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Abstract: Dual- or multi-template molecularly imprinted polymers have been an attrac-
tive research field for many years as they allow simultaneous detection of more than one
target with high selectivity and sensitivity by creating template-specific recognition sites
for multiple targets on the same functional monomer. Dual/multi-template molecular
imprinting techniques have been applied to identify, extract, and detect many targets,
from heavy metal ions to viruses, by different methods, such as high-performance lig-
uid chromatography (HPLC), liquid chromatography—mass spectrometry (LC-MS), and
piezoelectric, optical, and electrochemical methods. This article focuses on electrochemical
sensors based on dual/multi-template molecularly imprinted polymers detecting a wide
range of targets by electrochemical methods. Furthermore, this work highlights the use of
these sensors for point-of-care applications, their commercialization and their integration
with microfluidic systems.

Keywords: molecularly imprinted polymer; multi-template; electrochemical sensor

1. Introduction

There is a pressing worldwide need to detect a wide range of substances that af-
fect human health, food safety, water quality and the environment; for example, human
biomarkers, drugs, bacteria, heavy metal ions, pesticides, etc. [1-5]. The detection method,
therefore, should be cheap, rapid, reliable, have high selectivity and specificity and not re-
quire intense people-power. In simplistic terms, biosensors are analytical devices consisting
of a transducer and a bioreceptor (target recognition molecule). Ideally, they are easy to use,
fast responding, have high selectivity toward the target and do not require sample prepa-
ration beforehand. Molecules such as antibodies, aptamers, peptides, deoxyribonucleic
acids and enzymes are used as bioreceptors in biosensors [6]. Although the combination of
natural receptors with label-free transducers allows for the successful implementation of a
plethora of sensor devices, natural biological receptors also have inherent drawbacks: their
chemical and physical stability and shelf-life are limited, especially antibodies and enzymes.
Additionally, their compatibility with most transducer surfaces is limited, necessitating the
design of adequate linker layers.

Some of the disadvantages of natural receptors can be overcome by employing so-
called antibody mimetics: robust, artificial receptors that are able to bind their targets
with an affinity comparable to their natural counterparts. Molecularly imprinted polymers
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(MIPs) have great potential to be robust artificial receptors. The history of molecular
imprinting dates back to the 1930s, when Polyakov synthesized silica gel in the presence
of aromatic hydrocarbons. By the 1970s, researchers began using different templates for
imprinting silica gel. In 1970 and 1972, organic polymers replaced silica gels, and non-
covalent imprinting was introduced by Mosbach, marking significant advancements in the
field [7,8].

MIPs offer high specificity, stability, cost-effectiveness, and reusability, while also being
budget-friendly, simple to utilize, highly selective, and sensitive to targets. On the other
hand, they have limitations such as template leakage, slow binding kinetics, cross-reactivity
and lower affinity.

The synthesis of MIPs is straightforward and consists of three steps: (i) formation
of the functional monomer and template; (ii) polymerization of the functional monomer—
template complex with the cross-linker and initiator; and (iii) template removal to create
three-dimensional cavities for specific recognition [9].

The interaction between a template and functional monomers that takes place in the
first stage of MIP synthesis is crucial as it affects the physical properties and recognition of
the MIP and the stability of the template-monomer complex [10]. Among these interactions,
non-covalent interaction is the most preferred. In this approach, the template-monomer
complex interacts via van der Waals forces, hydrogen bonding, n—m, dipole-dipole or
ion—dipole interactions. They are weak interactions and offer some advantages, such as
easy binding and template removal from the polymer, permitting a simplified process that
eliminates the requirement for chemical derivatization of the template [7].

MIPs are commonly formed via free radical polymerization, which includes bulk,
multi-step swelling, suspension, emulsion, seed, and precipitation polymerization. These
polymerization methods suffer from low imprinting capacity, the need for a large amount
of template, poor recognition and incomplete template removal [11]. In order to eliminate
or ease these drawbacks, different MIP preparation techniques, such as the sol-gel process,
surface and epitope imprinting and electropolymerization, have been adopted [12-14]. It is
important to choose the most suitable polymerization technique according to the chemical
and intrinsic properties of the template. For example, the sol-gel method allows MIP
fabrication at room temperature and prevents thermal decomposition of the template, but
at the same time, there is a risk of the template dissolving in the solvent. Likewise, while
surface imprinting allows for high binding capacity, it requires the use of pure templates.
The dimensions of the template are also important in determining the polymerization
method to be chosen: polymerization methods used for small molecules might not be
suitable for macromolecules such as bacteria and cells. If an appropriate method is not
found, the template molecules might not be effectively removed from the polymer matrix
or might not be properly imprinted.

These are very important parameters that affect the performance of the MIP. For
example, functional monomers strongly interact with the target via functional groups of
the target to form a template—functional monomer complex. If a suitable monomer is not
chosen, a stable template-monomer complex cannot be achieved, leading to unsuccessful
molecular recognition. In order to arrange the configuration of a functional monomer
around the template to obtain a rigid polymeric matrix, cross-linkers are used. The amount
of cross-linker has an influence on the mechanical stability of the polymeric matrix and
recognition sites. The porogen and initiator are responsible for forming a porous structure,
which enables the template to diffuse through an MIP and start polymerization thermally
or photochemically [11,15].

MIPs allow multiplexed detection as long as they are imprinted with multi-targets
(templates) under appropriate conditions. With multi-target MIPs (MT-MIPs), which are
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imprinted with more than one target, simultaneous detection of at least two targets can
be achieved using less material, reducing the costs and time requirements. The MT-MIP
preparation steps and different interactions between the templates and the functional
monomer are shown in Figure 1. The preparation of MT-MIPs is similar to that of MIPs
imprinted with a single template. The synthesis of MT-MIPs begins with the formation
of complexes between the different templates and functional monomers through cova-
lent or non-covalent interactions. This is followed by the simultaneous polymerization
of the functional monomer—template complexes with a cross-linker and an initiator. In
the final step, the templates are removed from the polymer to create three-dimensional
cavities for specific recognition [16]. Various types of interactions are employed in the
fabrication of MT-MIPs, as shown in Figure 1. Different polymerization methods, such as
bulk polymerization, precipitation polymerization, emulsion polymerization, suspension
polymerization, electropolymerization, and surface imprinting polymerization, can be used
to fabricate MT-MIPs. As per single-template MIPs, each polymerization method has its
own drawbacks and should be selected based on the properties of the templates.
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Figure 1. Preparation procedures for MT-MIPs and various interactions of templates (analyte) and
MT-MIPs.

Since non-covalent interactions are advantageous—they allow for easier template re-
moval, the creation of reusable recognition sites, and dynamic interactions—monomers that
can form non-covalent bonds with templates are preferred. Examples include methacrylic
acid (MAA) [17], acrylamide (AM) [18], 4-vinylpyridine (4-VP) [19], and 2-vinylpyridine
(2-VP) [20]. The choice of cross-linker should take into account the interaction between
the templates and the monomers; an inappropriate cross-linker can disrupt or break the
bonds between them. For this reason, divinylbenzene (DVB) [21] and ethylene glycol
dimethacrylate (EGDMA) [22] are generally used to support non-covalent interactions.
For instance, Nurrokhimah et al. synthesized a molecularly imprinted polymer incorpo-
rated with graphene oxide and magnetite nanoparticles, which was used as a magnetic
solid-phase extraction adsorbent for the simultaneous extraction and determination of
cefoperazone, cephalexin, and cefazolin [23]. For the synthesis of MT-MIPs, Fe304@SiO;-
NH;/GOx nanoparticles were first dispersed in acetonitrile with a specific amount of
cefoperazone, cefazolin, and cephalexin as templates. The functional monomer MAA
was added, and the mixture was sonicated for 15 min and then stirred for 12 h at room
temperature. The solution was transferred to a three-neck flask, and EGDMA and AIBN
were added as the cross-linker and initiator, respectively. Polymerization occurred under
a nitrogen atmosphere at 60 °C for 24 h. Subsequently, the coated nanoparticles were
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washed with a mixture of methanol and acetic acid (8:2, v/v) to remove the template
molecules, followed by a methanol rinse. The final nanocomposite adsorbent was dried
under a vacuum. In this study, MAA was chosen as the functional monomer due to its
carboxyl group, which can form strong hydrogen bonds and ionic interactions with the
templates. EGDMA was used as the cross-linker because of its ability to create a rigid
polymer network. EGDMA is ideal for ensuring that the polymer matrix remains stable
and maintains its shape even after template removal and reusability, and it does not disrupt
the hydrogen bonds between MAA and the templates. The bulk polymerization technique
was used for polymer formation with this method, where AIBN (azobisisobutyronitrile)
was employed as the initiator to start the polymerization process. A porogen (solvent
mixture), typically acetonitrile, was used to help dissolve the monomer and ensure the
formation of a uniform polymer matrix. The choice of these chemicals, coupled with the
bulk polymerization method, provided an effective strategy for creating highly selective
and reusable MT-MIPs for pharmaceutical applications.

While preparing MIPs, there are points to be taken into consideration regardless of
whether it is a multi- or single-target MIP, including the selection and amount of monomer,
cross-linker, porogen and initiator suitable for the target, the use of an appropriate polymer-
ization method and the choice of effective washing solution [10,24]. Choosing templates
with the same features is important in terms of the easy preparation of MT-MIPs and the
templates showing the same interactions with other MIP components. If templates with
different properties are selected, MT-MIPs are more difficult to prepare, and one target may
not be imprinted as effectively as the other or may not be removed from the polymer matrix
after washing. Therefore, while preparing MT-MIP with templates with different features,
the properties of the different types of templates to be imprinted should be considered
separately and the appropriate polymerization method and MIP components should be
selected accordingly. In this context, templates used in molecular imprinting can be divided
into four groups: ions, organic molecules, biomacromolecules and cells/viruses [25].

Similar to MIPs, imprinting three-dimensional biomolecules in MT-MIPs poses chal-
lenges due to their high molecular weights and sizes, particularly regarding template
removal and low binding efficiency. To overcome these challenges, alternative imprinting
strategies such as surface imprinting and epitope imprinting have been developed. Surface
imprinting creates recognition sites at or near the surface of the MIP, allowing biomolecules
to access the cavities more easily. This improves the binding efficiency and facilitates
efficient template removal. On the other hand, epitope imprinting uses an epitope—a
small, recognizable fragment or sequence of the biomolecule—as the template instead of
the entire molecule. This strategy simplifies template removal and reduces the risk of
incomplete elution or cavity deformation, further enhancing the efficiency and precision of
the imprinting process [26,27].

The fact that MT-MIPs allow for the simultaneous detection of multiple templates
is a significant advantage over MIPs; however, the detection performance of MT-MIPs
also needs to be evaluated. In several studies, MT-MIPs demonstrated similar results
when detecting templates both individually and as mixtures, maintaining consistent linear
ranges and limits of detection (LODs) [28-30]. For instance, in the study conducted by
Fatma et al., the MT-MIP for chlorambutil and dacarbazine achieved LODs of 0.037 ng/mL
and 0.016 ng/mL in mixtures, and 0.035 ng/mL and 0.014 ng/mL individually [28]. In
comparison, the LOD for dacarbazine obtained with the MIP developed by Prasad et al. was
0.02 ng/mL [31]. These results demonstrate that if the appropriate MIP components and
methods are selected, MT-MIPs can detect templates with high selectivity and sensitivity.

Several techniques, such as fluorescence [32-34], quartz crystal microbalance
(QCM) [35,36], chemiluminescence [37,38], high-performance liquid chromatography
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(HPLC) [39], surface- enhanced Raman scattering (SERS) [40] and electrochemical meth-
ods [41,42], have been used in relation to MT-MIPs. Among them, electrochemical methods
are regarded as a more efficient technique in terms of the detection of many different targets
since these methods have advantages in their simple manipulation, cost-effectiveness, high
sensitivity, easy sample preparation steps, simplicity and fast response [43,44]. In the same
study conducted by Fatma et al., the performance of the electrochemical MT-MIP was
compared with HPLC and UV methods, revealing that the limit of detection achieved with
the electrochemical methods was significantly lower than that obtained with HPLC and
UV [28]. This underscores the sensitivity of electrochemical methods compared to other
detection techniques.

To date, MT-MIPs have been used to detect many different targets simultaneously.
In this review, the detection of a variety of targets by electrochemical methods will be
discussed according to their target classification. The performance of MT-MIPs in aqueous
solutions will be evaluated. Recent progress in MT-MIP-based electrochemical sensors for
point-of-care applications will be reviewed and their commercialization and integration
with microfluidic systems will be assessed.

2. Detection of Targets by MT-MIP
2.1. Detection of lons

Many different targets can be detected by molecularly imprinted polymer-based sen-
sors and one of these targets is ions. Imprinted polymers prepared for the detection of ions
can be called “ion-imprinted polymers” instead of molecularly imprinted polymers. While
the target for molecularly imprinted polymers is molecules, for an ion-imprinted polymer,
it is an ion [45]. Ion-imprinted polymers are attractive as they have high environmental
stability, reusability and easy synthesis processes [46].

Some elements are essential for our health and nutrition and the proper function
of our immune system, such as zinc and copper; however, their excessive intake can be
harmful. On the other hand, certain elements, such as heavy metals and lanthanides, are
extremely toxic at minute concentrations and if ingested or exposed to can cause serious
health problems. Accordingly, detection of these elements is vital and they need to be
detected in a highly sensitive and selective manner.

Prasad et al. demonstrated an electrochemical sensor to detect cadmium and copper,
aiming to prevent the side effects of excessive exposure to or intake of these heavy metal
contaminants. The sensor was fabricated using a biocompatible monomer (2-acrylami-
doethyldihydrogen phosphate (AEDP)), a trapped ligand (L-histidine), a cross-linker (ethy-
lene glycol dimetharylate (EGDMA)) and an initiator (2,2-azoisobutyronitrile (AIBN)) that
were thermo-polymerized with template ions and embedded in a sol-gel matrix [47]. The
inter-metallic effect between Cd(Il) and Cu(Il) was reduced by cavities created after ion re-
moval because cavities allow strong and independent binding. Reducing the inter-metallic
effect also significantly reduced the non-linear relationship between the peak current and
ionic concentration. The recognition capability of the dual-ion-imprinted polymer was
assessed by differential pulse anodic stripping voltammetry (DPASV). The sensor exhibited
a limit of detection (LOD) of 0.053 and 0.035 ng/mL for Cd(Il) and Cu(II) ions, respectively.
The limit of detection for Cd(Il) of the sensor produced is lower than the safe drinking
water limit (3 ug/L) determined by the World Health Organization [48]. In addition, the
produced sensor exhibited a lower LOD in terms of detecting Cu than previously reported
Cu MIP sensors [49,50].

In another study by Prasad et al., screen-printed carbon electrodes (SPCE) were
modified with COCl-modified magnetic iron oxide nanoparticles (NPs) by drop casting
(Figure 2) [51]. Thermal polymerization with the functional monomer (but-2-enedioic acid
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bis-[(2-amino-ethyl)-amide]) was employed in the presence of template ions (cerium(IV)
and gadolinium(Ill)), cross-linker, initiator and multiwalled carbon nanotubes (MWC-
NTs). HCI solution was used to remove ions from the polymeric matrix to create cavities.
After simultaneous analysis of Ce(IV) and Gd(III) by DPASV, the LOD was obtained as
0.063 ng/mL for Ce(IV) and 0.182 ng/mL for Gd(III). The LOD for Ce(IV) is approximately
76 times lower than the one obtained by spectrophotometry [52]. The sensor was also tested
with increasing concentrations of one ion while the concentration of the other ion was kept
fixed in order to investigate the effect of one ion on the other one in terms of the redox
behavior, and for both ions, linear calibration plots were obtained. This was an indication
of the weak intermolecular effects between Cu(Il) and Zn(II) ions.
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Figure 2. Fabrication of an ion-imprinted polymer-based screen-printed gold electrode to detect
Ce(IV) and Gd (III). Reproduced with permission from [51].

Although copper and zinc are important elements for our body and immune system
and have a critical effect on homeostasis and oxidative stress, they can be toxic at high con-
centrations [53,54]. Inductively coupled plasma mass spectrometry (ICP-MS) is considered
the gold standard for trace element analysis since it has high specificity and sensitivity
(ng/mL), but it has some drawbacks as it requires costly equipment and laboratory set-up,
highly trained personnel and multiple high-purity gases [55]. Pencil graphite electrodes
(PGEs) were used by Kumar et al. for simultaneous detection of copper and zinc [56]. In this
study, important features of MWCNTs, such as high electroconductivity and good stability,
were utilized and MWCNTs were mixed with bis-(2-acryloylamino-ethyl)-phosphinic acid
(BAAP), Zn(II) and Cu(ll), EGDMA and AIBN, which were used as the monomer, templates,
cross-linker and initiator, respectively, to make the non-conducting MIP film conductive.
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After thermal polymerization, the template ions were removed by an ethylenediaminete-
traacetic acid (EDTA) solution. The DPASV was measured for different concentrations of
both ions and 0.0159 ug/L and 0.0275 ug/L were obtained as the LOD in aqueous sample
for Cu(Il) and Zn(II), respectively. In order to evaluate the selectivity of the sensor, Fe*3,
Ca?*, Mg?*, nitrate, urea, ascorbic acid, and dopamine were used as interfering substances.
It was observed that the produced sensor did not show any response to interfering sub-
stances. The proposed sensor for Cu(ll) and Zn(Il) detection may be an alternative to
ICP-MS because it has an easy production process and provides as low detection limits
as ICP-MS.

2.2. Detection of Biomarkers

The majority of biomarkers are biomacromolecules with large molecules with high
molecular weights (1-100 kDa), such as proteins, enzymes, and nucleic acids. While the
detection of biomacromolecules is very important in various aspects, their imprinting is
difficult due to their large dimensions, complex structures, insolubility in organic solvents,
slow mass transfer and structural flexibility in solution. These challenges can be overcome
by using different imprinting methods, such as surface and epitope imprinting, using
appropriate polymerization methods in which the MIP thickness can be controlled, such
as electropolymerization, considering the large dimensions of the biomacromolecule, and
using nanomaterials that reduce mass transfer resistance and have a large surface to volume
ratio in MIPs [57-59].

The detection of small molecules such as hydrocortisone and testosterone is also vital in
terms of early diagnosis, prognosis and treatment [60,61]. 8-hydroxy-20-deoxyguanosine (8-
OHJG) and 3-nitrotyrosine (3-NT) are critical biomarkers: 8-OHdG is a biomarker of DNA
damage and 3-NT is a biomarker of Alzheimer’s and Parkinson’s diseases. Nontawong
et al. fabricated a dual-imprinted paper-based electrochemical sensor to detect 3-NT
and 8-OhdG simultaneously [62]. Silica nanospheres modified with silver nanoparticles
were used as the imprinting surface to improve the sensitivity and selectivity of the sensor
because nanomaterials provide a larger surface/mass ratio and easily accessible recognition
cavities (Figure 3a). Modified nanospheres were coated with L-cysteine via the thiol
group and polymerized in the presence of 3-NT and guanosine (a dummy of 8-OHdG),
N-isopropylacrylamide (NIPAM), N,N-(1,2 dihydroxyethylene) bis-acrylamide (DHEBA)
and AIBN separately, followed by template removal with methanol/acetic acid solution
to produce 3-NT- and 8-OhdG-based MIPs. In the paper-based sensor fabrication step,
hydrophobic barrier layers were printed on filter paper to create three-dimensional circular
reservoirs (Figure 3b). Four electrodes (two electrodes as working electrodes for 3-NT and 8-
OHJG, reference and counter electrodes) were then fabricated and assembled on filter paper
for electrochemical detection. In order to fabricate working electrodes, graphene ink was
mixed with 3-NT- and 8-OHdG-based MIPs. The performance of the sensor was evaluated
by square wave voltammetry (SWV). For detection, 3-NT and 8-OHdG showed well-defined
oxidation peaks and the current responses increased with the increasing concentration
of both templates. The LODs were determined as 2.7 nM for 3-NT and 13.8 nM for
8-OHdG—lower than in previous studies [63-65]—with wide linear dynamic ranges.

An electrochemical sensor for the simultaneous detection of carbohydrate antigen
724 (CA72-4) and carbohydrate antigen 19-9 (CA19-9) gastric cancer tumor markers
was proposed by Luo et al. [66]. Detection of tumor markers was achieved via glycosyl
imprinting and lectin-specific binding as a two-step detection. In the first step, the MIP
was synthesized by electropolymerization of the characteristic glycopeptide STn and SLe®
found on the surface of CA72-4 and CA19-9, respectively, 2-aminophenylboronic acid
and aminophenylthiophenol-modified nanogold. After elution to create cavities and re-
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well-defined redox peaks; on the other hand, the SNA-Au-Cys probe gave a sensitive

oxidation peak but a weaker reduction peak. According to the CV and EIS results used

to assess the sensor performance, the produced sensor recognized both tumor markers
specifically in about 30 min, with 0.0041 U/mL and 0.0032 U/mL LODs for CA72-4 and
CA19-9, respectively. These LOD values make the sensor a powerful candidate for CA72-4

and CA19-9 detection when compared to performance of other electrochemical sensors for
the detection of both markers [67,68].
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Wang et al. produced an MIP-based electrochemical sensor to detect alpha-fetoprotein
(AFP) and carcinoembryonic antigen (CEA), which are tumor markers for liver and bowel
cancer in particular, respectively [69]. In this study, metallic labels were prepared by
removing iron from recombinant ferritin to form apoferritin (r-Apo) and adding Cd?
and Pb?* and mixing with a graphene-Au composite. Finally, it was incubated with
primary antibodies solution. Dual-template magnetic MIP (DT-MMIP) was prepared by
polymerization of AFP and CEA and dopamine on Fe3O4 nanoparticles and removal of
AFP and CEA by SDS solution. For electrochemical detection, DT-MMIP was incubated
with AFP and CEA and dispersed into metallic label solution. The SWV results showed
that the anodic peak currents of Cd** and Pb?* increased with increasing concentrations of
tumor markers. The LOD values were 0.3 and 0.35 pg/mL for AFP and CEA, respectively,
which are at least ten times lower than in the study where AFP and CEA were detected
simultaneously by an electrochemical assay [70].

Another study on the detection (one-by-one) of AFP and CEA by a dual-template
molecularly imprinted polymer (DT-MIP) was conducted by Taheri et al. [71]. The sensor
was established on a fluorine-doped tin oxide (FTO) electrode by electropolymerizing
methyl orange (MO), AFP, CEA and pyrrole (Py) and removing AFP and CEA with NaOH.
In the one-by-one detection method, DT-MIP was exposed to CEA until no more Rt
changes observed in the EIS. Thus, all the CEA-specific cavities were occupied by CEA and
afterward DT-MIP was incubated with AFP many times until it gave a linear regression
after EIS measurements. For the determination of CEA, DT-MIP was washed with NaOH
to remove both templates and exposed to AFP for occupation of the AFP-specific cavities.
Subsequently, CEA detection was carried out. The CV and EIS results confirmed that
polypyrrole (PPy) and MO increased the conductivity as after the polymerization of them,
the current increased in CV and the R decreased in EIS. After incubation with AFP and
CEA since the cavities were occupied by AFP and CEA, CV showed lower current as a
result of bare electron transfer and EIS displayed higher impedance as a consequence of
higher resistance of the double layer. DT-MIP had the detection limits of 1.6 pg/mL for
CEA and 3.3 pg/mL for AFP. These are satisfactory results in comparison to the LODs
obtained by electrochemical immunosensors [69,72,73].

Prostate-specific antigen (PSA) and myoglobin (Myo) are both proteins and biomark-
ers of prostate cancer. It is acknowledged that their high concentration in men’s blood
is an indicator of prostate cancer. Their detection is very important to diagnose the can-
cer at early stages. In accordance with this purpose, Karami et al. constructed an an-
tibody molecularly imprinted polymer-based immunosensor to detect prostate-specific
antigen and myoglobin markers [74]. Gold screen-printed electrodes (SPE) were modi-
fied with 3,3'-dithiodipropionicacid di(N-hydroxysuccinimide ester) (DSP) and PSA and
Myo were attached to the modified electrode surface via covalent bonds. Subsequently,
polymerization was carried out in the presence of acrylamide (AM) as a monomer, N,N-
methylenebisacrylamide (NNMBA) as a cross-linker, and PSA and Myo as the templates.
Oxalic acid (Oac) was selected as the elution solution to remove entrapped PSA and Myo
from the polymeric matrix as it can break peptide bonds (Figure 4). For nanocomposite
(NCP) synthesis, Fe304, MWCNTs, graphene oxide (GO) and PSA-specific antibody were
used. EIS measurements were run at two different stages for detection of PSA and Myo.
First, it was measured when the MIP was incubated with PSA and Myo. Second, it was
measured when NCP was incubated with MIP, which was already incubated with PSA and
Myo. This time, binding resulted from the interaction between PSA and the PSA-specific
antibody. The R difference between two EIS measurements was attributed to Myo binding.
After the EIS results, it was confirmed that the MIP-based sensor is highly sensitive, with
5.4 pg/mL and 0.83 ng/mL LODs for PSA and Myo, respectively, well below the required
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clinical range [75]. Moreover, NCP is a proper sensing interface for PSA detection with

high conductivity.
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Figure 4. Schematic illustration of the process of MIP and NCP synthesis, along with the detection of
PSA and Myo using EIS after incubating the sensor with PSA and Myo, and the NCP-PSA antibody,
respectively. Reproduced with permission from [74].

Epidermal growth factor receptor (EGFR) and vascular endothelial growth factor
(VEGEF) are valuable cancer biomarkers that can provide important information for early
cancer diagnosis. For simultaneous detection of these biomarkers, Johari-Ahar et al. devel-
oped a biosensor consisting of MIPs and antibody-conjugated nano-liposomes [76]. The
MIPs were prepared in the same way and using the same chemicals as the MIP in the
above article [74], except utilizing EGFR and VEGEF as templates in this study. Antibody-
conjugated nano-liposomes were designed by preparation of Cu(Il)- and Cd(II)-loaded
liposomes and conjugation of EGFR- and VEGF-specific antibodies with Cd(Il)- and Cu(Il)-
loaded liposomes, respectively. Before evaluating the performance of the sensor, it was
exposed to EGFR and VEGF and then incubated with antibody-conjugated nano-liposomes.
EIS measurements showed that the created cavities were specific for EGFR and VEGF as
the Rt increased with the incubation of the biomarkers and the use of antibody-conjugated
nano-liposomes amplified the electrochemical signal. The LODs were calculated to be
0.01 pg/mL for EGFR and 0.005 pg/mL for VEGEF. The high sensitivity, selectivity and
reproducibility of the proposed sensor make it a superior candidate among other electro-
chemical sensors produced for EGFR and VEGF detection [77-79].
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Pandey et al. introduced a nanocube-shaped dual imprinted polymer-based electro-
chemical sensor for the detection of hemoglobin (Hb) and glycated hemoglobin (HbA1c),
which are biomarkers of gestational diabetes mellitus [80]. In the sensor fabrication process,
3 amino-phenyl boronic acid (APBA), rhodamine b, HbAlc and Hb were electropolymer-
ized on the carbon-paste-coated aluminum foil. During electropolymerization, APBA and
rhodamine b were attached to each other via amide bonds; on the other hand, HbAlc
and Hb were bound to a boronic acid moiety via a cis-diol bond of glucose and attached
to a thodamine b moiety via H-bonding with the presence of amino acid groups of Hb.
HbA1c and Hb were extracted electrochemically. The sensor performance was analyzed
both individually and simultaneously by DPV. In both individual measurements, the DPV
responses increased linearly with an increase in the concentration of HbAlc and Hb. For
simultaneous determination of HbAlc and Hb, DPV showed a regression linear curve
for both biomarkers. Furthermore, well-defined separate peaks were obtained at their
respective potentials, as determined during individual DPV measurements. The sensor
demonstrated very low LODs (0.084 ng/mL for Hb and 0.095 ng/mL for HbAlc) as well as
being very flexible, with the electrochemical response remaining unchanged despite being
bent 450 times.

Immunoglobulins sometimes act as a biomarker and provide important information
about health. Detection of the antibodies produced in the first and later stages of diseases
is clinically important in terms of early diagnosis of the disease, determining its stage and
identifying the treatments that need to be applied. Liu et al. proposed a dual molecularly
imprinted polymer-based electrochemical sensor to detect IgG and IgM, where AuNPs,
GO and MWCNTs were utilized to enhance the electrochemical signals and increase the
stability of the signal probes [81]. Electropolymerization of Py was followed by template
removal with acetic acid and SDS solution. The produced sensor had very low LODs,
with 28.80 pg/mL for IgG and 0.58 pg/mL for IgM, and showed high selectivity toward a
mixture of other substances, such as BSA, HGB, L-Trp and D-Tyr.

Overviews of the imprinted MT-MIP-based electrochemical sensors developed for the
detection of ions and biomacromolecules are presented in Tables 1 and 2, respectively.

Table 1. Summary of ion-imprinted MT-MIP-based electrochemical sensors.

MIP

Elution  Electrochemical

Template Components  Solution Method Linear Range LOD Application Ref.
Human
AEDP, blood
gd((g)) L-histidine, EDTA DPASV g'ﬁjﬁ‘ggg Egﬁlﬂ 8'8;’ Egﬁﬁ serum [47]
" EGDMA, AIBN SRS TE R Cow’s milk
Lake water
But-2-enedioic
CelV) i (*;C_ﬁnino_ el Dpagy | 027-535ng/mL  0063ng/mL ol -
Gd(IIT) . 0.75-9.45ng/mL  0.182 ng/mL
ethyl)-amide], serum
EGDMA AIBN
BAAP,
Cu(Il) ’ 0.0159 pg/L
Zn(I) EGDMA, EDTA DPASV 0.098-23.80 ng/L 0.0275 pg/L - [56]

AIBN
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Table 2. Summary of biomacromolecule-imprinted MT-MIP-based electrochemical sensors.
MIP Elution  Electrochemical . -
Template Components Solution Method Linear Range LOD Application Ref.
8-OHdG NIPAM, DHEBA, Methanol/ SWV 0.05-500 pM 0.0138 uM Urine [62]
3-NT AIBN acetic acid 0.01-500 uM 0.0027 uM Serum
CA72-4 2-aminopheny-  Methanol/ 0.0041 U/mL
CA19-9 Iboronic acid acetic acid DPV 0.005-100.0 U/mL 0.0032 U/mL Serum [66]
AFP . 0.3 pg/mL Human
CEA Dopamine SDS SWv 0.001-5 ng/mL 035 pg/mL serum [69]
AFP 10-10* pg/mL 3.3 pg/mL Human
CEA Pyrrole NaOH EIS 5-10* pg/mL 1.6 pg/mL serum (711
PSA 0.01-100 ng/mL 5.4 pg/mL Serum
Myo ~ AM/NNMBA, - Oac EIS 1-20000ng/mL  083ng/mL  Urine L)
EGFR 0.05-50,000 pg/mL  0.01 pg/mL
VEGF AM, NNMBA Oac PSA 0.01-7000 pg/mL  0.005pg/mL  ocrum  [76]
Hb PBS 0.1-250 ng/mL  0.084 ng/mL
HbAlc APBA (overoxi- bRV 05235ng/mL  0.095ng/mL  Deod  [80]
dation)
IeG Acetic 0.05-500 ng/mL  0.0288 ng/mL
IgM Pyrrole acid/SDS brv 0.001-100 ng/mL  0.00058 ng/mL  oerwm  [81]

2.3. Detection of Amino Acids

Amino acids are the building blocks of proteins and the most important organic
molecules for organisms. They are found in two forms: levorotatory (L-) and dextrorotatory
(D-) amino acids. Their detection is critical for many fields, including medicine, agriculture,
and food, and also for tissue metabolism as they take part in many human body functions
and sometimes act as biomarkers of different diseases.

A one-by-one detection method was adopted by Prasad et al. to detect D- and L-
aspartic acid enantiomeric pairs by a dual-template molecularly imprinted polymer-based
electrochemical sensor [82]. The surface “grafting from” approach was followed for sensor
fabrication. After modification of a pencil graphite electrode (PGE) with AuNPs, free
radical polymerization was conducted in the presence of N-acryloyl pyrrolidine-2,5-dione
(NAPD, functional monomer), EGDMA (cross-linker), AIBN (initiator), D- and L-aspartic
acid (templates) and MWCNTs, followed by template removal with NaOH and phosphate
buffer. Although enantioselective analysis of D- and L-aspartic acid is challenging since
they have same oxidation potential, the produced sensor managed to distinguish between
them with 1.11 and 1.14 ng/mL LODs for D- and L-aspartic acid, respectively.

In another study to detect D-cysteine (D-Cys) and L-cysteine (L-Cys), Hou et al.
used a magnetic glassy carbon electrode (MGCE), which was drop-coated with molyb-
denum disulfide-ionic liquid (Mo0S,-IL) and electrodeposited with chitosan (CS) before
drop-coating with MIPs, including methacrylic acid (MAA), acrylic amide (AM), N-
isopropylacrylamide (NIPAM) as monomers, N,N methylenebis(acrylamide) (MBA) as
cross-linker, D- and L-cysteine as templates and Fe3O4 NPs as the framework material [83]
(Figure 5a). The templates were extracted with acetic acid and acetonitrile solution. Each
step in the sensor fabrication was observed by CV and EIS. Electrochemical detection was
carried out by DPV through a one-by-one detection method (vector method) as the oxida-
tion potential of both templates overlaps. The DPV results revealed that the sensor was able
to detect D- and L-cysteine by a one-by-one detection method, which allows the detection
of one target after the sensor is saturated with the other target (Figure 5b). The LODs of
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AlpA

L-Cys and D-Cys were 0.7402 pg/mL and 0.6136 pg/mL, respectively. In comparison to the
reported electrochemical chiral detection of L-Cys and D-Cys, the produced sensor showed
higher sensitivity, which can be attributed to the outstanding electrical conductivity and
large surface area of MoS;-IL [84,85].
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Figure 5. (a) Schematic illustration of the preparation of MIP/MoS,-IL/CS/MGCE and the set-up
for electrochemical enantioanalysis of D-Cys and L-Cys, and (b) the linear relationship between the
current response and the L-Cys concentration (i) and D-Cys concentration (ii) (insets: DPV responses
for L-Cys (i) and D-Cys (ii)). Reproduced with permission from [83].
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2.4. Detection of Pharmaceutical Compounds

Pharmaceuticals are drugs used to treat diseases, reduce symptoms, or stop the
progression of disease after its initial stages. While their use in low doses may cause the
treatment to be ineffective, their use in high doses may be toxic or cause adverse side
effects [86]. The effectiveness of pharmaceuticals depends on the dose used as well as
the impurities of the pharmaceuticals [87]. Pharmaceuticals should be impurity-free as
impurities may reduce the effectiveness of the drug. For all these reasons, the monitoring,
detection and quantification of pharmaceuticals are important for patient health. Different
analytical techniques, such as chromatographic, gravimetric and spectroscopic techniques,
can be used for these purposes, but the advantages of MIPs over these methods make it a
powerful technique and different pharmaceuticals have been detected by MIPs.

Chlorambucil (Chb) is used for cancer treatment and dacarbazine (Dac) is used for
malignant melanoma, Hodgkin’s lymphoma and soft tissue sarcoma. They both have
similar side effects, and to avoid these, their dosage should be adjusted carefully, and
this reveals the need for a sensor for their analysis and detection. By use of acryloylated
tetraamine cobalt phthalocyanine (aTACoPC) as a crosslinking monomer, a dual imprinted
polymer-based electrochemical sensor was fabricated on a reduced graphene oxide ceramic
electrode (rGOCE) by Fatma et al. to detect Chb and Dac [28]. During the DT-MIP synthesis
process, Chb, Dac, aTACoPC and AIBN were mixed to form a prepolymer mixture and
spin-coated on an rGOCE, followed by free radical polymerization. Finally, the rtGOCE
was dipped in acetonitrile-methanol solution to retrieve Chb and Dac. The DPASV results
showed that the sensor with a high imprinting factor could differentiate and detect both
templates simultaneously and successively. The sensor had good stability as no deviation
in current was observed over more than one month. Additionally, five electrodes produced
under similar conditions gave identical responses by the DPASV measurements, indicating
the reproducibility of the sensor.

Antipyrine (AnP) and ethionamide (ETH) are nonsteroidal anti-inflammatory drugs
used for clinical applications to reduce pain and as an antibiotic used for tuberculosis
treatment, respectively. Their overdose usage can result in multiple side effects. The sensor
developed by Singh et al. detected AnP and ETH sensitively [88]. Reduced graphene
oxide (RGO) was prepared and drop-coated on a glassy carbon electrode (GCE). A pre-
polymerization solution was prepared with 3-thiophene acetic acid (3-TAA), AnP and
ETH in phosphate-buffered saline (PBS) and electropolymerization was performed by
CV. Afterwards, the MIP-modified GCE was eluted with methanol-acetic acid solution
to remove AnP and ETH and create cavities complementary in size and shape to AnP
and ETH. The MIP-based GCE sensor was evaluated using K3[Fe(CN)¢] as a redox probe
by CV. Because 3-TAA has insulating properties, the current response decreased after
electropolymerization, but with the removal of AnP and ETH, the current increased as
cavities were created. The performance of the sensor in terms of the detection of AnP and
ETH individually was assessed by DPV. The LODs were found to be 0.117 uM for AnP and
0.15 uM for ETH. When compared to other sensors produced for AnP and ETH detection,
these low LODs can be attributed to the higher conductivity of RGO, which is used in
electrochemical sensors to increase the sensitivity of target detection [89,90].

Sulfadiazine (SDZ) and acetaminophen (AP) were detected simultaneously by an
electrochemical sensor as their excessive consumption is harmful. Sun et al. firstly modified
GCE with a highly conductive graphene oxide@covalent organic framework composite
(GO@COF) [91]. SDZ, AP, pyrrole and tetrabutyl ammonium perchlorate (TBAP) were
electropolymerized in acetonitrile. Subsequently, polypyrrole was overoxidized in NaOH
solution for template extraction. First, all the SDZ and AP were detected individually, with
oxidation peaks at 0.36 V and 0.86 V for AP and SDZ, respectively. Following this, the
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sensor was incubated with AP and SDZ at the same time for simultaneous detection and
two distinct oxidation peaks were observed at 0.36 V and 0.86 V. It was determined that the
current response increased with increasing AP and SDZ concentrations and this revealed a
strong linear relationship between the current and the analyte concentration. The sensor
also demonstrated good selectivity, accuracy, and stability for AP and SDZ detection with a
wide range of concentrations and low LODs.

2.5. Detection of Neurotransmitters

Neurotransmitters are endogenous chemicals called messengers of the body that am-
plify, transmit and convert signals in cells [92]. Neurotransmitters are of great importance
for human health and any imbalance in the level of neurotransmitters or the absence of
neurotransmitters leads to various neurological and mental diseases, such as Alzheimer’s
and Parkinson’s diseases [93]. Therefore, their detection and concentration determination
are very important for the treatment of diseases. Since different neurotransmitters have
very similar redox potentials for in vivo detection, it is difficult to detect them simultane-
ously by electrochemical methods [94]. Despite having similar redox potentials, this issue
can be tackled by using MIPs due to their target-specific cavities.

Dopamine (DA) and epinephrine (EP) were detected by a three-dimensional hybrid
network consisting of a molecularly imprinted polymer and MWCNTs [95]. In this study,
where poly(9-carbazoleacetic acid) was synthesized and used as a functional monomer for
the first time, for the simultaneous detection of DA and EP, although DA and EP have the
same molecular structure, EP was used as a pseudo-template for MIP preparation since DA
is a little smaller than EP and DA-imprinted MIP cavities do not let EP enter the cavities,
leading to low sensitivity. After modification of GCE with MWCNT 9-carbazoleacetic acid,
EP was electropolymerized on the electrode, followed by NaOH washing and ethanol for
EP extraction. The advantage of using 9-carbazoleacetic acid provided enough covalent
interactions with both templates and MWCNTs, which created a high specific surface area
and a high conductivity sensor, resulting in low LODs of 0.015 uM for DA and 0.023 pM
for EP, with high selectivity and sensitivity.

Another study on the detection of DA and EP was conducted by Fatma et al. [96].
Firstly, graphene oxide/carbon black composite (GO/CB) was prepared. Acryloylated-
GO/CB (aGO/CB) was then synthesized and used as a crosslinking monomer. After free
radical polymerization of the crosslinking monomer, DA, EP and AIBN (initiator) on SPCE,
triethylamine (TEA)-methanol solution removed DA and EP from the polymer matrix and
a one monomer dual imprinted polymer (OMNIiDIP) was created (Figure 6a). The effect
of each modification on the detection of DA and EP was assessed by DPASV. According
to the results, the GO/CB composite significantly improved the response of the sensor
when compared to CB and GO separately, but it was not enough to differentiate both
templates (Figure 6b). After employing the MIP, the GO/CB composite sensor managed
to differentiate DA and EP and detect them with LODs of 0.028 ng/mL for DA and
0.017 ng/mL for EP.
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Figure 6. (a) Schematic protocol for the synthesis of aGO/CB-OMNIiDIP, and (b) DPASV responses
for DA and EP on different electrodes; from bottom to top: bare SPCE, CB/SPCE, GO/SPCE,
GO/CB composite/SPCE, aCB-DIP/SPCE, aGO-DIP/SPCE, aGO/CB-DIP/SPCE and aGO/CB-
OMNIiDIP/SPCE. Reproduced with permission from [96].
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2.6. Detection of Environmental Pollutants

Environmental pollutants, including chemicals, heavy metals, pesticides, herbicides,
and plastics, are a threat to human health as they cause different pollutions and have
adverse effects on the climate. This reveals the importance of their detection and analysis,
both for global health and for the protection of the environment.

4-nitrophenol (4-NP) and hydroquinone (HQ) are both phenolic compounds that are
dangerous environmental contaminants and pose a significant health threat due to their
long-term aqueous stability. Thus, early detection prior to water contamination is crucial.
A surface-imprinted polymeric film was fabricated on GCE for the detection of 4-NP and
HQ by Singh et al. [97]. 4-amino thiophenol (4-ATP) and p-phenylenediamine (p-PD) with
aromatic rings were selected as functional monomers because of their interaction with
the template molecules via hydrophobic and 7— interactions. The functional monomers
and templates were electropolymerized in an HCl-supporting electrolyte. The templates
were extracted by immersing the electrodes in methanol /water solution. After individual
detection of 4-NP and p-PD, the LODs were determined as 0.14 uM and 0.37 uM for HQ
and 4-NP, respectively. For simultaneous detection, the DPV responses were recorded for
different 4-NP and HQ concentrations, and this showed two oxidation peaks at around
0.1V (HQ) and 0.9 V (4-NP) as they were obtained at individual detection measurements.
This showed that there was no interference with the templates. Additionally, lower LODs
were obtained for simultaneous detection, showing that the imprinted film managed to
distinguish both templates well.

In another study, platinum nanoparticle (PtNP)-decorated amino-mesoporous silica
nanoparticles (MSN-PtNPs) were used as supporting material for a dual-template molecu-
larly imprinted polymer coating for the detection of paraquat (PQ) and glyphosate (GLY),
both representatives of broad-spectrum herbicides that can damage aquatic organisms if
released into water systems and can cause serious health issues for humans if allowed
to accumulate in vivo. After polymerization of PQ and GLY with acrylic acid (AA) and
N-vinyl-2-pyrrolidone (VP) as monomers, DHEBA as a cross-linker, potassium peroxy-
disulfate (K;S,Og) as the initiator and removing the template by sonicating in water, the
sensor was fabricated on a graphite electrode by manual screen-printing and modified with
MIP-coated MSN-PtNPs, as shown in Figure 7. The simultaneous determination results
showed that the sensor gave a linear response toward increasing concentrations of PQ and
GLY; 3.1 nM and 4.0 nM were obtained as the LODs of PQ and GLY, respectively, with
linear calibration curves in the range of 0.025-500 uM for both analytes by DPV [98]. These
results meet the maximum contaminant levels of PQ (0.012 uM) and GLY (4.140 uM) in
drinking water [99,100].

Rao et al. utilized nitrogen-doped carbon nanosheet frameworks (Fe-NCNFs) dec-
orated with Fe to be coated with MIP for simultaneous detection of mebendazole (Meb)
and catechol (CC), which are environmental pollutants [101]. As Fe nanoparticles increase
electrocatalytical activity and carbon nanomaterials help nanoparticles to boost their elec-
troactivity, by taking advantage of these features, the Fe-NCNFs had larger specific surface
area and fast electron transport [102,103]. Fe-NCNFs were prepared via a chemical blowing
process and GCE was modified with Fe-NCNF. Meb was imprinted on the modified GCE
by electropolymerization in the presence of MAA and LiClOy, followed by the removal
of Meb with acetic acid /methanol solution. The sensor detected Meb and CC, with Meb
recognized through the high binding affinity of the MIP and specific cavities, and CC
detected through its adsorption and electrochemical oxidation by Fe-NCNFs. The sensor
has a low limit of detection of 0.06 uM for Meb and 0.004 uM for CC.
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Figure 7. Schematic representation of synthesis of the (a) MSN-PtNPs and (b) dual imprinted
MSN-PtNPs and (c) fabrication of the PQ and GLY dual-MIP sensor. Reproduced with permission
from [98].

2.7. Detection of Cells and Viruses

Outbreaks and infections caused by bacteria and viruses have been a major concern
for public health. Despite significant advancements in medical technology and treatments,
as well as important developments in the field, the COVID-19 pandemic has starkly high-
lighted the devastating consequences of diseases caused by pathogens, which can lead to
alarmingly high mortality rates. In terms of preventing diseases that bacteria and viruses
cause, their early detection is of critical importance. Although many single-template MIP-
based electrochemical sensors were fabricated for bacteria and virus detection [104-107],
only a couple of multi-template MIP-based electrochemical sensors have been produced
so far. Moakhar et al. developed a novel electrochemical sensor to detect two types of
biomarkers: viral proteins from influenza A HIN1 and SARS-CoV-2, as well as specific
antibodies (IgM and IgG) against SARS-CoV-2 [42]. This sensor was designed to ana-
lyze saliva samples for viral proteins and blood samples for antibodies, with the goal
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of facilitating the early detection and prevention of viral respiratory infections. In this
study, three 1 pm sized gold nano/micro-sized island (NMI) electrodes, which comprise
fluidic assays were electropolymerized with o-PD separately and built-in recognition sites,
were created after removal with NaOH for the detection of viral particles in saliva and
antibodies in blood (Figure 8c). The fluidic assay was used in an NFluidEX device, which
has a multiplexed microfluidic delivery system, automated custom-made potentiostat and
cartridge for sample collection (Figure 8d). NfluidEX was integrated with a smart phone
via Wi-Fi and Bluetooth controllers for signal analyses and display of the results. NfluidEX
showed a low limit of detection with high sensitivity and specificity and low cross-reactivity
with the help of employing an NMI/MIP assay and using a proper monomer and finding
high binding affinity regions between the monomer and the target proteins as a result of
molecular-docking studies. The quantitative feature of the NFluidEX was evaluated by
comparing it with real-time quantitative polymerase chain reaction (RT-qPCR), which is
the gold standard for viruses. Patients clinically diagnosed with SARS-CoV-2 were found
to be positive in both the saliva and blood tests using NFluidEX, and these results were
consistent with those obtained through PCR and ELISA tests. This developed device can
be used as a point-of-care device for early diagnosis to monitor and prevent the spread of
viral infections due to its excellent features as it has multi-MIP detection system, allowing
simultaneous detection of virus and antibodies within 11 min.
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Figure 8. Schematic representation of the NfluidEX. (a) Current gold standard detection methods
for diagnosis. (b) Steps of detection by NfluidEX. (c) On-chip assay for whole-virus detection in
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Reproduced with permission from [42].
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There are some challenges when imprinting whole bacteria and viruses because of
their large dimensions when compared to small molecules such as nucleic acids, amino
acids and proteins. For example, (i) a bulky, highly cross-linked polymer matrix may
slow down the diffusion of microorganisms to the cavities as microorganisms have large
dimensions; (ii) bacteria have many functional groups on their cell wall and this can
make cavities hard to create and cause the heterogeneity of the binding affinity; (iii) by
their nature, microorganisms can secrete various chemicals to adapt to the environment,
which may cause the selectivity of the sensor to decrease; and (iv) template removal can be
challenging [108,109]. These challenges can be overcome by employing different techniques
and methods. For example, instead of using whole-cell imprinting, the surface components
of microorganisms such as epitope and lipopolysaccaride can be imprinted, or in case of
whole-cell imprinting, suitable and facile methods should be chosen [109].

When developing an MIP-based sensor for microorganism detection, due to the
complex dimensions and size, the thickness of the polymer film is important and therefore
the electropolymerization method, where the thickness of the MIP film can be easily
controlled, is generally preferred. Moreover, electropolymerization is also advantageous as
microorganisms are doped directly into the polymer matrix, which creates cavities with
high affinity [110].

Since bacteria have many functional groups exposed on their surface, monomer selec-
tion is crucial for both the imprinting and the template removal processes. Dopamine [111],
APBA [112] and pyrrole [113,114] are commonly used monomers. Dopamine has many
functional groups, such as phenyl, amino, and hydroxyl groups, that can react with bac-
teria [115]. 3-aminophenylboronic acid (3-APBA) has a boronic acid group and it can
specifically interact with cis-diol, which presents on the bacterial surface [104]. Pyrrole has
excellent properties, including low nonspecific adsorption, good conductivity, superior
stability, efficient polymerization at mild conditions and an N-H interaction that ensures
high selectivity [116].

Although it is difficult to remove microorganisms from polymeric films, a variety of
different useful methods are available. Acidic solutions and surfactants [117], enzyme
treatment, overoxidation [118], multistep extraction procedures, including enzyme treat-
ment, the use of surfactant and overoxidation [105,112] have been used for the removal
of microorganisms.

Although the detection of microorganisms is more difficult than the detection of small
molecules due to the reasons mentioned above, multiplexed detection can be achieved by
using an appropriate monomer, eluent solution and imprinting method [109,119].

Escherichia coli (E. coli) O157:H7 and Staphylococcus aureus (S. aureus) are pathogenic bac-
teria, and they have caused many outbreaks that caused several illnesses [120-122]. Their
detection is of great importance to prevent outbreaks and protect public health. A dual-
bacteria-imprinted polymer (DBIP) sensor was reported by Xu et al. for E. coli O157:H7 and
S. aureus detection [123]. In the DBIP preparation process, o-PD was electropolymerized on
the GCE by CV in the presence of E. coli O157:H7 and S. aureus; subsequently, both bacteria
were eluted by soaking the modified GCE in cetyltrimethylammonium bromide/acetic acid
(CTAB/Hac) solution for 10 min. Quantitative detection of E. coli O157:H7 and S. aureus
was performed separately by incubating modified GCE with both bacteria individually
and measured using EIS. The LODs of the sensor were obtained as 9.4 CFU/mL for E. coli
0157:H7 and 9.5 CFU/mL for S. aureus. E. coli O6 and S. hemolyticus were used as inter-
ference bacteria to test the selectivity of the sensor and the highest EIS responses were
observed for E. coli O157:H7 + S. aureus and a mixture of interference bacteria + E. coli
O157:H7 + S. aureus, indicating that the sensor was not affected by closely related strains
(interference bacteria). As the sensor has a short fabrication time (20 min), high selectiv-
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ity and sensitivity, it can be a promising tool to monitor and detect multiple pathogenic
bacteria simultaneously.

An overview of the imprinted MT-MIP-based electrochemical sensors developed
for the detection of organic molecules and pathogens are presented in Tables 3 and 4,
respectively. Other MT-MIP-based sensors for a range of analytes, not discussed in this
review, are presented in Table 5.

Table 3. Summary of organic-molecule-imprinted MT-MIP-based electrochemical sensors.

MIP Elution Electrochemical .. ..
Template Components  Solution Method Linear Range LOD Application  Ref.
D-aspartic CSF
. NAPD, NaOH/
acid ' EGDMA, Phosphate DPASV 3.89-66.23 ng/mL 1.11 ng/mL Blood serum [82]
L-aspartic 3.99-66.12ng/mL  1.14ng/mL  Pharmaceuti-
. AIBN buffer
acid cal samples
MAA, AM N .
D-Cys "~ Aceticacid/ 0.6136 pg/mL  Fetal bovine
L-Cys NI\I;BAQ/L Acetonitrile brv 1-12pg/mlL 0.7402 pg/mL serum (831
Blood serum
Chb aTACoPC,  Acetonitrile/ DPASV 0.159-28.524 ng/mL 0.037 ng/mL  Urine Phar- [28]
Dac AIBN Methanol 0.069-35.278 ng/mL 0.016 ng/mL maceutical
samples
AnP Methanol/ 0.05-0.6 uM 0.117 uM Human blood
ETH 3-TAA Acetic acid brv 0.03-1.2 uM 0.15 uM serum [88]
NaOH
SDZ Pyrrole, - 0.5-200 uM 0.16 uM Pork
AP TBAP (O"tei‘(;‘;:;lda bPv 0.05-20 uM 0.032 uM Chicken [51]
DA 9-carbazol- NaOH/ 0.015 uM
EP eacetic acid Ethanol bprsv 0.04-70 uM 0.023 uM Rat plasma [95]
Blood serum
DA aGO/CB, TEA/ DPASV 0.12-4.578 ng/mL  0.028 ng/mL Urine [96]
EP AIBN Methanol 0.075-1.188 ng/mL 0.017 ng/mL  Pharmaceutical
samples
Water
4-NP Methanol/ 0.37 uM (distilled,
HO 4-ATP, p-PD Water DPV 0.8-200 uM 0.14 uM packaged, [97]
tap, river)
Water
AA, VP, - .
PQ DHEBA, Sgnlcatlon DPV 0.025-500 M 0.0031 uM (reservoir, 98]
GLY in water 0.004 uM pond,
KzSzOg
wastewater)
Meb MAA, Methanol/ DPV 0.01-1.5 uM 0.004 uM Water (tap, [101]
CC LiCIOy4 Acetic acid 0.5-25 uM 0.06 uM river)

CSEF: Cerebrospinal fluid.
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Table 4. Summary of cell- and microorganism-imprinted MT-MIP-based electrochemical sensors.

MIP Elution Electrochemical . ..
Template Components  Solution Method Linear Range LOD Application  Ref.
Viral 9.60 x 10°-3.84 x 2091.6 Saliva
particles i 10® particles/mL  particles/mL
I6G o-PD NaOH EIS 1012104 pg/uL 3.63 pg/uL P];ils(r)rclia [42]
IgM 10'-10* pg/uL 2.79 pg/uL
E. coli
i 9.4 CFU/mL ..
0157:H7 o-PD CTAB/HAc EIS - 9.5 CFU/mL Applejuice  [123]
S. aureus
Table 5. Additional MT-MIP-based sensors for the detection of different targets.
MIP Elution Electrochemical . ..
Template Components  Solution Method Linear Range LOD Application  Ref.
Blood serum
NE TEA/ 2.98-40.69 ng/mL  0.66 ng/mL Urine
UA TAT, AIBN Methanol DPASV 1.94-43.59 ng/mL  0.44ng/mL  Pharmaceutical [124]
samples
HQ . Ethanol/ 10-100 pM 3.1 uM .
cC Melamine Water DPV (for both) 3.5 UM River water [125]
CSF
AA TAT, ACN/ DPASV 8.28-77.92ng/mL 221 ng/mL Blood serum [29]
DA EGDMA TEA 0.10-5.24 ng/mL  0.22ng/mL  Pharmaceutical
samples
CA .. 0.01-1.0 uM 1.3 nM Green tea
TPH L-arginine NaOH bPV 0.1-100.0 pM 20.0 nM Urine [126]
UA 0.01 pM-100 uM 0.0032 uM Serum
Tyr AMT Ethanol DPV 0.1 tM—400 uM 0.046 UM Urine [127]
AA S 0.1-300 pM 0.03 uM Human
Tyr m-DB, o-AP  Nitric acid DPV 0.01-180 ;M 0.003 1M serum [128]
NaOH Urine
ISIA“?: o-PD (overoxida- Ccv 1 (Eé\fgi ;1;/[ (Ofsfl?;(ﬂll\g Raw pork [129]
tion) CLB tablets
MAA
OX ’ Methanol/ 0.01-200 uM 59 nM Urine
Dz EGDMA, Acetic acid brv 0.05-150 uM 21 nM Tablet [130]
AIBN
s Soil
GLY EGDMA, Acetonitrile/ 3.98-176.23 ng/mL  0.35 ng/mL
GLU TEA TEA DPASV. 054396 ng/mL  0.19ng/mL Human (301
serum
Adrenaline Dopamine, = Methanol/ 0.5 pM-10 utM 1 pM .
UA PBS Acetic acid OECTs 1 pM-1 mM (for both) Urine [131]
NaOH Human
(A:I\:/% o-PD, PBS (overoxida- SWV 510__110%%0 L;\IZI g) 55 Hll\\/l/[ serum [132]
tion) K K Rabbit
Pharmaceutical
RIF Methanol/ 0.08-85 uM (for 0.287 nM samples
INZ Pyrrole Water AdSDPV both) 0.371 nM Blood serum [133]

Urine
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Table 5. Cont.
MIP Elution Electrochemical . ..
Template Components  Solution Method Linear Range LOD Application  Ref.
Human
DA 0.05-8 uM/ serum
Chlorpro-  Nicotinamide %ett}i‘anoilé DPV 8-40 uM 02'28511\1\’2 Urine [41]
mazine ceticac 0.005-2 uM ' Pharmaceutical
sample
H,S04
DA . 2.0-180 uM 0.3 uM .
UA o-PD, PBS (0Vgr0x1da- DPV 5.0-160 1M 0.4 UM Bovine serum  [134]
tion)
DA PBS 0.6-200 uM 0.12-0.37 uM Human
Ade AM (OVfir;’r’l‘)lda' DPv 04-300uM  015-036uM  serum [135]
Human
NPX MAA, Acetic acid/ 5.0 nM-100 uM 1.0nM plasma
MTH EGDMA, Ethanol DPV 1.0 nM-130 uM 0.7 nM Urine [136]
oMz AIBN 5.0 nM-100 uM 1.5nM Tap water
Tablet

Traditional detection

methods

—)

NE: Norepinephrine, UA: Uric acid, TAT: 2,4,6-trisacrylamido-1,3,5-triazine, Ery: Erythromycin, Cla: Clar-
ithromycin, Azi: Azithromycin, mPD: m-phenylenediamine, AA: Ascorbic acid, CA: Catechin, TPH: Theophylline,
G: Guanine, X: Xanthine, Tyr: Tyrosine, AMT: 2-amino-5-mercapto-1, 3, 4-thiadiazole, m-DB: m-dihydroxy ben-
zene, 0-AP: o-aminophenol, CLB: Clenbuterol hydrochloride, RAC: Ractopamine, OX: Oxazepam, DZ: Diazepam,
GLU: Glufosinate, OECT: Organic electrochemical transistor, CFZ: Ceftazidime, AVI: Avibactam, RIF: Rifampicin,
INZ: Isoniazid, CPZ: Chlorpromazine, Ade: Adenine, NPX: Naproxen, MTH: Methocarbamol, OMZ: Omeprazole.

3. Integration of Microfluidics and Commercialization

The detection of biomarkers, substances and pathogens that can affect public health
and cause diseases is vital for early-stage detection and to make accurate diagnoses in
a short time, which facilitates the initiation of an effective treatment regime. Current
diagnostic tools have disadvantages, including the costs, requiring trained personnel,
and the slow time to diagnosis, and are generally devices that are difficult to transport,
preventing use in remote environments. Therefore, the need for effective point-of-care
(POC) diagnostic tools is greatly increasing. POC diagnostics is a new strategy for real-time,
rapid, accurate, and on-site detection at the patient’s point of need, as depicted in Figure 9.

Result (more
than 1 day)

Sample
testing
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' T
— @ —

==
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Figure 9. Schematic illustration of disease detection using traditional methods relying on centralized
laboratories and POC testing approaches.
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Microfluidic systems control and manipulate small amounts of liquids (typically
uL to nL or lower) using microscale-level channels [137]. They enable smaller samples
and reagents volumes, portability, precise reaction control, parallelization, high surface
to volume ratio and spatio-temporal resolution [138]. MIPs with many advantages can
be employed in the design of microfluidic systems for POC applications. Integration of
MIPs with microfluidic devices allows an increase in sensitivity and selectivity. MIP-based
microfluidic devices have been used for electrochemical detection of biomarkers [139,140],
amino acids [141,142], hormones [143] and drugs [144,145].

Multiplexed detection is performed by three approaches: spatial separation of detec-
tion sites, regional separation or the use of different labels and biorecognition elements [146].
Microfluidic devices are suitable platforms for multiplexed detection because of the char-
acteristic properties and design [147-149]. Microfluidics can have separate individual
chambers for each analyte; thus, each analyte can only interact with its biorecognition
element, reducing the possible cross-reactivity [150]. While complex and long processes are
required for the detection of a single component and are more complicated for multiplexed
detection, with microfluidic devices, the sample preparation, incubation and detection can
be automated, significantly reducing complications and requiring less time [137].

Considering the benefits of microfluidics in terms of multiplexed detection, the in-
tegration of MIPs with microfluidics can lead to significant developments in the field of
multiplexed detection by MIPs. Integrating MT-MIPs with microfluidic systems offers
great potential for real-time analysis of target molecules in complex samples. To achieve
this integration, the microfluidic device must be designed to accommodate MT-MIPs, often
incorporating channels that allow for the continuous flow of sample solutions through
a series of reaction zones. The MT-MIPs are typically loaded into the microfluidic chan-
nels by adsorbing them onto microbeads or directly onto the surfaces of the channels.
Magnetic nanoparticles are often integrated for easy manipulation and to help remove
excess template or interfere with non-specific binding [151,152]. Potential challenges for the
integration of MT-MIPs within the microfluidic system are linked to the matrix interference,
integration complexity and clogging of channels. To minimize the matrix effects, sample
pre-treatments such as filtration and dilution can help remove large substances. Utilizing
advances in droplet-based microfluidics can make it easier to control the particle size and
distribution to control the integration complexity. Using hydrophilic materials can reduce
the particle adhesion and optimizing the flow rate can prevent particle accumulation [152];
both methods can reduce the possibility of clogging.

The integration of MT-MIPs with microfluidic systems is also of great importance for
the commercialization of MIPs. Several commercial MIP products are produced by compa-
nies such as MIP diagnostics (NanoMIPs), Sigma Aldrich (SupelMIP), Aspira Biosystems,
Semorex, Affinisep and Biotage. Early commercialization of MIP products started for purifi-
cation and separation applications. Biotage, Sigma Aldrich and Affinisep offer solid-phase
extraction (SPE) cartridges for a broad range of applications, including healthcare, food
safety and environmental analysis. Semorex and Aspira Biosystems synthesize MIPs on a
large scale for detection purposes. Semorex produces MIPs for protein detection that can be
further used for therapeutics for cancer [153]. MIPs synthesized by epitope imprinting are
sold by Aspira Biosystems for microorganisms’ detection [154]. Sixth Wave, an MIP-based
nanotechnology company, has offered many successful MIP products for the extraction of
cannabinoids, which are in the process of commercializing now, and for the detection of
COVID-19 [155]. Sixth Wave has also produced MIPs for metal extraction and purification
for mining applications.

However, there are bottlenecks in the commercialization of MIPs, with the main
one being the production of high-affinity MIPs with a homogeneous size and shape on
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a large scale [153]. Failure to ensure homogeneity in terms of the size, shape and affinity
reduces the reproducibility of MIPs, which has an undesirable effect on the commercializa-
tion of MIPs, but recent improvements in polymer science, methodology and imprinting
technology [156-158] has paved the way to ameliorate bottlenecks in the way of commer-
cialization of MT-MIPs. MT-MIPs often require expensive raw materials and complex
synthesis methods, which can increase the production costs. To address this, researchers are
exploring the use of cheaper monomers and solvents, optimizing the synthesis process to
reduce waste, and improving the scalability of production. Additionally, integrating more
cost-effective production techniques, such as microfluidic systems, can reduce costs by
enabling precise and efficient polymerization processes and improve the stability and relia-
bility for sensor applications. Ensuring the stability of MT-MIPs in various environmental
conditions is crucial for their practical application, particularly in sensor technologies. One
challenge is the potential degradation of the polymer under harsh conditions (e.g., high
temperature or exposure to solvents). To improve the stability, researchers are focusing on
enhancing the chemical robustness of the polymers through the selection of appropriate
cross-linkers and functional monomers. Additionally, the development of composite mate-
rials, such as incorporating MT-MIPs with nanoparticles, can enhance both the mechanical
strength and the stability of the sensor. In complex matrices, such as biological or environ-
mental samples, the selectivity and sensitivity of MT-MIP sensors can be compromised
due to interference from non-target substances. To mitigate this, the design of MT-MIPs
with highly specific binding sites tailored for multiple targets is essential. Optimizing
the polymerization process to ensure the formation of high-fidelity binding sites can help
improve both selectivity and sensitivity. Moreover, integrating MT-MIPs with microfluidic
platforms allows for better control over the interaction between the sensor and the sample,
further enhancing the performance [10,25]. Furthermore, practically all the MIP products
are currently singleplex MIPs; the production of commercially viable MT-MIPs still has a
way to go.

4. Future Perspectives

Molecularly imprinted polymers utilized as artificial receptors have many advantages
over natural receptors, making MIPs good recognition elements for sensing applications.
The MIP production process is straightforward, and by taking the properties of the targets
into consideration, MIPs can be employed for multiplexed detection, which allows the
detection of more than one target simultaneously, with many benefits, including saving
time and reagents. Electrochemical methods have been preferred to be used in the detection
of multiple targets by MT-MIPs because of their significant properties, such as the high
sensitivity, simplicity, and fast response. A broad range of targets from amino acids to
viruses can be detected by MT-MIP-based electrochemical sensors with high sensitivity
and selectivity.

MIPs are preferred over natural receptors because of their high environmental dura-
bility, low cost, long shelf life and significant robustness. Despite these advantages, MIPs
have some drawbacks, such as the low binding efficiency, challenges in template removal,
difficulty in imprinting large molecules, leakage of template, slow rebinding kinetics,
cross-selectivity, and sometimes reduced sensitivity [159,160]. All these drawbacks can
potentially be addressed by employing appropriate strategies. For example, to overcome
the challenges associated with template removal and the imprinting of large molecules,
both epitope imprinting [13] and surface imprinting [161] can be utilized. The low binding
efficiency can be improved by using MIP nanoparticles, more flexible monomers, and
nanomaterials. MIP nanoparticles can enhance the target accessibility, while more flexible
polymers can adapt to slight conformational changes.



Chemosensors 2025, 13, 11

26 of 35

The recognition efficiency of MIPs can be further enhanced by employing surface
imprinting, nanoparticles, microfluidic systems, and hybrid recognition strategies that
incorporate highly specific aptamers with MIPs. Aptamers are nucleic acid sequences
(single-stranded DNA or RNA) that can be recognized and bound to their target molecule.
Aptamers offer great benefits, including being chemically stable, easily modified chemically
and easily synthesized, which can increase the sensitivity and selectivity. Because of the
unique properties of both aptamers and MIPs, they have been used as a hybrid recognition
element for the detection of many substances [162-165]. MIPs are more stable against
pH, temperature changes and organic solvents than aptamers and aptamers are more
selective than MIPs. By combining MIPs and aptamers, the selectivity and sensitivity can
be enhanced, and increased stability and high binding affinity can be obtained [159].

Template leakage is another common limitation of MIPs. To eliminate or alleviate this
issue, dummy templates, structural analogues of the target molecules, can be used [166].
After polymerization, UV or plasma treatments can be applied to degrade residual tem-
plates. Buried binding sites within the polymer may slow the diffusion of target molecules.
This limitation can be overcome by using surface imprinting and nanomaterials to create
accessible binding sites, thereby increasing the surface area and enhancing the binding
rates. Additionally, utilizing highly selective functional monomers that interact only with
unique functional groups of the template, along with hybrid MIPs, can help reduce the
effect of cross-reactivity.

In MT-MIPs, the analyte may sometimes contain multiple recognizable substances
simultaneously. For example, if two templates have the same oxidation potentials, it can
make the specific recognition of the templates challenging. In such cases, a “surface grafting”
approach can be used to distinguish and detect specific targets [82]. For non-electroactive
templates, introducing electroactive labels specific to each analyte can be another strategy
for distinguishing multiple recognizable substances. Each label can produce a distinct,
recognizable electrochemical signal.

So far, many MIPs and MT-MIPs have been produced for sensing applications tar-
geting various analytes, including both electroactive and non-electroactive targets. Elec-
troactive targets, such as inorganic ions, certain pharmaceuticals (including paracetamol
and epinephrine), and environmental pollutants (such as phenol), have been detected
using MIPs and MT-MIPs [167-169]. Non-electroactive targets, including proteins such
as prostate-specific antigen (PSA), lipids, and bacteria, have also been detected by MIPs
and MT-MIPs. For example, Tamboli et al. constructed a MOSFET device to detect PSA in
human plasma by using a hybrid synthetic receptor consisting of an MIP and a PSA-specific
aptamer [170]. In this study, the aptamer-coupled MIP was immobilized on a gold electrode,
and the response generated as a result of binding was converted into an electrical signal by
a field-effect transistor. The sensor performance was analyzed by exposing the sensor to
different PSA concentrations and measuring the resulting voltage changes corresponding
to those concentrations. In another study, Agar et al. developed an electrochemical sensor
utilizing aptamers and MIPs as recognition elements for the multiplexed detection of Es-
cherichia coli (E. coli) and Staphylococcus aureus (S. aureus) [171]. After preparing two different
sensors—one for E. coli and the other for S. aureus—both sensors were transferred onto
the same electrode array to conduct multiplexed detection of both bacteria. Non-Faradaic
electrochemical impedance spectroscopy (EIS) measurements were employed to evaluate
the sensor response.

The application of MT-MIPS and MIPs on complex matrices faces several challenges,
such as matrix interference, cross-reactivity and limited accessibility. In terms of the matrix
interference effect, non-target components in the sample matrix can occupy recognition
sites or interfere with detection signals, reducing the specificity and sensitivity. Co-existing
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molecules structurally similar to templates may bind to the recognition sites and cause
cross-reactivity. The complex nature of real samples can hinder target molecules from
accessing recognition sites effectively, inducing limited accessibility. To overcome these
challenges, several methods can be introduced. Designing MT-MIPS or MIPs with surface
binding sites can improve the accessibility for target molecules and reduce non-specific
binding. Sample pre-treatments such as filtration [172], centrifugation [173] or dilution
can eliminate unwanted matrix components. Using hybrid materials such as magnetic
nanoparticles or graphene oxide can enhance separation from complex samples and reduce
interference. In the study conducted by Nurrokhimah et al., Fe;0,4@SiO,-based magnetic
multi-template molecularly imprinted polymers (MT-MIPs) were developed for simulta-
neous detection of antibiotics (cephalexin, cefazolin, and cefoperazone) in milk [23]. The
synthesis involved a composite material to improve the extraction efficiency and reduce the
matrix interference. Pre-treatment processes, like centrifugation and filtration, were used
to reduce milk’s complex matrix interference, while washing steps optimized the removal
of non-specific binding.

Considering the advantages provided by the design of microfluidic systems, their
integration with MT-MIP-based electrochemical sensors for multiplexed detection is en-
couraging. Many companies that previously produced MIPs for purification and separation
applications can produce MIPs that can be used for multiplexed detection by eliminating
some of the problems that prevent MIPs from being produced on a large scale, and thus
MT-MIPs may become available as POC diagnostic tools in the near future.

MIPs are very promising artificial receptors that can replace natural recognition el-
ements. MT-MIP sensors provide the ability to measure different analytes on the same
sample. The MIPs’ capability of detecting a broad range of targets, incorporation with other
recognition elements, integration of microfluidics and easy preparation process allow them
to be used for multiplexed detection of different targets.
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