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A B S T R A C T   

Estrogens are endocrine disrupting chemicals and of high concerns due to demonstrated harmful effects on the 
environment and low effect levels. For monitoring and risk assessment, several estrogens were included in the 
"watch list" of the EU Water Framework Directive which sets very low environmental quality standard (EQS) 
levels for Estrone (E1) and 17β-Estradiol (E2) of 0.4 ng L− 1 and for 17α-Ethinylestradiol (EE2) of 0.035 ng L− 1 

requiring sensitive detection methods, as well as extensive sample preparation. A sensitive, derivatization-free, 
isotope dilution calibration HPLC-MS/MS method for a panel of 5 selected estrogens (including the 3 estrogens of 
the EU WFD watchlist), and a procedure for the reproducible preparation of a representative whole water matrix 
including mineral water, humic acids and solid particulate matter are presented. These are used in a diligent 
comparison of classical solid phase extraction (SPE) on hydrophilic-lipophilic balanced (HLB) phase to SPE on an 
estrogen-specific molecularly imprinted polymer phase (MISPE) for ultra-trace levels of the analytes (1–10 ng 
L− 1). Additionally, a two-step procedure combining HLB SPE disks followed by MISPE is evaluated. The tow-step 
procedure provides superior enrichment, matrix removal and sample throughput while maintaining comparable 
recovery rates to simple cartridge SPE. Estimated method quantification limits (MQLs) range from 0.109–0.184 
ng L− 1 and thus meet EQS-levels for E1 and E2, but not EE2. The representative whole water matrix provides a 
reproducible comparison of sample preparation methods and lays the foundation for a certified reference ma
terial for estrogen analysis. The presented method will serve as the basis for an extended validation study to 
assess its use for estrogen monitoring in the environment.   

Introduction 

Estrogens have been discussed as environmental pollutants since the 
early 1990s [1]. Estrogens are endocrine disrupting chemicals (EDCs) 
with very low effective concentrations. Their potential harmful effects 
have long been known but have since been observed in the environment 
as well [2–7]. In wastewater, but also in surface waters and drinking 
water, estrogens occur in sometimes alarmingly high concentrations 
[8–16]. Three particularly relevant estrogens, estrone (E1), 17β-estra
diol (E2) and 17α-ethinylestradiol (EE2), were therefore included as 
priority substances in the EU Water Framework Directive (EU WFD) at 
the turn of the millennium [17]. The EU also implemented environ
mental quality standards (EQS) for the concentration of these estrogens 

in surface waters. Due to small predicted no-effect concentrations [18], 
these are in a very low range of 0.4 ng L− 1 for E2 [19] and 0.035 ng L− 1 

for EE2 [19]. These low concentrations are challenging even for 
state-of-the-art methods and equipment, although the determination of 
estrogens in environmental samples is well established [2,8–12,16,20, 
21]. 

Despite the plethora of methods for quantifying estrogens in envi
ronmental matrices, few achieve the low detection limits required by EU 
WFD standards – especially not for EE2 [22,23]. Comprehensive sample 
preparation is essential in this regard. Filtration and multiple extraction 
steps are common [24–28]. Methods have been published for up to 10 L 
of sample [29]. However, large sample volumes usually lower 
throughput which is important for efficient monitoring programs. 
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Selective enrichment is of particular importance here to minimize the 
co-purification of interfering substances. Ubiquitous dissolved organic 
carbon (DOC) like humic acids may be concentrated along with the 

analytes. Matrix effects reduce the signal response in tandem mass 
spectrometry [30], the technique most commonly used for detection. 

Matrix removal can be improved with molecularly imprinted poly
mers (MIPs) that are specifically tailored to estrogens as sorbents for 
solid phase extraction (SPE) These are commercially available and have 
been applied to environmental samples [31–33]. 

It has been shown that adsorption of estrogens on particles sus
pended in water must be considered when determining concentrations 
[34–36]. In addition, filter materials may adsorb estrogens [37]. This 
precludes the common practice of pre-filtering environmental samples 
with high particle load. Suspended solids are a particular problem for 
SPE, as the cartridges used easily become clogged, prolonging process
ing time or making extraction impossible altogether [38]. Here a 
representative whole water matrix is used in a direct comparison of a 
classical HLB SPE Method with a MISPE method, as well as in a com
bined approach with HLB SPE Disk preconcentration, followed by 
MISPE. A sensitive HPLC-MS/MS method for an analyte panel of five 
estrogens was developed. The panel includes the EU WFD priority sub
stances E1, E2 and EE2 plus the estrogen metabolites Estriol (E3) and 

Fig. 1. Result of the three different sample 
preparation procedures. Shown are measured 
final concentrations of the respective analyte 
normalized to the neat standard. Dotted bars 
show the neat standard, rhombic bars the post- 
spike and hatched bars the pre-spike sample. 
Normalized pre-spike concentration is equal to 
absolute recovery. The difference between post- 
spike and neat standard corresponds to the 
matrix effect and the difference between post- 
spike and pre-spike to loss of analyte. Error 
bars are standard deviations of triplicate sam
ples with three injections. Note that the stan
dard deviation for the post-spike samples is 
higher because the analytes were added volu
metrically for practical reasons.   

Fig. 2. Representative whole water matrix and 
SPE procedure. (A) A representative 1 L sample 
of the representative whole water matrix (B) 50 
mL of SPE disk eluate of a 1 L sample of 
representative whole water matrix (C) SPE disk 
eluate after evaporation to 1 mL (D) SPE disk 
eluate diluted in 10 mL of H2O (E) Diluted SPE 
disk eluate applied to MISPE column. (F) 3 mL 
of MISPE eluate of a 0.1 L sample of represen
tative whole water matrix (G) HLB-SPE eluate 
of a 0.1 L sample of representative whole water 
matrix (H) 1 mL final sample after MISPE (left) 
and HLB-SPE (right), respectively. Note that 
eluate and final sample after MISPE and com
bined SPE disk and MISPE procedure are visu
ally indistinguishable from each other, which is 
why only one representative sample is shown 
here.   

Table 1 
Instrument detection and quantification limits (IDL and IQL), relative standard 
deviation (RSD) of the calibration and linearity R calculated according to DIN 
32645 for N = 11 standard levels with n = 3 injections (significance level α=0.01 
and coverage factor k = 3). Estimated method detection limit (MDL) and 
quantification limit (MQL) are based on IDL and IQL factoring in recovery and 
preconcentration of the two-step process.  

Analyte IDL 
[ng L- 
1] 

IQL 
[ng L- 
1] 

RSD 
[%] 

R Estimated 
MDL [ng L-1] 

Estimated 
MQL [ng L-1] 

E1 15 51 1.2 0.9998 0.033 0.109 
E2 16 53 1.6 0.9996 0.033 0.109 
E2α 28 91 2.0 0.9993 0.058 0.184 
E3 24 77 2.1 0.9992 0.054 0.172 
EE2 26 82 2.3 0.9991 0.058 0.184  

Table 2 
Relative recoveries in the pre-spiked samples for each SPE procedure, i.e., the quotient of the area-to-concentration ratio of the native analytes and respective internal 
standards. Standard deviations are calculated for triplicate samples with three injections.   

HLB  MIP  HLB+MIP   
Relative recovery [%] Standard deviation [%] Relative recovery [%] Standard deviation [%] Relative recovery [%] Standard deviation [%] 

Estrone 0.9700 0.0025 0.9254 0.0105 0.9620 0.0030 
Estradiol 1.0002 0.0001 1.0002 0.0001 1.0001 0.0001 
17α-Estradiol 1.0009 0.0002 1.0007 0.0004 1.0014 0.0006 
Estriol 0.9965 0.0009 0.9916 0.0021 0.9960 0.0007 
Ethinylestradiol 1.0017 0.0005 1.0021 0.0006 1.0012 0.0004  
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17α-Estradiol (E2α). E3 is one of the three major human estrogens, 
together with E1 and E2, which constitutes the major free estrogen in 
human urine due to its increased water solubility. Besides its pharma
ceutical use as a hair growth promoter, E2α is the primary estrogen in 
cattle, making it a severe environmental concern in dairy wastewater 
and manure [39]. More recently its human excretion has also received 
scrutiny [40]. Due to their physicochemical similarity, the resolution of 
the two Isomers of E2 is also a useful benchmark for the efficiency of a 
chromatographic separation. 

Methods 

Materials and chemicals 

For the preparation of the representative whole water matrix, a 
commercially available non sparkling mineral water with known inor
ganic composition and distinct pH value of 7.3 was used. Humic acids 
(sodium salt, technical grade, Sigma-Aldrich Pty Ltd, an affiliate of 
Merck KGaA, Darmstadt, Germany) and fresh-water sediment (certified 
reference material CRM016, Sigma-Aldrich Pty Ltd, an affiliate of Merck 
KGaA, Darmstadt, Germany) were purchased as dry solids. For the 
filtration of the humic acid stock solution, 0.45µm polyethersulfone 
(PES) filters from Sarstedt (Nuembrecht, Germany) were used. 

Oasis® HLB cartridges (6 mL, 150 mg) from Waters (Milford, MA, 
USA), Affinimip® SPE Estrogens cartridges (3 mL, 100 mg) from Affi
nisep (Le Houlme, France) and Atlantic ® HLB-H Disks (47 mm) from 
Biotage (Uppsala, Sweden) were applied for extraction, preconcentra
tion and purification, respectively. 

Ultrapure water was generated with an ELGA Purelab® flex (Veolia 
Water Technologies, Paris, France) water purifier. ULC/MS grade sol
vents methanol and acetonitrile were obtained from Biosolve B.V. 
(Valkenswaard, Netherlands). Ammonium fluoride (≥99.99 % trace 
metals basis) was purchase from Sigma-Aldrich (St. Louis, MO, USA). 

Measurement standards 

Standards solutions for E1, E2α, E2, EE2 and E3 were prepared from 
ISO 17034 reference materials (LGC standards Ltd., Teddington, UK). 
Isotopically labelled internal standards 3,4-13C2-17β-Estradiol (LGC 
standards Ltd., Teddington, UK), as well as 17,17-13C2-17α-Ethinyles
tradiol, 2,4-D2-17α-Estradiol, 2,4-D2-Estriol and 2,4-D2-Estrone (CDN 
Isotopes, Pointe-Claire, Canada) were used for stable isotope dilution. 
Stock solutions of these compounds were prepared and diluted gravi
metrically. From these, a calibration curve of 0.1 to 1 ng mL− 1 was 
generated with internal standards at 0.5 ng L− 1. A mixture of all 5 
analytes and the respective internal standards of 10 ng mL− 1 each in 
methanol was used for spiking the samples. 

Representative whole water matrix 

For reproducible adjustment of the DOC content, a stock solution of 
humic acids of defined concentration in mineral water was developed. 
To prepare the humic acids stock solution, 4 g of humic acids are sus
pended in 1 L of mineral water and sonicated for 1 h at room temper
ature in an ultrasonic bath. The solution is then sedimented overnight at 
4◦C in a refrigerator. The next day, the solution is decanted and 
centrifuged (4000 x g, 60 min). A deep black suspension is obtained. 
This stock solution remains stable without precipitating upon further 
storage at 4◦C. An aliquot of the stock solution is filtered with a syringe 
filter (0.45 µm) and the DOC content is determined as non-purgeable 
organic carbon (NPOC) on a TOC-L series TOC analyser (Shimadzu, 
Kyoto, Japan). The SPM content is adjusted by adding a weighed amount 
of freshwater sediment reference material to the water matrix. 

Solid phase extraction 

For HLB-SPE and MISPE (supplementary Table 3), 0.1 L represen
tative whole water matrix samples were used. Pre-spike samples were 
generated by sinking a vial containing 100 µL of a mixture containing 10 
ng mL− 1 of all analytes and the appropriate internal standards. The 
volume of the vial content is controlled gravimetrically. The samples 
were put on a horizontal shaker at 120 strokes per min for 30 min to 
equilibrate. For post-spike samples, the same amount was added to the 
eluate by pipetting. The solvent was evaporated under N2 in a Turbo
Vap® II (Biotage,Uppsala, Schweden) evaporator to dryness and was 
reconstituted in 1 mL 20% acetonitrile. Separate samples were spiked 
before and after SPE processing to estimate matrix effects. For com
parison, 1 mL clean standards were also prepared in triplicate to 1 ng 
mL− 1 in 20% acetonitrile. 

For the two-step procedure 1 L of sample was prepared and pre
concentrated using HLB SPE disks (supplementary Table 3). Pre- and 
Post-spike samples were spiked with 100 µL of estrogen solution as 
described above. The extract was reduced to 1 mL in a TurboVap® LV 
(Biotage,Uppsala, Schweden) evaporator with volume sensor (at 1 mL). 
Then, 10 mL of ultrapure water were added, and the diluted sample was 
purified by the same procedure as the MISPE-only samples. Post-spike 
samples were only spiked after the second step. 

All samples were prepared and worked up in triplicate. In Addition, 
the dry weight after SPE was determined for each of the sample prepa
ration methods with representative samples without estrogens to get a 
quantitative estimate of matrix removal. 

HPLC-MS/MS 

Quantification was achieved on an Agilent 1260 Infinity II HPLC 
system coupled to an AB Sciex QTRAP® 6500 triple-quadrupole mass 
spectrometer equipped with an electrospray ion source (ESI) in negative 
ionization mode. An Agilent ZORBAX SB-Phenyl (80 Å, 1.8 µm, 4.6 × 50 
mm, 600 bar) column was used for separation. The mobile phase con
sisted of ultrapure water containing 0.25 mM ammonium fluoride 
(eluent A) and methanol (eluent B). Isocratic elution was performed at 
60 % B for 15 min, washing for 10 min and reequilibrating for another 
10 min. The flowrate was 200 µL min− 1. MS-parameters and MRM 
transitions can be found in the supplementary material. 

Isotope dilution calibration with an internal standard level of 500 ng 
L− 1 was used for all standards and samples to determine relative re
coveries independent of the preconcentration procedure. Calibration 
curves can be found in the supplementary material. All samples and 
standards were injected three times and measured in random order. 
Blank samples were injected between each measurement to preclude 
carry-over. 

In addition, the HPLC-MS/MS method was calibrated according to 
DIN 32645 [41] (data not shown) to obtain an estimate for the instru
ment detection and quantification limits (IDL and IQL). Estimates were 
then calculated for method detection and quantification limits (MDL and 
MQL) from the instrument limits factoring in the recovery and pre
concentration of the two-step procedure according to 

MDL or MQL =
IDL or IQL

concentration factor ⋅ recovery  

with a concentration factor of one thousand (1 L to 1 mL) and the re
covery of the respective analyte. This operates under the assumption 
that the matrix is quantitatively removed so that instrument perfor
mance is not affected by the sample. 

Results 

A sensitive HPLC-MS/MS method for the quantification of the ana
lyte panel in the low ng L− 1 range without the need for derivatisation 
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was developed and optimized. Linearity is very high with and without 
isotope dilution calibration and baseline separation of the critical pair 
E2 and E2α was achieved with isocratic elution at room temperature. 

The estrogen concentrations of 0.1 L (for HLB and MISPE) and 1 L 
(for the two-step process) representative whole water samples spiked 
with the five analytes at a concentration of 1 ng L− 1 were determined by 
LC-MS/MS. Fig. 1 shows, for all analytes, the concentrations of the 
samples spiked with estrogens before (shaded) and after (diamond) 
purification compared to the pure standard (dotted) with the respective 
sample preparation procedures. Absolute recovery was 20 to 60 % for all 
analytes. The values for estriol are somewhat lower due to its higher 
polarity. Although different sorption characteristics have been pub
lished for the two estradiol isomers [42], they and EE2 were found to 
behave similarly within the measurement error uncertainty. E1 is 
retained much more poorly in MISPE than E2. 

The composition of the commercial MIP is not disclosed by the 
manufacturer. Although a variety of different functional monomers are 
available, specificity is most often conferred by hydrogen bonding [43]. 
The template is likely E2, as it is the most used template in the literature 
for Estrogen MIPs [44]. Therefore, the best recoveries are expected for 
E2, while the additional hydroxyl group of E3 might affect optimal 
binding. The same is true for the carbonyl group of E1, which cannot act 
as a hydrogen bond donor. In contrast, EE2 and E2α provide the same 
functionality as E2 and only differ sterically, which is expected to have a 
smaller influence on the binding. Other functional monomers mediating 
ionic, or pi-pi interactions would interact with the phenol moiety and 
therefore would not cause discrimination between analytes. Hydro
phobic interactions would favour E2, E2α and EE2 over E1 and E3 as the 
latter are more polar. 

To further confirm the matrix removal capability of the MISPE the 
dry weight after SPE was determined to quantify DOC removal. The 
result was 50 % and 70 % removal for the HLB cartridge and HLB SPE 
disk, respectively. For the MISPE and the two-step process, the dry 
weight was below the error of the fine balance (±0.01 mg, corre
sponding to 1.43 % of the sample DOC). In Fig. 2, the co-purified DOC 
after HLB disk and cartridge SPE is clearly visible as a yellowish to deep 
brown discoloration of the respective eluate. The final sample of the 
HLB-SPE (Fig. 2 H) retains a yellowish tint and small particles of 
aggregated humic acids are visible on the surface, whereas samples were 
always perfectly clear after the MISPE and the two-step procedure. 

The estimated MQL for the two-step process is in the lower pg L-1 

range (Table 1). While absolute recoveries were similar for all analytes 
the response factor for EE2 was consistently the lowest of the analyte 
panel. Relative recoveries were very close to one hundred percent for all 
samples with very small standard deviations (Table 2). E1 shows a slight 
deviation. 

Discussion 

While the HLB sorbent retains the analyte almost quantitatively, co- 
elution of matrix components leads to significant matrix effects that 
reduce measurement sensitivity and thus lower absolute recoveries. By 
contrast, the MIP sorbent was far superior in terms of matrix removal, 
but a considerable portion of analytes was lost. Overall, this makes 
performance of the two sorbents comparable, but for E1 and E3, the 
classic HLB SPE surpasses the MISPE. However, a combined method 
using an HLB step followed by MISPE for matrix removal proved to be a 
good compromise, offering decent recovery at very low matrix load. It 
was also found that pre-purification increases the efficiency of MISPE, 
with the 2-step procedure yielding twice as high recoveries for E1 and E3 
as the MISPE alone. Although ten times the sample volume was used for 
the evaluation of the two-step procedure, performance was comparable 
to the other two methods. In particular, the matrix effect becomes 
negligible within measurement accuracy. 

A reduced matrix load not only benefits sensitivity, but also extends 
the life of the HPLC and MS instrument components. In addition, if a 

derivatization step is required for detection, a substantially smaller 
amount of reagent is consumed, reducing cost and waste. This is 
particularly important for gas chromatography (GC), which is still the 
most common analytical method in routine laboratories, as estrogens 
are not volatile enough for GC. This makes the sample preparation 
method highly suitable for routine analysis. 

The use of disk SPE allows for higher flow rates, so the total sample 
preparation time of the two-step procedure barely exceeds that of a 
standard cartridge SPE. The SPE disk also allows higher sample volumes, 
which directly increases the detection limit of the method. In addition, 
SPE disks allow whole water analysis without the need for filtration 
while meeting EU WFD requirements. For this application, the two-step 
procedure can be recommended. 

With the representative whole water matrix, it was possible to reduce 
sample variability to a minimum and achieve a rigorous comparison of 
the different procedures. The detrimental effect on MISPE recoveries 
illustrates, that the matrix is by no means oversimplified. This consti
tutes a reasonable basis for a future application as a certified reference 
material which is urgently needed for estrogen monitoring under EU 
WFD requirements. 

The HPLC-MS/MS method is particularly suitable to routine analysis 
as it does not require derivatisation of the analytes, reducing workload. 
Isotope dilution calibration compensates any losses during sample 
preparation formidably. Estimates for the MQL of the two-step process 
with HPLC-MS/MS detection do meet EU WFD requirements for E1 and 
E2, but not EE2 (184 pg L− 1 instead of 35 pg L− 1). However, due to 
efficient matrix removal, little loss of sensitivity is expected if the sam
ple, final, or injection volume of the method would be increased. This 
would not have been appropriate for the present study, as the robustness 
of the method was more crucial than its sensitivity for obtaining reliable 
results. A modified method based on the results of this work is currently 
being validated according to XP CEN/TS 16800 [45] for use within EU 
WFD monitoring programs as part of the EU project 18NMR01. The 
results are expected to be published shortly. 
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