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Abstract Analyses of four endocrine disrupting chemicals
(EDCs) in water and milk samples were undertaken by using
magnetic molecularly imprinted polymers (MMIPs). These were
prepared via the surface molecular imprinting technique using
super paramagnetic core-shell nanoparticle as support. Diethyl-
stilbestrol (DES), which is a typical EDC, was employed as the
template molecule. The obtained MMIPs were characterized
using transmission electron microscope, Fourier transform infra-
red, X-ray diffraction, and vibrating sample magnetometer. Ac-
cordingly, the adsorption capacity and selectivity of prepared
MMIPs were investigated. The binding isotherms were obtained
for DES and fitted by the Freundlich isotherm model. A corre-
sponding analytical method to determine four EDCs was devel-
oped. The recoveries of the spiked samples in pond water and
pure milk range from 67.8 to 93.2 % and from 65.3 to 92.5 %,
respectively. Coupled with high-performance liquid chromatog-
raphy analysis, the preparedMMIPswere successfully applied to
the analysis of EDCs in water and milk samples.

Keywords Molecularly imprinted polymers . Super
paramagnetic . Endocrine disrupting chemicals .Water and
milk

Introduction

Molecularly imprinted polymers (MIPs), featuring high spec-
ificity, good stability, ease of preparation, and low cost, are

receiving remarkable attention as smart and robust materials
for sample preconcentration and separation [1–4]. With tailor-
made binding sites, MIPs not only recognize the size and
shape of a given template but also respond to the functional
groups of the molecule [5, 6]. Successful applications ofMIPs
have been demonstrated in various fields including chem/
biosensors [7, 8], solid phase extraction (SPE) [9–11], envi-
ronmental analysis [12], pharmaceutical analysis [13], food
analysis [14], etc. However, some drawbacks to MIPs have
restricted their widespread application, such as incomplete
template removal, slow mass transfer, poor site accessibility,
irregular shape, or heterogeneous distribution of binding sites
[15]. Many efforts have been made to address the above
issues. Imparting magnetism to the MIPs and then using
magnetic separation is a promising alternative.

Surface imprinted technique, imprinting MIPs on the sur-
face of supporting substrate (e.g., silica particle [16, 17],
carbon nanotubes [18, 19], polymer supports [20, 21], and
magnetic nanoparticles [22, 23]), is becoming one of the most
effective ways to improve the MIPs preparation. Surface
imprinted polymers reveal high binding capacities, fast mass
transfer, and rapid binding kinetics due to the easy accessibil-
ity to recognition sites and the homogeneous distribution of
binding sites [24]. Notably, the MIPs with magnetic property
are superior for easy handling and fast separation from the
matrix using an external magnetic field without additional
centrifugation or filtration [25]. The magnetic molecularly
imprinted polymers (MMIPs), which have already been pre-
pared in some works [26–29], also display higher adsorption
ability and excellent recognition selectivity.

Endocrine disrupting chemicals (EDCs) are exogenous
substances with the potential to elicit adverse effects on the
normal endocrine function, and consequently have drawn
extensive scientific, societal, and political attention [30].
Among the EDCs identified so far, diethylstilbestrol (DES),
hexestrol (HES), and dienestrol (DIS) are often studied as a
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group of synthetic estrogens because of their structural and
estrogenic similarities [31], which used to prevent spontane-
ous abortion clinically. However, the long-term intake of
synthetic estrogens can cause tumors such as breast cancer
and prostate cancer [32, 33]. For the purpose of fattening
animals, large amounts of synthetic estrogens are illegally
used which can then be excreted to milk or discharged into
the aquatic environment [31]. Bisphenol A (BPA) is also a
typical EDCs which can potentially interfere with the endo-
crine system of wildlife and humans and increase cancer
incidence. BPA has been widely used for the production of
polycarbonates plastics and epoxy resins; it is inevitably re-
leased from many plastic packages, such as plastic drinking
bottles, leading to food pollution [34]. Thus, development of
highly sensitive and selective methodologies for determina-
tion of the four EDCs is of great significance for food safety
supervision. Several MIPs have been prepared for the enrich-
ment and detection of EDCs [31, 35–37] and endogenous
estrogen [38, 39]. The application of the merits of magnetic
supporting substrate for the construction of MIPs of DES has
not been reported yet.

In this work, the MMIPs were successfully developed for
the analysis of four EDCs in water and milk samples. DES
was used as the template and super paramagnetic core-shell
nanoparticle as supporter. The characterization, adsorption
capacity, and selectivity were investigated. The operation
conditions affecting the extraction of the four EDCs by
MMIPs were optimized, and the analytical performance of
the method was evaluated. To demonstrate the applicability,
the developed method was applied to the analysis of the four
EDCs in real-world samples of pond water and pure milk.

Experimental procedures

Chemicals

DES, HES, DIS, BPA, and paeonol (PN) (Electronic Supple-
mentary Material (ESM) Fig. S1) were obtained from Aladdin
Reagent Co., Ltd. (Shanghai, China). Acrylamide (AA),
methylacrylic acid (MAA), ethylene glycol dimethacrylamide
(EGDMA), 2,2′-azobisissobutyronitrile (AIBN), and
3-(trimethoxysilyl)propyl methacrylate (MPS) were pur-
chased from J&K Scientific Co., Ltd. (Beijing, China). Ferric
chloride (FeCl3·6H2O) and ferrous chloride (FeCl2·4H2O)
were purchased from Tianjin Tianli Chemicals Co., Ltd.
(Tianjin, China). Tetraethoxysilane (TEOS), isopropanol, an-
hydrous toluene, and ammonium hydroxide (28 %, weight
percent) were supplied from Tianjin Chemical Reagent Co.,
Ltd. (Tianjin, China). HPLC-grade acetonitrile and methanol
were from Merck Co. Ltd. (Darmstadt, Germany). Ultra-pure
water was prepared with the FLOM purification system
(Shandong, China).

Instruments

Transmission electron microscope (TEM) images were ob-
tained with a Hitachi-600 TEM (Tokyo, Japan). The Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
Nexus-670 FT-IR spectrometer (Madison, USA). All the spec-
tra were collected in the range of 4,000–500 cm−1. The crystal
structures were characterized by a Bruker D8 Advance X-ray
diffraction (XRD) using CuKα radiation (Bremen, Germany).
Themagnetic properties were measured using anMpms Squid
vibrating sample magnetometer (VSM) (San Diego, USA).
Chromatographic analysis was carried out on Shimadzu LC-
20A HPLC system equipped with diode array detection
(DAD) system (Kyoto, Japan). A reversed phase C18 column
(150 mm×4.6 mm i.d., 5 μm) was obtained from Thermo
Fisher Scientific Co., Ltd. (Madison, USA). The mobile phase
consisted of water and methanol (42:58, v/v) with the flow rate
of 1.0 mL min−1. The injection volume and detection wave-
length were 10 μL and 230 nm, respectively [35].

Preparation of the MMIPs

The preparation protocol was shown in ESM Fig. S2. At first,
Fe3O4 nanoparticles were prepared by coprecipitation. Briefly,
8.1 g of FeCl3·6H2O and 4.0 g of FeCl2·4H2O were dissolved
in 160 mL of deoxygenated water under stirring at 500 rpm
under nitrogen. One hundred milliliter of ammonium hydrox-
ide was dropwise added into the solution, and the reaction was
maintained at 80 °C for 30 min [40]. The black precipitates
were collected bymagnetic separation, washedwith ultra-pure
water until the pH of the washings became neutral, and finally
dried under vacuum at 60 °C for 24 h. Then 600 mg of Fe3O4

nanoparticles were dispersed in 50 mL of isopropanol and
10 mL of ultra-pure water by ultra sonication for 30 min,
followed by the addition of 20 mL of ammonium hydroxide
and 8 mL of TEOS. The mixtures were reacted for 12 h at
room temperature with stirring at 500 rpm [41]. The obtained
Fe3O4@SiO2 nanoparticles were dried under vacuum at 60 °C
and then modified with MPS. The detailed procedures were as
follows: 1 g of Fe3O4@SiO2 nanoparticles were dispersed in
100 mL of anhydrous toluene containing 10 mL of MPS, and
the mixture was reacted at 90 °C for 24 h under dry nitrogen.
After magnetic separation, washing by anhydrous toluene and
methanol and drying under vacuum at 60 °C, the surface-
modified magnetic particles (Fe3O4@SiO2-MPS) were
obtained.

The MMIPs were prepared based on surface-imprinted
polymerization method. DES (53.6 mg) as the template and
68 μL of MAA as the functional monomer were dissolved in
32 mL of acetonitrile. The mixture was stored in dark for 12 h
at room temperature. Then, 200 mg of Fe3O4@SiO2-MPS
nanoparticles was added into the mixture and stirred for 2 h.
Subsequently, 754 μL of cross-linker EGDMA and 60 mg of
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initiator AIBN were added into the system, and the
mixture was degassed in an ultrasonic bath for
30 min. After filled with nitrogen for 10 min to remove
oxygen, the polymerization was performed at 60 °C
with nitrogen protection for 24 h. The polymers were
collected magnetically, and the template molecule was
removed by washing with methanol/acetic acid (9:1, v/v)
and methanol until no DES absorption was detected by
HPLC. Finally, the obtained particles (MMIPs) were
dried under vacuum at 60 °C. For comparison, the
magnetic non-imprinted polymers (MNIPs) were pre-
pared by the same method without the addition of
template DES.

Binding experiment

To measure the adsorption capacity, 20 mg of MMIPs or
MNIPs was equilibrated with 1 mL various concentrations
of DES standard solution (10–160 μg mL−1 in acetonitrile),
respectively. The samples were shaken in Zhengji incubator
(Jiangsu, China) for 24 h at 25 °C. Then theMMIPs orMNIPs
were magnetically separated from the solution, and the
remained DES in solution was analyzed by HPLC. The ad-
sorption capacity (Q, μg g−1) was calculated following the
equation:

Q ¼ Ci−Ceð Þ � V

m
ð1Þ

where Ci and Ce (μg mL−1) are the initial and equilibrium
concentrations of the analytes, respectively. V (mL) is the
volume of solution, and m (g) is the mass of polymers.

Selectivity evaluation

Twentymilligrams ofMMIPs orMNIPs was equilibratedwith
1 mL of DES, the structurally similar compounds HES, DIS,
and BPA, or the reference compound PN solution
(20 μg mL−1 in acetonitrile) to evaluate the selectivity. Com-
petitive recognition studies were performed with 1 mL mixed
solution of DES and PN (20 μg mL−1 for each in acetonitrile).
The extraction and analysis procedures were then conducted
as described earlier in “Binding experiment”.

The interrelated absorbed coefficient was evaluated by the
following equations:

Kd ¼ Q

Ce
ð2Þ

where Kd is the distribution coefficient. Q and Ce are as
described previously.

K ¼ Kd1

Kd2
ð3Þ

where K is the selectivity coefficient. Kd1 and Kd2 are the
distribution coefficient of target and competitive molecules,
respectively.

K
0 ¼ KMMIPs

KMNIPs
ð4Þ

where K′ is the relative selectivity coefficient. KMMIPs and
KMNIPs represent the selectivity coefficient of MMIPs and
MNIPs, respectively.

Application of the MMIPs to real samples

Pond water was from Northwestern Polytechnical University
(Xi’an, China), and five batches of pure milk were purchased
from a supermarket in Xi’an, China. The samples were packed
in plastic bottles and stored in dark at 4 °C.

Without any pretreatment, 20 mg of MMIPs or MNIPs was
added to the spiked pond water (1 mL), respectively, and shook
at 25 °C for 30 min. The polymers were magnetically separated
from the solution (ESM Fig. S3). After the supernatant solution
was discarded, the collected polymers were washed with 1 mL
acetonitrile. Finally, the polymers were eluted with 1 mL of
methanol/acetic acid (9:1, v/v) by ultra sonication for 20 min.
The supernatant (0.5 mL) was completely evaporated and
dissolved in 0.1 mL of acetonitrile for further HPLC analysis.

Because milk is complex, it is essential to remove its lipids
and proteins before the MMIPs adsorption. In this study,
acetonitrile was used for protein precipitation. Five milliliters
of spiked pure milk was carried out by adding 5 mL of
acetonitrile to precipitate protein. The mixture was oscillated
and centrifuged at 10,000 rpm for 10 min. The supernatant
was centrifuged twice and pooled together. Then 20 mg of
MMIPs or MNIPs was added to the supernatant (1 mL),
respectively. The other operational processes were the same
as the procedure of water samples.

Results and discussion

Preparation of MMIPs

The obtained MMIPs were prepared by surface molecules
polymerization technology. Fe3O4 nanoparticles were firstly
synthesized by coprecipitation reaction. Secondly, the surface
of Fe3O4 nanoparticles was coated with silica to provide a
biocompatible and hydrophilic surface, and prevent oxidation.
Furthermore, silanol groups were beneficial to chemical mod-
ification on the surface of Fe3O4@SiO2 nanoparticles. After
that, double bonds were introduced onto the surface of
Fe3O4@SiO2 nanoparticles with MPS for reaction with
EGDMA to initiate the copolymerization of DES and MAA
on the Fe3O4@SiO2 surface in the presence of AIBN.
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In order to obtain MMIPs with the highest recognition
capability, some essential factors were investigated during the
preparation procedure. As known, solvent plays an important

role as a porogen and dissolvent in the preparation of the non-
covalent type molecularly imprinted polymer. Weak polarity
solvent is usually selected as the optimal condition because of
non-covalent molecular recognition. In consideration of the
weak polarity and excellent dissolving capacity, acetonitrile
was selected as the porogen. The generation of recognition
sites was dependent on the functional monomer through orga-
nized self-assembly with the template. In this study, AA and
MAAwere selected to evaluate the specific recognition ability
of MMIPs for DES. The results indicated that using MAA had
better molecular recognition. The optimization of mole ratio of
template to functional monomer was a critical factor that even-
tually led to a maximum high-affinity binding sites in the
synthesized MMIPs. Three molar ratios of the template DES
to the functional monomer MAA of 1:3, 1:4, and 1:5 were
investigated. The optimum ratio of functional monomer to
cross-linker was 1:5 according to previous reports [3]. The
results indicated that the optimum molar ratio of template/
MAA/EGDMAwas 1:4:20 to prepare MMIPs for DES.

Fig. 1 VSM curves of Fe3O4 (a), Fe3O4@SiO2 (b), and MMIPs (c)

Fig. 2 A Adsorption isotherm curve of MMIPs and MNIPs; B
Freundlich analysis curves of MMIPs and MNIPs

Table 1 Freundlich fitting parameters, number of binding sites (Nkmin

−kmax), and weighted average affinity (Kkmin−kmax) for DES on theMMIPs
and MNIPs

MMIPs MNIPs

Nkmin−kmax (mg g−1) 3.086±0.009 0.933±0.006

Kf [(mg g−1)(mL μg−1)n] 0.779 0.102

Kkmin−kmax (mL μg−1) 0.102±0.004 0.011±0.001

Krange (mL μg−1) 0.014–0.625 0.008–0.083

n 0.4196 0.6094

r 0.9961 0.9705

aData are shown as means±S.D.

Fig. 3 The specific binding behaviors of MMIPs and MNIPs for four
EDCs and PN
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Characterization of MMIPs

The particle morphology of Fe3O4@SiO2 and MMIPs can be
obviously observed by TEM (ESM Fig. S3). It can be seen
that the core-shell structure of Fe3O4@SiO2 is about 230 nm
in size. After imprinting process, the MMIPs still revealed the
fine core-shell structure with the diameter of 250 nm, which
suggested that imprinted layer was well distributed on the
surface of Fe3O4@SiO2.

FT-IR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-MPS,
MMIPs, and MNIPs are shown in ESM Fig. S4. The strong
absorption peak at about 579 cm−1 was characteristic of Fe-O
vibration, and the strong peak around 1,099 cm−1 (Si–O
asymmetric stretching vibration), and 799 cm−1 (Si–O sym-
metric stretching vibration) displayed that SiO2 was success-
fully encapsulated onto the surface of Fe3O4 nanoparticles.
The C–H stretching vibration peak at 2,930 cm−1 indi-
cated that MPS groups were indeed coated onto the
surfaces of the Fe3O4@SiO2 nanoparticles. No obvious
differences were found between the spectra of MMIPs
and MNIPs. The new absorbance peak of C=O at 1,733 cm−1

for EDGMA showed that the polymerization was successful.
Moreover, the peak intensity in theMNIPs was lower than that
inMMIPs because of the effect of hydrogen between DES and
MAA.

The structural properties of Fe3O4, Fe3O4@SiO2, and
MMIPs were analyzed by XRD. As shown in ESM Fig. S5,
six characteristic peaks marked by their indices (220, 311,
400, 422, 511, and 440) were obtained in the 2θ region of 20–
80°. The discernible peaks matches well with the database of
magnetite in JCPDS (JCPDS card: 19–629) file. This finding
proved that the synthesis process did not change the XRD
phase of Fe3O4.

VSM was employed to characterize the magnetic proper-
ties of the obtained magnetic materials, and their VSM mag-
netization curves are shown in Fig. 1. Based on the VSM data,
the supporting core (Fe3O4) exhibits a saturation magnetiza-
tion value of 65.30 emu g−1. The saturation magnetizations of
Fe3O4@SiO2 and MMIPs decreased after the formation of the
polymeric coating (28.09 emu g−1 for Fe3O4@SiO2 and
17.11 emu g−1 for MMIPs). These magnetic properties en-
abled magnetic separation with a common magnet.

Binding isotherms and Freundlich analysis

The adsorption capacity was performed by subjecting the
MMIPs or MNIPs to various initial concentrations of DES.

Table 2 The selectivity parameters of MMIPs and MNIPs (n=3)

Ce

(μg mL−1)
Q
(mg g−1)

Kd (mL g−1) K K′

DES PN DES PN Kd1

(DES)
Kd2

(PN)

MMIPs 1.66 15.43 0.92 0.23 552.41 14.81 37.30 15.15

MNIPs 12.19 15.87 0.39 0.21 32.03 13.01 2.46

Fig. 4 A Extraction time curves; B MMIPs amount curves; and C
desorption time curves of MMIPs coating to the four EDCs mixed
standard solution
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As shown in Fig. 2A, the amount of DES adsorbed
increases along with the initial concentration; when the
initial concentration of DES was 140 μg mL−1, the
binding amount achieved a nearly saturated plateau.
The MMIPs revealed highly specific binding ability to
the template DES than MNIPs.

In order to further study the binding properties of MMIPs
and MNIPs, the obtained data were analyzed using the
Freundlich isotherm model equation [3]:

logQ ¼ nlogCe þ logK f ð5Þ

whereQ andCe are as described in Eq. (1), and n andKf are
the Freundlich constants related to the binding intensity
and binding capacity, respectively. The values of n and
Kf could be calculated from plotting logQ versus logCe

by a linear regression (Fig. 2B). The parameter n varies
from 0 to 1, with 1 being homogeneous and values
approaching 0 being increasingly heterogeneous. In addition,
the number of binding sites per gram of polymer (Nkmin−kmax)
and the weighted average affinity constant (Kkmin−kmax)
were calculated using the following Eqs. (6) and (7),
respectively.

Nkmin−kmax ¼ K f 1−n2
� �

K−n
min−K

−n
max

� � ð6Þ

Kkmin−kmax ¼
n

n−1

� � K1−n
min−K

1−n
max

K−n
min−K

−n
max

� �
ð7Þ

where Kmin=1/Cemax and Kmax=1/Cemin. Cemax and Cemin

are the experimental maximum and minimum free analyte
concentrations, respectively.

These calculated fitting parameters are summarized in
Table 1. According to the n value, the MMIPs had a lower
value than the MNIPs, which indicated a more hetero-
geneous group of binding sites. The binding sites of
MMIPs for DES measured were 3.086 mg g−1 with an
affinity constant of 0.102 mL μg−1, while the binding
sites 0.933 mg g−1 of MNIPs were with an affinity constant of
0.011 mL μg−1. The results indicated that the template

molecule displayed an important role in the heterogeneity of
the MIPs.

Table 3 Recoveries of the four EDCs after MMIPs extracted of spiked pond water and pure milk (n=3)

Pond water Pure milk

1 μg mL−1 3 μg mL−1 5 μg mL−1 1 μg mL−1 3 μg mL−1 5 μg mL−1

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

Recovery
(%)

RSD
(%)

DES 92.3 4.7 92.7 3.2 93.2 5.6 90.4 2.3 92.1 1.6 92.5 2.4

HES 82.6 5.8 83.7 2.4 85.1 3.5 81.2 4.2 82.3 2.3 83.4 2.6

DIS 78.9 3.3 80.2 6.2 82.1 6.4 77.8 3.6 79.2 3.4 79.7 4.8

BPA 67.8 5.6 68.6 4.7 68.9 2.6 65.3 4.8 67.4 4.8 68.2 3.4

Fig. 5 Chromatograms of (A) pond water and (B) pure milk: four EDCs
spiked extraction solution of sample (a, e); spiked solution extracted with
MNIPs (b, f); spiked solution extracted with MMIPs (c, g); four EDCs
mixed standard solution (d, h)
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Adsorption specificity

To evaluate the specificity of the MMIPs, DES, some ana-
logues (HES, DIS, and BPA), and a reference compound
(PN) were selected, and the results were shown in Fig. 3. The
adsorption capacities of the MMIPs for the four EDCs are
obtained at the range of 0.71–0.92 mg g−1, which is signifi-
cantly higher than the MNIPs (0.31–0.40 mg g−1). It illustrated
that the MMIPs had high specificity for DES and its analogues.
Meanwhile, the adsorption capacity of the MMIPs for the four
EDCs is significantly higher than PN (0.23 mg g−1), and there
was no obvious difference between the MMIPs and MNIPs to
adsorb PN (0.22 mg g−1 for MNIPs). This indicated that the
MMIPs had no specific site to the reference compound with
significantly different structures.

The DES and the reference compound PN were selected to
act the competitors in competitive assays. The distribution
coefficient (Kd), the selectivity coefficient (K), and the relative
selectivity coefficient (K′) were obtained from these compet-
itive assays. Kd indicates the adsorption ability of a substance,
K suggests how selective the sorbent is when it is exposed to
two substances, and K′ reveals the selective difference be-
tween MMIPs and MNIPs [27]. As seen in Table 2, The K

value of the MMIPs (37.30) is larger than that of the MNIPs
(2.46), indicating that the MMIPs have a higher selectivity for
DES over PN. The value of K′ is 15.15, confirming that the
imprinted polymer has a higher selectivity than the non-
imprinted polymer. The MMIPs exhibit a higher affinity for
DES due to its template-specific sites, which indicated that the
imprinting process significantly improved adsorption selectiv-
ity to the imprinted template and no specific site was suited for
the reference compound with significantly different structures.

Optimization of extraction procedure

The extraction procedure includes three steps: adsorption,
isolation, and desorption. The adsorption time is a key factor
in the efficiency of the assay. The effect of the absorption time
was conducted in 1 mL mixed solution of four EDCs
(20 μg mL−1 for each) by varying the shaking time (5–
60 min). Figure 4A indicates that the MMIPs (20 mg) reach
adsorption equilibrium at approximately 30 min for the four
EDCs. Therefore, 30 min extraction time was selected in the
following experiments.

Different amounts of MMIPs ranging from 5 to 60 mg in
1 mL mixed solution of four EDCs (20 μg mL−1 for each)

Table 4 Analytical results from five batches of pure milk (n=3)

Sample Batch no. Protein content
(mg mL−)1

Fat content
(mg mL−1)

Carbohydrate
content (mg mL−1)

DES content
(ng mL−1)

HES content
(ng mL−1)

DIS content
(ng mL−1)

BPA content
(ng mL−1)

A 6904007601014 30 35 48 Founda Unfound Unfound Unfound

B 6910442945187 24 29 60 Unfound Unfound Unfound Unfound

C 6907992501468 30 35 50 Unfound Unfound Unfound Unfound

D 6925572320094 23 25 48 Unfound Unfound Unfound Unfound

E 6923644261405 24 30 68 Unfound Unfound Unfound Unfound

aDES could be found, but could not be quantified

Table 5 Comparison of the limits
of detection (LOD) with other
methods

Extraction method Detection Matrix Compounds LOD (ng mL−1) Reference

Dual cloud point MEKC-UV Water DES 8.9 [31]
HES 7.9

DIS 8.2

Stir bar sorptive HPLC-UV Pork DES 0.57 [35]
HES 0.27

DIS 0.21

MIPs HPLC-UV Fish DES 60 [42]

Hollow fiber tube MIPs HPLC-UV Milk DES 2.5 [43]
HES 3.3

DIS 3.3

Nanoattapulgite MIPs HPLC-UV Water DES 3.0 [44]

MMIPs HPLC-UV Water/milk DES 3.6/6.3 This work
HES 6.7/14.6

DIS 5.4/12.2

BPA 9.5/19.7
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were applied. The extraction time was 30 min. Figure 4B
shows that 20 mg was enough for the extraction. Therefore,
the amounts of adsorbent were set at 20 mg.

To obtain desorption time of the four EDCs, different time
intervals (5–60 min) were evaluated. As shown in Fig. 4C,
20 min is sufficient to accomplish desorption period. There-
fore, 20 min was selected in the desorption experiments.

Real sample analysis

A method based on MMIPs coupled to HPLC was
established. Analytical performance characteristics such as
linearity, limit of detection (LOD), limit of quantification
(LOQ), and the recovery were studied. The LOD and LOQ
were defined as 3 and 10 times of the signal to noise ratio,
respectively. The recovery was estimated by adding known
amount of the four EDCs standards into accurately measured
pond water or pure milk and then extracted and analyzed.

The developed method was applied to determine the four
EDCs in pond water. Good linearity was achieved in the range
of 0.02–8.0 μg mL−1 for DES and HES, and 0.01–
6.0 μg mL−1 for DIS and BPA. The correlation coefficient
(r) was in the range of 0.9994–0.9996. The LOD were in the
range of 3.6–9.5 ng mL−1, and the LOQ were in the range of
10.4–29.8 ng mL−1. The pond water was spiked at three
concentration levels. The results are summarized in Table 3.
The recoveries of the spiked samples for the four EDCs range
from 67.8 to 93.2 % with the RSD values ranging from 2.4 to
6.4 %. The blank pond water was extracted with MMIPs, but
the four EDCs were not found. As shown in Fig. 5A, it can be
seen that no peaks of EDCs occurred when the spiked pond
water (0.5 μg mL−1) was directly detected without MMIPs
pre-enrichment, owing to the low spiked concentration of
EDCs. No selective peak was observed in the analysis of the
spiked sample extracted by MNIPs. After the spiked sample
was extracted with MMIPs, the EDCs were concentrated,
resulting in the obvious peaks of EDCs exhibited in Fig. 5c.
The baseline obtained for the analysis of extracts by MMIPs
was as clean as that shown in Fig. 5d for the standard solution.
These results indicated that the prepared MMIPs can be uti-
lized to directly and effectively separate and enrich EDCs in
water sample.

It was further applied to analyze EDCs in pure milk. Good
linearity was achieved in the range of 0.04–8.0 μg mL−1 for
DES and HES, and 0.02–6.0 μg mL−1 for DIS and BPA. The
correlation coefficient (r) was in the range of 0.9992–0.9996.
The LOD were in the range of 6.3–19.7 ng mL−1, and the
LOQ were in the range of 19.2–67.9 ng mL−1. The standard
addition method was used to evaluate the repeatability, accu-
racy, and recovery of the MMIP-HPLC extraction process.
The pure milk was spiked with the four EDCs at three con-
centration levels. The results are summarized in Table 3. The
recoveries of the spiked samples for the four EDCs range from

65.3 to 92.5%with the RSD values ranging from 2.3 to 4.8%.
The four EDCs were not found in blank pure milk. As shown
in Fig. 5B, it can be seen that no peaks of EDCs occurred
when the four EDCs spiked pure milk (1 μg mL−1) was
directly detected without MMIPs pre-enrichment. No selec-
tive peak was observed in the analysis of the spiked sample
extracted by MNIPs. After the spiked sample was extracted
with MMIPs, the EDCs were concentrated, resulting in the
obvious peaks of EDCs exhibited in Fig. 5g. The baseline
obtained for the analysis of extracts byMMIPs was as clean as
that shown in Fig. 5h for the standard solution. In addition, the
proposed procedure was applied to analyze five batches of
pure milk produced by different manufactures. Results in
Table 4 indicated that DES was only found in sample A, but
could not be quantified. These results also demonstrated that
the preparedMMIPs can be utilized to effectively separate and
enrich EDCs in milk samples.

A comparison of LOD obtained by the developed method
with those obtained by other methods is summarized in
Table 5. As can be seen, the LOD of the developed method
was lower than those of Dual cloud point [31] and MIPs [42],
similar to those of Hollow fiber tube MIPs [43] and
Nanoattapulgite MIPs [44], and high than that of Stir bar
sorptive [35]. These results demonstrated that the MMIPs
had high selectivity and enrichment ability for the analysis
of four EDCs in complex matrix.

In conclusion, on the basis of the surface imprinting strat-
egy, the novel MMIPs nanoparticles were prepared for the
analysis of EDCs. The obtained MMIPs were characterized
via TEM, FT-IR, XRD, and VSM. The surface imprinted
MMIPs showed high binding capacity, short absorption equi-
librium time, and specific recognition toward EDCs. The
MMIPs nanoparticles also exhibited a desired level of mag-
netic susceptibility, resulting in the convenient and highly
efficient extraction. The MMIPs nanoparticles were directly
and successfully utilized to extract four EDCs from pond
water and pure milk with satisfactory recoveries and repro-
ducibility. The well-constructed core-shell MMIPs nanoparti-
cles reveal the great prospect for enrichment and separation of
such EDCs in complicated matrixes.
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