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Molecularly imprinted polymers (MIPs) are synthetic recognition materials obtained by the polymerisation of functional and
cross-linking monomers in the presence of a template. MIPs are attractive not only for their recognition properties that are
close to those of natural receptors and their availability for a wide range of targets but also for their superior chemical and
physical stability compared to biological receptors.
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| 1. Introduction

Molecularly imprinted polymers (MIPs) have seen a continuous development as sensing elements in bio-/chemo-sensors
since the late 1990s [LIZIRBIM4IEIS MIpPs are attractive not only for their recognition properties that are close to those of
natural receptors and their availability for a wide range of targets but also for their superior chemical and physical stability
compared to biological receptors. These advantages have led to the application of MIPs in fields as various as
immunoassays, separation, depollution, sensing, cell imaging, and therapy WEE, The imprinting process consists of
polymerising functional and cross-linking monomers in the presence of a template. The removal of the latter leaves
cavities complementary in shape, size, and chemical functionality, therefore allowing for the template to rebind specifically.

According to the International Union of Pure and Applied Chemistry (IUPAC), a chemical sensor is “a device that
transforms chemical information, ranging from the concentration of a specific sample component to total composition
analysis, into an analytically useful signal. The chemical information, mentioned above, may originate from a chemical
reaction of the analyte or from a physical property of the investigated system” 29, Therefore, a suitable sensor has to fulfil
specific criteria such as high sensitivity and selectivity, stability, low sample consumption, reliability, and reproducibility.
Overall, an ideal sensor should also be inexpensive, portable, foolproof, able to instantaneously respond to the analyte of
interest in any desired medium, and capable of generating a measurable signal in the required concentration range.
Unfortunately, current sensors are far from being “ideal”, and chemical sensors in particular are generally narrowly
optimised for a given application 1112

A chemical sensor consists of two main elements (see Scheme 1): a chemical recognition element, called the receptor,
and a physico-chemical transducer. The receptor transforms the binding event of the target into a form of energy that can
be measured by the transducer. For chemical sensors, this binding event involves chemical species and generation of a
signal upon a change of a physico-chemical parameter (e.g., the formation/breaking of a bond, exchange of electrons,
and mass change or refractive index modification). Subsequently, the transducer transforms the chemical information
received from the receptor into a useful analytical signal. The transduction process can be based on several physical
phenomena, such as optical or thermal changes, electrochemical reactions, and mass variations.
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Scheme 1. Scheme of a chemical sensor consisting of a recognition layer, an interface, a transducer, and a signal
detection element.

As a recent trend, the miniaturisation of sensors and their readout deserves a special attention due to the increasing
number of applications available for smartphones L3IL4IRSIIGIAT From a general point of view, receptor design is perhaps
the crucial step in the process of sensor development because it has to match the requirements of high selectivity and
sensitivity for a target with the particular characteristics of a given readout. Thus, the straightforward engineering, fine-
tuning, and easiness of integration into the standard industrial process of MIPs makes them ideal candidates for
recognition elements.

| 2. Electrochemical MIP Sensors

Electrochemical sensors are defined as devices wherein a sensing layer is coupled to an electrochemical transducer 18]
and represent one of the most successfully applied MIP-based sensors [L2[20[21122]23]  pepending on the electrical
phenomenon used to transduce the binding event, different families of electrochemical sensors can be distinguished:
potentiometric (sensing a change in the membrane potential), conductometric (conductance variation), impedimetric
(impedance fluctuation), and voltammetric or amperometric (overall current variation induced either by an electrochemical
reaction upon a voltage switch or a time-dependent evolution over a constant potential, respectively) 241,

In the early 1990s, Mosbach and coworkers reported on the first use of MIPs for the capacitive 22 or amperometric 19
detection of L-phenylalanine and morphine. Already in these early works, it became clear that the different transduction
methods dictated the requirements for the suitable interfacing of the MIP. A major drawback of the most commonly used
(meth)acrylate-based MIPs was their nonconductive nature; therefore, they were combined with electrically conductive
polymers that remarkably improved the transduction 29, Many valuable reviews have covered the wide range of
applications of electrochemical MIP sensors [241261127][28]

Electrochemical devices are classified depending on the specific reaction (amperometric, potentiometric and
conductometric sensors) or on the detection technique (impedimetric or field-effect sensors) 22, As a result, different
readouts are available: (i) a measurable current for amperometric sensors, (ii) a measurable potential or a charge
accumulation for potentiometric sensors, and (iii) a measurable alteration of the conductive properties for conductometric
sensors. Impedimetric sensors measure the impedance based on both resistance and reactance effects B9 whereas
field-effect devices quantify the current induced by a potentiometric effect at a gate electrode in a transistor 18!,

2.1. Potentiometric Sensors

Among the different chemical sensors, potentiometric sensors are the most popular due to their low cost and easy
handling. This type of sensor works in the near-zero current flow, measuring the difference in potential between a working
electrode (WE) and a reference electrode (RE), which generates an analytical signal. lon selective electrodes (ISEs),
which use a permselective membrane able to produce a potential in contact with solutions of a given analyte, are a
prominent example of this class of transducers. The most known examples are glass electrodes for pH measurements.
The membrane, which consists of a lipophilic-complexing agent that selectively binds the analyte of interest, is the key
component.



When moving to MIP-based systems, potentiometric sensors represent a well-established class. For these sensors, low
conductivity, hydrophobicity, and high selectivity are all requirements that (meth)acrylate-based MIPs fit perfectly. Two
different kinds of potentiometric sensors can be distinguished: faradaic coupled devices (with a conventional inner-
reference ISE; see Figure 1a) together with capacitive coupled devices (with solid inner contacts, coated wire ISE; see
Figure 1b), and ion-sensitive field-effect transistors (ISFETS).
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Figure 1. Typical setup for potentiometric measurements: with either an inner-reference ion-selective electrode (ISE) (a)
or coated wire ISE (b) and a reference electrode (RE). Reprinted with permission from [24],

The classical setup is a faradaic coupled device in which the permselective membrane separates two compartments with
solutions of different activity for a given ion (the sample and the internal electrolyte solution). Approaches similar to those
of conventional ISEs are used to incorporate MIPs into the membranes as selective ionophores by embedding imprinted
particles into an inert polymer matrix, typically polyvinylchloride (PVC). These have been referred to as “imprinted polymer
inclusion membranes” Bl Such membranes have been reported for the detection of dysprosium (lll) and other
lanthanides 22, as well as for the pesticide atrazine 23l and melamine in milk 2%, Their response greatly depends on how
the membrane is tailored, e.g., the presence of ionic additives and the type and amount of the added plasticizer and MIP.

In addition to faradaic potentiometric sensors, capacitive sensors are also well-established. In contrast to the former,
capacitive sensors do not use an inner solution, as the ion-selective membrane is directly in contact with a solid phase
and the sample. The solid contact consists of conductors, semi-conductors, or insulators. This type of sensor can be
further split into two subgroups, with either the membrane parallel to the coated wire electrodes or with a field-effect
transistor device. For the development of solid-contact potentiometric sensors, conductive polymers are a clear
advantage. A polymer coating is usually achieved by either the electropolymerization of MIPs (e.g., polypyrrole) or by the
drop-casting of pre-synthesized acrylic MIPs embedded in plasticized PVC matrixes (as described before) on noble
metals (such as Pt and Au) or carbon material (such as glassy carbon and graphite) for coated wire electrodes. The
capacitive readout is based on the ionic charge-transfer occurring on the membrane in the presence of an analyte. Such
coated electrodes have been used for sensing various compounds: nitrates 24, pesticides 22, antibiotics 8], and B-
blockers BZ. Table 1 summarises the type of MIP, analyte, limit of detection (LOD), and, when available, the response
time and stability of the sensors for representative examples. Another important way to obtain a selective electrode is by
mixing a MIP-based membrane with carbon paste (e.g., graphite powder) 8 or relying on self-assembled monolayers
(SAMs) B9 For the second subgroup, ion-sensitive field-effect transistors are the most common examples. In this case,
the ion-selective membrane is deposited onto the input dielectric of the field-effect transistor. Examples of target analytes
for these are chloroaromatic acids #%, nucleotides and various acids 2142 thiophenols 2, and NAD(P)+/NAD(P)H
cofactors 431 (see Table 1). The development of such potentiometric sensors led to the fabrication of a platform consisting
of the sensor and the readout circuit in one device called a microelectromechanical system (MEMS) 441 which is
particularly interesting for the miniaturization and, thus, for mass-production of commercial sensing devices. An emerging
field in the development of MIP-based potentiometric sensors is the replacement of expensive gold or glassy carbon
electrode substrates by commercially-available, low-cost chromatography paper ©2. A paper sensor selective for
bisphenol A showed a comparable analytical performance to a classical glassy carbon-based sensor. The detection limit
was 0.15 pM (see Table 1), with good selectivity over other phenols.

Table 1. MIP-based electrochemical sensors.



LOD

Response Time

Stability

Transducer Receptor Analyte (moliL) s) (Weeks) Ref
MIPs Nitrates 0.2 x 1076 24 - 24
Dy(Ill) 2x1076 10 - [22]
Atrazine 0.5x 107 120 R [33]
MIPs into membranes Melamine 5x 1076 16 - za
NAD(P)+/INAD(P)H  2x 1077 60 4 e
Thiophenols 2x107® 45 2 [42]
Potentiometric
Amoxicillin 0.3x10°® 20 R [36]
MIP-covered electrode
Metoprolol 1.3x 1077 14 R [37]
5x 107 300 - [0
Acids
5x107° 300 R [41]
MIP TiO2 thin films
AMP ! 1.5x10°5
GMP 1.5 x 1075 60 . [41]
CMP 8x1077
Phenylalanine 3x1072 900 - =0
MIP layer on Au electrode
Glucose 50 x 1076 - <1 [46]
MIP film Nicotine 0.5x 1076 600 12 (23
MIP film Theophylline 1x1078 600 . i
Impedimetric . -
P MIP on Au electrode Resorcinol 0.1x 1078 - 5 8]
MIP particles on Au Imidacloprid 4.61x 1078 - - (9]
electrode
Multiplex MIP Id AMP 2 50 x 1078
ultip! :ext don go NFA 3 20 x 10-6 . - (501
electrodes BMK 4 20 x 107
MIPs into membranes Atrazine 0.5 x 1076 1800 16 51
Conductometric
MIPs Haloacetic acids 3x107° 30 12 521
MIP NPs Morphine 0.3x1073 - - (531
MIP films Ephedrine 0.5 x 1073 - - 4]
MIP Paracetamol 7.9 x 1077 - - [55]
MIP Dopamine 1.98 x 107° 4 1 [56]
MIP Atrazine 1x 108 600 - E1
Voltametric MIP Creatinine 1.23x 1073 120 <1 (58]
Sol-gel film
Melamine 0.83 x 1079 - 4 [59]
MIP-based electrode
TATP 5 27 x 107 . . [22]
Min(DA) € fi TNT? 0.1x10° (601
P(DA) * films RDX 8 10 x 1070 - .
MIP-covered electrode Cholestanol 1x10712 - 7 1]

1 AMP: adenosine monophosphate; GMP: guanosine monophosphate; CMP: cytidine monophosphate; 2 AMP:
amphetamine; 3 NFA: N-formyl amphetamine; 4 BMK: benzyl methyl ketone; ® TATP: triacetone triperoxide;  MIp(DA):
molecularly imprinted polydopamine; 7 TNT. 2,4,6-trinitrotoluene; 8 RDX: Research Department eXplosive or 1,3,5-
trinitroperhydro-1,3,5-triazine.

2.2. Conductometric and Impedimetric Sensors



Conductometric and impedimetric sensors were also adapted to include MIPs as a recognition layer, which also ensures
the selectivity. Conductometric sensors are based on a time-dependent change in conductivity triggered by the binding
event and are less popular than potentiometric ones. In their design, two main setups can be distinguished. The first
approach was reported by Mosbach et al. 62, |n their work, a membrane selective for benzyltriphenylphosphonium ions
was pressing the bare polymer particles onto a polished surface connected to two Pt-wires and fixed on a filter paper. An
alternative approach was proposed by Piletsky et al. 21, where a MIP membrane was placed between two Pt-electrodes
in a conventional electrochemical cell with separated compartments. Since conductometric devices are in general poorly
selective, especially in buffers due to the high ionic strength, reference NIP (non-imprinted polymers)-based sensors are
always needed. This type of device can be upgraded by using interdigitated electrodes, which allow for a more reliable
comparison between MIPs and NIPs 52,

Impedimetric sensors are based on the measurement of an alternated current generated by the binding interaction
towards the selective membrane compared to the applied alternating current on the system. The measurement relies on
the change of the total electrical resistance and reactance to the flow of the applied current through the given medium.
Depending on the sensing principle, impedimetric sensors can be classified into two major subclasses: resistive and
capacitive sensors 83, Capacitive sensors are nowadays widely used, especially those that provide a near-ideal capacitor
behaviour, with a phase angle close to 90°. To fulfil this condition, the imprinted polymer layer has to be electrically
insulated and the binding event has to take place very close to the transducer. The insulation condition can be easily
achieved with (meth)acrylic MIPs. For the second condition, thin films are preferred because they provide better
performance than thick films. Indeed, thin films concentrate all the available binding sites close to the transducer and thus
improve the sensitivity. It has also been reported that electropolymerised thin layers (around 10-50 nm) do not usually
provide a convenient insulation because of the presence of local defects in the polymer matrix. Hence, special treatments
with “blocking agents” such as alkanethiols on gold transducers have been shown to conveniently enhance insulation,
thus improving sensor performance B9, A wide variety of molecules has been detected using impedimetric sensors:
phenylalanine B9, nicotine 23, glucose 8, theophylline 24, melamine B2, resorcinol “8, imidacloprid 49, and
amphetamine Y (see Table 1 for the characteristics of these sensors).

MIP interfacing with a transducer can be made either with SAMs 4 as previously mentioned, or by grafting
photopolymerization €2, The trend of miniaturization and mass production led to the development of interdigitated
capacitance sensors, e.g., for amino acids 8 and protein allergens €7,

2.3. Voltametric and Amperometric Sensors

The last type of electrochemical sensors that we describe is represented by voltammetric and amperometric sensors,
which are currently extensively used. The measured signal corresponds to the current flow as primary transduction
phenomenon, so these sensors are considered to be faradaic coupled devices. A potential is applied between the sensor
and a reference electrode in a three-electrode setup. The flow through the counter electrode and the sensor is
continuously measured to produce an analytical signal. Electroactive targets are required for both types of sensors. Non-
electroactive analytes can nevertheless be detected, but an electroactive probe such as ferro-ferricyanide is required in
that case. The detection requires the analyte to diffuse close enough to the transducer in order to undergo an electron
transfer. Since there is no physical contact between the analyte and the transducer, the electron transfer has to be
mediated by the sensing element, and conductive MIPs are particularly suited for such sensors.

The correct integration of MIPs into an electrode is crucial, and various strategies, such as embedding nanoparticles into
polymer matrices, deposition by sol-gel chemistry, and mixing with graphite as a paste to form electrodes, have been
explored. Electropolymerised films have been used to embed particles into electrodes. The direct grafting or
electropolymerisation onto an electrode also represents a convenient approach. To increase conductivity and obtain a
better signal, graphite powder B9 and nanoparticles B8IEA7A hayve been included in these sensors. Morphine 1253
ephedrine B4 paracetamol B3, dopamine B8I€8] homovanillic acid [, atrazine B4, creatinine 28], cholestanol 1,
triacetone triperoxide 22, 2,4 6-trinitrotoluene, and 1,3,5-trinitroperhydro-1,3,5-triazine explosives €% (see Table 1 for the

characteristics of these sensors) are representative analytes. The analytic results obtained for the detection of creatinine
using a MIP-based sensor showed comparable precision and accuracy with results obtained by HPLC 8. we should
note that voltammetry is the most selective electrochemical technique because it can specifically detect the analyte thanks
to its intrinsic properties such as specific oxidation and reduction peaks. Kroger et al. developed one of the first imprinted
polymer-based sensor using screen-printed electrodes and differential pulse voltammetry 72, Several types of
voltammetric sensors can be distinguished based on the shape of their applied potential function. The most commonly
used are linear sweep voltammetry and cyclic voltammetry sensors. The applied potential shape varies either linearly with

time (for linear sweep voltammetry and cyclic voltametry) or as constant increments on a linear ramp (for differential pulse



voltammetry) or as square wave function (for square wave voltammetry), respectively. These techniques generally

improve the signal-to-noise ratio and therefore the sensitivity.
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