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Abstract: Molecularly imprinted polymers (MIPs) have been widely utilized in the field of sensing
due to their specific and high affinity towards target molecules. Combining the selective precon-
centration capability of MIPs and the rapid quantitation merit of optical analytical techniques, MIP
optical sensors have been applied to the analysis of various kinds of samples and have received
considerable attention in recent years. In this review, we overviewed the progress of MIP sensors
in combination with various optical detection methods, including fluorescence, surface plasmon
resonance, Raman scattering, and chemiluminescence. The construction, characterization, working
principle, and application of four kinds of MIP optical sensors are covered in detail. Finally, the
opportunities and challenges currently encountered by MIP optical sensors are summarized.
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1. Introduction

Molecularly imprinted polymers (MIPs) are polymers possessing binding sites that
recognize imprinted molecules. Since Arshady and Mosbach reported their simple template
strategy for the synthesis of substrate specific polymers, which is based on complementary
interactions [1], many scientists have used this strategy to construct MIP materials. In
analytical chemistry, MIPs have been applied in chromatography, electrophoresis, catalysis,
and chemical sensing [2—4]. An increasing number of researchers have begun to use MIPs
with good selectivity as recognition elements of sensors, and many of them proposed the
idea of combining MIPs with optical sensors.

Optical sensors have attracted considerable attention due to their advantages, includ-
ing simple visual identification, real-time detection, low cost, high sensitivity for analytes,
and portable analytical equipment [5], which is complementary to the high selectivity
of MIPs and meets the needs of contemporary analysis and detection. Optically active
materials can be easily combined with MIPs in a covalent or non-covalent coupling man-
ner. When the MIP adsorbs the target molecule, the structure of the system will undergo
certain changes, which will also result in certain changes to the optically active material,
and, finally, reflect the change of the optical signal. The excellent matching between MIP
materials and optical sensors causes MIP optical sensors to stand out in the fields of food
safety, biosensing, environmental monitoring, daily chemical quality control, and so on.

In recent years, an increasing number of researchers have steered their attention toward
MIP optical sensors. In terms of the types of optical signals used by the sensors, MIP optical
sensors can be mainly divided into fluorescence sensors, surface plasmon resonance (SPR)
sensors, surface-enhanced Raman scattering (SERS) sensors, and chemiluminescence (CL)
sensors. According to the number of entries in Web of Science search results’ (from January
2012 to December 2022), an increasing number of MIP optical sensors have been reported,
and the number of publications in recent years has remained high, as can be seen in
Figure 1. Fluorescence sensors are the most studied and mature [6], followed by other types
of sensors, and there are constant innovations in the field. In this review, we examined
the development of MIP optical sensors over the past five years, and summarized the
construction, fabrication process, working principle, and typical applications of various
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MIP optical sensors (presented in Figure 2). Finally, the current challenges and future
development trends of MIP optical sensors are analyzed, in order to pave the way for more
applications of MIP optical sensors over a wider field.
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Figure 1. Number of publications with the keywords of molecularly imprinted fluorescence/surface
plasmon resonance/Raman/chemiluminescence sensors. The data were collected from January 2012
to December 2022 according to the Web of Science.
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Figure 2. Schematic illustration of MIP optical sensors for application.

2. Molecularly Imprinted Optical Sensors

MIP optical sensors produce different optical responses under the condition of the
presence or concentration of the substance to be detected. To this end, the construction
of MIP optical sensors mainly incorporates the following aspects. For analytes that have
intrinsic optical properties, especially those that can produce fluorescence [7], MIPs can
be directly used as the “catcher” of target molecules, and then the intensity or change of
relevant optical signals can be measured. For substances that have no optical properties
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or have optical properties that are difficult to detect, the relationship between substance
concentration and optical signal can be established by various means. The first is to
pair the target molecule with the group or molecule having a strong optical response
through covalent or non-covalent interactions. Then, the signal of the molecule or groups
of molecules exhibiting strong luminescence can be detected [8]. The second is to introduce
materials that can enhance the optical response of the target, and combine such materials
with MIP properly, which is particularly common in the application of SERS detectors [9].
The third is to properly combine MIP with another material with an optical response.
Through the combination of the target molecule and MIP, the performance of the optical
response material is affected, so as to produce the change of signal. This is the classic
principle of SPR sensors [10]. Due to different strategies, the preparation of sensors will be
different. Generally, the optical active material and MIP in the sensor can be synthesized
successively or co-synthesized. The elution of template molecules is then performed.

The functional monomers used to form the MIP should be able to interact strongly
with the template molecules. Methacrylic acid contains a carboxyl group, which can react
via ionic bonding with an amino group, as well as with an amide group via hydrogen
bonding, so it is widely selected as the functional monomer of MIPs. Similarly, methyl
methacrylate can be used for neutral template molecules. Vinylpyridine is a functional
monomer that performs well for some acidic template molecules. The amide functional
group of acrylamide can bond with peptides in proteins to produce a strong hydrogen bond,
which is widely used in MIPs for proteins. In addition, functional monomers commonly
used include MAPA, which can produce hydrophobic interactions; dopamine, which has
good biocompatibility; and APTES, which is widely used in silicon MIPs.

After the preparation of the sensor, it is necessary to characterize it to ensure that its
structure and properties conform to the design. The chemical composition and surface
morphology of the sensor system are two key points of characterization. For example,
UV-vis-NIR spectroscopy can be used to determine whether the distribution of optical
active materials, such as nanoparticles, has changed and whether the template molecules
have been removed [11]. SEM, TEM, and AFM are usually used to observe the surface
morphology of materials [12]. Ellipsometry can characterize the thickness of the MIP
layer [13]. Molecular components on the sensor can be viewed with a SERS spectrum to
judge whether impurities and template molecules are removed [14].

Generally, MIP optical sensors are better than non-imprinted polymer (NIP) optical
sensors in terms of sensitivity, detection limit, and selectivity, factors which are often
used to explain the rationale for using MIPs. As reported by Goktiirk and coworkers, the
selectivity of a MIP-based SPR sensor toward guanosine was nearly three times that of a
NIP-based sensor. The sensitivity and detection limits of the MIP-based sensor are also of
great advantage [15]. To explain this phenomenon, computational simulations are often
used. Common quantum chemistry calculation software, such as Gaussian, Chem3D, etc.,
are often used for simulation [8,16]. The sizes of the MIP cavities and the target molecule
are obtained, and the matching between the synthesized MIP and the target molecule is
often illustrated from the perspective of volume. To calculate the chemical binding energy
between the groups in the MIP cavities and the target molecular groups, the degree of
affinity between the target molecule and the MIP can be indicated. For optically active
or enhanced materials, such as various metal nanoparticles, computational simulations,
especially energy level calculations, are used to account for the forces between them and the
MIP or target molecule, to determine their luminescence or enhancement capabilities. The
intensity of the electric field between the nanoparticles can also be calculated to illustrate
the enhancement effect of the optical signal [17].

The reusability and stability of the sensor are important properties. A sensor with
good durability can greatly save the resources required for sensor preparation, so the sensor
has economic practicability. According to literature reports, many MIP optical sensors
have a certain durability. They can be reused many times after a certain regeneration
process. Under the right conditions, they can be stored for quite a long time. Generally,
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this can be attributed to the protective effect of MIPs. Optically active materials combined
with MIPs are less susceptible to the external environment, which means that they neither
break off easily when being cleaned nor react easily with destructive substances in the
environment, which is helpful in maintaining the response strength and stability of MIP
optical sensors [18]. However, the protection is somewhat limited. Under the influence of
liquid shock and ultrasound during the regeneration procedure, the MIP will inevitably
flake off and its cavities may be damaged [19]. This will lead to a decrease in the adsorption
capacity of the MIP to the target molecule, which will also disengage or deactivate the
optically active material to which it is bound. Among the reusable MIP optical sensors
reported so far, the performance of most of them decreases significantly after more than
ten uses. Of course, research is currently being undertaken to overcome this issue. For
example, Jia et al. polymerized molecularly imprinted microspheres in situ on magnetic
graphene, enabling the microspheres to bind firmly to magnetic graphene. The magnetic
complex can be reused more than 30 times in a chemiluminescent sensing system, providing
excellent durability [20]. Li et al. developed a molecularly imprinted SERS substrate with a
self-cleaning function. The substrate can be exposed to ultraviolet light to remove template
molecules without additional cleaning procedures which may cause the destruction of the
sensing structure, so that it can maintain a high adsorption capacity after several cyclic
tests [21].

2.1. Construction of MIP Optical Sensors

Because of different detection principles, the construction processes of MIP optical
sensors based on fluorescence, SPR, SERS, or CL differ greatly. Here, we introduce the basic
structure and preparation of four types of sensors mentioned above.

2.1.1. Molecularly Imprinted Fluorescence Sensors

Molecularly imprinted fluorescence (MIF) sensors, which are prepared by combining
MIPs with fluorescence sensors, show excellent sensitivity and are widely used in the
detection of various substances [22]. When a certain concentration of the target object
is combined with the MIP through specific recognition sites, the physical or chemical
properties of the sensor system will be changed, and, thus, the fluorescence intensity will
be changed. Therefore, by monitoring the change of the fluorescence spectrum, we can
determine the concentration of the target in the system to be tested. The prepared MIF
sensor not only exhibits a good selectivity and stability of MIPs, but also has the advantage
of a high sensitivity of fluorescence detection. In practical applications, there is no need to
use expensive instruments and complex sample pretreatments; thus, the rapid detection of
complex samples with high sensitivity and the rapid development in sample detection can
be enabled.

For fluorescent analytes, it is usually only necessary to capture them directly using
MIPs. The fluorescent analyte, ciprofloxacin, was captured by an MINs@PEGDA detector,
as reported by Huang et al. [12]. The modification process for this sensor is given in
Figure 3. For non-fluorescent analytes, there are two common ideas for the construction of
MIF sensors. One is to use functional monomers with fluorescence for imprinting, forming
MIPs with fluorescence. Another is to combine fluorophore materials, such as quantum
dots (QDs) and carbon dots (CDs), with conventional MIPs.

The selection of fluorescent materials is critical. Fluorescent materials include organic
dyes, QDs, CDs, and other novel fluorescent materials. Organic dyes have advantages
of multiple varieties, rich colors, a convenient access, and a small size, but have the
shortcomings of a narrow excitation peak, a wide tail emission peak, poor stability, and
easy photobleaching, so the sensitivity is limited. They are gradually being replaced by
other new fluorescent materials.

In recent years, QDs and CDs have been widely explored. QDs has the characteristics
of a high emission quantum yield, excellent optical stability, and high photoluminescence
efficiency. One of the advantages of QDs is that they can be customized at the nanoscale,
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with adjustable properties, such as composition, size, and surface modification [23]. CDs
have the characteristics of a low toxicity, environmental friendliness, and good water
solubility, so they will be more widely used in the field of efficient identification and
determination of target molecules in the future. For example, Zhang and colleagues
proposed an MIF sensor combining l-cysteine-modified zinc sulfide QDs and magnetic
nanoparticles. The sensor presented good linearity and a limit of detection (LOD) of
4.53 nmol/L for lysozyme [24].

Metal nanoclusters (NCs) generally accumulate several to hundreds of metal atoms.
Compared with larger nanoparticles, they exhibit excellent optical properties, such as an
adjustable fluorescence emission, a high stability, a large Stokes shift, and a high fluores-
cence quantum yield [25]. Bahari and colleagues designed a sensing platform with NiNCs
and CdNCs that have outstanding optical properties. The NCs were mixed with secondary
antibodies of the target analyte, CA 15-3, to form a bioconjugate. The bioconjugate was
then used to prepare an MIF immunosensor. The limit of detection (LOD) was 50 uU/mL.

Nanoparticles (NPs) can also be a good candidate for fluorophore materials. As
reported by Lu and colleagues, the fluorescence signal of HRP can be amplified when
tetra(4-carboxyphenyl) porphyrin NPs dissolve into porphyrin molecules [26]. The MIFS
prepared according to this property could be applied in the detection of HRP with an LOD
of 0.042 pg/L.
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Figure 3. Modification of a MINs@PEGDA detector [12]. Copyright 2021 Elsevier (Amsterdam,
The Netherlands).

In target analyte detection, the selective interaction between the fluorophore and
the analyte can be expressed by the quenching or the enhancement of the fluorescence
brightness signal, and the change of these signals is very sensitive to the dose, which
can quantitatively detect differences in the analyte concentration at different selective
interactions between fluorophores and analytes. Depending on the principle of selective
interaction between fluorophores and analytes, MIF sensors are classed into three types:
fluorescence resonance energy transfer (FRET), photoinduced electron transfer (PET), and
inner filter effect (IFE) [27]. Fluorescence sensing itself has a high sensitivity and stabil-
ity, and when combined with the selectivity of MIP, it is valuable. After many years of
development, research on MIF sensors has remained a hot topic.

2.1.2. Molecularly Imprinted SPR Sensors

Surface plasmon resonance (SPR) is a physical optical phenomenon whose essence
is free electron oscillation at the interface of media [28]. A small change in the surface of
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the metal film can lead to a significant change in the SPR spectra [29]. This change can
be due to the adsorption of the target molecule. Therefore, the SPR spectra can reflect
the concentration changes of the analytes in contact with the surface of the metal film. In
recent years, SPR sensors have attracted increasing attention, because their real-time, rapid
detection, low cost, and other characteristics are needed in many practical situations [30].

The operation of an SPR sensor is dependent on various optical configurations [31].
The pioneering work by Kretschmann et al. led to the emergence of prism-based SPR
detection systems [32]. Nowadays, prism SPR sensors are being brought to perfection. SPR
sensing chips coated with thin layers of metal nanoparticles have been commercialized.
Manufacturers have also been able to produce prism-based SPR sensors. One of the
most common ways to combine a MIP with an SPR sensor is to coat or drop the MIP
directly onto a precious metal-modified SPR sensor chip. A typical preparation process of a
molecularly imprinted SPR (MISPR) chip is as follows [30]: (1) the functional monomer
and the template molecule are formed into a precomplex; (2) the monomer, crosslinker,
and AuNPs are added, followed by the addition of an initiator to initiate polymerization;
(3) the monomer phase is dropped onto on a modified gold surface; (4) after photoinitiated
polymerization, an imprinted membrane is formed on the chip; and, finally, (5) the chip is
cleaned. The procedure mentioned above is shown in Figure 4a.

Prepolymerization time and spin coating speed are two main conditions that need
to be controlled in the process of MIP synthesis [11]. The prepolymerization time affects
the viscosity of the solution and further affects the thickness of the MIP coating. The spin
coating speed directly affects the thickness. The thickness of the film needs to be such that
the gold nanoparticles are completely coated, but not so that the contact between the gold
nanoparticles and the target is unduly affected. In addition, the film thickness should be as
uniform as possible to ensure the reproducibility of the detection results.

In recent years, optical fibers (OFs) have been increasingly used in sensors. According
to the different materials, the main OFs in use are plastic OFs (POFs) and silicon dioxide
OFs (SOFs). In a typical MIP OF-SPR sensor, a metal layer is sprayed between the MIP
layers and the OFs. SPR occurs between the metal layer and the MIP layer at the dielectric
interface, and the optical fiber plays the role of signal transmission [33]. Compared with the
prism, the OF is more flexible and it usually costs less. The extensibility of the OF enables
the optical sensor to be remotely controlled. These advantages of the OF satisfy the visions
of intelligent sensing [31]. For example, in a study by Cennemo and colleagues [34], a POF
was chosen to produce a D-shaped POF-SPR sensing platform, with covalently coupled
nanoMIPs on the plasmonic surface (see Figure 4b). In the preparation process, a buffer
layer containing photoresist was used to improve the adhesion ability of the gold film
and the performance of the SPR sensor. The MIP POF-SPR platform can detect human
transferrin with an LOD of 1.2 fmol/L with high selectivity.

In addition to prism and optical fibers, the use of other waveguides as optical trans-
ducers is an option. For example, as reported by Cennemo et al. [35], a spoon-shaped
waveguide was applied in an SPR biochemical sensor. A gold nanofilm was layered on
the waveguide to enable plasmon excitation. By combining an antibody and a nanoMIP,
separated sensing areas on the spoon-shaped waveguide were functionalized, which pro-
vided a multi-sensor able to detect human serum albumin encompassing eight orders of
magnitude of concentrations. Building nanogratings is also an alternative choice. A gold
nanograting deposited on a PMMA chip was used in a MISPR sensor for BSA, as reported
by Arcadio et al. [36].

The general process of sensing using the MIP plasmonic sensor is as follows [30]. A
quartz halogen lamp laser is passed through a glass prism at right angles. A peristaltic
pump is used to pass the liquid sample through the sensor surface. When the analyte
sample reaches the surface of the SPR chip, the SPR sensor responds quickly, the refractive
index change of the SPR sensor occurs on the thin metal layer, and the analyte-ligand
interaction effectively destroys the plasma wave and generates a detectable signal. The
signal value in the sensing map changes in direct proportion to the increase of the analyte
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concentration, and it is possible to plot the change value of the refractive index AR as a
function of time.
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Figure 4. (a) Preparation of an MIP-SPR sensor chip [30] and (b) preparation of a POF-SPR sensor
platform [34]. Copyright 2022 Elsevier (Amsterdam, The Netherlands).

2.1.3. Molecularly Imprinted SERS Sensors

Raman scattering is an optical phenomenon closely related to molecular properties. It
originates from the inelastic collision between photons and molecules [37]. Since it was
first observed by Raman and Krishnan in 1928 [38], and a way to enhance it was discovered
in 1974 [39], Raman spectroscopy and the SERS technique have become an indispensable
part of the field of spectral analysis.

In SERS detection, SERS substrates are undoubtedly the most important link. Whether
the SERS substrates can effectively interact with the target objects and enhance the specific
Raman signal largely determines the availability of the SERS substrates. However, tradi-
tional SERS substrates are almost entirely composed of precious metals; thus, they lack
affinity for organic molecules and are susceptible to base interference [40]. This greatly lim-
its the application of SERS in actual sample detection. To solve the problem, a wise choice
is to combine SERS with MIPs. The addition of MIPs can greatly enhance the selectivity of
the SERS base, and also isolate some interferences, thus improving the performance.

Morphologically, there are mainly two kinds of MISERS sensors [41]. One is particle-
based sensors and the other is chip-based sensors. According to the relative position of
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SERS substrates and MIPs, MIP can be covered on SERS-active materials, coated by SERS-
active materials, or mixed with SERS-active materials; thus, MISERS sensors can be further
divided into three categories. Regardless of the type of MISERS sensor, the relative content
of MIPs and SERS-active materials should be properly regulated. When there is too much
MIP or the thickness of the MIP layer is too high, it would make it difficult for the target
molecules to approach the SERS substrate, thus resulting in the inability to generate a signal
with sufficient strength. On the contrary, if the proportion of SERS-active materials is too
high, less target molecules would be adsorbed by the sensor, which would also make the
signal weak.

In order to properly combine the SERS-active material and the MIP, various methods
have been reported. At present, an ex situ preparation method has been widely reported in
the literature [37]. In this method, the SERS-active material is first synthesized and then
the MIP is introduced. A typical scheme for the ex situ preparation is the construction of
core—shell nanoparticles. As is shown in Figure 5, in a study by Ahmad and colleagues,
TiO,@Ag@MIP was fabricated for the detection of tryptamine. Firstly, TiO, was dispersed
in ultra-pure water, then AgNO3; was added and the mixture was reduced to obtain
TiO,@AgNPs. Subsequently, the target molecule (tryptamine) and the functional monomer
(MAA) were added for prepolymerization. Finally, the crosslinker (EGDMA) and the
initiator (AIBN) were added to complete the polymerization, and the TiO,@Ag@MIP
was obtained after washing off the template and other impurities. Core—shell imprinted
nanoparticles had the advantages of a high surface-to-volume ratio and rapid binding
kinetics, which was consistent with the requirement of SERS detection.

Another strategy for ex situ preparation is to combine the MIP with the target molecule
and then try to transfer the target molecule to the SERS-active material to obtain the SERS
signal. In this strategy, the MIP combined with the target molecules can be directly added
or coated onto SERS-active materials. Kantarovich’s team came up with a way to print
MIPs droplets onto a SERS substrate using pipettes or nanopens, which can be used to
directly monitor the absorption and release of the drug propranolol [42]. Target molecules
on MIP can also be eluted onto SERS substrates. For example, Feng and colleagues used
MIP to capture the analyte to process a solid-phase extraction. Then, it was deposited on the
SERS substrate to be detected. This method is called the “capture—detection method” [43];
however, it is more complicated to some extent.

In situ preparation is a method to reduce metal ions directly into metal nanoparticles
in MIPs. Currently, there are few studies on MISERS sensors constructed according to this
method. This is because the in situ method usually requires larger quantities of noble metals
and more stringent preparation conditions compared to the ex situ method. Moreover,
MISERS sensors prepared using the in situ method do not have a significant advantage in
terms of sensitivity. An advantage of in situ preparation is the ease of fabrication. In a study
by Wang and coworkers, AgNO3 was directly added a mixture of a template, functional
monomer, crosslinker, and initiator to process a one-pot synthesis of the sensor [44].

2.1.4. Molecularly Imprinted CL Sensors

Chemiluminescence (CL), as the name suggests, is luminescence caused by chemical
reactions. CL has been widely applied in immunoassays and clinical diagnosis for its
extremely high sensitivity without the need of external light [45]. The application of pure
CL is limited because of its poor selectivity and accuracy [46], but fortunately, there have
been many technologies to help improve its performance.

To date, CL-ELISA methods, which use antibodies as recognition reagents, are fre-
quently used to determine various analytes. However, they usually take a long time to
synthesize antibodies, and most of the antibodies are not reusable, which greatly limits the
application of conventional ELISA methods. Compared to antibodies, MIPs can also be
used as a recognition reagent, and it has the advantages of a low cost, a short production
time, and reproducibility [47]. Many scientists are exploring the possibility for MIPs to
replace antibodies, and many MICL sensors have been developed.
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Figure 5. Fabrication of the TIO,@Ag@MIP SERS sensor and the detection of tryptamine [8]. Copy-
right 2022 Elsevier (Amsterdam, The Netherlands).

MICL sensors can be roughly divided into two categories according to the different
ways of photochemical reaction. In some of the sensors, the photochemical reaction occurs
directly in the medium. This type of sensor often uses microplate and microtitration
techniques; hence, they are called MIP-based microplate/microtitration CL (MIMCL)
sensors. Generally, the preparation of a MIMCL sensor includes three steps. Firstly, MIP
particles and the “glue,” such as polyethylene glycol, are pipetted into the wells of a
microplate. Secondly, the analyte solution is added to be absorbed. Thirdly, the wells are
washed and the CL reagents are added to initiate light emission. The MIMCL sensor works
in a very similar way to traditional ELISA, except that the specific recognition element is
changed from antibodies to MIPs.

Other sensors use the principle of galvanic cells to allow photochemical reactions to
occur on the electrodes, known as electrochemiluminescence (ECL). These types of sensors
are called MIECL sensors. The most flexible aspect of the MIECL sensor is the electrode. In
general, cyclic voltammetry can be used to deposit luminescent materials and synthesize
the MIP on the electrode in sequence. By optimizing the amount of MIP and optically
active materials, such as CDs, QDs, and NCs, on the electrode, the luminous efficiency and
response sensitivity can be improved effectively [48].

A classic instance of MIMCL sensors is shown in Figure 6a [16]. For the preparation
of an MIMCL sensor, the synthesis of the MIP and the preparation of labeled conjugates
are the key steps. An enzyme-labeled conjugate was needed for competitive luminescence
assays, so the UV-vis spectrum is often obtained to determine the success of the labeling.
After washing, CL reagents are added into the wells of the microplates, then CL intensities
are measured.

In Zhang and colleagues’ study [48], a common MIECL sensor construction method is
shown (Figure 6b). After modifying CsPbBr3-QDs on the glassy carbon electrode (GCE),
the MIP was electrodeposited. Before measurement, the sample solution was incubated
for a short period of time, and the MIECL effect was recorded. For the MIECL system, the
morphology and structure characterization of QDs or NCs is often undertaken, requiring
TEM/SEM, FTIR, and UV-vis spectroscopy.

Computational simulation is often performed to prove the detection mechanisms of
MICL sensors. For example, in He and colleagues’ study [47], computational simulation
was performed to confirm the 3D conformation of seven dyes, and the binding energy of
the MIP and analytes were calculated. From the data obtained by simulation, the team
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obtained the conclusion that MIP recognition was mainly affected by the 3D conformation
and the molecular size of the template.
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Figure 6. (a) Principle of MIP-based microtitration CL sensors in organophosphorus detection [16].
(b) Preparation of ultrasensitive ECL sensor for prometryn determination [48]. Copyright 2022
Elsevier (Amsterdam, The Netherlands).

2.2. Applications of MIP Optical Sensors

MIP optical sensors have shown excellent application prospects in many fields. Below,
we briefly introduce the recent applications of MIP optical sensors mainly in food analysis,
healthcare, and environmental safety.

2.2.1. Food Analysis

As an old saying goes, food is the paramount necessity of the people. Not only is
food analysis an important topic in analytical chemistry, it is also a promising field for MIP
optical sensors. Popular targets in food, such as toxins, dyes, and pesticide residues, are
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mostly small molecules, which are suitable for selective detection by molecular imprinting
technology, and it is easy to design an optical response system for them.

In the field of toxin detection, Zou and coworkers successfully applied MIP hydrogels
(MIPGs) in the detection of zearalenone (ZON). As the functional monomer of the MIPGs,
4-VPY not only possesses fluorescence ability, but also absorbs ZON molecules via —mt
interactions with a high affinity. The sensor can be used in the detection of ZON in corn
juice, with an LOD of 1.6 umol/L [49]. Although the LOD of the MIPGs sensor did not
surpass that of antibody-based sensors or aptamer-based sensors, which are at the nmol/L
or even pmol/L level, the sensor is much cheaper and has a longer service life; thus, it
is more suitable for commercial use. Denizli’s group developed nanofilm-based MISPR
sensors for the detection of a series of toxins in foods. For example, an AFB1l-imprinted
nanosensor has been applied in the detection of AFB1 in peanut and corn samples, with
an LOD of 1.04 pg/mL and a linear range across five orders of magnitude [50]. A much
more sensitive response for AFB1 was obtained compared with other mycotoxins, and
the relative selective coefficients for other tested mycotoxins ranged from 2.89 to 15.14.
The team also realized MISPR sensors capable for the selective and sensitive detection
of bacteria and viruses, such as T4 bacteriophages and Salmonella paratyphi, in drink
samples [51,52]. Dye detection is undoubtedly an area where SERS methods excel. Wang
and coworkers created a sandwich-like SERS substrate made of a Au array (AuA) and a MIP,
as shown in Figure 7 [53]. When the target object R6G was adsorbed on the MIP recognition
site near the gold array, a strong SERS signal could be generated. This sensing strategy
enables MIPs to no longer restrict the mass transfer process and to improve the substrate
reusability. Furthermore, structural analogues, such as RB, R123, and CV, are unable to
interfere. The sensor exhibits an LOD of 10~'? mol/L in water and juice samples, and it
can be reused for at least six cycles. Towards drug residues in animals, Cai and colleagues
firstly report an MICL sensor for eight benzimidazoles. Among them, mebendazole was
finally chosen as the template to synthesize the MIP, and the sensor possessed an ultra-low
LOD for mebendazole of 1.5 pg/mL. The sensor showed better recognition performance for
benzimidazoles compared to all previously reported sensors, including some MIP-based
or CL sensors, with regard to sensitivity and the recognition spectrum. Furthermore, the
response of six potential competitors is negligible. The sensor has been applied in beef and
mutton samples [54].

Sandwich-like
AuA-pMIP /
\ > . v

Specificity

MIP * * * *

AuNP a AN
Reproducibility
Figure 7. Working principle of the sandwich-like AuA-pMIP sensor. Reprinted with permission from
reference [53]. Copyright 2020 American Chemical Society (Washington, DC, USA).

2.2.2. Healthcare

In the field of healthcare, the samples are mainly various human tissues or secretions,
and the targets include various biomarkers and their derivatives. Testing of pharmaceutical
ingredients is also an important aspect. Since the chemiluminescence method is often used
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in biological analysis, the MICL sensor has been reported more in this aspect. Some of the
other types of sensors also show excellent analytical capabilities.

Hallaj’s team used EuS NCs with excellent luminous properties as an optical signal
source to form HIV DNA-imprinted membranes on the surface of ITO electrodes by
electropolymerization. The MIECL sensor can achieve an ultra-sensitive detection of HIV-1
gene in human serum samples with a detection limit of 0.3 x 10~ mmol/mL [55]. This
is the first time that the MIECL method has been used to detect the HIV-1 gene, and its
performance compares favorably with previous work related to the determination of the
HIV-1 gene. Both the two-base mismatched DNA and noncomplementary DNA cannot
generate an obvious signal, ensuring the specificity of the sensor. Hallaja’s team have
also developed a MIECL sensor to determine the quantity of creatine in serum and urine
samples [56]. The photoluminescence properties of water-soluble NiNCs were firstly
studied, and the NiNCs/TPrA system not only possessed excellent analytical performance
(LOD =5 x 10~% umol/L), but also desirable reproducibility and stability. This can partly
be attributed to the positive effects of the MIP. In a classic case of optical sensing, Lu’s
team developed an MIECL system based on biomass carbon, which was combined with
a smartphone [57]. The smartphone can be used as both signal acquisition and signal
processing units, which undoubtedly greatly improves the portability of the sensor. The
strategy is shown in Figure 8. Li and coworkers developed a one-pot synthesized CDs-
YVO,:Eu®* MIF ratiometric sensor [58]. The one-pot synthesis method greatly reduced
the time and cost and improved the controllability. The MIP provided the attachment site
of the target molecule 4-NP, while YVO,:Eu®* provided the fluorescent internal standard.
The LOD was as low as 0.15 umol/L in human urine, and the determination had a high
anti-interference ability. Saylan et al. showed a strategy to detect hemoglobin by using
a nanofilm-based MISPR sensor [59]. An LOD of 0.00035 mg/mL was reported, and the
sensor could be stored for as long as 27 months at room temperature, with only a 0.09%
performance loss. Such durability is better than that of most antibody-based sensors.
Arabi and colleagues developed an artful MISERS sensor in which the glass capillary was
successively covered with a layer of Au nanostars (AuNSs) and a layer of MIP [60]. The
MIP combined with target molecules can block access to Raman reporter molecules, so that
the SERS spectrum changes. The idea of using the MIP layer to isolate reporter molecules
is novel and provides a new role for MIPs in optical sensors.

battery

light spot RGB-HSV

Photo device Artificial neural network Data analysis

Figure 8. Illustration of a smartphone-based sensing platform [57]. Copyright 2022 Elsevier (Amster-
dam, The Netherlands).

2.2.3. Environmental Safety

Environmental safety is closely related to people’s lives. The task of environmental
analysis is to detect related toxic and harmful substances in the environment, such as water,
air, soil, and solid waste. Generally speaking, as long as the object can be converted into a
liquid, it can be detected by MIP optical sensors.

For solid waste, Feng and colleagues first proposed an MIF sensor for the detection
of TBBPA in electronic waste [61]. The CdTe QDs and the MIP layer are combined by
silicon dioxide, which ensures that the QDs will not contact the interface to a maximum
extent. The quenching effect of TBBPA is much higher than its analogues, showing good
selectivity. Reaching an LOD of 0.3 ng/g, the precision and the recovery of the sensor are
also competitive. Xue and coworkers proposed a MISERS sensor based on PDA-modified
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MOFs@Ag for the detection of orange II [62]. In the process of sensor construction, MOFs
and polydopamine played a role in adsorbing silver ions, while the MIP was used to
adsorb orange II. Orange II can pass through the imprinting layer through the “gate
effect” and bind to specific recognition sites inside. Even in a mixed system, orange II
can preferentially bind to gold nanoparticles, leading to a high selectivity. The sensor
has been used in the analysis of river water, and the LOD is lower than 10~ mol/L.
Luo’s team developed a dual recognition strategy for metal ion detection by MIP [63].
They combined Co?" with BSA to form complexes, which were then applied to molecular
imprinting. The MWCNT/Cu/CDs system shown in Figure 9 will produce a strong optical
signal when the BSA-Co?* is elution, and quench otherwise. This strategy overcomes the
shortcomings of traditional MIP sensors, for which detecting metal ions is difficult. The
sensor is suitable for the analysis of water, soil, and agricultural products samples, with an
LOD of 3.07 x 10~ mol /L.

The main information of MIP optical sensors developed in recent years can be seen in
Table 1.

Table 1. Recent applications of MIP optical sensors.

Application S_lg;;gr Sensing System Sample Analytes LOD Ref.
MIP hydrogel corn juice ZON 1.6 umol/L [49]

CDs@MIPs milk tetracycline 5.48 nmol/L [64]

Fluorescent Mlgg‘;gegze@rgioz ketchup naringin 100 pmol /L [65]
MIPs-dye@SiO, vodka tau-fluvalinate 13.251 nmol/L [66]

F-MIP corn seed alachlor 0.5 umol/L [67]

M-R-MIPs@D-NPs water bisphenol A 29 nmol/L [68]

MIP coated Au chip dried fig ochratoxin A 0.028 ng/mL [10]

AgNPs based MIP chip milk penicillin G 1.2 fmol/L [13]

MIP coated Au chip milk aflatoxin M1 0.4 pg/mL [30]

SPR MIP coated Au chip corn and peanuts aflatoxin Bl 1.04 pg/mL [50]
MINPs-Au water T4 bacteriophages 14 x 10° CFU/mL  [51]

AuNPs-MIP chip apple juice Sa;f;?;‘;ﬂf 0.49 ng/mL (52]

MIP-Au-POF drinking water 2-FAL, MW =96 .4 0.03 mg/L [69]

TiO,@Ag@MIP SPl\ljiiigV;};“e tryptamine 485 %107 mol/L  [8]
ZnO@TiO,@Ag@MIP vinegr and histamine 3.088 x 109 mol/L  [9]

Food analysis AuNP/PDA-MIP water, wine phthalate plasticizer 1.0 x 10719 mol /L [18]
SERS Au Array-MIP orange juice R6G 10710 mol /L [53]
AuNPs-MIPs sports drink new red 1.64 x 1077 mol/L [70]

MIP@BS (biogenic silica) milk [3-estradiol 0.073 ng/mL [71]
MIP-SiO,@Ag water bisphenol A 146 x 107 mol/L  [72]

MIPs-AgNPs milk 2,4-D 0.008 mg/kg [73]

milk and tap

Mag@MIP/Au water 2,4-D 0.00147 ng/mL [74]
4IP-luminol-H,O, milk organophosphorus 0.001 ng/mL [16]
4IP-luminol-H,O, meat chloramphenicol 2.0pg/g [20]
TCPO-IMZ-H,0, egg Sudan dyes 1.5 pg/mL [47]
4]P-luminol-H;O, meat benzimidazoles 1.5 pg/mL [54]
TCPO-IMZ-H,0, milk tetracyclines 1 pg/mL [75]
MWCNT/MIP-QD fish and seawater cyfluthrin 0.05 pg/L [76]

CL 4]P-luminol-H,O, meat sulfonamides 1.0 pg/mL [77]
TCPO-IMZ-H,0, blank chicken pyrethroids 0.010 pg/kg [78]

. chicken, pork and .

4IP-luminol-H,O, fish chloramphenicol - [79]

luminol-H,O, spinach monocro.tophos 0.001 mg/L [80]
4]P-luminol-H,O, chicken and pork ar?ﬁg?ﬂ‘%;%eir?;d 1.0 pg/mL [81]

CdTe QDs, H,O, vegetable clopyralid 41 x 1072 mol/L  [82]
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Table 1. Cont.

Application S{:}r);gr Sensing System Sample Analytes LOD Ref.
MNP/QD@MIPs “rmveviri‘t‘i €88 lysozyme 453 x 103 mol/L  [24]

FL-MMIPs cell CA 125 and CA 15-3 50 uU/mL [25]

C-Y@MIPs water and urine 4-nitrophenol 0.15 umol /L [58]

CD@SiO,@MIP urine bovine hemoglobin 0.155 umol /L [83]

human serum
Fluorescent QDs embedded MIM and saliva lysozyme 10.2 nmol/L [84]
Euphorbia Ebracteolata

FL-MIF fischeriana Steud compound B 0.1 mg/L. [85]

MIP-CDs human blood propranolol - [86]

M-CDs@MIPs bovine urine bovine hemoglobin 17.3 nmol/L [87]
N-CDs@Si0,@MIPs human urine and Asp 0.198 mg/L [88]

AIE-MIPs urine cathinone 0.3 umol /L [89]

Healthcare SPR-LDF-nanoMIP human serum HTR 4 fmol/L [31]
SPR nanoMIP-Au human blood hemoglobin 35 x 107*mg/mL  [59]
nanoMIP-Au urine copper(Il) ion - [90]

AuNCs@MIP tablet paracetamol 300 nmol/L [14]

SERS AuNSs-MIP biological fluid trypsin enzyme 4.1 x 1073 pug/L [60]
MIMC@Ag dog saliva cortisol 10~7 mol/L [91]

N'I\}?gs II\\T/HCPS@Iézgzlg)g o ﬂuman serum HIV-1 DNA 0.3 fmol/L [55]

TS TPrA €34/ u;;‘gnuiierﬁgm creatinine 0.5 nmol/L [56]

CL CdS QDs, Luc human urine furosemide 4 nmol/L [57]
TCPO-IMZ-H,0, porcine urine beta-agonists 0.3 pg/mL [92]

MPA-Cu NCs biological samples enrofloxacin 27 pmol/L [93]

Rubpnd @reiCds e sialic acid 0017 nmol/L  [94]
MINs@PEGDA environmental antibiotics 6.86 umol /L [12]

QD@Si0,@mSiO, envil“/(\?;tg ental malachite green 17.0 nmol/L [19]

MIP-QDs electronic waste TBBPA 3.6ng/ [61]

Fluorescent MIP-CDs river water bisphenol A 30 nmol/L [95]
fluorescent MIP environmental 2,4-D 16.8 nmol/L [96]

water ’

MCOFs@MIPs@CDs eanl“/(\?;ltemr ental 2,4,6-trinitrophenol 100 pmol/L [97]

Environmental SiO,-APTES-FITC@MIPs en“ig;‘gf“tal lambda-cyhalothrin 10.26 nmol /L [98]
safety Ag-PEI MIP air 3-nitrotoluene 1.37 ng/mL [99]
SPR MIP-Au film seawater Entf(;recéca(i;icscus 100 bacteria/mL [100]
Si0,@TiO,@Ag@MIPs river water pyrethroid 0.2 nmol/L [21]

SERS Ag@MOF/PDA-MIPs river water orange II 1019 mol /L [62]
Fe30,@Si0, -Au@Ag soil paclobutrazol 0.075 ug/g [101]
MIP/CsPbBrs-QDs a%‘;g‘é‘:jzge prometryn 50pg/s [48]

CL MWCNT/Cu/CDs water Co?t 3.07 x 10710 mol/L.  [63]
MIP-Fe;04-NCs seawater and fish bisphenol A 2.0 x 107 pg/L [102]




Chemosensors 2023, 11, 168

15 of 20

Switch OFF Switch ON
; \ ?l\f‘v/;; 7
~ ECL =

VR
7'\

¥ Quenching

\
¥ Elution E I I I ] ;

COOCOCCC
I

Figure 9. Dual-recognition switch sensor for the detection of Co?* [63]. Copyright 2019 Elsevier
(Amsterdam, The Netherlands).

3. Conclusions

This article provides an up-to-date review of the construction process, detection
principle, and application of four kinds of MIP optical sensors (fluorescence, SPR, SERS,
and CL). Optical sensing methods have the advantage of being able to be portable and
used in situ. MIP has the advantage of a high specificity and stability. The combination of
the two can be used to detect a variety of substances with high speed, selectivity, sensitivity,
and reproducibility. In recent years, there have been many innovations in the forms and
applications of MIP optical sensors. From the aspect of optical materials, an increasing
number of novel optical materials and functional monomers with excellent properties are
applied, which further improves the sensitivity and stability of MIP optical sensors, and
also expands their range of application. In terms of auxiliary components, the addition of
optical fibers, smartphones, and other items greatly strengthens the flexibility of MIP optical
sensors. MIP optical sensors can be applied outside of the laboratory, in real-world settings,
including in even thousands of households. In terms of detection objects, in recent years,
MIP optical sensors still mainly focus on food analysis, healthcare, and environmental
safety. Objects with a wide range of properties, from ions to bacteria, can already be
detected using MIP optical sensors.

However, MIP optical sensors still face many challenges. From the perspective of
sensor construction, although most MIP optical sensors are easy to use and have good
reproducibility, their preparation process remains complex and time-consuming, which
limits their large-scale commercial production. Under the premise that the time of chemical
synthesis is difficult to shorten, one way to solve this problem is to miniaturize the detection
element as much as possible, so that the synthesis of the sensor, the detection of the target
object, and the regeneration of the sensor can be carried out simultaneously and on a large
scale. From the exploration of detection principle, most of the current articles explain the
selectivity of MIP optical sensors from the aspects of steric hindrance and binding energy;
thus, the interaction of MIPs with target molecules has been well explored. However, at
present, few articles have studied in depth the effect of MIP on the properties of optical
materials and the possible interactions between optical materials and target molecules.
Although this may not affect our continued expansion of the application of MIP optical
sensors, the clarification of these problems will certainly have profound guiding significance
for the construction of sensors. From an application point of view, MIP optical sensors are
very successful in identifying one substance or a class of similar substances. However, in
practical application, we may need to face complex systems and many different analytes.
Therefore, it is necessary to expand the multiple detection capability of MIP optical sensors.
There are two possible ways to achieve this goal. One is to load multiple MIPs on the same
MIP optical sensor and ensure that different target molecules can generate distinct optical
signals when they contact the sensor. The other is to realize the integration of multiple
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MIP optical sensors and pre-processing technology, so that the entire sensor system can
accurately and continuously separate and detect various targets in the complex system. In
addition, most of the current MIP optical sensors have good detection performance, but
cannot work under extreme conditions. It is a difficult task to make MIP optical sensors
capable of real-time monitoring under extreme conditions through proper design.

In summary, MIP optical sensors have been proven to be capable of efficient analysis.
Next, we need to tap their potential and realize their mass production, and even mass
application. We believe that with the efforts of many researchers around the world, this
will be achieved in the near future.
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