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Abstract: Molecularly imprinted polymers (MIPs) and aptamers (Apts) are widely used in substance
detection due to their specific recognition abilities. However, both of them have limitations in terms
of stability or sensitivity. Therefore, an increasingly employed strategy is to combine MIPs and
aptamers to form mixed components for detecting various substances, such as viruses, bacteria,
proteins, heavy-metal ions, and hormones. The aim of this review is to provide a comprehensive
summary of the scientific research conducted on the construction and application of aptamer-MIP
multiple-recognition components in the past five years. It also aims to analyze their research and
development strategies, construction mechanisms, advantages, and potential applications, as well as
limitations and current challenges that need to be addressed.
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1. Introduction

The molecular recognition theory has been widely applied in various fields, including
separation [1], sensing [2], material manufacturing [3], disease diagnosis [4], and drug
delivery [5], due to its significant practical value. Nature provides a plethora of biometric
pairs, such as glycans and glycan-binding proteins [6], enzymes and substrates [7], and
antigens and antibodies [8]. They are widely used for detecting target molecules because
of their outstanding specific recognition and binding ability. However, the identification
of target molecules during application is often hindered by environmental interference.
Additionally, their practical application is hampered by natural molecular instability, high
costs, modification complexities, and limitations on mild conditions. Therefore, it is crucial
to develop molecular recognition systems with enhanced properties.

In recent years, molecularly imprinted polymers have emerged as a cost-effective
and highly stable alternative [9] to traditional molecular recognition systems, offering
superior reusability and performance. Molecular imprinting is a biomimetic technology
that utilizes template molecules and crosslinking agents to form three-dimensional cavity
structures [10] with specific selection and high affinity through polymerization. Based on
the “key-and-lock” principle [11], the obtained cavity can be used for the selective binding
of targeted molecules, thus achieving high sensitivity. MIPs have been successfully applied
in various scientific research fields, such as environmental pollutant adsorption, biomimetic
sensing [12], and solid-phase extraction. However, the complexity of actual samples may
result in the retention of large molecules like proteins on the surface of MIPs, leading to the
blockage of specific recognition sites. Additionally, solutions still need to be sought for the
limited analytical window [13] and limitations posed by non-polar environments.

Aptamers are short RNA/DNA oligonucleotides that specifically bind to targeted
complementary molecules [14]. These molecules were first reported by Ellington [15]
and Gold [16] in 1990. Aptamers possess several advantages, including high specificity,
facile modification, small size, non-immunogenicity [17], and high affinity. As a potential
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substitute for natural antibodies, aptamers have been widely used in biosensors, clinical di-
agnosis and therapy, imaging technology, and cellular immunity. Particularly in the field of
sensors, aptamer-based biosensors exhibit superior biocompatibility and reproducible func-
tions [18] compared to other types of sensors, such as natural antibody sensors. However,
the presence of nucleases everywhere can cause the rapid degradation of aptamers [19],
leading to the loss of their three-dimensional structure and function. Meanwhile, there
is a need to improve the thermal stability of aptamers and enhance the diversity of the
functional groups they possess [20-22].

To address the functional limitations of MIPs and aptamers when used alone, re-
searchers have proposed a hybrid detection system that combines both materials to achieve
inherent affinity [23]. The aptamer-MIP hybrid creates a “best of both worlds” scenario.
When the aptamer is made to be polymerizable, it can become the recognition part of a
MIP by incorporating it into the polymer matrix via polymerizable groups on the aptamer.
In this way, the high affinity and specificity of the aptamer are preserved whilst impart-
ing the robustness and added shape specificity generated by the MIPs. The presence of
the polymer should protect the aptamer from environmental degradation and potentially
widen the scope of use of aptamers for recognition. An aptamer could also be used as
an additional recognition monomer and further amplify the sensing signal of the system
as a marker. By combining the specificity of MIPs and aptamers, a hybrid can have high
sensitivity, a low limit of detection, high stability, and excellent detection results. The
successful development of aptamer—MIP hybrid materials would pave the way for a new
generation of MIPs and for their use to become more mainstream, offering significant
commercial gain. In 2014, Bai and Spivak [24] successfully verified this idea by using the
molecularly imprinted aptamer multiple-recognition strategy to construct an efficient virus
detection sensor. Since then, more researchers have developed a plethora of hybrids [25,26]
by combining the advantages of MIPs and aptamers, which have been effectively employed
in detecting antibiotics, viruses, hormones, and other molecules. This review summarizes
the preparation methods of the multiple-recognition imprinting layer and MIP-aptamer,
as well as comprehensively reviews the application of MIP-aptamer recognition systems
in various sensor applications (Figure 1). Furthermore, it discusses and analyzes current
shortcomings and future prospects for this technology. This review is expected to provide
researchers with a clearer understanding of the advantages of multiple-recognition systems
based on molecular imprinting and aptamers while encouraging them to seek solutions for
future challenges.

Aptamer-molecular
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Figure 1. Overview of different types of aptamer—MIP multiple-recognition systems.
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2. Acquisition of Molecularly Imprinted Layer

In the aptamer-MIP multiple-recognition system, molecular-imprinting sites play
a crucial role in recognition. These sites refer to three-dimensional imprinting cavities
obtained through the elution of polymerized imprinting molecules, and the number of
these sites depends on the effectiveness of the polymerization process. Currently, ther-
mal polymerization, photopolymerization, the sol-gel method, and electrochemistry are
commonly used for polymerizing molecularly imprinted films. Thermal polymerization
is generally carried out by heating in a water bath with methacrylic acid (MAA) as a
functional monomer, EDGMA (ethylene glycol di-methacrylate) as a crosslinking agent,
and AIBN (azodiisobutyronitrile) as an initiator. The severe limitation of the method is
the requirement for an organic solvent. This presents obvious drawbacks to their use in
environmental and biological applications. Photopolymerization, on the other hand, is
typically performed by triggering free radicals using either a high-pressure mercury lamp
or a purple interconnector to complete the polymerization of the imprinted layer. The
photopolymerization method is relatively easy to operate; however, it has the following
disadvantages: long polymerization time, expensive photoinitiators, and poor surface
regeneration ability. The sol-gel method possesses numerous significant advantages, such
as being simple and low-cost, requiring mild conditions, and providing products with
high thermal and mechanical stability [27]. The sol-gel imprinting process occurs by
dissolving a metal oxide precursor or metal halides (M(OR), or MX,, with M = Si, Al,
Ti, etc.) in a low-molecular-weight solvent medium using a catalyst (acid, base, or ions
such as F7), followed by a hydrolysis (water) and polycondensation step [28]. Silicon
alkoxides have been regarded as the preferred molecular precursors for the sol-gel process
because they have moderate reactivity but the chemical stability of the Si—-C bond is high.
During the molecular-imprinting process, alkoxysilane units (Si-OR) are transformed into
silanol (Si-OH) with the release of alcohol (R-OH), and then the condensation reaction
occurs with the formed silanol group. Both the hydrolysis and condensation reactions
will continue simultaneously, leading to the formation of a three-dimensional network.
However, the low capacity hinders its wide application. Electrically driven polymerization
methods are mainly used for the fabrication of MIP films directly on a conducting substrate.
Electropolymerization involves placing a pre-treated electrode into a solution containing a
template and specific functional monomers, which undergo electrolysis to generate free
radicals under the influence of an electric current. Polymerization is then completed in
the presence of template molecules. The mechanism is simply explained as an alternation
between chemical and electrode reaction steps. A radical cation is most likely formed
during the electro-oxidation step, and then the radical reacts with the monomer and the
protonated dimer of the radical formed. These steps follow one after another to form
the polymer [29]. The electropolymerization method is low-cost and allows for adjusting
the thickness and morphology of the imprinted film while also exhibiting excellent repro-
ducibility. Although there are numerous advantages, the absence of a crosslinker during
the electropolymerization process results in fewer recognition sites and poor recognition
ability [30].

3. Multiple-Recognition Systems Based on Aptamer and MIPs
3.1. Sandwich Type

In a sandwich assay, the target is bound between a capture antibody and a detection
antibody. The capture antibody is immobilized on a surface, while the detection antibody
(conjugated to an enzyme or fluorophore label) is applied as the last step before quantitation.
Because two antibodies against the same antigen are used, this method is flexible and
sensitive. However, it is not always easy or possible to have pairs of antibodies that work
well in this type of assay. As described in the introduction section, MIPs and aptamers can
be obtained at a large scale using simple methods. They are good candidates for antibodies.
The sandwich type consists of a MIP/target/aptamer [31], which combines the specific
recognition capabilities of MIPs and aptamers to achieve signal amplification [32]. The MIP
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material acts as a pre-concentration part for the targets, while the aptamer is responsible
for signaling the presence of the target on the MIP platform. The costs and time of MIP and
aptamer production are substantially low. Meanwhile, incorporating nanoparticles into
this approach serves to independently amplify the signal intensity following secondary
recognition, thereby achieving stable and enhanced sensing of signal output. Based on this
strategy, Li Tang et al. [33] developed a sensor for the ultrasensitive visual detection of EV71
(Enterovirus 71), which is a plus-stranded RNA virus that causes hand-foot-mouth disease
and central nervous system infection [34]. The fabrication process of the sensor is shown in
Figure 2. Firstly, Fe304-coated CD (carbon quantum dot) carriers were constructed, and
MIPs were prepared using the sol-gel method with APTES (3-aminopropyltriethoxysilane)
and TEOS (ethyl silicate) as functional monomers and crosslinkers. Then, the aptamers
were introduced into the imprinting layer. The surface of the imprinting layer was modified
with EV71 aptamers, and phenolphthalein was coated on the surface of ZIF-8 (Zeolitic
Imidazolate Framework-8). When EV71 was captured by imprinted particles and combined
with ZIF-8, the fluorescence signal was quenched, achieving the first signal amplification.
Then, when the pH of the solution was adjusted to 12, ZIF-8 decomposed and released
loaded phenolphthalein molecules, turning the solution system red and achieving the
second signal amplification. Efficient visual detection can be achieved within 20 min of
sensor application, with fluorescence and visual detection limits reaching 8.33 fM and
2.08 pM, respectively. The repeatability and stability of this sensor are commendable. After
conducting five repeated determination experiments on the same sensor, the fluorescence
signal maintains 82% of the initial value. Additionally, even after being stored for 6 months,
the sensor still maintains a satisfactory color-rendering function, with an absorbance level
at 91.9% of the initial value. Compared with traditional virus detection methods, which
are time-consuming, expensive, and insensitive, this sensor allows for low-cost and highly
accurate clinical diagnosis from the beginning. The research team’s work is expected to
be used in future virus-screening efforts to reduce medical staff workload and clinical
diagnosis costs.
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Figure 2. Construction principle and flow diagram of the virus sensor. Reprinted with permission
from ref. [33].
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Exosomes, which are extracellular vesicles composed of nanoscale lipid bilayers, have
emerged as promising biomarkers for early cancer diagnosis and monitoring due to their
ability to provide rich molecular information similar to that of parental cells. However,
the lack of efficient methods for separating and capturing intact exosomes has hindered
the widespread application of exosome analysis platforms in clinical practice. To address
this issue, Liao’s team [35] developed a more sensitive “on” fluorescent MIP sensor for
detecting lysozyme, which is one of the innate immunity proteins carried by the intact
exosome. The captured lysozyme was detected through selective fluorescence induced
by aptamer-mediated aggregation. A linear relationship between the lysozyme content
and fluorescence intensity was obtained. The specific working process is illustrated in
Figure 3, where, in the first step, both lysozyme and characteristic exosomes from the
sample are added to the surface polymerization system. After the reaction of the template
and crosslinker, customized complementary cavities are formed. In the second step, AIMIP
(”Artificial intelligence” imprinted polymers) particles selectively capture and enrich tar-
geted analytes. In the third step, after magnetic collection is completed, the aptamers
are incubated with a MIP. Utilizing a sandwich induction strategy, the sensor selectively
captures AIIP target molecules and modulates the spin of water-soluble AIE (aggregation-
induced emission) fluorescence agents through conformational changes in DNA aptamers.
The fluorescence effects are enhanced, enabling the specific detection of lysozyme and exo-
somes within complex proteins through selective “on” fluorescent lighting. This technology
has been preliminarily applied to the detection of clinical serum samples. The fluorescence
intensity showed a strong linear correlation with the exosome concentration (0.9823), indi-
cating a significant relationship between the two variables. Moreover, the detection limit
was approximately 1.3 x 10° capsules/mL, demonstrating high sensitivity and accurate
quantification capabilities. Additionally, the sensor exhibited good reproducibility, with
coefficients of variation of 2.10 x 10~7 and 2.38 x 10>, corresponding to percentages of
6% and 4.5%, respectively. Furthermore, the recovery rate in repeated tests reached as high
as 107%, highlighting its potential application in future medical fields.
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Figure 3. (A) Conceptual graph of self-assembly of AIMIPs; (B) schematic of the preparation of

AIMIPs and AIMIP separation integrated aptamer/AIE fluorescent sensors for exosomes. Reprinted
with permission from ref. [35].

In conclusion, the use of a MIP and an aptamer in the sandwich system greatly im-
proves the specific recognition ability of the target and realizes the secondary amplification
of the signal, which would improve the sensitivity of the sensor. However, the susceptibility
of the aptamer to thermal, chemical, and enzymatic degradation is still the main bottleneck
limiting its wide application because of the lack of protective shells around aptamers.
Further work should be conducted to improve the stability of aptamers.

3.2. Hybrid Type

Unlike the sandwich method, this hybrid strategy involves directly embedding the
aptamer into the molecularly imprinted structure. After the hybrid structure is formed, the
molecularly imprinted polymer acts as a protective scaffold for the aptamer molecule, con-
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fining it to a specific conformation and effectively separating it from potential interference
from DNA enzymes present in the substrate. At the same time, the aptamer can bind to the
target molecule specifically to make up for the deficiency of the sensitivity of the molecular
imprinting itself. This enhances the stability and specificity of aptamer-mediated recog-
nition. The interaction forces, such as a hydrogen bond, between the target molecule and
MIP greatly improve the affinity between the recognition system and the target molecule.
This strategy has been successfully applied to the detection of antibiotics, such as
amoxicillin (AMOX). In 2021, Lu’s group [36] developed a sensor that specifically detects
amoxicillin using a co-deposition technique and a dopamine electropolymerization tech-
nique. The construction scheme of the sensor was as follows: (1) a large-surface-area
conductive sensing platform was constructed by electrodepositing AuNPs (Au nanopar-
ticles) on the electrode surface; (2) the aptamer—amoxicillin complex was fixed on the
electrode surface with the Au-S bond; (3) the molecular-imprinting layer was prepared
by dopamine electropolymerization; (4) the imprinted cavity was obtained after elution.
CV (cyclic voltammetry) and DPV (differential pulse voltammetry) techniques were used
for characterization and quantification by using Fe(CN)g3~ /Fe(CN)g*~ as probes. Com-
pared to the curve depicted in Figure 4, Curve a presents a pair of standard REDOX peaks.
Curve b shows a significant increase in the peak current, indicating that AuNPs/ZnO-rGO
can accelerate the electron transfer rate on the electrode surface. In contrast, Curve c
exhibits a decrease in peak value due to the formation of a self-assembled insulation layer
on the electrode surface, which renders the molecular-imprinting layer non-conductive
and impedes electron transfer. Curve d shows the peak current after electropolymerizing
dopamine to obtain the blotting layer. Because the imprinting layer is non-conductive,
the charge transfer of the probe is blocked, resulting in a significant decrease in the peak
current. However, after the removal of template molecules, leaving behind an imprinting
cavity, aptamer—AMOX probes can reach the electrode surface through pores and complete
electron transfer, resulting in an increase in the peak value for Curve e. Finally, upon
the completion of the recognition process and the occupation of imprinting sites, charge
transfer is hindered again, leading to a reduction in the peak current for Curve f. During
the process of sensor construction, the author utilized an aptamer as a functional monomer,
combining its recognition ability with a molecular-imprinting layer to reduce non-specific
recognition in complex systems. Additionally, it was discovered that the optimal mole ratio
of the aptamer to the template molecule is 1:2. By using this ratio to construct the sensor
system, the best detection effect can be achieved, with a detection limit of 3.3 x 10~ 15 M.
Three electrodes were selected under identical conditions to construct a MIEAS for the
determination of AMOX at equimolar concentrations, yielding an RSD of 2.99% upon
repeated experimentation. Furthermore, in order to assess sensor stability, response signals
from the same electrode were measured after 30 days and found to be 95.1% of their initial
values. These results demonstrate that the constructed MIEAS exhibits excellent repeatabil-
ity and stability. However, in order to optimize the utilization of this sensor system, further
research on electrode material development is necessary due to its poor selectivity.
Taking Krishnan’s work [37] as an example, hemophilia B, a genetic disease that
can cause cardiovascular disease and paralysis, is often clinically diagnosed by the hu-
man coagulation factor IX protein (FIX). The authors designed the MIP embedded with
the aptamer as a biomimetic biosensor, which can quickly and sensitively recognize FIX
specifically. The author simultaneously utilized the resilience of the molecularly imprinted
polymer layer to mitigate biological contamination on the electrode surface. The prelim-
inary work of the research and development process is shown in Figure 5. (a) Human
coagulation FIX-imprinted polymer was prepared by free radical initiation polymerization,
and an aptamer-target complex was obtained by incubating the aptamer and imprinted
template. (b) The working electrode was fabricated through the process of aluminum
deposition. Then, the working electrode was modified with carbon nanomaterials and
metal nanomaterials, and the aptamer—target complex was fixed on the modified electrode.
After the modification, the performance of the electrode was greatly improved in terms of
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conductivity, sensitivity, and affinity. The amperometry method was used for the detec-
tion of FIX. Compared to a traditional Apt sensor without MIPs, it was discovered that
the MIP-incorporated sensor has a 3-fold higher sensitivity and a 40 fM detection limit.
However, experimental data show that the aptamer—-MIP hybrid AIDE’s (Archimedean
Interdigitated Sensor) detection capability is limited to the decreasing current response as
surface mass loads are increased. Based on the author’s research, it can be inferred that
potential advancements for this strategy primarily involve incorporating nanomaterials,
eliminating impurities from the electrode surface [38], introducing additional affinity de-
tection monomers to enhance sensitivity, and enabling the detection of various substances
through the modification of a single component with the same synthesis approach.
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Figure 4. (A) CV and (B) DPV for (a) bare GCE, (b) AuNPs/ZnO-rGO/GCE, (c) Apt-AMOX/
AuNPs/ZnO-rGO/GCE, (d) MIP-Apt/ AuNPs/ZnO-rGO before elution, (¢) MIP-Apt/AuNPs/ZnO-
rGO after elution, and (f) MIP-Apt/ AuNPs/ZnO-rGO after adsorption in 5 mM [Fe(CN YelP~ /%
and 0.1 M KCI (CV scan rate: 100 mV-s~! scan range: —0.2—+0.6 V; DPV scan range: —0.2-+0.6 V).
Reprinted with permission from ref. [36].
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Figure 5. Schematic illustration of the overall research. It comprised of MIP synthesis (a), AIDE
sensor fabrication by photolithography process (b). Reprinted with permission from ref. [37].

For the hybrid assay, the affinity and specificity of the prepared aptamer—MIP hybrid
toward the target were improved dramatically as compared with the aptamer or MIP alone.
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However, the hybrid process is still based on a trial-and-error process. The monomer
in the imprinting process may not be ideal, leading to a low imprinting factor. Rational
computer modeling would help to improve the aptamer—-MIP hybrid preparation and make
the hybrid more efficient.

3.3. Recapture—Detection—Separate Sensing Strategy

Unlike the sandwich and hybrid modes, the recapture—detection-separate sensing
strategy incorporates a microfluidic control system with miniature valves on the chip. By
regulating the opening and closing of the valves, it detects signals produced by target
molecules as they flow through narrow channels. In this system, the molecularly imprinted
polymer and aptamer function as two distinct recognition elements. Once captured and
eluted by the MIP site, analytes are transferred to the aptamer for secondary capture. A fu-
ran sensor is taken as an example, as furan is an insecticide widely used in agriculture, but
its residue poses a serious threat to human health. Although the commonly used methods
for detecting furan include chromatography [39,40] and electrochemical methods [41,42],
due to the operational complexity and poor targeting selectivity of these two technolo-
gies, there is a general trend to develop a new type of sensor. Under such requirements,
Li et al. [43] developed an interesting design idea by etching a microfluidic channel, and
two functional regions were etched on polydimethylsiloxane (PDMS). These two functional
areas serve as recognition areas for the MIP and aptamer. In this sensing process, the
target furan molecule is initially transported through the microchannel and subsequently
captured by the MIP recognition site. Following elution, the furan is conveyed to the ap-
tamer’s functional region, where it undergoes a secondary capture event facilitated by DNA
aptamer binding. The Pt-Au-Ag/AgCl three-electrode system generates a current signal at
the second capture, while GO (graphene oxide)-AuNPs amplify the detected signal. This
research group realized the high-sensitivity detection of furan in complex samples, and
the detection limit was up to 67 pM. After optimizing the chip preparation process, this
strategy is expected to expand to the detection of other harmful substances and promote the
development process in the field of sensors. In this method, molecular imprinting and the
aptamer work independently without interference. However, the production process of the
working chip for microfluidics is often costly, and the construction of microchannels and
recognition units remains a technical problem that needs improvement. The unoccupied
imprinting sites on the chip are prone to binding with aptamers and generating interference
signals. Therefore, future research should focus on improving controllability.

4. Applications of MIP-Aptamer Multiple-Recognition Systems
4.1. Virus

Viruses are microorganisms with the smallest and simplest structures, yet their types
are complex. Most viruses exhibit strong infectivity and can cause life-threatening dis-
eases in severe cases. Although vaccines are available for most viruses, an outbreak can
still result in significant damage to the economy and public health, as seen during the
three-year pandemic caused by the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) worldwide [44]. Enhanced virus detection is a crucial element in managing
and resolving epidemics. Currently, the enzyme-linked immunosorbent assay [2] and the
isolation culture and detection of virus strains [45] are often used for virus-related detec-
tion, but these methods can be expensive and susceptible to complex substrates, resulting
in low sensitivity and poor selectivity. To overcome these shortcomings, Chen S.Y. [46]
designed a molecularly imprinted polymer—aptamer sensor for the non-autofluorescence
detection of the H5N1 virus (Influenza A virus). In this work, the author fixed three func-
tional monomers, including acrylamide, to the modified magnetic Fe3O,4 and used AIBN
to initiate polymerization. The H5N1 virus template was embedded into the polymer,
and the subsequent elution of viral molecules yielded an imprinted cavity with selective
recognition for the H5N1 virus, serving as the identification probe. Additionally, the
aptamer was immobilized onto amino-modified ZGO (Zn,GeO4:Mn?*) via amide bond-
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ing to serve as a secondary recognition probe. When the target H5N1 virus particle is
introduced into the recognition system, it is captured by the imprinting chamber to form
MIP-H5N1. Furthermore, the cavity selectively captures ZGO-H5N1 Apt from the solu-
tion, resulting in the formation of a magnetic sandwich structure; however, nanoparticles
without a sandwich structure remain in the solution system. As the concentration of virus
molecules increases, there is a continuous decrease in the residual aptamer amount, leading
to changes in the persistent photoluminescence (PL) signal. The correlation curve between
the PL signal and template molecule concentration was obtained. Through these processes,
a sandwich sensor with a detection limit of 1.16 fM was constructed.

Hepatitis B virus is a common blood-borne pathogen that can lead to death from
cirrhosis and liver cancer in carriers [47]. To detect this virus, Chen S.Y. [48] introduced a
resonance light-scattering sensor in 2021 based on molecular imprinting and an aptamer for
the early diagnosis of hepatitis B virus (HBV) using the same sandwich strategy, as shown
in Figure 6. The imprinting factor of the sensor reached 7.56, surpassing other molecularly
imprinted sensors in virus detection. The sensing system employs a molecular-imprinting
layer supported by carbon spheres as probe 1 and utilizes a specific aptamer as probe 2.
Simultaneously, glucose is introduced during the construction of the imprinting vector
to generate hydroxyl and carboxyl groups on the carrier’s surface, thereby enhancing
hydrogen bonding and improving the binding capacity of the imprinting layer toward
the target virus molecules. The successful binding of the imprinted probe to the target
molecule generates a resonant light-scattering response. Upon the double binding of the
aptamer to the target molecule, this light signal is further enhanced, as depicted in Figure 7,
demonstrating excellent detection efficacy. The authors’ study indicates that an imprinting
layer of 25 nm thickness made with 2.5 pL mL~! TEOS yields the optimal signal strength
and imprinting effect. When the imprinting layer is too thin, it results in a loose network
structure for the constructed imprinting cavity, which lacks specificity. Meanwhile, the
thickness of the imprinting layer should be carefully considered during the construction
of the dual-recognition system to prevent excessive crosslinking, as an excessively thick
layer hinders the removal of target molecules from the imprinting cavity, thereby impeding
secondary signal generation by aptamers. Only an appropriate thickness of the imprinting
layer can ensure sufficient recognition sites for aptamer binding. The ratio of MIPs and
5i0,@Apt was also optimized. A dosage ratio of MIPs and SiO,@Apt of 1:2 and a dosage
of MIPs of 80 ng/mL~! were used. In general, this sensing approach holds significant
implications for the timely detection of a wide range of viruses.

Hepatitis C virus (HCV) is also a causative agent of liver disease. In Ghanbari’s
work [49], the aptamer was fixed on a multi-wall carbon-nanotube—chitosan nanocomposite
(MWCNT-CHIT), and after the imprinting layer was obtained by dopamine electropoly-
merization, the HCV core antigen sensor was prepared. When the aptamer binds to the
target molecule, the peak current is gradually increased by the DPV method, and then
the antigen changes conformation to overcome the electrostatic effect during the process
of separation from the electrode surface, so the current density changes with the antigen
concentration. The method combines the high stability of the nanocomposite platform, the
specific recognition capability provided by the MIP-aptamer, and the excellent sensitivity of
the hybrid receptor to successfully detect HCV core antigens in human serum, maintaining
an initial response of 95% and a relative standard deviation of 5.4% after 50 cycles, with
good repeatability. These findings demonstrate the effectiveness of this method in detecting
HCV and its potential for widespread application in analyzing complex samples.
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with permission from ref. [48].

4.2. Carcinogens

As one of the most lethal diseases, cancer is caused by various carcinogenic factors,
among which aflatoxin is included. Aflatoxin B1 (AFB1) [50] is the representative, which
has the highest yield, the highest toxicity, and the strongest carcinogenicity. Once AFB1
enters the food chain, it can result in significant economic losses and pose a grave threat
to human health through biological accumulation. In 2022 and 2023, Roushani [51] and
Chi Hai [52] put forward a summary of the work on the multiple-recognition strategy
for AFB1 detection. In Roushani’s study, a novel electrochemical biological device with a
detection limit of 12.0 pg/L was designed by hybridizing MIPs and aptamers on a glassy
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carbon electrode modified with CuyO NCs (nanocubes) with a large surface area. The
experimental data were measured by the impedance method. In Chi’s work, the recognition
probe MIP/PC (porous carbon) and signal probe CdTe/ZnS-Apt were used, which have
good matching and stable fluorescence signals. In this detection process, the intensity of
the fluorescence signal is determined by the synthesis ratio of CdTe/ZnS and Apt, and
the concentration is insufficient to bind to all modified aptamers in the sensor, resulting in
fluorescence interference. When the optimal concentration of CdTe/ZnS was 0.8 mg/mL
and the Apt content was 10 nmol/L, the fluorescence intensity reached its maximum
efficacy. The results show that there is satisfactory compatibility and synergy between the
aptamer and the molecular-imprinting layer, so the detection of AFB1 is realized with a very
low detection limit of 4.0 pg/mL~!. The simultaneous determination of 10 ng/mL samples
using five identical sensors has a relative standard deviation of 4.1%. In addition, after three
times of repeated use, the sensor system showed a fluorescence signal reduction of only
9.7%, which indicates that the sensor has great commercial potential in the food industry.

Ochratoxin (OTA) is another mycotoxin that has attracted worldwide attention. The
toxicity, carcinogenicity, and teratogenicity of OTA seriously harm human health [53].
In view of the fact that the aptamer—MIP materials developed in the past have not been
applied to the detection of OTA, Lyu [54] first proposed a novel aptamer—-MIP material
for OTA-specific recognition in 2019. In this study, APT-OTA complexes were obtained
by mixing an aptamer with a concentration of 60 umolL.~! with template molecules, and
then the raw materials, such as the monomer, crosslinker, initiator, and complex, were
placed in the purple linkage instrument to complete photopolymerization. The hydrogen
bonding between the monomer AMPS (2-acrylamide-2-methylpropanesulfonic acid) and
template OTA and the specific affinity of the aptamer greatly increased the adsorption
effect. Based on these advantages, the material was successfully applied to actual beer
samples, and the OTA-sensitive LOD and LOQ were measured to be 0.07 ng/mL~! and
0.14 ng/mL"!, respectively, realizing the specific enrichment and high-sensitivity detection
of OTA. To evaluate the stability of the aptamer-MIP monolithic column, changes in
flow velocity were measured in five mobile phases with different polarities. The linear
correlation coefficients R? of these five groups of data are in the range of 0.9908~0.9985,
indicating that the measurement precision and accuracy are high. Furthermore, after one
month of use, the recovery rate of aptamer—MIP was found to be 87.3%, demonstrating
excellent mechanical stability and reproducibility. However, as the components have an
impact on the overall pore structure and permeability of the aptamer-MIP, the next step is
to optimize the composition of the polymeric mixture in order to comprehensively enhance
the performance of this multiple-recognition material.

There are heavy-metal ions [55] with potent carcinogenicity, among which the bivalent
chromium ion is a representative. Upon entering the human body, cadmium will affect the
formation of human bone cells, leading to deformation and pain and inducing cancer and
even death in patients in severe cases [56]. To achieve the effective detection of Cd?+, Li[57]
devised a fluorescence-quenching sensor. The team fixed SN-CQD/Au (carbon quantum
dots co-doped with sulfur and nitrogen atoms) fluorescent particles on the surface of the
indium tin oxide glass electrode, and then they combined the self-assembled aptamer—
Cd?* complex with fluorescent particles and obtained the molecular-imprinting sites by
electropolymerization. Two signal units, molecular imprinting and the aptamer, are used
to show two signals in the detection. For electrical signals, when Cd?* is captured by the
imprinting cavity formed, the diffusion channel will be blocked due to the density of the
MIP structure, and the charge transfer will be blocked, showing a high impedance value.
The fluorescence response signal is caused by the quenching of Cd?*. When the aptamer
binds to the gold nanoparticles, it will show a strong fluorescence signal, but because
the polymerized MIP layer on the electrode surface will cover the original structure after
binding Cd?*, resulting in the partial absorption and refraction of the fluorescence, it will
show weakened signal intensity. Based on the specific affinity of MIP and the aptamer in the
sensor for Cd?*, interference and non-specific recognition are greatly reduced. The actual
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measurement results show that the method has a good resolution, and the detection limit is
1.2 x 10712 mol/L~!. To ensure the reproducibility and stability of the sensors, a relative
standard deviation of 2.65% was achieved for 5.0 x 10~ mol/L~! Cd?* using nine sensors
under identical conditions, while a relative standard deviation of 3.14% was obtained for
fluorescence signals when utilizing the same sensors. Furthermore, after storing the sensor
in an environment at 4 °C for twenty days, there was a decrease in the fluorescence signal
of 7.48% compared to its initial value; these results demonstrate that this study’s sensor
system exhibits exceptional performance. However, due to the unsatisfactory number
of aptamers and target metal ions, the sensor must overcome this limitation in order to
improve its adsorption capacity.

4.3. Antibiotics

Antibiotics are either metabolites or synthetic analogs produced by microorganisms.
The most common classes of antibiotics include beta-lactams, quinolones, and aminoglyco-
sides. Antibiotics are utilized to treat infections caused by pathogenic bacteria and have
widespread use in clinical medicine. However, due to widespread use and even abuse,
bacteria gradually adapt to the environment where antibiotics exist and develop resistance,
which has become a potential threat to global health [58,59]. Lincomycin is a kind of amide
drug with an antibacterial effect against bacteria, especially Gram-positive bacteria, and
also protozoans bioactive [60]. Li [61] proposed a new method for detecting lincomycin
based on the energy resonance transfer between the Au-GO nanomaterial and C-dots.
In the absence of target molecules, C-dots exhibit an enhanced light signal after energy
absorption. After the introduction of the target molecule, the aptamer and MIP compete to
bind with lincomycin within the sensor system. Due to the structural change in the aptamer
after binding with lincomycin, the electron supply and energy transfer between GO-Au
and C-dots are hindered, resulting in a decrease in the electrochemical luminescence signal
strength in the monitoring system. Through this signal change, the trace detection of
lincomycin can be directly detected. At the same time, this experiment shows that when
the adsorption time is 8 min and the solution pH is maintained at 8.0, the current intensity
is the best. Based on this signal change, the method can achieve multiple identifications
with high resolution, and the detection limit is 1.6 x 10~13 mol/L.

Kanamycin (KAN) is an aminoglycoside antibiotic commonly employed for the treat-
ment of Gram-positive bacterial infections. However, its neurotoxicity and nephrotoxi-
city necessitate the development of an efficient sensor for monitoring kanamycin levels.
In response to this societal need, Bi [62] proposed an electrochemical detection strategy
in 2019. In this study, Fe304 material was loaded with gold nanoparticles and modified
with a KAN aptamer. The imprinted cavity formed by pre-polymerization on the electrode
surface selectively captures and recognizes kanamycin molecules in the substrate, followed
by the specific binding of the aptamer to kanamycin during sensor application. The sensor
system goes through two processes of capture and binding to generate electrical signals,
which are quickly detected by cyclic voltammetry. The presence of sufficient binding sites
on the electrode surface enables the sensor to have a wide linear range. Furthermore, when
the molar ratio of the template molecule to the functional monomer is 1:2, the physical
properties and performance of the material are the best, the current response is the largest,
and the recovery rate is 96.5% to 101.5% when applied to the detection of groundwater
samples. For the stability and repeatability of the sensor system, the relative standard
deviation of the corresponding current obtained by the determination of 100 nM KAN by
the DPV method is 3.0%. At the same time, the detached electrode was stored at a low
temperature for 2 days and measured again. After 7 repeated cycles, the relative deviation
was only 1.8% compared with the initial peak value. These data confirm that the stability
and repeatability of the research work are excellent.

Later in 2022, there was also a new testing strategy for tetracycline (TC), another threat
in the antibiotic family. Tetracycline is a natural antibiotic produced by actinomycetes [63]
and has important applications in aquaculture and other fields due to its antibacterial
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activity. However, the accumulation of tetracycline in the environment inevitably leads to
the emergence of drug-resistant strains. Ma [64] reported a magnetic material for separating
and enriching tetracycline. As shown in Figure 8, the authors utilized aptamers and
B-CD (B-cyclodextrin) as replacements for traditional functional monomers and employed
free radical polymerization to construct molecular-imprinting recognition sites on the
outer layer of the material. In practical applications, the functional monomer modified
on the material works cooperatively with the imprinting chamber to selectively adsorb
tetracycline. The magnetic properties of the material enable the adsorbed magnet to remove
tetracycline from the substrate, thereby achieving TC enrichment. Compared with other
molecularly imprinted materials, the material has a core-shell structure, which ensures
ecological friendliness and non-toxicity. This effectively isolates the aptamer from nucleases
in the environment and prevents inactivation due to enzymatic hydrolysis. Due to these
advantages, the material has a blot factor of 7.6 and a detection limit of 1.0 ug/L~! by UV
spectroscopy, which shows the special potential for the trace detection of TC in complex
samples. In the selection of a material for testing, reusability and stability are crucial
parameters for evaluating its practicality. The adsorption capacity of the material was
assessed after six cycles of use, yielding a result of 84.6% compared to the initial treatment.
This demonstrates the excellent reusability of the material. Furthermore, the sustained
adsorption effectiveness, even after repeated usage, indicates that the constructed imprinted
cavity remains intact and exhibits remarkable stability. Additionally, TC was detected in five
samples with varying concentrations under identical experimental conditions, resulting
in an RSD value of 0.81% (n = 5), confirming the method’s exceptional reproducibility
and stability. In summary, this study presents a novel approach for utilizing molecularly
imprinting technology in environmental protection and has promising applications for
detecting and enriching other hazardous substances in the environment.

Tetracycline

0 i/%{P Aptamer

Fe,0,

B-Cyclodexm'n

APS/MBA Tetracyclme
TEMED removal

Si0,@Fe;0, Apt-B-CD-MIP@SiO,@Fe;0,

Figure 8. Schematic illustration of the Apt-p3-CD-MIP@SiO,@Fe3;0, preparation and its application
to detect TC. Reprinted with permission from ref. [64].

4.4. Bacteria

As the most abundant organisms in nature, bacteria are widely distributed in soil
and water. On the one hand, bacteria are closely related to human production and life,
such as food production, digestion and absorption, battery manufacturing, and antibiotic
extraction. On the other hand, these prokaryotes pose a serious threat to human health
due to their diversity of infectivity and transmission routes. Pseudomonas aeruginosa is
an opportunistic bacterium that is one of the main sources of infection in hospitals. It
is more common in postoperative patients, and infected individuals may experience a
range of uncomfortable symptoms, including death in severe cases [65]. Therefore, it is
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imperative to develop a rapid method for detecting Pseudomonas aeruginosa. In Sarabaegi’s
work [66], they designed an electrochemical sensor for multiple molecular recognition.
The preparation process is shown in Figure 9: (1) gold nanoparticles are deposited on the
surface of the glassy carbon electrode; (2) the aptamer is modified on the electrode surface,
and the molecularly imprinted polymerization layer is obtained by the electrochemical
polymerization of dopamine; (3) the eluting layer obtains the cavity and adds the target for
detection. In order to observe the cavity obtained after elution, FE-SEM (Field-Emission
Scanning Electron Microscope) was used to analyze the morphology and structure of the
electrode. According to the scanning images, the removal of template molecules made the
surface of the molecular-imprinting layer rougher, and a large number of imprinting cavities
were observed, indicating that the elution process was successful, and identification sites
with a satisfactory number and specific surface area were obtained. During the construction
of the recognition system, when gold nanoparticles are deposited on the exposed glassy
carbon electrode, these nanoparticles increase the electrode area, and the current peak value
is increased. Then, when the aptamer is modified on the electrode surface, the carboxylate
group in the aptamer generates a repulsive force to reduce the current peak value. Finally,
when the molecular-imprinting site captures the target molecule and undergoes desorption,
the peak current is enhanced again, and by observing the changes in this series of currents,
the direct detection of Pseudomonas aeruginosa can be realized. The detection limit of the
sensor is 1 CFU/mL"L.
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Figure 9. Schematic diagram of aptamer-MIP preparation for detection of P. aeruginosa. Reprinted
with permission from ref. [66].

Staphylococcus aureus is a prevalent pathogenic bacterium that exhibits robust antibacte-
rial resistance and frequently induces pneumonia and sepsis in humans [67,68]. The simple
sensor constructed by El-Wekil using electrical analysis technology shows outstanding
application potential [69]. In this study, El-Wekil immobilized aptamers onto composite
materials via Au-S bonds and electropolymerized imprinting layers on the material sur-
face using o-phenylenediamine as a functional monomer in the presence of Staphylococcus
aureus. As the recognition sites formed are complementary to the target molecules, the
binding of S. aureus to the imprinted cavity and aptamer can result in a decrease in the peak
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current on the sensing electrode, thereby achieving the effective separation of S. aureus
from complex matrices. In this study, the MIP-aptamer dual-identification system was
successfully implemented for the first time to identify Staphylococcus aureus. The linear
range of the sensor is 101 to 107 CFU mL !, and the detection limit LOD is 1 CFU mL~!.
Given its robust detection capabilities and high recovery rates, we anticipate widespread
adoption of this technology in the future.

4.5. Protein

Proteins are substances that possess specific spatial conformations, participate in the
formation of vital components within the human body, and serve as primary mediators
of organismal life processes. Given the functional diversity exhibited by human proteins,
characteristic protein detection can effectively facilitate disease diagnosis and screening.
For example, the medical diagnosis of Alzheimer’s disease is often based on amyloid-
beta oligomers (ABOs) [70]. In 2020, You Min [31] proposed a diagnostic strategy that
could be used as an alternative to these methods. As shown in Figure 10, the author
introduced silver and silicon dioxide nanoparticles, followed by the self-assembly of the
aptamer on silica particles, thereby accomplishing the construction of a sandwich structure
on the MIP membrane. Once the imprinted cavity captures ABOs, the captured object
is transferred to the aptamer for secondary binding, resulting in electron transfer and
electrical signal transmission within the three-dimensional imprinted cavity. This method
combines site-specific binding with aptamer affinity toward targeted molecules, enabling
highly sensitive electrochemical signals to be obtained even when a small number of ABOs
enter the detection system. During the construction process of this detection system, the
number of imprinted cavities is directly determined by the concentration of the template,
which, in turn, determines the number of captured template molecules. Only when an
appropriate concentration of template molecules is used can a stable current response
signal be generated. Additionally, it is important to consider the concentration of the ABO-
specific aptamer added to the system. When its concentration exceeds 5 uM, excessive
aptamers will inhibit the transmission of electrons and weaken the current signal. It was
determined that the combination of 1 mg/mL~! AB1-42 oligomer and 5uM aptamer is the
best concentration choice and shows the best electrochemical signal. The sensor based on
this strategy has successfully achieved the microdetection of ABOs in human serum. It
exhibits good linearity within the concentration range of 5 pg/ mL~1to 10 ng/ mL~!and a
detection limit of 1.22 pg/mL 1.
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Figure 10. Schematic illustration of (A) the preparation of the SiO,@Ag-aptamer composite and
(B) the fabrication of the MIP-based antibody-free biosensor and the electrochemical detection of
ApBO via a sandwich-type assay. Reprinted with permission from ref. [31].
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Similar strategies have also been applied in the detection of troponin (cTnl), which is
a marker of myocardial injury and necrosis and is often used as a diagnostic basis for my-
ocardial infarction [71]. In Mokhtari’s study [72], a non-immune dual-recognition approach
was employed to fabricate a sensing platform for cITnl detection. After immobilizing the
cTnl aptamer on the electrode surface, the imprinted polymer was obtained by the elec-
tropolymerization of methylene blue monomers around the aptamer. During the detection
process, cTnl was selectively adsorbed by the hybrid receptor of MIPs and the aptamer due
to their selective affinity and cavity effects, respectively. The determination of the adsorbed
cTnl was achieved through differential pulse voltammetry. The detection limit of the sensor
platform was 1.04 pM (2.61 x 107> ug/mL), and the RSD of the sensor system designed in
this study was 5.37% for cInl in a protein mixture containing cardiac troponin, and several
electrochemical values obtained in this study demonstrate that the novel hybrid probe
developed by the authors possesses superior performance.

In addition, Wang [73] successfully detected alpha-fetoprotein (AFP) and insulin
using a nanoprobe. The team utilized static electricity between gold nanoparticles and the
abundant amino groups, as well as Au-5 bonds, to increase the fixed number of aptamers
on the substrate. Additionally, a synergistic interaction between the imprinted cavity and
aptamer lowered the detection limit. When insulin is used as the template molecule, the
detection limit reaches approximately 0.5 ng/mL~!, whereas when AFP serves as the
template molecule, this magnetic nanoprobe can detect AFP in samples ranging from
1000 ng/mL~! to 20 ng/mL~!. It is worth mentioning that this study demonstrates the
controllability of preparing an imprinting layer through the sol-gel method, as evidenced
by the direct relationship between the consumption time and thickness change in the SiO,
coating. The optimal coating time of 90 min results in the highest specific recognition
ability. These findings highlight the significant potential of our magnetic nanoprobe for the
efficient detection of disease serum protein markers.

To expand the detection range, Yang [74] developed a novel electrochemiluminescence
(ECL) “signal on” sensor platform for the efficient detection of thrombin, a bioactive protein
that plays a crucial role in blood clotting and has significant clinical implications in the
treatment of various diseases. In this detection system, the author employed molecularly
imprinted nanocavities to bind target molecules to thrombin aptamers. Simultaneously,
the synergistic effect between polyetherimide (PEI) and Ru(bpy)32+ (RuNP) is utilized to
expedite electron transfer, thereby enhancing the signal strength of the sensing platform by
sevenfold compared with conventional methods. The sensor platform exhibits excellent
stability and detection efficacy, with the ECL sensor signal strength remaining robust even
after ten cycles of testing at concentrations of 10~ M and 10~ !2 M, yielding corresponding
RSDs of 2.0972% and 2.1509%, respectively. Following thirty days of low-temperature
storage, the ECL signal strength remains at approximately 90% of its initial value, while the
detection limit is as low as 1.73 x 10~!> M, indicating significant potential for application
in food safety monitoring. It is worth mentioning that previous molecularly imprinted
aptamer sensors are the signal closure type, but the signal flow type was used in this study,
which provides a new research direction for the construction of a new small-molecule
detection platform in the future.

4.6. Others

In view of the remarkable benefits and immense potential of the multiple-recognition
strategy based on aptamer-MIPs, researchers have increasingly adopted this approach. In
addition to well-known molecular categories, even relatively obscure substances such as
cortisol, bisphenol A [75], and histamine can be detected using this method.

Histamine (HIS) is a hydrophilic biogenic amine that is produced by bacterial fermen-
tation and is commonly found in food. Studies have shown that high levels of histamine in
food can indirectly lead to Gram-negative bacterial infections. In order to realize highly
sensitive detection of HIS in canned tuna and human serum, Mahmoud [76] developed a
nanosensor. Based on molecular-imprinting polymerization technology and DNA aptamer
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affinity characteristics, the MIP-apt/AuNPs/cCNTs/GCE architecture was fabricated by
the surface modification of gold nanoparticles and carbonylated carbon nanotubes on the
glassy carbon electrode, followed by the covalent immobilization of the thiolate aptamer
and the electropolymerization of phenylenediamine. The system was applied to the detec-
tion of plasma and canned tuna. The detection limit was 0.11 nmol, the recovery rate was
96.2~105.2%, and the RSD% was 95.3~104.4%. These data confirmed that this detection
system has higher accuracy and precision for the analysis of HIS in complex components.

Cortisol is a steroid hormone involved in the regulation of human metabolism. In the
medical field, cortisol detection is frequently utilized for the diagnosis and treatment of
depression and post-traumatic stress disorder. Due to the similarity in detecting cortisol
levels between saliva and blood samples, Cheng [77] proposed a sensing method with a
detection limit as low as 3.3 x 107! M. In this study, a bare glassy carbon electrode was
initially coated with a dispersion of graphene and carbon quantum dots. Subsequently,
the aptamers were immobilized on the electrode surface through electrostatic interaction.
Finally, chitosan was utilized as a raw material to form an imprinting layer, and cortisol
molecules were eluted to obtain the imprinting cavity. In this experiment, the authors’
success can be attributed to two factors. Firstly, the combination of graphene and carbon
quantum dots increases the number of active sites, resulting in a more sensitive detection
method. Secondly, optimization of the concentration of the template molecule (1uM) and
the molar ratio of the template molecule to aptamer (1:2) further enhances sensitivity. The
developed sensor is reported to outperform other methods for detecting cortisol.

As a steroid hormone, progesterone is often used for oral contraception. However,
excessive progesterone released into the environment will enter the human body along with
water circulation. In order to achieve the trace analysis of this substance, an ultrasensitive
sensor platform was established based on SnO,-Gr and AuNPs by Huang Yan [78]. The
construction process of the sensor is as follows. Firstly, SnO,-Gr is modified on the exposed
glassy carbon electrode to increase the conductivity and specific surface area, then gold
nanoparticles are electrodeposited, and aptamers are fixed by Au-S bonds. Finally, the
imprinted cavity is obtained by electropolymerization and the elution process. The sensor
platform exhibits excellent performance with a low detection limit (1.73 x 107> M) while
achieving a relative standard deviation (RSD) of 2.79% at a concentration of 10719 M
using this hybrid system. Furthermore, the DPV current was monitored every 10 days
after storage at low temperatures, and even after four cycles, the DPV value remained
at an impressive 93.19% of its initial value, demonstrating the exceptional repeatability
and stability of the developed sensor. Thus, it possesses immense potential for effective
detection in the field of food safety.

Table 1 lists the MIP layer formation methods, recognition systems, and detection meth-
ods of aptamer-MIP hybrid systems in recent years. The results show that aptamer—MIP
hybrids can be used as superior recognition elements for the detection of various targets.
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Table 1. Summary of polymerization methods, recognition systems, and detection methods of aptamer-MIP hybrid systems.

Electrochemical Polymerization

Target Potential Range Monomers Polymerization Time  Scan Rate IS{;::)egnr:;tlon Detection Methods Year  Ref.
Acrylamide —04-09V o-Phenanthroline 15 cycles 100 mV-s~! Hybrid DPrV 2023 [79]
Progesterone —-02-06V p-Aminothiophenol 15 cycles 150 mV-s~! Hybrid Drv 2023 [78]
Lysozyme —04-12V Methylene blue 20 cycles 50 mV-s~! Hybrid DPV 2022 [80]
SARS-CoV-2 virus —-0.5-05V Dopamine 15 cycles 50 mV-s~1 Hybrid EIS 2022 [81]
Amoxicillin —-05-1.0V Dopamine 15 cycles 75mV-s~! Hybrid DPV 2022 [36]
Prostate-specific antigen —-05-05V Dopamine 12 cycles 20 mV-s~1 Hybrid EIS 2021 [82]
Pseudomonas aeruginosa —-05-05V Dopamine 13 cycles 20mV-s~! Hybrid Drv 2021 [66]
Trypsin —-05-05V Dopamine 15 cycles 20mV-s~! Hybrid DPV 2021 [83]
Ractopamine —-0.5-05V Dopamine 13 cycles 20 mV-s~! Hybrid EIS 2020 [84]
Cardiac troponin I —04-12V Methylene blue 20 cycles 50 mV-s~! Hybrid DPV 2020 [72]
Kanamycin 0-0.8V 3-Aminophenylboronic acid 20 cycles 50 mV-s~1 Sandwich DPrV 2020 [62]
Chloramphenicol 0-12V Risorcinol 14 cycles 100 mV-s~! Hybrid EIS 2019  [85]
Chlorpyrifos 0-1.0V g?ﬁgﬁfgﬁg’;ﬁﬁfﬁ: 10 cycles 50 mV-s ! Hybrid DPV 2018 [86]
Thermal Polymerization

Target Monomers Crosslinking agent Temperature Time ?;;;i?;tlon Detection methods Year Ref.
Fuman blood clotting MAA EGDMA 40°C 24h Hybrid UV-Vis 2022 [37]
factor IX protein

H5N1 Virus AA MAA MBA 65 °C 6h Sandwich Fluorimetry 2022 [46]
Cytochrome C MAA MBA 37°C 12h Hybrid Fluorimetry 2018  [87]
Carbofuran MAA MBA 50 °C 2h Microfluidic DPV 2018 [43]
Kanamycin MAA MBAA 40°C 6h Hybrid Fluorimetry 2018 [88]
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Sol-Gel Method

Target Monomers Crosslinking agent Solvent Catalyst ?;;Zir:smon Detection methods Year Ref.
Aflatoxin B1 APTES TEOS Ethanol NH3-H,O Sandwich Fluorimetry 2023 [49]
Malachite green APTES TEOS Ultrapure water NH3-H,O Hybrid Fluorimetry UV-Vis 2023 [89]
Virus enterovirus 71 APTES TEOS Ultrapure water NH3-H,O Sandwich Fluorimetry UV-Vis 2022 [33]
Photopolymerization

Target Monomers Crosslinking agent INluminating source Irradiation time ?;;Z‘?;:hon Detection methods Year Ref.
Cadmium (IT) L-Alanine N-hydroxysuccinimide uv 30 min Hybrid Fluorimetry 2019 [57]

EDGMA—ethylene glycol dimethacrylate; AA—acrylic acid; MAA—methacrylic acid; MBA—methylene diacrylamide; MBAA—S5,5'-methylenedianthranilic acid; APTES—3-
aminopropyltriethoxysilane; TEOS—ethyl silicate; EIS—electrochemical impedance spectroscopy.
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5. Conclusions

In summary, we review the work conducted in recent years on multiple-recognition
systems utilizing MIPs and aptamers. Aptamers and molecular imprinting have made
remarkable contributions to sensing as highly favorable detection elements. Numerous
researchers have demonstrated that combining the specific recognition ability of molecular-
imprinting technology with the affinity of aptamers can significantly enhance detection
effectiveness. This recognition strategy finds applications in various fields, including
medical treatment, environmental monitoring, and agricultural production. In compar-
ison to a single-recognition-element approach, a multi-recognition strategy offers im-
proved selectivity, sensitivity, stability, and reusability. Nevertheless, it still encounters
numerous challenges.

5.1. Limitations

In the process of constructing a multiple-recognition system, the principle of the
recognition mechanism is not perfect, the polymerization process is uncontrollable, the
repeatability is unstable, and conformational changes will occur in the process of imprinting
sites and the aptamer-specific recognition and capture of target molecules. In addition,
the identification of large water-soluble biomacromolecules remains problematic because
conformational integrity cannot be guaranteed during synthesis. These challenges hinder
the wide application of multiple-recognition strategies.

5.2. Challenges

The method requires further refinement, including finding the best molecular-imprinting
film thickness, optimizing the molar concentration ratio of the template molecule to the
aptamer, enhancing the electron transfer effect on the electrode, finding a suitable electrode
modifier to multiply the signal, finding a method to freely switch monomers to detect
different or similar substances, and improving the commercial application range of the
technology. This strategy has shown great promise in environmental monitoring, dis-
ease prevention, and medical diagnosis and treatment, and we believe that this approach,
as researchers continue to optimize it, will open up a broad avenue for the analysis of
multi-component complex components.
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