 mono 0.35 0.11 0.2–10 0.9992 16.5 505.9 .155.8 (77), 170.8 (43) 98; 119 95; 109

E3 mono 0.96 0.29 1–50 0.9997 11.3 521.8 .170.8 (35), 155.8 (73) 97; 105 90; 87

E1 mono 0.73 0.22 0.1–5 0.9995 17.9 504.0 .169.8 (39), 170.8 (39) 102; 115 96; 96

EE2 mono 0.05 0.01 0.1–5 0.9999 16.5 529.9 .114.9 (113), 170.8 (45) 79; 109 81; 104

GEN mono 3.59 1.08 10–500 0.9997 9.9 504.0 .169.8 (39), 170.8 (39) 103; 129 113; 118

MES 2.42 0.73 5–250 0.9986 8.9 311.1 .120.9 (25), 158.9 (19) 84; 93 104; 86

NP mono 0.28 0.08 1–50 0.9994 19.8 454 .170.8 (35), 155.9 (35) 97; 100 105; 102

NORE 8.89 2.67 10–500 0.9994 6.6 298.7 .91.00 (63), 108.9 (31) 94; 106 105; 104

NRG 7.31 2.19 10–500 0.9994 7.4 312.6 .91.0 (61), 108.9 (29) 88; 107 103; 100

TCS mono 0.10 0.03 0.1–5 0.9997 18.4 527.8 .155.8 (73), 170.8 (35) 89; 109 87; 96

ZEA di 4.35 1.30 10–500 0.9993 19.4 787.9 .169.8 (67), 170.8 (67) 103; 114 92; 96
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The mass spectrometer was operated in positive ESI mode.
Multiple reaction monitoring (MRM) mode transitions were
recorded in schedule mode. The parameters for ESI were set as
follows: curtain gas, 20 psi (1 psi¼ 6.89 kPa); ion spray voltage,
5.5 kV; vaporiser temperature, 650 8C; ion source gas 1, 50 psi;
and ion source gas 2, 50 psi. The MS/MS conditions were
optimised for each compound (specific transitions and collision
energies are listed in Table 2). Mono-Dns and di-Dns analytes
were evaluated for compounds with multiple hydroxyl groups.
Only one of the derivatisation products (the most abundant) was
finally chosen for the analysis and quantification of the respec-
tive analyte (see Derivatisation: Dns versus BSTFA). Analyst
Software 1.6.3 was used for data acquisition and handling.

GC-MS/MS conditions

A Scion 436-GC instrument coupled to a triple quadrupole
Evoq TQ (Bruker) with an electron-impact ionisation (EI)
interface (70 eV) was used for separation and detection of target
compounds. The instrument was equipped with a DB-5ms
column (0.25 mm, 30 m � 0.25 mm, Agilent Technologies).
Helium served as a carrier gas with a constant flow rate of
1.2 mL min�1 and argon as a collision gas. The collision energy
was 30 V for all compounds except the internal standard (HCB),
which had a collision energy of 10 V. The injection on the
column was performed in split/splitless mode at a ratio of 1:50.
Injected volume of the sample was 1 mL. The injector tempera-
ture was set to 250 8C.

Analyteswere separated in gradientmodewithin 40min. The
column temperature began at 60 8C, which was held for 2 min.
The temperature was increased to 180 8C at a rate of
30 8C min�1. Then, it increased to 250 8C (rate 4 8C min�1)
and was held for 5 min. Finally, the temperature increased to
280 8C at a rate of 25 8C min�1 and was held for 10 min.

Derivatised analytes were detected in the positive MRM
mode. The MS/MS conditions were optimised for each com-
pound (specific transitions are listed in Table 3). The compounds

were quantified using one derivatisation product because only
one product was usually recognised. An MS Workstation 8 was
used for data acquisition and handling.

LC-MS/MS and GC-MS/MS method performance and LC-
MS/MS method validation

The repeatability of retention times and peak heights, linearity,
ILODs and instrumental limits of quantification (ILOQs) were
assessed for both methods using standard mixtures in the
respective solvents. The optimised derivatisation was applied
before measurements – for LC (100% reagents in total sample
volume, 60 8C and 5 min) and for GC (20 % reagent in total
sample volume, 70 8C and 30min). Trueness, precision,ME and
solid-phase extraction (SPE) method recovery were subse-
quently evaluated only for the LC-MS/MSmethod since it better
met the requirement for the determination of targeted analytes in
environmental samples.

Stock solutions of individual standards and IS were gravimet-
rically prepared in MS-MeOH (LC-MS/MS) and EtAc (GC-MS/
MS) and stored at –20 8C. The calibration solutions were prepared
by diluting stock solutions in MS-MeOH and EtAc over the
specific calibration range. At least six concentration levels were
used for the calibration curve. Dynamic linear ranges for each
substance were adjusted according to the sensitivity of the
respective instrument (Tables 2 and 3). The final concentrations
of labelled ISs for the LC-MS/MSmethodwere 25 or 50 ngmL�1.

The ILOD and ILOQ were calculated using the following
equations: ILOD ¼ 3 s

m
and ILOQ ¼ 10 s

m
, where s is the

standard deviation of the peak heights and m is the slope of
the calibration curve (Vidova and Spacil 2017). The lowest
calibration level with a precision ,20% (n ¼ 6) was used for
ILOD and ILOQ calculations (FDA 2018). The MLODs were
assessed from the ILODs and concentration factor resulting
from the preparation procedure (see Solid-phase extraction).

The following parameters were determined only for LC-MS/
MS. The method trueness (also called matrix recovery) and

Table 3. Parameters of the GC-MS/MS method with instrumental limits of quantification and detection (ILOQ and ILOD)

The linear range was optimised individually for each analyte according to the sensitivity of the instrument. Hexachlorobenzene (HCB) was used as an internal

standard for the volume correction. At least two multiple reaction monitoring (MRM) transitions were used for analyte identification. The collision energy of

30V was the same for all target compounds except 10V for HCB

Trimethylsilylation

level

ILOQ (ngmL�1)

(n¼ 6)

ILOD (ngmL�1)

(n¼ 6)

Linear range

(ngmL�1)

R2

(n¼ 6)

Retention

time (min)

MRM transitions

BPA di 0.62 0.19 0.5–100 0.9992 17.5 357.0 .357.0, 372.0 .357.0

BPF di 0.33 0.10 0.5–100 0.9994 16.4 344.0 .344.0, 344.0 .179.0

BPS di 8.78 2.63 10–1000 0.9999 26.1 394.0 .379.0, 379.0 .379.0

DAID di 7.82 2.35 5–1000 0.9993 30.9 398.0 .383.0, 383.0 .383.0

EQN mono 5.64 1.69 0.005–0.5 0.9995 25.7 216.0 .216.0, 283.0 .283.0

EQ di 5.48 1.64 5–1000 0.9998 24.3 386.0 .191.0, 191.0 .191.0

HCB 9.6 284.0 .284.0

a-E2 di 3.50 1.05 5–1000 0.9988 25.5 416.0 .285.0, 326.0 .326.0, 285.0 .285.0

b-E2 di 3.3 0.99 5–1000 0.9970 26.4 416.0 .285.0, 326.0 .326.0, 285.0 .285.0

E3 tri 4.48 1.34 5–1000 0.9951 30.4 504.0 .311.0, 504.0 .297.0, 311.0 .311.0

E1 mono 6.75 2.02 5–1000 0.9991 25.4 342.0 .342.0, 257.0 .257.0

EE2 di 5.64 1.69 5–1000 0.9996 29.2 425.0 .425.0, 285.0 .285.0

MES mono 70.86 21.26 50–10000 0.9960 26.7 382.0 .367.0, 367.0 .367.0

NP mono 0.9 0.27 5–1000 0.9960 12.4 179.0 .179.0, 292.0 .179.0

NORE mono 28.97 8.69 50–10000 0.9990 27.9 370.0 .355.0, 355.0 .355.0

NRG di 45.85 13.75 50–10000 0.9978 29.9 355.0 .355.0, 317.0 .317.0

TCS mono 2.06 0.62 0.5–100 0.9993 15.9 345.0 .345.0, 345.0 .200.0, 200.0 .200.0

ZEA tri 66.89 20.07 50–10000 0.9996 30.6 536.0 .521.0, 446.0 .446.0, 536.0 .446.0
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precision were assessed in matrix-matched standards at three
concentrations and are expressed as concentration accuracy and
relative standard deviation (RSD), respectively. The ME was
estimated by comparing the slopes of calibration curves mea-
sured in the matrix and in the neat solvent. The result of the ME
analysis for each analyte is expressed as a percentage of the
slopes obtained. Both tests were performed for two extracts of
effluents with low and high amounts of TOC. In addition, the
ME was checked using the standard addition of labelled IS.

To determine the SPE method recovery, the MQ water was
spiked with the standard solution at three concentration levels
(specific concentration levels for individual analytes are defined
in Table 4). The method recovery and ME can be assessed
separately for each sample and then used for correction of a
sample concentration (Valitalo et al. 2016). In our case, the SPE
method recovery and ME were not used to correct the sample
concentration because the validation was not performed sepa-
rately for each sample.

Results and discussion

In line with the high biological potency of EDCs at low con-
centrations, there is a demand for highly sensitive analytical
methods. The two most commonly used methods (LC-MS/MS
and GC-MS/MS) for the determination of the chosen 19 oes-
trogenic active compounds were developed and compared in
this study. The derivatisation of hydroxyl groups and the same
type of detector were used for a full comparison. The more
sensitive and reliable method was applied to real environmental
samples of WWTP effluents. Most of the validation was per-
formed at three concentration levels covering the linear range
specific for each analyte and instrument (Tables 2 and 3).

Derivatisation: Dns versus BSTFA

Derivatisation with dansyl chloride was not applicable to
MES, NRG or NORE for LC-MS/MS systems (Table 2).
Ding and Chiang (2003) and Diaz-Cruz et al. (2003) published

that derivatisation of MES with BSTFA, N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA) and N-methyl-N-
(t-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) resulted in
a negligible amount of TMS product. The hydroxyl group is
probably sterically hindered by the ethinyl group at the same
position. The common structural motif is also present in NORE
and NRG. Nevertheless, only TMS products for these analytes
were present in the GC-MS/MS spectra in this study
(trimethylsilylation levels are summarised in Table 3).

Analytes with more hydroxyl groups could be detected as
mono-Dns and di-Dns products by LC-MS/MS. This fact was
considered during the development and validation of themethod
for phytoestrogens and mycoestrogen in which both derivatisa-
tion products occurred. For example, di-Dns DAID and di-Dns
GEN showed lower MEs but were not stable at all for 20 h,
unlike the mono-Dns compounds. Therefore, mono-Dns pro-
ducts of GEN and DAID were used for quantification. The
labelled standards were recommended for correction of MEs in
the case of DAID and GEN (as is further discussed in the section
LC-MS/MS and GC-MS/MS method performance and LC-MS/

MS method validation results). Mono-Dns EQ exhibited a high
ILOD (29 ng mL�1) and showed unacceptable MEs (more than
150%). Moreover, the di-Dns product was more stable than
mono-Dns for 20 h. Fig. 1 shows the influence of changing
derivatisation conditions on the product abundance of ZEA.
While the derivatisation time (ranging from 3 to 20 min) did not
influence product abundance, the volume of derivatisation
reagent was the driving factor. A higher volume of derivatisation
reagent (100% of the total volume) increased the formation of
didansylated compound.

Addition of the two most commonly used catalysts for deri-
vatisation with BSTFA for GC-MS/MS, PYR and DMF, was
tested. Shareef et al. (2006) suggestedPYRandDMFuse owing to
the formation of a single TMS-EE2 product as an alternative to
derivatisation in organic solvents alone (acetonitrile, dichloro-
methane and EtAc). In our study, compared with the process

Table 4. Recovery ± relative s.d. (%) for thewholemethod determined

in triplicate at three concentration levels (low, middle and highest)

The tested concentrations (ngL�1; in brackets) were determined using the

sensitivity of the instrument and covered the calibration curve range

Low concentration Middle concentration Highest concentration

BPA 134� 33 (33) 88� 6 (267) 88� 13 (1333)

BPF 113� 32 (33) 108� 34 (267) 78� 31 (1333)

BPS 86� 12 (67) 94� 1 (533) 82� 18 (2667)

DAID 77� 10 (1) 74� 22 (5) 107� 11 (27)

LEN 76� 18 (3) 61� 19 (27) 53� 9 (133)

EQN 52� 14 (0.03) 73� 20 (0.3) 65� 30 (1.3)

EQ di 84� 5 (3) 82� 9 (27) 72� 24 (133)

a–E2 55� 19 (1) 86� 16 (5) 84� 15 (27)

b–E2 71� 29 (1) 73� 8 (5) 90� 17 (27)

E3 75� 10 (3) 89� 5 (27) 112� 14 (133)

E1 70� 8 (0.3) 80� 2 (3) 84� 12 (13)

EE2 93� 6 (0.3) 81� 12 (3) 86� 14 (13)

GEN 99� 4 (33) 77� 16 (267) 96� 13 (1333)

MES 105� 10 (17) 88� 3 (133) 89� 7 (667)

NP 28� 13 (3) 20� 6 (27) 26� 2 (133)

NORE 85� 8 (33) 104� 3 (267) 91� 12 (1333)

NRG 71� 8 (33) 97� 4 (267) 88� 8 (1333)

TCS 74� 1 (0.3) 84� 7 (3) 80� 7 (13)

ZEA 66� 4 (33) 79� 14 (267) 71� 12 (1333)

monodansylated didansylated monodansylated didansylated
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Fig. 1. Various derivatisation conditions and LC-MS/MS determined

abundances of monodansylated and didansylated products of mycoestrogen

a-zearalenol. Data are shown for two concentrations of the compound (10

and 100 ng mL�1). Four incubation intervals (3, 5, 8, 20 min) and two

volumes of derivatisation reagents (40 and 100% of the total volume) were

tested.
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with DMF treatment, the presence of PYR resulted in a lower
amounts of derivatisation products except for E3, a-E2 and
b-E2 at the highest tested concentration (data not shown).
Moreover, EQN (1 mgmL�1) was not even observed using PYR
treatment. Therefore, DMF was selected for the whole method
validation.

Derivatisation stability

The short-term stability of derivatisation products was tested
at three concentrations (covering the linear range of the calibra-
tion curves) within 20 h. None of the products exhibited
significant changes within the monitored period (single factor
ANOVA: P value for LC-MS/MS ¼ 0.90–0.999; P value for
GC-MS/MS ¼ 0.34–0.90). However, a decrease in response at
the highest tested concentration was observed for GC-MS/MS
(Fig. 2d).

Regarding long-term stability, the Dns products differed
slightly in time, but no significant trend was observed for the
derivatised analytes within 7 days of storage at 4 8C (Fig. 2a).
Backe (2015) showed (�20%) of Dns products of E1,b-E2, E3,
EE2 and EQN to be stable over 28 days in frozen samples.

Long-term stability results showed substantial instability of
the TMS products monitored over 7 days (Fig. 2b). An increase
in the responses of the derivatisation products was observed for
all the analysed substances except for BPS, DAID and EQN (the
highest being up to 245% for ZEA). The ongoing derivatisation
of EE2 at 4 8C was demonstrated by Zhang et al. (2006), while
the stability of three endogenous oestrogens E1, b-E2 and E3
within 120 h was documented in their work. As in our case, an
increase in the EE2 response was observed after 48 h. However,
Shareef et al. (2006) outlined the susceptibility of the EE2
derivatisation product to hydrolysis when derivatisation was
performed in the presence of DMF.
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Fig. 2. Comparison of long-term (a, b), and short-term (c, d) stability using derivatisation with BSTFA (TMS, trimethylsilylation) and dansyl chloride
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determined by LC-MS/MS, and the lower graphs show TMS compounds in the presence of dimethylformamide used for GC-MS/MS analysis.
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Ongoing derivatisation at 4 8C suggested that the incubation
during the derivatisation process was insufficient and unreacted
residuals of the reagents were present after the 30-min incuba-
tion. Shareef et al. (2006) tested three incubation intervals of 30,
60 and 120 min, and no influence on the yield of derivatisation
products was observed. Incubation for 30 min was recom-
mended in the manufacturer’s instructions. Notably, the
unreacted BSTFA was substantially removed after the deriva-
tisation procedure when the samples were evaporated to dryness
except for less-volatile DMF.

Chromatographic separation: LC versus GC

One of the challenging parts of this study was to separate all the
target analytes. In particular, a- and b-E2 isomers had to be
separated owing to exhibiting the same MRM transitions. The
subtype a-E2 has lower oestrogenic potential (Blair et al. 2000);
therefore, combined quantification of both isomers is not bio-
logically and environmentally relevant. The oestradiols were not
baseline-separated in LC (peak resolution determined at half-
height Rs ¼ 0.34, half-height method), and their quantification
had to be carried out by measuring the peak height instead of the
more usual area integration (retention times are summarised in
Tables 2 and 3). In contrast, GCenabled their complete separation
(Rs ¼ 8.61). GC also enables separation of nonylphenol isomers
in technical mixtures (Ieda et al. 2005). The separation of a- and
b-E2 by LC in a mixture of the top six analytes in serum, river
water, and WWTP effluents and influents has already been
published (e.g. Miege et al. 2009 and Szarka et al. 2013). Our
proposed LCmethod is a compromise for the determination of 19
oestrogenic compounds in an environmental matrix where sepa-
ration of two oestradiol isomers is feasible.

LC-MS/MS and GC-MS/MS method performance and LC-
MS/MS method validation results

The final derivatisation conditions – LC-MS/MS: 100% reagents
in total sample volume, 60 8C and 5min; andGC-MS/MS: 100 mL
DMFþ 20% reagent in total sample volume, 70 8C and 30 min –
were used for determination of method performance and method
validation. The repeatability of peak heights did not exceed
RSD¼ 5% for six repeated injections in LC-MS/MSandGC-MS/
MS. Retention time repeatability reached RSD¼ 0.18% for both
methods. The methods were linear for all analytes in the ranges
indicated in Table 2 (LC-MS/MS) and Table 3 (GC-MS/MS) with
R2 . 0.995. The lowest calibration level with precision ,20%
(n ¼ 6) was used for ILOQ calculation, and the values are sum-
marised in Tables 2 and 3. A few studies have considered a pre-
cision of,30% acceptable for the calculation of ILOQ (Golovko
et al. 2018). Generally, more approaches for ILOD and ILOQ
determination have been reported (Shrivastava and Gupta 2011).
In general, LC-MS/MS was more sensitive for detecting the ana-
lysed compounds, except for the bisphenols and EQ, as the ILOQs
were 2–60 times lower forGC-MS/MS.However, the LC-MS/MS
method met the requirements of the European Commission
(Decision 2015/495/EU) for themaximumacceptableMLODs for
the two most potent oestrogenic compounds, EE2 (0.035 ng L�1)
and b-E2 (0.4 ng L�1). However, the method did not meet the
requirements for the most frequently detected oestrogen E1, as the
LC-MS/MS limit was slightly higher than the requirement (0.53
instead of 0.4 ngL�1). Similar levels ofMLODs for human natural
oestrogens in river andwastewater can also be reachedwithout any
derivatisation (Celic et al. 2017). The analytesGENandLENwere
not detectable at all using GC-MS/MS.

When evaluatingmethod selectivity, no analyte was detected
in the method blank (MQ water extract) except TCS. Two
sources of MQ water and four drinking water samples were
analysed to examine background contamination by TCS. All of
the samples contained measurable concentrations of TCS
,0.8 ng L�1. The individual steps of sample preparation were
separately tested for the presence of TCS (filtration, SPE
procedure, derivatisation, and mobile phase). An omission of
filtration did not influence the TCS concentration. Since the
instrumental blanks, extraction solvents and other steps did not
show any TCS contamination, background residues of TCS in
environmental matrices were considered. Vanderford et al.
(2003) observed similar behaviour for progesterone. TCS was
also detected close to the LOD (20 ng L�1) in drinking water in
the US (Shelver et al. 2007). It was also detected in indoor
environments (Laborie et al. 2016). However, no TCS was
detected in drinking water samples in Spain; nevertheless, the
respective LODs were not shown (Rodil et al. 2012).

The method trueness ranged between 80 and 123% with a
precision ,14.82%, reflecting injection errors, MEs and
derivatisation efficiency. The LC-MS/MS ME was reduced
for phytohormones owing to optimisation of the derivatisation
step (Fig. 1). The ME was evaluated in two effluents with low
and high TOC levels (7.48 and 12.46 mg L�1); generally, the
WWTP effluents from our study contained 7.48–12.81 mg
TOC L�1. The final values of the MEs ranged from 74 to
129%, except for an ME of 54% for DAID (Table 2). Accord-
ing to the Decision of the European Commission, the maxi-
mum acceptable ME value is 30% (2002/657/EC). The
correction of MEs using isotopically labelled ISs did not
substantially improve the results (Table 2). The use of d6-
daidzein made the ME of DAID even worse (12 and 15% for
low and high TOCs, respectively). The ME can never be
completely eliminated using labelled standards (Glineur
et al. 2018). Wang et al. (2007) demonstrated that small
differences between the retention time of standards and their
respective deuterated analogues may result in peak ratio
changes in the presence of matrix. This observation could
explain our findings regarding the ME of DAID.

Method recovery

The results obtained from the method recovery experiment with
the corresponding RSD and concentration used for the experi-
ment are summarised in Table 4. The values were satisfactory
for most of the analytes, ranging between 70 and 130% (except
for 52% for EQN at 0.03 ng L�1, 53% for LEN at 133 ng L�1,
55 % for a–E2 at 1 ng L�1, 61% for LEN at 27 ng L�1, 65% for
EQNat 1.3 ngL�1, 66% for ZEAat 33 ngL�1, 134% for BFAat
33 ng L�1, and NP at all concentration levels). These values are
comparable with results published by other authors studying a
wide group of hormones and other EDCs (Locatelli et al. 2016;
Valitalo et al. 2016; Andaluri et al. 2017; Golovko et al. 2018;
Preindl et al. 2019). Low recovery was observed only for NP
(max 28%), which has the highest partition coefficient between
n-octanol and water (log P) compared with other target analytes.
This result indicates that the feasibility of using a C18 sorbent
for NP is limited. Recoveries of 101–106% were achieved
through recalculation with 13C6-4-nonylphenol. In the study of
Samaras et al. (2011), the average recovery of a nonylphenol
technical mixture was 76 � 3% without the labelled standard.
The SPE conditions were selected as a compromise with respect
to all analytes.
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Environmental samples

Based on the results from the method development, the envi-
ronmental samples of effluents from WWTPs were analysed
using the LC-MS/MS method. Although GC-MS/MS was more
sensitive for bisphenols and EQ, derivatisation for LC-MS/MS
was faster, more stable and reproducible. The advantages and
disadvantages of both methods are summarised in Table 5.

The frequency of appearance of the analytes in the effluents
is shown in Fig. 3. The detected concentrations of synthetic and
natural hormones are in units of nanograms per litre; however,
phytohormones and bisphenols were detected at concentrations
one order of magnitude higher. The highest concentration was
observed for BPA (1107 ng L�1). No trend was observed
between spring and autumn in the sum of concentrations or
frequency of detection, as is often described in the literature (Nie
et al. 2012; Lindholm-Lehto et al. 2016).

Two analytes, BPA and TCS, were detected in all samples.
The occurrence of TCS is discussed in the previous section, and
no BPA interference from the method blank was observed. The
same results on the ubiquity of BPAwere reported fromSpain in
various aquatic matrices (Rodriguez-Mozaz et al. 2004). BPA
was detected in 89% of surface water samples in four European
countries (Tousova et al. 2017). While BPA occurred in all
samples in the present study, its analogues BPF and PBS were
detected less often. Another target industrial compound – NP –
is a well-known pollutant that is often detected in water bodies
(Fairbairn et al. 2016; Vystavna et al. 2018; Vargas-Berrones
et al. 2020). In the present study, NP was detected in four
samples. Its monitoring can be difficult because of the common
presence of the technical mixture of nonylphenols in real
samples.

E1 is the most common endogenous hormone in all water
bodies (Rodriguez-Mozaz et al. 2004; Konemann et al. 2018), as
observed in our study. Natural hormones E1, E2, E3 and the
synthetic hormone EE2 are broadly considered the main oestro-
genic pollutants in the effluents from WWTPs (Desbrow et al.
1998; Salste et al. 2007; Ting et al. 2017). Along with these
hormones, horse-specific oestrogens EQN and LEN are listed in
the US EPA Drinking Water Contaminant Candidate List.
Therefore, all of these compounds were investigated in this
study and were detected in at least one sample. Both equine
oestrogens were compared with other natural oestrogens rarely
screened for and detected in waterbodies (Chimchirian et al.
2007; Tyler et al. 2009; Jaukovic et al. 2017). Matejicek et al.
(2013) analysed all mentioned oestrogens except a-E2 in 20
aqueous and sediment samples, and only E1 was detected. The
LOD of EQN and LEN was 0.8 ng L�1 in their study. The
hormones b-E2, EE2 and E1 were also analysed (LOD
10 ng L�1) in a Europe-wide survey of WWTP effluents, and
none of these compounds were observed (Loos et al. 2012). The
survey also included data from the Czech Republic presented in

Jarosova et al. (2014). While oestrogenic activity was found in
five out of seven Czech effluent samples, no target oestrogens
were detected (LOD 10 ng L�1). In our study, the LODs were
substantially lower, and the analytes were detected across the
tested environmental samples; therefore, the need for a highly
sensitive method is justified.

Although free oestrogens were not detected in river water in
the state of Rio de Janeiro, the isoflavonoid phytohormones
GEN and DAID were detected up to concentrations of 366 and
276 ng L�1, respectively (Kuster et al. 2009). GEN, DAID and
EQ were not detected in any of 20 effluent samples in Ireland
(Cahill et al. 2015), whereas we detected all of these compounds
several times. The LOQs of GEN and DAID were higher in this
previously published method than in our method. However, the
LOQ for EQ – a DAID metabolite – was five times lower in the
study by Cahill et al. (2015). Mycoestrogen a-zearalenol was
found in only one of our samples. Kolpin et al. (2014) reported
the detection of this compound in 10% of more than 100
samples of effluents and streams around the USA, with an
average concentration of ,10 ng L�1. A parent compound of
a-zearalenol, i.e. zearalenone, and its other metabolite b-
zearalenol, also showed a similar concentration. These com-
pounds were detected at least twice as often, in 26 and 20% of
samples for zearalenone and b-zearalenol, respectively. How-
ever, these compounds are not as important from a biological
point of view because their oestrogenic potential is more than 70
times lower than that of a-zearalenol (Frizzell et al. 2011).

The analytes NORE, NRG, a-E2 andMESwere not detected
in any samples. The first two compounds listed have already
been surveyed in the Czech Republic, and only NORE was
detected in one sample (0.85 ng L�1) (Golovko et al. 2018).

Table 5. Advantages and disadvantages of the methods presented (LC-MS/MS and GC-MS/MS)

LC-MS/MS GC-MS/MS

Number of detectable analytes 19 17

Stability of derivatisation products More stable Less stable

Derivatisation procedure Fast Time-consuming

Chromatographic separation Limited for oestradiol isomers Complete

Limits of detection Lower for steroids Lower for bisphenols
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Conclusions

The feasibility of detecting and quantifying the 19 most rele-
vant oestrogenic EDCs in the effluents of municipal WWTPs
in the Czech Republic by means of LC-MS/MS and GC-MS/
MS was studied, the two methods were compared, and the
drawbacks of both analytical methods are critically described.
Derivatisation with the two most frequently used derivatising
reagents, dansyl chloride (LC-MS/MS) and BSTFA (GC-MS/
MS), was comprehensively studied. Particular emphasis was
given to determining the stability of dansylated and tri-
methylsilylated products. The TMS products were recognised
to be highly unstable and thus not suitable for reliable deter-
mination of all EDCs. The LC-MS/MSmethod was considered
superior because the derivatisation products were more stable,
and the ILODs were generally lower. The results of the LC-
MS/MS method validation confirmed the applicability for the
determination of all 19 EDCs in effluent samples. The MLOD
meets the criteria of the watch list published by the European
Commission (Directive 2008/105/ES). Monitoring of 20 real
WWTP effluents revealed the presence of each target pollutant
except a-E2, MES, NRG and NORE in at least one water
sample. No seasonal variation between late spring and autumn
samples was observed. The results emphasise the need for
efficient analytical methods for the detection of low con-
centrations of oestrogenic active substances, which are not the
main targets ofWWTPs and can further affect organisms in the
receiving aquifers.
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edge the institutional financial support provided by the Centre
for Geosphere Dynamics (UNCE/SCI/006).

References

Adams NR (1998). Clover phyto-oestrogens in sheep in Western

Australia. Pure and Applied Chemistry 70, 1855–1862. doi:10.1351/

PAC199870091855

Anari MR, Bakhtiar R, Zhu B, Huskey S, Franklin RB, Evans DC (2002).

Derivatization of ethinylestradiol with dansyl chloride to enhance

electrospray ionization: Application in trace analysis of ethinylestradiol

in rhesus monkey plasma. Analytical Chemistry 74, 4136–4144.

doi:10.1021/AC025712H

Andaluri G, Suri RPS, Graham K (2017). Steroid hormones in environmen-

tal matrices: extraction method comparison. Environmental Monitoring

and Assessment 189, 626. doi:10.1007/S10661-017-6345-0

Antignac JP, DeWaschK,Monteau F, DeBrabanderH, Andre F, LeBizecB

(2005). The ion suppression phenomenon in liquid chromatography–

mass spectrometry and its consequences in the field of residue.Analytica

Chimica Acta 529, 129–136. doi:10.1016/J.ACA.2004.08.055

Backe WJ (2015). An ultrasensitive (parts-per-quadrillion) and SPE-free

method for the quantitative analysis of estrogens in surface water.

Environmental Science & Technology 49, 14311–14318. doi:10.1021/

ACS.EST.5B04949

Barreiros L, Queiroz JF, Magalhaes LM, Silva AMT, Segundo MA (2016).

Analysis of 17-beta-estradiol and 17-alpha-ethinylestradiol in biological

and environmental matrices – A review. Microchemical Journal 126,

243–262. doi:10.1016/J.MICROC.2015.12.003

Bienvenu JF, Provencher G, Belanger P, Berube R, Dumas P, Gagne S,

Gaudreau E, Fleury N (2017). Standardized procedure for the simulta-

neous determination of the matrix effect, recovery, process efficiency,

and internal standard association. Analytical Chemistry 89, 7560–7568.

doi:10.1021/ACS.ANALCHEM.7B01383

Blair RM, Fang H, BranhamWS, Hass BS, Dial SL, Moland CL, TongWD,

Shi LM, Perkins R, Sheehan DM (2000). The estrogen receptor relative

binding affinities of 188 natural and xenochemicals: Structural diversity

of ligands. Toxicological Sciences 54, 138–153. doi:10.1093/TOXSCI/

54.1.138

Caballero-Casero N, Lunar L, Rubio S (2016). Analytical methods for the

determination of mixtures of bisphenols and derivatives in human and

environmental exposure sources and biological fluids. A review. Analy-

tica Chimica Acta 908, 22–53. doi:10.1016/J.ACA.2015.12.034

Cahill MG, Logrippo S, Dineen BA, James KJ, Caprioli G (2015). Develop-

ment and validation of a high-resolution LTQ Orbitrap MS method for

the quantification of isoflavones in wastewater effluent. Journal of Mass

Spectrometry 50, 112–116. doi:10.1002/JMS.3503

Celic M, Insa S, Skrbic B, Petrovic M (2017). Development of a sensitive

and robust online dual column liquid chromatography–tandem mass

spectrometry method for the analysis of natural and synthetic estrogens

and their conjugates in river water and wastewater. Analytical and

Bioanalytical Chemistry 409, 5427–5440. doi:10.1007/S00216-017-

0408-5

Chimchirian RF, Suri RPS, Fu HX (2007). Free synthetic and natural

estrogen hormones in influent and effluent of three municipal wastewa-

ter treatment plants. Water Environment Research 79, 969–974.

doi:10.2175/106143007X175843

Desbrow C, Routledge EJ, Brighty GC, Sumpter JP, Waldock M (1998).

Identification of estrogenic chemicals in STW effluent. 1. Chemical

fractionation and in vitro biological screening.Environmental Science&

Technology 32, 1549–1558. doi:10.1021/ES9707973

Diaz-CruzMS, De AldaMJL, Lopez R, Barcelo D (2003). Determination of

estrogens and progestogens by mass spectrometric techniques (GC/MS,

LC/MS and LC/MS/MS). Journal of Mass Spectrometry 38, 917–923.

doi:10.1002/JMS.529

Ding WH, Chiang CC (2003). Derivatization procedures for the detection

of estrogenic chemicals by gas chromatography/mass spectrometry.

Rapid Communications in Mass Spectrometry 17, 56–63. doi:10.1002/

RCM.819

European Chemicals Agency (ECHA), et al. (2018). Guidance for the

identification of endocrine disruptors in the context of Regulations

(EU) No 528/2012 and (EC) No 1107/2009. EFSA Journal 16,

e05311. doi:10.2903/J.EFSA.2018.5311

Fairbairn DJ, Arnold WA, Barber BL, Kaufenberg EF, Koskinen WC,

Novak PJ, Rice PJ, Swackhamer DL (2016). Contaminants of emerging

concern: mass balance and comparison of wastewater effluent and

upstream sources in a mixed-use watershed. Environmental Science &

Technology 50, 36–45. doi:10.1021/ACS.EST.5B03109

FDA (2018). ‘Bioanalytical Method Validation: Guidance for Industry.’

(US Department of Health and Human Services, Food and Drug

Administration, Center for Drug Evaluation and Research and Center

for Veterinary Medicine)

Frizzell C, Ndossi D, Verhaegen S, Dahl E, Eriksen G, Sorlie M, Ropstad E,

MullerM, Elliott CT, Connolly L (2011). Endocrine disrupting effects of

zearalenone, alpha- and beta-zearalenol at the level of nuclear receptor

binding and steroidogenesis. Toxicology Letters 206, 210–217.

doi:10.1016/J.TOXLET.2011.07.015

Glineur A, Nott K, Carbonnelle P, Ronkart S, Lognay G, Tyteca E (2018).

Trace analysis of estrogenic compounds in surface and groundwater by

ultra-high performance liquid chromatography–tandem mass spectrom-

etry as pyridine-3-sulfonyl derivatives. Journal of Chromatography. A

1534, 43–54. doi:10.1016/J.CHROMA.2017.12.042

Golovko O, Sauer P, Fedorova G, Kroupova HK, Grabic R (2018).

Determination of progestogens in surface and waste water using SPE

extraction and LC-APCI/APPI-HRPS. The Science of the Total Envi-

ronment 621, 1066–1073. doi:10.1016/J.SCITOTENV.2017.10.120

GorgaM, PetrovicM,BarceloD (2013).Multi-residue analyticalmethod for

the determination of endocrine disruptors and related compounds in river

Comparison of analytical methods for EDCs and application

153

80 

http://dx.doi.org/10.1351/PAC199870091855
http://dx.doi.org/10.1351/PAC199870091855
http://dx.doi.org/10.1021/AC025712H
http://dx.doi.org/10.1007/S10661-017-6345-0
http://dx.doi.org/10.1016/J.ACA.2004.08.055
http://dx.doi.org/10.1021/ACS.EST.5B04949
http://dx.doi.org/10.1021/ACS.EST.5B04949
http://dx.doi.org/10.1016/J.MICROC.2015.12.003
http://dx.doi.org/10.1021/ACS.ANALCHEM.7B01383
http://dx.doi.org/10.1093/TOXSCI/54.1.138
http://dx.doi.org/10.1093/TOXSCI/54.1.138
http://dx.doi.org/10.1016/J.ACA.2015.12.034
http://dx.doi.org/10.1002/JMS.3503
http://dx.doi.org/10.1007/S00216-017-0408-5
http://dx.doi.org/10.1007/S00216-017-0408-5
http://dx.doi.org/10.2175/106143007X175843
http://dx.doi.org/10.1021/ES9707973
http://dx.doi.org/10.1002/JMS.529
http://dx.doi.org/10.1002/RCM.819
http://dx.doi.org/10.1002/RCM.819
http://dx.doi.org/10.2903/J.EFSA.2018.5311
http://dx.doi.org/10.1021/ACS.EST.5B03109
http://dx.doi.org/10.1016/J.TOXLET.2011.07.015
http://dx.doi.org/10.1016/J.CHROMA.2017.12.042
http://dx.doi.org/10.1016/J.SCITOTENV.2017.10.120


and waste water using dual column liquid chromatography switching

system coupled to mass spectrometry. Journal of Chromatography. A

1295, 57–66. doi:10.1016/J.CHROMA.2013.04.028

Gross-SorokinMY, Roast SD, Brighty GC (2006). Assessment of feminiza-

tion of male fish in English rivers by the environment agency of England

and Wales. Environmental Health Perspectives 114, 147–151.

doi:10.1289/EHP.8068

Grover DP, ZhangZL, Readman JW, Zhou JL (2009). A comparison of three

analytical techniques for the measurement of steroidal estrogens in

environmental water samples. Talanta 78, 1204–1210. doi:10.1016/J.

TALANTA.2008.12.049

Ieda T, Horii Y, PetrickG,YamashitaN,OchiaiN, KannanK (2005). Analysis

of nonylphenol isomers in a technical mixture and in water by comprehen-

sive two-dimensional gas chromatography-mass spectrometry. Environ-

mental Science & Technology 39, 7202–7207. doi:10.1021/ES050568D

Jarosova B, Ersekova A, Hilscherova K, Loos R, Gawlik BM, Giesy JP,

Blaha L (2014). Europe-wide survey of estrogenicity in wastewater

treatment plant effluents: the need for the effect-based monitoring.

Environmental Science and Pollution Research International 21,

10970–10982. doi:10.1007/S11356-014-3056-8

Jaukovic ZD, Grujic SD, Bujagic IVM, LausevicMD (2017). Determination

of sterols and steroid hormones in surface water and wastewater using

liquid chromatography–atmospheric pressure chemical ionization mass

spectrometry. Microchemical Journal 135, 39–47. doi:10.1016/J.

MICROC.2017.07.011

Kidd KA, Blanchfield PJ, Mills KH, Palace VP, Evans RE, Lazorchak JM,

Flick RW (2007). Collapse of a fish population after exposure to a

synthetic estrogen. Proceedings of the National Academy of Sciences of

the United States of America 104, 8897–8901. doi:10.1073/PNAS.

0609568104

Kolpin DW, Schenzel J, Meyer MT, Phillips PJ, Hubbard LE, Scott TM,

Bucheli TD (2014). Mycotoxins: Diffuse and point source contributions

of natural contaminants of emerging concern to streams. The Science of

the Total Environment 470–471, 669–676. doi:10.1016/J.SCITOTENV.

2013.09.062

Konemann S, Kase R, Simon E, Swart K, Buchinger S, Schlusener M,

Hollert H, Escher BI, Werner I, Ait-Aissa S, Vermeirssen E, Dulio V,

Valsecchi S, Polesello S, Behnisch P, Javurkova B, Perceval O, Di Paolo

C, Olbrich D, Sychrova E, Schlichting R, Leborgne L, Clara M,

Scheffknecht C, Marneffe Y, Chalon C, Tusil P, Soldan P, Von Danwitz

B, Schwaiger J, Becares MIS, Bersani F, Hilscherova K, Reifferscheid

G, Ternes T, Carere M (2018). Effect-based and chemical analytical

methods to monitor estrogens under the European Water Framework

Directive. Trends in Analytical Chemistry 102, 225–235. doi:10.1016/J.

TRAC.2018.02.008

Kramer RD, Filippe TC, PradoMR, De Azevedo JCR (2018). The influence

of solid–liquid coefficient in the fate of pharmaceuticals and personal

care products in aerobic wastewater treatment. Environmental Science

and Pollution Research International 25, 25515–25525. doi:10.1007/

S11356-018-2609-7

Kresinova Z, Linhartova L, Filipova A, Ezechias M, Masin P, Cajthaml T

(2018). Biodegradation of endocrine disruptors in urban wastewater

using Pleurotus ostreatus bioreactor. New Biotechnology 43, 53–61.

doi:10.1016/J.NBT.2017.05.004

Kuster M, Azevedo DA, De Alda MJL, Neto FRA, Barcelo D (2009).

Analysis of phytoestrogens, progestogens and estrogens in environmen-

tal waters from Rio de Janeiro (Brazil). Environment International 35,

997–1003. doi:10.1016/J.ENVINT.2009.04.006

Laborie S, Moreau-Guigon E, Alliot F, Desportes A, Oziol L, Chevreuil M

(2016). A new analytical protocol for the determination of 62 endocrine-

disrupting compounds in indoor air. Talanta 147, 132–141. doi:10.1016/

J.TALANTA.2015.09.028

Lindholm-Lehto PC, Ahkola HSJ, Knuutinen JS, Herve SH (2016).

Widespread occurrence and seasonal variation of pharmaceuticals in

surface waters and municipal wastewater treatment plants in central

Finland. Environmental Science and Pollution Research International

23, 7985–7997. doi:10.1007/S11356-015-5997-Y

Locatelli M, Sciascia F, Cifelli R, Malatesta L, Bruni P, Croce F (2016).

Analytical methods for the endocrine disruptor compounds determination

in environmental water samples. Journal of Chromatography A 1434,

1–18. doi:10.1016/J.CHROMA.2016.01.034

Loos R, Carvalho R, Comero S, António DC, Ghiani M, Lettieri T, Locoro

G, Paracchini B, Tavazzi S, Gawlik BM, Blaha L, Jarosova B, Voor-

spoels S, Schwesig D, Haglund P, Fick J, Gans O (2012). EU Wide

Monitoring Survey on Waste Water Treatment Plant Effluents.

JRC76400, EUR 25563 EN. JRC scientific and policy reports.

(Publications Office of the European Union: Luxembourg)

Matejicek D, Vlcek J, Buresova A, Pelcova P (2013). Online molecularly

imprinted solid-phase extraction coupled to liquid chromatography–

tandem mass spectrometry for the determination of hormones in water

and sediment samples. Journal of Separation Science 36, 1509–1515.

doi:10.1002/JSSC.201300055

Matuszewski BK, Constanzer ML, Chavez-Eng CM (2003). Strategies for

the assessment of matrix effect in quantitative bioanalytical methods

based on HPLC-MS/MS. Analytical Chemistry 75, 3019–3030.

doi:10.1021/AC020361S

Miege C, Bados P, Brosse C, Coquery M (2009). Method validation for the

analysis of estrogens (including conjugated compounds) in aqueous

matrices. Trends in Analytical Chemistry 28, 237–244. doi:10.1016/J.

TRAC.2008.11.005

Nash JP, Kime DE, Van Der Ven LTM, Wester PW, Brion F, Maack G,

Stahlschmidt-Allner P, Tyler CR (2004). Long-term exposure to envi-

ronmental concentrations of the pharmaceutical ethynylestradiol causes

reproductive failure in fish. Environmental Health Perspectives 112,

1725–1733. doi:10.1289/EHP.7209

Nie YF,Qiang ZM, ZhangHQ, BenWW(2012). Fate and seasonal variation

of endocrine-disrupting chemicals in a sewage treatment plant with A/A/

O process. Separation and Purification Technology 84, 9–15.

doi:10.1016/J.SEPPUR.2011.01.030

Preindl K, Braun D, Aichinger G, Sieri S, Fang ML, Marko D, Warth B

(2019). A generic liquid chromatography–tandem mass spectrometry

exposome method for the determination of xenoestrogens in biological

matrices. Analytical Chemistry 91, 11334–11342. doi:10.1021/ACS.

ANALCHEM.9B02446

Rodil R, Quintana JB, Concha-Grana E, Lopez-Mahia P, Muniategui-

Lorenzo S, Prada-Rodriguez D (2012). Emerging pollutants in sewage,

surface and drinking water in Galicia (NW Spain). Chemosphere 86,

1040–1049. doi:10.1016/J.CHEMOSPHERE.2011.11.053

Rodriguez-Mozaz S, De Alda MJL, Barcelo D (2004). Picogram per liter

level determination of estrogens in natural waters and waterworks by a

fully automated on-line solid-phase extraction-liquid chromatography–

electrospray tandem mass spectrometry method. Analytical Chemistry

76, 6998–7006. doi:10.1021/AC049051V

Ronderos-Lara JG, Saldarriaga-Norena H, Murillo-Tovar MA, Vergara-

Sanchez J (2018). Optimization and application of a GC-MSmethod for

the determination of endocrine disruptor compounds in natural water.

Separations 5, 33. doi:10.3390/SEPARATIONS5020033

Routledge EJ, SheahanD, DesbrowC, Brighty GC,WaldockM, Sumpter JP

(1998). Identification of estrogenic chemicals in STWeffluent. 2. In vivo

responses in trout and roach. Environmental Science & Technology 32,

1559–1565. doi:10.1021/ES970796A

Salste L, Leskinen P, Virta M, Kronberg L (2007). Determination of

estrogens and estrogenic activity in wastewater effluent by chemical

analysis and the bioluminescent yeast assay. The Science of the Total

Environment 378, 343–351. doi:10.1016/J.SCITOTENV.2007.02.030

Samaras V, Thomaidis N, Stasinakis A, Lekkas T (2011). An analytical

method for the simultaneous trace determination of acidic pharmaceu-

ticals and phenolic endocrine disrupting chemicals in wastewater and

sewage sludge by gas chromatography–mass spectrometry. Analytical

and Bioanalytical Chemistry 399, 2549–2561. doi:10.1007/S00216-

010-4607-6

Shareef A, AngoveMJ,Wells JD (2006). Optimization of silylation usingN-

methyl-N-(trimethylsilyl)-trifluoroacetamide, N,O-bis-(trimethyl.silyl)-

trifluoroacetamide and N-(tert-butyldimethylsilyl)-N-methyltrifluoroa-

cetamide for the determination of the estrogens estrone and 17 alpha-

ethinylestradiol by gas chromatography-mass spectrometry. Journal of

Chromatography A 1108, 121–128. doi:10.1016/J.CHROMA.2005.12.

098
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