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A B S T R A C T   

An analytical method has been developed and validated for the determination of six estrogens and estrogen 
mimics, namely estriol (E3), bisphenol A (BPA), 17β-estradiol (E2), estrone (E1), ethynyl estradiol (EE2) and 
dienestrol (DIE), with frequent occurrence in the natural environment. Solid phase extraction coupled with liquid 
chromatography tandem mass spectrometry (SPE-LC-MS/MS) using electrospray ionization (ESI) in a negative 
mode was applied to concentration, identification, and quantification of estrogens and estrogen mimics. The SPE 
conditions were optimized as the selection of C18 as cartridges and MeOH as an eluent, and the control of so
lution pH at 9.0. The method was validated by satisfactory recoveries (80–130%) and intra-day and inter-day 
precision (<18.4%, as relative standard deviation), and excellent linearity for calibration curves (R2 > 0.996). 
The limits of detection (LODs) for six target estrogenic compounds ranged between 2.5 and 19.2 ng/L. The effects 
of matrix background on the determination were evaluated in terms of LODs, LOQs, analyte recovery, and slopes 
of calibration curves in five different water matrices. Matrix effects by tap water were negligible. However, both 
matrix suppression and enhancement (i.e., E3, E1, DIE) were observed in surface water and wastewater. The 
positive correlation between LODs and TOC in various water matrices indicated the negative effect of organic 
pollutants on the method sensitivity. The sum of target estrogenic compounds in environmental samples were 
within 17–9462 ng/L.   

1. Introduction 

Endocrine disrupting chemicals (EDCs) are a category of exogenous 
substances that interfere with synthesis, excretion and activities of 
hormones in organisms [1]. EDCs, as natural and anthropogenic 
persistent chemicals, include pesticides, heavy metals, hormones, etc. 
[2]. Among hormones, estrogens have attracted increasing attention due 
to their wide variety, high reactivity, high frequency of occurrence, and 
considerable concentrations in the aquatic environment [3,4]. Accord
ing to their origination, estrogens can be divided into natural (e.g., 
estrone (E1), 17β-estradiol (E2), estriol (E3)) and synthetic compounds 
(e.g., ethynyl estradiol (EE2) and diethylstilbestrol (DES)). Furthermore, 
some chemical additives used in plastics industry, like bisphenol A 

(BPA), can act as estrogen mimics [5]. They are widely used for human 
and veterinary therapy [6], and as growth promoters for livestock [7]. 
Abundant natural estrogens are released via feces and urine by humans 
and animals [8]. For example, the concentrations of E2 in swine urine 
and feces were 71.6 μg/L and 18.4 μg/kg, respectively [9]. Considerable 
amounts of E2 and E1 have remained in manure even after 16 days of 
incubation [10]. In addition, the synthetic estrogens such as EE2 were 
reported to persist longer than natural ones in the environment [11]. 
The conventional municipal wastewater treatment process seems 
insufficient for the removal of estrogenic contaminants [12,13], which 
partially contributes to the frequent presence of them with ng/L and 
even μg/L levels in surface water [14–19]. Chronic exposure to estro
gens and estrogen mimics at even trace ng/L levels can destroy 
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reproductive organism function of humans and wildlife [20], resulting 
in health risks and environmental issues. The development of a sensitive 
analytical method for determination of estrogens and estrogen mimics is 
indispensable for the effective control of estrogenic contaminants. 

Liquid chromatography (LC) and gas chromatography (GC) coupled 
with mass spectrometry (MS) techniques have been widely used for the 
determination of trace contaminants in environmental samples [21–23]. 
GC-based methods for the determination of compounds with high po
larity and low volatility always require a complicated derivatization 
process which is time and labor consuming [24]. This weakness has led 
to the wide use of LC-MS considering the simple pretreatment process, 
fast detection, high sensitivity, and separation efficiency [21,25,26]. 
Estrogenic compounds with limited functional groups for ionization lead 
to a weak response signal to MS, particularly for samples with trace 
amounts [27]. Therefore, pretreatment processes such as extraction, 
cleanup and concentration prior to the sample loading to LC-MS are 
essential to improve the method sensitivity. Solid phase extraction (SPE) 
is the most widely used pretreatment method due to the fast process and 
high extraction efficiency of a wide range of organic compounds from 
various samples [28]. The optimization of the SPE procedure should 
contribute to better extraction efficiency and therefore enhance detec
tion sensitivity [29]. 

Although a handful of studies have reported the detection of estro
gens and estrogen mimics by LC-MS coupled with SPE [30,31], most of 
them were conducted under deionized water or environmental samples 
with simple and/or single matrix. However, the uncertainty of using 
such methods for the determination of estrogens and estrogen mimics in 
various and complicated environmental water matrices is often un
available. How and to what extent the method accuracy and sensitivity 
is affected by matrix background has yet to be systematically investi
gated. The objective of this study was to develop a sensitive and reliable 
SPE-LC-MS/MS method for the determination of six estrogens and es
trogen mimics, namely E3, BPA, E2, E1, EE2 and DIE. The conditions for 
LC-MS/MS and SPE were optimized to enhance the chromatographic 
signal intensity and improve the accuracy of qualitative and quantitative 
analysis. The analytical method was validated by extraction efficiency, 
precision, recovery, linearity of calibration curves, limit of detection 
(LOD), and limit of quantification (LOQ). The matrix effect on deter
mination was systematically assessed in four environmental samples 
with diverse characteristics (i.e., tap and surface water, and raw and 
treated swine wastewater), which will provide an appropriate quanti
fication strategy in order to obtain accurate and robust results for each 
matrix. The occurrence of target estrogenic compounds was assessed 
through a regional survey of samples from Jinze reservoir, rivers, and 
swine and municipal wastewater treatment plant in Shanghai (China), 
which will demonstrate the applicability of the method to a wide variety 
of environmental samples. 

2. Materials and methods 

2.1. Chemicals and reagents 

Six estrogenic standards including E3, BPA, E2, E1, EE2 and DIE have 
a purity of ≥ 98%, with some property parameters presented in Sup
porting Information S1. Four isotope-based internal standards including 
bisphenol A-d16 (BPA-d16), 17β-estradiol-d3 (E2-d3), ethynyl estradiol- 
d4 (EE2-d4) and diethylstilbestrol-d8 (DES-d8) have been used. 
Considering that E1, E2 and E3 have the similar tetracyclic molecular 
structure, i.e., one phenol group, two cyclohexane groups and one 
cyclopentane group, and are only different in the functional groups, 
positions and stereochemical arrangements of C16 and C17 on the D- 
ring, E2-d3 was chosen as their common isotope-based internal standard 
[32–34]. LC-MS grade Methanol (MeOH) and acetonitrile (ACN) were 
used as the organic mobile phases. Ammonium hydroxide (NH4OH) was 
used for the inorganic mobile phase modifications. Sodium hydroxide 
and sulfuric acid (1 M) were used for sample pH adjustment. Ethyl 

acetate (EtAC) and Na2-EDTA were used during the extraction of tar
geted compounds. The purity and supplier information of these chem
icals has been listed in Supporting Information S2. A mixture of 1000 
mg/L of each estrogenic compound was prepared with MeOH as the 
stock solution. The internal standards were mixed as a concentration of 
1 mg/L with MeOH as the stock solution. The standard samples with a 
concentration range of 16–800 ng/L were prepared by diluting the stock 
solution with deionized water. The calibration ranges were 16–800 ng/L 
for tap water, 8–400 ng/L for surface water, and 80–4000 ng/L for 
wastewater, respectively. The varied calibration ranges were a result of 
different dilution ratios for different matrices (Section 2.3). 

2.2. Samples collection and preparation 

To validate the method and investigate the effect of water matrices, 
five types of water samples have been collected, namely, deionized 
water (DIW), tap water (TW) in the campus, surface water (SW) in Jinze 
reservoir (Shanghai), and the influent and effluent of wastewater (IW 
and EW) in an onsite swine wastewater treatment plant (Jinshan district, 
Shanghai). The characteristics of five water types have been summarized 
in Supporting Information S3. Some additional water samples, including 
river water (RW), and the influent and effluent of a wastewater treat
ment plant (IWTP and EWTP) in the campus, have been collected for 
survey purpose. The environmental samples were collected by amber 
glass bottles, stored at 4 ◦C, and analyzed within one week. DIW and TW 
were freshly collected before analysis. The collected samples were 
filtered by 0.47 μm glass fiber filters to remove particles and suspended 
solids to eliminate their potential interferences. The sample pH was 
adjusted to 9.0 by 1 M NaOH [35]. Na2-EDTA was added to the samples 
to reach a concentration of 0.0014 M to shield Ca2+ and Mg2+, since 
these cations may form chelates with targeted compounds [36]. The 
internal standards were added to reach a concentration of 400 ng/L for 
DIW and TW, 200 ng/L for SW, 2000 ng/L for IW and EW, respectively. 

2.3. Analytical methods 

The SPE cartridges were preconditioned successively with 5 mL 
MeOH, 5 mL EtAC, and 5 mL ultrapure water (pH 9.0). The samples were 
loaded on the cartridge at a flow rate of 2 mL/min by a mechanical pump 
(SHB-III). The loading volume was 250 mL for DIW and TW, and 500 mL 
for SW, IW, and EW. We need to point out that a dilution ratio of 10 was 
performed for IW and EW, in order to improve extraction efficiency by 
extending contact time between targeted compounds and SPE car
tridges. After extraction, SPE cartridges were rinsed with 10 mL ultra
pure water (pH 9.0) and air-dried under a negative pressure of 1.0 MPa 
for 30 min. The second round of cleaning process for SPE cartridges was 
performed by rinsing with 5 mL ultrapure water (pH 9.0) and 5 mL 
MeOH (5%, v/v) at a flow rate of 1 mL/min, followed by 30 mins’ air- 
drying (1.0 MPa). The SPE cartridges were then eluted with 10 mL 
MeOH (0.1 MPa) into a glass tube. The eluent was evaporated to reach 
dryness by a gentle stream of nitrogen gas at 35 ◦C. The extracts in glass 
tubes were dissolved by 1 mL MeOH via an ultrasonic cleaner (KQ-100 
V, 40 KHz) working for 10 min. The enriched sample was filtered by a 
0.22 μm Teflon filter (ANPEL, Shanghai, China) and transferred to a 2 
mL amber glass vial. The flow chart of analysis procedure of these es
trogenic compounds has been shown in Supporting Information S4. 

In order to optimize the SPE process, C18 (CNW® HC-C18, 500 mg, 
6 mL) and HLB (hydrophilic-lipophilic balance, CNW® Poly-Sery HLB, 
500 mg, 6 mL, Millford, MA) have been compared since these two SPE 
cartridges were widely used in separation and determination of estro
gens and pharmaceuticals [22,37,38]. The different eluents, namely, 
EtAC, MeOH, MeOH: EtAC = 1:1, MeOH: EtAC = 3:1, and MeOH: water 
= 1:1, have been attempted considering the potential influence of hy
drophobic/hydrophilic interaction between elution phases and analytes 
on extraction efficiency [39,40]. Solution pH was varied from 3.0 to 
11.0 considering that the different ratio between neutral and ionic forms 
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of estrogenic compounds under different pHs may affect their extraction 
efficiency as well [35,41]. 

The samples were analyzed by liquid chromatography tandem mass 
spectrometry (LC-MS/MS, LCMS-8050, Shimadzu, Japan) using elec
trospray ionization (ESI) in a negative mode coupled with a Shimadzu- 
pack GISS C18 column (2.1 × 100 mm, 1.9 μm). The 5 μL sample was 
injected by an autosampler (SIL-30AC) with a mixture of solution A 

(0.075‰ NH4OH) as inorganic mobile phase and B (MeOH/ACN, 1:1, v/ 
v) as organic mobile phases at a flow rate of 0.4 mL/min. NH4OH as a 
mobile phase additive under ESI negative mode can improve the sensi
tivity of MS detection, which is commonly used in the reported methods 
[34,42,43]. The relatively low concentration of 0.075‰ for NH4OH was 
applied considering that excessive alkali can cause a long-term damage 
to the instrument. The mobile phase gradient program took for 10 min as 
follow: maintained 35% B for 1.5 min, linearly increased to 75% B in 5 
min, linearly increased to 95% B in 0.1 min and maintained for 1.4 min, 
and reduced back to 35% B in 0.1 min and maintained for 1.9 min. The 
temperature of column, desolvation line and heat block was kept at 40, 
250, and 400 ◦C, respectively. The mass spectrometry was operated 
under multiple reaction monitoring (MRM) and electron ionization (EI) 
mode. The MRM parameters were optimized by infusing each analyte at 
a concentration of 100 μg/L into the mass spectrometer. Argon was used 
as collision gas. Nitrogen was used as nebulizing gas at a flow rate of 3 L/ 
min and heating and drying gas at a flow rate of 10 L/min. 

Method validation was performed in terms of linearity of calibration 
curves, LOD, LOQ, extraction efficiency, precision (intra-day and inter- 
day precision) and recovery [32]. The calibration curves and linearity 
were based on six calibration levels. LOD and LOQ were determined as a 
concentration which would yield a signal-to-noise (S/N) ratio of greater 
than or equal to three and ten, respectively. The RSD and recovery were 
determined at three concentration levels (CL1, CL2 and CL3), i.e., 10 μg/ 
L, 50 μg/L and 200 μg/L after different enrichment factor (250 times for 
DIW and TW, 500 times for SW, and 50 times for IW and EW), which was 
designed in order to acquire lower LOD for different water matrices 
[44]. Intra-day precision was evaluated by relative standard deviation 
(RSD) with triplicate of each calibration level in the same day (n = 3). 
Inter-day precision was evaluated by RSD with triplicate of each cali
bration level in four consecutive days (n = 12). The recovery to evaluate 
the matrix effect during the entire sample preparation procedure was 
obtained by spiking a known amount of analytes to the matrix back
ground (Eq. (1)) according to EPA method 539 [45], 

R =
A − B

C
*100% (1)  

where R represented the recovery of each analyte. A and B were 
measured concentrations in the fortified and unfortified sample, 
respectively (ng/L). C was the fortified concentration (ng/L). 

The RSD of the replicate analyses within ±20% and the recovery for 
each analyte ranged from 70 to 130% are accepted levels for method 
validation according to EPA method 539 [45]. 

2.4. Water characterization 

Total organic carbon (TOC) was determined by a TOC analyzer 
(liquid TOC, Elementar, Germany). Total nitrogen (TN) and total 
phosphorus (TP) were determined by HACH colorimetry (DR3900, 
HACH, America). NH4

+, NO2
– and NO3

– were determined by UV–Vis 
spectrophotometry based on HJ 535-2009, GB7493-1987, and HJ/T 
346-2007, respectively. Conductivity was determined by a digital con
ductivity meter (Myron L’s Ultrameter II 4P). 

3. Results and discussion 

3.1. Optimization of LC-MS/MS conditions 

The current LC program provided satisfactory chromatographic 
separation of targeted compounds and internal standards within a 
running time of 6.5 min (Fig. 1). All analytes were analyzed using ESI 
negative mode, considering that the deprotonated molecules of these 
compounds during negative ion electrospray were more abundant than 
the corresponding protonated molecules in a positive ion mode [46]. In 
addition, according to the molecular structures of these analytes 

Fig. 1. Chromatogram of a mixture standard with a concentration level of 900 
μg/L of each compound by LC-MS/MS. 
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containing hydroxyl groups, the negative ionization mode compared to 
the positive one gives the better S/N radio for estrogen analysis. The 
deprotonated molecules [M− H]− for all compounds were selected as 
precursor ions in the first quadrupole of mass spectrometer (Q1). The 
third quadrupole (Q3) was scanned to determine the two characteristic 
product ions which were generated by collision energy (CE). The 
product ions were selected based on their most intense signal during the 
optimization of Q3 energy. Their element structures were proposed 
based on mass and charge balance as a general rule. For example, the 
loss of a methyl group and a phenol group from BPA generated the 
product ions of [M− CH3]− (m/z 212) and [M− C6H6O]− (m/z 133), 
respectively, which was consistent with a previous study [37]. The 
abundant presence of a product ion of m/z 145 for E3, E1 and EE2 was in 
agreement with a previous study [47], which was proposed to be a 
dihydronaphthalenic structure. The MRM parameters including reten
tion time, precursor and product ions, Q1 and Q3 energy, and CE were 
summarized in Table 1. The chromatogram of a mixture standard with a 
concentration level of 900 μg/L of each compound by LC-MS/MS was 
shown in Fig. 1. 

3.2. Optimization of SPE conditions 

An efficient sample enrichment technique is necessary, since it 

contributes to high extraction efficiency of analytes and thereafter a 
high detection sensitivity. Therefore, the selection of SPE cartridges and 
eluents and the control of solution pH have been discussed considering 
their potentially great influence on the extraction efficiency (reflected 
by peak area [48,49]) of analytes. MeOH (5%, v/v), a commonly used 
washing solution, was selected to achieve the effective removal of 
interfering substances from the complicated water matrices and to retain 
the analytes of interest on the sorbent [50,51]. 

3.2.1. Effect of SPE cartridges 
Two commonly used commercial SPE cartridges, i.e., C18 (alkyl- 

bonded silica [52]) and HLB (hydrophilic-lipophilic balanced polymers 
[52]), have been compared in terms of extraction efficiency, since 
different sorbent materials may have different interaction strength with 
analytes [52–54]. C18 had the better extraction efficiency than HLB for 
most analytes except for DIE, which was reflected by the larger peak 
area of precursor ions (increased by 31% in average, P < 0.05, ANOVA, 
Fig. 2a). The lower extraction efficiency of E3, BPA and E2 by HLB 
cartridges has been documented elsewhere [22,53]. Compared with 
HLB, C18 cartridges are more suitable for the extraction of compounds 
with relatively weak polarity based on hydrophobic interaction mech
anism. Therefore, C18 cartridges have preferential retention for weak 
polar substances, e.g., estrogenic compounds with high logKow ranging 

Table 1 
Multiple reaction monitoring for estrogen determination by LC-MS/MS.a  

Compounds Abbreviation Retention time (min) Precursor ions (m/z) Product ionsb (m/z) Q1 energy (V) Collision energy (eV) Q3 energy (V)  

Target compounds 
Estriol E3 3.055 287 [M− H]− 171 [M− C6H12O2]- 30.0 35.0 18.0  

145 [M− C8H14O2]- 14.0 41.0 15.0 
Bisphenol A BPA 4.824 227 [M− H]- 212 [M− CH3]- 26.0 18.0 14.0  

133 [M− C6H6O]- 27.0 23.0 26.0 
17β-estradiol E2 5.480 271 [M− H]- 183 [M− C5H12O]- 13.0 39.0 20.0  

239 [M− OH− CH3]- 13.0 38.0 25.0 
Estrone E1 5.619 269 [M− H]- 145 [M− C8H12O]- 29.0 37.0 15.0  

159 [M− C7H10O]- 13.0 35.0 18.0 
Ethynyl estradiol EE2 5.740 295 [M− H]- 145 [M− C10H14O]- 14.0 41.0 15.0  

159 [M− C9H12O]- 14.0 34.0 16.0 
Dienestrol DIE 6.150 265 [M− H]- 93 [M− C12H12O]- 13.0 27.0 10.0  

235 [M− CH2O]- 30.0 26.0 26.0  
Internal standards 

Bisphenol A-d16 BPA-d16 4.751 241 142 26.0 26.0 15.0  
97 26.0 26.0 10.0 

17β-estradiol-d3 E2-d3 5.457 274 185 13.0 38.0 19.0  
145 30.0 39.0 25.0 

Ethynyl estradiol-d4 EE2-d4 5.715 299 147 15.0 39.0 15.0  
187 14.0 36.0 19.0 

Diethylstilbestrol-d8 DES-d8 6.149 275 245 13.0 29.0 17.0  
259 13.0 25.0 18.0 

Note: 
a The MRM parameters were optimized by infusing each analyte into mass spectrometer at a concentration of 100 μg/L. 
b The product ions were selected based on their most intense signal during the optimization of Q3 energy. Their element structures were proposed based on mass and 

charge balance as a general rule. 

Fig. 2. Effect of SPE cartridges (a), eluents (b), and solution pH (c) on chromatographic signal intensity of estrogens. A mixture of 40 ng/L of each compound was 
prepared in DIW. The error bars were based on three independent experiments. 
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Table 2 
LODs, LOQs and linearity for targeted estrogenic compounds in five different water matrices.a   

LOD (ng/L) LOQ (ng/L) Linearity (R2)b  

DIW TW SW IW EW DIW TW SW IW EW DIW TW SW IW EW 

E3 19.2 22.3 38.5 433 503 64.1 74.2 128.3 1443 1675 0.9992 0.9941 0.9998 0.9952 0.9999 
BPA 13.4 11.0 21.4 274 176 44.8 36.5 71.4 913 586 0.9987 0.9993 0.9998 0.9992 0.9992 
E2 14.0 11.55 76.6 235 150 46.7 38.5 266.3 784 500 0.9979 0.9985 0.9982 0.9994 0.9989 
E1 2.5 3.0 6.7 103 45 8.3 10.1 22.3 342 150 0.9980 0.9982 0.9975 0.9973 0.9999 
EE2 10.5 10.2 59.6 366 168 35.0 33.9 198.6 1220 560 0.9996 0.9992 0.9997 0.9992 0.9992 
DIE 4.8 3.7 6.4 61 74 16.1 12.4 21.4 202 246 0.9966 0.9975 0.9993 0.9997 0.9987 

Notes: 
a LOD and LOQ mean limit of detection and limit of quantification, respectively. 
b The linearity of calibration curves was obtained based on six calibration levels. 

Fig. 3. Effect of water matrices on analyte recovery. The spiked concentrations at three levels (CL1, CL2 and CL3), i.e., 10 μg/L, 50 μg/L and 200 μg/L after different 
enrichment factor (250 times for DIW and TW, 500 times for SW, and 50 times for IW and EW). The error bars were based on three independent experiments. 
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from 2.81 to 5.32 (Supporting Information S1). Therefore, C18 car
tridges were used in subsequent experiments. 

3.2.2. Effect of eluents 
Fig. 2b shows the effect of eluents on the extraction efficiency of 

analytes. The polarity of pure solvents follows the decreasing order of 
water > MeOH > EtAC, therefore the polarity of five eluents follows the 
decreasing order of MeOH: water (1:1) > MeOH > MeOH: EtAC (3:1) >
MeOH: EtAC (1:1) > EtAC. EtAC generally showed the least extraction 
efficiency compared to other eluents, reflected by its corresponding 
smallest peak area. For example, the extraction amount (reflected by 
peak area) by pure EtAC was only 38–44% for E3 and 60–68% for BPA 
compared to those by other eluents (P < 0.05). MeOH and the mixture 
of MeOH and EtAC (1:1, v/v) achieved higher extraction efficiency for 
all analytes with DIE as an exception, in comparison to other eluents. 
The addition of water to MeOH (1:1, v/v) did not significantly affect 
extraction efficiency (P > 0.05) compared to pure MeOH due to the 
weak polarity and low water-solubility of targeted compounds, but 
greatly increased evaporation time (240 v.s. 120 min). MeOH was 
therefore selected as the optimum eluent for extraction of targeted 
compounds. 

3.2.3. Effect of solution pH 
The pH-dependent distribution of compounds as ionic and neutral 

forms may affect its interaction with cartridges and eluents, and there
fore extraction efficiency as well. Fig. 2c shows that the peak area of DIE 
and BPA generally increase with the increase of pH values. The changes 
for other compounds were not obvious. The targeted compounds 
equipped with phenolic hydroxyl have a tendency to deprotonate to 
form negatively charged ions. For example, the increase of pH from 3.0 
to 11.0 increased the ionic DIE from 3 × 10− 6% to 76% (calculated 
based on its pKa values of 10.50, Supporting Information S1), which 
resulted in a more than doubled amount of DIE extraction, reflected by 
the increase of peak area. The target estrogenic compounds under pH 
11.0 resulted in a substantial formation of negative ions, contributing to 
enhanced adsorption by C18 cartridges via the additional electrostatic 
interaction [52], therefore increased extraction efficiency. Meanwhile, 
by taking cost into dual consideration (higher pH indicates more alkali 
addition), samples were adjusted to pH 9.0 since extraction efficiency 
under this condition was still relatively high. The optimum pH of 9.0 was 
selected for diethylstilbestrol, hexestrol, and DIE determination as well 
[35]. 

3.3. Method validation 

Under the optimized pretreatment and instrument conditions, line
arity, LOD, LOQ, intra-day and inter-day precision, and recovery for 
targeted analytes in DIW were determined. The calibration curves based 
on six calibration levels (Supporting Information S5) showed excellent 
linearity, reflected by correlation coefficients R2 higher than 0.996 
(Table 2). The P-values for lack-of-fit tests were higher than 0.05, which 
means that the calibration curves fitted well (Supporting Information 
S6). The LODs and LOQs for six target estrogenic compounds were 
2.5–19.2 ng/L and 8.3–64.1 ng/L, respectively. The RSDs to evaluate 
intra-day precision (repeatability) were less than 15.2%, within the 
acceptability criterion of ≤20% (Supporting Information S7). The sam
ples with higher concentrations had higher repeatability, reflected by an 
average RSD of 6.4%, 2.5%, and 2.2% for samples with three concen
tration levels (CL1, CL2 and CL3). The RSDs to evaluate inter-day pre
cision (reproducibility) were 2.7%-18.4% (Supporting Information S8). 
The recoveries (to evaluate the matrix effect during the entire sample 
preparation procedure) for six target estrogenic compounds in DIW 
ranged from 80% to 130% (Fig. 3), within the recovery criterion of 
70–130% stipulated by U.S. EPA [55]. The relative mean error of rep
licates revealed the good accuracy (Supporting Information S9). 

The co-existence of some substances such as humic acids, natural 

organic matters and other contaminants in environmental samples may 
affect extraction efficiency and ionization efficiency through signal 
enhancement or suppression [56]. The method validation was first 
evaluated by the recovery of analytes in five different water matrices 
(Fig. 3). The recoveries for BPA, E2, E1 and EE2 ranged between 84% 
and 128%. For E3, only SW samples spiked with 20 ng/L showed a re
covery beyond the range of 70–130%, demonstrating that the samples 
with relatively low concentration may increase the determination un
certainty. For DIE, 72–105% of spiked analytes were recovered for TW 
and SW samples, while only 39–59% for wastewater samples. It in
dicates that wastewater matrix may play a negative role on DIE 
extraction and/or ionization, probably due to competitive extraction 
and ionization between DIE and other organic impurities [57]. The 
raised chromatogram baseline by contaminants in the sample matrix 
masked the peaks of analytes (data not shown), which may lead to the 
underestimation as well [57]. The RSDs to reflect intra-day and inter- 
day precision for environmental samples were 2.9–8.2% and 
5.8–14.2% respectively (Supporting Information S7 and S8). 

The presence of matrix components can influence signal intensity of 
analytes by using LC-MS/MS, therefore the traditional post-extraction 
approach was used to evaluate the matrix effect [48]. In addition, a 
direct comparison of slopes for calibration curves (area ratio divided by 
concentration) was also regularly used [58,59]. The calibration curves 
for four environmental samples showed excellent linearity with corre
lation coefficients R2 higher than 0.994 (Table 2). The slopes of TW, SW, 
IW, and EW samples were obtained by the standard addition method and 
were normalized by that of DIW samples (Supporting Information S10). 
For TW samples, the normalized slopes for six target estrogenic com
pounds were between 0.9 and 1.1 within the tolerable range of 0.8–1.2 
[59], indicating its negligible matrix effect on estrogen determination. 
The relatively low slopes of 0.68 in IW and 0.73 in EW for DIE indicated 
an intense suppression effect by water matrices. The relatively high 
slopes of E3 and E1 in some environmental samples (>1.2) may be a 
result of signal overlap by other ion fragments, leading to signal 
enhancement [60]. The LODs for TW samples were comparable to that 
for DIW samples (Table 2). The LODs for SW samples (6.4–76.6 ng/L) 
were 1.3–5.7 times higher than that for DIW samples. The LODs for 
wastewater samples were orders of magnitude higher (45 to 503 ng/L) 
than that for DIW samples, indicating the negative influence of waste
water matrices on detection sensitivity. By correlating TOC with LODs, 
we found that the lower sensitivity (reflected by the higher LODs) of 
analytes was corresponding to the higher organic contaminant concen
tration in water matrices (Fig. 4), indicating the negative effect of 
organic pollutants on the method sensitivity. The degree of influence by 
TOC differed from one compound to another. 

Fig. 4. Effect of TOC in five different matrices on LODs of target estro
genic compounds. 
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3.4. Determination of estrogens and estrogen mimics in environmental 
samples 

The optimized analytical method was used for the determination of 
estrogens and estrogen mimics in environmental samples (Table 3). EE2 
and DIE in all environmental samples were below LODs, which is similar 
to previous observations by other researchers [32,42]. On the contrary, 
BPA was detectable in all samples, with concentrations of 17, 38, 78, 
526, 375, 502–1264, and 266–408 ng/L in TW, SW, RW, IWTP, EWTP, 
IW, and EW, respectively. The removal efficiency of BPA was 47–68% by 
swine wastewater treatment and only 29% by domestic wastewater 
treatment. Other researchers have documented the presence of BPA at 
4.2–141 ng/L and 19–68 ng/L in surface water [61,62], and 345–6030 
ng/L and 116–696 ng/L in the influent and effluent of wastewater [63]. 
E1, E2, and E3 mainly appeared in wastewater samples. E1 and E3 in the 
municipal wastewater influent were two orders of magnitude lower than 
those in swine wastewater influent (37 vs. 3453–5190 ng/L, 26 vs. 
2499–2880 ng/L). E1, E2, and E3 in IW samples collected in winter were 
3.5, 0.2, and 2.5 μg/L, respectively, and were not detectable in EW 
samples, which indicates that these estrogenic compounds were effec
tively removed by the onsite swine wastewater treatment. The total 
concentrations of six estrogens and estrogen mimics were 17, 38, 109, 
589, 379, 6698–9462, and 266–477 ng/L for TW, SW, RW, IWTP, EWTP, 
IW, and EW, respectively. The overall removal efficiency of these es
trogenic compounds reached 95% by onsite swine wastewater treat
ment, while only 36% by domestic wastewater treatment. 

4. Conclusions 

A sensitive and reliable SPE-LC-MS/MS method was established for 
the determination of six estrogens and estrogen mimics in different 
water matrices. The optimized SPE conditions included the selection of 
C18 as cartridges and MeOH as an eluent, and the control of solution pH 
at 9.0 by taking extraction efficiency and operation time into consid
eration. The LODs for six target estrogenic compounds in DIW ranged 
between 2.5 and 19.2 ng/L, a sensitivity at environmentally relevant 
concentrations. The method was validated by recovery, intra-day and 
RSD precision, and linearity of calibration curves. Matrix effects on es
trogen determination by TW were negligible, while both matrix sup
pression and enhancement for some target analytes occurred in surface 
water and wastewater samples, reflected by LODs, LOQs, analyte re
covery, and slopes of calibration curves. The sum of six estrogens and 
estrogen mimics in TW, SW, RW, IWTP, EWTP, IW, and EW reached 17, 
38, 109, 589, 379, 6698–9462, and 266–477 ng/L, respectively. 
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