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Abstract: Phenolic environmental estrogen (PEE) is one of
the most common endocrine disrupting chemicals whose
interference with the normal function of the endocrine
system in animals and humans raised concern to their
potential impact on wildlife and humans health. Research
on PEEs calls for a high selectivity analytical methods.
Molecularly imprinted polymers (MIPs) are synthetic pol-
ymers having a predetermined selectivity for a given ana-
lyte, or group of structurally related compounds, which
make them ideal materials to be used in analysis of PEEs.
During the past few years, a huge amount of papers have
been published dealing with the use of MIPs in the analy-
sis of PEEs. In this review, we focus on the recent applica-
tions of MIPs to analyze PEEs. We describe the preparation
of MIPs and discuss different methods of polymerization.
We highlight the latest applications of MIPs in the analysis
of PEEs, including nanomaterial MIPs as sorbent for solid-
phase extraction and MIPs as electrochemical sensors.
This review provides a good platform for the analysis and
monitoring of PEEs in complicated matrixes and offers
suggestions for future success in the field of MIPs.

Keywords: electrochemical sensors;  molecularly
imprinted polymers; nanomaterial; phenolic environmen-
tal estrogens; solid-phase extraction.

Introduction

Endocrine disrupting chemicals (EDCs), also known
as environmental hormone, are a group of exogenous
substances that may interfere with the normal func-
tion of the endocrine system in animals and humans
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(Diamanti-Kandarakis et al. 2009, Vandenberg et al.
2012). A recent literature review on EDCs indicated that
suspected human health risks include reproductive disor-
ders, immune and hormonal disorders, and neurobehav-
ioral disorders, which consequently have drawn extensive
societal, scientific, and political attention (Giusti et al.
1995, Yang et al. 2006). The long-term effects of emerg-
ing contaminants on humans are still largely unknown.
It has been suggested that increases in breast, testicular,
and prostate cancers reported over the past 40 years are
related to EDCs in the environment (Giese 2003, Murray
and Oermeci 2012).

EDCs include a wide range of chemicals, among which
are phenolic environmental estrogens (PEEs), a group of
biologically active compounds that are synthesized from
phenol (Yue et al. 2014). This review focuses on the two
families of the most used PEEs — bisphenols (e.g. bisphe-
nol A, BPA, an important intermediate in the production
of epoxy resins and polycarbonate plastics) and alkylphe-
nols (e.g. nonylphenol, extensively utilized in the produc-
tion of elasticizers, abstergents, and pesticide emulsifiers)
(Figure 1). As representative and ubiquitous EDCs in envi-
ronment, PEEs are typical endocrine disrupters and show
toxic effects on the nervous system, reproductive system,
and immune system even at very low concentrations
(ng1") (Yuksel et al. 2013, Kim et al. 2014, Peng et al. 2014).
Therefore, the pollution from PEEs has drawn increasing
worldwide attention, and monitoring the residues of PEEs
in environment is essential. Due to its low PEE concen-
tration and complicated matrixes, materials with a high
selectivity for sample pretreatment are in high demand,
and thereby, molecularly imprinted polymers (MIPs) have
appeared in response to this demand.

MIPs are synthetic polymers possessing specific cavi-
ties designed for target molecules (Xu et al. 2011, Chen
et al. 2013, Hao et al. 2015). With tailor-made binding sites,
MIPs not only recognize the size and shape of a given tem-
plate but also respond to the functional groups of the mol-
ecule (Wang et al. 2009, Chen et al. 2012, Gao et al. 2016).
Furthermore, in contrast to these conventional methods,
MIPs have other outstanding advantages such as relative
ease and low cost of preparation, high stability, physical
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Figure 1: Structures of the main PEEs considered for this review.

robustness, and resistance to elevated temperature, and
potential application to a wide range of target molecules
(Zhao et al. 2012, Ma and Shi 2015, Xie et al. 2016). Suc-
cessful applications of MIPs have been demonstrated in
various fields including chem/biosensors (Kotova et al.
2013, Zhu et al. 2014), solid-phase extraction (SPE) (Xie
et al. 2015c, Chen et al. 2016), chromatograph separation
(Sellergren 2001, Michailof et al. 2008), reactive catalysis
(Resmini 2012, Zhang and Riduan 2012), and membrane
separations (Alizadeh and Memarbashi 2012, Sueyoshi
et al. 2012). Recently, the molecular imprinting technique
also has been applied for the analysis and monitoring of
PEEs from the complicated matrixes.

As the developments of molecular imprinting have
been described in other reviews in detail (Beltran et al.
2010, Martin-Esteban 2013), here we mainly give a compre-
hensive overview of applications of MIPs as a treatment
method for the analysis and monitoring of PEEs from com-
plicated matrixes, which include the main approaches to
the synthesis of MIPs and formats for application (e.g. SPE
and sensors). Furthermore, we discuss the applications
and advantages of using the MIPs compared with the tra-
ditional methods available for the analysis of PEEs and
offer suggestions for future success in the field of MIPs.
To the best of our knowledge, this is the first review on
molecular imprinting technology applied to PEEs.

MIP synthesis for PEEs

MIPs are materials prepared in the presence of a tem-
plate that serves as a mold for the formation of a

template-complementary binding site. The formation
of the MIPs typically involves the copolymerization of
a complex formed by the template and a functional
monomer via either covalent or non-covalent interaction
(hydrogen bond, ionic and/or hydrophobic interaction)
with a cross-linker in the presence of a suitable poro-
genic solvent. After removing the molecular template, the
resulting rigid three-dimensional cavity is complementary
to the target analyte (Figure 2).

Selection of template

The MIPs are usually synthesized for a specific analyti-
cal use that implies the selection of a given template. As
expected, the imprinting of the template itself can automat-
ically leave a binding site that is tailored for the template.
Suitable candidate templates should be chosen carefully
in order to produce the highest number of well-defined
binding sites. The criteria to consider when selecting a can-
didate template are its availability, its cost, and its chemical
functionalities defining its ability to strongly interact with
functional monomers (Pichon and Chapuis-Hugon 2008).
In the non-covalent approach, the interactions are weak;
thus, the candidate template should possess multiple func-
tional sites for the purpose of increasing the strength of the
template-functional monomer interactions. Ideally, those
interactions should be strong so that the recognition mech-
anism after the synthesis of the MIPs could be enhanced.
Based on the non-covalent interaction in the synthesis
of the PEEs-MIPs, the main considerations in the selection
of template are the stability, the ability to establish hydro-
gen bonding, and the absence of polymerizable groups
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Figure 2: Schematic representation of the molecular imprinting process. This image was reproduced from Hu et al. (2013) with permission

from Elsevier.

to avoid reaction with the newly free radicals (Figueiredo
et al. 2016). In most cases the template is the target mol-
ecule that is to be selectively retained by the MIPs, and
most of the PEEs-MIPs were synthesized using the same
molecule as target and template. For example, Yang et al.
(2015) prepared MIPs for selective SPE of eight bisphenols
from human urine samples using BPA as template. For dif-
ficult-to-achieve template or considering the risks of tem-
plate leakage during applications, a structural analog can
be used as dummy template for the synthesis. This dummy
template must resemble the target analyte in terms of size,
shape, and functionalities. The resulting MIPs should
have the ability to bind the target analyte. However, the
dummy approach was not so explored in the considered
studies involving MIPs and PEEs. An example is described
by Li et al. that the dummy MIPs were synthesized by
using tetrabromobisphenol A (TBBPA), whose structure
was similar to that of BPA, as the dummy template. The
resulting MIPs were evaluated and applied as a sorbent
for SPE combined with high-performance liquid chroma-
tography (HPLC) to detect BPA (Li et al. 2013).

Selection of other reagents

To make good MIPs, the selection of suitable functional
monomers, cross-linkers, and porogen solvents requires

careful consideration (Yu and Lai 2010, Wei et al. 2015). In
most of the studies related to the synthesis of PEEs-MIPs
for analytical applications, the non-covalent interaction is
described (Table 1). In this case, the functional monomer is
one of the most important factors, so as to allow the maxi-
mization of the template-functional monomer association
determining effective molecular recognition. The studies
on MIPs provide a detailed list of the functional monomers
suitable for the approach (Mahony et al. 2005, Vasapollo
et al. 2011), but 4-vinylpyridine (4-VP), methacrylic acid
(MAA), and acrylicacid (AA) are the most common choices
for synthesizing PEEs-MIPs. In addition, some novel func-
tional monomers were successfully prepared and employed
in the synthesis of MIPs selective to PEEs. Pan et al. success-
fully synthesized 3,4-ethylenedioxythiophene-gold nano-
particles (EDOT-Au) as functional monomers to prepared
4-Octylphenol (OP)-MIPs sensors. The resultant sensors
presented high sensitivity, stability, and selectivity in the
voltammetric determination of OP (Pan et al. 2015).

The choice of the cross-linker is also important to
obtain selective MIPs, because the cross-linker is respon-
sible for the stabilization of the morphology, the binding
cavities, and the mechanical stability of the polymers,
and the binding capacity of the polymers increases with
the degree of cross-linker (Spivak 2005, Fang et al. 2011).
Many reviews have highlighted the importance of provid-
ing lists of cross-linkers that are suitable for molecular
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despite the reliability and simplicity of this method, par-
ticles with irregular shape and size are significant draw-
backs associated with the bulk technique (Pichon and
Haupt 2006). The resultant particles therefore invariably
have a heterogeneous size distribution with poor binding-
site accessibility for the target analyte.

As alternative to bulk polymerization, several other
radical polymerizations have been developed to better
control particles size and porosity (e.g. suspension, multi-
step swilling, and precipitation polymerization). The
surface imprinted technique, grafting a thin imprinting
layer on the surface of a supporting substrate (e.g. silica
particle, polymer supports, and magnetic nanoparticles),
is another useful way to improve the MIP preparation. The
resultant polymers reveal high binding capacities, fast mass
transfer, and rapid binding kinetics due to the easy acces-
sibility to recognition sites and the homogeneous distribu-
tion of binding sites (Jiang et al. 2015). Recently, grafting
an imprinting layer onto the surface of nanoparticles to
increase the interfacial surface area has attracted a great
deal of attention. Xie et al. prepared the Diethylstilbestrol
(DES)-MIPs by a surface imprinting strategy using magnetic
nanoparticles as supporter. The obtained MIPs exhibited not
only outstanding magnetic property but also high adsorp-
tion capacity and selectivity for four EDCs (Xie et al. 2016).

In the recent years, controlled/living radical polym-
erization (CLRP) has shown great potential to synthesize
nanostructured films with well-controlled molecular
weight and composition (Fischer 2001, Chen et al. 2011).
Benefiting from the negligible chain termination and
slower rate, the CLRP can overcome the intrinsic limitations
of the traditional free radical polymerization (Bompart and
Haupt 2009, Hu et al. 2012). Due to its versatility and sim-
plicity, reversible addition-fragmentation chain transfer
(RAFT) polymerization is an ideal candidate for the CLRP
method, where a wide range of functional monomers can
be employed and the use of transition metal catalysts can
be avoided (Moraes et al. 2013). With its controlled/living
property of RAFT polymerization, the well-defined MIP
layer can be easily introduced on the surface of support
and thus significantly facilitates the applications in com-
plicated samples (Li et al. 2010b, He et al. 2014). Recently,
MIPs with different formats have been successfully synthe-
sized via RAFT polymerization. Chen et al. demonstrated
that the novel DES-MIPs with a homogeneous molecularly
imprinted shell were successfully synthesized by surface-
initiated RAFT polymerization. This material reveals high
potential for the efficient enrichment of EDCs from compli-
cated matrices (Chen et al. 2015).

Some other methods have also been introduced to
prepare MIPs. In the sol-gel process, MIPs are prepared
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by the hydrolysis and polycondensation of silane-based
functional monomers such as tetramethoxysilane or
TEOS, which form highly cross-linked silica materials.
Unlike the method of radical polymerizations, the sol-gel
process can be performed in aqueous media under a mild
thermal condition (Dai et al. 2014, Rezaei et al. 2014).
The resultant MIPs are thermally stable, structurally
porous, and extremely rigid, due to the high degree of
cross-linking. Rao et al. (2014) prepared dummy OP-MIPs
based on multi-walled carbon nanotubes (CNTs) by a
sol-gel technique, which were applied to rapidly separate
and detect trace 4-Nonylphenol (NP) residues in envi-
ronmental water samples with high selectivity and suf-
ficient adsorption capacity. Electrochemical imprinting
is also an appealing way to prepare MIPs as it is simple,
fast, and easy controlled. Pyrrole and phenylenediamine
easily form polymer; therefore they are usually used as
functional monomers for electrochemical imprinting. For
example, Long et al. demonstrated that a novel molecu-
larly imprinted electrochemical sensor was developed for
OP determination using cobalt-nickel bimetallic nano-
particles decorated graphene as a sensitized element
to modify the carbon electrode. This proposed sensor
showed excellent sensitivity and selectivity toward OP in
the real sample (Long et al. 2015).

Applications of MIPs in the analysis
of PEEs

Due to the favorable molecular recognition capabilities
and stability, MIPs become an efficient method for selec-
tive recognition, separation, determination, and purifica-
tion of PEEs in complicated matrixes. As selective tools,
MIPs have been already successfully used in several ana-
Iytical fields such as SPE, sensors, and chromatograph.
When it comes to the application of MIPs in the analysis of
PEEs, it can be mainly divided into two aspects: (i) using
MIPs as a kind of effective SPE sorbent for purification of
PEEs and (ii) applying a MIP-based sensor to recognize
and directly quantify PEEs.

Nanomaterial MIPs as sorbent for SPE

Over the years SPE has been widely employed for the
isolation and preconcentration of target analyses, due
to its simplicity and versatility. The widespread appli-
cation of MIPs as SPE sorbents (MISPE) has attracted
many researchers’ attention (Hu et al. 2013, Wackerlig
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and Schirhagl 2016). In MISPE, the sorbent exhibits high
selectivity toward the template and its structural analogs,
resulting in the desired compounds being extracted from
complicated matrixes while other compounds are not
retained. Now, there have been numerous original papers
on MISPE applications in the analysis of PEEs. Conven-
tional MISPE sorbents present some limitations such as
slow mass transfer or incomplete template removal which
negatively affects the number of available sites for rebind-
ing. New initiatives to overcome those limitations have
been reported such as the combination of the imprinting
technique with nanomaterials (NMs) for faster rebinding
kinetics and higher binding capacity. NMs are able to play
prominent roles to improve the sensitivity, increase the
analytical throughput, and simplify the analytical proce-
dures, but there still are some challenges associated with
the application of NMs. First, the novel properties of NMs
are a two-edged sword. The same properties that generate
exciting benefits in use may also pose significant adverse
health effects. Second, more efforts should be made to
explore further the potential of NMs in the analysis of
complex samples. Finally, the technology of synthesis is
still an obstacle hindering the wide application of NMs
(Liu et al. 2014).

With the development of MISPE, a technique based
on magnetic particles has received increasing attention
(Figure 3) (Xie et al. 2015a, Gao et al. 2016). The MISPE
sorbent can not only easily isolate samples using an
external magnet to replace the centrifugation and filtra-
tion steps in a convenient and economical way, but also
display higher adsorption ability and excellent recog-
nition selectivity. Co-precipitation is the easiest way to
synthesize Fe O, magnetic nanoparticles by adding a
base to aqueous Fe?/Fe** salt solutions under nitrogen

FeCl,-6H,0
A
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atmosphere and vigorous stirring. Then, the magnetic
nanoparticles are usually protected by a coating (e.g.
silica, surfactant, metal, polymer and carbon) to prevent
oxidation by oxygen. Among these coatings, silica coating
is especially interesting because it is easy to prepare (e.g.
using the sol-gel process) and is favorable for further func-
tionalization. Hiratsuka et al. (2013) demonstrated that
magnetic MIPs for BPA and its structural analogs, which
have both magnetic and molecular recognition properties,
had been developed for magnetic MISPE of BPA in river
water samples.

Carbon NMs comprise a number of allotropes. Among
them, CNTs and graphene have been widely used in
preparation of MIPs due to their large surface area, excel-
lent electrical and optical properties, and good chemi-
cal/physical stability (Prasad and Singh 2015, Zhai et al.
2015). CNTs can be prepared by various methods, such
as chemical vapor deposition (CVD), arc discharge, and
high-pressure carbon monoxide disproportionation.
Some of them are also used for graphene (e.g. CVD and
arc discharge). Moreover, graphene can be exfoliated to
GO by harsh oxidation and sonication, followed by reduc-
tion of the GO to the parent graphene state. Notably, GO is
highly soluble in water and possesses a large number of
functional groups (e.g. carboxyl and hydroxyl) (Liu et al.
2014). Zhang et al. prepared novel magnetic CNTs-MIPs
for the selective extraction of BPA. Combined with HPLC
detection, the MIPs were successfully applied as adsorp-
tion materials for magnetic extraction and determination
of BPA in environmental water samples (Figure 4) (Zhang
et al. 2014). Han et al. (2015) prepared magnetic GO-based
MIPs for selectivity recognition and separation of DES,
which possessed excellent adsorption capacity and out-
standing selectivity for DES.
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Figure 3: The synthetic strategy for MIPs based on magnetic particles. This figure was reprinted from Xie et al. (2015) with permission from

Elsevier.



DE GRUYTER X. Xie et al.: Molecularly imprinting =—— 93
(&) ) CHZOHO
o) = X + BPA
Vs AlCI, 60[] 60 h 1 / Y
« o  —— o Fe,0,
V- CH,CI, reflux \(F:
AIBN, EGDMA
MWNTs
Eluting Q s
: - o] i
@™ Rebinding %
O | -
ot o™t
E/C\\O ./C\‘O
MWNTs@MMIPs

Figure 4: The protocol for synthesis of MIPs based on multiwalled CNTs. This figure was reproduced from Zhang et al. (2014) with permission

from Elsevier.

MIPs as electrochemical sensors

Electrochemical sensors are widely employed for their
high sensitivity and simplicity, which consists of an elec-
trochemical transducer (chemically modified electrode)
coated with a chemical or biochemical film as conduct-
ing material (Lawal 2016). PEEs are a class of electro-
chemically active molecules due to phenolic groups,
but the direct determination is difficult because of the
weak response of PEEs in conventional electrochemical
sensors. Hence, further efforts have been tried to increase
the surface area of the electrode to enhance oxidation
signals. MIPs have been used as recognition elements in
the design of sensors due to their higher thermal stabil-
ity, selectivity, and reusability, which show advantages
such as low cost of manufacture, extended lifetime, easy
storage, and the capacity of being applied in critical con-
ditions. However, in most cases electrochemical sensors
are still not sufficient for practical applications in routine
analysis to compete with reported separation methods,
and commercial exploitation of molecular imprinting is
still in its infancy. Furthermore, MIPs cannot yet provide
a total replacement for biological molecules in terms of
capacity, selectivity, and homogeneity of binding affinity
(Tiwari and Prasad 2015).

Numerous MIP sensors have been developed for the
detection of PEEs. The association of the MIPs with the
transducer can be achieved in different ways: in situ elec-
tropolymerization, surface coating, chemical coupling of
the MIPs, physical entrapment of MIP particles into gel
or membrane, etc. (Suryanarayanan et al. 2010). As an

example, Zhang et al. developed a [Ru(bpy),]*-mediated
photoelectrochemical sensor for BPA detection using a
MIPs-modified SnO, electrode. The MIP membrane was
assembled on the electrode by a convenient electropoly-
merization method. This sensor is highly sensitive, selec-
tive, and of low cost, and can be theoretically extended
to the analysis of organic molecules that can be photo-
electrochemically oxidized by Ru** (Figure 5) (Zhang et al.
2015).

Integration of NMs into electrochemical MIP sensors
can often dramatically improve the analytical perfor-
mance. The NMs can enlarge the surface area of the
electrode, accelerate electron transfer, adsorb the target
pollutants, immobilize bio-active molecules, and serve as
electrochemical probes (Li et al. 2010a). Generally, CNTs
are applied in electrochemical MIP sensing of PEEs. Chen
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Figure 5: Schematic diagram of MIPs based on photoelectrochemi-

cal sensor. This figure was reprinted from Zhang et al. (2015) with
permission from Elsevier.
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et al. reported a novel electrochemical sensor for BPA
through the combination of the MIPs with the multi-walled
CNT paste electrode. The imprinted sensor for BPA exhib-
ited good selectivity, stability, and reproducibility and
was successfully used for the determination of BPA in real
water samples (Chen et al. 2014). Graphene has also been
employed in electrochemical MIP sensing of PEEs. Zhang
et al. synthesized magnetic-GO MIP composite, which was
used as a new electrode matrix for BPA measurement. The
electrochemical sensor shows good sensitivity, selectiv-
ity, and reproducibility and proved to be an accurate and
reliable method due to the determination of BPA in real
samples with satisfactory results (Zhang et al. 2013).

Other applications

Besides the applications mentioned above, MIPs have also
been applied in some other techniques to facilitate the
analysis of PEEs. In QDs, combining the high selectivity
of molecular imprinting technology and excellent fluores-
cent characteristics of QDs could develop a new method
for target analyte recognition (Huang et al. 2015). The QDs-
encapsulated molecularly imprinted mesoporous silica
nanoparticle was widely used for the recognition of PEEs
(Kim et al. 2012). MIPs-solid-phase microextraction has
also been widely applied to the analysis of PEEs (Tan et al.
2009), which integrates sampling, extraction, concentra-
tion, and injection into one single step, and is simple,
time efficient, and solvent free. The stir bars coated with
MIP films could selectively extract PEEs from complicated
matrixes (Zhan et al. 2012). Compared with the ordinary
stir bars, MIP-coated stir bars showed better selectivity
and higher enrichment capability.

Conclusion and future outlook

PEEs are a class of typical EDCs. The harm to the environ-
ment, human, and ecology has drawn extensive societal,
scientific, and political attention. Due to their low concen-
tration and complicated matrixes, methods with a high
selectivity are in high demand. More recently MIPs, fea-
turing high specificity, good stability, ease of preparation,
and low cost, have become an alternative to the existing
methods for the analysis of PEEs.

This review is the first comprehensive report focusing
on the applications of molecular imprinting technology
for the analysis and monitoring of PEEs from compli-
cated matrixes. In this review, we discussed the choices of
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template, functional monomer, cross-linker, and porogen
solvent during the synthesis of PEEs-MIPs. Different
methods of polymerization have been used to obtain MIPs.
We introduced the common methods in the preparation of
PEEs-MIPs, including traditional free radical polymeriza-
tion, RAFT polymerization, sol-gel process, and electro-
chemical imprinting. When it comes to the application of
MIPs in the analysis of PEEs, our focus is mainly on the
following two aspects: (i) combination of imprinting tech-
nique with NMs for faster rebinding kinetics and higher
binding capacity, including magnetic particles, CNTs, and
graphene, and (ii) applying highly sensitive, selective,
and low cost MIP sensors for the detection of PEEs.

To conclude, from our point of view, all these works have
increased the expectation for a future application of MIPs on
the analysis of PEEs. New methodologies and application of
NM for the preparation of MIPs have been studied so that the
limitations such as low mass transfer, template leakage, and
reduced water compatibility could be overcome. Although
there is still a long way to go and many challenges lie ahead,
we remain positive about the future potential of MIPs as
selective adsorbents for the analysis and monitoring of PEEs
as well as a wide variety of other applications.

Acknowledgments: The authors acknowledge the sup-
port of National Natural Science Foundation of China
(81503033 and 81227802), China Postdoctoral Science
Foundation (2014M550501), Shaanxi Province Postdoc-
toral Science Foundation, and the Fundamental Research
Funds for the Central Universities (xjj2014066).

References

Alizadeh, T.; Memarbashi, N. Evaluation of the facilitated transport
capabilities of nano- and micro-sized molecularly imprinted
polymers (MIPs) in a bulk liqguid membrane system. Sep. Purif.
Technol. 2012, 90, 83-91.

Beltran, A.; Borrull, F.; Cormack, P. A. G.; Marce, R. M. Molecularly-
imprinted polymers: useful sorbents for selective extractions.
Trends Anal. Chem. 2010, 29, 1363-1375.

Bompart, M.; Haupt, K. Molecularly imprinted polymers and con-
trolled/living radical polymerization. Aust. J. Chem. 2009, 62,
751-761.

Chen, L.; Xu, S.; Li, J. Recent advances in molecular imprinting
technology: current status, challenges and highlighted applica-
tions. Chem. Soc. Rev. 2011, 40, 2922-2942.

Chen, F. F.; Wang, R.; Shi, Y. P. Molecularly imprinted polymer for the
specific solid-phase extraction of kirenol from Siegesbeckia
pubescens herbal extract. Talanta 2012, 89, 505-512.

Chen, F. F.; Xie, X. Y.; Shi, Y. P. Preparation of magnetic molecularly
imprinted polymer for selective recognition of resveratrol in
wine. J. Chromatogr. A 2013, 1300, 112-118.



DE GRUYTER

Chen, Z.; Tang, C.; Zeng, Y.; Liu, H.; Yin, Z.; Li, L. Determination
of bisphenol A using an electrochemical sensor based on a
molecularly imprinted polymer-modified multiwalled carbon
nanotube paste electrode. Anal. Lett. 2014, 47, 996-1014.

Chen, F.; Zhang, ).; Wang, M.; Kong, ). Magnetic molecularly
imprinted polymers synthesized by surface-initiated reversible
addition-fragmentation chain transfer polymerization for the
enrichment and determination of synthetic estrogens in aque-
ous solution. J. Sep. Sci. 2015, 38, 2670-2676.

Chen, F.; Zhao, W.; Zhang, J.; Kong, J. Magnetic two-dimensional
molecularly imprinted materials for the recognition and separa-
tion of proteins. Phys. Chem. Chem. Phys. 2016, 18, 718-725.

Dai, ).; Zhang, Y.; Pan, M.; Kong, L.; Wang, S. Development and
application of quartz crystal microbalance sensor based on
novel molecularly imprinted sol-gel polymer for rapid detection
of histamine in foods. J. Agr. Food Chem. 2014, 62, 5269-5274.

Diamanti-Kandarakis, E.; Bourguignon, J. P.; Giudice, L. C.; Hauser,
R.; Prins, G. S.; Soto, A. M.; Zoeller, R. T.; Gore, A. C. Endocrine-
disrupting chemicals: an endocrine society scientific state-
ment. Endocr. Rev. 2009, 30, 293-342.

Fang, L.; Chen, S.; Zhang, Y.; Zhang, H. Azobenzene-containing
molecularly imprinted polymer microspheres with photore-
sponsive template binding properties. J. Mater. Chem. 2011, 21,
2320-2329.

Figueiredo, L.; Erny, G. L.; Santos, L.; Alves, A. Applications of
molecularly imprinted polymers to the analysis and removal of
personal care products: a review. Talanta 2016, 146, 754—765.

Fischer, H. The persistent radical effect: a principle for selective
radical reactions and living radical polymerizations. Chem. Rev.
2001, 101, 3581-3610.

Gao, R.; Cui, X.; Hao, Y.; Zhang, L.; Liu, D.; Tang, Y. A highly-efficient
imprinted magnetic nanoparticle for selective separation and
detection of 17 beta-estradiol in milk. Food Chem. 2016, 194,
1040-1047.

Giese, R. W. Measurement of endogenous estrogens: analytical
challenges and recent advances. J. Chromatogr. A 2003, 1000,
401-412.

Giusti, R. M.; lwamoto, K.; Hatch, E. E. Diethylstilbestrol revisited —
a review of the long-term health-effects. Ann. Intern. Med.
1995, 122, 778-788.

Gong, C.; Wong, K. L.; Lam, M. H. W. Photoresponsive molecularly
imprinted hydrogels for the photoregulated release and uptake
of pharmaceuticals in the aqueous media. Chem. Mater. 2008,
20, 1353-1358.

Han, S.; Li, X.; Wang, Y.; Su, C. A core-shell Fe,0, nanoparticle-CdTe
quantum dot-molecularly imprinted polymer composite for
recognition and separation of 4-nonylphenol. Anal. Methods
2014, 6, 2855-2861.

Han, S.; Li, X.; Wang, Y. A magnetic graphene oxide-based mole-
cularly imprinted polymer composite for recognition and sepa-
ration of diethylstilbestrol. Sci. Adv. Mater. 2015a, 7, 861-868.

Han, S.; Li, X.; Wang, Y.; Chen, S. Multifunctional imprinted poly-
mers based on CdTe/CdS and magnetic graphene oxide for
selective recognition and separation of p-t-octylphenol. Chem.
Eng. J. 2015b, 271, 87-95.

Hao, Y.; Gao, R.; Shi, L.; Liu, D.; Tang, Y.; Guo, Z. Water-compatible
magnetic imprinted nanoparticles served as solid-phase
extraction sorbents for selective determination of trace 17 beta-
estradiol in environmental water samples by liquid chromatog-
raphy. J. Chromatogr. A 2015, 1396, 7-16.

X. Xie et al.: Molecularly imprinting =—— 95

He, Y.; Huang, Y.; Jin, Y.; Liu, X.; Liu, G.; Zhao, R. Well-defined
nanostructured surface-imprinted polymers for highly selective
magnetic separation of fluoroquinolones in human urine. Acs
Appl. Mater. Inter. 2014, 6, 9634-9642.

Hiratsuka, Y.; Funaya, N.; Matsunaga, H.; Haginaka, ). Preparation of
magnetic molecularly imprinted polymers for bisphenol A and
its analogues and their application to the assay of bisphenol A
in river water. J. Pharmaceut. Biomed. 2013, 75, 180-185.

Hu, X.; Fan, Y.; Zhang, Y.; Dai, G.; Cai, Q.; Cao, Y.; Guo, C. Molecularly
imprinted polymer coated solid-phase microextraction fiber
prepared by surface reversible addition-fragmentation chain
transfer polymerization for monitoring of Sudan dyes in chilli
tomato sauce and chilli pepper samples. Anal. Chim. Acta
2012, 731, 40-48.

Hu, Y.; Pan, ).; Zhang, K.; Lian, H.; Li, G. Novel applications of
molecularly-imprinted polymers in sample preparation. Trends
Anal. Chem. 2013, 43, 37-52.

Huang, D. L.; Wang, R. Z.; Liu, Y. G.; Zeng, G. M.; Lai, C.; Xu, P.; Lu,
B.A.; Xu, J. J.; Wang, C.; Huang, C. Application of molecularly
imprinted polymers in wastewater treatment: a review. Environ.
Sci. Pollut. R. 2015, 22, 963-977.

Jiang, S.; Peng, Y.; Ning, B.; Bai, J.; Liu, Y.; Zhang, N.; Gao, Z. Surface
plasmon resonance sensor based on molecularly imprinted
polymer film for detection of histamine. Sensor. Actuat.
B-Chem. 2015, 221, 15-21.

Kim, Y.; Jeon, ). B.; Chang, J. Y. CdSe quantum dot-encapsulated
molecularly imprinted mesoporous silica particles for fluorescent
sensing of bisphenol A. J. Mater. Chem. 2012, 22, 24075-24080.

Kim, W. S.; Do, A.; Yeh, D.; Cunningham, J. Extraction of bisphenol
A and 17 beta-estradiol from water samples via solid-phase
extraction (SPE). Rev. Anal. Chem. 2014, 33, 59-77.

Kotova, K.; Hussain, M.; Mustafa, G.; Lieberzeit, P. A. MIP sensors on
the way to biotech applications: targeting selectivity. Sensor.
Actuat. B-Chem. 2013, 189, 199-202.

Lawal, A. T. Synthesis and utilization of carbon nanotubes for fab-
rication of electrochemical biosensors. Mater. Res. Bull. 2016,
73,308-350.

Li, Q.; Li, H.; Du, G. F.; Xu, Z. H. Electrochemical detection of bisphe-
nol A mediated by [Ru(bpy),]** on an ITO electrode. /. Hazard.
Mater. 2010a, 180, 703-709.

Li, Y.; Li, X.; Chu, J.; Dong, C.; Qi, J.; Yuan, Y. Synthesis of core-shell
magnetic molecular imprinted polymer by the surface RAFT
polymerization for the fast and selective removal of endocrine
disrupting chemicals from aqueous solutions. Environ. Pollut.
2010b, 158, 2317-2323.

Li, J.; Zhang, X.; Liu, Y.; Tong, H.; Xu, Y.; Liu, S. Preparation of a
hollow porous molecularly imprinted polymer using tetrabro-
mobisphenol A as a dummy template and its application as SPE
sorbent for determination of bisphenol A in tap water. Talanta
2013, 117, 281-287.

Liu, Q.; Zhou, Q.; Jiang, G. Nanomaterials for analysis and monitor-
ing of emerging chemical pollutants. Trends Anal. Chem. 2014,
58, 10-22.

Long, F.; Zhang, Z.; Wang, J.; Yan, L.; Zhou, B. Cobalt-nickel bimetal-
lic nanoparticles decorated graphene sensitized imprinted
electrochemical sensor for determination of octylphenol.
Electrochim. Acta 2015, 168, 337-345.

Ma, R. T.; Shi, Y. P. Magnetic molecularly imprinted polymer for the
selective extraction of quercetagetin from Calendula officinalis
extract. Talanta 2015, 134, 650-656.



96 —— X.Xieetal.: Molecularly imprinting

Mahony, J. O.; Nolan, K.; Smyth, M. R.; Mizaikoff, B. Molecularly
imprinted polymers-potential and challenges in analytical
chemistry. Anal. Chim. Acta 2005, 534, 31-39.

Martin-Esteban, A. Molecularly-imprinted polymers as a versatile,
highly selective tool in sample preparation. Trends Anal. Chem.
2013, 45,169-181.

Michailof, C.; Manesiotis, P.; Panayiotou, C. Synthesis of caffeic acid
and p-hydroxybenzoic acid molecularly imprinted polymers
and their application for the selective extraction of polyphe-
nols from olive mill waste waters. J. Chromatogr. A 2008, 1182,
25-33.

Moraes, J.; Ohno, K.; Maschmeyer, T.; Perrier, S. Synthesis of
silica-polymer core-shell nanoparticles by reversible addition-
fragmentation chain transfer polymerization. Chem. Commun.
2013, 49, 9077-9088.

Mu, L. N.; Wang, X. H.; Zhao, L.; Huang, Y. P.; Liu, Z. S. Low cross-
linked molecularly imprinted monolithic column prepared in
molecular crowding conditions. J. Chromatogr. A 2011, 1218,
9236-9243.

Murray, A.; Oermeci, B. Application of molecularly imprinted and
non-imprinted polymers for removal of emerging contaminants
in water and wastewater treatment: a review. Environ. Sci. Pol-
lut. R. 2012, 19, 3820-3830.

Pan, Y.; Zhao, F.; Zeng, B. Electrochemical sensors of octylphenol
based on molecularly imprinted poly (3,4-ethylenedioxythio-
phene) and poly (3,4-ethylenedioxythiophene-gold nanoparti-
cles). Rsc Adv. 2015, 5, 57671-57677.

Peng, L.; Dong, S.; Xie, H.; Gu, G.; He, Z.; Lu, J.; Huang, T. Sensitive
simultaneous determination of diethylstilbestrol and bisphenol
Abased on Bi,WO, nanoplates modified carbon paste elec-
trode. J. Electroanal. Chem. 2014, 726, 15-20.

Pichon, V.; Chapuis-Hugon, F. Role of molecularly imprinted poly-
mers for selective determination of environmental pollutants —
a review. Anal. Chim. Acta 2008, 622, 48-61.

Pichon, V.; Haupt, K. Affinity separations on molecularly imprinted
polymers with special emphasis on solid-phase extraction.

J. Lig. Chromatogr. R. T. 2006, 29, 989-1023.

Prasad, B. B.; Singh, R. A new micro-contact imprinted L-cysteine
sensor based on sol-gel decorated graphite/multiwalled car-
bon nanotubes/gold nanoparticles composite modified sand-
paper electrode. Sensor. Actuat. B-Chem. 2015, 212, 155-164.

Rao, W.; Cai, R.; Yin, Y.; Long, F.; Zhang, Z. Magnetic dummy
molecularly imprinted polymers based on multi-walled carbon
nanotubes for rapid selective solid-phase extraction of 4-nonyl-
phenolin aqueous samples. Talanta 2014, 128, 170-176.

Resmini, M. Molecularly imprinted polymers as biomimetic cata-
lysts. Anal. Bioanal. Chem. 2012, 402, 3021-3026.

Rezaei, B.; Boroujeni, M. K. L.; Ensafi, A. A. Caffeine electrochemical
sensor using imprinted film as recognition element based on
polypyrrole, sol-gel, and gold nanoparticles hybrid nanocom-
posite modified pencil graphite electrode. Biosens. Bioelec-
tron. 2014, 60, 77-83.

Sellergren, B. Imprinted chiral stationary phases in high-perfor-
mance liquid chromatography. J. Chromatogr. A 2001, 906,
227-252.

Spivak, D. A. Optimization, evaluation, and characterization of
molecularly imprinted polymers. Adv. Drug Deliver. Rev. 2005,
57,1779-1794.

Sueyoshi, Y.; Utsunomiya, A.; Yoshikawa, M.; Robertson, G. P.;
Guiver, M. D. Chiral separation with molecularly imprinted

DE GRUYTER

polysulfone-aldehyde derivatized nanofiber membranes.
J. Membrane Sci. 2012, 401, 89-96.

Suryanarayanan, V.; Wu, C. T.; Ho, K. C. Molecularly imprinted elec-
trochemical sensors. Electroanal. 2010, 22, 1795-1811.

Tan, F.; Zhao, H.; Li, X.; Quan, X.; Chen, ).; Xiang, X.; Zhang, X. Prep-
aration and evaluation of molecularly imprinted solid-phase
microextraction fibers for selective extraction of bisphenol A in
complex samples. J. Chromatogr. A 2009, 1216, 5647-5654.

Tan, J.; Jiang, Z. T.; Li, R.; Yan, X. P. Molecularly-imprinted monoliths
for sample treatment and separation. Trends Anal. Chem. 2012,
39, 207-217.

Tarbin, J. A.; Sharman, M. Development of molecularly imprinted
phase for the selective retention of stilbene-type estrogenic
compounds. Anal. Chim. Acta 2001, 433, 71-79.

Tiwari, M. P.; Prasad A. Molecularly imprinted polymer based enan-
tioselective sensing devices: a review. Anal. Chim. Acta 2015,
853, 1-18.

Vandenberg, L. N.; Colborn, T.; Hayes, T. B.; Heindel, J. J.; Jacobs,
D.R.Jr.; Lee, D. H.; Shioda, T.; Soto, A. M.; vom Saal, F. S.;
Welshons, W. V.; Zoeller, R. T.; Myers, J. P. Hormones and
endocrine-disrupting chemicals: low-dose effects and non-
monotonic dose responses. Endocr. Rev. 2012, 33, 378-455.

Vasapollo, G.; Del Sole, R.; Mergola, L.; Lazzoi, M. R.; Scardino, A.;
Scorrano, S.; Mele, G. Molecularly imprinted polymers: present
and future prospective. Int. J. Mol. Sci. 2011, 12, 5908-5945.

Wackerlig, ).; Schirhagl, R. Applications of molecularly imprinted
polymer nanoparticles and their advances toward industrial
use: a review. Anal. Chem. 2016, 88, 250-261.

Wang, H. F.; He, Y.; Ji, T. R.; Yan, X. P. Surface molecular imprinting
on Mn-doped ZnS quantum dots for room-temperature phos-
phorescence optosensing of pentachlorophenol in water. Anal.
Chem. 2009, 81, 1615-1621.

Wei, Y. b.; Tang, Q.; Gong, C. b.; Lam, M. H. W. Review of the recent
progress in photoresponsive molecularly imprinted polymers
containing azobenzene chromophores. Anal. Chim. Acta 2015,
900, 10-20.

Xie, X.; Chen, L.; Pan, X.; Wang, S. Synthesis of magnetic molecu-
larly imprinted polymers by reversible addition fragmentation
chain transfer strategy and its application in the Sudan dyes
residue analysis. /. Chromatogr. A 2015a, 1405, 32-39.

Xie, X.; Pan, X.; Han, S.; Wang, S. Development and characteri-
zation of magnetic molecularly imprinted polymers for the
selective enrichment of endocrine disrupting chemicals in
water and milk samples. Anal. Bioanal. Chem. 2015b, 407,
1735-1744.

Xie, X.; Wei, F.; Chen, L.; Wang, S. Preparation of molecularly
imprinted polymers based on magnetic nanoparticles for the
selective extraction of protocatechuic acid from plant extracts.
J. Sep. Sci. 2015¢, 38, 1046-1052.

Xie, X.; Liu, X.; Pan, X.; Chen, L.; Wang, S. Surface-imprinted mag-
netic particles for highly selective sulfonamides recognition
prepared by reversible addition fragmentation chain transfer
polymerization. Anal. Bioanal. Chem. 2016, 408, 963-970.

Xu, Z.; Song, C.; Hu, Y.; Li, G. Molecularly imprinted stir bar sorptive
extraction coupled with high performance liquid chromatog-
raphy for trace analysis of sulfa drugs in complex samples.
Talanta 2011, 85, 97-103.

Yang, M.; Park, M. S.; Lee, H. S. Endocrine disrupting chemicals:
human exposure and health risks. J. Environ. Sci. Heal. C 2006,
24,183-224.



DE GRUYTER

Yang, J.; Li, Y.; Wang, J.; Sun, X.; Cao, R.; Sun, H.; Huang, C.; Chen,

J. Molecularly imprinted polymer microspheres prepared by
Pickering emulsion polymerization for selective solid-phase
extraction of eight bisphenols from human urine samples.
Anal. Chim. Acta 2015, 872, 35—-45.

Yu, J. C. C.; Lai, E. P. C. Molecularly imprinted polymers for ochra-
toxin A extraction and analysis. Toxins 2010, 2, 1536-1553.

Yue, Z.; Zhao, H.; Zhou, Y. Research progress in toxic effects of
phenolic environmental estrogens on aquatic organisms. Asian
J. Ecotox. 2014, 9, 205-212.

Yuksel, S.; Kabay, N.; Yuksel, M. Removal of bisphenol A (BPA) from
water by various nanofiltration (NF) and reverse osmosis (RO)
membranes. J. Hazard. Mater. 2013, 263, 307-310.

Zhai, H.; Su, Z.; Chen, Z.; Liu, Z.; Yuan, K.; Huang, L. Molecularly
imprinted coated graphene oxide solid-phase extraction mono-
lithic capillary column for selective extraction and sensitive
determination of phloxine B in coffee bean. Anal. Chim. Acta
2015, 865, 16-21.

Zhan, W.; Wei, F.; Xu, G.; Cai, Z.; Du, S.; Zhou, X.; Li, F.; Hu, Q. Highly
selective stir bar coated with dummy molecularly imprinted
polymers for trace analysis of bisphenol A in milk. /. Sep. Sci.
2012, 35,1036-1043.

Zhang, Y.; Riduan, S. N. Functional porous organic polymers for
heterogeneous catalysis. Chem. Soc. Rev. 2012, 41, 2083—
2094.

Zhang, S. W.; Xing, J.; Cai, L. S.; Wu, C. Y. Molecularly imprinted mon-
olith in-tube solid-phase microextraction coupled with HPLC/UV
detection for determination of 8-hydroxy-2"-deoxyguanosine in
urine. Anal. Bioanal. Chem. 2009, 395, 479-487.

Zhang, Y.; Cheng, Y.; Zhou, Y.; Li, B.; Gu, W.; Shi, X.; Xian, Y. Electro-
chemical sensor for bisphenol A based on magnetic nanopar-
ticles decorated reduced graphene oxide. Talanta 2013, 107,
211-218.

Zhang, Z.; Chen, X.; Rao, W.; Chen, H.; Cai, R. Synthesis and proper-
ties of magnetic molecularly imprinted polymers based on mul-
tiwalled carbon nanotubes for magnetic extraction of bisphenol
A from water. J. Chromatogr. B 2014, 965, 190-196.

Zhang, B.; Lu, L.; Huang, F.; Lin, Z. [Ru(bpy),]**-mediated photo-
electrochemical detection of bisphenol A on a molecularly
imprinted polypyrrole modified SnO, electrode. Anal. Chim.
Acta 2015, 887, 59-66.

Zhao, C.; Guan, X.; Liu, X.; Zhang, H. Synthesis of molecularly
imprinted polymer using attapulgite as matrix by ultrasonic
irradiation for simultaneous on-line solid phase extraction and
high performance liquid chromatography determination of four
estrogens. J. Chromatogr. A 2012, 1229, 72-78.

Zhu, L.; Cao, Y.; Cao, G. Electrochemical sensor based on magnetic
molecularly imprinted nanoparticles at surfactant modified
magnetic electrode for determination of bisphenol A. Biosens.
Bioelectron. 2014, 54, 258-261.

X. Xie et al.: Molecularly imprinting =—— 97

Bionotes

Xiaoyu Xie

School of Pharmacy,
Xi’an Jiaotong University,
Xi’an 710061, China

Xiaoyu Xie received his PhD in Analytical Chemistry from Lanzhou
Institute of Chemical Physics, Chinese Academy of Sciences in 2013.
He currently works as a lecturer at Xi’an Jiaotong University. His
research interests are focused on preparing functional molecularly
imprinted solid-phase extraction materials.

Yusi Bu

School of Pharmacy
Xi’an Jiaotong University,
Xi’an 710061, China

.

Yusi Bu received her BS in Pharmaceutical Engineering from Xi’an
Jiaotong University in 2014. She currently works as a graduate
student at Xi’an Jiaotong University. Her research interests are
focused on magnetic solid-phase extraction and cell membrane
chromatography.

Sicen Wang

School of Pharmacy, Xi’an Jiaotong
University, No. 76 Yanta West Road,
Xi’an 710061, China,
wangsc@mail.xjtu.edu.cn

Sicen Wang received his PhD in Pharmaceutical Analysis from
Xi’an Jiaotong University in 2006. He is currently a professor at
Xi’an Jiaotong University. His research interest includes preparing
functional molecularly imprinted polymers, developing the drug
screening methods, and screening the active components from
natural medicines.



