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RATIONALE: Trace levels of natural and synthetic steroid estrogens estrone (E1), 17b-estradiol (E2) and 17a-ethynyl estradiol (EE2) 

have been demonstrated to exert adverse effects in exposed organisms. E2 and EE2 have been proposed for inclusion in the Water 

Framework Directive (WFD) list of priority pollutants; however, the detection and accurate quantification of these compounds 

provide significant challenges, due to the low detection limits required. 

METHODS: A sensitive method combining ultrasonication, solid-phase extraction (SPE) and liquid chromatography/tandem mass 

spectrometry, with electrospray ionisation in negative mode (LC/ESI-MS/MS), capable of determining E1, E2 and EE2 at 

concentrations between 0.07 and 60 ng/L for seawater and between 0.4 and 200 ng/g wet weight in Mytilus spp. is reported. 

Recoveries at the limit of quantification (LOQ) ranged from 95 to 102% and 88 to 100% for water and tissue, respectively. Salinity 

(12 to 35%) and typical marine particulate matter loadings (between 10 and 100 mg/L) were not found to affect analyte recoveries. 

RESULTS: The first detection of E1 by LC/MS/MS in Irish marine waters (Dublin Bay, at 0.76 ng/L) is reported. Steroids were not 

detected in Galway Bay, or in any mussel samples from Dublin, Galway and Clare. The level of E2 detected in the dissolved water 

phase was below the proposed WFD Environmental Quality Standard (EQS) in other surface waters. CONCLUSIONS: The 

proposed method is suitable for the detection of E1, E2 and EE2 at biologically relevant concentrations and, due to the specificity 

offered, is not subject to potential interferences from endogenous E1 and E2 which often complicate the interpretation of estrogenic 

biomarker assays. 

 

 

 

 

In recent decades, scientific and legislative communities have 

become increasingly aware of the presence and effects of endo- 

crine-disrupting compounds (EDCs) in the environment.[1] These 

compounds, which may be natural or synthetic in nature, interfere 

with the hormonal system of exposed organ-isms, by mimicking, 

antagonising, altering the pattern or synthesis of endogenous 

hormones, or modifying hormone receptor levels.[2] They may 

reach the environment via a number of sources, including 

municipal and industrial wastewater effluent, agricultural and 

terrestrial run off and accidental release.[3–5] At present, the EDCs 

receiving most attention are those that, despite their diverse 

chemical structures, mimic estrogens.[6] Of the myriad compounds 

which have been shown to exert estrogenic effects, the natural and 

synthetic ster-oid estrogens have among the highest potencies. 

These include estrone (E1) and 17b-estradiol (E2), the naturally 

occurring estrogens, and 17a-ethynyl estradiol (EE2), the synthetic 

estro-gen used in the contraceptive pill.[7,8]
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A number of international studies have shown the biological 

effects of steroid estrogens, including decreased fecundity, 

increased levels of vitellogenin (VTG) in females, vitellogenesis in 

male organisms and the development of ovotestis and other stages 

of intersex in male organisms.[9–14] Estrogens may be excreted and 

released into the environment as inactive conjugates (mainly 

glucuronides and sulphates); however, deconjugation by bacterial 

enzymes in wastewater treatment plants (WWTPs) reactivates 

these conjugates into biologically active parent compounds[15,16] 

and they have been detected in surface waters and in wastewater 

influent and effluent.[17–19] EE2 is resistant to degradation in order 

to be effective as an oral contraceptive and it is degraded at a lower 

rate than the natural estrogens.[20,21] Most research to date has 

focused on freshwater environments. Far less is known on the 

presence and effects of these compounds in marine and estuarine 

environments.[22,23] Thus, there is a substantial need for research 

in this area. 

 
The increasing body of scientific data which has demonstrated 

the negative effects of EDCs in the environment has led to the 

development of monitoring programmes and the passage of 

legislation which aim to reduce the amount of EDCs present in the 

environment. In Europe, the Water Framework Directive (WFD, 

2000/60/ EC) has defined a list of priority 
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pollutants which are deemed to have detrimental effects in the 

environment, with a requirement for substantial monitoring of these 

pollutants in transitional and coastal waters to achieve "good 

ecological and chemical status" by 2015. A number of these 

compounds have endocrine-disrupting properties, and environmental 

quality standards (EQSs) defining maxi- mum allowable 

concentrations (MACs) and annual average (AA) concentrations 

permitted in coastal and transitional waters have been defined. 

E2 and EE2 have recently been proposed for inclusion on this 

listing with provisional AA EQS of 0.08 and 0.007 ng/L, 

respectively, defined for other surface waters. Should legislation to 

include E2 and EE2 on the WFD priority pollutant list be adopted, 

sensitive and selective methods will be essential in order to comply 

with WFD monitoring requirements. 

Determining the levels and potential for effects of these 
compounds in marine environments can prove challenging, due to 
the low detection limits required, which are often exacerbated by 
high dilution factors. The analytical difficulties associated with 
the determination of low estrogen concentrations have also 

proved challenging.[18] The main methods used for the analysis 
of estrogens in environmental matrices are liquid and gas 
chromatography (LC and GC) coupled with mass spectrometry 

(MS) or tandem mass spectrometry (MS/MS).[24] The use of GC 
necessitates a derivatisation step, which is time consuming and 

labour intensive.[18] Liquid chromatography/tandem mass 
spectrometry (LC/MS/MS) has emerged as the leading method of 
analysis for the steroid estrogens due to its high sensitivity and 

specificity and rapid sample throughput,[25] with ionisation in 

negative electro- spray mode (ESI) the most commonly used.[24]
 

Mytilus spp. are widely distributed sessile filter-feeding 

bivalves which play an important role in coastal ecology.[26] They 
are abundant, have a primary benthic life stage, filter large 
amounts of water, bioaccumulate many compounds and have a 
relatively stable population which enables repeated sampling. 
They are easily transplanted and maintained, making them 
suitable for use in monitoring studies when indigenous 
populations may not be present, or for investigations of point 
sources of contaminants. They are also a significant contributor to 
the human food supply. They are widely used to assess the status 
and trends of chemical contamination in estuarine and coastal 
environments within the monitoring programmes of Oslo Paris 
Commission (OSPAR), the WFD and will continue to have a role 
in ongoing monitoring activities in support of Marine Strategy 
Framework Directive (MSFD, 2008/56/EC) objectives. 

Vertebrate-like steroids have been identified in mussels,[27]
 

although their exact modes of action, endogenous origin and 

physiological role remain to be elucidated.[28] Endogenous 

hormones may complicate the interpretation of bioassays which 

measure estrogenic responses in Mytilus spp. Seasonal E2 levels, 

measured using an enzyme-linked immunosorbent assay (ELISA), 

have been reported in Mytilus galloprovinciallis, ranging from 

1.71 to 5.42 ng/g dry weight (dw).[29] Two methods have been 

developed for the detection of steroids in Mytilus spp. using MS 

techniques;[30,31] however, both methods were unsuccessful in 

detecting natural levels of endogenous steroids. 
This paper details the development, validation and application of a 

quality-assured sensitive LC/MS/MS method for the detection of 
steroid estrogens at sub-ng/L concentrations in 

seawater and at low ng/g concentrations in Mytilus spp. The 

influences of salinity and particulate matter on analytical results are 

investigated. The application of the method for pro- posed WFD 

screening/surveillance monitoring of E2 in coastal and transitional 

waters is evaluated. The method is capable of the accurate detection 

of endogenous steroids in Mytilus spp. at trace levels. This confers 

the potential to better define seasonal variations in natural hormone 

levels, which can be complicating factors in interpreting the results of 

estrogenic bioassays and biomarker studies, and to detect 

anthropogenic versus natural increases in steroid levels. 

 
 

EXPERIMENTAL 
 

Chemicals 

Pestiscan grade solvents acetonitrile, methanol, methyl tert- butyl 

ether, ethyl acetate, and n-hexane 99% were supplied by Fisher 

Scientific (Dublin, Ireland). Triethylamine, formic and acetic 

acids, formalin, E1, E2, b-estradiol-d2 (E2D2), EE2 and warfarin 

(WF) standards were obtained from Sigma-Aldrich Ireland Ltd. 

(Arklow, Ireland). Purified deionised (DI) water was provided 

using a Barnstead water purification system (Thermo Scientific, 

Loughborough, UK). Stock standards solutions of E1, E2 and EE2 

were prepared in CH3OH at 1 mg/mL, with the exception of E2D2 

which was prepared at 200 ng/mL. 

 
Standard preparation and batch quality control 

Working solutions of each analyte, mixtures and spiking solutions 

were prepared at different concentrations by appropriate 

dilution of the stock solution in CH3OH. Final calibration 

standards for water analysis were prepared in 20:80 

CH3OH/H2O while those for tissue were prepared in 
CH3OH. All solutions were stored at <4 oC in the dark and used 
within 1 month. A standard curve was generated from 
eight standards of increasing concentration injected prior to each 
batch of samples analysed. For water, calibration standards in 
20:80 CH3OH/H2O were injected prior to samples. Calibration of 

tissue samples was conducted using matrix-matched standards in 
order to account for biological matrix ion suppression in the 
mass spectrometer. Final calibration standards were prepared in 

CH3OH at a range of concentrations. These calibration 

standards were spiked onto individual blank tissue samples and 
taken through the full extraction and analysis procedure. The 
standard curve generated from these matrix-matched standards 
was used to quantify any analytes present in samples. For each 
analysis of both water and biota a solvent blank, a procedural 
blank and two fortified samples along with repeat injections of a 
working standard were analysed as quality controls. As no 
certified reference materials were available, recoveries of 
additions of known amounts of the target analytes to artificial 
seawater and fortified blank tissue were used to assess batch and 
method performance. The method performance para- meters are 
presented in Table 1. 

 
Site selection and sampling 

Water and mussel samples were collected from three locations on 

the Irish coast in June 2010. Site 1, the North Bank Light- house 

(NBL), is situated in the estuary of the River Liffey, 



 

Table 1. LCMS/MS method performance parameters 

Estrone 17b-Estradiol 17a-Ethynyl estradiol 

Tissue parameters (ng/g ww)    

LOD 0.4 0.9 0.3 
LOQ 0.7 1.7 0.6 
Linear range 0.4–200 0.9–201 0.3–202 

R2 standard curve 0.999 0.996 0.999 
Recovery (%) at LOQ 88 100 93.2 
Precision (RSD%) at LOQ 8.7 8.2 3.2 

Water parameters (ng/L)    
LOD 0.07 0.07 0.11 
LOQ 0.12 0.12 0.15 
Linear range 0.07–60 0.07–60 0.11–60 

R2 standard curve water 0.999 0.999 0.999 
Recovery (%) at LOQ 97.2 97 102 
Precision (RSD%) at LOQ 9 3.1 4.3 

 

which flows into Dublin Bay, a shallow bay on the east coast of 

Ireland (N 530 20’41’’; W 06011’35’’). Effluent from the Ringsend 
tertiary (UV sterilisation) wastewater treatment plant (WWTP), 
which serves a population equivalent (PE) of 1,640,000 from 
Dublin City and surrounds, enters the bay in this estuary. Water 
and mussel samples were collected at NBL, which is situated 
700 m downstream of the effluent discharge. Site 2, Mutton 
Island (MI), is situated in Galway Bay, a shallow bay situated 
on the west coast of Ireland. Samples were collected above 
the diffuser pipe of Mutton Island WWTP, which serves a PE 
of 91,600 from Galway City and surrounds, providing 
secondary treatment (activated sludge) to effluents (N 
53015’13’’; W 09003’17’’). Site 3, Redbank hatchery, Aughinish 

Co. Clare (N 53009’27.28; W 09004’03.84), is situated on the 
west coast of Ireland and has been defined as ’Class A’ for the 
purposes of EC Regulation 854/2004. This means that there is 
no indication of faecal contamination and wastewater, a major 
source of EDCs, in the area (DEHLG, 2007). Development and 
validation of methods prior to the analysis of test samples were 
completed on mussels (4 to 6 cm) from this location. Five L 
surface water samples were collected in amber glass bottles, 
which had previously been washed with CH3OH. The potential 

effects of UV degradation were minimised during this study by 
ensuring that all samples and extraction steps were protected 
from light. The water samples were filtered with 0.45-mm glass 
fibre filters (Whatman GF-F, General Electric, Piscataway, NJ, 
USA) and 50 mL of formalin (1% v/v) was added per sample to 
prevent bacterial growth, and the samples were stored in the dark 

at 4 0 C prior to LC/MS/MS analysis. Thirty mussels measuring 
4–6 cm  were collected per site and transported to the lab in 
cold conditions. The mussels were dissected, the whole soft 
tissue weight recorded and the shell length measured to the 
nearest ±0.1 mm using callipers. The tissue was homogenised 
using a Waring blender (Waring Commercial, New Hartford, CT, 

USA), freeze-dried and frozen at –30 0 C prior to analysis. It 
should be noted that the Irish coastal zone contains a mixture of 

pure, hybrid and introgressed individuals,[32] and, since there is no 
single morphological characteristic that can be reliably used to 
separate this mixed population, classification of the exact Mytilus 
species used in this study was not possible. 

Extraction of mussel tissue and water sample preparation 

The extraction method was modified from a number of existing 

extraction methods for water, sediment and biota,[33–38] and 

further developed and validated to be specific  to the extraction of 

complex mussel tissues. The tissue samples were extracted as 

follows: 10 mL of CH3OH was added to a 50 mL centrifuge tube 

containing 0.5 g of freeze-dried tissue and extracted by 

ultrasonication for 1 min. The samples were centrifuged at 2800 g 

for 5 min and the supernatant collected. The probe was rinsed 

with 10 mL CH3OH for 30 s. Then 10 mL of CH3OH was 

added to the pellet, which was re- extracted for 1  min  by 

ultrasonication,  and centrifuged  as above. Lipid removal was 

conducted after extraction by centrifugation of the extract at 2800 g 

for 5 min with 20 mL of n-hexane (99%). The CH3OH fraction 

was reduced to dryness under nitrogen at 35 0 C and resuspended 

with 9 mL deionised water. Prior to solid-phase extraction (SPE), 5-

L water samples were filtered with 0.45-mm glass fibre filters 

(Whatman GF-F). 

 
Clean up by SPE 

Sample clean-up was conducted using Oasis hydrophilic- 
lipophilic-balanced (HLB) SPE cartridges (3 mL, 60 mg; Waters, 

Milford, MA, USA). For water samples, Bakerbond SPE™ 75-
mL reservoirs (J.T. Baker, Avantor Performance Materials, 
Centre Valley, PA, USA) were attached to the SPE cartridges to 
enable application of the sample. The cartridges were rinsed and  
conditioned with 3 mL pestiscan grade CH3OH and deionised 
water, prior to addition of the sample extract. The cartridges were 
then rinsed with 3 mL 5% CH3OH in deionised H2O, and the 
samples were eluted in 2 mL CH3OH under a gentle vacuum. The 

sample was then reduced to dryness under nitrogen at 35 0 C and 
resuspended in 130 mL of 1:4 CH3OH/water. Then 10 ng of external 
standard warfarin (Sigma Aldrich, St. Louis, MO, USA) was added, 
and 20 mL of this solution was injected into the HPLC system. 

 
Investigation of potential impacts of cofactors on 

EDC analysis 

As estuarine and marine waters will differ in their salinity 

profile, the potential for saline-induced effects on analysis was  

examined.  Saline  water  was  prepared  at  a  range  of 



salinities (12, 24 and 35%) using deionised water, sodium 
chloride and sodium hydrogen carbonate. This water was 
spiked with E1, E2 and EE2 at 80 ± 2 ng/L. The proposed EQS 
values are set for total water, which includes the particulate 
phase. The water samples were filtered (<0.45 mm) prior to 
analysis to remove larger debris and some particulate matter 
which might block the SPE cartridges. To assess the potential 
impact of filtration/removal of particulate matter (PM) loadings 
on analyte recovery, PM (sediment particle  size  <63  mm)  
was  added   at   10   mg/L   and 100 mg/L to both the spiked and 
the blank jars containing deionised water. Each experimental set of 
conditions was repeated in triplicate. The particulate matter used 
was dried marine sediment with a total organic carbon (TOC) 
content of 3.8%. Jars containing both spiked and unspiked water 
without PM addition were also analysed. The jars were shaken 
overnight on an orbital shaker (Stuart Ltd., Bibby Scientific Ltd., 
Stone, UK), filtered, extracted and analysed by LC/MS/MS. PM 
retained on each  filter  paper  was also extracted and analysed. 
The results for all the  co- factor testing are detailed below. 

 
Liquid chromatography 

The HPLC system consisted of an Agilent 1200 Series game pad, 

an Agilent 1200 binary pump, an Agilent 1200 high- 

performance autosampler and an Agilent 1200 thermostatted 

column compartment (Agilent Technologies Deutschland GmbH, 

Böblingen, Germany). For LC separation a Kinetex C18 column 

(4.6 x 50 mm, 2.1 mm i.d., 2.5 mm particle size) 

and  a  Luna  C8  column  (5  mm,  100  Å,  50 x 2.0  mm) 

(Phenomenex, Macclesfield, UK) were tested over a range of 

column oven temperatures (25 to 40 o C). The sharpest peaks 

and best separation were achieved with the Kinetex C18 column 

(Fig. 1) with an oven temperature of 30 oC. For the LC/MS/MS 

experiments, a model 3200 Q-TRAP quadrupole ion trap tandem 

mass spectrometer system (Applied Biosystems, Foster City, CA, 

USA) was used, equipped with an electrospray ionization (ESI) 

ion source. The mobile phases were 0.025% triethylamine (TEA) 

in deionised water (A) and 0.025% TEA in 5:95 

water/acetonitrile (B) flowing at 300 mL/min  with  a  gradient  

as  follows:  0  to  2  min (5 to 31.5% B), 2 to 7 min (31.5 to 34% 

B), 7 to 9 min (100% B) and 9 to 12 min (5% B). Full separation 

was not necessary for the selective MS/MS detection,[39] but it was 

achieved for most of the compounds analysed in this method. 

Chromatograms of a standard and a formalin-treated blank sample 

are presented in Figs. 1(a) and 1(b), respectively. 

 
Electrospray tandem mass spectrometry 

Due to the complexity of the matrix, a tandem mass spectrometry 

(MS/MS) method was selected for the analyis. Optimisation of the 

ESI ion source and the MS/MS settings was performed by the 

automatic optimisation function of the LC/MS/MS software 

(Analyst 1.4, Applied Biosystems), and fine tuned manually 

using infusion with a syringe pump and  flow  injection  analysis  of   

standard   solutions.   The ESI source (Turbo-Ionspray, Applied 

Biosystems) was operated in negative ion mode, and optimised over 

a range of voltages (–2000 to –4500 V) and source temperatures (50 

to 650 oC) with final optimised conditions of 550 oC and –4400 V. 

Nitrogen was 

 

 
 

 
 

Figure 1. Compound separation. Chromatograms of (a) standard and (b) formalin-treated blank 
sample. E1 = estrone, E2 = 17b-estradiol, EE2 = 17a-ethynyl estradiol, E2D2 = 17b-estradiol- d2, WF = 
warfarin. 



used as the nebuliser, drying, curtain and collision gas. Gas one (GS1-

nebuliser gas) was adjusted to a pressure of 35 psi and gas two 

(GS2-drying gas) to a pressure of 50 psi after optimisation over a 

range of pressures (10 to 60 psi).  The  curtain gas pressure was 

optimised to 44 psi. The precursor-product ion transitions and 

optimised collision energy (CE), entrance potential (EP), 

declustering potential (DP), collision cell entrance  potential  

(CEP)  and  collision  cell  exit  potential

Tissue method development and quantification 

A number of different tissue extraction methodologies were 

examined prior to analysis of the analytical samples. The optimised 

extraction and SPE conditions are presented in the Experimental 

section. Ion suppression, and less frequently enhancement, due to 

matrix interference from co-extracted matrix components is a 

common problem in LC/ESI-MS/MS

(CXP) for each analyte are presented in Table 2. For quantification analysis  when  analysing  biological  matrices. .[39] Warfarin 

the multiple reaction monitoring (MRM) mode was selected. The 
dwell time for each precursor-product ion was 75 ms. 
Quantification was performed using matrix-matched standards for 
mussel tissue, and aqueous standards for water samples. Conversion 
factors were calculated based on the tis- sue wet weight divided 
by the dry weight for each sample. Method detection limits were 
determined by calculating at a 99% confidence level the standard 
deviation of the mean response of a minimum of 10 analyses of 
low-level fortified blank samples and by generation of the 
relevant response factor plots.  The  method performance 
parameters  are  presented in Table 1. 

 

 
 

RESULTS AND DISCUSSION 
 

The main aim of this study was to develop a rapid sensitive 

method for the determination of trace E1, E2 and EE2 levels in 

seawater and biota, using SPE for water, and ultrasonication and 

SPE for biota samples, followed by LC/ESI-MS/ MS. Details 

on optimisation for the purposes of marine matrices are presented 

below. 

 
 

High-speed separation and ESI-MS/MS 

The mobile phases selected were deionised water (A) and 5:95 

water/acetonitrile (B). TEA was selected as the mobile phase 

buffer. The addition of 0.001 to 0.01% TEA was tested, with 

0.025% TEA in each mobile phase producing the most intense 

signal responses for the steroids. Formic acid and ammonium 

formate were also tested as buffers, but failed to produce 

sufficiently intense signals. CH3OH was tested in place of 

CH3CN in mobile phase B, but resulted in poor separation of 

the target analytes. 

(WF) was selected as the external standard, to account for 
ion suppression during analysis. Blank tissue was fortified 
gravimetrically with analytes over a concentration range of 
0.4 to 200 ng/g ww (wet weight) and taken through the extraction 
procedure as detailed above. The recoveries of  target analytes 
using this method were 88 to 100%. 

 
Water method development and SPE 

The selection of an appropriate solid sorbent to the target 

analyte as well as the use of solvents for washing and 

elution[40] is fundamental to EDC analysis. Following rigorous 

testing of a number of commercially available sorbent materials 

during method development (unpublished r esults),  Oasis  

HLB  cartridges  were  employed  using  a 2 mL CH3OH elution 

solvent. The final SPE method selected was a modification of a 

number of reported methods[33,41–43] The use of a deuterated 

internal standard (17b-estradiol-d2, E2D2) and an external 

standard (warfarin, WF) was found to dramatically improve 

data precision to assess recovery and reproducibility. E2D2 was 

selected as the internal standard, taken through the full 

extraction procedure, used to confirm retention times and to 

quantify any losses throughout the extraction and pre-

concentration steps. WF was used as the external standard 

added directly before LC/MS/MS analysis. Calibration curves 

were obtained using fortified tissue samples spiked at different 

concentrations of E1, E2 and EE2 (for linear range, see Table 1). 

Using WF to quantify the sample concentrations resulted in better 

data precision and more reproducible results than those 

calculated using E2D2, with recoveries of 88 to 102%, relative 

standard deviation (RSD) 3.2 to 9% calculated using WF, 

compared with 59 to 70% recovery and RSD of 35 to 42% 

using E2D2. WF was then selected as external standard for 

quantification, with E2D2 used to confirm retention times and to 

quantify any losses throughout the extraction. 

 

 

 

Table 2.  LC/MS/MS instrument settings 

Precursor ion Product ions DP EP CEP CE CXP 
Compound (m/z)  (m/z) (V) (V) (V) (eV) (V) 

Estrone 269 145 –90 –8 –16 –16 2 
142 –90 –8 –16 –66 –2 

17b-Estradiol 271 145 –90 –8.5 –14 –50 2 
183 –90 –8.5 –14 –52 –4 

17a-Ethynyl 295 145 –82 –10 –13 –54 –4.6 

estradiol 199 –48 –10 –17 –54 –7.8 

DP: declustering potential; EP: entrance potential; CEP: collision cell entrance potential; CE: collision energy; CXP: collision cell exit 

potential 



The recovery range and repeatability of extraction as 

presented were deemed fit for purpose and further analytical 

recovery was not required. 

 

Assessment of the influence of cofactors on EDC analysis 

The impact of sample volume was examined by the extraction of 

spiked water volumes ranging from 100 mL to 5 L. The 

recoveries at each volume (100, 250, 500, 1000 and 5000 mL) 

were 65–127% for E1, 72–132% for E2, and 69–129% for EE2. 

At low concentrations and low sample volumes (e.g. 0.5 ng in 100 

mL, equivalent to 5 ng/L) the recoveries were highly variable. 

A 5-L sample size was selected as optimal for analysis purposes. 

The recoveries of spiked EDCs ranged from 88 to 102%, with 

RSDs of 3.2 to 9%. The recovery differences between different 

salinity regimes were compared using a one-way analysis of 

variance (ANOVA) with assumption tests of normality and equal 

variance performed prior to ANOVA. There was  no  statistically  

significant  difference (P = 0.14, 0.77 and 0.13 for E1, E2 and 

EE2, respectively) between salinities; thus, salinity alone was 

deemed not to influence the dissolved concentrations of EDCs. 

The concentration of suspended particulate matter in seawater is 

typically <15 mg/L,[44,45] with increases up to 70 mg/L occurring in 

certain areas, such as river plumes.[44,46] Sorption of steroid 

estrogens  under  estuarine  conditions  is  relatively  slow, with 

sorption equilibrium reached after 70 to 170 h for E1 and E2, 

respectively.[47] Analysis of the extracted filter papers gave 

concentrations that were < LOD (range 0.4 to 1.7 ng/g dw) for 

all compounds. The recoveries of dissolved E1, E2 and EE2 in 

the filtered extracts were 51, 84 and 51%, respectively. The fact 

that levels were not detected in the particulate phase but with 

reduced recovery in the water phase suggests that all three 

compounds primarily remained in the water phase, but might be 

subject to differing degrees of degradation during the overnight 

shaking process at room temperature. Similar reductions in 

concentration after 24 h in spiked seawater have been noted for E2 

and EE2 by Ciocan et al.[48] and for E1, E2 and EE2 by Van den 

Belt et al.[49] Lopez de Alda and Barceló[50] also found that filtration 

did not lead to significant losses of estrogens from water samples. 

The steroid estrogens typically have rapid degradation rates, with 

half-lives reported ranging 

from hours to days.[51–53] In a laboratory study on the fate and 

behaviour of estrogens in river waters, Jürgens et al.[17] found that 
the steroid estrogens undergo aerobic degradation and attributed 
this to bacterial degradation, as no degradation was observed in 

sterile controls. Labadie and Budzinski[35] and Jürgens et al.[54] 

found that bacterial degradation resulted in half-lives of E1 of 0.2 
to 7.2 days. It is possible that degradation occurred due to the 
presence of bacteria in the sediment. While of limited concern for the 
data reported herein, it is important to note that deconjugation by 
bacterial enzymes in WWTPs, or in the aquatic environment, re-
activates these conjugates to the biologically active parent 

compounds;[15,16] thus, they can still be present in the environment, 
even after treatment in a WWTP. It should be noted that secondary 
treatment processes, such as activated sludge, have been shown to 
remove up to 90% of E1, E2 and EE2 from wastewater during 

treatment[55,56] while UV sterilisation has been demonstrated to 
remove between 70 and 100% of E1, E2 and EE2 from wastewater 

during treatment.[56]
 

 
Analysis of steroid estrogens in water and biota samples 

Estrone was detected at NBL at 0.76 ng/L (Table 3), while E2 

and EE2 were not detected in seawater (LOD 0.08 and 

0.14 ng/L, respectively). These are the first measurements of 
E1 concentrations in receiving waters in Dublin Bay by 
LC/MS/MS. The estrogenicity of effluent and receiving waters 
from the Ringsend WWTP has previously been deter- mined using 
the yeast estrogen screen, and this was conducted prior to the 
addition of tertiary UV treatment at the plant in a study by 

Tarrant et al.[52] The estrogenicity, expressed as estradiol 
equivalents, was 16 ng/L in effluent but was not detected in 
receiving waters. The samples in this study and in the study of 

Tarrant et al.[52] were collected using spot samples, which only 
provide a snapshot of a single moment in what is generally a 

dynamic environment. A study by Williams et al.[57] showed that 
daily grab samples of waters taken from a river had a wide 
variance in daily E1 concentrations, ranging from 0.32 to 2.5 
ng/L. Potential sources of E1 detected in this study included 
Ringsend WWTP effluent, and/or other effluent or agricultural 
run-off entering upstream in the River Liffey catchment. 

 

 
 

Table 3. Results 

NBL, Dublin Bay Mutton Island, Galway Bay Aughinish Bay, Co. Clare 

Water (ng/L) 
E1 0.76 nd (0.07) n/a 
E2 nd (0.07) nd (0.07) n/a 
EE2 nd (0.11) nd (0.11) n/a 
n= 1 1 n/a 

Mussels (ng/g wet weight) 
E1 nd (0.4) nd (0.4) nd (0.4) 
E2 nd (0.9) nd (0.9) nd (0.9) 
EE2 nd (0.3) nd (0.3) nd (0.3) 

n= 1 1 4 

nd = <LOD (0.4, 0.9 and 0.3 ng/g for E1, E2 and EE2) in mussels and < LOD (0.07, 0.07 and 0.11 ng/L for E1, E2 and EE2) in water. n/a 
= not analysed 



The concentration of E1 detected is consistent with values 
reported in surveys of receiving waters and coastal waters, with 

estrogens generally reported in the range of <1 to 10 ng/L.[57,58] 

Steroid estrogens have been detected in WWTP effluent in con- 
centrations up to 82, 3.5 and 1.7 ng/L for E1, E2 and EE2, 

respectively. Atkinson et al.[22] studied E1 distribution in coastal and 
oceanic sites using radioimmunoassay (RIA), and found the 
highest concentrations of E1 near sources of wastewater. E1 was 
not detected (LOD 4 ng/L) in the open ocean but was detected up 
to almost 200 ng/L in the coastal areas of Key West, Florida,  
USA, and Rehoboth Bay, Delaware, USA. Values reported for the 
three selected Irish coastal sites in this study are low relative to 
other similar studies in industrialised coastal and estuarine areas, 
despite Dublin Bay being one of the more industrialised locations 
in Ireland. 

E1, E2 and EE2 were not detected in any mussel sample, 
despite the proximity of mussels in Dublin and Galway to 
WWTP effluent inputs. Furthermore, E1 and E2 were not 
detected in a seasonal study of EDC levels in mussels from the 
Redbank hatchery in Aughinish Bay (n = 4 samples, Table 3). 
The mussels from this site have been used in a number of 

transplantation and in vivo studies[59,60] and characterising 
potential temporal variation is an essential prerequisite for the 
evaluation of EDC levels and potential impacts on test species, 
and in monitoring studies. 

A variety of concentrations of endogenous steroids have been 

reported for Mytilus spp. A review by Janer and Porte[61] reported 
that E2 levels in molluscs are spread over 4 orders of magnitude, 
depending on the species and method used for detection. E2 
has been reported to be present at up to 5.42 ng/g dry weight 

(dw) in M. galloprovinicallis using ELISA,[29] and up to 2.5 ng/g 
and 0.2 ng/g wet weight (ww) in M. edulis gonad tissue and 

peripheral tissue, respectively, using RIA.[62] Detection of 
steroids at and below these concentrations using MS techniques 
has proved challenging, despite the development of methods with 
very sensitive detection limits. Steroids were not detected in 
Mytilus spp. using GC/MS, despite the technique having 

detection limits of 0.1 to 0.2 ng/g ww.[30] Pojana et al.[31] used 
LC/MS/MS to analyse E1, E2 and EE2 in mussels taken from the 
highly urbanised Venetian coastal lagoon. EE2 was detected at 
7.2 to 38 ng/g dw, but E1 and E2 were not detected, with LODs 
of 1.5 ng/g dw (~0.3 ng/g ww assuming 20% dry matter). The 
LODs attained in this study (0.4 to 1.7 ng/g ww) are similar  

to  those  reported  by  Pojana  et  al.[31]  and  Dévier et al.[30]
 

Immunoassay techniques, while generally rapid and 
inexpensive, are less specific than MS. The specificity of 
RIA may be limited by cross-reactivity or subjected to inter- 

ferences  from  co-extracted  matrix  components.[63]  Zhu et 

al.[14] reported E2 levels of 165 ± 54 ng/g ww in M. edulis gonad 
tissue, using quadrupole-time-of-flight mass spectrometry (Q-
TOF-MS), and 854 ng/g using RIA. Further investigation using 
Q-TOF-MS revealed two E2 immunoreactive materials present 
in the sample, one corresponding to authentic E2, and the 
other with a four times higher E2 reactivity, which the authors 
concluded was an E2 isoform. Endogenous E2 was detected in 

the gastropod snail Potamopyrgus antipodarium by Gust et al.[63] 

using RIA; how- ever, the authors could not detect E2 using 
LC/ESI-MS/MS. They concluded that the levels detected by 
RIA should be used   with   caution   due   to   the   possible   
presence   of 

interfering substances and cross-reactivity. The discrepancy 
between E2 results by MS and RIA might explain why some 
sensitive MS  techniques  are  unable  to detect E2 at the 
concentrations reported by RIA despite the techniques having 
similar LODs. The specificity of MS detection as reported 
herein allows the detection of ’authentic’ E2 and not the E2 
isoform detected using RIA. MS techniques are a powerful tool 
for the accurate elucidation of the concentration and profiles of 
endogenous steroids  in Mytilus spp. Natural and synthetic 
steroid estrogens have been shown to be biologically active at 
low concentrations; thus, successful analysis requires low 
detection  limits, and highly sensitive and selective analysis. 
Seasonal fluctuations in endogenous steroids might complicate 
the interpretation of estrogenic bioassay results; thus, their 
determination will provide invaluable information for use in 

future studies. The ability to accurately identify endogenous 
and exogenous estrogens is a major advantage of LC/MS/MS. 

 

 
 

CONCLUSIONS 
 

While this paper details the detection of steroids at environ- 

mentally and ecotoxicologically relevant concentrations using 

mass spectrometric methods it is clear that their analysis in 

complex marine matrices can continue to present analytical 

challenges. It is likely that ion suppression due to co-extracted 

compounds in the sample matrix continues to be a key 

contributing factor inhibiting successful analysis. Continued 

lowering of detection limits and the development of cost-

effective techniques to remove interferences are required to 

provide greater insight into natural steroid profiles within marine 

organisms such as Mytilus spp., and to support accurate 

interpretation of biomarkers of estrogenicity. Filtration of water 

samples was not found to affect analyte recovery. The 

developed method was successfully employed for the 

simultaneous detection of steroid estrogens (E1, E2 and EE2) in 

water and biota at concentrations above 0.4 to 0.9 ng/g in biota, 

and 0.07 to 0.14 ng/L in sea- water, with E2 water concentrations 

being below 0.08 ng/L which is the proposed WFD ’total  

water’  EQS.  The first reported detection of E1 in Dublin 

Bay and in Irish coastal waters by LC/MS/MS demonstrates 

that the developed method will prove a valuable tool for 

ongoing surveillance, and ecotoxicological and environmental 

monitoring purposes. 
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