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ARTICLE INFO ABSTRACT

With increasing economic globalization, food safety is becoming the most serious concern in the food production
and distribution system. Food safety hazard factors (FSHFs) can be categorized into chemical hazards, biological
hazards and physical hazards, with the detection of the former two having fascinated interdisciplinary research
areas spanning chemistry, material science and biological science. Molecularly imprinted polymer (MIP) -based
sensors overcome many limitations of traditional detection methods and provide opportunities for efficient,
sensitive and low-cost detection using smart miniaturized equipment. With highly specific molecular recognition
capacity and high stability in harsh chemical and physical conditions, MIPs have been used in sensing platforms
such as electrochemical, optical and mass-sensitive sensors as promising alternatives to bio-receptors for food
analysis. In this systemic review, we summarize recent advances of MIPs and MIP-based sensors, such as popular
monomers, usual polymerization strategies, fresh modification materials and advanced sensing mechanisms. The
applications of MIP-based sensors in FSHF detection are discussed according to sensing mechanisms, including
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electrochemistry, optics and mass-sensitivity. Finally, future perspectives and challenges are discussed.

1. Introduction

Food safety has posed as a worldwide challenge for human health,
especially in developing countries (Lv et al., 2018). Chemical hazards
and biological hazards are the main food safety hazard factors (FSHFs)
that can cause food intoxication and foodborne illness. To facilitate
supervision and traceability, FSHFs are classified according to their
sources. In Fig. 1, we provide an overview of FSHFs at all stages of the
food chain. Chemical hazards mainly include natural toxins contained
by raw-food materials (e.g. histamine, saxitoxin), residues of pesticides,
fishery and veterinary drugs during farming (e.g. dimethoate, chlor-
amphenicol), environmental contaminants from soil and water (e.g.
tributyltin), abused additives (e.g. Sudan II, melamine), as well as the
contaminants from processing and packaging (e.g. acrylamide, bi-
sphenol A). Biological hazards include various contaminations caused
by fungi, bacteria and viruses, such as aflatoxin, Escherichia coli and
hepatitis A virus. Monitoring the levels of FSHFs not only confirms to
food security, but also provides guiding technical data on agriculture
production, food processing and food safety risk analysis and control
(Motarjemi and Fritz, 1999).

A wide range of well-developed techniques have been employed for

FSHF detection, such as high-performance liquid chromatography
(HPLC), gas chromatography (GC), high-performance liquid chroma-
tography-mass spectrometer (HPLC-MS), gas chromatography-mass
spectrometer (GC-MS), and nuclear magnetic resonance (NMR) (Hong
et al., 2017). However, these techniques have inherent limitations, such
as long detection time, high dependence on sample preparation tech-
niques and expensive instruments, which limit their applications. On
the other hand, biosensors have shown great potential in the field of
food analysis because of their low-cost, portability, ease of fabrication
and operation (Maduraiveeran et al., 2018; Wu et al., 2018). Depending
on the transducer, biosensors can be classified into electrochemical,
optical and other sensors (Wackerlig and Lieberzeit, 2015), among
which electrochemical and optical sensors are especially widely used in
the detection of FSHFs. Aptamers (Barreda-Garcia et al., 2018; Wang
et al.,, 2017b; Wu et al., 2015; Yan et al., 2016), enzymes (Liu et al.,
2017a; Song et al., 2018) and other natural receptors (Kaushal et al.,
2019; Wang et al., 2019a) have been widely studied for the application
on sensing platforms. Recently, artificial synthetic receptors have also
received extensive attention, and molecularly imprinted polymers
(MIPs) have become a competitive alternative.

MIPs possess unique properties that offer significant advantages for
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Fig. 1. Conceptual framework of food production and distribution system and the category of FSHFs.

FSHF analysis. With inherent molecular recognition abilities, MIPs can
recognize not only small molecules but also various macromolecular
targets, including proteins (Chunta et al., 2018; Magni et al., 2015),
viruses (Altintas et al., 2015; Zhang et al., 2018; Liu et al., 2017c) and
microorganisms (Poller et al., 2017), essentially covering all categories
of FSHFs. At the same time, studies have consistently shown that MIPs
have high efficiency for the retention of analytes and improved se-
lectivity (Ashley et al., 2017). In addition, compared with natural re-
ceptors, MIPs have higher stability in harsh chemical and physical
conditions and relatively simple sample preparations hence lower cost,
which enables MIPs great potential in practical applications (Ashley
et al., 2017; Eersels et al., 2016).

MIPs are based on advanced polymerization techniques and have
been applied in various sensing platforms as electrochemical
(Beloglazova et al., 2018; Guo et al., 2017), optical (Wu et al., 2017b;
Yilmaz et al., 2017) and other (Lin et al., 2018; Qian et al., 2016)
sensors. By combining the advantages of MIPs, nanomaterials and ad-
vanced micromachining technology, MIP-based sensors make it pos-
sible to fabricate low-cost, convenient, efficient and portable devices
with ideal selectivity and sensitivity for FSHF detection. It is expected
that MIP-based sensors will take their place in sensor markets in the
near future.

In this review, we summarize the progresses in the development of
MIP-based sensors for FSHF detection in the past 5 years. Firstly, cur-
rent MIPs in biosensor are reviewed. Secondly, the type of MIP-based
sensors applied to FSHF detection are introduced and discussed in de-
tail. Thirdly, the sensing applications of electrochemical, optical and
mass-sensitive MIP-based sensors in FSHF detection are highlighted.
Finally, present challenges and future research directions are discussed.

2. MIPs in biosensors

MIPs are synthesized by co-polymerization of functional monomers
and cross-linkers in the presence of templates. After removing tem-
plates, cavities matching in size, shape and groups with templates are
created, which provides MIPs the ability to recognized template mole-
cules (Fig. 2A). Based on this general principle, different polymerization
strategies and monomer combinations are developed for different ap-
plications. For biosensor fabrication, MIPs are always deposited as thin

films. Therefore, precipitation polymerization and electropolymeriza-
tion are frequently-used methods (Table 1). Photo-polymerization is
also a potential method (Huang et al., 2018; Sergeyeva et al., 2017;
Yang and Park, 2016).

Apart from steric factors, the specific interaction between functional
monomers and targets provides MIPs increased affinity and selectivity
to the analyte (Cieplak and Kutner, 2016). Functional monomers con-
taining acidic or basic groups are often used, which are capable of
forming covalent bonds, hydrogen bonds and other interactions with
analyte molecules inside imprinted cavities. For the detection of FSHFs,
methacrylic acid (MAA) and 3-aminopropyl-triethoxysilane (APTES)
are the most popular functional monomers (Table 1). These functional
monomers are always co-polymerized with cross-linkers, such as ethy-
lene glycol dimethacrylate (EGDMA) and tetraethyl orthosilicate
(TEOS). Besides, o-phenylenediamine, pyrrole, dopamine, o-amino-
phenol and p-aminothiophenol have shown great properties as func-
tional monomers because of their ability of electropolymerization
without cross-linker. With the development of statistics and computer
technology, combinatorial and computational design have been used to
select the most appropriate functional monomer and template:
monomer ratio for polymerization (Sergeyeva et al., 2017; Uzun and
Turner, 2016).

MIPs in biosensors can not only separate analyst from food samples
to enhance selectivity but also aggregate target materials around the
sensing surface to improve sensitivity. However, recent studies have
also identified several disadvantages of MIPs, such as residue of tem-
plate molecules, limited selectivity and finite mass-transport ability
(Uzun and Turner, 2016). The shape memory conducting hydrogel (Wei
et al., 2019) was prepared as MIP films to remove targets more thor-
oughly. To further improve the detection properties of MIPs in bio-
sensors, novel structural systems have been applied (Fig. 2B). Thin MIP
film can be polymerized on the surface of sensing platform to enhance
the mass transport (Capoferri et al., 2017; Elshafey and Radi, 2018;
Turco et al., 2015), hence the respond time can be shortened efficiently.
Nanomaterials have been applied by modifying the surface of sensing
platform or carrying MIP films (Wang et al., 2017a; Yin et al., 2018a),
which can not only expand effective sensing area but also optimize
biosensors’ performances, such as reutilization, electrical conductivity
and portability. Carbon nanotubes (CNTs) (Amatatongchai et al., 2018;
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Fig. 2. (A) Schematic of molecular imprinting; (B) Common configuration status of MIPs in biosensors.

Bai et al., 2017), noble metal nanoparticles (Fan et al., 2018; Wang
et al., 2017a), nanoporous metals (Li et al., 2015a, 2015¢) and metal-
organic frameworks (MOFs) (Stassen et al., 2017; Zhang et al., 2018)
are popular nanomaterials with structural functions. F30, magnetic
nanoparticles (Li and Wang, 2013; Li et al., 2017a), magnetic graphene
(Jia et al., 2019) are synthesized to assemble recyclable magnetic MIP
composites. Meanwhile, multiple recognition combing MIPs and other
identifying materials, such as aptamer (Ensafi et al., 2018; Rezaei et al.,
2016) and calixarenes (Li et al., 2016a, 2016b), have been designed to
increase the selectivity of targets. The synergies between MIPs and
these functional materials have effectively improved the sensitivity and
selectivity of FSHF detection.

3. Types for MIP-based sensors for the detection of FSHFs

For the detection of FSHFs, MIP-based sensors have shown great
potential because of their low-cost, miniaturization and ease of opera-
tion (Maduraiveeran et al., 2018; Wu et al., 2018). Recent literature
reveal that electrochemical and optical sensing are the most commonly
utilized analytical technique to be combined with MIPs. Meanwhile,
attempts also have been made in other sensing techniques, such as
quartz crystal microbalance (QCM). Fig. 3 summarizes different MIP-
based sensors and their principles.

Electrochemical sensors are detectors with electrochemical trans-
ducers which can transform the interaction of analytes with the re-
ceptors on the surface of an electrode into analytical signal (The'venot
et al., 2001). Thereinto, three-electrode structure, including working,
reference and counter electrodes, is the most classic system. Integrating
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Fig. 3. Schematic representation of various types of MIP-based sensors.

the recognition elements, working electrodes play a crucial part in
electrochemical sensors. Glassy carbon electrode (GCE) (Guo et al.,
2017; Li et al., 2016a) and screen-printed carbon electrode (SPCE)
(Dechtrirat et al., 2018) are popular electrodes. The combination of
MIPs and target FHSFs can change the electric signals of electrodes,
such as current, voltage, conductivity and capacitance or impedance
(Ahmad et al., 2019). Different electroanalytical modes have been
employed in electrochemical sensors, thereinto the current as the po-
tential is varied (e.g. cyclic voltammetry, differential pulse voltam-
metry) and the current at a fixed voltage (e.g. amperometry) are the
common measured properties in the electrochemical detection of FSHFs
(Table 2). MIP-based electrochemical sensors are attractive because of
their low cost and simplicity of production. Apart from GCE and Au
electrode, screen-print electrodes (SPEs) are also combined with MIPs
(Capoferri et al.,, 2018; Cardoso et al., 2019; Zamora-Galvez et al.,
2017). Laser-induced graphene technique (Cardoso et al., 2019) and
dealloying (Song et al., 2016) are also applied to build electrodes with
exquisite 3D structures. In addition, the mass transfer and conductivity
of modified electrodes determine the performance of electrochemical
sensors. Therefore, nanostructured coating and pre-assemblage of MIP-
based nanomaterials are further used to develop modified electrodes.
Before the synthesis of MIPs, conducting metal nanomaterials (Fan
et al., 2018; Rao et al., 2018), carbon nanomaterials (Guo et al., 2017;
Liu et al., 2015) or polymer (Shi et al., 2017) are deposited on the bare
surface of an electrode to obtain better mechanical and electrical fea-
tures. For the polymerization of MIPs, electropolymerization has be-
come a popular method because of its rapid and handy process, as

indicated in Table 1. On the other hand, multiwalled carbon nanotubes
(MWCNTs) (Xu et al., 2018; Yang and Zhao, 2015; Yin et al., 2018b)
and other various nanoparticles (Jiang et al., 2016; Zamora-Gélvez
et al., 2017) can also serve as supporting materials for MIPs, and the
obtained carriers@MIP are deposited on the electrode to construct the
Sensor.

Optical sensors are detectors measuring optical properties in mate-
rials and converting their changes into analytical signal, in which MIPs
also play a role in identifying analytes and thus change the optical
properties of materials (Ahmad et al., 2019). Different optical sensors
combined with MIPs for the detection of FSHFs are summarized in
Table 3. Depending on the source of optical signals, MIP-based optical
sensors can be divided into two types. The first are the MIP-affinity
sensors that can be used to detect analytes with inherent optical
properties (e.g. fluorescence and refractive index) (Ahmad et al., 2018).
In these optial sensors, fluorescence detecting is the most popular
method for the detection of FSHFs, making use of the fluorescence
quenching caused by the electron/hole transfer between target mole-
cules and fluorophores. Quantum dots (QDs) (Habimana et al., 2018;
Wu et al., 2017a) and carbon dots (CDs) (Shirani et al., 2019; Xu and
Lu, 2015) are the fluorophores commonly used. To prepare the fluor-
ophores that are stable and suitable for the detection in food matrix,
core-shell structures with silica coating (Yang et al., 2016) and MIP
films (Ding et al., 2017) are built. MIP-based optical sensors are also
designed based on specific optical properties of nanomaterials, such as
surface enhanced Raman scattering strategy (SERS), resonance light
scattering (RLS) and surface plasmon resonance (SPR) (Yang et al.,
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2017; Yao et al., 2016; Yin et al., 2018a). The second are optoelectronic
sensors. It is noteworthy that there have been research combining op-
toelectronic sensor with smartphone detection for potential rapid test of
FHSFs (Capoferri et al., 2018).

Apart from electrochemical and optical sensors, other MIP-based
sensors have also been used in FSHF detection. These include biomi-
metic enzyme-linked immunosorbent assay (ELISA) (Tang et al., 2017)
and mass-sensitive sensors, such as QCM (Lin et al., 2018; Yang and
Park, 2016). Though some FSHFs, such as protein, virus and bacteria,
are large-molecule-targets with relatively large mass, owing to the
disturbance of the food matrix, the existing mass-sensitive sensors are
not significantly advantageous in practical detection of FSHFs.

4. Applications of MIP-based sensors in FSHF detection

Though the detection of most FSHFs can be realized, they may not
fully meet the requirement of modern food industry. As a special
commodity with limited profit and shelf life, food raises higher demand
of reduced testing cost and time of FSHF detection. In addition, with
generally low technical level of employees, easy-operating methods are
necessary. However, due to the low content of FSHFs and complexity of
food sample matrix, the FSHF detection requires sophisticated sample
preparation and instruments, along with high operating technique and
cost. Meanwhile, storage and transportation of food samples and the
detection of multiple FSHFs in different laboratories will also delay
distribution to consumers, which debase the quality of food (Dincer
et al., 2019). Therefore, detection performed on-site by low-cost, easy
and rapid testing methods with high sensitivity and selectivity is ur-
gently needed for monitoring FSHFs in practical food production.

Recent researches have shown that MIP-based sensors have great
potential in industrial application for FSHF detection, since they suc-
cessfully combine the advantages of MIP receptors and various sensing
platforms. According to the principle of their signal transductions, MIP-
based sensors can be classified into MIP-based electrochemical, optical
and other sensors. Some of the applications of different MIP-based
sensors in FSHF detection in the past five years are discussed below.

4.1. MIP-based electrochemical sensors

MIP-based electrochemical sensors have been under active in-
vestigation in recent years (Table 2), offering potential for both quali-
tative and quantitative analysis.

A great amount of MIP-based electrochemical sensors has been de-
signed for the detection of various chemical hazards. Pesticides, as well
as fishery and veterinary drugs, are the most important targets. For the
detection of chlorpyrifos, an organophosphorus pesticide for insect
control, an MIP-based photoelectrochemical sensor was designed (Sun
et al., 2017). Titanium dioxide nanorods (TiO, NRs) were grown di-
rectly on fluorine-doped tin oxide (FTO) by hydrothermal method,
followed with growth of branches to form branched titanium dioxide
nanorods (B-TiO, NRs). The MIP film was then electro-polymerized on
the surface of B-TiO, NRs, using chlorpyrifo and p-aminothiophenol
(PATP) as template molecule and functional monomer, respectively.
After the removal of templates, the cavities specific to chlorpyrifo were
formed (Fig. 4A). Combining the high photoelectric activity of B-TiO,
NRs under UV irradiation and the recognition of MIPs, the combination
between chlorpyrifo and the cavities in MIPs could hinder the har-
vesting of light and electron transfer with increasing chlorpyrifo con-
centration, making the photocurrent response inversely proportional to
CPF concentration. B-TiO, NRs have improved sensitivity and se-
lectivity of detection with a low detection limit of 7.4 pg/mL. Ultra-
sensitive detection of diethylstilbestrol was also realized by an MIP-
based electrochemical sensor (Bai et al., 2017). To amplify the signal of
the sensor, Au nanoparticles (Au NPs) and MWCNTs-chitosan compo-
site (MWCNTs-CS) was used for layer-by-layer modification on bare
GCE (Fig. 4B). During the following sol-gel imprinting, 3-aminopropyl-
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triethoxysilane (APTES) was chosen as functional monomer because of
its amino group that interacts with templates through hydrogen
bonding. Tetraethoxysliane functions as a cross-linker to form a poly-
meric siloxane network through Si-O bond via hydrolysis. The obtained
sensor not only showed good selectivity and long-term stability, but
also realized the detection in milk samples. Recently, a novel nano-
material, Ni(OH), nanoarrays electrode was applied in MIP-based
electrochemical sensors as sensing platform for the detection of sulfa-
pyridine (Liu et al., 2019). The modified electrode was prepared in situ
on nickel foam by hydrothermal methods. Next, the MIPs were directly
imprinted on the surface of nanoarrays by the self-assembly of mono-
mers (Fig. 4C). Instead of modifying the surface of electrode with pre-
prepared structural materials, this strategy built complex stereo-
chemical structure by handy electrode treatment. Compared with other
methods, this strategy simplified the procedure of sensor development
with just two steps, the preparation of electrode and molecularly im-
printing, showing better feasibility in mass production. Similar strate-
gies have also been developed for the detection of metronidazole (Li
et al., 2015a, 2015c; Song et al., 2016).

In addition, the industrialization of food production calls for the
monitoring of food additives and processing and packaging con-
taminants. Different from the above-mentioned MIP-based electro-
chemical sensor modified with MWCNTs, Xu et al. provided another
strategy to assemble MWCNTs with MIPs (Xu et al., 2018). MIP-
MWCNTs units with “necklace-like” nanostructures were generated by
incorporating MWCNTSs in the co-assembly process of a photo-cross-
linkable copolymer poly (acrylic acid-co-(7-(4-vinylbenzyloxy)-4-me-
thyl coumarin)-co-ethylhexyl acrylate) (poly (AA-co-VMc-co-EHA))
(PAVE) and templates, in which there were intermolecular charge and
electronic energy transfer between MIP “beads” and MWCNT “axis”.
Then the MIP-MWCNTSs units were cast on bare electrode (Fig. 4D).
Using [Fe(CN)g]®“* as the electrochemical probe, the rebinding of
melamine in MIPs obstructed the electron transfer across the electrode
surface. With the significant linear relationship between the variation
of decreased oxidation peak current and logarithm of melamine con-
centration, this sensor realized the quantification of melamine
(1.0 x 107 '%1.0 x 10~ ®M). Making use of the high affinity and spe-
cificity of DNA to targets, MIPs was combined with ds-DNA for dual
recognition of Sudan II in MIP-based electrochemical sensors (Rezaei
et al., 2016). Prior to the polymerization, Sudan II was let interact with
ds-DNA. By the electro-polymerization of functional monomers, o-
phenylenediamine, ds-DNA and Au NPs were entrapped into the MIP
film and realized dual recognition. In this complex MIP film, polymer
not only formed a stable 3D structure but also provided phenyl and -NH
groups to interact with Sudan II via m-m interactions and hydrogen
bonding. Due to the cooperation between ds-DNA and MIPs, this sensor
showed better selectivity to Sudan II compared with conventional im-
printed sensors. Ensafi et al. developed a similar method for the de-
tection of bisphenol A (Ensafi et al., 2018). Besides, the application of
multiple nanomaterials is also a strategy to build MIP-based electro-
chemical sensors for bisphenol S detection (Rao et al., 2018). Hollow
nickel nanospheres were firstly modified on GCE by dealloying Cu from
the Ni-Cu alloy, transforming small alloy blocks into hollow nickel
nanospheres. The graphene quantum dots were then coated on the
modified GCE. After the electropolymerization of pyrrole in the pre-
sence of templates, this sensor realized sensitive detection according to
the specific hydrogen bonding and m-m stacking interactions between
MIPs and bisphenol S (Fig. 4E). With the development of micro-
machining technology, microfluidic chip has also been used in the
preparation of MIP-based electrochemical sensors to establish a dual
identification system for carbofuran detection (Li et al., 2018b). Instead
of integrating the recognition units in the same region, MIPs and ap-
tamer were respectively modified on two functional areas, connected by
a channel (Fig. 4F). When the test samples were transported in micro-
fluidic chip by a micro-pump, the carbofuran was firstly gathered in
MIPs of the first functional area, then the captured carbofuran targets
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Fig. 4. (A) Schematic for the fabrication of chlorpyrifos-imprinted electrochemical sensor. Reprint from Sun et al. (2017) with permission from Elsevier. (B)
Schematic for the fabrication of diethylstilbestrol-imprinted electrochemical sensor. Reprint from Bai et al. (2017) with permission from Elsevier. (C) Schematic for
the fabrication of sulfapyridine-imprinted electrochemical sensor. Reprint from Liu et al. (2019) with permission from Elsevier. (D) Schematic for the fabrication of
melamine-imprinted electrochemical sensor. Reprint from Xu et al. (2018) with permission from American Chemical Society. (E) Schematic for the fabrication of
bisphenol S-imprinted electrochemical sensor. Reprint from Rao et al. (2018) with permission from Elsevier. (F) Schematic for the fabrication of carbofuran-
imprinted electrochemical sensor. Reprint from Li et al. (2018b) with permission from Springer Nature.

Preconcentration of Histamine
on magnetic-MIP

(B)

Surface preparation

N NH;
’ o« CJ
Histamine N .
H |

ee

Magnetic actuation on magneto-electrodes
and electrochemical readout

Stamp preparation

Surface / / Surface / 7
modification modification
I bilization of -
gold electrode n}:anc(t)erlieljz:;?no 4 A E. coli
e B strain
monomer Stamping l Turn upside
solution / 4 down
- o
Production of the Polymerization
microcontact Remaeall 6F
imprinting bacterial stamp ¥
E. coli imprinted gold
electrode
© . SR
e A 4
iind %E‘%%%%% % %%% %%
v Self-assembling v e
Bare GCE o
b MV
- _— 3
- I'emplate Binding ‘q = =
[ < )
< <« "V‘J‘ t § 7_\
Template Removal 3 L
g.
é Template Binding

Gy

Template Remm'ué éz é §§ g

Fig. 5. (A) Schematic for the fabrication of scombrotoxin-imprinted electrochemical sensor. Reprint from Hassan et al. (2019) with permission from Elsevier. (B)
Schematic for the fabrication of Escherichia coli-imprinted electrochemical sensor. Reprint from Idil et al. (2017) with permission from Elsevier. (C) Schematic for the
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were eluted off and transported to the next functional area with ap-
tamer for electrochemical detection. Microfluidic chips make the
modularization of MIP-based electrochemical sensors possible, which
facilitates their commercial production.

Apart from these exogenous chemical hazards, MIP-based electro-
chemical sensors are also designed for the detection of endogenous
natural toxins in food. Accumulation of biogenic amines in food is
mainly caused by the presence of bacteria with decarboxylation ac-
tivity. Therefore, histamine content has recently become an important
index for monitoring food safety, quality and freshness (Shalaby, 1996).
Recently, making used of the separation ability of permanent magnet,
detachable sensor based on core-shell structural magnetic MIPs has

been reported (Hassan et al., 2019). Modified with tetraethyl orthosi-
licate and 3-methacryloxypropyltrimethyloxysilane, Fe3O4 nano-
particles was prepared as magnetic core. Computer simulation was
applied for the design of MIPs, and MIP shell was coated on magnetic
core using 2-vinyl pyridine and EGDMA as monomer and cross-linker,
respectively. Instead of assembling receptors on the electrode perma-
nently, this sensor firstly pre-concentrated targets by mixing magnetic
MIPs with samples and then integrated magnetic MIPs into magneto-
actuated electrodes for direct electrochemical detection of histamine
(Fig. 5A). With a low detection limit (1.6 X 10’6mg/L), this simple
and rapid method provided a novel strategy to apply MIPs and mag-
neto-actuated device in food analysis.
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A number of MIP-based electrochemical sensors have been reported
for the detection of biological hazards. For the detection of Escherichia
coli, Idil et al. developed an MIP-based capacitive sensor (Idil et al.,
2017). Because the templates, Escherichia coli, are whole cells with large
volume and complex structure, microcontact imprinting technology
was applied for surface imprinting (Fig. 5B). Escherichia coli cells were
firstly immobilized on the surface of glass slide. Next, the templates
were brought into contact with the monomer mixture covering the
capacitive gold electrode surface by turning the modified glass slide
upside down. After UV photo-polymerization and removal of bacterial
stamp, this sensor realized real-time Escherichia coli detection within the
range of 1.0 x 10°-1.0 x 107 CFU/mL. There have been only a few
reports focused on whole cell imprinting, so this study provides a great
model for the detection of pathogenic bacteria and spoilage bacteria.
Fungal contaminants are also major biological hazards, while studies on
the MIP-based electrochemical sensors for fungal contaminants detec-
tion are limited. Recently, thionine was applied as both functional
monomer and signal indicator to form novel electrochemical sensors for
the detection of patulin (Huang et al., 2019). With two amino groups,
thionine can not only form poly (thionine) film, but also drives patulin
targets into the MIP specific cavities through hydrogen bond. By elec-
tropolymerization, molecularly imprinted poly (thionine) was
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synthesized on the Pt nanoparticles (Pt NPs)-nitrogendoped graphene
modified GCE (Fig. 5C). Though functional monomer has good electron
transfer ability, the combination of patulin and MIPs could decrease the
electric conductivity of MIP film, decreasing the reduction peak cur-
rent. Therefore, this sensor displayed an excellent performance for
patulin detection over the range of 0.002-2ng/mL with a detection
limit of 0.001 ng/mL and successfully detected patulin in real apple and
grape juice samples.

4.2. MIP-based optical sensors

The major optical techniques applied in MIP-based optical sensors
include fluorescence monitoring, electrochemiluminescence (ECL),
surface enhanced Raman scattering strategy (SERS), resonance light
scattering (RLS) and surface plasmon resonance (SPR) (Table 3).

Fluorescence monitoring has been the most popular technique be-
cause of the simplicity of the preparation and the low testing limits
attainable (Ahmad et al., 2019). Owing to their unique optical prop-
erties of narrow emission and resistance to fluorescence quenching,
QDs have great potential as fluorescent sensors, probes, and tags (Ren
and Chen, 2015). For the detection of cyfluthrin, an important broad-
spectrum pesticide, molecularly imprinted silica film was coated on
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Fig. 7. (A) Schematic for the fabrication of lincomycin-imprinted optical sensor. Reprint from Li et al. (2017c) with permission from Elsevier. (B) (a) Schematic for
the MIP/IrOx NPs-ITO SPEs structure, visual IrOx NPs color change (from blue-black to transparent), and working principle of the proposed sensor with different
analyte amounts; (b) Visual detection after 10s of the application of different oxidation potentials, as well as smartphonebased detection of concentration ranges
detected based on the number of colored electrodes and change of IrOx NPs color intensity at a fixed time and potential vs increasing amounts of the analyte. Reprint
from Capoferri et al. (2018) with permission from American Chemical Society. (C) (a) Schematic for the fabrication of clenbuterol-imprinted optical sensor; (b) ECL
mechanism and the quenching mechanism of clenbuterol towards MIP-based electrochemiluminescence sensor. Reprint from Jin et al. (2018) with permission from
Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

FeSe QDs by reverse micro-emulsion polymerization (Li et al., 2018c)
(Fig. 6A). During the detection, ionic interaction and hydrogen bond
could be formed between cyfluthrin and MIPs for specific recognition.
Meanwhile, the charge transfer from the FeSe-QDs to cyfluthrin could
be blocked, resulting in the fluorescence quenching of the MIP-FeSe-
QDs. This method realized monitoring in fish samples with a detection
limit of 1.0 ug/kg. Besides, CdTe QDs (Yang et al., 2016) and Mn(I)-
doped ZnS QDs (Liu et al., 2018) have also been combined with MIPs
for the detection of FSHFs. However, these conventional semi-
conducting QDs have some drawbacks, such as biological toxicity and
environmental pollution. Recently, CDs have attracted attention be-
cause of their stable photoluminescence, green synthesis, biocompat-
ibility and other excellent properties (Shirani et al., 2019). For instance,
high blue luminescent CDs were embedded into MIPs by non-hydrolytic
sol-gel process for the detection of sterigmatocystin, using 1,8-dihy-
droxyanthraquinone as an alternative template (Xu et al., 2016)
(Fig. 6B). The sterigmatocystin in samples could be drawn into the
cavities by hydrogen binding with MIPs, and the bound ster-
igmatocystin would accept the electrons from CDs, quenching fluores-
cence.

ECL is a method to translate electrochemical signals to optical sig-
nals, and the combination of both electro and optical properties can
improve sensing capabilities (Ahmad et al., 2019). A platform based on
electrogenerated chemiluminescence energy transfer was reported for
the detection of lincomycin (Li et al., 2017c). To improve selectivity
and sensitivity of the whole sensor, lincomycin-CD-tagged aptamer
complexes were pre-assembled as alternative templates for imprinting
(Fig. 7A). After elution, lincomycin molecules were removed, while CD-
tagged aptamers remained embedded in the MIP layer. At a specific
voltage, CDs were stimulated to product ECL signal. Drawn by dual
recognition, lincomycin could enter the identification sites on the MIPs
and combine with aptamers, leading to the structural change which
attenuated the transfer of energy from modified electrode to CDs.
Therefore, the intensity of the electrogenerated chemiluminescence
response was inversely proportional to lincomycin concentration. ECL
also shows great potential to combine with smartphone-based detec-
tion. Based on Iridium oxide (IrOX), an electrochromic material with
optical properties to generate large spectral shifts among its multiple
oxidation states, Capoferri et al. took advantage of MIPs, IrOX NPs and
transparent ITO SPE to build an MIP-based electrochromic sensor for
the detection of chlorpyrifos (Capoferri et al., 2018). The targets in MIP
cavities decreased the conductivity of molecularly imprinted poly-
purrole and simultaneously decreased the oxidation current of IrOX
NPs, lightning the color of the whole sensor. Thus, chlorpyrifos con-
centration can be evaluated roughly with both naked eye and smart-
phone (Fig. 7B). Although this method does not accurately quantify the
concentration of pesticide residues, its dependence on on color varia-
tion makes it useful for in situ screening analysis. As a new generation
of ECL material, upconversion nanoparticles (UCNPs) was also applied
for the detection of clenbuterol, a forbidden animal growth promoter
(Jin et al., 2018). Reduced graphene oxide (rGO), UCNPs and MIPs
were fabricated on the surface of GCE as signal amplifying agent, lu-
minophor and receptor, respectively (Fig. 7C). The recombination of
target clenbuterol with cavities in MIPs could block electron transport
channels between UCNPs and coreactant K,S,0g, thus the ECL intensity
decreased along with increasing clenbuterol concentration, displaying a
linear relation between ECL intensity and clenbuterol concentrations
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ranging from 10 nM to 100 pM.

MIP-based optical sensors based on SPR, SERS and RLS have few
applications in the detection of FSHFs. More than one MIP spots can be
synthesized on the surface of a modified SPR gold chip by multiple UV-
initiated polymerizations, controlling the area of MIPs with the help of
a mask to cover other parts of the chip (Fig. 8A). Therefore, SPR sensors
have achieved simultaneous multiple detection of fishery and veter-
inary drugs (Luo et al., 2016). However, due to its heavy dependence on
expensive materials and equipment, as well as complex pretreatment
process, this sensor cannot achieve on-site monitoring of FSHFs. Based
on the unique optical properties of nanoparticles, a SERS-MIP and RLS
sensor has been developed for the detection of FSHFs. Making use of
plasmon resonance between silver particles and shell layer, Yin et al.
designed a reapberry-type SiO,@Ag NPs to enhance plasmonic (Yin
et al., 2018a). Followed by non-covalent imprinting, bisphenol A-im-
printed polymer shell was obtained at the outer edge (Fig. 8B-D). This
sensor was applied in the detection of water and milk samples, with the
recovery of 89.98-111.31%. An MIP-based RSL sensor was employed
for the detection of Hepatitis A Virus (HAV) (Yang et al., 2017). Because
of the easily denatured protein coat of HAV, the core-shell structure was
built on SiO, NPs taking advantage of the mild self-polymerization of
virus-imprinted polydopamine (Fig. 8E and F). The MIP film could ef-
fectively capture HAV on the surface of MIP- SiO, NPs and cause
changes in RSL intensity, which could be measured by a simple fluor-
escence spectrophotometer. Therefore, this research provided an in-
teresting strategy to expand the application of MIP-based optical sen-
sors to the determination of virus.

4.3. Mass-sensitive MIP-based sensors

There are few studies on the application of mass-sensitive MIP-
based sensors in FHSF detection. With the steady and accurate quartz
crystal resonators, QCM can monitor the change of mass by frequency
measurements and has attracted some attention on the detection of
large biotemplates, such as bacteria and virus (Jia et al., 2018). For the
determination of Escherichia coli, pre-mixed imprint materials con-
taining Epon1002F were firstly spin coated on the QCM (Poller et al.,
2017). The obtained QCM was further spin coated with stamp materials
inked with Escherichia coli. The imprint stamp was prepared with glu-
cose, as a blocker, to prevent the covalent binding between MIPs and
template bacteria, which contributed to the removal of templates. Using
commercially available material as the imprint material, this sensor
displayed commercialization potential. However, more research is
needed before it can be applied in the detection in real food samples. In
addition, although MIP-based sensors with microcantilevers have been
used for the detection of fishery and veterinary drugs in air, due to
difficulties in overcoming liquid damping in food matrix, they have not
been applied to analyze actual samples (Okan et al., 2017; Okan and
Duman, 2018).

5. Summary and conclusions

In this review, research advances of MIP-based sensors in FSHF
detection in the past 5 years have been systematically summarized
according to sensing mechanisms, including electrochemistry, optics
and mass-sensitivity. Among various MIP-based sensors, electro-
chemical and optical sensors have been widely used. They are mainly
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25 °C). Reprint from Yang et al. (2017) with permission from Elsevier.

fabricated for the detection of pesticides and fishery and veterinary
drugs. With the application of new materials with improved properties,
novel modifications of surface and microfabrication techniques in ad-
vanced MIP-based sensors, the FSHF detection targets have been ex-
panded to range from small molecules to huge molecules, such as

16

mycotoxins, virus and bacteria. Higher sensitivity and selectivity are
simultaneously being achieved. MIP-based sensors can offer multiple
advantages, such as portability, rapid response, simplicity and low-cost;
therefore, they have enormous potential as portable devices for use by
non-specialists for the detection of FSHFs, especially pesticides and



Y. Cao, et al.

fishery and veterinary drugs. In the next few years, MIP-based sensors
are predicted to gain more attention and grow at an even faster pace
before releasing their full potential for the detection of FSHFs.

6. Future perspectives

Combining exquisite sensitivity and specificity of biological re-
ceptors with the convenience and processability of polymers (Uzun and
Turner, 2016), MIP-based sensors have increasing potential for FSHF
analysis. However, non-selective binding sites in MIPs and non-specific
adsorption to the surface of MIP receptors may lead to non-specific
binding, undesired adsorption and incomplete removal of templates.
Considering the complex matrix compounds of food samples and target
molecules with low-abundance, current MIP receptors’ lack of ultra-
selectivity and affinity is further recognized. In practical FSHF detec-
tion, especially on-site, rapid detection, sensors are only helpful if ac-
curate quantitation of an analyte is accomplished within a reasonable
timeframe (Wu et al., 2018). The response times of existing MIP-based
sensors in practical food inspection are still less optimal. In addition,
commercialization of MIP-based sensors is hindered by the complexity
in fabricating MIP receptors on the sensor surface and limited reusa-
bility. Collectively, MIP-based sensors are still in their infancy and
several outstanding issues remain to be addressed.

Many opportunities exist to improve the performance of MIP-based
sensors for the detection of FSHFs. (i) Theoretical calculation may be
used as a supplement to experience and experiment for screening
functional monomers and optimizing polymerisation strategies. (ii) The
exploitation of advanced materials with superior properties as func-
tional monomers and cross-linkers of MIPs may improve selective
chemical recognition of existing and potential FSHF detection targets.
(iii) The design of multiple recognition combinations including MIPs
and the application of dummy templates may be explored. (iv) Novel
MIPs, such as imprinted hydrogel, may be developed for the detection
of macromolecular FSHFs, including the whole pathogenic bacteria
cells, foodborne virus and food allergen. (v) MIPs may join forces with
other advanced technologies, such as nanotechnology, artificial in-
telligence and lab-on-a-chip technology. Development in these field
may not only address outstanding issues of current MIPs, but also sig-
nificantly expand their capability.
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