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Abstract An online ultra-high-performance-liquid
chromatography-triple quadrupole tandem mass spectrometry
(UHPLC-MS/MS) method for detection and quantification of
natural and synthetic estrogens and their conjugates in aque-
ous matrices was developed. Target compounds include the
natural estrogen estradiol (E2) and its main metabolites es-
trone (E1) and estriol (E3), the synthetic estrogens
ethinylestradiol (EE2) and diethylstilbestrol (DES) and their
conjugates estrone 3-sulfate (E1-3S), estriol 3-sulfate (E3-3S),
estradiol 17-glucuronide (E2-17G), estrone 3-glucuronide
(E1-3G), and estriol 16-glucuronide (E3-16G). After pH ad-
justment, sample filtration and addition of internal standards
(IS), water samples (5 mL) were preconcentrated on a
Hypersil GOLD aQ column after which chromatographic sep-
aration was achieved on a Kinetex C18 column using metha-
nol and water as a mobile phase. The experimental parame-
ters, such as sample loading flow rate, elution time, the per-
centage of organic solvent in the aqueous-organic eluent

mixture, pH, and volume of analyzed samples, were opti-
mized in detail. The benefits of the method compared to pre-
viously published methods include minimum sample manip-
ulation, lower detection limits, reduced total analysis time, and
overall increased method accuracy and precision. Method de-
tection limits (MDLs) are in subnanogram per liter, complying
with the requirements of the EC Decision 2015/495 (Watch
list) for hormones listed therein. Applicability of the devel-
oped method was confirmed by analysis of river and raw
wastewater samples taken directly from urban sewerage sys-
tems before being discharged into the river.
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Introduction

Endocrine-disrupting compounds (EDCs) have become a
public health concern in modern times because of their detri-
mental effects on the human endocrine system [1, 2]. Among
the various substances with reported endocrine-disrupting
properties, natural and synthetic estrogens are of particular
interest due to their high estrogenic potency [3–5] and the
effects that they could cause to aquatic organisms even at
below nanogram per liter concentrations [6, 7]. The three ma-
jor naturally occurring estrogens in women are 17β-estradiol
(E2) and its main metabolites estrone (E1) and estriol (E3).
They are also used as contraceptives or medication for meno-
pausal women, i.e., E2 and the synthetic estrogen 17β-
ethinylestradiol (EE2) are active ingredients in a number of
drugs used in physiological hormonal replacement therapies,
treatment of prostate and breast cancer, and hair lotions for
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contrasting alopecia [8]. Both natural and synthetic steroids, in
either conjugated (as glucuronides and sulfates, principally) or
unconjugated form, are excreted in the urine of mammalians
and enter the aquatic environment via wastewater treatment
plant (WWTP) effluents or untreated discharges.

Estrogens have been detected by a variety of analytical
procedures in influents and effluents of WWTPs and in sur-
face water, groundwater, and drinking water [9–16]. The com-
plexity of the environmental matrices and the very low envi-
ronmental concentrations require the use of highly sensitive
and selective methods to monitor these EDC compounds in
water. Although a number of approaches for the detection of
estrogens have already been published, their determination is
still a difficult analytical task. New requirements in the field of
water policy by the European Community Water Framework
Directive have become of scientific interest and a new chal-
lenge in the analytical world [17]. According to the EC
Decision 2015/495, estrogen compounds such as E1, E2,
and EE2 are included in a novel Watch list of emerging pol-
lutants, among other substances for monitoring in the
European Union [18]. The maximum acceptable method de-
tection limits (MDLs) required for EE2 and E1/E2 are 0.035
and 0.4 ng/L, respectively. However, achieving such low
MDL in real environmental samples (i.e., surface water) is
an extremely difficult achievement that requires either large
volume off-line solid-phase extraction (SPE) or specifically
optimized online approach combined with high sensitivity
detection using the last generation mass spectrometry (MS/
MS) instruments [19]. While several authors reported MDLs
for E1 and E2 in the range of the required 0.4 ng/L [20, 21],
none of the methods described in the literature achieve detec-
tion of EE2 at the required 0.035 ng/L making the online
approach particularly suitable and necessary for such a de-
manding task.

Nowadays, the technique of choice for the analysis of this
group of compounds of different polarities in complex matri-
ces is liquid chromatography-tandem mass spectrometry (LC-
MS/MS), as less demanding method than gas chromatography
(GC-MS), since it does not require an additional step such as
derivatization or hydrolysis, which may cause losing informa-
tion about hormone conjugates (e.g., sulfate and glucuronide)
[22]. According to published papers, estrogen glucuronides
and sulfates have received less attention, because of their
low estrogenic potency, and only a few papers took into ac-
count their environmental distribution and behavior [23–28].
However, their monitoring is especially relevant for WWTP
samples, where deconjugation may occur resulting in an in-
crease of free form [5, 23, 29, 30]. Many reported methods are
based on off-line SPE [31–34], which makes them time-
consuming and requires a large volume of samples (250–
1000 mL) in order to achieve low MDLs. Other drawbacks
of the off-line SPE procedures are that they often need many
steps before reaching an extract concentration suitable for

instrumental analysis, of which only a small portion is actually
injected onto the chromatographic column. In recent years,
labor-saving and cost-effective online SPE has become more
popular as a sample preparation technique for water analysis
due to the small amounts of solvents necessary and low sam-
ple volume required (mL range), as well as a remarkable de-
crease in the total analysis time and improvement of precision,
accuracy, and sensitivity [21, 35–39]. Furthermore, the addi-
tional sample contamination and analyte losses, which may
occur during the off-line SPE sample pretreatment, are
avoided. Although currently available techniques could gen-
erally yield MDLs in the subnanogram per liter range, further
improvements are demanded and the applicability of the pro-
posed methodologies must be tested on real water samples.
MDLs and method quantification limits (MQLs) were esti-
mated with standard solutions and rarely in real matrices, so
they were probably often underestimated [40]. It should be
noted that in some cases, the MQLs reported [41, 42] were
calculated by statistical extrapolations, and estrogen concen-
trations are quantified up to four orders of magnitude lower
than the investigated linearity range [37].

In this context, the purpose of this work was to develop and
validate a completely automated, reliable, and cost-effective
method based on online SPE and ultra-high-performance-
liquid chromatography mass spectrometry (UHPLC-MS/
MS) for the determination of the most active and environmen-
tally relevant estrogens at below the nanogram per liter levels
in water thus complying with the required maximum accept-
able MDLs set up in EC Decision 2015/495 [18]. Target com-
pounds included the natural estrogen E2, its main metabolites
E1 and E3, the synthetic estrogens EE2 and diethylstilbestrol
(DES), and the conjugates estrone 3-sulfate (E1-3S), estriol 3-
sulfate (E3-3S), estradiol 17-glucuronide (E2-17G), estrone 3-
glucuronide (E1-3G), and estriol 16-glucuronide (E3-16G).
The method was validated in real water matrices, such as
raw wastewater and river water receiving municipal and in-
dustrial discharges.

Material and methods

Chemicals and materials

All pure standards of the target estrogens E2, E1, E3, EE2,
DES, E1-3S, E3-3S, E2-17G, E1-3G, and E3-16G were pur-
chased from Sigma-Aldrich (Germany). Isotopically labeled
compounds, used as internal standards (IS), were E1-d4, E2-
d2, EE2-d4, and E1-3S-d4 obtained from CDN Isotopes
Pointe-Claire, Quebec, Canada. The chemical structures and
physicochemical properties of target-free and conjugated es-
trogens are shown in the Electronic Supplementary Material
(ESM) in Table S1. Both individual stock standard and isoto-
pically labeled internal standard solutions were prepared on a
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weight basis in methanol at a concentration of 1000 mg/L.
After preparation, standards were stored at −20 °C. Working
standard solutions, containing all estrogens, were prepared in
water and were renewed before each analytical run by mixing
appropriate amounts of the intermediate solutions. The stan-
dard mixtures were used as spiking solutions for the prepara-
tion of the standard curve and in the recovery study. Separate
mixtures of isotopically labeled internal standards were ob-
tained in methanol and further dilutions in water for online
analysis. Samples for off-line analysis were prepared in
methanol:water (10:90) corresponding to the initial conditions
of the chromatographic run. Methanol and water were of
HPLC grade purity from Fisher Scientific (Whitby, ON,
Canada). Ammonium and sodium hydroxide were obtained
from Scharlab SL (Barcelona, Spain). Glass microfiber filters
GF/F (0.7 μm) were purchased fromWhatman (Fairfield, CT,
USA) and nylon membrane syringe filters (0.45 μm), used for
sample filtration before HPLC analysis, were provided from
Sigma-Aldrich (Germany).

Sample collection and preparation

The method was optimized using three types of water matri-
ces, namely river water (Onyar, located in Girona, Catalonia,
Spain), WWTP effluent, and influent water (WWTP Quart,
Catalonia, Spain). The applicability of the developed method
was tested on river (S1–S15) and raw wastewater samples
(WW1–WW15) collected at 15 sampling sites in the north
of Serbia (see Fig. S1 in the ESM). River water samples were
taken from Danube Basin and its major tributaries Tisa and
Sava, downstream of the discharges of raw wastewater. Sites
affected by the discharges of urban and agricultural wastes
were selected along the rivers as sampling points. Raw waste-
water samples were taken directly from urban sewerage sys-
tems before discharge into the receiving rivers without any
treatment. Information regarding the sampling sites is provid-
ed in the ESM Table S2. All samples were collected as grab
samples in prewashed amber glass bottles and transported
back to the laboratory under cooled conditions (4 °C) and
immediately frozen at −20 °C until analysis. Before analysis,
water samples were defrosted and filtered through 0.7-μm
glass microfiber filter. Water samples were pH adjusted to 11
with sodium hydroxide and were filtered through 0.45-μm
nylon membrane syringe filters. Finally, samples were placed
in amber glass SPE vials (10 mL), and prior to HPLC analysis,
a mix of IS (E1-d4, E2-d2, EE2-d4, and E1-3S-d4) was added
to achieve a final concentration of 50 ng/L.

Analytical method

Chromatographic analysis was performed using an automated
online preconcentration system EQuan™ coupled to a TSQ
Vantage triple quadrupole mass spectrometer (Thermo Fisher

Scientific) equipped with an electrospray (ESI) source. The
base of the EQuan™ system is a high-end HPLC system with
a high-performance injector that handles sample volumes
from 10 μL up to 5 mL fully automated. The system consists
of a PAL autosampler (CTC Analysis) and two quaternary
pumps: a loading pump (Accela™ 600 pump) and an elution
pump (Accela™ 1250 pump) both from Thermo Fisher
Scientific, and a three-valve switching device unit with a
six-port valve. A divert valve was programmed to control
loading and elution of the two LC columns. The first column
was used for preconcentration of the sample (20 × 2.1 mm,
12-μm particle size Hypersil GOLD aQ, Thermo Fisher
Scientific) and the C18 reversed-phase column for chromato-
graphic separation (50 × 2.1 mm, 1.7-μm particle size
Kinetex, C18, Phenomenex) (see Fig. S2 in the ESM which
shows the different valve positions of the online system during
analysis).

UHPLC-MS/MS analysis conditions

After testing different volumes (1 to 5 mL), the injection vol-
ume was set to 5 mL for all types of matrices. The flow rate
through the loading column was 1.75 mL/min during the
charge step. In the transfer step, the flow rate was set at
0.5 mL/min, while during the analysis time, the flow rate
through the eluting column was 0.4 mL/min. After the charg-
ing step, the six-port switching valve was activated and the
analytes were transferred from the preconcentration column to
the analytical column. When the transfer was finished, the
switching valve was activated and the analytes were separat-
ed. Simultaneously, the preconcentration column was rinsed
and conditioned. Chromatographic separation was performed
under gradient elution conditions using methanol and water.
The initial conditions were 50% methanol and they were held
during 3.5 min. Then, the gradient was linearly increased to
70% methanol during 1 min. Afterwards, the gradient was
linearly increased to 100% methanol in 3 min and kept
isocratic for 1 min. Finally, at the end of the run, the initial
conditions were reached. The duration of the whole analytical
procedure was 10.5 min and all the steps were performed
automatically. The overall chromatography conditions are
shown in Table 1.

Off-line mode was only used in the optimization procedure
to optimize chromatographic separation and to assess the rel-
ative recovery of the online extraction. Relative recovery was
calculated by comparing the peak areas obtained in the online
analyses of spiked HPLC samples with those obtained from
the injection of standard mixture in off-line mode. The opti-
mized conditions for the off-line analysis were also obtained
using methanol and water as a mobile phase. The elution
gradient was as follows: 10% methanol held isocratically dur-
ing the first 2.5 min, linear increase to 100% methanol in
2.5 min, isocratic elution at 100% methanol during the next
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1.5 min, and return to the initial conditions at 6 min (see
Table S3 in the ESM). The total elution time of the method
was 6 min.

Mass spectrometry

The detection was carried out on a TSQ Vantage triple quad-
rupole (QqQ) mass spectrometer (Thermo Fisher Scientific),
equipped with an ESI turbo spray ionization source. The op-
timized parameters which showed higher response for the ma-
jority of the compounds were as follows: spray voltage
2500 V, sheath gas pressure 40 (N2), auxiliary gas pressure
20 (N2), ion sweep gas pressure 0.5 (N2), and with capillary
and vaporizer temperature set at 300/350 °C, respectively.
Natural and synthetic estrogens and conjugates were separated
under negative ionization (NI) conditions as [M−H]−. The
cycle time was adjusted to 0.250 s, giving a minimum of 12
points per peak, and the first and third quadrupole (Q1 and
Q3) were operated at unit resolution (0.7 Da FWHM) and with
the second quadrupole (Q2) collision gas pressure set at
1.2 mTorr.

Quantitative analysis was performed using selected reac-
tion monitoring (SRM) mode, for each compound, and the
two most abundant transitions were monitored: the most in-
tense one used for quantification and the other for

confirmation of the chemical identity. In order to maximize
sensitivity and peak reproducibility, data acquisition was per-
formed under time-scheduled conditions. The optimized MS/
MS parameters and time-scheduled conditions for SRM anal-
ysis of individual target compounds are shown in Table 2. The
entire system was controlled via Xcalibur 2.2 software and
data were processed using TraceFinder 3.1 (Thermo Fisher
Scientific).

Method validation

The method was validated by using HPLC water and three
environmental matrices, spiked with a standard mixture of
target analytes and IS, which were added prior to analysis.
Each of the experimental conditions evaluated was run in
triplicate.

The relative recovery (RE) for the online method was eval-
uated by spiking HPLC grade water, confirming the efficiency
of the analyte transfer to the online system. In order to allow
the comparison, the same mass of mix standard of analytes
was injected in the off-line and online system (0.5 ng injected
on-column) [43]. The peak area ratio of the selected estrogen
of a direct injection (20 μL) was compared with those of the
online volume injection (5 mL). RE was calculated by using
following equation:

Table 1 The optimized LC-LC conditions

Valve
position

Start time
(min)

Pump 1: load pump Pump 2: elute pump

Injection volume: river, wastewater: 5 mL

Preconcentration column: 20 × 2.1 mm, 12 μm Hypersil
GOLD aQ Accela 600 pump

Analytical column: 50 × 2.1 mm, 1.7 μm Kinetex, C18
Accela 1250 pump

Solvent A: methanol Solvent A: methanol

Solvent C: water Solvent D: water

Flow
(mL/min)

Gradient A% C% Description Flow
(mL/min)

Gradient A% D% Description

Load 0:00 1.75 Step 2 98 Sample loading into the
EQuan™ column

0.4 Step 50 50 Analytical column
conditioning

Load 3:25 0.5 Ramp 2 98 Sample loading into the
EQuan™ column

0.4 Step 50 50 Analytical column
conditioning

Inject 3:50 0.5 Ramp 50 50 Analyte transfer to the
analytical column

0.4 Ramp 50 50 Analyte transfer to the
analytical column

Load 4:50 1 Ramp 100 0 EQuan™ column cleaning 0.4 Ramp 70 30 LC separation

Load 7:50 1 Ramp 100 0 EQuan™ column cleaning 0.4 Ramp 100 0 LC separation

Load 8:50 0.5 Ramp 100 50 EQuan™ column cleaning 0.4 Ramp 100 0 Analytical column
cleaning

Load 9:50 1 Ramp 2 98 EQuan™ column
conditioning

0.4 Ramp 50 50 Analytical column
conditioning

Load 10:50 0.5 Step 2 98 EQuan™ column
conditioning

0.4 Ramp 50 50 Analytical column
conditioning
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RE %ð Þ ¼ Aonline=AISonlineð Þ
Ao f f−line=AISo f f−lineð Þ

� �
*100%

Where Aonline/AISonline is the peak area ratio of analyte to
internal standard (IS) measured online, while Aoff − line/AISoff −
line is the peak area ratio of analyte to IS measured off-line.
Relative recoveries are indicated in Fig. S3 in the ESM. In
general, most of the target compounds were recovered at more
than 80% efficiency. Calculated standard deviation of all com-
pounds was low, indicating a good precision of the online
extraction.

Throughout the recovery evaluation, wastewater influent
and effluent were spiked in triplicate at 50 ng/L and surface
water at 5 ng/L (considering as much cleaner matrix).
Concentrations obtained after online SPE procedure, calculat-
ed by internal standard calibration, were compared by the
theoretical initial spiking levels. All the values shown in the
BResults and discussion^ section represent the mean of the
triplicate measurements. Along the analysis, quality control
standards (QCs) were injected in order to ensure a good per-
formance of the analysis. QCs were daily prepared in two
levels 5 and 50 ng/L with a mixture of target analytes and IS
and were measured after every 10 injections during the

analysis. Intraday and interday precision were determined
from six repeated injections of a 5-ng/L standard mixture dur-
ing the same day (repeatability) and in four successive days
(reproducibility).

For quantification of the analytes, a calibration curve was
constructed on the basis of seven points in the concentration
range of 0.5–100 ng/L, whereas the corresponding IS was
added at 50 ng/L. The IS were used to correct matrix effects
and recovery of extraction. In the absence of appropriate iso-
topically labeled analogues, for some of the compounds,
quantification was performed with the closely eluting IS (see
Table 2). According to the Commission Decision 2002/657/
CE, for positive identification, the following criteria were
adopted: (1) LC chromatographic retention time agreement
within 2%; and (2) relative abundance of the two transitions,
selected as precursor ion and product ion, fall within a range
±20% [44]. Identification of the target analytes was accom-
plished by comparing the retention time and UHPLC-MS/MS
signals of the target compounds in the samples with those of
standards analyzed under the same conditions. Complete elu-
tion of analytes and absence of carryover were checked
injecting blank samples after each batch of samples.
Throughout the whole determination procedure, contamina-
tion of blanks (water and methanol) was never observed.

Table 2 The optimized MS/MS parameters for SRM analysis of individual target compounds in NI ionization mode

Abbreviation Name Internal standardsa

(IS)
Start-stop
time (min)b

Precursor
ion (m/z)

S-lens
(Hz)

SRM1c

(m/z)
Collision
energy (eV)

SRM2d

(m/z)
Collision
energy (eV)

Natural and synthetic estrogens and conjugates

E2 Estradiol Estradiol-d2 5.00–7.00 271 105 183 40 145 41

E1 Estrone Estrone-d4 5.00–7.00 269 121 145 41 143 57

E3 Estriol Estrone-d4 3.50–5.50 287 117 171 38 145 43

EE2 Ethinylestradiol Ethinylestradiol-d4 5.00–7.00 295 129 145 43 143 55

DES Diethylstilbestrol Estrone-d4 5.00–7.00 267 92 251 26 237 29

E1-3S Estrone 3-sulfate Estrone-d4 sulfate 2.75–4.75 349 111 269 33 145 55

E3-3S Estriol 3-sulfate Estrone-d4 sulfate 2.75–4.75 367 110 287 35 171 53

E2-17G Estradiol 17-glucuronide Estrone-d4 sulfate 2.75–4.75 447 103 271 30 325 20

E1-3G Estrone 3-glucuronide Estrone-d4 sulfate 2.75–4.75 445 100 269 40 113 22

E3-16G Estriol 16-glucuronide Estrone-d4 sulfate 2.75–4.75 463 126 287 32 113 29

Internal standards

E2-d2 Estradiol-d2 5.00–7.00 273 106 185 43 147 44

E1-d4 Estrone-d4 5.00–7.00 273 101 147 42 145 40

EE2-d4 Ethinylestradiol-d4 5.00–7.00 299 160 161 38 147 41

E1-S-d4 Estrone-d4 sulfate 2.75–4.75 349 110 269 34 143 50

SRM selected reaction monitoring
a Internal standard applied for the identification and quantification
b Time-scheduled conditions
c SRM1: for quantification
d SRM2: for confirmation
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Results and discussion

Optimization of online procedure and LC-LC operational
parameters

Optimization of the online procedure was done by a series of
tests to achieve the optimum extraction performance.
Throughout the study, the following key parameters have been
tested as essential in the development of an online procedure:
sample loading flow rate, elution time, the percentage of or-
ganic solvent in the aqueous-organic eluent mixture, pH, and
volume of analyzed samples.

A comparative study employing three types of online
columns with different chemical modifications (i.e., Hypersil
GOLD™ aQ, Hypersil GOLD™ PEP, Hypersil GOLD™
PFP) was previously reported by Gorga et al. [21] for the
analysis of endocrine disruptors including some natural and
synthetic estrogens. In our approach, the Hypersil GOLD™
aQ provided good extraction recoveries for most of the
analytes, including the E3 as the least hydrophobic one.

Different loading flow rates from the injection loop to the
SPE column can cause great differences in the preconcentration
efficiency, making its optimization a necessary step. After
testing loading flow rates in the range from 1000 to 3000 μL/
min, results showed that the preconcentration efficiency was
increasing when flow rate was faster than 1000 μL/min
because the free hormones were strongly retained in the
cartridge, especially the less polar ones (i.e., E2, E1, EE2, and
DES). However, an additional increase of flow rate produced
losses in the chromatographic area response for E2, EE2, and
DES (see Fig. S4 in the ESM). A similar behavior was observed
for all conjugated estrogens. For the compound that elutes first
in the chromatographic analysis (i.e., E3), a slight initial
increase was observed by increasing flow rate to 1750 μL/
min, but considerable analyte losses of this compound were
observed at higher flow rates. Since conjugated forms of
estrogens are less demanding compounds generally yielding
the lowest MDL values, the negative impact of peak area
response was considered acceptable. Therefore, a flow rate of
1750μL/minwas selected as a compromise in order to decrease
sample loading time while allowing better interactions between
the analytes in the water samples and the surface of the sorbent,
giving the highest analyte peak response for the analyzed
compounds.

The elution time is determined as the time required for
target compounds to be completely eluted from the SPE
column to the analytical column. A short elution time
may lead to incomplete elution, while a long elution time
may be time-consuming and increase the possibility of
eluting the sample matrix [38]. In our study, chromato-
graphic separation was performed under gradient elution
conditions using methanol and water and the effect of elu-
tion time was checked for values of 5.25–6.75 min. As

shown in Fig. S5 in the ESM, the chromatographic peak
areas of estrogens proportionally increased with the elution
time, with the effect being relevant especially for the less
polar compounds which are strongly retained in the SPE
column. Nevertheless, too slow elution from SPE
preconcentration column results in peak broadening, which
may cause a decrease in sensitivity [45]. Therefore, after
running the experiments applying different elution times,
the optimal elution time of 5.5 min was selected accord-
ingly, whereupon all analyzed analytes could be eluted
from the SPE column.

The mobile phase in the elution step was optimized to
ensure the absolute desorption of the all analyzed estrogens
and to obtain baseline separation of the analytes. The influ-
ence of methanol percentage ranging from 10 to 75% on chro-
matographic response has been investigated showing the best
chromatographic response at methanol percentage of 50%.
The additional increase in the methanol percentage up to
75% showed lower values in the mean chromatographic area
for EE2, E2, E3, DES, and E1. In contrast, a different trend of
chromatographic response was only observed for E3-3S.
Similar results by using a higher ratio of methanol have been
reported by Wang et al. [36] and Ciofi et al. [37] indicating
that some of the estrogens such as E2, E1, and DES could not
be baseline separated.

Influence of sample pH on the adsorption efficiency

Sample pH is reported as an important parameter that may
influence greatly the extraction efficiency of the SPE proce-
dure [36, 46, 47]. A majority of target analytes, mostly free
estrogen compounds, have relatively high pKa vales (9–10)
(see ESM Table S1) [48], so basic conditions should favor
obtaining better results in the extraction process. Studies of
Guo et al. [38] and Iparraguirre et al. [49] have shown that the
addition of ammonia and basic conditions in mobile phases in
ESI result in an improved ionization efficiency and conse-
quently lower limits of detection of E1, E2, and EE2. Our
preliminary results showed that using ammonia as modifier in
the mobile phase yielded poor peak shape and overall not
satisfactory results. However, increasing pH of the sample
resulted in a remarkable improvement in terms of higher
chromatographic response and signal to noise (S/N) (see
Fig. S6 in the ESM). We compared both sodium and ammo-
nium hydroxide to adjust sample pH, in the range between
pH 8 and 11, and the first one provided better recoveries and
response for the vast majority of estrogens analyzed. The
results of the comparative study of different pH values of
the samples are summarized in Fig. 1. As shown, an increase
in pH to 11 resulted in the best ion response (peak area) for
compounds requiring extremely low MDLs, i.e., E1, E2, and
EE2.

5432 Čelić M. et al.



However, there was a concern that such a high pH may
potentially affect the performance of the column, either in
terms of extraction efficiency or in terms of chromatographic
response. Also, there was an issue of premature aging of the
column that may cause the pressure buildup and ultimate clog-
ging when the online SPE column is coupled with an analyt-
ical column [50]. Thus, the column lifetime was considered as
an important parameter and special attention was paid to eval-
uate the potential negative effect of using such high pH.
However, no negative effect occurred, and it is worth men-
tioning that throughout all the optimization study, the same
SPE column was used, and no apparent increase of column
pressure, no remarkable changes on peak shapes, and decrease
of preconcentration efficiency were observed, even after thou-
sands of injections. Thus, the pH of the samples was adjusted
to pH 11 for further analysis.

Sample volume

In order to evaluate the influence of the loading volume on the
method detection limits, three different volumes (2, 4, and 5
mL) were tested. Both peak areas and the S/N response of
analytes were monitored as a function of injection volumes.
Results shown in Fig. 2 indicate that the peak areas for eight of
ten analytes increased nearly proportionally with the introduc-
tion of higher sample volumes (5 mL), meaning that higher
volumes are beneficial and needed to obtain low MDLs.
Nevertheless, it was noted that the introduction of a larger
volume of the sample caused an increase of unwanted inter-
fering compounds, due to the presence of co-extracted sub-
stances in the environmental water that may differently affect
the signal variability of each analyte. A strong impact of the
interferences was observed for E3 and DES, whose peaks
were accompanied by another peak caused by the presence
of interferences, thus making the quantification of these com-
pounds difficult (see Fig. S7 in the ESM). However, in this
case, careful selection of retention time windows improved S/
N and facilitated the quantification. Data acquisition

performed under scheduled SRM showed that interferences
were nearly eliminated and applied conditions show higher
S/N ratios for the analyzed estrogens. Still, with increasing
sample volumes, notable losses were observed for E3 and
E3-3S, as previously observed by Naldi et al. [51]. Hence, a
trade-off between higher sensitivity for all analytes and some-
how higher MDLs for E3 and E3-3S was made.

Method performance evaluation

The matrix effect is a common problem in UHPLC-MS/MS,
especially when using an ESI, which can have a significant
impact on analyte signal and can influence the reproducibility,
linearity, and accuracy of the method. It should be specifically
evaluated, since it is strongly dependent on the sample type
and is unpredictable [52].

Herein, the effects of sample matrix interferences on the
online extraction were evaluated together with the matrix ef-
fects on efficiency of ionization and estimated as process ef-
ficiency (PE). As reported by other authors, process efficiency
represents the combination between the matrix effect and the
recovery of the sample [53–55]. PE was calculated by com-
paring the mean peak areas for target compounds in standard
solution, with the mean peak area of the matrix spiked at the
same concentration of the standard. The following equation
was applied in the three evaluated matrices (i.e., river water,
effluent, and influent):

PE %ð Þ ¼ Aspiked matrix−Aunspiked matrix

Astandard

� �
*100

Where Aspiked matrix is the average peak area of the analyte
measured in the spiked sample matrix (n = 3), Aunspiked matrix

is the average peak area of the unspiked sample matrix (n = 3),
and Astandard represents the average peak area of the standard
solution spiked in HPLC grade water at the same

Fig. 2 Injection of different sample volumes (2, 4, and 5 mL) using
HPLC water spiked at 5 ng/L (n = 3)

Fig. 1 The response comparison of 5 ng/L in HPLC water before and
after pH adjustment
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concentration of the standard (n = 3). Target compounds for
PE evaluation were spiked at 5 ng/L (Fig. 3).

The values lower or greater than 100% indicate signal sup-
pression or enhancement in the samples, respectively. As
shown in Fig. 3, the results for river water evidenced high
signal suppression for conjugated estrogens, while the signal
enhancement was observed for the majority of the free estro-
gens. In more complex matrices, such as WWTP effluent and
especially in WWTP influent, all compounds showed conse-
quential ion suppression. As reported previously [56], signal
suppression is strongly dependent on the amount of dissolved
organic carbon (DOC), such as surfactants, volatile com-
pounds, and co-eluting analytes present in the matrix [37].
Therefore, it is of crucial importance to account for the matrix
effect in the analyte quantification. Herein, we used deuterated
standards to overcome the matrix effect. Figure 3 shows that
matrix components in river water, effluent, and influent waste-
water samples had no considerable effect on signal responses
of the target compounds after internal standard corrections
since these labeled compounds have similar suppression/
enhancement as the target compounds. This proves that using
appropriate deuterated internal standards helps to overcome
the matrix effect and to reliably determine estrogens at envi-
ronmentally relevant concentrations.

Themethod performance was evaluated through estimation
of the linearity, sensitivity (by calculating instrumental detec-
tion limits (IDL), MDL, and MQL), intraday (repeatability),
and interday precision (reproducibility). Results for analytical
method validation parameters obtained in HPLC water are
summarized in Table 3, whereas Table 4 shows the parameters
determined for each matrix (surface, effluent, and influent).

The chromatographic response demonstrated good lineari-
ty in the range from 0.5 to 100 ng/L, with excellent determi-
nation coefficients (r2) of linear regressions greater than
0.9990 for all analyzed compounds. Excellent recoveries were
obtained after spiking HPLCwater in triplicate at 5 ng/L, with

values over 87% and precision calculated as relative standard
deviation (RSD, %) with not higher than 5%. IDL were cal-
culated as S/N = 3 for the lowest point of the calibration curve
constructed in HPLC grade water. Obtained IDL values
ranged from 0.01 to 0.36 pg injected. These IDL values are
in a similar range to those previously reported by Gorga et al.
[21]. Repeatability and reproducibility were also acceptable
showing %RSD values below 7.8 and 18.1%, respectively.
The majority of obtained values fall below 7%, therefore
evidencing the good precision of the method (Table 3).

MDLs and MQLs were experimentally estimated as the
minimum detectable amount of analyte with a S/N of 3 and
10, respectively, in different matrices tested (Table 4). As
mentioned before, the main analytical challenge in the analy-
sis of hormones in environmental samples is the need to detect
below nanogram per liter levels. Consequently, the excellent
robustness and the capability to detect such low concentra-
tions are essential in the analysis of estrogen compounds in
real water samples. TheMDLs andMQLs were matrix depen-
dent with values ranging from 0.02 to 0.07 ng/L and 0.07 to
0.22 ng/L in river water, from 0.02 to 0.12 ng/L and 0.08 to
0.97 ng/L in WWTP effluent, from 0.03 to 0.3 ng/L and 0.10
to 1 ng/L in WWTP influent, respectively. It should be
highlighted that the obtained MDL values obtained for river
water comply with the required maximum acceptable method
detection limit for surface waters (0.035 ng/L for EE2 and
0.4 ng/L for E1 and E2) set in the Watch list of the
European Commission [18]. In river water, WWTP influent
and effluent satisfactory recoveries with values over 73% and
below 120% were obtained for the majority of compounds.
The overall method precision, calculated as RSD (%), was
also satisfactory and ranged from 1 to 15% for all compounds
and matrices tested, showing higher RSD values for most
compounds in wastewater (Table 4). The online SRM chro-
matogram obtained for all the compounds spiked at 5 ng/L in a
real river water sample is shown in the ESM in Fig. S8.

Fig. 3 Process efficiency
observed in river water, WWTP
effluent, and WWTP influent
spiked at 5 ng/L (n = 3)
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Comparison with previously published online
SPE-UHPLC methods

The online SPE-UHPLC-MS/MS proposed herein for estrogen
analysis in surface and wastewater was compared to the ones
previously reported in the literature (Table 5). To the best of
our knowledge, the lowest MDLs currently reported for estro-
gens are obtained by Gorga et al. [21], who investigated estro-
gens together with other related EDCs. Using a sample volume
of 5 mL, the authors achieved MDLs for E1, E2, and EE2 of
0.05, 0.037, and 0.14 ng/L, respectively, for surface water. In the
case of wastewater, injection volume was set at 2 mL andMDLs
for compounds E1, E2, and EE2 of 0.14, 0.59, and 3.8 ng/L and
0.14, 5.4, and 4.2 ng/L were obtained for effluent and influent
samples, respectively. Other authors also reported MDLs lower
than the nanogram per liter level. For example, Guo et al. [38]
developed a simple and suitable procedure for the simultaneous
analysis of estrogen and androgen compounds in water samples

by using 50mL of sample reachingMDLs in the range of 0.5–2,
0.5–1, and 0.5–2 ng/L, respectively, for surface water, WWTP
effluent, and influent. All other online methods reported much
higher MDLs [37, 43, 51, 57].

By adjusting the pH of the sample to 11 and by optimizing
all operational parameters, we have succeeded to obtain a
robust method yielding noticeable lower MDLs complying
therefore with the requirements of the EC Decision 2015/
495 [18]. Figure 4 shows one of the online chromatograms
obtained at 5 ng/L for E2, E1, and EE2 in surface water sam-
ple. As seen, the S/N depends on the compound and matrix
complexity, but still high enough to meet the required criteria.
As mentioned before, two SRM transitions were monitored
for each compound. The first transition was used for quantifi-
cation purposes, whereas the second one was used to confirm
the identity of the target compounds, including the isotopical-
ly labeled internal standards (see Fig. S9 in the ESM).
Furthermore, our method provides quantitative measurements

Table 3 Analytical method
validation parameters: linearity,
recovery, and precision obtained
for target compounds in HPLC
water; instrumental detection
limits (IDLs); repeatability
(intraday); and reproducibility
(interday)

Compound Linearity Recovery, %
(5 ng/L, n = 3)

(±RSD %) IDL (pg) Intraday (5 ng/L)
(%RSD, n = 6)

Interday (5 ng/L)
(%RSD, n = 4)

E2 0.9998 100.9 (±1.2) 0.240 1.4 2.1

E1 0.9999 102.3 (±2.0) 0.069 3.0 6.3

E3 0.9992 98.1 (±1.5) 0.285 2.0 10.4

EE2 0.9997 97.6 (±4.2) 0.141 4.9 7.2

DES 0.9990 95.9 (±2.5) 0.360 2.8 18.1

E1-3S 0.9998 107.5 (±4.4) 0.011 7.8 5.3

E3-3S 0.9995 94.0 (±2.9) 0.009 4.5 14.2

E2-17G 0.9996 97.6 (±2.1) 0.135 4.2 10.7

E1-3G 0.9999 98.2 (±3.2) 0.068 7.5 15.3

E3-16G 0.9994 87.6 (±4.0) 0.145 5.6 14.0

Table 4 Parameters indicating the performance of the analytical method: recovery and precision obtained for target compounds, method detection
limits (MDL), and method quantification limits (MQL) in all matrices studied

% Recovery (%RSD) (n = 3) MDL (ng/L) MQL (ng/L)

River water (5 ng/L) Effluent (50 ng/L) Influent (50 ng/L) River water Effluent Influent River water Effluent Influent

E2 96.6 (±1.0) 106.1 (±6.8) 103.2 (±8.4) 0.041 0.076 0.155 0.136 0.253 0.517

E1 99.7 (±2.2) 98.2 (±6.1) 94.5 (±12.3) 0.030 0.040 0.057 0.100 0.133 0.189

E3 84.3 (±3.1) 80.0 (±5.1) 76.2 (±9.5) 0.063 0.074 0.100 0.210 0.246 0.333

EE2 100.2 (±6.2) 112.3 (±7.5) 112.0 (±8.5) 0.035 0.078 0.260 0.115 0.967 0.867

DES 84.0 (±5.1) 78.5 (±7.5) 75.1 (±15.0) 0.067 0.120 0.300 0.223 0.400 1.000

E1-3S 93.1 (±3.5) 91.3 (±8.8) 83.5 (±13.5) 0.021 0.023 0.035 0.069 0.078 0.115

E3-3S 85.2 (±4.0) 75.5 (±11.1) 73.2 (±14.5) 0.022 0.034 0.031 0.075 0.113 0.102

E2-17G 95.7 (±7.4) 83.4 (±12.5) 75.8 (±14.1) 0.028 0.058 0.068 0.095 0.194 0.228

E1-3G 91.3 (±3.7) 85.2 (±7.3) 79.4 (±10.4) 0.037 0.064 0.099 0.123 0.214 0.331

E3-16G 80.2 (±3.0) 79.5 (±4.5) 73.0 (±12.5) 0.031 0.061 0.057 0.103 0.203 0.189
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of both free estrogens and conjugates in a single run for each
sample.

Method application on real samples

As a part of the validation procedure, the method developed
was applied to the analysis of the target analytes in real envi-
ronmental water samples. The established method was

successfully applied to assess the concentration of the estro-
gens in river water and raw wastewater collected in northern
Serbia. The results are summarized in Table 6. Of the ten
compounds investigated, eight estrogens were detected in
raw wastewater, while six of them were detected in river wa-
ter. Despite the very low MDL achieved with the proposed
methodology, none of synthetic estrogens, such as EE2 and
DES, were found in the analyzed samples.

Table 5 Main characteristics of the analytical method previously published in the literature (detection, volume, IDL, andMDL values) compared with
the method proposed herein, using online SPE coupled to UHPLC-MS/MS

Reference Detection Volume (mL) IDL (pg) MDL (ng/L)

Milli-Q water River water Effluent Influent

E2 E1 EE2 E2 E1 EE2 E2 E1 EE2 E2 E1 EE2

Present study ESI(−)/MS 5 0.240 0.069 0.141 0.041 0.030 0.035 0.076 0.040 0.078 0.155 0.057 0.260

Gorga et al. [21] ESI(−)/MS 5 and 2 0.17 0.23 0.06 0.037 0.050 0.14 0.59 0.14 3.8 5.4 0.14 4.2

Ciofi et al. [37] ESI(−)/MS 2.5 0.775 0.375 1.3 nr nr nr nr nr nr nr nr nr

Guo et al. [38] ESI(−)/MS 50 25 5 25 1 0.5 0.5 1 0.5 1 0.5 0.5 0.5

Fayad et al. [43] APCI(+)/MS 10 50 90 130 nr nr nr 21 16 18 24 23 21

Naldi et al. [51] HESI(−)/MS 5 and 1 30.5 65 36 9.5 9.7 25 14 26 62 nr nr nr

Vega-Morales et al. [57] ESI(−)/MS 5 6 6.5 4.5 nr nr nr nr nr nr nr nr nr

nr not reported values by the authors

Fig. 4 SRM chromatograms of
E2, E1, and EE2 obtained under
NI conditions of spiked surface
water samples at 5 ng/L
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Levels detected in raw wastewater were similar in all ana-
lyzed samples and were in the high nanogram per liter range.
Although the dilution could be significant in river water, the

levels observed in wastewater discharged directly into the riv-
er without treatment are of potential concern and may result in
river concentrations sufficiently high to induce estrogenic

Table 6 Concentrations of
estrogens, expressed in nanogram
per liter, detected in river water
and rawwastewater samples. EE2
and DES were not detected in any
sample

Compound River water (ng/L) Raw wastewater (ng/L)

E2 Min-max (median) <MDL 6.05–8.72 (8.48)

Frequency of detection (%) – 20

E1 Min-max (median) 0.162–2.29 (0.572) 1.55–3.59 (2.54)

Frequency of detection (%) 26.7 26.7

E3 Min-max (median) 2.19–4.24 (2.62) 3.71–12.6 (8.38)

Frequency of detection (%) 40.0 33.3

EE2 Min-max (median) <MDL <MDL

Frequency of detection (%) – –

DES Min-max (median) <MDL <MDL

Frequency of detection (%) – –

E1-3S Min-max (median) 0.072–6.24 (0.112) 2.53–6.81 (4.93)

Frequency of detection (%) 46.7 80.0

E3-3S Min-max (median) 0.892–7.79 (1.52) 24.1–44.1 (34.3)

Frequency of detection (%) 80.0 60.0

E2-17G Min-max (median) 9.34–17.9 (12.6) 22.1–69.1 (30.2)

Frequency of detection (%) 53.3 20

E1-3G Min-max (median) 1.64–3.97 (2.89) 4.16–6.57 (4.43)

Frequency of detection (%) 46.7 20

E3-16G Min-max (median) <MDL 6.66–49.2 (34.1)

Frequency of detection (%) – 60

<MDL below detection limit
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Fig. 5 SRM chromatograms of detected compounds in two analyzed wastewater samples: a WW5 and b WW15
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activity in aquatic species. The mean concentrations of estro-
gens detected in river water and wastewater samples are sum-
marized and given in the ESM on Tables 4Sa and 4Sb,
respectively.

Figure 5 shows the SRM chromatograms obtained in the
online analysis of the target analytes under the optimized con-
ditions in two of the analyzed real samples of wastewater.
Generally, the levels found in our study are in a similar range
as those recently reported by other authors [21, 37, 38, 43].
However, it should be emphasized that this sampling cam-
paign was not designed as an environmental monitoring of
the analyzed compounds but only to test the applicability of
the developed methodology. Thus, spatial and temporal vari-
ability was not taken into account.

Conclusions

A fully automatic online method was developed and validat-
ed for the analysis of natural and synthetic estrogens and
their conjugates in both river and wastewater samples. By
using the tandem mass spectrometry detection instrument,
UHPLC-MS/MS has substantially improved the perfor-
mance of chromatographic methods by reducing MDLs
and aiding analyte identification. The integrated system im-
proved analytical performance (analyte reliability and repeat-
ability of the method), increased sample throughput, and
reduced operating costs and contamination risks. The meth-
odology also ensures cost efficiency, saves time of analysis,
and minimizes errors from manual manipulation. This pro-
posed method represents an improvement in terms of lower
detection limits and higher selectivity, compared to the pre-
viously published online methods. An effective compromise
was achieved by pH adjustment of the samples. The nega-
tive ion intensity was remarkably improved when pH was
set at basic conditions into the samples, and a remarkable
increase in the average recoveries was observed for most of
the analyzed compounds. The proposed methodology is suit-
able to comply with the requirements for monitoring of hor-
mones at the European level reaching low MDL set up in
the EC Decision 2015/495. The applicability of the method
was demonstrated on real samples by confirming widespread
occurrence of free and conjugated estrogens in environmen-
tal waters.
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