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a b s t r a c t

Carrier-based polymeric membrane potentiometric sensors have been widely used for determination of
inorganic ions in clinical and environmental applications. In view of the need for a wider application scope
of these sensors, the list of targets needs to be increased. Molecularly imprinted polymer (MIP)-based
potentiometric sensors are ideal candidates for sensing of organic and biological species. The development
of such sensors may open attractive horizons for potentiometric sensing and further expand the field. The
past few decades have witnessed remarkable achievements in these sensors. This review summarizes
recent advances in the MIP synthesis, the detection modes of these sensors and their applications for
organic and biological species in environmental and biological analyses, and attempts to illustrate the
research directions. We hope that this review will shed new light on the understanding of MIP-based
potentiometric sensors and pave the way for the widespread applications of polymeric membrane
potentiometric sensors.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Currently, the ionophore-doped solvent polymeric membrane
ion-selective electrodes (ISEs) play an important role in various
fields including clinical diagnosis, environmental monitoring and
food analysis due to their excellent selectivity, easy preparation and
high reliability [1,2]. It has been estimated that each year over a
billion measurements with the ISEs are performed globally in
clinical laboratories alone [3]. The principle of these electrodes is
based on converting the activity of the target ion into a potential,
and then quantifying the ion activity according to the Nernst
equation. Ionophores are crucial to the sensitivity and selectivity of
the ISEs, which can form stable complexes with the target ions via
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the selective ion-ligand interaction [4,5]. Over the past decades, lots
of ionophores have been synthesized and even commercially
available. However, note that, these ionophores are mostly used for
determination of inorganic ions (e.g., electrolyte ions and heavy
metal ions). So far, the synthetic receptors for selective recognitions
of organic and biological species are still rather rare.

As highly suitable receptors for organic and biological species,
molecularly imprinted polymers (MIPs) have attracted consider-
able attention in chemical sensors because they possess similar
affinities and selectivities with the natural receptors such as anti-
bodies and enzymes [6,7]. Especially, MIPs are stable, less costly
and easier to produce compared to their biological counterparts [8].
Generally, these polymers are synthesized by copolymerization of
the functional monomers, the template molecules and the cross-
linking agents in the porogenic solvents through covalent or non-
covalent methods. The functional monomers carry the functional
groups for the template recognition and the crosslinking agents fix
the binding sites firmly in the desired structures. After template
removal by the solvents (e.g., methanol and acetic acid), the
recognition cavities complementary to the template molecules in
shape and size are formed, which can selectively rebind the target
molecules [9,10]. The non-imprinted polymers (NIPs) are usually
prepared under identical conditions except for omission of the
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template. However, the NIPs which also contain the functional
groups do not exhibit specific recognition ability towards the
templates. This can confirm that the selectivity of the polymer is
mainly determined by the MIP cavity.

During the past few decades,manyMIPs have been utilized as the
selective receptors to fabricate potentiometric sensors. The typical
fabrication processes for the MIP-based polymeric membrane
potentiometric sensors are shown in Fig. 1. Fig. 1a represents a
fabrication process for a conventional sensor based on the incorpo-
ration of the MIP receptor in the polymeric sensing membrane. Such
process usually involves two steps. The first is the synthesis of the
MIP receptor. Until now, several methods have been applied to
synthesize these receptors such as the bulk, precipitation or surface
imprinting technique. The resultant MIP receptors include MIP
microbeads, nanobeads, and amorphous particles [11]. The second is
the fabrication of a potentiometric sensor. In general, the MIP is
incorporated into the polymeric membrane to function as the con-
ventional ionophore of the ISE [12]. The obtained membrane elec-
trode is finally electrically contacted to a potentiometer with a
reference electrode for electromotive force (EMF)measurements. For
theMIP coated polymericmembrane potentiometric sensor (Fig.1b),
the preparation procedures are different from those of the conven-
tional one. The sensing membrane usually contains two layers: the
surface MIP recognition layer for the target and the potentiometric
transduction layer for the indicator ion. The former is fabricated on
the surface of the latter by the surface molecular imprinting tech-
nique [13]. Chronopotentiometry is applied to directly monitor the
blocking effect induced by the surface recognition. A three-electrode
cell comprising the MIP-based electrode as the working electrode,
the reference electrode and the auxiliary electrode is employed
for the chronopotentiometric measurements. For the electro-
polymerized MIP-based potentiometric sensor, a conductive poly-
mer layer is firstly formed or coated upon an electrode substrate in
the presence of the template by applying a fixed potential/current
(Fig. 1c) [14]. After electro-polymerization, the template is then
Fig. 1. Typical fabrication processes for the polymeric membrane potentiometric MIP senso
MIP (c).
removed by the classical solvent extraction or electrochemical
oxidation. Other potentiometric measurement steps are similar to
those of the conventional one.

The response mechanism of the fabricated ISE sensing mode is
based on classical potentiometry (Nernst equation-based potenti-
ometry) or non-classical potentiometry (i.e., dynamic potentiom-
etry). Nowadays, MIP-based potentiometric sensors have been
successfully used for potentiometric detection of organic ions,
neutral organic species and biological species related with clinical
and environmental applications [15,16]. These spectacular ad-
vances have facilitated new applications for which potentiometric
sensors have not been used conventionally.

This review summarizes recent progress in the development
and the applications of solvent polymeric membrane potentio-
metric sensors based on the MIP receptors, including the synthesis
methods of theMIPs, the transductionmechanism, the applications
and the new development trends of these sensors. We hope that
the issues discussed will shed new light on the understanding of
MIP-based potentiometric sensors and pave the way for the
widespread applications of the polymeric membrane ISEs, espe-
cially in organic and biological species related with clinical and
environmental aspects.

2. Syntheses of MIPs for potentiometric sensors

Compared to the MIP materials for chromatographic separation,
the MIPs for sensor fabrication are generally synthesized by more
delicate approaches. Usually, there are two main methods for syn-
thesis of the MIPs: the covalent and non-covalent imprinting
methods. Compared to the non-covalent interaction, the covalent
one is more stable and more stoichiometric, which can lead to a
higher selectivity and less non-specific binding sites. However, it also
suffers from the problem that guest binding and guest release are
slow since covalent imprinting involves the formation and break-
down of a covalent linkage. At present, non-covalent imprinting is
rs based on the MIP incorporation (a), the MIP coating (b) and the electropolymerized
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still the most popular and general synthesis strategy for preparing
the MIP receptors in potentiometric sensors due to the simplicity of
operation and the rapidity of template binding and removal although
its monomer-template adduct is labile and not strictly stoichio-
metric. Semi-covalent imprinting combines the durability of cova-
lent imprinting and the rapid target binding of non-covalent
imprinting. The semi-covalent approach shows strong template
binding and efficient rebinding. However, the application of this
approach is restricted by some limitations. For example, the covalent
bond formed between monomer and template should be strong
enough to withstand the polymerization conditions [17e19].

For the polymeric membrane ISEs, the incorporation of the MIP
receptors into the plasticized ISE membrane usually requires
consideration of their existing forms (soluble or dispersed) in the
polymeric membrane matrix, which is vital for the selectivity and the
sensitivity of potentiometric sensors. Note that, since the MIPs re-
ceptors are usually rigid and highly cross-linked polymers, most of
them cannot be easily dissolved but rather be dispersed in the plas-
ticizedmembranes. There is only one dissolvedMIP receptor which is
synthesized by the swelling of the traditional MIP at a high temper-
ature [20]. In this work, it has been found that the detection sensi-
tivity of the insoluble MIP electrode is much lower than that of the
electrode based on the solubleMIP (e.g., for bisphenol AF,1.32mV/mM
vs 4.93 mV/mM). Also, the sensor based on the soluble MIP exhibits a
more excellent selectivity as compared to that using the traditional
insoluble MIP. These remarkable improvements in sensitivity and
selectivity could be attributed to the fact that the soluble MIP beads
can be well dissolved in the polymeric sensing membrane, thus
inducing more available binding sites in the membrane. Up to now,
several methods have been proposed to prepare the MIP receptors of
the ISEs, such as bulk polymerization, precipitation polymerization,
surface imprinting and electro-polymerization.

2.1. Bulk polymerization

Bulk polymerization is a popular and commonly usedmethod to
prepare the MIP receptors due to its rapidity and ease of operation
[19,21]. The typical synthesis procedure for bulk polymerization is
Fig. 2. Typical synthesis process of th
illustrated in Fig. 2. In general, except for the classical MIP synthesis
procedures including pre-polymerization of the functional mono-
mer and the template, polymerization and template removal, the
obtained block polymers are usually broken to pieces, ground and
sieved after polymerization.

A melamine MIP was synthesized by the bulk polymerization
method. It was based on melamine as the template, methacrylic
acid as the functional monomer and ethylene glycol dimetha-
crylate as the cross-linking agent, respectively [12]. The obtained
MIP was then incorporated into the ISE membrane matrix to
construct a polymeric membrane potentiometric sensor for
detection of melamine. The membrane electrode showed a near-
Nernstian response (54 mV/decade) to the protonated melamine
over the concentration range of 5.0 � 10�6 to 1.0 � 10�2 mol/L. In
addition, the electrode showed an excellent selectivity over other
inorganic cations such as Naþ and Kþ. However, the selectivity
over the organic cations with the structures similar to that of
melamine was not investigated. Sales et al. [22] used aniline as
the functional monomer and acetylcholine as the template
to prepare the MIP receptor through bulk polymerization. A
resultant potentiometric sensor with a detection limit of
3.45 � 10�5 mol/L was obtained. A poor selectivity over some
potential interfering species (e.g., creatine and cysteine) was
observed for the ISE based on the MIP synthesized by bulk
polymerization. Moxifloxacin-imprinted polymers synthesized
via bulk polymerization were introduced by Wagdy et al. and
were applied as the recognition receptor of a potentiometric
sensor. The detection limit for moxifloxacin was 1.7 � 10�6 mol/L
[23]. The moxifloxacin MIP-based potentiometric sensor also
exhibited a poor selectivity over other interferents such as
glycine and phenylalanine. It should be noted that, for bulk
polymerization, the grinding procedure can result in polymer
particles of irregular size and shape, which may have a negative
influence on recognition efficiency (e.g., inefficient heteroge-
neous interactions and low-affinity target binding) and further
lead to poor sensing performance of potentiometric sensors in
terms of selectivity and sensitivity [24]. This poses serious limits
to the wide use of this synthesis method.
e MIPs via bulk polymerization.
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2.2. Precipitation polymerization

In order to overcome the drawbacks of bulk polymerization,
precipitation polymerization which is a most promising approach to
produce high-quality, uniform and spherical imprinted polymers has
been proposed. The synthesis process for precipitation polymeriza-
tion is shown in Fig. 3. Compared to bulk polymerization, a larger
amount of the organic porogen solvents is involved in precipitation
polymerization [25]. The polymer chain precipitates out of the sol-
vent in the growing process to form the uniformed microspheres
[19].

Very recently, a MIP-based potentiometric sensor based on
covalent recognition was developed by Qin et al. [26]. The
boronate-affinity MIP was used as the selective receptor, which
could covalently bind with a cis-diol containing compound. By
using catechol as a model, the proposed sensor exhibited a more
excellent reversibility than the conventional MIP sensor based on
non-covalent interaction.

Qin et al. also demonstrated that the membrane ISE containing
the uniform MIP beads prepared by precipitation polymerization
shows a much shorter response time (ca. 2 min) than that with
irregular particles synthesized by bulk polymerization (ca. 6 min)
[24]. Moreover, much lower levels of noise were observed for the
potential response with uniform polymer beads. These observa-
tions might be attributed to the fact that the uniform beads can be
well dispersed in the polymeric ISE membrane, thus causing more
available binding sites in the membrane and lower membrane
impedance as compared to the membrane prepared with irregular
particles. In addition, the bisphenol S-imprinted polymer [27] and
the 2-naphthoic acid-imprinted polymer [28] prepared via pre-
cipitation polymerization further prove that the uniform-sized MIP
nanobeads have better dispersion ability in the PVC membrane
than the uniform MIP microbeads and potentiometric sensor
exhibits a better response performance. For 2-naphthoic acid
detection, the MIP nanobead-based sensor exhibited a Nernstian
response over the concentration range of 1.0 � 10�5 to
3.0 � 10�4 mol/L, while the electrode with the MIP microbeads
deviated obviously from the Nernstian response at the same con-
centration range.
Fig. 3. Typical synthesis procedures of the
It has been well established that the highly cross-linked MIP
receptors can only be dispersed in the polymeric membranes [29].
In order to overcome this, Qin and coworkers proposed a soluble
MIP receptor which can be well dissolved in the polymeric sensing
membrane [20]. The preparation process of the soluble MIP was
based on the swelling of the conventional MIP synthesized by
precipitation polymerization at a high temperature in the presence
of a swelling solvent. Experiments showed that potentiometric
sensor based on the soluble MIPs exhibited a much higher sensi-
tivity compared to that based on the conventional MIPs.

2.3. Surface imprinting

Nowadays, imprinting of macromolecules such as proteins,
cells and virus still remains a challenge since the traditional MIPs
are highly cross-linked, making it difficult for macromolecules to
reach the binding sites buried in the interior of the MIPs. The
surface imprinting technique offers a unique protocol for macro-
molecules imprinting compared to the traditional imprinting
method. It exhibits excellent features such as high selectivity,
accessible binding sites, and fast association/dissociation kinetics
since the template-imprinting sites situate at the surface or in the
proximity of polymer's surface [19]. Surface imprinted polymers
created by self-assembly typically follow the strategy shown in
Fig. 4. In the similar way with classical molecular imprinting, the
templates (e.g., lipopolysaccharides, nucleotides, proteins, virus,
bacteria, cells) are mixed with the monomers (e.g., acrylamide,
methacrylic acid, silane, dopamine), the cross-linkers and the
initiators on the surface of the substrate (e.g, the PVC membrane)
[30e33]. During polymerization, the template interacts with the
monomers through covalent or non-covalent interactions. After
template removal, the surface imprinted polymer is formed and
the specific surface recognition sites are generated that are
accessible for the templates.

Qin et al. proposed a simple and facile approach to fabricate the
surface imprinted layer on the surface of the ISE sensing membrane
by using the polydopamine coating [13]. The sensing membranewas
composed of two layers: the surface recognition layer for the bio-
species (the polydopamine layer) and the potentiometric
MIPs via precipitation polymerization.



Fig. 4. Synthesis process for surface imprinting. The template is mixed with the
polymerization mixture containing the monomers, the cross-linkers, and the initiators
on the surface of the supported substrate. During polymerization, the template in-
teracts with the monomer through covalent or non-covalent interactions. After tem-
plate removal, the binding sites are situated at the surface or in the proximity of the
polymer's surface.
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transduction layer for the indicator ion (the plasticized PVC ion-
selective membrane). Such polydopamine layer not only serves as
a surface imprinted layer for bioanalyte recognition but alsoworks as
an ion transport blockage for indicator ion transfer. Additionally,
such coating has plenty of non-covalent functional group such as
amino group and hydroxy group as well as p-p bonds. These groups
exactlymatch the characteristics of theMIPs for efficient recognition.
In addition, such a coating layer can be deposited on any substrate
surface by simple immersion of the substrate in a dopamine solution
at a weakly alkaline pH. This mild polymerization condition can
effectively avoid the irreversible biospecies inactivation in the
imprinting process.

Barrio and coworkers [34] synthesized histamine MIP nano-
particles by using the solid-phase imprintingmethod. In this method,
the template was covalently immobilized on the surface of a solid
support (e.g., glass beads). Polymerization was initiated under con-
ditions that promote the formation of polymer nanoparticles rather
thanmacrogels or monoliths. The advantage of this method is that all
binding sites have the same orientation and are located at the surface
of the particle, which can improve the homogeneity and the acces-
sibility of the binding sites [35,36]. They compared the performance
of the MIP-based potentiometric sensor obtained by solid-phase
imprinting and bulk polymerization. It has been found that the
MIP-based membrane exhibited a linear Nernstian response over the
concentration range of 10�6 to 10�2 mol/L with a detection limit of
1.12 � 10�6 mol/L. However, their attempts to compare two kinds of
ISEs based on the histamine MIPs (one with the proposed MIP
nanoparticles as the receptors and the other with the MIP micro-
particles prepared by bulk polymerization) were unsuccessful
because the response of themicroparticle-based electrodewas rather
irreproducible. Piletska et al. [37] also applied a similar method to
prepare MIP nanoparticles which are used as the receptors to fabri-
cate potentiometric sensor for cocaine detection. The detection limit
of fabricated potentiometric sensor was 6.0 � 10�10 mol/L.

In addition to conventional free radical polymerization, surface
imprinting can also be achieved via living/controlled radical
polymerization. Such polymerization method firstly immobilizes
an initiator on the surface of the substrate, and then a polymer film
is grown on by photonic or thermal initiation [38]. In recent years,
the reversible addition-fragmentation chain transfer (RAFT) tech-
nique has become wide acceptance in living/controlled radical
polymerization owing to their attractive features such as wide
application range of monomers, simple operation and without the
need of organometallic catalysts [39]. This technique allows for the
control over the MIPs construction, including structure, chemical
composition and thickness of the MIP layer. Thus, distribution ho-
mogeneity of the binding sites, the template recognition ability and
the diffusion rate of template molecules across the polymer
membrane can be improved. Barrio's group described a novel thiol-
compound as a trigger-transfer-terminator which was immobilized
on the surface of the gold microelectrode to control the growth of
the MIP. The proposed MIP could be used for selective recognition
of 4-ethylphenol [40]. The developed microsensor based on the
MIP was linear in the concentration range of 1.0 � 10�6 to
1.0 � 10�3 mol/L.

2.4. Electro-polymerization

Electro-polymerization is also an efficient method for prepar-
ing the MIP receptors. In the preparation of the MIP film, the
electroactive monomers and the templates are self-assembled on
the surface of the electrode substrate through covalent or non-
covalent interactions [41]. When the electroactive monomers
are polymerized on the electrode surface by the applied current or
potential, the template molecules are embedded in the polymer
film, thereby introducing selective recognition sites into the
polymer film. Compared to other polymerization methods,
electro-polymerization exhibits some specific merits. A polymer
film with a desired thickness can be obtained by controlling the
number of the applied electro-polymerization cycles. In addition,
such polymerization method provides a simple and rapid tech-
nique to fabricate an adherent film which cannot easily peel off
from the electrode substrate. Hutchins and Bachas reported a
NO3

�-imprinted ISE prepared by electropolymerizing pyrrole onto
a glassy carbon electrode in the presence of NaNO3 [42]. A film
was produced with pores that were complementary to the size of
the targeted analyte ion. Both the pore size and the charge dis-
tribution within the polymerized film formed a recognition cavity
for NO3

�, which provided a selectivity superior to those of the
conventional NO3

�-selective electrodes. The selectivity coefficients
of the polypyrrole-based NO3

�-selective electrodes for NO3
� over

Cl�, ClO4
�, SCN� and I� were 5.7 � 10�2, 5.7 � 10�2, 3.6 � 10�1 and

5.1 � 10�2, respectively. In order to obtain a higher degree of
crosslinking that is expected to improve the selectivity, Murray
et al. used N-methyl pyrrole as the monomer to synthesize the
NO3

�-imprinted polymer via electro-polymerization [43]. The ob-
tained ISE based on the NO3

�-imprinted polymer exhibited a linear
potential response between the concentration range of 5.0 � 10�6

to 1.0 � 10�1 mol/L with a near-Nernstian response slope
of �56.3 mV/decade. Tonelli et al. introduced an ascorbate
potentiometric sensor fabricated by using a glassy carbon elec-
trode modified with a film of polypyrrole electropolymerized in
the presence of ascorbate [44]. The sensor was successfully used
for determination of vitamin C in commercial beverages and
pharmaceutical samples with recoveries of ca.100%.

Note that, in these previous works, the conductive polypyrrole
polymer was used as the MIP matrix since the non-conductive
polymer polypyrrole is unsuitable for the fabrication of the
sensing membrane of the ISE because of its high impedance. In
addition, it has been reported that, during overoxidation, poly-
pyrrole loses its electroactivity due to ejection of dopant, and
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oxygen containing groups such as carbonyl and carboxylate will be
introduced to the pyrrole unit. The high electron density of the
carbonyl group may act as a barrier to hinder the diffusion of the
anions in the film. Overoxidation in the pyrrole ring can lead to
effective rejection of the anionic species and preferential collection
of the cationic species. Hence, the conductive polypyrrole polymer
is usually employed to fabricate the ISE membrane [14,41,44].

3. Detection modes of the MIP-based potentiometric sensors

3.1. Classical potentiometry

Classical potentiometry is typically referred to the Nernst
equation-based potentiometric methods, in which the potential is
as a function of the activity of the analyte in the sample solution
[45e48]. When anMIP is used as a receptor, it is expected that such
receptor can function as the same as the classical ionophore. The
MIP can act as a new type of ionophore to enhance the selectivity of
the ISEs by specific binding of the ion of interest via host-guest
interactions (e.g., hydrogen-bonding, electrostatic and apolar in-
teractions). The phase boundary potential is generated by the
extraction effect of the MIPs in the polymeric membrane with the
ions from the solution phase into the membrane phase [45,47].
Fig. 5 shows a schematic view of the equilibrium between the
sample and the ISE membrane containing a MIP receptor for clas-
sical potentiometry. In this classical potentiometric mode, the
electrode should be conditioned by the primary ions (e.g., organic
ions) before measurements. The organic ion transfers from the
aqueous phase into the hydrophobic membrane phase and forms
the stable complex with theMIP in the hydrophobic ISE membrane.
After each measurement, the reuse can be simply achieved by
washing the electrode with deionized water after each measure-
ment. Up to now, based on classical potentiometry, various organic
ions (e.g., melamine, ciprofloxacin, oxytetracycline and dinote-
furan) have been potentiometrically determined.

3.2. Dynamic potentiometry

3.2.1. Zero-current potentiometry
For a traditional ion selective electrode, the ISE membrane is

usually conditioned with the primary ion and the potential mea-
surements are carried out under classical equilibrium conditions
for the Nernstian response. In recent years, a number of new non-
classical potentiometric concepts based on non-equilibrium
Fig. 5. A schematic view of the equilibrium between sample and ISE membrane
containing a MIP receptor for classical potentiometry. In this classical mode, the ISE
membrane is usually conditioned with the primary ion and the potential measure-
ments are carried out under classical equilibrium conditions for the Nernstian
response.
mechanism have been proposed [49e51]. Unlike the traditional
ones, before measurements, these electrodes are conditioned with
the highly discriminated ions rather than the primary ions. The ISE
responses to the primary ions in the aqueous solution are based on
the non-equilibrium ion-exchange process between the discrimi-
nated ions in the membrane phase and the primary ions in the
aqueous phase. Such non-equilibrium ion-exchange process results
in a kinetic potential response [52,53]. The earliest example is the
chloride-conditioned anion-exchanger-based membrane ISEs for
determination of lipophilic anions such as perchlorate and peri-
odate [54]. Such a super-Nernstian non-equilibrium mechanism
was later successfully applied to sensitive detection of polyions
such as heparin and protamine, for which a steady-state potential
response was obtained when the flux of polyion from the sample
solution equaled that in the ISE membrane [55].

Interestingly, the non-equilibrium steady-state sensing mode is
also applicable for MIP-based potentiometric sensors. Similarly, the
MIP-based electrode is conditioned in a solution of the interfering
ions so that the ionic sites of the membrane are completely occu-
pied by the interfering ions. When the membrane electrode con-
tacts with the primary ions, the interfering ions in the membrane
surface can be displaced by the primary ions due to the favorable
host-guest interaction with the MIP in the membrane [28], thus
resulting in a non-equilibrium steady-state potential response.

In order to further improve the detection sensitivity, an asym-
metric polymeric membrane ISE configuration has been constructed
[56]. In this method, the lipophilic ion-exchanger is evenly spread
onto the surface of the polymeric membrane rather than being
incorporated into the bulk of the membrane matrix as for the con-
ventional ISEs. Therefore, the diffusion of the primary ions from the
surface of the sensingmembrane to the bulk of themembrane can be
prevented. Since the detection sensitivity depends on the accumu-
lation of the primary ions in the interfacial layer of the sensing
membrane, a lower detection limit can be obtained [56]. By using the
rotating electrode configuration, the diffusion layer thickness of the
solution phase is effectively reduced, and the mass transfer of the
primary ions to the sample-membrane interface is significantly
increased [57], thus promoting the accumulation of the primary ions.
By using the triclosan imprinted nanoparticles as the receptor pre-
pared by precipitation polymerization [58], the proposed protocol
was used to sensitively detect the triclosan ions (Fig. 6). The proposed
electrode showed an excellent selectivity to triclosan over its analogs
such as 4-phenoxyphenol, 4-methoxyphenol and catechol and some
inorganic anions (e.g., HCO3

� and CO3
2�). The logarithmic Nikolskii

coefficients for triclosan over 4-phenoxyphenol-, 4-methoxyphenol-,
Fig. 6. Illustration of the MIP-based asymmetric ISE membrane. The asymmetric MIP
membrane is formed by spreading the ion-exchanger solution onto the surface of the
sensing membrane. The resultant membrane is conditioned in a solution of the
interfering ions. When the electrode is in contact with the primary ions, the interfering
ions in the membrane surface can be partially displaced by the primary ions due to the
favorable host-guest interactions with the MIP receptor, thus causing a steady-state
potential response. Since the primary ions can accumulate in the interfacial layer of
the membrane rather than diffuse further into the membrane bulk, a lower detection
limit can be achieved [58].



J. Wang et al. / Trends in Analytical Chemistry 130 (2020) 115980 7
catechol� and HCO3
� were �2.2, �4.3, �3.9 and �9.7, respectively.

The ISE based on the MIP showed remarkably improved sensitivity
for triclosan detection with a detection limit of 1.9 � 10�9 mol/L. In
addition, after each measurement, the ISE membrane became
reuseable after regeneration by using a mixture of organic solvent
and water.

3.2.2. Chronopotentiometry
Recent research has demonstrated that the applicability of the

ISEs can be significantly expanded by combining them with other
electrochemical (amperometry, coulometry, chronopotentiometry
and ion-transfer voltammetry) or optical methodologies [59e63].
This may allow one to obtain additional analytical information and/
or to improve the system's robustness and performance charac-
teristics, such as operational reversibility, sensitivity and selectivity.
Chronopotentiometry remains a popular readout mode for con-
ventional ISEs. The ISEs can be interrogated under galvanostatic
control and used for the chronopotentiometric detection in analogy
to zero-current potentiometry. Such technique usually applies a
galvanostatic current pulse to control the ion fluxes from the
sample solution into the sensing membrane, which producing a net
ion flux at the membrane-solution phase interface. The pulsed
galvanostatic-controlled ion-selective sensors offer several advan-
tages, including the capability of multianalyte detection, reversible
response to polyionic compounds, drastic improvement of sensi-
tivity and selectivity [61,64e66]. The measurement principle is
illustrated in Fig. 7 with a cation-selective ISE membrane as a
model system [64]. In this system, a zero current measurement
(pulse I) is first imposed. Then a controlled cathodic current (pulse
II) of defined magnitude and duration is followed, which leads to a
flux of sample cations in direction of the ion-selective membrane.
All extracted ions are finally expelled from the membrane during a
Fig. 7. Time profiles of the triple pulse experiment to control the ISE. Pulse I is a zero-
current measurement pulse; pulse II applies a cathodic current to generate a defined
ion flux in the direction of the membrane; pulse III is a potential controlled baseline
pulse for regeneration of the membrane [64].
baseline potential (pulse III) by which the sensing membrane can
finally be regenerated.

Chronopotentiometric sensors based on the MIPs that act as
recognition elements in the polymeric membrane can achieve
sensitive, reversible and rapid detection of the target molecules.
Qin et al. applied this electrochemical protocol combined with a
surface imprinting technique to detect biological species [13]. The
sensing method was based on the blocking mechanism by which
the recognition reaction between the surface-imprinted polymer
and the bioanalyte could block the current-induced ion transfer of
an indicator ion, thus inducing a potential change [67]. The present
method offered high sensitivity and excellent selectivity for
detection of biological species. As models, trypsin and yeast cells
could be measured at levels down to 0.03 U/mL and 50 CFU/mL,
respectively [13].

4. MIP-based potentiometric sensors

Unlike the classical ionophore-based ISEs which are routinely
designed for detection of inorganic ions (e.g., electrolyte ions and
heavy metal ions), MIP-based potentiometric sensors are mainly
used for determination of organic or biological species. During the
past 30 years, various potentiometric sensors using the MIPs as the
receptors have been developed and applied to quantify clinically
and environmentally relevant organic ions (e.g., pharmaceuticals
and pesticides), undissociated neutral phenols, organic neutral
molecules (organic pollutants) and biological species (e.g., proteins
and cells). Additionally, inorganic ions (e.g., heavy metal ions and
electrolyte ions) can also be used as the targets of MIP-based
potentiometric sensors although the selectivities towards inor-
ganic ions are not satisfactory.

4.1. Organic species

4.1.1. Organic ions and undissociated neutral phenols
Currently, potentiometric sensors based on the MIP receptors

have been successfully developed for determination of organic ions
such as toxic additive (e.g., protonatedmelamine and undissociated
bisphenol analogs) [12,26,27]. Since non-covalent imprinting is
easier to achieve and applicable to a wider spectrum of templates,
this method has become the most popular and general strategy for
the synthesis of the organic ion, and neutral phenol-imprinted
receptors of MIP-based potentiometric sensors [18]. In the recog-
nition process, various non-covalent interactions are formed
including hydrogen bonds, ionic interactions, van der Waals forces
and p-p interactions between the organic templates and the
functional monomers [19]. Due to the intrinsic properties of non-
covalent recognition which has a fast binding and release of the
guest, potentiometric sensors towards these organic species usu-
ally have a short response time.

For potentiometric detection of an organic ion, a buffer which
can make sure that the organic target occurs mainly or almost
exclusively in its ionic form is usually required. After protonation
or deprotonation, the obtained organic ions can thus be measured
potentiometrically by the ISE. Melamine, a common toxic com-
pound, is a weak base with a pKa of 5.05, and is readily protonated
in aqueous solution at pH lower than 5.0. The protonated mel-
amine can be detected by MIP-based potentiometric sensor as
described by Qin and coworkers [12]. The preparation process of
the melamine-imprinted polymer is shown in Fig. 8. The in-
teractions between the functional monomer methacrylic acid and
melamine are mainly hydrogen bondings. The membrane elec-
trode showed a near-Nernstian response to protonated melamine
over the concentration range of 5.0� 10�6 to 1.0� 10�2 mol/L, and
the response of the sensor was rapid (~16 s). The MIP-based ISE



Fig. 8. Schematic representation of the preparation of the melamine-imprinted polymers [12].
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showed a relatively good selectivity over other inorganic cations
such as Naþ, Kþ, Hþ and Ca2þ, and the corresponding logarithmic
selectivity coefficients were �4.65, �3.96, �4.95 and �9.3,
respectively.

Pharmaceuticals, including veterinary and human antibiotics,
antihypertension agents and other drugs, have gained increasing
attention due to their continuous release to the environment.
Therefore, reliable analytical methods are required for monitoring
these pharmaceuticals in the environment. Sales et al. [68] prepared
the ciprofloxacin-imprinted polymers by co-polymerizing meth-
acrylic acid or 2-vinyl pyridine functional monomers in the presence
of ciprofloxacin as the template molecule. The obtained potentio-
metric sensor based on the ciprofloxacin-imprinted receptor
exhibited high sensitivity, good stability and excellent selectivitywith
a detection limit of 1.0 � 10�5 mol/L for the ciprofloxacin ions. The
same group also used MIP-based potentiometric sensors to detect
oxytetracycline [69] and chlorpromazine ions [70] in real samples.
The detection limits for the former and the latter were 19.8 mg/mL
and 0.46 mg/mL, respectively. Barrio's group reported chiral imprinted
nanoparticles synthesized by precipitation polymerization using the
S enantiomer of citalopram as the template. They used these nano-
receptors as the sensing element to fabricate potentiometric sensor
[71]. The obtained sensor exhibited excellent enantioselectivity and
had a Nernstian response to the protonated citalopram over the
concentration range of 2.5 � 10�7 to 1.0 � 10�3 mol/L. Shirzadmehr
et al. [72] introduced a MIP-based potentiometric sensor for selective
determination of losartan ions. This sensor exhibited a Nernstian
response in awide linear range of 3.0� 10�9 to 1.0� 10�2mol/L with
a lower detection limit of 1.82 � 10�9 mol/L, a fast response time of
ca. 6 s and a high selectivity over other interfering compounds.

Pesticide residues may be found in water, soils, fruits and veg-
etables and can give rise to serious risks to the health and the safety
of the consumers. Thus, evaluation and detection of trace-level
pesticide residues are necessary for environmental pollution con-
trol and human health. El Azab et al. [73] described a potentio-
metric sensor based on the MIPs for determination of the
dinotefuran ions in cucumber and the soil samples with a detection
limit of 0.35 mg/L. Agostino et al. [74] developed a potentiometric
sensor for determination of the atrazine ions by using the MIP as
the sensing element. The detection limit for the atrazine ions was
around 2.0 � 10�5 mol/L.

Besides organic ions, undissociated neutral phenols can also be
detected by potentiometric sensors based on the MIPs. Although it
has been revealed that undissociated neutral phenols and their de-
rivatives could generate strong anionic potential responses on qua-
ternary ammonium salt-doped polymeric membrane ISEs under
near-neutral pH conditions [75], the selectivity of such sensors is
rather poor since the response is mainly governed by the acidity and
lipophilicity of each phenolic compound rather than specific mo-
lecular recognition. Hence, Qin et al. developed a series of potenti-
ometric sensorswith theMIPs for sensitive and selective detection of
bisphenols including bisphenol A (BPA) [76], bisphenol S (BPS) [27]
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and bisphenol AF (BPAF) [20] based on the nonequilibrium response
mechanism. In order to guarantee that these phenols exist mostly in
their neutral forms, the buffers with pHs lower than their pKa values
were used as the background solutions. By incorporation of the MIP
in the sensing membrane, the selectivity and sensitivity of the
electrode can be largely improved due to the high affinity between
the MIP and the phenols. All these sensors exhibited excellent se-
lectivities towards the target phenol over other phenols even the
interfering phenol had a structure similar to the target phenol. In
addition, the detection limits of the ionophore-free electrodes for
neutral phenols were higher than micromolar level, while those of
the electrodes based on the MIPs were in the nanomolar concen-
tration range (e.g., BPA, 20 nM; BPS, 40 nM; BPAF, 60 nM).
4.1.2. Neutral molecules
It should be noted that the development of potentiometric

sensor for detecting electrically neutral species remains a challenge
since the primary condition for potential response is the occurrence
of the charge of the analyte. To address this challenge, Qin et al.
developed a strategy for selective and sensitive detection of neutral
organic species (chlorpyrifos) using a polymeric membrane ISE
based on the nonequilibrium response mechanism [24]. It was
based on the uniform-sizedMIP beads as the molecular recognition
receptors for molecular recognition and a charged compound with
a structure similar to that of the analyte as an indicator ion for the
transduction of the potential signal (Fig. 9).

Beforemeasurement, themembrane electrodewas immersed in
the sample solution containing chlorpyrifos. Due to the specific
recognition interactions between chlorpyrifos and the MIPs on the
surface of the sensing membrane, chlorpyrifos could be extracted
into the surface of the membrane electrode. During the measure-
ment, the indicator ions (3,5,6-trichloro-2-pyridyloxyacetic acid,
the analogue of chlorpyrifos) could diffuse from the solution into
the surface of the sensing membrane and interact with the recog-
nition sites in the membrane phase. Since the binding sites were
partially occupied by the chlorpyrifos molecules, the available
binding sites for the indicator ions was greatly reduced after
chlorpyrifos incubation, thus decreasing the potential response to
the indicators ions. On the basis of a similar principle, Qin's group
Fig. 9. Representation of the synthesis of the chlorpyrifos-imprinted polymers and potentio
involves two steps: the first is the molecular recognition and simultaneous accumulation
surement of the indicator ion with a structure similar to the target by using the ISE membra
absence of the target (chlorpyrifos) in the sample solution, respectively [24].
also proposed a MIP-based potentiometric sensor for determina-
tion of neutral toluene vapor [77]. The MIPs acted as receptors for
selective adsorption of toluene vapor from the gas phase into the
membrane phase. Benzoic acid was used as the indicator ions to
indicate the potential changes induced by the toluene incubation. A
detection limit of parts per million levels for toluene vapor could be
obtained.
4.2. Biological species

While potentiometric detection of small organic molecules is
now well established, the detection of biomacromolecules such as
peptides, proteins and cells is still a challenge to implement, in part
because (i) the synthesis of the MIP receptors with specific and se-
lective imprinted cavities is extremely difficult due to the complexity
of functional sites present in these biomacromolecular targets; (ii)
these biological targets cannot induce the measureable potential
signals when they transfer from the aqueous sample into the hy-
drophobic sensing membrane (polyions are exceptions). The group
of Shea developed methods for synthesizing protein-sized polymer
particles with a binding affinity and selectivity comparable to those
of natural antibodies by combining MIP nanoparticle synthesis with
a functional monomer optimization strategy [78]. Such strategy in-
volves screening small libraries of nanoparticles that span a
compositional space chosen for its complementarity to the biological
target. In addition, a solid-phase synthesis approach to prepare MIP
nanoparticles specific for the protein was described, in which an
affinity ligand of the protein was attached to the solid support [79].
The resulting MIP exhibited high specificity and selectivity for the
target. These attractive approaches have made great contributions
towards biomacromolecule imprinting and will further facilitate
detection of biological species using MIP-based potentiometric
sensors.

Qin and coworkers developed a simple, efficient and label-free
strategy for detecting biological species by using MIP-based poten-
tiometric sensor based on the combination of chronopotentiometry
and surface imprinting [13]. Fig.10 illustrates the sensingmechanism
of the proposed protocol. The proposed potentiometric sensor con-
sisted of two layers: the imprinting recognition layer for the
metric detection of chlorpyrifos. The proposed potentiometric detection of chlorpyrifos
of chlorpyrifos in the polymeric membrane phase; the second is the potential mea-
ne with the accumulated analyte. “With” and “without” represent the presence and the



Fig. 10. Schematic diagram of (a) the construction of a surface-imprinted-layer-modified potentiometric sensor and (b) chronopotentiometric detection of a bioanalyte. The
measurements of biological analytes are achieved by using the following procedures: 1) The potentiometric sensor modified with the surface imprinted layer is incubated with the
sample solution for a certain time; 2) potentiometric detection is carried out by using the sensor with the accumulated analyte in the presence of the indicator ion. “With” and
“without” represents the presence and the absence of biological analytes in the detection solution, respectively [13].
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bioanalyte and the potentiometric transduction layer for the indi-
cator ion. The recognition layer of the target analyte was prepared by
surface imprinting on the surface of the potentiometric transduction
layer. When the membrane electrode contacted with the sample
solution, the selective recognition in the recognition layer would
block the ion transfer of the indicator ion through the recognition
layer into the transduction layer, which resulted in a potential
change. The proposed sensor exhibited high sensitivity and excellent
selectivity for detection of biological specieswith the detection limits
of 0.03 U/mL and 50 CFU/mL for trypsin and yeast cells, respectively.
However, it should be noted that it is still a big challenge to carry out
specific and direct potentiometric sensing of bioanalytes. In this case,
very few papers have been involved with potentiometric sensing of
bioanalytes based on the MIP.

4.3. Inorganic ions

For potentiometric detection of inorganic ions such as the
electrolyte ions and the heavy metal ions, the researchers normally
use the classical ionophore-based polymeric membrane ISEs since
the commercial available ionophores exhibit excellent recognition
abilities towards the target inorganic ions. However, in recent
years, many researchers have tried to explore the feasibility of using
potentiometric sensors based on the ion imprinted polymers (IIPs)
[80] as the carriers for determination of the inorganic ions although
the selectivities of these sensors towards the inorganic ions are not
satisfactory.

The pioneering work on the IIP-based ISEs for detection of heavy
metal ions is reported by Murray et al. [81]. By using Pb2þ as a
model and vinylbenzoic acid as the functional monomer, the pro-
posed potentiometric sensor exhibited a near-Nernstian response
in a wide linear concentration range. Although this work demon-
strated that the electrode showed a strong preference for the
templatedmetal ion over the othermetal ions tested, the selectivity
of this sensor was much worse than those of the classical Pb2þ
ionophore (e.g., lead ionophore IV)-based potentiometric sensors.
Qin's group also reported a Cu2þ IIP-based potentiometric sensor
[82]. The IIP was synthesized by precipitation polymerization using
methacrylic acid as the functional monomer. Similarly, the selec-
tivity of the obtained sensor toward singly charged cations such as
Naþ and Kþ was still not satisfactory. The poor selectivities of both
sensors can be probably ascribed to the fact that heavy metal ions,
unlike organic and biological species, have so small sizes that they
cannot be imprinted effectively. In addition, the common functional
monomers (e.g., vinylbenzoic acid and methacrylic acid) cannot
form strong coordination interactions with heavy metal ions.

To overcome these drawbacks and make ion imprinting more
efficient, the selective ligands which can coordinate selectively
with heavymetal ions were employed in the preparation of the IIPs.
Shirzadmehret et al. synthesized the Agþ and Hg2þ IIPs using an
aza-thioether crown containing a 1,10-phenanthroline subunit and
4-(2-thiazolylazo) resorcinol as the recognition ligands, respec-
tively [83,84]. These IIPs were used as the sensing element of
potentiometric sensors. The obtained sensors exhibited improved
selectivities compared to the other IIP-based potentiometric sen-
sors. Unfortunately, these selective ligands were not copolymerized
into the IIP matrix in the synthesis, which may affect the stabilities
of the complexes between heavy metal ions and the IIPs.

The interesting strategy for the fabrication of highly selective
IIP-based potentiometric sensors was described by Mosbach and
Simon [85]. The proposed procedures for synthesis of the IIP are
shown in Fig. 11. It was based on the combination of the ion
imprinting recognition with a selective coordination interaction. A
polymerisable Ca2þ ionophore (ETH 129) was used as the functional
monomer. This would provide the size-exclusion selectivity
coupled with the selectivity for the target ions to coordinate
favorably with the ion-imprinting polymer within the membrane.
The imprinting process enabled enhanced selectivity for Ca2þ by a
factor of 6. However, the data about the proposed potentiometric
sensor with the ionophore-based IIP as the receptor was not



Fig. 11. Illustration of the preparation of the Ca2þ-imprinted polymers base on the polymerisable Ca2þ ionophore as the functional monomer [85].
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provided, which is probably owing to the unsatisfactory result. Note
that, although this work was proposed as early as 1991, such
strategy is still an interesting approach for improvement of the
selectivity of IIP-based potentiometric sensors. In addition, in
recent years, using a mixture of the classical functional monomers
[86] and utilizing a specific recognition molecular as the functional
monomer [87,88] may shed new lights on the IIP. These approaches
may be effective for the improvement of the IIP selectivity. Note
that, till now, many IIP-based potentiometric sensors have been
developed, but most of them show unsatisfactory selectivities to-
wards the template over other inorganic ions as compared to those
based on ionophores.

5. Conclusions

MIP-based potentiometric sensors are a promising and useful
technology for detection of environmental contaminants, hazard-
ous substances and bioanalytes due to their low cost, ease of
operation, excellent selectivity and high stability. The past few
decades have witnessed remarkable achievements in MIP-based
potentiometric sensors. These major achievements have facili-
tated new applications for which potentiometric sensors have not
been used traditionally. The development of such sensors may open
new attractive horizons for potentiometric sensing and further
expand the field.

6. Outlook

At present, there are several interesting research developments
that may have an impact on the future developments of MIP-based
potentiometric sensors.

Stimuli-responsive polymers, known as smart polymers, are able
to respond to specific external stimuli by changing their properties
such as molecular structures, surface characteristics and dissolution
behaviors [89,90]. By combining the molecular imprinting technique
with the stimuli-responsive materials, the stimuli-responsive MIPs
have been developed, which possess both the stimuli-responsive
properties and molecular recognition abilities [91]. In contrast to
the traditional MIPs, the recognition abilities of the stimuli-
responsive MIPs can be controlled by external stimuli, such as
changes in pH, light or temperature. The recognition of the template
can be specific when the MIP maintains a 3D structure similar to the
imprinting state, whereas the memory of the template will be lost
when an external stimulus breaks the imprinting state [92,93].
When these receptors are incorporated into the sensing membrane
of polymeric membrane potentiometric sensors, the obtained sen-
sors will become much smarter [26].

Other emerging field is the fabrication of low-cost sensors.
Expensive electrode substrates such as gold, platinum and glassy
carbon usually restrict the wide application of the MIP-based ISEs,
especially in the less developed countries. As an inexpensive and
flexible material, paper has become a very attractive substrate for
constructing potentiometric sensors. Liang et al. proposed the MIP-
based potentiometric paper sensor. Uniform-sized MIP nanobeads
were synthesized and incorporated into the sensing membrane for
selective recognition of the target analyte. The proposed potenti-
ometric sensor could be effectively employed as the sensing plat-
form for sensitive detection of BPA [94]. Paper-based devices are
promising to fabricate cheap and portable sensors for potentio-
metric detection of organic compounds.

Wearable sensors have received considerable attention due to
their great promise for a wide range of clinical and physiological
applications [95,96]. Thus, such area may be another trend of MIP-
based potentiometric sensors. A wearable potentiometric sensor is
a relatively new concept that borrows fundamental from the ISE
field among the integration of new materials and electronics into a
configuration that enables on-body measurements [97,98]. At
present, such technology is a hot topic for ion detection in
healthcare and sport performance monitoring. Since many MIP
receptors have been extensively exploited in analytical chemistry, it
can be expected that this technology provides considerable
promise to develop MIP-based wearable potentiometric sensors for
on-body sensing of organic and biological species related with
human health.

This review summarizes recent advances in preparation method
and the applications of potentiometric sensors based on the MIPs



Table 1
Comparison of different preparation methods for the MIPs.

Synthesis technique Advantage Disadvantage Template Monomer/cross-linker Size Template extraction Linear range Limit of detection Ref.

Bulk polymerization Fast and simple
synthesis; high MIP
purity

Tedious crushed,
ground and sieved
processes; irregular
particles in shape and
size; heterogeneous
binding site
distribution

Moxifloxacin MAAa or 4-VPb/EGDMAc <100 mm Water/acetic acid (9/1,
v/v)

1.0 � 10�5�1.0 � 10�2 mol/L 1.7 � 10�6 mol/L [23]

Chlorpromazine AAMPSOd/EGDMA 50e150 mm Methanol/acetic acid
(5/1, v/v)

4.1 � 10�6�1.6 � 10�3 mol/L 1.3 � 10�6 mol/L [70]

Precipitation
polymerization

High quality and uni-
form particle size;
simple synthesis

Large amount of
porogenic solvent; long
polymerization time

2-naphthoic acid AMe, MMAf/TRIMg, DVBh 200e300 nm Methanol/acetic acid
(8/2, v/v)

1.0 � 10�10e5.0 � 10�9 mol/L 6.9 � 10�11 mol/L [28]

Triclosan AM, MMA/TRIM, DVB 200e300 nm Methanol/acetic acid
(8/2, v/v)

1.0 � 10�8e1.0 � 10�6 mol/L 1.9 � 10�9 mol/L [58]

Citalopram Itaconic acid/EGDMA <1 mm ACNi 2.5 � 10�7e1.0 � 10�3 mol/L 1.25 � 10�7 mol/L [71]
Surface imprinting

(solid-phase
imprinting)

High binding capacity;
accessible binding sites;
suitable for
macromole- cules
imprinting; fast
association/dissociation
kinetics

Limited surface area of
the substrate; low
amount of the resultant
imprinting cavities

Histamine MAA/EGDMA <0.45 mm ACN 1.0 � 10�6e1.0 � 10�2 mol/L 1.12 � 10�6 mol/L [34]
Cocaine AM/EGDMA 90e130 nm Water or ACN 1.0 � 10�9e1.0 � 10�3 mol/L <1 nmol/L [37]

Electro-polymerization Fast synthesis;
Possibility of
imprinting in water;
controlled polymer film
thickness; superior
adherence to the
electrode surface

Low template removal
efficiency; limited
number of electroactive
monomers

NO3
� N-methylpyrrole/� e Applied voltage 5.0 � 10�6e1.0 � 10�4 mol/L <5 mmol/L [43]

L-ascorbic acid Pyrrole/� 1.6e1.8 mm
(thickness)

Applied voltage 5.0 � 10�6e2.0 � 10�3 mol/L <5 mmol/L [44]

a MAA, Methacrylicacid.
b 4-VP, 4-vinylpyridine.
c EGDMA, Ethylene glycol dimethacrylate.
d AAMPSO, 2-acrylamido-2-methyl-1-propanesulfonic acid.
e Am, Acrylamide.
f MMA, Methyl methacrylate.
g TRIM, Trimethylolpropanetrimethacrylate.
h DVB, Divinylbenzene.
i ACN, Acetonitrile.
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Table 2
Applications of potentiometric sensors based on MIPs.

Target analyte
(Template)

Monomer/cross-linker Preparation method Detection mode Linear range Limit of detection Ref.

Organic ions Melamine MAAa/EGDMAb Bulk polymerization Classical potentiometry 5.0 � 10�6e1.0 � 10�2 mol/L 6.0 � 10�6 mol/L [12]
Ciprofloxacin MAA/EGDMA Bulk polymerization Classical potentiometry 2.0 � 10�5e1.8 � 10�3 mol/L 1.0 � 10�5 mol/L [68]
Oxytetracycline MAA/EGDMA Bulk polymerization Classical potentiometry 5.0 � 10�5e1.0 � 10�2 mol/L 19.8 mg/mL [69]
Dinotefuran AMc/EGDMA Bulk polymerization Classical potentiometry 1.0 � 10�7e1.0 � 10�2 mol/L 0.35 mg/L [73]

Undissociated
neutral
phenols

Bisphenol A 4-VPd/EGDMA Semi-covalent imprinting
technique

Dynamic potentiometry
(non-equilibrium mechanism)

1.0 � 10�7e1.0 � 10�6 mol/L 2.0 � 10�8 mol/L [76]

Bisphenol AF MAA/DVB 80e Precipitation
polymerization
and high-temperature
swelling

Dynamic potentiometry
(non-equilibrium mechanism)

1.0 � 10�7e1.0 � 10�6 mol/L 6.0 � 10�8 mol/L [20]

Neutral
molecules

Chlorpyrifos MAA/TRIMf

and DVBg
Precipitation
polymerization

Dynamic potentiometry
(non-equilibrium mechanism)

2.0 � 10�9e5.0 � 10�8 mol/L 9.6 � 10�10 mol/L [24]

Toluene MAA/DVB 80 Precipitation
polymerization

Dynamic potentiometry
(non-equilibrium mechanism)

10e125 ppm 3.5 ppm [77]

Biological
species

Trypsin PDAh Surface imprinting Dynamic potentiometry
(Chronopotentiometry)

0.08e4 U/mL 0.03 U/mL [13]

Yeast cells PDA Surface imprinting Dynamic potentiometry
(Chronopotentiometry)

100e1500 CFU/mL 50 CFU/mL [13]

Inorganic
ions

Lead (II) ion Vinylbenzoic
acid/DVB

Bulk polymerization Classical potentiometry 1.0 � 10�6e5.0 � 10�3 mol/L <1.0 mmol/L [81]

Silver (I) ion Aza-thioether
crown
and MAA/EGDMA

Precipitation
polymerization

Classical potentiometry 3.2 � 10�9e1.0 � 10�1 mol/L 1.2 � 10�9 mol/L [83]

a MAA, Methacrylicacid.
b EGDMA, Ethylene glycol dimethacrylate.
c AM, Acrylamide.
d 4-VP, 4-vinylpyridine.
e DVB 80, Divinylbenzene 80.
f TRIM, Trimethylolpropanetrimethacrylate.
g DVB, Divinylbenzene.
h PDA, Polydopamine.
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mainly in organic and biological species. Brief summaries of different
preparation methods for MIP syntheses and the applications of the
MIP-based potentiometric sensors are shown in Tables 1and 2,
respectively. We hope to give the important research directions for
future works. While the list of targets that can be detected is
continuously growing, the bottleneck could be in the availability for
the excellent MIP receptors with high binding strength and selec-
tivity. However, advances made by numerous research groups all
over the world allow us to conclude that the future of MIP-based
potentiometric sensors is prospective.
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