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Abstract

An analytical method has been developed for the determination of five naturally occurring estrogens (estradiol, estriol, estrone, genistein
daidzein), one synthetic hormone (ethynylestradiol) and three xenoestrogens (4-nonylphenolté@tR)c#4phenol (4tert-OP), bisphenol
A (BPA)) in coastal marine waters. The procedure includes a solid-phase extraction of approx. fifty litres of water samples on the solid-
phase copolymer Oasis HLB followed by a clean-up on silica. Twenty-five percent aliquots were used for the analytical determination of
the analytes using high performance liquid chromatography coupled with electrospray-ionisation tandem mass spectrometry (HPLC—ESI
MS/MS). Calculated extraction recoveries between 5&(4ectylphenol) and 91% (nonylphenol) were obtained for the method developed.
Matrix interferences occurring during electrospray ionisation were quantified by spiking the extracts prior to the measurements. Method
detection limits ranged from 0.02 (estrone) to 1 ng [(estriol). The method was applied to determine environmental estrogens in coastal
waters of the Baltic Sea. The analyses showed the presence of five compounds at levels between 0.10 (estrone)ardthymgéstradiol).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction EDCs are associated with a decreased male reproductive
capacity{6—8]. The substances enter the environment mainly
Endocrine disrupting chemicals (EDCs) of either natural through sewage treatment plant (STP) effluents due to
or synthetic origin have the ability to interfere with the inefficient removal rates during the wastewater treatment
normal functioning of the endocrine system. Of major process[9]. Accordingly, most of the reported effects are
concern are estrogenic compounds which have the potentiaffound in the aquatic environment, especially in rivers with
to influence the regulation of development and growth by a high charge of domestic and industrial wastewaters. The
mimicking endogenous hormondg,2]. In many well- most commonly used analytical technique for EDCs in the
documented examples the reproduction of wildlife has been past has been gas chromatography with mass spectrometric
adversely affected by ED(8-5]. Steroid estrogens have detection (GC-MS)9-16]. However, in recent years the
the potential to exert estrogenic effects in the low ngL  combination of solid-phase extraction (SPE) as a fast sample
level, whereas alkylphenolic compounds are estrogenic atpreconcentration and the separation and determination
ng L1 concentrationg4]. The discussion about effects on  with liquid chromatography coupled to tandem mass spec-
human health is still controversig]. It is hypothesized that  trometry (LC-MS/MS) has become a widely-used tool for
determination of estrogens and/or xenoestrogens in environ-
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environmental samples s the signal suppression effect, whichmethod for the simultaneous determination of selected estro-
has a negative influence on the reproducibility and accuracygens in coastal waters using LC—MS/MS including an extrac-
ofthe analyses. Various approaches such as a selective extradion method that allows the preconcentration of high-volume
tion procedure followed by an efficient sample clean-up or the water samples and (ii) to apply this method to samples from
use of suitable co-eluting surrogates and standard-addition todifferent locations situated in the Baltic Sea in order to pro-
eliminate or compensate matrix effects have been discussedride baseline contamination data.

[23-27]

Natural and synthetic hormones are frequently detected in
sewage treatment plant effluents and receiving surface waterg- Experimental
with concentrations ranging from pg to ngt [11,17,28]
whereas alkylphenolic compounds are found in concentra-
tions up topg L=1 [12,14,29] In contrast, comparable ana-
lytical data for marine environments are scarce. Heemken
et al.[30] determined concentrations of alkylphenols in the
North Sea ranging from 1 to 84 ngL. The natural hormone
metabolite estrone could be found at average concentration
of 52pgL~! in open-ocean water samples from tropical
regions by Atkinson et a[31].

Due to higher dilution in marine waters, the concentra-
tions of EDCs are expected to be low and thus, direct effects
of single estrogenic substances are assumed to be of mino
or negligible relevancgs2]. For this reason, aquatic ecosys-
tems have received only little attention in recent years and
thus there is a lack of knowledge concerning the occurrence

?nd fff?“? otfdthtes? ch?m!tcalsf n ”ﬁf'”? enwrznme{ﬁflls]. th Merck (Darmstadt, Germany). Dichloromethane and ace-
nsuflicient detection imits of analytical procedures 1orthe -, - ¢ Picograd® quality were purchased from Pro-

O] Falogeric Subaces I e Wele™ Smochen (viesl, Germany). Deonsed organicee it

levels in marine environments are available. Especially in was oTb’\zamed from .a.M”“_Q Plus 18Y coupled to an

the semi-enclosed Baltic Sea, with limited wéter exchange E“).( S " system (Mlll|pore, Schwa_lbach, Ggrmany). The
' ' solid-phase extraction sorbent Oasis HLB (divinylbenzene-

the Ic:jrgljantljs:ns alr)e elfposeo(ljto avariety Of_ tzompoulnds, ;’f\'h'fhcoN-vinylpyrroIidone, 60um, bulk material) was supplied
could lead to a background exposure, with complex effects by Waters (Eschborn, Germany).

such as, e.g., a decreasing fitness of nearshore ecosystems:
A histopathological assessment of the gonads of male fish2 2. Sampling
using the eelpoutZoarces viviparousas sentinel species o

showed the presence of intersexuality at a number of loca-  Hjgh-volume water samples were collected at five loca-
tions between the Wismar Bay and the Darss Peniri88la  tions in the Baltic Sea between 7 and 11 July 2003 and
Itis suggested that this is due to the exposure to endocrinepetween 26 and 29 July 2008ig. 1) with the research vessel
disrupting compounds, but analytical data are lacking. “Ludwig Prandtl”. All sampling sites were located in the east-

The most important discharger in this region is the STP ern part of the German Baltic Sea. Several parameters of the
of the city of Wismar. The STP was rebuilt between 1996 \yater samples (pHC, DOC, POC, salinity) were measured
and 2002 for the optimised cleaning of receiving waste- and data for both campaigns are giveifable 1 Three loca-
waters. The municipal STP (90,000 population equivalents) tions were situated in the inner coastal waters (Inner Wismar
has an average inflow of untreated wastewater in the rangeay, Eggers Wiek and Salzhaff), where intersex prevalences
of 10,200 ni/day. It consists of three main treatment steps: and histological alterations in eelpouRo@rces viviparous
a primary mechanical clarification followed by a secondary \yere found[33]. The sampling site Inner Wismar Bay was
biological treatment comprising nitrification and denitrifica-  sjtyated directly in the vicinity of the STP of the city of Wis-
tion zones and finally a chemical clarification including a mar. The stations Outer Wismar Bay and Darss Peninsula
phosphate elimination step. were expected to be reference sites.

The current work is focussed on the natural and syn-
thetic hormones including Bfestradiol (E2), estrone (E1), 2.3. Sample enrichment, extraction and clean-up
estriol (E3) and ld-ethynylestradiol (EE2), the phyto-
estrogens daidzein and genistein, the phenolic substances Sampling at a water depth of approximately 1.5m
4-nonylphenol (NP), 4ert-octylphenol (4tert-OP) and was performed using a Kiel in situ pump (KISP) system
bisphenol A (BPA) and their analytical determination in developed by Petrick et dl34]. Surface water was filtered
the Baltic Sea. The main objectives were (i) to develop a in situ through a glass fibre filter (GF 52, Schleicher &

2.1. Chemicals

Standard substances were purchased from the following
companies: E1, E2, E3 and EE2 from Sigma (Seelze, Ger-
many), E2-B3 from Supelco (Taufkirchen, Germany), NP
from Riedel-de Haen (Seelze, Germany)te#-OP from
or. Ehrenstorfer GmbH (Augsburg, Germanyn4P from
Promochem (Wesel, Germany), BPA, genistein and daidzein
from Fluka (Buchs SG, Switzerland), BPArpfrom Cam-
bridge Isotope Laboratories (Massachusetts, USA). Stock
solutions of these substances were prepared in methanol at
Ifl.p,g pL~L. Calibration as well as spiking mixtures were
diluted from stock solutions and generally contained all ana-
lytes including deuterated standards. Methanol Supr&Solv
and ammonium acetate Fractofuwere obtained from



100 I.-C. Beck et al. / J. Chromatogr. A 1090 (2005) 98-106

Wismar Bay, July 2003). For this purpose, the outlet of the
filter holder of the in situ pump system was directly con-
nected to a cartridge which was attached to a flow meter. In
approx. 1.5 m water depth, the KISP pumped with an initial
flow rate of 300 mL mir? for a period of 3—4h to obtain
an extracted volume similar to those in the container exper-
oo iments, but depending on the load of clogging substances
,a\"&\c’ different volumes in the range between 19 and 104 L were
enriched on the sorbent.

zh

=en

2.3.3. Extraction and clean-up
After sampling, the cartridges were stored in darkness

3 4 O Rostock . . .
. . at 4°C until the complete processing in the laboratory.
y Initially, cartridges were washed with 200 mL of deionised
"1 oW - water. Afterwards, the solid-phase material was dried
ot G5 overnight by sucking air through the columns. To avoid
1 Inner Wistar Bay, 2 Eggers Wisk 3 Ouler Wismar Bay 4 Salzhaff contamination, the air was purified with charcoal filters
5 Darss Peninsula L
attached to the inlet of the glass columns. Analytes were
Fig. 1. Location of sampling sites in the German Baltic Sea. eluted from the cartridges by primarily usmg 100mL of
solvent (acetone:methanol (80:20, v/v)), which was drawn
Schue", DasseL Germany’ 30cm |d, pore s|mn‘]) For into the SPE material, left to infuse for 5min and then

analyte enrichment, two approaches were used: a direct inwas sucked through the cartridge drop by drop, while
situ solid-phase extraction as well as experiments on boardanother 100 mL of solvent was added. The sample extracts
with water samples temporarily stored in stainless steel were reduced to 1-2mL by rotary evaporation and finally
containers. For the container and in situ experiments, glassreduced to 10Q.L under a gentle stream of nitrogen (purity
Cartridges (4 cm |d) were used, which were packed with 99999%)40QLL of dichloromethane were added to the vial
4qg QOasis HLB. Prior to the experiments the Cartridges were to get a solvent Composition of dichloromethane:methanol
conditioned with 150 mL acetone:methanol (80:20, v/v) of 80:20 (v/v). The 50QiL extract was quantitatively

followed by 150 mL Milli-Q water. transferred to a prepared 3g silica gel column (1cm
i.d. x 15cm). Previously, the silica gel (0.063-0.200 mm,
2.3.1. Container experiments Merck, Darmstadt, Germany) had been baked out overnight

The filtrate was pumped on board through Teflon tubes at 450°C to remove organic contaminants. Purification
and three 49 L stainless steel containers were filled in an alter-of the extracts was accomplished by eluting the column
nating manner in order to obtain three samples that were assubsequently with 7mL dichloromethane:methanol (90:10,
homogeneous as possible. The samples were extracted witly/V) followed by another 7 mL with a composition of 80:20
Oasis HLB cartridges using 2 bar excess pressure of nitro- (V/V). The eluate was finally reduced to a volume of 420
gen. At each station, one sample was used for a recovery”A 50 pL aliquot was used for the determination of analyte
experiment ata Sp|k|ng level of 4 ng‘ll_- With the other two concentrations. For calculation of Signal SupprESSionS
samples a duplicate determination of the environmental ana-during LC-ESI-MS/MS measurements another aliquot

lyte concentrations was performed. of 50pL was spiked with a defined amount of standard
solution. The remaining volume of 3@ was needed
2.3.2. In situ experiments for further and still ongoing investigations in order to

Simultaneous to the container experiments, one in situ @nalyse the estrogenic potential of these environmental
sample was taken at each station (except for station Outersamples.

Table 1
Characteristics of the water samples taken at five different sampling sites in the German Baltic Sea (campaigns July 2004 and July 2003)
Sampling site Longitude’E) Latitude (N) Temperature°C) pH DOC (mgL-1)2 POC (mg L-1)° Salinity (%o)
2003 2004 2003 2004 2003 2004 2003 2004 2003 2004
Inner Wismar Bay  1926.4 5354.5 18.0 19.0 8.1 8.4 55 5.0 7.8 9.3 12.0 124
Eggers Wiek 1123.4 5357.1 18.8 195 8.2 8.5 4.8 4.0 3.7 10.8 126 128
Outer Wismar Bay 1118.5 5402.4 18.0 18.8 8.2 8.3 4.1 3.1 2.7 2.8 141 117
Salzhaff 1129.4 5402.4 18.0 185 8.2 8.3 4.5 3.7 2.0 3.0 13.4 125
Darss Peninsula 229.1 5428.0 16,5 155 8.1 8.0 45 3.3 2.6 1.9 10.3 9.4

a Dissolved organic carbon.
b Particulate organic carbon.
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2.4. LC-MS/MS analysis concentrations of 0 mM, 2.5mM, 5 mM and 10 mM Di&t.
Moreover, for negative and positive ionisation mode different
Liquid chromatography was performed on an Agilent levels of ion spray voltages{3500V, —4200V, —4500V,
Series 1100 HPLC system (Agilent Technologies, Wald- +5000V, +5500V, respectively) were tested. The measure-
bronn, Germany) equipped with a degasser, a binary pump,ments were carried out by flow injection analysis with an
an autosampler and a column oven. The analytes were chroeluent composition of 90% B and an injection volume of
matographed on a C18 polar end-capped reversed-phase cob pL standard solution or spiked field sample (Sectol).
umn (SynergiM Hydro-RP) with a particle size of gm, Finally, the field samples were analysed using an optimised
a length of 150 mm and an inner diameter of 2.0 mm. The modifier concentration of 2.5 mM N4Ac and an ion spray
column was guarded with a precolumn of the same packing voltage of—4500V and +5500 V, respectively.
material (4 mmx 2.0 mm), both from Phenomenex (Aschaf- The LC system was coupled to a triple-stage quadrupole
fenburg, Germany). The column oven temperature was set tomass spectrometer (APl 4000, Applied Biosystems/MDS
23°C. Injection volume was 1QL. Samples were analysed Sciex, Darmstadt, Germany). Optimisation of the ion source
in negative and positive ionisation modes. and MS/MS settings was performed by the automatic opti-
Chromatography was carried out using the mobile phasesmisation function of the MS software (Analyst 1.4, Applied
A (water) and B (methanol), both containing equal concentra- Biosystems) assisted by manual optimisation using infusion
tions of ammonium acetate (NIAc). The gradient was per-  with a syringe-pump and flow injection of standard solutions.
formed as follows: 30% B >90% B (8 min)/90% B >100% The relevant instrument settings for each precursor-product
B (15min)/100% B (5min)/100% B>30% B (2min). The ion transition are shown iffable 2 The electrospray ion
system was re-equilibrated for 5 min between runs. The flow source (Turbo-lonspray, Applied Biosystems) was operated
rate of the mobile phase was set to 200min—1. The influ- at 250°C. Nitrogen was used as nebulizer, drying, curtain and
ence of different NHAc concentrations used as an eluent collision gas. lon source gas 1 (nebulizer gas) was adjusted to
modifier to enhance ionisation efficiency was investigated at 50 psiandion source gas 2 (drying gas) to 70 psi. The nitrogen

Table 2
Retention times, MS and MS/MS detection parameters
Analyte Retention Precursor ionrfvz) Declustering Product ionsifvz) (% Collision Collision cell exit
time (min) potential (V) relative abundanc®) energy (V) potential (V)
E1l 14.7 269.2 [M-H]~ —106 145 (100) -52 -7
143(40) 78 7
E2 14.7 271.2 [M-H]~ —-121 145 (100) -58 -9
183(90) —58 -9
E2-D3 14.7 274.2 [M—H]~ -110 145(100) -56 -7
185(80) -58 -13
E3 12.7 287.2 [M-H]~ —-111 145(100) —-62 -7
171(120) -52 -13
EE2 145 295.2 [M-H]~ -110 145 (100) —54 -7
143(65) -74 -11
159 (45) -52 -9
183(40) -55 -11
Daidzein 12.4 255.1 [M+H] 80 199 (100) 37 14
152 (55) 61 10
Genistein 13.1 271.1 [M+H] 70 153(100) 39 10
91(95) 63 6
BPA 13.6 227.1 [M—H]~ -70 133(100) -32 -7
212(185) -30 -15
BPA-D1g 13.5 242.2 [M—H]~ -70 143(100) —-36 -7
97(10) -34 -3
NP 17.7 219.2 [M-H]~ -70 133(100) —42 -7
117(15) -82 -5
4-tert-OP 16.6 205.2 [M-H]~ -80 133(100) -34 -7
117(10) -82 -7
4-n-OP 18.1 205.2 [M-H]~ -70 106 (100) -28 -5

2 Relative abundances of quantifier ions were set to 100%.
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Fig. 2. Chromatograms of three analytes showing quantifier and qualifier (E1, EE2, NP) of (a) a standard solution, (b) a field sample (Inner Wisghar Bay) an

(c) the corresponding spiked field sample.

settings for curtain gas and collision gas were optimised to 10 ensure correct determination, two additional transitions of
and 6 psi, respectively. For quantification the multiple reac- EE2 were measured. The product iove 153 was chosen
tion monitoring (MRM) mode was chosen. The dwell time as qualifier due to consistent ratios to the quantifier 145

for each precursor-product ion transition was set to 50 ms.

2.5. Data analysis

tein are detected as protonated molecules [M*: fhe anal-
ysed compounds were identified by the following criteria (i)
two characteristic precursor-product ion transitions (quanti- Analyte
fier and qualifier), (ii) specific ratios of the intensities of the E1
product ions and (iii) specific retention timekaple 3. The
monitored precursor-product ion transitions of three com-
pounds (E1, EE2, NP) for (a) a standard solution (approx. paigzein
1.4 ng absolute), (b) a field sample (Inner Wismar Bay, 2004) Genistein
and (c) the corresponding spiked field sample are depicted inBPA

Fig. 2 As shown, the quantitation of EE2 in environmen-
tal samples was hampered by interfering signals. In order to

concerning field samples.

Quantification was performed using an external eight-
point calibration curve covering the range from 50 pg to 5 ng
absolute. Within measurement sequences, every 8-10 h, field
samples were bracketed with external calibrations to cover

The base peak selected for quantitation of the ana- possible fluctuations in signal intensity. Calculated concen-
Iytes investigated corresponds to the deprotonated molecule

[M —H]~, whereas the phytoestrogens daidzein and genis-

Table 3
Instrumental limits of detection (LOD) and method detection limits (MDL)
LOD (pg absolute) MDL (ngt!)
0.2 0.02
E2 4 0.30
E3 8 1.0
EE2 5 0.45
2 0.43
5 0.61
8 0.04
NP 13 0.12
4-tert-OP 6 0.14




I.-C. Beck et al. / J. Chromatogr. A 1090 (2005) 98-106 103

trations from the container experiments and in situ samples (a)
were corrected for signal suppression. Signal suppression 4.0E+05 T
was determined from aliquots of the sample extracts spiked

prior to LC-MS/MS analysis using a defined amount of stan- 3.5E+05 1
dard solution containing a mixture of all compounds analysed

(spiking level 2ng LY). The overall method recovery was 3.0E+05+
obtained from non-spiked samples and samples spiked prior 2

the solid-phase extraction with a spiking level of 4 ngiL ‘2 2.5E+05+
Both, signal suppression and overall method recovery, were @
assessed by comparing results from spiked and non-spiked ﬁ 2 0E+05 4+

samples. Extraction recoveries were calculated from overall
method recoveries and signal suppression. The instrumental 1.5E405+
limit of detection (LOD) and the method detection limit
(MDL) were determined as the concentration with a signal-
to-noise-ratio (S/N) of 3{able 3. The instrumental LOD was
calculated by the S/N determined by injectingullOof the 5 0E+04 { { { :
lowest calibration concentration. The MDLs were estimated omM 25mM 5mM 10mM
from analyses of field samples with lowest observed concen-
trations. Observed concentrations with values between MDL

1.0E+05 1

——|S - 4200

and MQL (method quantification limit, S/N =10), indicated 3‘0(:105__

in Table 4 were only determined by the quantifier (S/N

between 3 and 10, specific retention time). Possible sample

contamination during the sampling and extraction procedure 2.5E+05+

was quantified by blank cartridges, which were handled like

the sample columns. In the blanks, only BPA, NP and 4- .

tert-OP could be detected. As the blank concentrations were g 20E+05¢

lower than 20% compared to lowest observed concentrations =

in field samples, a correction was considered as dispensable. 2

Internal standards (E24) BPA-Dis, 4-n-OP) were used £ 1564057

for confirmation of recovery results and not for quantitation

purposes. 1.0E+05+ .
k 3

3. Results and discussion 5.0E+04 = = = =

0mM 25 mM 5mM 10 mM

3.1. Performance, recoveries and detection limits of the "#-01S-8500  — a4 -1S-4200  —e—IS-4500

analytical method Fig. 3. Influence on signal intensities of EE2 using different modifier
(NH4Ac) concentrations for (a) a standard solution and (b) a spiked field

The external eight-point calibration curve using ar 1/ sample. In part (b) the impact of varying ion spray voltages is shown.
weighting showed linearity for all analytes in a range from
50 pg to 5 ng absolute with correlation coefficients0.990. intensities Fig. 3(b)). All analytes showed similar graphs.
The repeatability of a tenfold injection of a standard solu- An optimised modifier concentration of 2.5 mM NAc and
tion (0.5 ngul—1) from the same vial gave relative standard an ion spray voltage of4500 V for negative ionisation and
deviations (RSDs) between 3% (daidzein) and 7% (BPA). +5500V for positive ionisation were chosen.

The eluent buffer concentration and the ion spray volt-  In Fig. 4, arithmetic means of overall method recoveries,
age have an important impact on the ionisation efficiency of signal suppressions and calculated extraction recoveries
analytes as shown iRig. 3. The optimisation of the buffer  of five spiking experiments at the different stations in the
concentration from 0 to 10 mM ammonium acetate for an Baltic Sea (Sampling July 2004) are depicted. The spiking
EE2 standard solution (0.34 pd. —1) with an ion spray volt- level was 4ngLt. The overall method recoveries of the
age of—4200V is depicted irFig. 3a). Increasing NgAC analytes vary between 10% (genistein) to 81% (NP). Matrix
concentrations were related to a decrease in signal intensityinterferences caused by co-eluting components led to signal
The response of EE2 in a spiked matrix sample (approx. suppressions in a range of 31% (NP) to 85% (E3). One
0.75 ngu L 1) at different buffer concentrations and threeion reason for the significant signal interferences could be
spray voltages€3500V,—4200 V and-4500 V) shows that ~ the universal extraction method and subsequent clean-up
in contrast to standard solutions higher buffer concentrationsapproach taken to allow analysis of a range of compounds
and a higher ion spray voltage are required for better signal simultaneously. The polymer Oasis HLB used is known
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Fig. 4. Recovery results and signal suppressions calculated from five spiking experiments (exceptfedjRI(ring the sampling campaign in July 2004.

as a sorbent which retains a broad spectrum of different described in Sectio.3. Five different sampling sites, cov-
substances covering acidic, neutral and basic compoundsering expected higher and lower contaminated sites, were
[26,35] In order to minimise the pH-dependent amount of analysed in the years 2003 and 2004. The concentrations
co-extracted humic acids, the predominantly weak acidic were corrected for signal suppression and are summarised in
analytes were extracted without acidification. Previous Table 4 The in situ extractions and container experiments led
experiments have shown that recoveries for samples at pHto similar quantification results and thus, are not listed sepa-
8.5 (spiked Milli-Q water) were nearly equivalent to those rately. E2, E3 and the phytoestrogens daidzein and genistein
obtained for samples adjusted to pH 2.5 (results not given), could not be detected. Possible explanations are high removal
which is in agreement with Quintana et[dl6]. The clean-up rates during the sewage treatment, including oxidation and
procedure reduced the amount of co-extracted substancesjegradation processes. However, the natural hormone E1
but not to the extent desirable for the electrospray ionisation was found at all stations. The degradation of E2 to E1 and
technique. Therefore, for each individual sample signal the fact that E1 is the most abundant estrogen excreted by
suppression was calculated and quantitation results weremenstruating and pregnant women are two reasons for the
corrected. determination of E1 at all sampling sites.

Extraction recovery was calculated from overall method  As expected, the Inner Wismar Bay and Eggers Wiek
recovery and signal suppression, which resulted in larger showed the highest concentration levels for the natural
standard deviations (error barshiy. 4). Extraction recover-  (July 2004, E1: 0.53ngt!, 0.51 ng L=, respectively) and
ies ranged from 52% (tert-OP) to 91% (NP). The internal  synthetic hormones (July 2004, EE2: 17 gL 8ngL™1,
standards for E2, BPA andté+t-OP showed similarrecovery  respectively). These relatively high concentrations of E1 are
results and thus accomplished their purpose of data confirma-comparable with data from Atkinson et §1], who mea-
tion. The powerful technique of tandem mass spectrometry sured concentrations of E1 in Hawaiian open-ocean water of
led to instrumental LODs between 0.2 and 13 pg absolute 52 pg L1 and in lagoon seawater of 1.7 ngtby using a
(E1 and NP, respectively). The method developed allows the radioimmunoassay technique. At much lower concentrations,
determination of estrogenic compounds in coastal waters inE1 and EE2 could also be determined at stations expected

the range of 0.02ngt! (E1) to 1 ng L1 (E3) (Table 3. to be low or not contaminated sites (Darss Peninsula, Outer
Wismar Bay). Higher concentrations found for EE2 can prob-

3.2. Concentrations of estrogenic compounds in a ably be explained by its wide use as a contraceptive and its

coastal zone of the Baltic Sea higher persistence compared to natural hormones. However,

despite the selectivity of LC-MS/MS, co-extracted sample
The occurrence of environmental estrogens in a coastalconstituents led to difficulties in quantitation of EE2. An
zone of the Baltic Sea was investigated by the application interfering compound with the same parent iométof 295,
of the high-volume multi-compound extraction method as nearly the same retention time (14.5 nritig. 2(b)) and sim-



Table 4

Concentrations of estrogenic compounds at five different sampling sites in a coastal area of the German Baltic Sea for two sampling campai@an(dulyl2@D04)

Concentration (ng1*)?

Analyte

Darss Peninsula

Salzhaff

Outer Wismar Bay

Eggers Wiek

Inner Wismar Bay

2004
0.10 (0.08-0.11)

<MDL
<MDL

2003
0.34 (0.30-0.30)24—00285 (

2004
0.27 (0.27-0.28)

2003 2004 2003 2004 2003
0.16 (0.13-0.20)

2004

2003

0.51(0.54-0.49)  0.33(0.31-0.35)

0.53 (0.52-0.53)  0.42 (0.36-0.50)
<MDL <MDL
<MDL

<MDL

0.47 (0.45-0.49)

<MDL
<MDL

El

<MDL
<MDL

<MDL
<MDL

<MDL
<MDL

<MDL
<MDL

<MDL
<MDL

<MDL
<MDL

E2
E3
EE2

19(1.7-1.89

<MDL
<MDL

2.5(2.1-3.2)

<MDL
<MDL

2.9 (1.7-4.0

<MDL
<MDL
0.22 (<MDL-0.38) (0.3136.39)

2.1 (<MDL-3.9) °© (L5-1.8§

<MDL
<MDL

<MDL

8.0 (<MDL-14.1)
<MDL

<MDL

2.4 (<MDL-7.2)

<MDL

17.2 (16.5-17.9)

<MDL

3.0 (2.1-3.8)

<MDL
<MDL

0.22 (0.11-0.37)

<MDL
<MDL

<MDL

<MDL
2.5(1.3-3.6)

4.3

Daidzein

<MDL

<MDL

Genistein
BPA

NP

0.70.28-0.66)

A7

1.1 (0.67-1.4)

13.8

0.37 (0.37-0.37)

0.96 (0.52-1.8)

0.75 (0.61-0.85)

25

5.4 (5.3-5.7)

6.0

4.2

4.2

25

3.4

3.5

I.-C. Beck et al. / J. Chromatogr. A 1090 (2005) 98-106 105

(5.9-6.3) (1.3-3.4) (2.1-5.2) (3.3-3.6) (1.6-3.9) (1.6-6.3) (2.2-7.5) (9.4-21.3) (3.7-5.8)

(3.1-6.2)

0.20 (0.14-0.26)08—00955 (0.0.14 (0.04-0.17)

0.37(0.35-0.40)  0.12(0.11-0.13) 0.23(0.14-0.36)  0.19 (0.14-0.22)

0.60 (0.31-1.1)

0.32 (0.10-0.57)
3), except for Outer Wismar Bay 2008 2); values have been corrected for signal suppression, but not for recovery.

0.4 (0.3-0.56)
a Arithmetic meansif

4-tert-OP

b Values have been corrected for one outlier.

¢ Concentrations are between MDL and MQL.

ilar fragmentation patterns (product ionsnaliz of 145, 143

and 183) led to problems in exact peak integration. Ternes
et al.[9] as well as Huang and Sedl§&6] reported matrix
interferences for EE2 during GC-MS analyses and annotated
the risk of overestimating concentration data, but using the
selectivity of MS/MS a precise quantification became pos-
sible for them. The measurement of four precursor-product
ion transitions and correct ratios between quantifigz {45)

and qualifier (/z159) ensured a correct determination. How-
ever, the interfering peak resulted in estimated measurement
uncertainties in the range of 20-30%.

Also with regard to the phenolic xenoestrogens (BPA, NP,
4-tert-OP) the Inner Wismar Bay showed the highest concen-
trations. Mean concentrations varied between 5ng (BPA),
6ng (NP) and 0.3ng (#ert-OP) per litre (Sampling July
2004). Except for 4ert-OP, the lowest observed concentra-
tions were found at the Outer Wismar Bay (factor 25 for BPA
and factor 2 for NP in comparison to the Inner Wismar Bay,
July 2004). Similar concentrations determined from in situ
and container experiments show that no additional contami-
nation from on board enrichment occurred.

The concentrations of analytes, determined at the Darss
Peninsula suggest that there is a nearshore transport of
contaminants from the Inner Wismar Bay in the direction
of the outer located sampling site. Half-lives of up to 50
days[37] for the more persistent alkylphenols and estimated
half-lives of 2—6 days for estrogenic stero[@8] seem to be
sufficient to make transport from west to east possible. For
this coastal area, a water flow from west to east is confirmed
by rates of sediment transportati¢g@9]. Both sampling
campaigns (2003 and 2004) showed concentrations in
similar ranges (except for EE2 found in the Inner Wismar
Bay) and showed similar distribution patterns. Differences
in concentrations between the years could be attributed
to different charges of STP effluent water and the high
variability of water bodies, partly characterised by different
values of the parameters showriliable 1

Considering the lowest observed effect concentrations
of E1 and EE2, which are in the ng and sub-nd lrange,
respectively[40], the measured concentrations are of con-
cern. E1 and EE2, having at least two orders of magnitude
higher estrogenic activity compared to known phenolic
xenoestrogens, are the target analytes mainly responsible
for possible endocrine disrupting effects. In order to allow
correlations between observed reproductive disorders in
the Wismar Bay and detected concentrations of estrogenic
substances, further investigations including chemical
analyses and exposure experiments would have to be
carried out.

It should be noted that this study is focused on the
water phase, whereas for natural steroids and especially for
synthetic hormones and phenolic compounds with higher
log Kow (octanol-water coefficient) values sorption on sed-
iment or suspended particulate matter (SPM) could be a
significant factor.
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4. Conclusions [10] C. Desbrow, E.J. Routledge, G.C. Brighty, J.P. Sumpter, M. Waldock,
Environ. Sci. Technol. 32 (1998) 1549.

The analytical method presented allows the simultane- 11 A.C. Belfroid, A. Van der Horst, AD. Vethaak, A.J. Schafer,
G.B.J. Ris, J. Wegener, W.P. Cofino, Sci. Total Environ. 225 (1999)

ous extraction, identification and quantification of a range 101,

of compounds with known estrogenic activity in coastal sur- [12] u. Bolz, H. Hagenmaier, W. &mer, Environ. Poliut. 115 (2001)

face waters. To the authors’ knowledge, it is the first time 291.

that estrogenic compounds with the focus on natural and syn-[13] B. Gross, J. Montgomery-Brown, A. Naumann, M. Reinhard, Envi-

thetic hormones have been detected in a coastal zone of thi”'] ;?”J'i,?éc‘j!éfheg“' qu3ar(120(34)u2u07g Zhou, Chemosphere 56 (2000

German Baltic Sea. E1, EE2 and the phenolic xenoestrogen 1113, 9. = g, 2 HE e ' P

BPA, NP and 4tert-OP were found with concentrations of [15] R. Liu, J.L. Zhou, A. Wilding, J. Chromatogr. A 1022 (2004) 179.

E1 and EE2 in the range of effect concentrations for aquatic [16] J.B. Quintana, J. Carpinteiro, I. Rodriguez, R.A. Lorenzo, A.M.

organisms. Significant signal suppressions in electrospray  Carro, R. Cela, J. Chromatogr. A 1024 (2004) 177.

ionisation occurred due to co-extracted matrix constituents [171 C- Baronti, R. Curini, G. D'Ascenzo, A. Di Corcia, A. Gentili, R.
. Saperi, Environ. Sci. Technol. 34 (2000) 5059.

f’a‘nd had t.O be .controlled and corrected for by spiking exper- [18] B.J. Vanderford, R.A. Pearson, D.J. Rexing, S.A. Snyder, Anal.

iments with aliquots of sample extracts. As a follow-up of Chem. 75 (2003) 6265.

this study, chemical analyses will be supplemented by the[19] M. Lopez de Alda, S. [az-Cruz, M. Petrovic, D. Barcg) J. Chro-

application of bioassays (Yeast-Screen, MCF-7-Bioassay) to ~ matogr. A 1000 (2003) 503.

assess estrogenic activities of the sample extracts. [20] T. Benijts, W. Lambert, A. De Leenheer, Anal. Chem. 76 (2004)
704.

[21] L. Brossa, E. Pocurull, F. Borrull, R.M. Marce, Chromatographia 59
(2004) 419.
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