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A novel, simple and sensitive method was developed for the simultaneous determination of eight
phenolic environmental estrogens in blood by using the dispersive micro-solid-phase extraction (d-
u-SPE) procedure combined with ultra-fast liquid chromatography-tandem quadrupole mass spectro-
metry (UFLC-MS/MS). The excellent nanomaterials tetraethylenepentamine-functionalized magnetic
polymer was used as an adsorbent, and the main factors affecting the extraction efficiency were
investigated in detail. All target compounds showed good linearities in the tested range with correlation
coefficients (r) higher than 0.999. The mean recoveries were in the range of 85.0-105.0%. The intra-day
and inter-day relative standard deviations (RSDs) were lower than 4.9% and 5.2%, respectively. The limits
of quantification for the eight phenolic environmental estrogens were between 0.075 and 0.42 pg L.
The developed method can be applied to the routine analyses for the determination of the eight phenolic

(d-p-SPE) environmental estrogens in blood samples.

Ultra fast liquid chromatography-tandem
mass spectrometry (UFLC-MS/MS)
Multiple reaction monitoring (MRM)
Environmental estrogens

Blood
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1. Introduction

In recent years, worldwide scientific and public concern in the
estrogenic potential of endocrine-disrupting chemicals in the envir-
onment has been increased with each passing day [1,2]. Many
chemicals have been reported to possess estrogenic properties and
a variety of reproductive disorders in wildlife and humans have
been tentatively attributed to these estrogenic pollutants
[3-5]. Among these substances, the presence of phenolic environ-
mental estrogens, i.e., alkylphenol (AP) and bisphenol A (BPA) have
demonstrated estrogenic potency and chronic toxicity by in vitro
and in vivo bioassay studies [6-9]. Thus, there is a need to develop
sensitive methods to measure a broad range of phenolic
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environmental estrogens in a wide variety of biological and envir-
onmental matrices.

To the best of our knowledge, phenolic compounds have
previously been quantified by liquid chromatography (LC) with a
variety of detection systems, such as fluorescence [10] or mass
spectrometry [11-14], and gas chromatography coupled to mass
spectrometry (GC/MS) based on derivatization [15]. Among these
methods, LC coupled with tandem quadrupole mass spectrometry
(LC-MS/MS) is an attractive alternative due to its simplicity,
excellent sensitivity and selectivity for multiresidue determination
of trace-level phenolic compounds [2,16,17]. However, matrix
effect, a phenomenon of ion suppression or enhancement of the
analyte of interest, would significantly affect the accuracy and
precision of a LC-MS/MS method [18,19]. Endogenous matrix
components co-eluting with the analyte of interest are believed
to be the primary cause of ionization matrix effects. In the case of
blood sample, blood phospholipids have been identified as a major
contributing source of matrix effects in LC-MS/MS based

0039-9140/$ - see front matter Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.talanta.2013.05.053



788 Y.-G. Zhao et al. / Talanta 115 (2013) 787-797

bioanalytical methods [20-23]. Zeng et al. reported a zirconia-based
hybrid absorbent SPE cartridge for the removal of phospholipids
from blood samples after protein precipitation [24]. Chang et al.
reported a silica-gel SPE cartridge for the effective removal of the
blood plasma complex matrix [17]. Although SPE had been verified to
be effective for cleaning the biological samples, it is relatively
expensive, time-consuming and tedious. Several other cleanup
methods based on the traditional SPE technique, such as dispersive
solid-phase extraction (dSPE), micro-solid-phase extraction (u-SPE)
and dispersive micro-solid-phase extraction (d-u-SPE), have been
widely used for multi-residue analysis of pesticides [25-32]. Based on
the amino-propyl SPE method [2], we inspirited that amino-
functionalized superparamagnetic polymers with magnetic separa-
tion would probably become a powerful adsorbent to carry out d-
pu-SPE method.

In this work, an inexpensive and effective adsorbent namely
tetraethylenepentamine-functionalized Fe;O; magnetic polymer
(TEPA-MP) has been synthesized, which possesses much stronger
adsorbilities for the removal of phospholipids with a convenient
magnetic separation. The object of this study was to prepare a novel
amino-functionalized magnetic polymer (TEPA-MP), and substantiate
its d-p-SPE ability for the analysis of phenolic environmental estro-
gens, i.e., bisphenol A (BPA), diethylstilbestrol (DES), dienestrol (DE),
hexestrol (HEX), 4-(tert-octyl)-phenol (4-tOP), 4-nonylphenol (4-NP),
estrone (E1) and estradiol valerate (EV) (structural formulas are
listed in Fig. 1), in blood. Furthermore, this paper also aimed to
develop a rapid and efficient analytical method for the simultaneous
determination of eight phenolic environmental estrogens by ultra
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fast liquid chromatography coupled with tandem quadrupole mass
spectrometry (UFLC-MS/MS).

2. Experimental
2.1. Reagents and materials

Ferric chloride, ferrous sulfate, oleic acid (OA), methyl metha-
crylate (MMA), tetraethylenepentamine (TEPA), glycidylmethacry-
late (GMA), divinylbenzene (DVB), polyvinyl alcohol (PVA 217) and
benzoyl peroxide (BPO) of analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Bisphe-
nol A (BPA, > 99.0%), diethylstilbestrol (DES, > 98.0%), dienestrol
(DE, >99.0%), hexestrol (HEX, > 99.0%), 4-(tert-octyl)-phenol
(4-tOP, >99.0%), 4-nonylphenol (4-NP, > 99.0%), estrone (E1,
>99.0%) and estradiol valerate (EV, > 99.0%) were purchased
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Acetonitrile,
ammonium acetate (AmAc), trifluoroacetic acid (TFA) of HPLC
grade were purchased from Merck Company (Darmstadt, Ger-
many). Blood was collected from the bullfrog. Bullfrogs were
acquired from local markets (Ningbo, China).

2.2. Equipment

Characterization of TEPA-MP was performed by using a Ther-
moFisher Flash-1112 elementary analyzer (EA) (Thermo Fisher,
USA), a Hitachi H-7650 transmission electron microscope (TEM)
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Fig. 1. Structural formulas of eight phenolic environmental estrogens.
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(Hitachi, Japan), a NEXUS-470 Thermo Nicolet FTIR spectrometer
(Thermo Nicolet, USA) and a Lake Shore 7410 vibrating sample
magnetometer (VSM) (Westerville, USA).

A Hualida WH-866 vortex mixer (Taicang, China) was used for
extraction. A 1.5-T NdFeB permanent magnet (MCE Products,
Torrance, CA) was used for magnetic separation. Ultra-fast liquid
chromatography-tandem quadrupole mass spectrometry (UFLC—
MS/MS) analyses were performed using a Prominence UFLC XR
system equipped with a DGU-20A3 degasser, a CTO-20AC column
oven, a LC-20AD pump, a SIL-20AC autosampler (Shimadzu Cor-
poration, Tokyo, Japan) and an AB SCIEX TRIPLE QUAD™ 5500 mass
spectrometer (Applied Biosystems, Foster City, CA, USA). The
UFLC-MS/MS system was controlled and data were analyzed on
a computer equipped with Applied Biosystems/MDS Sciex Analyst
1.5.1 (Applied Biosystems, Foster City, CA, USA).

2.3. Synthesis of TEPA-MP

TEPA-MP was prepared via suspension polymerization accord-
ing to our previously reported procedures [33,34] after minor
modification, in which tetraethylenepentamine (TEPA) was used as
amino-functionalized groups replacement of the ethylenediamine
(EDA). The paramagnetic Fe304 was firstly coated with oleic acid.
Methyl methacrylate (MMA), divinylbenzen (DVB) and glycidyl-
methacrylate (GMA) were then co-polymerized via the suspension
polymerization procedure over the magnetic core to obtain
epoxyl-functionalized magnetic polymer. Finally, TEPA was grafted
onto the surface of the polymer via ring-opening reaction. Thus,
the target TEPA-functionalized magnetic polymer was obtained.
The preparation procedure is illustrated in Fig. 2.

2.4. Characterization of TEPA-MP

The TEM at 80 kV was used to examine the morphology and
dimensions of the synthesized TEPA-MP. The VSM was used to
analyze the magnetic behavior of the particles. The EA was used to
analyze the nitrogen percentage of TEPA-MP. Each sample was
prepared by placing a very dilute particle suspension onto 400
mesh carbon grids coated with copper film.

2.5. UFLC-QqQ-MS/MS analysis

The ultra fast chromatographic separation was performed on a
Shim-pack XR-ODSII (100 mm x 2.0 mm i.d., 2.2 pm) by using 0.02%
ammonia (v/v) in methanol as eluent (A), and 0.02% ammonia (v/v)
in water as eluent (B). The linear gradient program was as follows:
0-2.00 min, 40.0-70.0% (A); 2.00-5.00 min, 70.0-85.0% (A); 5.00-
6.00 min, 85.0% (A); 6.00-8.00 min, 85.0-40.0% (A); 8.00-9.00 min,
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40.0% (A). Chromatographic separation was accomplished at a con-
stant flow of 0.45 mL/min, and the injection volume was 5.0 pL. The
column temperature was held at 40 °C. The mass spectrometer was
performed using an electrospray ionization source in negative multi-
ple reaction monitoring (MRM) mode, which was used for quantifi-
cation. The operation conditions were as follows: ion spray voltage,
-4500 V; curtain gas (CUR), 40 psi; interface heater, on; collision gas,
medium; nebulizer gas (gas 1), 50 psi; heater gas (gas 2), 50 psi;
turbo spray temperature, 500 °C; entrance potential (EP), -10V;
collision cell exit potential (CXP), =10 V. Nitrogen was used in all
cases. The mass spectrometric information of the precursor ion,
product ion, corresponding declustering potential (DP) and collision
energy (CE) are shown in Table 1. The dwell time was set to 50 ms in
negative mode.

2.6. TEPA-MP d-u-SPE of bullfrog plasma samples

Exactly 100.0 uL of bullfrog blood was transferred to a poly-
propylene centrifuge tube (2.0 mL) and then 500.0 uL of 0.1%
formic acid (v/v) in methanol was added. The contents were
homogenized for 1.0 min using an Ultra Turraxmixer, and the
mixture was immediately machine-shaken for 1.0 min, then cen-
trifuged at 15000 rpm for 5.0 min. Afterwards, the supernatant
was transferred to another polypropylene centrifuge tube (2.0 mL).
The residues were repeat extracted with 500.0 uL of 0.1% formic
acid (v/v) in methanol for two times. Subsequently, 20 mg of TEPA-
MP were added, and the mixture was immediately machine-
shaken for 1.0 min, then separation under a magnetic field for
2 min. The supernatant concentrated to dryness with a nitrogen
stream and was redissolved with 100.0 uL of 0.02% ammonia (v/v)
in methanol/0.02% ammonia (v/v) in water (4:6, v/v) and filtered
using a 0.22 pm membrane prior to its injection into the UFLC-MS/
MS system.

In order to investigate the effect of organic solvents on the
cleanup properties, series of experiments were performed by
mixing 20 mg of TEPA-MP with 100 pL of bullfrog blood sample
spiked at 10.0 ug L' with the various volume of formic acid in
methanol from 0.01% to 0.5% (V/V) in a 2.0 mL polypropylene
centrifuge tube.

To investigate the effect of extraction time, 20 mg of TEPA-MP
with 100 pL of bullfrog blood sample spiked at 10.0 pg L™! with the
various contact times ranging from 1.0 min to 30.0 min. When the
effect of the TEPA-MP was investigated, seven dosages of TEPA-MP
(i.e., 5, 10, 20, 30, 40, 50 and 60 mg for 100 pL of bullfrog blood
sample) on the cleanup properties were investigated to develop an
efficient cleanup procedure for the eight phenolic environmental
estrogens.
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Fig. 2. The preparation procedure of the TEPA-MP.
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Table 1
Q1/Q3 ion pairs, declustering potential (DP), collision energy (CE) of MRM and
retention time for the eight phenolic environmental estrogens.

Phenolic Precursor Fragmention DP(V) CE Retention
environmental ion (Q3, m/z) (eV) time (min)
estrogen (Q1, m/z)

BPA 227.0 133.0%, 211.0 150, 150 34,40 3.07

DES 2671 251.1% 2371 140,140 32,37 3.46

E1 269.1 145.1% 159.1 180,180 56,46 3.48

DE 265.2 93.0%171.0 130,130 31,25 3.59

HEX 269.1 1341%119.0 130,130 20,51 3.69
4-tOP 205.0 133.0%93.0 120,120 32,60 5.54

EV 355.3 101.1% 145.0 180,180 38,63 6.56
4-NP 219.0 106.0%119.0 100, 100 26,55 7.09

* Quantitative ion
2.7. Stability, recycling and reproducibility of TEPA-MP

In order to investigate their stability and recyclability, all the
TEPA-MP particles, used for the d-u-SPE cleanup procedure, were
collected and soaked in sodium hydroxide solution at a concentra-
tion of 1.0 molL! for at least 0.5h. Then the particles were
washed with water and methanol to pH 7.0 to remove the super-
fluous sodium hydroxide and dried under a vacuum at 60 °C for
12 h.

In order to evaluate their preparative reproducibility, three
batches of the TEPA-MP, namely TEPA-MP-1, TEPA-MP-2 and
TEPA-MP-3, were synthesized. The recoveries of the eight phenolic
environmental estrogens in bullfrog blood using TEPA-MP as an
adsorbent for the d-p-SPE were determined.

2.8. Comparison of different cleanup procedures

In order to evaluate the effectiveness of the TEPA-MP for the
cleanup properties for eight phenolic environmental estrogens,
comparative studies were carried out among three d-u-SPE pro-
cedures used C18, PSA and TEPA-MP as an absorbent, respectively.
The various extraction procedures were performed as follows.

2.8.1. Cleanup via d-p-SPE with C18 (approach ()

In a 2.0 mL polypropylene centrifuge tube, 100.0 uL of bullfrog
blood and 500.0 uL of 0.1% formic acid (v/v) in methanol were
added. The contents were homogenized for 1.0 min using an Ultra
Turraxmixer, and the mixture was immediately machine-shaken
for 5.0 min, then centrifuged at 15000 rpm for 5.0 min. After-
wards, the supernatant was transferred to another 2.0 mL poly-
propylene centrifuge tube. The residues were extracted with
500.0 pL of 0.1% formic acid (v/v) in methanol twice. Subsequently,
20 mg of C18 were added, and the mixture was immediately
machine-shaken for 1.0 min and centrifuged at 6800 rpm for
5.0 min. The supernatant was concentrated to dryness under a
nitrogen stream. Then, the residues were redissolved with
100.0 pL of 0.02% ammonia (v/v) in methanol/0.02% ammonia (v/
v) in water (4:6, v/v) and filtered through a 0.22 ym membrane
prior to its injection into the UFLC-MS/MS system.

2.8.2. Cleanup via d-p-SPE with PSA (approach ()
The overall procedure was similar to that of approach . Only
the C18 was replaced by the PSA.

2.8.3. Cleanup via d-p-SPE with TEPA-MP (approach 1)

The overall procedure was similar to that of approach I. The C18
was replaced by the TEPA-MP. Furthermore, after TEPA-MP d-p-SPE
procedure, the residues and supernatant were separated by mag-
netic separation under a magnetic field rather than centrifugation.

2.9. Method validation

2.9.1. Standard preparation

Individual stock standard solutions were prepared at a con-
centration of 1000 mg L™ by exact weighing and dissolution in
water—acetonitrile (1:1, v/v). These solutions were stored at 4 °C in
the dark. Working standard mixture solution at a concentration of
100.0 mg L™ was prepared by appropriate dilution of the stock
solutions with water-acetonitrile (1:1, v/v).

2.9.2. Spiked samples

Spiked recoveries were performed at concentrations of 1.0, 20.0
and 50.0 pg L™! for eight phenolic environmental estrogens in the
samples. For each spiked sample, the stock mixture solution of the
standards was added to 100.0 L of bullfrog blood, which was free
from the target compounds. The spiked samples were stored at
4 °C for about 12 h to let the phenolic environmental estrogens
permeate uniformly into the samples. Recoveries at each level
were run along with both reagent and a sample blank.

2.9.3. Validation parameters

The method was evaluated by linearity, LOD and LOQ, precision
and accuracy. Calibration standards in acetonitrile with concentra-
tions at 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0 and 100.0 pgL™! were
prepared for the calibration curves. Calibration curves of peak area
vs. concentration (ug L™!) were used to calibrate the UFLC-MS/MS
system and spike samples in recovery experiments. LOD and LOQ
were determined based on a signal-to-noise ratio of 3 (S/N=3)
and 10 (S/N=10), respectively. Both the method precision and
accuracy were estimated. The intra-day and inter-day precision
were investigated by injection of the three levels of spiked
samples (1.0, 20.0 and 50.0 pg L™!) with six replicates and repli-
cated on six different days, respectively. Accuracy of the method
was also checked by spiking 1.0, 20.0 and 50.0 ug L'! of eight
phenolic environmental estrogens in the samples.

3. Results and discussion
3.1. Characterization of TEPA-MP

The TEM image of the TEPA-MP particles reveals that the TEPA-
MP particles synthesized in this study are multidispersed with an
average diameter of approximately 800 nm, as shown in Fig. 3. The
paramagnetic properties of the TEPA-MP were verified by the
VSM, and the saturation moments obtained from the hysteresis
loop was found to be 9.98 emu/g. Therefore, the TEPA-MP was
responded well to magnetic fields without any permanent mag-
netization for quick and easy separation in two-phase (solid phase
and liquid phase) systems.

The Fourier transform infrared (FT-IR) spectra of M-co-poly
(MMA-DVB-GMA) have the characteristic absorptions of C—0
groups at ~1731cm™!, C-O-C groups at ~1273cm™' and
~1148 cm™, and Fe;0, at ~580 cm™'. After further amino-func-
tionalization, the characteristic peaks of -NH- and —-NHy,— groups
at ~1570 cm™! and ~3425 cm™' appeared in the FI-IR spectra of
TEPA-MP. These results revealed that the epoxyl- of M-co-poly
(MMA-DVB-GMA) had been functionalized successfully with the
amino groups via ring-opening reaction, and the nitrogen percen-
tage of TEPA-MP obtained from EA was 9.6%.

3.2. Optimization of UFLC-MS/MS conditions
In order to get optimization of triple quadrupole MS/MS

conditions, the choice of precursor ions, product ions, and opti-
mization of collision energies for best response were required for
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each target compound. Suitable precursor-to-product MS-MS
transitions of eight phenolic environmental estrogens were
selected through the optimization procedure. The final MS/MS
conditions are detailed in Table 1, and an extract ion chromato-
gram (XIC) of the target compounds at 10.0 pg L™! is illustrated in
Fig. 4.

3.3. TEPA-MP d-u-SPE procedure and its optimization

In this work, sample preparation was a critical part of the
method due to the highly complex blood composition with
containing large amounts of phospholipids. The main challenge
of developing a cleanup method was the separation of the analytes
of interest from the matrix, the TEPA-MP d-p-SPE was used for the
cleanup.

3.3.1. The effect of organic solvents on the cleanup properties
In order to get optimization of protein precipitation conditions,

Fig. 3. TEM image of TEPA-MP. pure methanol and acetonitrile were used for the test. The
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obtained results showed that the precipitate dispersed uniformly
in methanol with much higher recoveries of analytes ranged from
54.2% to 76.9% than acetonitrile.

In order to obtain satisfactory recoveries of eight phenolic
environmental estrogens, the effect of the ratio of formic acid in
methanol on the recoveries was studied. Series of experiments
were performed by mixing 20 mg of TEPA-MP with 100 pL of
blood sample spiked at 10.0 pg L' with the different ratios of
formic acid in methanol from 0.01% to 0.5% (V/V) in a 2.0 mL
polypropylene centrifuge tube. The results are shown in Fig. 5. It
can be seen that with the increasing of the ratio of formic acid in
methanol, the recoveries of BPA, DES, DE, HEX, 4-tOP, 4-NP, E1 and
EV increased significantly. The satisfactory recoveries ( > 95%) of
all analytes were obtained by using formic acid-methanol (0.1%, V/
V) as the organic solvent for protein precipitation.

The dependence of the recoveries of BPA, DES, DE, HEX, 4-tOP,
4-NP, E1 and EV on the ratio of formic acid in methanol could be
due to the perspective of surface chemistry of TEPA-MP used as
adsorbent in the d-p-SPE procedure. The TEPA-MP surface is
generally covered with amino groups (-NH-, -NH,) with different
charges at different pH levels. Generally, the amino groups are
more easily protonated under acidic conditions than under basic
condition. In the case of methanol used as organic solvent for
protein precipitation, hydrogen-bonding interaction happens
between amino groups (-NH-, -NH,) of TEPA-MP and —OH groups
of phenolic environmental estrogens. With the increasing of the
ratio of formic acid in methanol, the concentration of H* was
increased, and amino groups were much easier to be protonated
resulting in the less chance of hydrogen-bonding interaction
between amino groups (-NH-, -NH,) of TEPA-MP and -OH groups
of phenolic environmental estrogens. And interaction mechanism
among TEPA-MP, formic acid in methanol, and phenolic environ-
mental estrogens, e.g., BPA, are shown in Fig. S1. Therefore, formic
acid-methanol (0.1%, v/v) was selected as the optimal organic
solvent for protein precipitation for further studies.

3.3.2. The effect of extraction time on the cleanup properties

When designing the TEPA-MP d-p-SPE cleanup optimization
experiments, one of the primary considerations was to develop an
easy and fast cleanup procedure without affecting the analytes
recoveries. Therefore, the effect of extraction time on the recovery
was studied. Batch experiments were performed by mixing 20 mg
of TEPA-MP with 100 puL of blood sample spiked at 10.0 pg L™ with
various extraction time from 1.0 min to 30.0 min in a 2.0 mL
polypropylene centrifuge tube. With the increasing of the extrac-
tion time from 1.0 min to 30.0 min, the satisfactory recoveries of

100 -
—h
95 —
= —e
90
~ 85 —=— BPA
S —e— DES
g’ 80 - —a— DE
& 5] —v— HEX
7 —«— 4-tOP
70 ~ —p— 4-NP
65 . —e—EI
—e—EV
60 -
55 T T T T T T
0.0 0.1 0.2 0.3 04 0.5

The concentration of formic acid in methanol (v/v)

Fig. 5. Effect of the concentration of formic acid in methanol on the recoveries of
eight phenolic environmental estrogens.

BPA, DES, DE, HEX, 4-tOP, 4-NP, E1 and EV were kept in the range
of 91.6-94.8%, 93.6-97.2%, 89.5-93.2%, 90.8-92.5%, 89.7-92.3%,
93.2-96.8%, 98.6-101.3% and 92.5-94.3%, respectively. This indi-
cates the recoveries of the phenolic environmental estrogens are
independent of extraction time. Therefore, short extraction time of
1.0 min was chosen as the optimal extraction time for further
studies. Furthermore, the similar results were also obtained in the
case of low concentration level of 1.0 pg L™! and high concentra-
tion level of 100 ug L™!, respectively.

3.3.3. The effect of the amount of TEPA-MP on the cleanup properties

According to the discussion above, the TEPA-MP was very
effective to remove various matrix, i.e., phospholipids and other
substances. When designing the TEPA-MP d-u-SPE cleanup opti-
mization experiments, it is the primary consideration to employ a
suitable amount of the TEPA-MP without affecting the analytes
recoveries. For this purpose, the effectiveness of various amounts
of adsorbents on cleanup efficiency and analytes recoveries were
studied with the blood sample spiked with each of the eight
phenolic environmental estrogens at 10.0 ug L™!. The spiked sam-
ples were purified by using different amounts of the TEPA-MP
with constant amounts of the rest of adsorbents. The results are
shown in Fig. 6. The dispersive TEPA-MP adsorbents had an impact
on recoveries of the studied phenolic environmental estrogens,
and it was easy to discern a clear trend in the recovery when
increasing the amount of adsorbents from 5 mg to 60 mg. When
using TEPA-MP adsorbents of 5 mg, the high recoveries of the
analytes were in the range of 110.3-133.0%, which resulted from
the matrix interfering. With the increasing of the amount of TEPA-
MP adsorbents from 10 mg to 30 mg, the satisfactory recoveries of
the analytes were consistent in the range of 83.0-116.8%. It could
be seen that the least amounts of TEPA-MP adsorbents of 20 mg
could be used to ensure the removal of the various matrix, i.e.,
phospholipids and other substances. However, quantification
using amounts between 40 and 60 mg of TEPA-MP seemed
to be inappropriate for satisfactory reproducibility of recoveries
(43.9-83.0%). Based on the results of the experiments, it could be
concluded that the combination of the least amounts of TEPA-MP
adsorbents in the proportion of 10-20 mg per 100 uL of bullfrog
blood sample would ensure efficient and robust cleanup while
maintaining quantitative recovery of the target phenolic environ-
mental estrogens.

3.4. Stability, recycling and reproducibility of TEPA-MP

The chemical stability is considered as a prior condition for the
invariant magnetic property under wide pH condition for the
recycling of TEPA-MP. In this paper, the chemical stability of TEPA-
MP under acidic and alkaline conditions was tested. TEPA-MP was
dispersed in different concentrations of hydrochloric acid (HCI)
solution with pH values ranging from 0 to 3 for 12 h. The results
indicate that Fe;04 could not be dissolved out from the core of the
particles and the TEPA-MP still maintained its original magnetic
ability. TEPA-MP was also dispersed in sodium hydroxide (NaOH)
solution with pH values from 11 to 14 for 12 h. The results
indicated that the polymer was efficient to resist the high pH
solution and there was no Fe3;0,4 leakage under alkaline conditions.
This unique feature will broaden the application of TEPA-MP in
various fields.

The results of recycling experiment showed that TEPA-MP
could be reused at least six times without much sacrifice of the
cleanup efficiency. Furthermore, the preparative reproducibility of
the TEPA-MP used for the cleanup procedure was deeply evalu-
ated. The recoveries of the eight phenolic environmental estrogens
by the three batches of TEPA-MP are shown in Fig. 7. The results
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Fig. 6. Effect of the amount of TEPA-MP on the cleanup properties.
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Fig. 7. Recoveries of eight phenolic environmental estrogens under the cleanup
procedure via d-p-SPE with three batches of TEPA-MP.

show that the absolute deviations of the recoveries for each
phenolic environmental estrogen by the three batches are less
than 5.0%. This indicates that the preparation procedure of TEPA-
MP has good repeatability and reproducibility.

3.5. Matrix effect

Matrix effects, a phenomenon of ion suppression or enhance-
ment of the analyte of interest, and the absolute matrix effect may
be quantitatively assessed by comparing the response of the
analyte spiked into extracted blank matrix with the response of
the analyte spiked into matrix-free reconstitution solution [18].
Using this method, the matrix effect for the determination of
phenolic environmental estrogens was evaluated, and the initial
results showed that absolute matrix effects ranged from 128% to
201% at the tested concentrations (Table 2).

Plasma phospholipids have been identified as a major contri-
buting source of matrix effects in LC-MS/MS based bioanalytical
methods. Since attempts to clean up the interference components
from phenolic environmental estrogens by protein precipitation
were not successful, our attention turned toward methodology to
eliminate the presence of these components during sample pre-
paration. Thus TEPA-MP d-u-SPE was evaluated for application to
the phenolic environmental estrogens assay.

Our results showed that TEPA-MP d-u-SPE procedure after
protein precipitation dramatically reduced the level of phospholi-
pids in plasma samples, and lead to a significant reduction in
absolute matrix effects (Table 2). The recovery could be deter-
mined by comparing the response of the analyte spiked into
matrix with the response of the analyte spiked into extracted
blank matrix [18]. The recovery of phenolic environmental estro-
gens utilizing protein precipitation/TEPA-MP d-p-SPE for sample
preparation was near 100% (Table 2).

Table 2
Absolute matrix effect of phenolic environmental estrogens in protein precipitated
bullfrog blood before and after TEPA-MP d-u-SPE with the corresponding recovery.

Phenolic Added Mean absolute Mean absolute Mean
environmental (pgL™') matrix effect? matrix effect® after recovery”
estrogen Qbefore TEPA-MP TEPA-MP after
d-p-SPE (%, n=6) d-p-SPE (%, n=6) TEPA-MP
d-p-SPE
(%, n=6)
BPA 1.0 186 100.0 101.0
20.0 138 921 97.6
50.0 136 90.6 99.8
DES 1.0 190 96.1 95.6
20.0 142 88.2 96.2
50.0 139 89.9 96.8
D1 1.0 162 87.3 90.2
20.0 129 83.2 89.6
50.0 128 85.6 90.8
DE 1.0 192 102.0 93.6
20.0 152 93.2 93.9
50.0 142 929 94.1
HEX 1.0 180 98.7 97.2
20.0 132 90.6 98.1
50.0 139 91.3 929
4-tOP 1.0 196 105.0 98.2
20.0 145 95.2 92.8
50.0 139 96.0 100.0
EV 1.0 201 102.0 88.6
20.0 152 95.9 89.2
50.0 149 96.2 90.6
4-NP 1.0 198 103.0 101.0
20.0 149 94.0 99.6
50.0 136 92.8 100

2 Expressed as (the mean peak area of analyte spiked after extraction/the mean
peak area of the neat analyte standard) x 100%.

b Expressed as (the mean peak area of analyte spiked before extraction/the
mean peak area of analyte spiked after extraction) x 100%.

3.6. Comparison of cleanup procedure via d-p-SPE with three kinds
of adsorbents

An overview of the three procedures for analysis of phenolic
environmental estrogens is shown in Fig. 8. The aim of the present
study was to investigate the cleanup procedure via three different
approaches, kept up the other variables unchanged. Bullfrog blood
sample spiked with eight phenolic environmental estrogens at a
concentration of 10.0 ugL™' was used to compare the cleanup
procedures, as shown in Fig. 9. It can be seen that the analytes are
prone to strong matrix enhancement interactions in samples,
which could not be avoided well by using Approach I, since the
recoveries of all the analytes were obviously low, ranged from
107.8% to 133.7%. With the use of Approach Il and Approach III, the
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Fig. 8. Overview of the procedure for sample cleanup procedure for determination of eight phenolic environmental estrogens.
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Fig. 9. Recoveries of eight phenolic environmental estrogens under three cleanup DE A=2.69 x 10° 1.0000 0.5~100.0 0.022 0.075
procedures via d-p-SPE with C18, PSA and TEPA-MP. C-1.01 x 10*
HEX A=712x10* 0.9996 0.5~100.0 0.083 0.28
C-1.43 x 10°
. 4-tOP A=5.61x10* 0.9996 0.5~100.0 0.12 0.40
recoveries of all the analytes were ranged from 79.6% to 118.2% C+1.95 x 10%
and 86.3% to 99.2%. This reveals that the cleanup property of TEPA- EV A=8.64 x 1‘334 0.9992 0.5~100.0 014 042
MP is comparable with that of PSA materials. In addition, the D 2"1'13&; ]?05 09991 051000 075 095
. - = 1. X R Lo~ . ! ..
advantages of using the TEPA-MP d-u-SPE procedure were C-4.95 x 10%

obvious, namely a short sample preparation time and an easy
cleanup procedure for the removal of various matrix in bullfrog  A: peak area; C: mass concentration.
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Table 4
Precision and accuracy of eight phenolic environmental estrogens (n=6, X +s).
Phenolic environmental estrogen Added (pg L") Found (ug L") Accuracy (%) Precision (RSD, %)
Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
BPA 1.0 0.98 +0.05 0.99 +0.02 98.3 99.3 49 21
20.0 19.03 £ 091 19.57 £ 0.45 95.2 97.8 4.8 2.3
50.0 52.50 +2.10 49.58 + 0.91 105.0 99.2 4.0 1.8
DES 1.0 0.96 +0.02 0.97 + 0.02 96.3 97.0 1.8 2.1
20.0 18.80 £ 0.54 18.53 +0.46 94.0 92.7 29 2.5
50.0 48.17 £ 1.60 48.91+0.29 96.3 97.8 33 0.6
E1 1.0 0.85+0.02 0.86 +0.02 85.0 86.5 29 22
20.0 17.63 +£0.32 1753 £ 0.26 88.2 87.7 1.8 1.5
50.0 4417 +£0.53 43.92 + 0.65 88.3 87.8 1.2 1.5
DE 1.0 0.92 +0.03 0.96 +0.05 91.7 95.8 34 52
20.0 18.53 +£0.69 18.70 £ 0.72 92.7 93.5 3.7 3.8
50.0 47.08 + 1.01 47.08 + 1.00 94.2 94.2 2.1 21
HEX 1.0 0.93 +£0.01 0.95 +0.02 93.0 95.0 1.5 21
20.0 18.80 £ 0.17 19.03+£0.33 94.0 95.2 0.9 1.7
50.0 46.92 + 0.46 48.09 + 0.55 93.8 96.2 1.0 1.1
4-tOP 1.0 0.93 +0.02 1.00 + 0.02 92.7 100.0 1.8 2.0
20.0 18.67 +£0.19 18.97 + 0.37 933 94.8 1.0 1.9
50.0 47.25+0.78 5130+ 1.94 94.5 102.7 1.6 3.8
EV 1.0 0.86 +0.03 0.86 +0.02 86.2 85.5 3.3 3.0
20.0 17.07 £ 0.52 17.40 + 0.22 85.3 87.0 31 13
50.0 44.58 + 0.52 44.08 + 1.09 89.2 88.2 1.2 25
4-NP 1.0 0.96 +0.03 1.04 +0.05 95.8 104.2 3.5 4.8
20.0 19.33 £0.66 19.57 £0.23 96.7 97.8 34 1.2
50.0 46.67 + 1.71 50.12 + 1.02 93.3 100.2 3.7 2.0
Table 5

Comparison of the analytical features of current LC-MS-based methodologies for the determination of phenolic environmental estrogens in food and blood samples.

Sample Phenolic environmental

estrogens

Sample

preparation
(main steps)

LC column LC parameters

Detector parameters

Linear range (LR), LOD Reference

or LOQ, recoveries (R)

Cereals

Meat

Milk

Dry
milk
powder

Fish

Meat

4-n-nonylphenol
4-tert-butylphenol
2,4-dichlorophenol
2,4,5-trichlorophenol
pentachlorophenol
4-tert-butylbenzoic
acid

BPA

Octylphenol
Nonylphenol

BPA

BPA

Estrone
17p-estradiol

estriol
17a-ethynylestradiol
BPA

Estrone
17p-estradiol

estriol
17a-ethynylestradiol
BPA

Octylphenol
Nonylphenol

trans diethylstilbestrol

cis diethylstilbestrol

PLE-SPE

PLE-SPE

SPE

SPE

PLE

SPE

XTerra MS C18

100 mm x 2.1 mm,
3.5 um

Symmetry C18
150 mm x 2.1 mm,
3.5um

LiChrospher100
RP-18

250 mm x 4 mm,
5pm

Mobile phase: 0.0025 M ammonium
formate buffer (pH 3.1, adjusted with
formic acid)/methanol with gradient
elution, 0.2 mL min™", Inj: 50 uL

Mobile phase: water (0.1%
ammonia)/methanol with gradient
elution, 0.2 mL min™", Inj: 10 uL

Mobile phase: water/ methanol
(30:70, v/v), 0.9 mL min~", Inj: 10 L

ESI(-)-MS: capillary voltage:
3.0 kV, cone voltage: 40V,
source temperature: 120 °C,
desolvation temperature:

250°C,

ESI(-)-MS/MS: capillary

voltage: 3.5 kV,

cone voltage: 70V, source
temperature: 100°C

ESI(-)-MS: capillary voltage:
3.5 kV, cone voltage: 70V,
source temperature: 500 °C

Eclipse DB-C8
150 mm x 4.6 mm,
5um

HSS T3
100 mm x 2.1 mm,
1.7 pm

SB-C18

50 mm x 2.1 mm,
1.8 um

Mobile phase: water (0.025%
ammonia)/methanol (0.025%

ammonia) with gradient elution

0.5 mL min!, Inj: 25 uL

Mobile phase: water /acetonitrile—
methanol (1:2, v/v) with gradient
elution, 0.4 mL min™?, Inj: 4 L

Mobile phase: water (0.1% formic
acid, 0.5% acetonitrile)/acetonitrile
(0.1% formic acid) with gradient
elution, 0.3 mL min™?, Inj: 2 pL

ESI(-)-MS/MS: capillary
voltage: 4.0 kV, cell
accelerator voltage: 7V,
source temperature: 350 °C

ESI(-)-MS/MS: capillary
voltage: 2.8 kV, source
temperature: 500 °C

ESI(+)-MS/MS: capillary
voltage: 4 kV,source
temperature: 300 °C

LR: 0.08-0.8 mgkg™"; [35]
LOD: 3-43 ugkg™;

R: 81-104%

LR: 1-500 ug L'7; [2]
LOQ: 0.2-1.0 pg kg™";

R: 92-97%

LR: 5-700 pg L™'; [36]

LOQ: 22 pg- L™ R:
52% (absolute
recovery), 101%
(relative recovery)

LR: 100-1000 ug L™';  [37]
LOQ: 8.8 ugkg™';
R: 95-99%

LR: 1-500 ug L™"; [38]
LOQ: 0.07-

0.27 ngkg™;

R: 71.2-108%

LR: 0.5-200 ug L™; [39]
LOQ: 0.15-

0.50 ug kg™';

R: 75.3-92.5%
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Table 5 (continued )

Sample Phenolic environmental LC column

estrogens

Sample
preparation
(main steps)

LC parameters

Detector parameters Linear range (LR), LOD Reference

or LOQ, recoveries (R)

Blood  Diethylstilbestrol d-p-SPE Shim-pack R-ODSII Mobile phase: water (0.02% ESI(-)-MS/MS: capillary LR: 0.5-100 ug L™"; This
dienestrol ammonia)/methanol (0.02% voltage: 4.5 kV, cone voltage: LOQ: 0.075- work
hexestrol ammonia) with gradient elution, 10V, source temperature: 042 gL
4-(tert-octyl)-phenol 0.45 mL min™?, Inj: 5 L 500 °C R: 85-105%

4-nonylphenol

estrone

estradiol valerate

BPA
100 mm x 2.0 mm,
2.2 pm

Abbreviations: PLE, pressurized liquid extraction; SPE, solid-phase extraction; d-u-SPE, dispersive micro-solid-phase extraction Inj., injection volume, ESI, electrospray

ionization.

blood because of the magnetic separation instead of centrifugation
in the PSA d-p-SPE procedure.

3.7. Method linear range, precision, accuracy, LOD and LOQ

The linearity of the calibration curves made by peak area (y) vs.
concentration (x, pg L™!) was studied using calibration standards in
solvent at seven concentrations of 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0
and 100.0ugL™'. The response function was found to be
linear with correlation coefficients (r) higher than 0.999 in the
tested range listed in Table 3 for eight phenolic environmental
estrogens.

Precision and accuracy were assessed based on the analysis of
eight phenolic environmental estrogens spiked at concentrations
of 1.0, 20.0 and 50.0 pg L' in blank bullfrog blood. The results are
summarized in Table 4. It shows that the majority of mean
recoveries are in the range of 85.0-105.0% at the three spiking
levels with associated intra-day relative standard deviations
(RSDs) ranging from 0.9 to 4.9% and inter-day relative standard
deviations (RSDs) ranging from 0.6 to 5.2%.

The LODs and LOQs values for the analyzed phenolic environ-
mental estrogens are shown in Table 3. The LODs and LOQs, which
were defined as the lowest analyte concentration that yielded a
signal-to-noise (S/N) ratio of 3 and 10 in blank extracts were in the
range of 0.022-0.14pgL™! and 0.075-0.42 ug L', respectively.
Compared with the LC-MS methods in literatures for the determi-
nation of phenolic environmental estrogens in various samples, as
shown in Table 5, the developed method had lower LOQs, simpler
pretreatment, and faster run.

3.8. Sample analysis

Three batches of bullfrog (ten samples for each batch) were
analyzed by the developed method. Each batch of samples was
processed together with a matrix blank (phenolic environmental
estrogens-free sample), which was confirmed by using UFLC-MS/MS
method. The matrix blank eliminated the false positive as result of
contamination in the extraction process, instrument or chemicals. A
blank extract spiked at the calibration level (10.0 ug L™!) was used to
control the extraction efficiency. The results showed the presence of
BPA and 4-tOP in two of the thirty collected samples with concen-
trations of 55.29 and 2.86 ug L!, respectively, and other six phenolic
environmental estrogens were not detected because of lower than
the LOQs in the analyzed samples. The typical UFLC-MS/MS chro-
matogram is shown in Fig. 10.
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Fig. 10. Extract ion chromatogram (XIC) for two examined samples.

4. Conclusions

In this work, a novel and efficient amino-functionalized Fes04
magnetic polymer (MP) using tetraethylenepentamine (TEPA) as a
coupling agent with stronger magnetism was synthesized. The
d-u-SPE extraction procedure using TEPA-MP with rapid magnetic
separation was optimized for the phenolic environmental estro-
gens, and the matrix effects caused by phospholipids were
effectively eliminated by the TEPA-MP adsorbent. Acceptable
recoveries for the studied phenolic environmental estrogens were
obtained in the range of 85.0-105.0%. The results demonstrate that
the accuracy and precision of the proposed TEPA-MP d-pu-SPE
coupled with UFLC-MS/MS method are satisfactory for analysis of
the phenolic environmental estrogens in blood samples.
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