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Abstract

Looking at the literature focused on molecularly imprinted polymers (MIPs) for protein, it soon becomes apparent that a
remarkable increase in scientific interest and exploration of new applications has been recorded in the last several years,
from 42 documents in 2011 to 128 just 10 years later, in 2021 (Scopus, December 2021). Such a rapid threefold increase in
the number of works in this field is evidence that the imprinting of macromolecules no longer represents a distant dream of
optimistic imprinters, as it was perceived until only a few years ago, but is rapidly becoming an ever more promising and
reliable technology, due to the significant achievements in the field. The present critical review aims to summarize some of
them, evidencing the aspects that have contributed to the success of the most widely used strategies in the field. At the same
time, limitations and drawbacks of less frequently used approaches are critically discussed. Particular focus is given to the
use of a MIP for protein in the assembly of electrochemical sensors. Sensor design indeed represents one of the most active
application fields of imprinting technology, with electrochemical MIP sensors providing the broadest spectrum of protein
analytes among the different sensor configurations.
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Introduction

In discussions about the great potential of molecularly
imprinted polymers (MIPs), most scientists have certainly
observed the great interest or even wonder raised in the audi-
ence, especially among those not specialized in the field.
Indeed, someone first hearing about molecular imprinting
technology is impressed by its ability to effectively create
“artificial antibodies” that can be easily synthesized and
engineered in the laboratory for highly selective matching
of any target molecules. The enormous interest attracted by
MIPs can be attributed to their ability to serve as an alterna-
tive to common bioreceptors, keeping their selectivity but
possessing high stability, low cost, tailored fabrication for
any target analyte, and easy synthetic schemes, in contrast
to their natural counterparts. Such bioreceptor mimics are
obtained by simply polymerizing the functional monomer(s)
in the presence of the target analyte (template molecule),
with subsequent removal of the template which thus leaves
binding cavities within the polymeric network corresponding
to the shape, size, and functionality of the template (Fig. 1).

Nonetheless, such high potential can find effective applica-
tion in different fields—from sensing to separation science and
from drug delivery to imaging—only when a correct imprinting

@ Springer

scheme is designed. This can be achieved taking into account
the functionalities of both monomer and template and selecting
the optimal experimental conditions for MIP synthesis. Con-
trolled polymer growth has to be enabled, leaving unaltered
template moieties responsible for the interaction with the form-
ing polymer and, subsequently, with MIP cavities. All these
issues can become particularly critical when large macromol-
ecules have to be imprinted. The imprinting of macromolecules
indeed represented a challenge until about 10-15 years ago.
From its beginnings [1-3], it was found that the classical bulk
methodologies, which were effective for low-molecular-weight
compounds, generally failed to address the peculiarities of mac-
romolecular targets. As has been widely recognized [4], this
was mainly due to the intrinsic complexity of macromolecules
as proteins/peptides. Firstly, these molecules have a multitude
of recognition sites on their surface, such as charged amino
acids and hydrophobic and hydrophilic moieties, which can
lead to cross-reactivity of MIPs with other similar targets. In
addition, the interaction of macromolecules with the imprinted
cavities may suffer from restricted diffusion, slow binding
kinetics, and difficult access to binding sites. Also, the removal
of macromolecules can be laborious due to their inclusion in
the polymer matrix, while the large imprinted sites created by
the macromolecular template can act as “nanopores,” possibly
binding smaller molecules, leading to reduced selectivity [5, 6].
Finally, high macromolecular fragility can cause irreversible
conformational changes during polymer growth, resulting in
reduced ability to recognize their native form upon rebinding.

During recent years, considerable efforts have been made
by researchers to address such issues, and excellent results
have been achieved in macromolecule imprinting, especially
in sensing applications, as reported in recent review papers
[4, 7-11]. Such a significant heightening of scientific interest
is certainly promoted by the growing need to develop selec-
tive detection schemes for macromolecules acting as “mark-
ers” in several analytical fields, including clinical diagnosis
and food and environmental analysis [12, 13].

The present review aims to describe, albeit not exhaus-
tively, some significant results presented in the field, with
a special focus on MIP-based electrochemical detection of
macromolecules. The choice to consider electrochemical
transduction stems from its widely reported use in macro-
molecular detection, for which various successful strategies
have been implemented, which will be critically presented
and discussed herein.

In particular, three main topics will be covered, namely
(1) a description of the mostly commonly used approaches
in the electrochemical imprinting of macromolecules, (2)
a survey of MIP formats exploited in the electrochemical
detection of macromolecules, and (3) the strategies used for
the generation of the electrochemical signal upon MIP-mac-
romolecule interaction. Emphasis is also placed on the use of
nanotechnology in this field, which represents a distinctive



Electrochemical sensing of macromolecules based on molecularly imprinted polymers:...

5167

Fig. 1 General scheme of
imprinting process
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result which over recent decades has certainly promoted the
wide application of imprinting technologies for macromo-
lecular (electrochemical) detection.

Approaches for imprinting
of macromolecules in electrochemical
sensor design

The strategy of using a solution containing functional
monomer(s) and template, along with cross-linking agents
(when required, to guarantee the desired rigidity of the
resulting MIP), traditionally used for small-molecule
imprinting has been similarly applied to macromolecule
imprinting in the design of electrochemical sensors, using
different strategies for integrating MIPs with electrode sur-
faces, as described in section 2.

Although interesting results have been achieved in the
electrochemical detection of proteins using this approach
[14], as discussed extensively below, it was revealed to suf-
fer from limitations regarding the imprinting of larger and
less flexible proteins. This is mainly due to the difficulties
in controlling the orientation of the template and preserv-
ing its native conformational state during MIP formation,
possibly leading to reduced MIP selectivity and sensitiv-
ity [15]. Moreover, the rebinding of large native protein, as
well as its removal after polymerization, may be hindered.
Thus, to address the need for establishing more controlled
imprinting and to achieve easier removal/access of bulky
macromolecules, alternative methods like surface imprinting
and epitope imprinting have been introduced [10, 16, 17].

Surface imprinting

Surface imprinting is, to date, among the most widely used
approaches for imprinting of macromolecules and proteins

polymerization
—
\ =

pre-polymerization complex

template
removal

rebinding

Molecularly imprinted polymer
(MIP)

for the development of electrochemical sensors. This meth-
odology proposes to imprint the template only to the surface
of the MIP membrane or to a very thin polymer layer whose
thickness is comparable to the size of the protein template
[4, 16]. This approach bypasses the need for the target to
permeate the MIP matrix in order to reach the binding sites
and trigger the molecular recognition event, and thus enables
much faster binding kinetics, along with easier formation of
imprinted cavities upon target removal. The potential of such
a strategy has been demonstrated by its application not only
to macromolecular imprinting [18, 19], but also to cells and
microorganisms [20, 21].

In order to confine the templated sites exclusively to the
polymer surface, several techniques have been exploited,
such as soft lithography [6, 22, 23], micro-contact imprint-
ing [24-26], and sacrificial template support methods [27,
28]. In this respect, in the field of electrochemical sensing,
one alternative is the deposition of MIP layers directly on
the electrode surface, which represents a suitable approach
for achieving ultrathin polymers only partially embedding
the target protein. As illustrated in detail in section 2.1, this
can be obtained by drop-casting the pre-polymerization
mixture onto the electrode followed by polymerization [29,
30]. Improved control of the thickness of the MIP layer can
be obtained by surface-confined polymerization methods,
where either the initiator [31, 32] or a polymerizable group
[33] is attached to the surface. Also, MIP electropolymeriza-
tion can be successfully used for this purpose, particularly
with nonconductive polymeric layers self-limiting their
deposition, resulting in films of few-nanometer thickness
[34, 35]. In general, the possibility for fine-tuning the thick-
ness of electropolymerized films by controlling experimental
conditions (deposition time, circulated charge, etc.) is cer-
tainly beneficial for this purpose.

A happy marriage has been reported in the litera-
ture between surface imprinting strategies and coupling
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chemistry protocols which enable the anchoring of the pre-
liminary template to the electrode surfaces. In this way, both
of the main limitations of traditional imprinting can be elim-
inated: on one hand, the reduced MIP film thickness pro-
vided by surface strategies helps to overcome limited protein
diffusion, and on the other hand, the anchoring of the tem-
plate to the transducer surface, if done in an oriented way,
can be beneficial in terms of generating uniformly accessible
binding sites, limiting drawbacks related to protein orienta-
tion/conformation. This process can be achieved through the
use of anchoring agents that exploit terminal moieties with
affinity to both the electrode surface and the template [36]. A
very common material for surface imprinting in MIP sensor
development is gold, due to the possibility for spontaneous
self-assembled monolayer (SAM) formation through thiol
moieties. Other motifs to bind the protein are then exposed
and can be used as a linker for the target, leading to simpler
surface modification protocols and more straightforward
manufacturing of highly sensitive sensing platforms [36].
As a matter of fact, it is widely known that anchoring agents
bearing hydroxyl, thiol, and amino motifs allow the spon-
taneous formation of monolayers of conserved geometric
orientation that favor biosensor design. This process on a
gold electrode is schematically reported in Fig. 2, illustrating
commonly used linkers for the gold surface as well.

The actual advantages from such a two-step approach
have been discussed and demonstrated by several research-
ers [44, 45]. For instance, in a recent report [37], the
authors developed an impedimetric MIP sensor for the

Fig.2 Schematic of surface imprinting coupled with template
anchoring to the electrode surface. (A) surface immobilization of the
protein by SAM-forming units on gold electrode followed by (B) the
assembly of a polymer shell (orange) around the template and (C)
the removal of the template to produce the imprinted cavity on the
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electrochemical detection of lysozyme (Lyz) and selected
the optimal conditions after comparing the analytical per-
formance of sensors obtained by two different imprinting
approaches (Fig. 3), namely (i) electropolymerization of a
solution containing monomer and template, and (ii) target
immobilization on the electrode surface prior the electropo-
lymerization of a monomer solution. The results showed
that surface functionalization with the template before MIP
assembly led to a threefold increase in the imprinting factor,
thereby leading to more reliable quantification. The final
sensor showed a linear response over a wide concentration
range (150 nM to 20 pM) and a limit of detection (LOD) of
60 nM. Moreover, the sensor prepared according to approach
(ii) showed enhanced selectivity with very low interfering
values (from 0.07 to 0.24) for each tested molecule (human
hemoglobin (HHb), cytochrome C (CytC), bovine serum
albumin (BSA), and glucose oxidase).

Interesting results were reported in a very recent work
[21] exploiting the facile anchoring of SARS-CoV-2 nucleo-
protein onto a gold electrode through a 4-aminothiophenol
SAM. After the target immobilization, an m-phenylenedi-
amine-based MIP was electropolymerized on the electrode
surface. The developed sensor was able to reach a very low
LOD of 15 fM. Nonetheless, the authors did not report any
experimental details on the preparation of protein solutions
at such a low concentration. The selectivity of the sensor was
explored by evaluating its ability to discriminate between
target and interfering proteins including a subunit of SARS-
Cov-2 spike protein, hepatitis C virus surface viral antigen,

C
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rebinding : I
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polymer surface. For gold surfaces, common molecular linkers used
are (a) 4-aminothiophenol [37, 38], (b) 11-mercapto-1-undecanol [39,
40], (c) thioglycolic acid [41, 42], (d) toluidine blue [43]. The protein
structure depicted is lysozyme, which is stored under the code 4LZM
at the Protein Data Bank
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Fig. 3 Comparison between two imprinting approaches. (A) MIP synthesis by electropolymerization of a solution containing monomer and tem-
plate; (B) MIP synthesis after preliminary anchoring of the target on the electrode surface. Adapted from [37]

cluster of differentiation 48 protein CD48, and BSA. The  a highly ordered topology which contributed to the high
selection of these proteins was based on the size, isoelectric ~ sensor selectivity toward the antigenic analyte [46].

point, molecular weight, and possible presence in real sam- The versatile assembly of SAMs on gold electrodes
ples. A considerably higher sensor response was observed  for surface imprinting has also given rise to multi-analyte
against the target protein than the interfering proteins, dem-  point-of-care sensors for healthcare applications, such
onstrating the appreciable selectivity of the fabricated device ~ as the concomitant use of PSA and myoglobin (Myo)
and promising performance in clinical samples. Moreover,  as surface-imprinted templates for polyacrylamide MIP

the ability of the sensor to discriminate between the template ~ assembly in a dual-sensing impedimetric sensor, show-
and CD48, the protein with smaller size and closer isoelec-  ing detection limits of 5.40 pg mL~' and 0.83 ng mL~',
tric point, provided additional evidence that the imprinted  respectively [47].
cavities were complementary to the target protein not only The use of long-chain thiol-bearing residues has been
in size but also in arrangement of the functional groups. reported in particular to yield reliable sensors, as evidenced
Another recent effort described the quick and easy by the use of 11-mercaptoundecanoic in many sensing plat-
functionalization of gold electrodes with prostate-specific =~ forms, as well as the immobilization of double-cysteine-
antigen (PSA) (Fig. 4) prior to electropolymerization of ~ modified peptide nanofilms onto gold surfaces for neuron-
dopamine for the synthesis of a hybrid aptamer—-MIP for-  specific enolase (NSE) imprinting on polyscopoletin-based
mation. In this case, a thiolated DNA aptamer with estab- ~ MIP, which yielded a detection limit of 0.25 pM [48].
lished affinity for the target was used as linker. The authors Short-chain SAM-forming units have alternatively been
reported that the imprinted binding sites and high-affinity =~ used to anchor already synthesized MIPs on the surface of
aptamers retained on the electrode surface after PSA elution  electrodes. For instance, the anchoring of MIPs on a gold
synergistically enhanced the recognition capability of the  electrode surface by allyl mercaptan was reported for the
developed MIP. The resulting electrochemical sensor was  development of a highly sensitive sensor for the detection
very sensitive, with a LOD of 1.0 pg mL~!, and showcased of oxytocin [49], which yielded a LOD of 0.0030 ng mL~".
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Fig.4 Schematic representation of the synthesis of a hybrid aptamer—
MIP sensing material: (A) anchoring of the protein—aptamer complex
on the electrode surface; (B) electropolymerization of a polydopa-

Although not providing spontaneous monolayer forma-
tion, carbon materials have also been used in the surface
imprinting of proteins and other molecules by exploiting
n-7 stacking interactions between anchoring agents bear-
ing aromatic moieties [50, 51], or by forcing the genesis of
anchoring sites through chemical activation [52-54]. For
instance, the surface imprinting of cyclic troponin T (cTnT)
was reported on carbon-based electrodes [55]. For the sen-
sor development (Fig. 5), screen-printed carbon electrodes
(SPCEs) were first functionalized with multi-walled carbon
nanotubes (MWCNTs) and then with an electrically depos-
ited methylene blue layer (which was used as the internal
electrochemical probe of the sensor). Later, for the actual
MIP synthesis, polyaniline was electropolymerized on the
as-modified electrode and used as a support layer to bind
glutaraldehyde acting as a linker for cTnT. Another aniline-
based layer was electrodeposited around the target, which
was then removed to obtain the imprinted cavities on the
surface of the MIP film. The change in the redox signal of
the methylene blue redox probe previously deposited on the
electrode was monitored for target determination.
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mine film; (C) formation of imprinted cavities; (D) PSA recognition
by sensitive material; E) electrode modifications monitored by cyclic
voltammetry. Adapted from [46]

In another work, dengue virus nonstructural protein
was surface-imprinted on SPCEs coated with electrospun
nanofibers of polysulfone in order to develop MIP-based
electrochemical sensors for biomedical applications, which
yielded a LOD of 0.30 ng mL™" for the target virus pro-
tein [56]. As far as selectivity studies, reported results are
not particularly striking. Sensor selectivity was tested only
against Lyz and fetal bovine serum. From the reported bar
graph, interference ratios of about 0.15-0.2 were obtained,
but it is not clear why such interferences were selected. In
particular, fetal bovine serum is not a fully defined media
component, and as such varies in composition between
batches.

Overall, from the reported literature applications, it is
apparent that the use of surface imprinting technology in
protein electroanalysis is conditioned by the intrinsic fea-
tures of the electrode surface, as well as those of the anchor-
ing agent and the template. Therefore, the appropriate pro-
tocol must take into consideration the surface material and
the chemical structure and topology of the anchoring agent,
as well as their interaction with the template [16]. A more
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Fig.5 Fabrication of a MIP sensor prepared by surface imprint-
ing and template anchoring to a screen-printed carbon electrode
(SPCE). (A) The electrode surface was first functionalized with (i)
multi-walled carbon nanotubes (MWCNTs) and (ii) methylene blue,
and then (iii) a polyaniline layer was electrosynthesized and modi-

rational imprinting approach has thus to be designed in
comparison with the use of monomer-template mixture, but
related advantages certainly justify greater efforts required
for this step.

Epitope imprinting

Epitope imprinting has opened a new frontier in the field
of molecular imprinting. This approach consists essentially
in using small peptides, rather than entire protein targets,
for the synthesis of MIPs. The peptide is generally chosen
considering the amino acid sequences that the protein tar-
get displays in its outermost portions, which are those most
likely involved in interaction with the sensitive MIP mem-
brane [57, 58]. Thus, by imprinting the small characteristic
peptide, the imprinted binding sites interact only with small
portions of the protein target, hence bypassing the imprint-
ing hindrances of whole proteins attributed to size and con-
formational flexibility (Fig. 6).

Due to their shorter length compared to whole proteins,
epitopes have a predictable primary and/or secondary
conformation, in contrast to the complex tertiary struc-
ture of whole proteins, whose recognition sites may not be

template
removal

)
Cee——

fied with (iv) glutaraldehyde to obtain (B) an anchor layer for cTnT.
(C) c¢TnT was anchored on the electrode surface. (D) An additional
polyaniline layer was electropolymerized around the target. (E) After
removal of cTnT from the polymer film, surface binding sites able to
recognize the target were obtained. Adapted from [55]

template
rebinding

adequately exposed for molecular imprinting applications
[57]. An imprinting process of protein recognition motifs
can lead to a greater standardization of the imprinted cavity
topology in order to better tune the selectivity of the sensor
[8, 60].

Epitope imprinting is a relatively recent approach, suc-
cessfully introduced by Rachkov and Minoura in the 2000s
[59, 61]. The authors used this methodology for the devel-
opment of MIPs for protein separation and analysis. They
coined the terminology “epitope approach,” which has
since then been used by researchers and scientists working
in the field of molecular imprinting to refer to this type of
approach, the use of which has increased exponentially over
the last 20 years, as reported in several outstanding reviews
recently published on the topic [8, 10, 57, 58, 62].

Since the small epitope replaces the macromolecular tar-
get during the imprinting process, a preliminary study step
is necessary to choose the best epitope candidate starting
from the structure of its macromolecular source. There are
several alternatives in epitope template selection [10, 62].

(a) Terminal sequences of protein targets: Small linear
peptides such as C- and N-terminal portions are used.
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Fig.6 Representation of a
classic example of the epitope
approach: a small epitope is
used to produce imprinted cavi-
ties in a MIP matrix capable of
selectively recognizing a macro-

epitope

EE—

molecule. Adapted from [59] @ polymerization

functional monomer

recognition of larger
polypeptide/protein

However, the use of C-terminal portions is much more
frequent, probably because post-translational modifica-
tions are less frequent for this type of moiety, so that
higher correspondence with the terminal portions of the
actual target can be expected [61, 63]. The advantages
of this approach include the easy and cheap production
of linear peptides, the quick selection of binding sites
considering only the amino acid sequence of the pro-
tein, and the possibility of modifying binding sites with
a selected amino acid (e.g. histidine, cysteine residues)
to facilitate a specific desired bioconjugation process
[64, 65].

(b) Peptide sequences extracted from protein target: The
selection of peptide sequences is carried out after a
scan of the structure of the protein target, taking care
to verify that these portions have the suitable require-
ments for the experimental conditions of synthesis
(e.g., solvent solubility) [48, 65, 66]. As easily argued,
in this case the selection of the peptide sequence can
be more difficult, but also makes it possible to widen
the spectrum of target proteins to be templated and can
improve the performance of the resulting MIP. In some
cases, the protein sequence has been scanned along-
side other proteins of the same family [67]. Another
epitope selection method consists in identifying small
sequences common to a target family of peptide mol-
ecules, such as neurotransmitters, hormones, or toxins
[68, 69]. An advantage of this approach is that it allows
the resulting MIP to bind multiple molecules that share
the same amino acid sequence.
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Naturally occurring epitopes: This consists in the use of
portions of proteins for which recognition phenomena
by antibodies or cell receptors are known. For exam-
ple, for the development of a sensor for the detection
of the bacterium Neisseria meningitidis, a nonapeptide
of an external protein of the bacterial membrane was
chosen as epitope template [70]. The most fascinating
aspect of this approach lies in the possibility of achiev-
ing a remarkable imprinting effect, as the interactions
involved exploit already established immunogenic
regions. On the other hand, using previously verified
antigenic determinants may also be unfeasible when the
target protein has not yet been sufficiently studied.
Nonlinear peptides: Considering that molecular recog-
nition mechanisms in nature often use interactions with
secondary and tertiary structures of proteins, the use
of linear peptides may be a reductionist approach. For
this reason, the use of cyclic peptides that more closely
mimic certain portions of proteins is becoming popu-
lar [71, 72]. The selection of suitable peptides in this
case necessarily requires the use of bioinformatics tools
(see below) for 3D visualization, surface functionality
assessment, and secondary structure prediction steps
by specialized platforms.

Non-peptide-based epitopes: It is possible to use non-
protein molecules, such as mono- and oligosaccha-
rides, for the development of MIPs designed for the
recognition of glycoproteins or for the detection of cells
carrying such molecules on the surface [10]. In this
approach, the selection of epitope is facilitated but its
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use is limited to the imprinting of a restricted range of
proteins bearing specific glycosylation sites.

From all the above, it is evident that the epitope selection
could be difficult. In this sense, useful available tools are
provided by bioinformatics resources that enable the scout-
ing of epitopes based on the macromolecular target to be
revealed, also giving indications about the feasibility of the
process of molecular imprinting (monomer—template inter-
action, in-solvent stability, etc.). It should be highlighted that
by computational approaches, the binding energies between
template and functional monomer may be simulated to
obtain information on potential complex stabilities with the
functional monomers. In this regard, an interesting work was
recently published by Bossi’s group [62]. In their review,
they surveyed a series of reports about MIPs obtained by
epitope imprinting, indicating informatics resources freely
available online that might offer key tools for the selection of
suitable epitopes for the imprinting process. In another work,
Busato et al. [73] presented the development of an open-
access platform called MIRATE (MIps RATional dEsign
Science Gateway), which helps imprinters throughout the
entire MIP synthesis process. The user-friendly interface
also makes the tool accessible to users not specialized in
computational modeling.

Although assisted by computational approaches, the
choice of the optimal epitope and the most suitable epitope
approach is not trivial and must be accurately performed in
relation to the specific protein to imprint. The length of the
epitope peptide is a crucial parameter for the imprinting and
subsequent recognition process. Peptides that are too small
can lead to low-selectivity binding sites. On the other hand,
peptide chains that are too long possess a higher degree of
flexibility in solution, and intramolecular interactions may
occur, forming undesired 3D structures of the template and
thus possibly affecting the imprinting process [10]. Moreo-
ver, it is known that oligopeptides consisting of up to 30
amino acid units may not be compatible with all polym-
erization strategies, and many epitope chains are known to
undergo aggregation in aqueous environments, which must
also be taken into consideration when using these biomateri-
als in molecular imprinting technologies [8, 57].

Epitopes to be used during the molecular imprinting
process can be obtained through their extraction and iso-
lation from their biological source, but also through faster
synthetic approaches that produce only the peptide chain
required for MIP assembly [8, 74]. Due to its flexibility,
epitope imprinting has enabled the development of tailored
MIP-based sensors for considerably rare or hard to obtain
biomarkers [58], for which the use of the entire molecule in
the imprinting process would have the additional weakness
of consuming large amount of highly costly molecules.

To understand the high potential of the epitope imprinting
approach, as cleverly highlighted in a recent work [62], it has
to be taken into consideration that the protein—protein inter-
actions occur via a defined portion of the protein surface,
showing that just a selected part of the protein is responsi-
ble for the recognition of a molecular partner. Analysis of
the protein complexes shows that despite the limited surface
involved in the recognition, remarkably strong contacts can
be achieved, justifying the very low dissociation constants
in the picomolar range that typically characterize the highly
selective protein interaction with receptor possessing com-
plementarity toward only a small fragment, i.e., a peptide,
of the whole protein.

Epitope imprinting MIP-based sensors for proteins and
macromolecules have been reported in several fields, ranging
from healthcare to foodstuff quality control [17, 22, 60, 75].
For instance, in a very recent report [76], it was used for the
imprinting of ovalbumin (OVA) on SPCEs (Fig. 7).

To this aim, a polymerization mixture containing OVA
IgE-binding epitope (amino acid sequence of ovalbumin)
as template and dopamine as monomer was used for the
electro-synthesis of a polymer layer on a working elec-
trode previously functionalized with gold nanoparticles.
The templates were removed by washing the electrode in
1 M NaOH solution for 30 min, followed by distilled water
for 15 min, to obtain the final MIP. The resulting sensor
was able to detect the target in a linear range from 23.25
to 232.50 nM, with good selectivity against other proteins
such as human serum albumin (HSA), BSA, and Lyz. BSA
and HSA were selected as naturally globular proteins, simi-
lar to OVA, while Lyz and OVA are both present in egg
white. Only limited interference from Lyz was observed
and was found to be slightly higher than BSA and HSA.
According to the authors, this could be due to the differ-
ence in the molecular weight of the tested proteins, as Lyz,
due to low molecular weight, might diffuse into the recog-
nition cavities and interfere with the electron transfer of
the sensing interface.

In another work, Cheng-Jung et al. [63] developed an
electrochemical sensor for insulin detection in serum sam-
ples. C-terminal polypeptide of insulin, as template mol-
ecule, was self-assembled directly on the surface of a gold
electrode, before electrosynthesis of the MIP layer using
o-phenylenediamine as functional monomer. The authors
did not exhaustively explain how the polypeptide adsorbs on
the surface of the electrode, but the effectiveness of this step
was confirmed indirectly by monitoring the signal change
of aredox probe. The final sensor was able to detect insulin
at femtomolar levels, with a detection limit of 7x 10715 M.
Also, in this case, the authors did not report any experimen-
tal details on the preparation of protein solutions at such a
low concentration.

@ Springer



5174

Mazzotta E. et al.

A . QN B

dopamme

e

AuNPs coated carbon
electrode

C

e —————

epitope removal

Fig.7 Schematic representation of a MIP for albumin synthesis by
the epitope approach: (A) SPCE functionalized with AuNPs; (B)
electropolymerization of a solution containing epitope and dopamine;

As discussed with regard to the imprinting of the
whole protein, epitope imprinting can also be basically
performed from the polymerization of a solution contain-
ing the selected epitope and monomer, and preliminarily
anchoring of the epitope on the transducer surface prior
to polymer synthesis through direct chemisorption or the
use of an anchoring agent such as SAM-forming units
[60]. The combination of epitope and surface imprinting
strategies is very common [65]. An interesting work was
published by Tchinda and coworkers [65], who compared
the performance of two sensors for the detection of NSE
biomarkers, obtained with and without the anchoring of
the epitope to the surface of gold electrodes and on quartz
crystal microbalance (QCM) chips (Fig. 8). In this case,
the two approaches were revealed to be similarly effective
in preparing highly selective MIPs.

The above-reported results, although not pretend-
ing to exhaustively illustrate the remarkably wide and
ever-increasing field of epitope imprinting, give an idea
of the great potential of this approach, which is rapidly
expanding and changing the nature of macromolecule
imprinting, making it more practicable and closer to a
multitude of applications thanks to eliminating the need
to use the whole protein, with related issues of high costs
and possible above-discussed limitations in imprinting
efficiency.
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(C) epitope removal from polymer matrix; (D) template binding on
the MIP surface. Adapted from [76]

MIP format suitable for the electrochemical
sensing of macromolecules

To overcome the abovementioned issues related to macro-
molecule imprinting, researchers have proposed not only
the development of surface-based and epitope imprint-
ing procedures, but also the employment of nanosized
MIPs with surface-exposed imprinted sites due to their
high surface-to-volume ratio. This facilitates MIP—protein
interaction and promotes analyte diffusion to the elec-
trode surface, which is particularly crucial for obtaining a
readable signal in electrochemical platforms [77]. There-
fore, two major approaches have been proposed for this
purpose:

(a) employing thin and ultrathin MIP films; and
(b) using MIPs in the form of nanoparticles (MIP NPs).

Once one or the other of these MIP formats has been cho-
sen, the age-old question of how to integrate MIPs with elec-
trochemical sensors must be addressed. There are various
approaches used for this purpose, and the target detection
technique also varies accordingly [7, 78]. While in the case
of MIP NPs, their synthesis and integration with the trans-
ducer have to be decoupled, when dealing with MIP film,
two strategies for their integration with the electrochemical
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Fig. 8 Two different ways to A
perform the epitope approach

to obtain electrochemical
MIP-based sensors for NSE.

(A) Epitope (cysteine-modified
epitope) immobilization on the
electrode surface prior to the
electrosynthesis of a polymer
(from scopoletin monomer).
Subsequent removal of the
epitope produces the MIP. (B)
Electrochemical polymerization
of a solution containing epitope
(histidine-modified epitope) and
monomer (scopoletin). All func-
tionalization steps were moni-
tored by checking the change in
the electrochemical signal of the
[Fe(CN)6]3"4' probe. Adapted
from [65]

bare QCM chip

Cys-modified
NSE epitope

epitope removal g@

B SO

“CH,

scopoletin (monomer)

bare Au wire
(working electrode)

)

epitope removal

sensing platforms can be used [7, 13, 78]: (i) in situ polym-
erization, with direct synthesis of the MIPs onto the trans-
ducer, and (ii) ex situ polymerization, by incorporation or
immobilization of previously prepared MIPs (Table 1). As
easily argued, the first approach allows us to easily achieve
MIP synthesis and integration with the sensors in a single
step. The second strategy, on the other hand, allows us to
complete MIP synthesis and characterization before their
immobilization on the transducer, so both steps can be inde-
pendently optimized.

MIP film

Currently, several approaches are available to synthesize
MIPs in the form of film on the transducer surface, with
the possibility for an electrochemical readout of the signal
related to the molecular recognition event. The main strate-
gies for MIP film synthesis are as follows:

(a)

(b)

(©
(d)

(a)

o
m “CH,
o OH
scopoletin (monomer)

)

electropolymerization

NSE recognition

His-modified NSE epitope

NSE recognition

drop-casting or spin- and dip-coating of previously syn-
thesized polymers on the electrode surface [94-98] or
of solutions containing template and monomers which
are subsequently polymerized in situ [30, 95];

use of thiol derivatives to form self-assembled layers
with molecular recognition properties on gold surfaces
[81, 82];

synthesis of films by grafting polymerizable groups
and/or initiators onto the support surface [99—102];
electropolymerization of a mixture of electroactive
monomers and targets [103] or, alternatively, elec-
trosynthesis of a polymer film after the immobilization
of the target on the electrode surface [16, 37, 85].

Drop-casting or spin- and dip-coating of previously
synthesized polymers or solutions containing template
and monomers on the electrode surface

@ Springer
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The strategy consisting in the drop-casting of already
formed polymer on the electrode surface [95] was recently
exploited in a work by Wei et al. [94], who developed
an electrochemical sensor capable of detecting BSA in
a linear range between 0.02 and 10 pM with a LOD of
0.012 uM. To assemble the sensor, a pre-imprinted hydro-
gel was first synthesized by free radical polymerization
of a series of monomers in the presence of the template.
Later, the pre-imprinted hydrogel solution was deposited
on the surface of glassy carbon electrodes by drop-casting,
leaving polymerization to proceed for a further 30 min,
ensuring adhesion of the sensitive material to the electrode
surface. A similar approach was used in another work [96],
where an electrochemical sensor was developed for the
detection of bovine hemoglobin (BHb) by placing a thin
layer of preformed MIP directly on the surface of a glassy
carbon electrode by drop-casting. The MIP gel was held in
place by a system of membranes attached to the electrode
with the aid of a rubber o’ring. With this configuration, the
authors claimed to be able to determine the target through
its own redox activity.

In other cases, a solution containing monomers and tem-
plate is directly drop-cast onto the electrode surface fol-
lowed by polymerization, creating sensitive layers capable
of selectively recognizing the target. A multitude of MIPs
have also been produced in this manner [95], although only a
few examples are focused on protein detection, as in the case
of the work by Wang and coworkers [30], who fabricated a
MIP-based electrochemical sensor for the detection of Myo
(Fig. 9), a heme protein with oxygen-binding properties,
used as a biomarker for the diagnosis of acute myocardial
infection. A MIP layer was obtained by in situ free radical
polymerization, after drop-casting of a solution containing
monomer, initiator, ionic liquid (IL), and target on the sur-
face of glassy carbon electrodes, previously modified with
MWCNTs, to enhance the conductivity of the working elec-
trode. The optimized sensor was able to detect the protein
in a wide range (60.0 nM to 6.0 pM) with a low detection
limit (9.7 nM). The authors also applied this electrochemical

Fig.9 Functionalization scheme
of a glassy carbon electrode

to obtain a MIP sensor for
myoglobin, prepared by in situ
polymerization of a solution
containing ionic liquid, tem-
plate, initiator, and electrolyte.
Prior to in situ MIP synthesis,
the electrode is functionalized

® .

)

ionic
with MWCNTs. Adapted from liquid Mvo
[30] e S
initiator

bare electrode

sensor to determine Myo amount in spiked plasma, and a
recovery of 96.5% was reported. To evaluate the selectiv-
ity, eight potential interferents, namely BHb, BSA, CytC,
OVA, ascorbic acid, glycine, L-cysteine, and L-histidine,
were measured independently. Although it was found that
the variation in current due to Myo was higher than that with
other analytes, a non-negligible response was observed for
BHb. According to the authors, this was because both Myo
and BHb contain an organic prosthetic group for binding
oxygen, along with other similarities in the sequence of the
alpha and beta chains. Although the authors concluded that
the sensor was able to discriminate BHb and Myo, some
doubts remain considering that the sensor response to Myo
was only twofold in comparison with BHb.

It is interesting to highlight that the authors here used an
IL with an amino group and a vinyl group (1-{3-[(2-ami-
noethyl)amino]propyl }-3-vinylimidazole bromide) as a
functional monomer. The advantage in such a choice lies
in the IL properties including high thermal stability, good
conductivity, excellent water solubility, and biocompatibil-
ity. In addition, as with many ILs, it can be polymerized
at room temperature, avoiding any damage to the protein
molecules. The use of ILs as both a monomer and a solvent
in the synthesis of MIPs for macromolecules is still largely
unexplored. It should be advanced as being highly beneficial
for moving toward a green and sustainable imprinting tech-
nology, reducing the use of organic solvents and promoting
eco-friendly conditions [104].

(b) Thiol derivatives to form self-assembled layers with
molecular recognition properties on gold surfaces

Other researchers [81, 82] have proposed drop-casting
of thiol solutions containing the template for the formation
of SAM incorporating the protein targets on gold working
electrodes. As in the case of the polymerization process,
subsequent removal of the target would lead to the formation
of imprinted cavities and thus a MIP layer (Fig. 10).

¢ MWCNTs
)

surface electrode
functionalized with MWCNTs

template
removal

)
|

template
rebinding
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Fig. 10 (A) Preparation scheme
of a SAM layer with molecular A
recognition capabilities; (B)

target
molecule

possible interactions between con ™

target protein and SAM layer. (CH™

Adapted from [81] s ™ Gold coating
Si chip

B protein

thiol group \’ﬁ
gold layer —

silicon —

This strategy was proposed by Yu et al. [82], who devel-
oped a potentiometric sensor for the detection of carcinoem-
bryonic antigen (CEA), a biomarker of different cancer types
including pancreatic, breast, and colon cancer. The authors
used a thiol compound (11-mercapto-1-undecanol) solu-
tion, containing CEA, to produce a hydrophilic SAM on
the working electrode, which demonstrated the ability to
recognize the target after its removal. Although such a sys-
tem is extremely simple to be designed and implemented, its
performance could suffer from poor selectivity, especially
in the case of interfering molecules structurally similar to
the target [7].

(c) Synthesis of films by grafting polymerizable groups
and/or initiators onto the electrode surface

In situ MIP deposition can also be achieved by surface-
confined polymerization upon grafting of polymerizable
groups or initiators on the transducer surface [4, 29, 82].
In some cases, this “grafting from” approach has been
successfully combined with controlled/“living” radical
polymerization (CLRP) techniques [105, 106], which is
a family of synthetic strategies whose common feature
is to limit and control the number of radicals that react
to form the polymer, contrarily to free radical polymeri-
zation, which can make it difficult to prepare polymeric
layers with well-defined thickness. Briefly, in CLRP
the monomer is added to the active chain end and not to
another monomer, so that as polymerization continues,
monomers will continue to be added to the growing chain
[107]. CLRPs permit chain growth to be controlled by
controlling the growth and termination steps, acting on the

@ Springer

Imprinted cavities

conditions of synthesis (initiators, monomers, modulation
of reaction initiation by light, heat, etc.). The combination
of the “grafting from” approach with CLRP methods has
proven to be a versatile strategy for fine-tuning the growth
of the polymer layer, exploiting light- [25, 31], heat- [4],
or electrochemically [32] mediated polymerization, and
allowing extreme control of the molecular weight and thus
the thickness of the resulting polymer [108]. This is due
to the excellent possibility for easy suspension and reac-
tivation of the synthesis process (by acting on the trigger
factor), increasing the opportunities for better optimization
of the final MIP [7, 108].

An example was reported by Kidakova et al. [31]
(Fig. 11). The authors developed an electrochemical sen-
sor for a clinically relevant protein, brain-derived neuro-
trophic factor (BDNF). The MIP film on the surface of a
screen-printed gold electrode (SPGE) was synthesized by
surface-initiated CLRP. In short, an initiator, in particular
an iniferter (initiator—transfer agent—terminator) agent, was
attached to a sensor surface and then the modified electrode
was exposed to a solution containing a mixture of functional
monomer, cross-linker, and target protein (see Table 1 for
details). The photopolymerization was carried out by UV
irradiation. The sensor was able to detect the target in a
range of 0.01-0.06 ng mL~!, with an interesting detection
limit equal to 6 pg mL~!. Unfortunately, the selectivity was
not particularly satisfactory, as the sensor showed a signifi-
cant response to each tested interference, especially at low
concentration (0.02 ng mL™"). Although the authors high-
light sensor selectivity enhancement at higher concentration
(0.06 ng mL~"), only an approximately twofold increase in
comparison to interferences was observed.
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A (3,5-DCIPD) B
(NaDEDTC)

Removing of BDNF /

Grafting of iniferter

LNJ Solution containing target
S (BDNF) and monomers
L

Apphccrtxon of the polymerization
solution with BDNF

0.2 M NaOH
5% Acetic acid

Photopolymerization

formation of BDNF-MIP film

Fig. 11 Preparation scheme of a MIP-based electrochemical sensor
for BDNF protein by grafting the iniferter before starting photopoly-
merization. (A) Functionalization of SPE with 3,5-DCIPD (a diazo-
nium salt); (B) grafting of the iniferter (sodium diethyldithiocarba-
mate, Na-DEDTC) to 3,5-DCIPD; (C) coating of the SPE with the

In another work [84], Patra et al. developed an electro-
chemical sensor for the detection of PSA by combining the
use of iniferter-induced radical polymerization and MWC-
NTs, which were firstly functionalized with dithiocarba-
mate groups and then decorated with Mn nanoparticles
to produce a nano-iniferter (Fig. 12). The as-assembled
nanomaterial was then anchored to the surface of a pencil
graphite electrode (PGE) and used to initiate the surface
imprinting of PSA with itaconic acid as the functional
monomer and ethylene glycol dimethacrylate (EGDMA) as
cross-linker in dimethyl sulfoxide at 50 °C. The final sen-
sor was able to detect PSA by square wave and differential
pulse voltammetry (SWV and DPV), showing a detection
limit as low as 0.25 pg L™".

An original application of such an approach was pro-
posed by Sun and coworkers [32]. In this work, MIP was
prepared on the surface of a Au electrode by electro-
chemically mediated atom transfer radical polymerization
(eATRP), with hemoglobin (Hb) acting as both catalyst
and template molecule. To this aim, the electrode surface
was first functionalized with an initiator and then exposed
to a solution of monomer, cross-linker, and target. Chrono-
amperometry was then performed, applying a potential
corresponding to Hb reduction, in order to exploit the
reduced Hb-Fe(II) form as a catalyst of the polymerization

solution containing a mixture of the functional (DEAEM) and cross-
linking (BAA) monomers and the target protein (BDNF); (D) pho-
topolymerization of the monomers under UV irradiation; (E) remov-
ing BDNF from the polymer to form BDNF-MIP on the surface of
the SPE. Adapted from [31]

reaction. The as-assembled voltammetric sensor showed a
linear response for the target within a logarithmic concen-
tration range from 107! to 10 mg L=,

As an alternative to the above, rather than anchoring ini-
tiator agents on the electrode, it is possible to graft com-
pounds with polymerizable moieties to the transducer sur-
face [29].

It can be highlighted that, although the use of a “graft-
ing from” approach combined with the CLRP method
is steadily increasing [109, 110], the number of works
exploiting it for the development of MIP-based electro-
chemical sensors for proteins and macromolecules still
does not reflect their potential.

(d) MIP electropolymerization

When exploring the panorama of MIP-based electro-
chemical sensors, it easily emerges that electropolymeri-
zation has been mostly used as a successful approach for
integrating the MIP layer with the transducer surface. Since
its first applications in the imprinting of small molecules
[111-113], benefits related to such an approach have also
been widely recognized with macromolecules as template
[4]. One of the most fascinating aspects of electrochemi-
cal polymerization, which justifies its large use in sensing
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MIP modified PGE (PSA
sensor)

Fig. 12 Synthesis scheme of a MIP for PSA protein: MWCNTSs were
firstly functionalized with Mn nanoparticles to produce a nano-inif-
erter. This material was used to functionalize a pencil graphite elec-

schemes, is the possibility for easy integration of the MIP
layer with the transducer surface, even in the case of sub-
strates with unconventional geometry [114, 115], affording
a low-cost and easy-to-use setup. The resulting MIP thick-
ness, which plays a vital role in both template removal and
rebinding steps [24, 35, 116], can be easily controlled by
simply monitoring the amount of circulated charge during
the electropolymerization process and, related to this, the
scan rate, specifically when electropolymerization is carried
out by cyclic voltammetry [14, 117]. Other properties of the
resulting MIP possibly critically influencing the imprinting
process can be tuned by varying different electropolymeri-
zation experimental conditions, as in the case of polymer
porosity, which can be modified by the supporting electro-
lyte properties [118]. When considering in particular mac-
romolecule imprinting, some additional benefits have to be
pointed out. Starting from water-soluble electropolymeriz-
able monomers [4], and requiring the application of water-
compatible potential windows [119], MIP deposition can
easily take place in an aqueous environment, thus preserv-
ing protein stability and limiting the risks related to protein
denaturation. Moreover, the use of a buffered polymerization

@ Springer

nano-iniferter modified PGE

1 polymerization

adduct modified PGE

trode (PGE) by drop-coating. Later, the MIP was obtained on the sur-
face of the working electrode by thermally induced polymerization.
Adapted from [84]

solution can increase imprinting efficiency, as a differen-
tially charged state of the protein template can be promoted,
thus favoring monomer—template electrostatic interactions
[12]. Also, the abovementioned easy tuning of MIP thick-
ness is a key aspect especially in the imprinting of protein,
as the issue of hindered template rebinding and extraction
can be particularly significant due to the bulky template.
As discussed in section 1.1, the precise control over elec-
trosynthesis enabling the fine-tuning of the polymer layer
thickness can be conveniently exploited in surface imprint-
ing of protein templates. Another aspect which undoubtedly
contributes to extending the electropolymerization strategy
from small-molecule to macromolecule imprinting is the
availability of a wide range of suitable monomers [4], which
determines, in turn, the possibility to control/increase the
amount and the type of available functional groups involved
in monomer—template interaction. Monomers such as ani-
line [120, 121], pyrrole [85, 122], o-phenylenediamine [123,
124], 3-aminophenylboronic acid [125, 126], and scopoletin
[37, 80, 127] have gained popularity in MIP electrosynthesis
and have also been found to be suitable in the imprinting of
macromolecules. This is the case, for example, of aniline and
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aniline-like compounds, such as o-phenylenediamine, which
are favored for protein imprinting because they carry func-
tional moieties that allow multiple interactions, including
hydrogen bond, n-n bond, and electrostatic forces, with the
target molecules [80]. In the case of glycoprotein imprint-
ing, a very suitable monomer is 3-aminophenylboronic acid,
which carries the boronic groups capable of forming revers-
ible covalent bonds with diol groups of glycoproteins [128,
129].

Along with commonly used electropolymerizable mono-
mers, other ad hoc derivatized agents have been exploited
in order to introduce the desired functional groups, thus
improving the interaction between the MIP and the cho-
sen target. In this context, an excellent research activity
was performed by Prof. Kutner’s group which developed
several electro-synthesized MIPs by employing thiophene-
derivative monomers with the aim of introducing ad hoc
selected moieties within polythiophene backbone, enabling
specific interactions with the target molecule [130-132]. In
some cases, the authors derivatized the target, HSA protein,
with bithiophene functional monomers for the development
of an electrochemical [131] and an extended-gate field-
effect transistor (EG-FET) [132] for the detection of HSA.
They took advantage of the amino and carboxylic groups
naturally present on the surface of the protein to graft on
polymerizable functional groups, which enabled the syn-
thesis of a highly selective polymer for the chosen target.
The MIP-HSA film was directly prepared on the electrode
surface by electropolymerization of a solution containing
the derivatized target and other monomers (Fig. 13). In this
procedure, the authors used a semi-covalent approach to pro-
tein imprinting that involves covalent binding of recognition
moieties of functional monomers with functional groups of
the template. After removal of the template (by immersing
the MIP-HSA-coated electrode in NaOH solution for 45 min
at 40 °C until the electrochemical response of the sensor
was constant), producing the cleavage of the covalent bonds,
unlike covalent imprinting, semi-covalent imprinting uses
only non-covalent interactions (hydrogen bonds and/or via
electrostatic, van der Waals, and hydrophobic interactions)
in the rebinding step. The final sensor allowed the impedi-
metric detection of the target in the range of 4-80 pg mL™".
An extensive selectivity study was also reported. The sensor
was found not to respond to most tested low-(molecular-
weight) interferences including creatinine, urea, and uric
acid. Nonetheless, the authors concluded that the presence
of glucose should have no effect on the detection signal, as
a blood sample must be diluted 1000-fold before HSA deter-
mination. Moreover, the sensor was practically insensitive
to proteins such as CytC and Myo, while showing a certain
response to Lyz. According to the authors, this was because
nearly half of the Lyz sequence consists of random coils
that are flexible. These could be responsible for Lyz fitting,

at least partially, to the shape and locations of recognition
sites within the imprinted cavities.

Besides the well-recognized advantages from MIP elec-
tropolymerization, some key aspects must be critically
evaluated for achieving satisfactory imprinting performance.

Firstly, the possible redox activity of the target must be
taken into strict consideration, as it can influence the MIP
film electrodeposition process. The products of template
redox reactions can interact with the forming polymer and/
or be adsorbed on the electrode surface, leading to fouling
phenomena and possibly reducing film adhesion to the elec-
trode as well as further template electrochemical detection.
Although such issues are quite limited in the case of biomac-
romolecule imprinting due to their limited electroactivity,
a number of ploys have been proposed to overcome these
problems, including the use of non-electroactive template
analogues [133] and the production of resistive MIP self-
barriers that prevent the redox processes of templates at the
electrode [133, 134]. In a fairly recent work, Gonzalez-Vogel
et al. attempted to develop a MIP for the detection of an
electroactive lignin marker [135]. After checking the elec-
troactivity of the template, a protective barrier of poly(3,4-
ethylenedioxythiophene) (PEDOT) was first electropolymer-
ized on the glassy carbon electrode surface before the MIP
synthesis in order to prevent oxidation of the template mol-
ecule at the sensor surface. This made it possible to limit the
redox activity of the target on the electrode surface (although
not completely, as confirmed by the authors). The final sen-
sor was able to detect the target in a range between 107°
and 1072 M. A better approach is to use electro-reducible
functional and cross-linking monomers for imprinting of
electro-oxidizable templates and vice versa. In this respect,
a very interesting work came from Sharma et al. [136], who
proposed the use of fullerene derivatives as reductively elec-
troactive functional monomers for imprinting of adenosine-
50-triphosphate (ATP), an electro-oxidizable template.
The reductive electropolymerization was performed by
potentiodynamic conditions, applying 12 potential cycles
between 0 and —1.30 V versus Ag/AgCl at a sweep rate of
0.05 V/s. It was demonstrated that the application of such
conditions did not produce any chemical or conformational
changes in the target, and that the generation of reaction
by-products was avoided. The sensor developed was able
to determine this target up to a detection limit of 0.03 mM.
Selectivity with respect to structural analogues of ATP was
quite pronounced. That is, sensitivity to ATP was nearly
nine times that to adenosine monophosphate, four times that
to thymidine triphosphate and guanosine triphosphate, and
nearly 2.5 times that to adenosine diphosphate. However, it
was merely twice that to cytidine triphosphate (CTP). The
latter was explained in view of the structural similarity of
CTP and ATP with all the H-bond-forming groups of ATP
also present in CTP. Moreover, sensitivity to adenine was
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Human serum
albumin (HSA)

HO” O NH,

groups

electropolymerization

Fig. 13 Synthesis scheme of a molecularly imprinted polymer film
for HSA. (A) Target protein bearing —-NH2 and —COOH groups
was derivatized (B) with polymerizable bithiophene moieties (i)
2,2'- bithiophene-5-carboxylic acid and (ii) p-bis(2,2’-bithien-5-yl)
methylalanine. (C) A MIP layer was directly electropolymerized on

approximately 15 times lower, while phosphate and guano-
sine did not interfere at all.

Secondly, another key aspect to consider in the electropo-
lymerization of MIPs for macromolecules is the nature of the
electrode material. It is generally accepted that proteins are
variously adsorbed on surfaces with which they come into
contact [137, 138] upon the instauration of van der Waals,
hydrophobic, and electrostatic interactions [139], particu-
larly on gold [127] and carbon-based [137] surfaces. Such a
phenomenon was studied in a work by Zhang et al. [127] in
the design of an electrochemical MIP-based sensor for the
detection of transferrin (Tfr), a globular protein. The influ-
ence of the nonspecific binding of Tfr to the gold electrode
surface was investigated by CV and SWV measurements
in ferro/ferri-cyanide solution, with the aim of discriminat-
ing the contribution of the protein binding to the MIP from
that related to adsorption on the surface of the electrode.
Thus, changes in the redox probe signal on bare electrodes
after exposure to target solutions at different concentrations
were monitored to verify that Tfr was strongly adsorbed on
the electrode surface as shown by suppression of the redox
marker signal. It was hypothesized that this nonspecific
adsorption may be due to the cysteine-rich domains of the
globular proteins. The authors exploited this effect to obtain
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the electrode surface, using a solution containing labeled target and
a cross-linker (iii) 5,5',5"-methanetriyltris(2,2'-bithiophene). (D) The
washing procedure produced the imprinted cavities. Adapted from
[131]

the adsorption of the protein before the electrosynthesis of
a MIP layer using scopoletin as functional monomer. They
then compared the performance of the resulting MIP with
that of the MIP electro-synthesized from a monomer-tem-
plate mixture. For both MIPs, they claimed that the vari-
ation in the analytical signal after rebinding was not only
due to interactions between template and polymer, but that
there was an important contribution related to the interac-
tions between the protein and the gold surface, which was
higher for proteins rich in cysteine residues. In addition, it
was observed that the MIP synthesized around the adsorbed
target was less selective than the other, possibly due to the
unfolding of the target proteins upon the adsorption on the
Au surface, which impairs the molecular imprinting process.

Nonspecific adsorption phenomena have also been con-
firmed, in particular for globular proteins due to their large
size and multitude of functionalities [127, 137], on carbona-
ceous materials [137, 138, 140], resulting in a deterioration
of sensor performance in the case of target protein detection
or when the matrices studied contain proteins [140]. The
strategy of preliminary anchoring of the target protein to
the electrode surface prior to the electropolymerization [16,
37] in surface imprinting schemes (section 1.1) can reduce
nonspecific adsorption phenomena. As discussed above, this
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approach also has the advantage of creating more uniform
binding sites in the MIPs [37].

MIP nanoparticles

The fruitful integration of the fields of imprinting and nano-
technology has certainly reached an apex with the synthesis
of the imprinted material itself at nanoscale, of which MIP
nanoparticles (MIP NPs) represent the mostly successful
example.

Several strategies have been explored during recent
years for the synthesis of MIP NPs, including precipitation
[141-143], emulsion polymerization [144—146], core—shell
grafting [125, 126, 147-149], and solid-phase synthesis [75,
150, 151]. Unlike bulk materials, MIP NPs have a higher
surface-to-volume ratio and greater total active surface
area per unit weight of polymer. Imprinted cavities are thus
more easily accessible to the template, which improves bind-
ing kinetics and facilitates the template removal process,
improving their overall performance [5, 152—-154]. While
all these fascinating features have allowed their successful
applications in several fields including imaging [155, 156],
spectroscopy [157], and sample treatments [158], when
dealing with their use in sensing applications, an additional
extra step has to be performed/optimized related to MIP NP
immobilization on the electrode surfaces. As easily argued,
this step has a fundamental role in the sensor assembly, as
it has to promote the firm and homogeneous anchoring of
the MIP NPs to the transducer surface while leaving their
binding sites available for target interaction.

To this aim, two approaches are commonly proposed: (i)
MIP NP incorporation within the electrode materials, and
(i1) MIP NP immobilization on the electrode surface through
the use of polymeric membranes acting as a scaffold and
support structure [7, 13] or by a suitable linker (e.g. SAM)
grafted on the electrode [150, 159, 160].

The first strategy can be followed when graphite-based
electrodes or carbon paste electrodes are used, as MIP NPs
are mixed with the components assembled to prepare the
electrode [161]. Interestingly, in some cases the prelimi-
nary functionalization of electrode material with MIP is
performed before assembling the electrode, as reported in
a work by Yoshimi’s group [162] for the development of an
electrochemical sensor for heparin determination in saline
buffer and bovine blood. A heparin-imprinted copolymer
was first grafted directly onto graphite particles by radical
polymerization using two acrylamide-based monomers. The
grafted particles were thoroughly mixed with silicon oil and
ground into a paste in a polytetrafluoroethylene mortar. The
as-modified graphite paste was then packed into the tip of
a capillary to fabricate a MIP-functionalized carbon paste
electrode. This sensor was able to selectively detect the tar-
get in a concentration range between 0 and 8 units mL~".

This approach certainly offers easy sensor assembly but
could fail in guarantying MIP NP homogeneous distribu-
tion and, in turn, reproducible sensor responses. The limited
application of this approach for the integration of MIP NPs
with the electrode is probably a reflection of these limita-
tions, particularly stringent in the case of macromolecule
imprinting.

The second approach is more versatile and more widely
used, allowing for the proper selection of the method for
anchoring MIP NPs to the transducer depending on their
characteristics. A simple method consists in preparing
mixtures containing MIP particles and material acting as
an adhesion network to the electrode surface, such as aga-
rose [93, 163], chitosan [164], sol-gel, or acrylic derivatives
[165-167], further deposited by drop- or spin-coating on
the electrode surface. An example is provided by Yang and
coworkers [93], who produced an electrochemical sensor
for BSA protein using MIP particles synthesized by cryo-
genic polymerization of acrylamide-derivate compounds.
A mixture of agarose and MIP NPs was dropped on the
surface of a glassy carbon electrode and dried to obtain a
solid membrane. The electrochemical sensor showed a lin-
ear response for a target logarithmic concentration range
(1071- 10712 M).

One common approach involves anchoring of previ-
ously prepared MIP NPs onto the electrode surface using
molecular linkers [150, 160]. This technique is particularly
suitable with gold surfaces which are easily modified with
thiol-bearing molecules exposing specific functionalities
(typically amino- or carboxy-terminated) which can readily
react with MIP NP moieties, often upon EDC/NHS coupling
reactions. Such a functionalization scheme was reported by
Garcia-Cruz et al. [160], who developed a sensor platform
based on electro-responsive MIP NPs, capable of detecting
different kinds of targets (small and high-molecular-weight
compounds). MIP NPs were produced by solid-phase syn-
thesis and then covalently attached to SPGEs using thio-
alkane linkers. For that, SPGEs were firstly incubated in a
cysteamine ethanolic solution and then EDC/NHS chem-
istry was used to anchor the MIP NPs. A similar approach
was proposed by Canfarotta et al. [150], who described the
solid-phase synthesis of MIP NPs and their integration into a
label-free capacitive sensor to detect trypsin. To immobilize
MIP NPs on a gold working electrode, electropolymerization
of tyramine was firstly performed in order to introduce free
primary amino groups on the surface of the electrode. Later,
the modified electrode was incubated in a glutaraldehyde
solution to afford a linker between the amino groups exposed
on the electrode and on MIP NPs. The as-developed sensor
was able to detect minute amounts of the trypsin protein up
to a concentration of 1.0x 10~'* M [150]. Good results were
also obtained in terms of sensor selectivity, which was tested
against chymotrypsin, Lyz, BSA, and CytC. Selectivity
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coefficients were calculated from the ratio between the sen-
sor response to the analyte and to the competitor molecule,
obtaining satisfactory values ranging from 8.3 to 54.1, which
evidenced the high selectivity of the developed system.

Finally, an original approach was proposed by Zhao and
coworkers [90]. The authors explored the preparation of MIP
NPs using an ad hoc synthesized amphiphilic copolymer as
“macromonomer,” with complementary moieties to target
molecules (BSA, OVA). MIP NPs were obtained by pre-
cipitation polymerization using a solution containing the
macromonomer and targets, inducing their co-assembly. To
prepare the imprinted sensor, NP solution was dropped onto
a cleaned gold electrode, which was irradiated with UV light
for 30 min to attach the nanoparticles to the electrode sur-
face by “UV-curing.” The targets were indirectly revealed
by monitoring the redox processes of an electrochemical
probe ([Fe(CN)6]3'/4'), with BSA being detected in a range
between 1074 and 10~ mg mL~".

Along with MIP NPs, other examples of the fruitful
coupling of nanotechnology and imprinting technology
have been illustrated in several works exploiting the inte-
gration of MIP film with both metallic [92, 123, 168] and
carbon-based [55, 88, 169, 170] nanomaterials in order to
exploit their well-known properties in signal transduction,
due to their increased surface area, remarkable conduc-
tivity, and excellent catalytic activity, all key elements in
the design of an electrochemical sensor. The documented
multifunctional properties of these nanomaterials, includ-
ing high conductivity, interactive functions at the surface,
and large surface-to-volume ratios, have indeed proved to
increase sensing sensitivity [97, 98, 171-173]. An interest-
ing work in this sense is that proposed by Moreira et al.
[97], who developed a potentiometric sensor for troponin T
(TnT) by synthesizing a MIP film on MWCNTs to produce
nanostructured recognition elements. Later, these materi-
als were dispersed in a poly(vinyl chloride) (PVC) matrix
that acted as adhesion membrane on the surface of con-
ductive wires used as working electrodes. The developed
sensor detected the TnT at nanomolar levels, with a LOD
equal to 160 ng mL~!. Another example in this context was
provided by Rebelo et al. [172]. For MIP development, the
authors copolymerized a mixture of monomers in the pres-
ence of the target (PSA), which was previously anchored to
the surface of graphene sheets. In this case, the oxidation
process of graphene was carried out to form surface-exposed
functionalities (Fig. 14) responsible for PSA immobilization
upon EDC/NHS coupling reactions. Charged commercially
available monomers were selected, namely (vinylbenzyl)
trimethylammonium (VTA) with a positive quaternary
ammonium salt and vinyl benzoate (VB) with an ester func-
tion providing a negative polarity, which interacted with
the negative and positive portions of the target molecule,
respectively. The use of charged monomers resulted in a MIP
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with improved protein recognition ability compared to MIPs
without charged monomers, due to stronger interactions with
the charged portions of the target protein. The imprinted
materials were mixed with the components of solid-contact
carbon electrodes to prepare the final sensor, which was able
to detect the protein up to concentrations of the order of
nanograms per milliliter.

Suitable electrochemical signals
for MIP-mediated macromolecule
recognition

It is well known that the design of a good sensor implies
that the target recognition event by the receptor (synthetic
or not) is converted into an easily readable and usable signal
[134, 174]. In the case of electrochemical sensors, a wide
spectrum of transduction techniques are available, including
voltammetry [86, 122, 131, 169], amperometry [175, 176],
potentiometry [82, 172, 177, 178], impedimetry [169], and
conductometry [178-180], which has certainly also contrib-
uted to increased research interest in their application in the
integration with MIPs as recognition element. Although the
choice of transduction is related to the nature of both poly-
mer and target, in most cases it is the latter which mainly
governs the selection of the transduction scheme. In par-
ticular, in the case of MIP-mediated macromolecule elec-
trochemical detection, three major groups of targets can be
distinguished: (i) non-electroactive proteins, (ii) template
proteins carrying electroactive moieties, and (iii) catalyti-
cally active targets (e.g., enzymes or enzyme-labeled targets)
[7, 17] (Fig. 15).

In general, when designing a MIP-based electrochemical
sensor for protein, according to the intrinsic characteristics
of the analyte, the transduction can thus be direct when the
redox processes of the target itself and/or its redox-active
products are monitored, or indirect when the target is not
electroactive and the change in the signal of an external
redox marker is monitored [7, 181]. Needless to say, in both
cases, for quantitative analysis, it is necessary to establish a
relationship between the concentration of the target and the
change in the measured signal.

Indirect transduction: the so-called gate effect

As mentioned above, when non-electroactive targets need to
be detected, as frequently happens in the case of peptides and
proteins, it is necessary to exploit redox processes of exter-
nal redox probes. For this kind of transduction approach,
the electrochemical readout is based on and is affected by
the so-called gate effect [182]. It is known as a chemical-
physical phenomenon occurring at the electrode—solution
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Fig. 14 Scheme for synthesis of a MIP for PSA. (A) Sheets of gra-
phene oxide (GO) were obtained by exfoliation and oxidation pro-
cesses of graphite. (B) PSA was anchored on oxidated graphene
sheets using EDC/NHS coupling reactions; (C) PSA anchored on
GO sheets was labeled with polar monomers (VTC and BB). This

interface, related to changes in MIP features, especially its
permeability toward the electrochemical probe, in response
to the target recognition event by the MIP itself (Fig. 16).
After MIP synthesis, target removal from polymer matrix
produces molecularly imprinted cavities through which
redox marker permeation is possible because of its smaller
size in comparison with the imprinted macromolecule.
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obtained material was added to a solution containing other mono-
mers (acrylamide, AA, and N,N-methylenebis(acrylamide), NMAA),
whose polymerization was started by a radical initiator. Subsequent
template removal produced imprinted cavities. Adapted from [172]

Subsequent interaction between polymer and analyte can
produce both a change in the diffusion rate of the redox
probe through the polymer film and a modification of the
properties of the film itself, resulting in a variation of the
signal related to the electrochemical marker [182].

Several works exploiting this mechanism have been
published in the last decade [7, 89, 119, 153]. The indirect
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Fig. 15 Different kinds of target protein and detection schemes in MIP-based electrochemical sensors
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Fig. 16 Gate effect mechanism. A
(A) Swelling or shrinking of the

MIP film, (B) physical blocking

of the redox probe diffusion,

(C) charge-induced blocking of

the redox probe diffusion

MIP beforeinteraction with
target

B

MIP before interaction
with target

positive charged target
entrapped in the polymer

matrix

transduction approach is still widely used today, and sensors
continue to be developed even for hot topic targets, such as
those related to the current COVID-19 pandemic [21].

As schematically illustrated in Fig. 16A, a commonly
observed phenomenon [182] consists in a swelling of
the polymer as a consequence of the interaction between
the MIP and target, with subsequent enlargement of the
imprinted cavities, resulting in an increase in the perme-
ability of the probe. Alternatively, and more frequently, the
binding with the target leads to shrinking of the polymer
with a decrease in faradic currents due to the hindered redox
probe diffusion.

Although such approaches have been widely used in mac-
romolecule MIP-based electrochemical detection, it is worth
highlighting that particular attention should be paid when
developing MIPs with polymeric materials prone to such
shrinking/swelling phenomena, as modifications of detected
current signals merely imputable to polymer permeability
could be erroneously interpreted as due to the target binding
process. This could occur particularly with polymers that
are well known for their permeability properties, such as
poly(phenylenediamine) (PPD) [183], which is widely used
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in the synthesis of MIPs exploiting such gate effect for elec-
trochemical sensing [124, 184—186]. PPD films, especially
those prepared by electropolymerization, have indeed been
used in the past for the assembly of electrochemical sensors
simply exploiting their permeability/permselectivity prop-
erties which were demonstrated to be significantly affected
by polymerization conditions (e.g., potentiostatic or poten-
tiodynamic deposition, pH). When using such polymers for
the assembly of MIPs to be used in indirect electrochemical
detection schemes, a preliminary careful study of polymer
permeability should be done to evaluate whether it influ-
ences the sensor response regardless of the interaction with
the analyte.

Another key aspect in the detection of macromolecular
targets such as polypeptides and proteins is their steric hin-
drance. If large macromolecules occupy MIP binding sites,
they may physically block the diffusion of redox marker
molecules to the electrode surface (Fig. 16B) thus deter-
mining a decrease of recorded current [182, 187].

The effect of impeded redox marker diffusion through
the imprinted matrix can arise not only from physical
blocking but also from electrostatic repulsion due to the
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accumulated charge within the MIP matrix upon template
rebinding. The MIP interaction with positively charged
macromolecules can lead to an accumulation of positive
charges, limiting the diffusion of redox species of the same
charge (such as [Ru(NH;)s]>*/[Ru(NH;)¢]**). On the con-
trary, when the bound template is negatively charged, it can
act to repel negatively charged electrochemical probes (eg.,
[Fe(CN)¢]>~/[Fe(CN)4]*") (Fig. 16C) [182]. On the basis of
these considerations, electroactive probes can be properly
selected in relation to the nature of the template and operat-
ing conditions (template protein isoelectric point, medium
pH, etc.). Moreover, the interaction with charged macromol-
ecule template can be promoted during MIP assembly by
employing polymer backbone bearing charged functionali-
ties, as discussed above (section 2) [172].

As mentioned above, the nature of the polymeric layer
also influences the detection scheme to be adopted. Indeed,
while the above-described mechanisms have been dem-
onstrated to work well in the case of non-conductive MIP
polymer, when dealing with conductive polymers, the poly-
mer conductivity may represent an additional aspect to be
taken into account, possibly playing an important role in the
rebinding process. An interesting study by Kutner’s group
[187] explained how the gate effect affects the electrochemi-
cal readout in the case of MIP conductive films, using a
polythiophene-based MIP and p-synephrine (SYN) as target
molecule. Under these conditions, it seems that a crucial fac-
tor is the modification of the electrochemical properties of
the polymer film, with particular reference to its conductivity

due to variation in the mobility of delocalized charges on the
polymer backbone [187]. In particular, the authors demon-
strated that the observed decrease in the peak current for
both positively and negatively charged redox probes with
the increase in the SYN concentration did not originate from
swelling or shrinking of the MIP film. Instead, it was caused
by the decrease in the electrochemical reversibility of the
redox probe electrooxidation. This effect was attributed to
the plausible decrease in radical cation (polaron) mobility
in the conductive MIP film [119, 187, 188].

The classical approach for exploiting the gate effect in
MIP-based electrochemical sensors for protein consists in
exposing the MIP sensor to solutions with different concen-
trations of target and then evaluating possibly related signal
variation in the electrochemical probe. There are several
examples reported in the literature (Table 2), with voltam-
metry and electrochemical impedance spectroscopy (EIS)
[37, 65, 85] being the most widely used signal transduction
techniques. As far as the choice of transduction technique,
it can be highlighted that voltammetric techniques are suit-
able when an appreciable peak current is observed after the
exposure of the MIP to the probe molecule, whose modifi-
cation upon rebinding is then used as analytical signal. EIS
detection, on the other hand, can also be used when such
a situation does not occur—i.e., a low initial current peak
is recorded, possibly due to limited redox probe permea-
tion within the imprinted cavities. This is because the ana-
lytical signal commonly used in EIS is the charge-transfer
resistance associated with the process by which electrons

Table 2 Transduction approaches and electrochemical readout for some representative electrochemical MIP sensors

Transduction approach Analyte Electrochemical readout Redox processes/signal by Ref.
Indirect determination Lyz EIS [Fe(CNy) =4~ [37]
CA-125 DPV [Fe(CNy) ™4~ [85]
HSA DPV [Fe(CNy) =4~ [131]
EIS
HTHP Ccv [Ru(NH,), >3+ [189]
NSE cv [Fe(CNo) >+ [65]
DPV
Protein A EIS [Fe(CNy) >~ [169]
PSA DPV [Fe(CNy) >4~ [88]
23H-Porphine tetratosylate (Por) (Y [Ru(NH;)]*3* [190]
Troponin T DPV [Fe(CNy) =4~ [122]
Direct determination CytC (6\Y% DET [39]
Acetylcholinesterase AMP Target products [34]
BSA cv DET [96]
HTHP CVDPV DET [189]
Tyrosinase AMP Target products [87]
Recombinant human erythropoietin (thEPO) Potentiometry Target [191]
HSA Potentiometry Target [132]

Abbreviations: CV: cyclic voltammetry; EIS: electrochemical impedance spectroscopy; DPV: differential pulse voltammetry; SWV: square wave

voltammetry; AMP: amperometry; DET: direct electron transfer
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are exchanged at the solution—electrode interface. It is thus
affected by surface changes that enhance or hinder the elec-
tron transfer and can be used to monitor the ongoing redox
processes, without being directly related to redox molecular
diffusion through the MIP layer.

Ma et al. [88] prepared a voltammetric sensor for tumor
marker (PSA) detection, functionalizing glassy carbon elec-
trodes with graphene nanoplatelets, gold nanoparticles, and
chitosan, before immobilization of the protein target and
polymer synthesis. PSA was indirectly determined by DPV,
achieving a very low LOD (0.15 pg mL™"). In another study,
Pacheco et al. developed an electrochemical sensor equipped
with a MIP film, which was electro-synthesized using a solu-
tion containing the monomer and the target. Also, in this
case, indirect template detection was performed by DPV,
monitoring ferri/ferrocyanide probe current changes in the
MIP after exposure to solutions containing the target HER2-
ECD, a breast cancer biomarker protein [192]. In another
study [85], a sensor for the detection of a mucin-like glyco-
protein, CA-125, was developed. Indirect transduction was
used in this case as well. In particular, after the synthesis,
the MIP was exposed to a solution containing both the target
and the marker redox, and then the signal of the electro-
chemical probe was monitored by SWV to assess sensor
modifications induced by the MIP-target interaction. It was
observed that the presence of CA-125 in the redox probe
solution increased the anodic peak current at ~0.2 V, pro-
portionally to its concentration, and was thus used as the
analytical parameter to quantify the CA-125: a linear trend
was observed from 0.01 to 500 U mL~!. However, it was not
exhaustively explained by the authors how the target affected
the electrochemical reading.

As mentioned above, the reliability of the results when
using such an approach may suffer from possible variations
in the experimental conditions (ionic strength and/or pH,
solvents) during MIP assembly/testing, possibly leading
to misleading current signal modifications [119], being
ascribed to factors not directly related to analyte exposure
but instead to polymer flexibility and to swelling/shrinking
processes [193]. Some authors have indeed exploited the
polymer swelling effect under certain conditions in order to
incorporate a greater amount of template into the polymer
matrix, possibly resulting in a higher number of binding sites
in the final MIP [194].

As an alternative to the common use of the redox marker,
some research groups have successfully incorporated the
direct probe into the imprinted polymer matrix [195]. Sub-
sequently, this approach was successfully applied to MIP
NPs prepared by solid-phase synthesis. Mazzotta et al. [195]
developed an electrochemical sensor for the recognition of
vancomycin using MIP NPs produced testing two different
ferrocene-derivative monomers (namely, vinylferrocene and
ferrocenylmethyl methacrylate) added in different amounts
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to a polymerization mixture. Under optimized conditions,
the indirect electrochemical detection of vancomycin was
enabled by the change in the ferrocene group redox prop-
erties upon the exposure to vancomycin. According to
the authors, the observed behavior was attributable to the
impedance of the electron transfer process of the ferrocene
redox sites within nanoparticles by their interaction with
non-electroactive vancomycin. The sensor was able to selec-
tively detect the target analyte in a linear range between 83
and 410 pM. After this first successful application, other
works have reported the use of nanoMIP integrating both
recognition and reporting functions by synthesizing MIP
NPs tagged with a redox probe [196]. Although this alter-
native indirect electrochemical detection scheme proved to
be effective for different imprinted targets, to the best of our
knowledge, it has not yet been explored for protein detec-
tion. Such a strategy could represent a useful approach for
the imprinting of macromolecules when the electrochemical
signal of an external probe cannot be used, as for example in
tests in vivo. In such cases, the two steps (namely, incubation
with the target protein and subsequent signal recording in the
probe solution) cannot be performed separately. The pos-
sibility of having an imprinted polymer electroactive per se
could be highly beneficial for expanding MIP applications.
Moreover, in the case that the inclusion of electroactive moi-
eties within the polymer is not feasible in the adopted syn-
thesis conditions, post-synthetic derivatization approaches
for introducing the desired electroactive functionalities in
the recognition cavities could be developed.

Direct electrochemical transduction: the case
of redox proteins and catalytically active targets

When designing MIP sensors for electroactive targets, the
electrochemical signal is commonly related to the direct
electron transfer (DET) from the analyte to the electrode
originating from redox processes involving the target
(Fig. 15). In this case, therefore, there is a “direct conver-
sion” of the analyte into an electrochemically usable signal
[119, 197].

While this approach has been widely exploited for MIP-
mediated sensing of small molecules [121, 163, 198, 199],
its application to the detection of macromolecules such as
peptides and proteins appears restricted to a small number
of examples [197]. This is due to their bulky size which
makes their redox centers (if they have any) not easily
accessible, thus making them less likely to be eligible for
DET [200-202]. To promote DET, the proteins must be in
an “electroactive orientation” with respect to the electrode,
which means that their redox active moieties should be ori-
ented toward the surface of the electrode in order to facilitate
the electron transfer [201]. When the proteins adsorb in an
orientation that does not allow the “direct contact” between
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the active sites and the electrode, or if the proteins do not
adsorb on the surface at all, the direct electron transfer is
not possible, because the excessive distance does not allow
it [200].

Direct transduction can be performed instead in the
case of metalloproteins and proteins bearing redox centers,
through which the direct exchange of electrons with the elec-
trode is possible. When in the polymer matrix, if the protein
is in a “productive orientation” [39], with the redox centers
toward the electrode, upon electrical stimulation through
the application of an electrical potential, a charge transfer
from the target to the electrode surface can be observed [17],
resulting in a signal suitable for the quantitative evaluation
of the protein. However, examples are very limited [39, 189].
Bosserdt et al. [39] developed an electrochemical sensor
for the detection of a small-membrane heme protein, cytC,
electrodepositing a non-conductive polymer film from an
aqueous solution of scopoletin and cytC on the surface of a
gold electrode previously modified with a SAM of mercap-
toundecanoic acid (MUA). The “active site” responsible for
DET in cytC is an iron porphyrin (heme) covalently linked to
the rest of the protein by thioether bonds. The modification
of the iron redox state between Fe**/Fe** due to the elec-
tron transfer can be monitored to confirm the occurrence of
the MIP—cytC interaction. Specifically, in this work, cyclic
voltammetry was performed for DET measurement between
cytC and the modified electrodes to obtain information
about both the conformational state of cytC (monitoring the
change in the formal potential) and the amount of rebounded
cytC (by evaluation of the surface coverage). The sensor
was able to quantify the target, showing good selectivity for
BSA, Myo, and Lyz. The same group in another work [189]
described an interesting MIP sensor for hexameric tyrosine-
coordinated heme protein (HTHP), a heme protein, which
exhibits an intrinsic peroxidase-like activity. It was observed
that the MIP was able to determine the analyte by DET.
HTHP has a hexameric ring structure, and each of the six
monomers contains one non-covalently bound heme in a
hydrophobic pocket and the iron is coordinated by tyrosine
in the proximal side. Also, in this case, for DET evalua-
tion the redox processes of the Fe?*/Fe** couple were used.
Moreover, it was demonstrated that the enzyme entrapped in
the polymer matrix retained its ability for electrocatalysis of
hydrogen peroxide. The sensor showed good selectivity and
preferentially bound the target over cytC, with a recorded
imprinting factor of 12.

Another example of DET in a MIP-based sensor for pro-
tein was proposed by Reddy et al. [96]. In this work, glassy
carbon electrodes were functionalized by drop-casting a
hydrogel-based MIP which could selectively recognize the
Hb. Although it is reported [202, 203] that hemoglobin can
undergo DET under certain conditions, the “real” target was
oxyhemoglobin, the Hb form bound to the molecular oxygen.

The authors reported that this protein undergoes conforma-
tional changes, similar to those induced by pH change, due
to its interaction with the imprinted cavities, which allows
an electrochemical signal to be generated as a consequence
of the direct electrochemical reduction of bonded oxygen in
oxyhemoglobin during cyclic voltammetry.

For the development of MIP-based electrochemical sen-
sors for enzymes and/or catalytically active macromolecules,
the detection can be performed by directly measuring the
enzymatic activity of biocatalysts bound to the polymer
matrix. In practice, the electrochemical detection of redox
products resulting from enzymatic processes enables target
quantification. This type of approach has been successfully
used for a variety of enzymes [34, 87, 204]. For instance,
Jetzschmann et al. [34] developed MIP nanofilms for acetyl-
cholinesterase (AchE) recognition monitoring of the rebind-
ing of the template via the generation of thiocholine from
acetylthiocholine, which was oxidized at the underlying gold
electrode. Similarly, Yarman [87] developed a MIP sensor
able to recognize tyrosinase, exploiting its catalytic activity.
An amperometric detection was performed as follows: At
—100 mV, o-quinone, which was formed by the enzymatic
reaction, was reduced after stepwise addition of catechol in
the working solution. The current produced by this process
was used as analytical parameter for target detection. The
MIP sensor had a linear range up to 50 nM, with a LOD of
4 nM. Moreover, the signal suppression by tyrosinase was
3.5-fold and 2.5-fold higher than that for BSA and CytC,
respectively. The response observed to such interference
proteins was ascribed to their smaller size than the target.
In addition, it was found that ferritin, which is larger than
tyrosinase, did not bind to MIPs, although no experimental
data were shown.

Regardless of the redox nature of the target, protein elec-
trochemical detection by MIP-based sensors can also be
achieved by potentiometric measurements. When charged
proteins bind to the surface of a thin MIP layer, there is a
change in the surface potential, which can be conveniently
used as an analytical parameter for target detection [132,
181, 191, 205, 206]. Considering that proteins in aqueous
solutions have a net electrical charge whose magnitude
depends on the isoelectric point of the protein and the ionic
composition of the solution, it is possible to improve the
performance of such potentiometric sensors by acting on
these parameters [181]. Moreover, in potentiometry it is not
necessary for the template molecules to permeate the MIP
membrane up to the electrode surface, and thus there is no
size constraint on the targets [206].

Some sensors for proteins have been successful devel-
oped by exploiting this sensing mechanism, but it should
be noted that the imprinting process can be tricky, since
proteins easily undergo conformational changes resulting
in a modification of their multiple charge locations [206].
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This issue has been addressed in various reports [172, 205].
Yu et al. [82] proposed a MIP film for CEA, obtained by
deposition of a solution containing the target and a thiol
(11-mercapto-1-undecanol). It seems that this simple pro-
cedure enabled the formation of a polymeric layer able to
recognize the CEA by potentiometry. The optimized sensor
showed a detection limit of 0.5 ng mL~" and good selectiv-
ity, tested against matrix metalloproteinase-7 (MMP-7) and
BSA. MMP-7 was selected as tumor marker with similar size
as CEA, while BSA was tested, as in several other works,
as the most abundant blood plasma protein in mammals.
No response was observed in the absence of CEA, but a
quite limited spectrum of potential interference molecules
was tested.

For exploiting protein recognition based on the charge
effect, the integration of MIPs with FET systems is also pos-
sible. A recent example is that proposed by Dabrowski et al.,
who functionalized an EG-FET with MIP film for sensitive
determination of HSA [132]. The EG-FET transduction is
sensitive to changes in the charge concentration near the
FET extended gate, which influences the current passing
between the source and drain of the transistor. Therefore,
binding of charged species, such as proteins, to the MIP film
deposited on the surface of the transistor’s extended gate
leads to a change in the source—drain current proportional
to the accumulated charge. The authors exploited the highly
charged state of the target protein in solutions of pH far from
its isoelectric points in order to achieve highly sensitive HSA
determination by such transduction method, which was able
to reveal the target at femtomolar levels.

Conclusions

Research activity focused on the imprinting of macromol-
ecules, such as peptides, proteins, and enzymes, has experi-
enced very rapid growth over the past several years. This is
due to the increased popularity of molecularly imprinted pol-
ymers, which during the recent decades have confirmed their
ability to act as artificial antibodies, and also to the increased
need for macromolecules as markers for monitoring samples
and processes, as widely happens nowadays in the clinical,
environmental, and biotechnological fields, with low-cost,
robust, and simple-to-use devices. Both phenomena can be
ascribed to the ever-wider application of MIPs as chemical
sensors for macromolecules, which represent over 70% of
the research activity devoted to the field of macromolecule
imprinting (Scopus, December 2021). In particular, electro-
chemical transduction has been reviewed herein, illustrating
the approaches used for MIP integration with the transducer
surface, the physical formats suitable for MIP synthesis, and
the strategies for generating readable analytical signals upon
MIP-macromolecule interaction. Also, drawbacks inherent
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in macromolecule imprinting are highlighted, as well as key
aspects to be taken into account when developing electro-
chemical imprinting of macromolecules for achieving a sig-
nificant and reliable imprinting effect.

Despite the remarkable success of macromolecular
imprinting technology in recent decades, several challenges
and opportunities are still in front of researchers working
in this field:

— The understanding of interactions responsible for recog-
nition properties, of paramount importance for successful
imprinting, could be improved by a more extensive use of
bioinformatics, especially in the case of epitope imprint-
ing.

— The use of organic solvents in the preparation of MIPs,
typically employed in aqueous matrices, can represent a
drawback. Although only rarely proposed in the case of
electrochemical sensors, it can be at times required by
the reduced solubility of functional monomer(s) in aque-
ous solutions. The exploitation of ionic liquids should be
regarded as an interesting alternative.

— Increasing MIP specificity by inclusion of other element
like aptamers in the recognition sites should be pursued.
Such a hybrid approach could enhance MIP selectivity,
which is in some cases limited, especially against smaller
molecules and/or proteins with high structural similarity,
possibly coexisting with the analyte in the real matrices.

— The application of post-imprinting functionalization (by
electroactive groups) of the recognition cavities can rep-
resent an alternative way of generating a readable electro-
chemical signal and can further promote the integration
of MIPs in existing biological analysis platforms in place
of natural counterparts.

— Surface imprinting and nanoparticle formats should be
further applied for improving the kinetics of mass trans-
fer.

— The issue of reproducibility in preparation scale-up rep-
resents a barrier to commercialization. In this respect, the
application of chemometric tools of experimental design
for preparation optimization can be of great help.

The last of these represents a key point for extending the
application of the imprinting technology from the research
field to food, environmental, and pharmaceutical indus-
tries and to clinical diagnosis. This further improvement is
already promoted by companies commercializing MIPs for
different applications including sensors, such as MIP Diag-
nostics (UK) (https://www.mip-dx.com), Semorex Tech-
nologies Ltd. (Israel) (www.semorex.com), and NanoMyp
(Spain) (www.nanomyp.com). Nevertheless, the commer-
cialization of MIPs and MIP-based sensing devices is still
in its early stage, especially if compared with the market of
sensing platforms based on natural receptors. Research and
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industry should proceed in a synergistic way for realizing a
technology that must be robust, reliable, cost-competitive,
and easily scalable. This will enable significant growth in
the field macromolecular imprinting and will open up a new
path for its success in practical real-world applications and
in everyday life.

Funding Open access funding provided by Universita degli Studi di
Milano within the CRUI-CARE Agreement.

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Piletsky SA, Turner NW, Laitenberger P. Molecularly imprinted
polymers in clinical diagnostics—future potential and existing
problems. Med Eng Phys. 2006;28:971-7. https://doi.org/10.
1016/J. MEDENGPHY.2006.05.004.

2. Lieberzeit PA, Samardzic R, Kotova K, Hussain M. MIP sensors
on the way to biotech application: selectivity and ruggedness.
Procedia Eng. 2012;47:534-7. https://doi.org/10.1016/J.PRO-
ENG.2012.09.202.

3. Kryscio DR, Peppas NA. Critical review and perspective of mac-
romolecularly imprinted polymers. Acta Biomater. 2012;8:461—
73. https://doi.org/10.1016/J. ACTBIO.2011.11.005.

4. Erdossy J, Horvath V, Yarman A, Scheller FW, Gyurcsanyi RE.
Electrosynthesized molecularly imprinted polymers for protein
recognition. TrAC - Trends Anal Chem. 2016;79:179-90. https://
doi.org/10.1016/j.trac.2015.12.018.

5. Refaat D, Aggour MG, Farghali AA, Mahajan R, Wiklander JG,
Nicholls IA, Piletsky SA. Strategies for molecular imprinting and
the evolution of MIP nanoparticles as plastic antibodies—syn-
thesis and applications. Int J Mol Sci. 2019;20. https://doi.org/
10.3390/ijms20246304.

6. Boysen RI, Schwarz LJ, Nicolau DV, Hearn MTW. Molecularly
imprinted polymer membranes and thin films for the separation
and sensing of biomacromolecules. J Sep Sci. 2017;40:314-35.
https://doi.org/10.1002/JSSC.201600849.

7. Herrera-Chacén A, Cet6 X, Del Valle M. Molecularly imprinted
polymers - towards electrochemical sensors and electronic
tongues. Anal Bioanal Chem. 2021;413:6117-40. https://doi.
org/10.1007/S00216-021-03313-8.

8. Wang X, Chen G, Zhang P, Jia Q. Advances in epitope molecu-
larly imprinted polymers for protein detection: a review. Anal
Methods. 2021;13:1660-71. https://doi.org/10.1039/d1ay00067e.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chiappini A, Pasquardini L, Bossi AM. Molecular Imprinted
Polymers Coupled to Photonic Structures in Biosensors: The
State of Art. Sensors. 2020;5069(20):5069. https://doi.org/10.
3390/S20185069.

Teixeira SPB, Reis RL, Peppas NA, Gomes ME, Domingues
RMA. Epitope-imprinted polymers: design principles of syn-
thetic binding partners for natural biomacromolecules. Sci Adv.
2021;7. https://doi.org/10.1126/SCIADV.ABI9884.

Dong C, Shi H, Han Y, Yang Y, Wang R, Men J. Molecularly
imprinted polymers by the surface imprinting technique. Eur
Polym J. 2021;145:110231. https://doi.org/10.1016/J. EURPO
LYMJ.2020.110231.

Zhang H. Water-compatible molecularly imprinted polymers. In:
Molecularly imprinted polymers for analytical chemistry applica-
tions: Royal Society of Chemistry; 2018. p. 330-58.

Rebelo P, Costa-Rama E, Seguro I, Pacheco JG, Nouws HPA,
Cordeiro MNDS, Delerue-Matos C. Molecularly imprinted
polymer-based electrochemical sensors for environmental analy-
sis. Biosens Bioelectron. 2021;172:112719. https://doi.org/10.
1016/J.B10S.2020.112719.

Choi DY, Yang JC, Park J. Optimization and characterization of
electrochemical protein imprinting on hemispherical porous gold
patterns for the detection of trypsin. Sensors Actuators B Chem.
2022;350:130855. https://doi.org/10.1016/J.SNB.2021.130855.
Yarman A, Turner APF, Scheller FW. Electropolymers for
(nano-)imprinted biomimetic biosensors. In: Nanosensors for
chemical and biological applications: sensing with nanotubes,
nanowires and nanoparticles: Elsevier Ltd.; 2014. p. 125-49.
Kalecki J, Iskierko Z, Cieplak M, Sharma PS. Oriented immo-
bilization of protein templates: a NewTrend in surface imprint-
ing. ACS Sensors. 2020;5:3710. https://doi.org/10.1021/ACSSE
NSORS.0C01634.

Scheller FW, Zhang X, Yarman A, Wollenberger U, Gyurcsanyi
RE. Molecularly imprinted polymer-based electrochemical sen-
sors for biopolymers. Curr Opin Electrochem. 2019;14:53-9.
https://doi.org/10.1016/J.COELEC.2018.12.005.

Ge Y, Turner APF. Too large to fit? Recent Dev Macromol Imprint.
2008;26:218-24. https://doi.org/10.1016/J. TIBTECH.2008.01.001.
Lv Y, Tan T, Svec F. Molecular imprinting of proteins in poly-
mers attached to the surface of nanomaterials for selective recog-
nition of biomacromolecules. Biotechnol Adv. 2013;31:1172-86.
https://doi.org/10.1016/J.BIOTECHADV.2013.02.005.
Kunitake T, Mujahid A, Dickert FL. Detection of cells and
viruses using synthetic antibodies. In: Handbook of molecular
imprinting: advanced sensor applications. Stanford: Pan Stanford
Publishing; 2012. p. 530-60.

Raziq A, Kidakova A, Boroznjak R, Reut J, Opik A, Syritski
V. Development of a portable MIP-based electrochemical sen-
sor for detection of SARS-CoV-2 antigen. Biosens Bioelectron.
2021;178. https://doi.org/10.1016/J.B10S.2021.113029.

Ertiirk G, Mattiasson B. Molecular imprinting techniques used
for the preparation of biosensors. Sensors (Basel). 2017;17.
https://doi.org/10.3390/S17020288.

Lalo H, Ayela C, Dague E, Vieu C, Haupt K. Nanopatterning
molecularly imprinted polymers by soft lithography: a hierar-
chical approach. Lab Chip. 2010;10:1316-8. https://doi.org/10.
1039/B924315A.

Unger C, Lieberzeit PA. Molecularly imprinted thin film sur-
faces in sensing: chances and challenges. React Funct Polym.
2021;161:104855. https://doi.org/10.1016/J.REACTFUNCT
POLYM.2021.104855.

Kidakova A, Reut J, Rappich J, Opik A, Syritski V. Preparation
of a surface-grafted protein-selective polymer film by combined
use of controlled/living radical photopolymerization and micro-
contact imprinting. React Funct Polym. 2018;125:47-56. https://
doi.org/10.1016/J. REACTFUNCTPOLYM.2018.02.004.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.MEDENGPHY.2006.05.004
https://doi.org/10.1016/J.MEDENGPHY.2006.05.004
https://doi.org/10.1016/J.PROENG.2012.09.202
https://doi.org/10.1016/J.PROENG.2012.09.202
https://doi.org/10.1016/J.ACTBIO.2011.11.005
https://doi.org/10.1016/j.trac.2015.12.018
https://doi.org/10.1016/j.trac.2015.12.018
https://doi.org/10.3390/ijms20246304
https://doi.org/10.3390/ijms20246304
https://doi.org/10.1002/JSSC.201600849
https://doi.org/10.1007/S00216-021-03313-8
https://doi.org/10.1007/S00216-021-03313-8
https://doi.org/10.1039/d1ay00067e
https://doi.org/10.3390/S20185069
https://doi.org/10.3390/S20185069
https://doi.org/10.1126/SCIADV.ABI9884
https://doi.org/10.1016/J.EURPOLYMJ.2020.110231
https://doi.org/10.1016/J.EURPOLYMJ.2020.110231
https://doi.org/10.1016/J.BIOS.2020.112719
https://doi.org/10.1016/J.BIOS.2020.112719
https://doi.org/10.1016/J.SNB.2021.130855
https://doi.org/10.1021/ACSSENSORS.0C01634
https://doi.org/10.1021/ACSSENSORS.0C01634
https://doi.org/10.1016/J.COELEC.2018.12.005
https://doi.org/10.1016/J.TIBTECH.2008.01.001
https://doi.org/10.1016/J.BIOTECHADV.2013.02.005
https://doi.org/10.1016/J.BIOS.2021.113029
https://doi.org/10.3390/S17020288
https://doi.org/10.1039/B924315A
https://doi.org/10.1039/B924315A
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2021.104855
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2021.104855
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2018.02.004
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2018.02.004

5194

Mazzotta E. et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Prasad BB, Singh R. A new micro-contact imprinted I-cysteine
sensor based on sol-gel decorated graphite/multiwalled carbon
nanotubes/gold nanoparticles composite modified sandpaper
electrode. Sensors Actuators B Chem. 2015;212:155-64. https://
doi.org/10.1016/J.SNB.2015.01.119.

Li Y, Yang HH, You QH, Zhuang ZX, Wang XR. Protein rec-
ognition via surface molecularly imprinted polymer nanowires.
Anal Chem. 2005;78:317-20. https://doi.org/10.1021/AC050
802I.

Menaker A, Syritski V, Reut J, Opik A, Horvath V, Gyurc-
sanyi RE. Electrosynthesized surface-imprinted conducting
polymer microrods for selective protein recognition. Adv Mater.
2009;21:2271-5. https://doi.org/10.1002/ADMA.200803597.
Komiyama M, Mori T, Ariga K. Molecular imprinting: materials
Nanoarchitectonics with molecular Information. 2018;91:1075—
1111. https://doi.org/10.1246/BCSJ.20180084.

Wang Y, Han M, Ye X, Wu K, Wu T. Li C (2016) Voltam-
metric myoglobin sensor based on a glassy carbon electrode
modified with a composite film consisting of carbon nanotubes
and a molecularly imprinted polymerized ionic liquid. Micro-
chim Acta. 2016;1841(184):195-202. https://doi.org/10.1007/
S00604-016-2005-2.

Kidakova A, Reut J, Boroznjak R, Opik A, Syritski V. Advanced
sensing materials based on molecularly imprinted polymers
towards developing point-of-care diagnostics devices. Proc
Est Acad Sci. 2019;68:158-67. https://doi.org/10.3176/PROC.
2019.2.07.

Sun Y, Du H, Lan Y, Wang W, Liang Y, Feng C, Yang M.
Preparation of hemoglobin (Hb) imprinted polymer by Hb
catalyzed eATRP and its application in biosensor. Biosens
Bioelectron. 2016;77:894-900. https://doi.org/10.1016/J.
BI0OS.2015.10.067.

Wang T, Shannon C. Electrochemical sensors based on molecu-
larly imprinted polymers grafted onto gold electrodes using click
chemistry. Anal Chim Acta. 2011;708:37—43. https://doi.org/10.
1016/J.ACA.2011.09.030.

Jetzschmann KJ, Jagerszki G, Dechtrirat D, Yarman A, Gajovic-
Eichelmann N, Gilsing HD, Schulz B, Gyurcsanyi RE, Scheller
FW. Vectorially imprinted hybrid nanofilm for acetylcholinest-
erase recognition. Adv Funct Mater. 2015;25:5178-83. https://
doi.org/10.1002/ADFM.201501900.

Dechtrirat D, Jetzschmann KJ, Stocklein WFM, Scheller FW,
Gajovic-Eichelmann N. Protein rebinding to a surface-confined
imprint. Adv Funct Mater. 2012;22:5231-7. https://doi.org/10.
1002/adfm.201201328.

Pan M, Hong L, Xie X, Liu K, Yang J, Wang S. Nanomaterials-
based surface protein imprinted polymers: synthesis and medical
applications. Macromol Chem Phys. 2021;222. https://doi.org/
10.1002/macp.202000222.

Di Giulio T, Mazzotta E, Malitesta C. Molecularly imprinted
Polyscopoletin for the electrochemical detection of the chronic
disease marker lysozyme. Biosensors. 2020;11:3. https://doi.org/
10.3390/bios11010003.

Jiang M, Braiek M, Florea A, Chrouda A, Farre C, Bonhomme
A, Bessueille F, Vocanson F, Zhang A, Jaffrezic-Renault N.
Aflatoxin B1 detection using a highly-sensitive molecularly-
imprinted electrochemical sensor based on an Electropolymer-
ized metal organic framework. Toxins (Basel). 2015;7:3540.
https://doi.org/10.3390/TOXINS7093540.

Bosserdt M, Gajovic-Eichelman N, Scheller FW. Modulation of
direct electron transfer of cytochrome c by use of a molecularly
imprinted thin film. Anal Bioanal Chem. 2013;405:6437—-44.
https://doi.org/10.1007/s00216-013-7009-8.

Mathur A, Blais S, Goparaju CMV, Neubert T, Pass H,
Levon K. Development of a biosensor for detection of pleural

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

mesothelioma Cancer biomarker using surface imprinting. PLoS
One. 2013;8. https://doi.org/10.1371/journal.pone.0057681.
Chen PY, Nien PC, Wu CT, Wu TH, Lin CW, Ho KC. Fabrication
of a molecularly imprinted polymer sensor by self-assembling
monolayer/mediator system. Anal Chim Acta. 2009;643. https://
doi.org/10.1016/j.aca.2009.04.004.

Chen PY, Nien PC, Ho KC. Highly selective dopamine sensor
based on an imprinted SAM/mediator gold electrode. Procedia
Chem. 2009;1:285-8. https://doi.org/10.1016/J.PROCHE.2009.
07.071.

Ribeiro JA, Pereira CM, Silva AF, Sales MGF. Disposable elec-
trochemical detection of breast cancer tumour marker CA 15-3
using poly(toluidine blue) as imprinted polymer receptor. Bios-
ens Bioelectron. 2018;109. https://doi.org/10.1016/j.bios.2018.
03.011.

Kato M, Masuda Y, Yoshida N, Tosha T, Shiro Y, Yagi I. Impact
of membrane protein-lipid interactions on formation of bilayer
lipid membranes on SAM-modified gold electrode. Electrochim
Acta. 2021;373. https://doi.org/10.1016/j.electacta.2021.137888.
Yan X, Tang J, Tanner D, Ulstrup J, Xiao X. Direct Electrochemi-
cal Enzyme Electron Transfer on Electrodes Modified by Self-
Assembled Molecular Monolayers. Catal. 2020;10:1458. https://
doi.org/10.3390/catal10121458.

Jolly P, Tamboli V, Harniman RL, Estrela P, Allender CJ, Bowen
JL. Aptamer-MIP hybrid receptor for highly sensitive electro-
chemical detection of prostate specific antigen. Biosens Bioel-
ectron. 2016;75:188-95. https://doi.org/10.1016/j.bios.2015.08.
043.

Karami P, Bagheri H, Johari-Ahar M, Khoshsafar H, Arduini
F, Afkhami A. Dual-modality impedimetric immunosensor for
early detection of prostate-specific antigen and myoglobin mark-
ers based on antibody-molecularly imprinted polymer. Talanta.
2019;202:111-22. https://doi.org/10.1016/j.talanta.2019.04.061.
Drzazgowska J, Schmid B, Sussmuth RD, Altintas Z. Self-assem-
bled monolayer epitope bridges for molecular imprinting and
Cancer biomarker sensing. Anal Chem. 2020;92. https://doi.org/
10.1021/acs.analchem.9b03813.

Yola ML, Atar N, Erdem A. Oxytocin imprinted polymer based
surface plasmon resonance sensor and its application to milk
sample. Sensors Actuators B Chem. 2015;221. https://doi.org/
10.1016/§.snb.2015.07.004.

Jetzschmann KJ, Tank S, Jagerszki G, Gyurcsanyi RE, Wol-
lenberger U, Scheller FW. Bio-Electrosynthesis of Vectorially
imprinted polymer Nanofilms for cytochrome P450cam. ChemE-
lectroChem. 2019;6:1818-23. https://doi.org/10.1002/CELC.
201801851.

Huang J, Wu Y, Cong J, Luo J, Liu X. Selective and sensi-
tive glycoprotein detection via a biomimetic electrochemical
sensor based on surface molecular imprinting and boronate-
modified reduced graphene oxide. Sensors Actuators B Chem.
2018;259:1-9. https://doi.org/10.1016/J.SNB.2017.12.049.
Wréblewski G, Janczuk-Richter M, Wolkowicz T, Jakubowska
M, Niedziolka-Jonsson J. Printed carbon based interface for pro-
tein immobilization. J Mater Sci Mater Electron. 2019;30:12465—
74. https://doi.org/10.1007/S10854-019-01606-4/FIGURES/12.
Yola ML, Eren T, Atar N. Molecularly imprinted electrochemi-
cal biosensor based on Fe @au nanoparticles involved in 2-ami-
noethanethiol functionalized multi-walled carbon nanotubes for
sensitive determination of cefexime in human plasma. Biosens
Bioelectron. 2014;60:277-85. https://doi.org/10.1016/J.BIOS.
2014.04.045.

Huang B, Xiao L, Dong H, Zhang X, Gan W, Mahboob S, Al-
Ghanim KA, Yuan Q, Li Y. Electrochemical sensing platform
based on molecularly imprinted polymer decorated N,S co-doped
activated graphene for ultrasensitive and selective determination


https://doi.org/10.1016/J.SNB.2015.01.119
https://doi.org/10.1016/J.SNB.2015.01.119
https://doi.org/10.1021/AC050802I
https://doi.org/10.1021/AC050802I
https://doi.org/10.1002/ADMA.200803597
https://doi.org/10.1246/BCSJ.20180084
https://doi.org/10.1007/S00604-016-2005-2
https://doi.org/10.1007/S00604-016-2005-2
https://doi.org/10.3176/PROC.2019.2.07
https://doi.org/10.3176/PROC.2019.2.07
https://doi.org/10.1016/J.BIOS.2015.10.067
https://doi.org/10.1016/J.BIOS.2015.10.067
https://doi.org/10.1016/J.ACA.2011.09.030
https://doi.org/10.1016/J.ACA.2011.09.030
https://doi.org/10.1002/ADFM.201501900
https://doi.org/10.1002/ADFM.201501900
https://doi.org/10.1002/adfm.201201328
https://doi.org/10.1002/adfm.201201328
https://doi.org/10.1002/macp.202000222
https://doi.org/10.1002/macp.202000222
https://doi.org/10.3390/bios11010003
https://doi.org/10.3390/bios11010003
https://doi.org/10.3390/TOXINS7093540
https://doi.org/10.1007/s00216-013-7009-8
https://doi.org/10.1371/journal.pone.0057681
https://doi.org/10.1016/j.aca.2009.04.004
https://doi.org/10.1016/j.aca.2009.04.004
https://doi.org/10.1016/J.PROCHE.2009.07.071
https://doi.org/10.1016/J.PROCHE.2009.07.071
https://doi.org/10.1016/j.bios.2018.03.011
https://doi.org/10.1016/j.bios.2018.03.011
https://doi.org/10.1016/j.electacta.2021.137888
https://doi.org/10.3390/catal10121458
https://doi.org/10.3390/catal10121458
https://doi.org/10.1016/j.bios.2015.08.043
https://doi.org/10.1016/j.bios.2015.08.043
https://doi.org/10.1016/j.talanta.2019.04.061
https://doi.org/10.1021/acs.analchem.9b03813
https://doi.org/10.1021/acs.analchem.9b03813
https://doi.org/10.1016/j.snb.2015.07.004
https://doi.org/10.1016/j.snb.2015.07.004
https://doi.org/10.1002/CELC.201801851
https://doi.org/10.1002/CELC.201801851
https://doi.org/10.1016/J.SNB.2017.12.049
https://doi.org/10.1007/S10854-019-01606-4/FIGURES/12
https://doi.org/10.1016/J.BIOS.2014.04.045
https://doi.org/10.1016/J.BIOS.2014.04.045

Electrochemical sensing of macromolecules based on molecularly imprinted polymers:...

5195

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

of cyclophosphamide. Talanta. 2017;164:601-7. https://doi.org/
10.1016/J. TALANTA.2016.11.009.

Phonklam K, Wannapob R, Sriwimol W, Thavarungkul P, Phaira-
tana T. A novel molecularly imprinted polymer PMB/MWCNTs
sensor for highly-sensitive cardiac troponin T detection. Sensors
Actuators B Chem. 2020;308. https://doi.org/10.1016/j.snb.2019.
127630.

Arshad R, Rhouati A, Hayat A, Nawaz MH, Yameen MA, Muja-
hid A, Latif U. MIP-based Impedimetric sensor for detecting den-
gue fever biomarker. Appl Biochem Biotechnol. 2020;191:1384—
94. https://doi.org/10.1007/s12010-020-03285-y.

Dietl S, Sobek H, Mizaikoff B. Epitope-imprinted poly-
mers for biomacromolecules: recent strategies, future chal-
lenges and selected applications. TrAC Trends Anal Chem.
2021;143:116414. https://doi.org/10.1016/J. TRAC.2021.
116414.

Khumsap T, Corpuz A, Nguyen LT. Epitope-imprinted polymers:
applications in protein recognition and separation. RSC Adv.
2021;11. https://doi.org/10.1039/d0ral10742e.

Rachkov A, Minoura N. Towards molecularly imprinted polymers
selective to peptides and proteins. The epitope approach. Biochim
Biophys Acta - Protein Struct Mol Enzymol. 2001;1544:255-66.
https://doi.org/10.1016/S0167-4838(00)00226-0.

Yang K, Li S, Liu L, Chen Y, Zhou W, Pei J, Liang Z, Zhang
L, Zhang Y. Epitope imprinting technology: Progress, applica-
tions, and perspectives toward artificial antibodies. Adv Mater.
2019;31. https://doi.org/10.1002/adma.201902048.

Rachkov A, Minoura N. Recognition of oxytocin and oxytocin-
related peptides in aqueous media using a molecularly imprinted
polymer synthesized by the epitope approach. J Chromatogr
A. 2000;889:111-8. https://doi.org/10.1016/S0021-9673(00)
00568-9.

Pasquardini L, Bossi AM. Molecularly imprinted polymers by
epitope imprinting: a journey from molecular interactions to the
available bioinformatics resources to scout for epitope templates.
Anal Bioanal Chem. 2021;413:6101-15. https://doi.org/10.1007/
S500216-021-03409-1/FIGURES/4.

Zhao CJ, Ma XH, Li JP. An insulin molecularly imprinted elec-
trochemical sensor based on epitope imprinting. Chinese J Anal
Chem. 2017;45:1360-6. https://doi.org/10.1016/S1872-2040(17)
61039-9.

Cecchini A, Raffa V, Canfarotta F, Signore G, Piletsky S, Mac-
donald MP, Cuschieri A. In vivo recognition of human vascular
endothelial growth factor by molecularly imprinted polymers.
Nano Lett. 2017;17:2307-12. https://doi.org/10.1021/ACS.
NANOLETT.6B05052.

Tchinda R, Tutsch A, Schmid B, Siissmuth RD, Altintas Z. Rec-
ognition of protein biomarkers using epitope-mediated molecu-
larly imprinted films: histidine or cysteine modified epitopes?
Biosens Bioelectron. 2019;123:260-8. https://doi.org/10.1016/].
bi0s.2018.09.010.

Boysen RI. Advances in the development of molecularly
imprinted polymers for the separation and analysis of proteins
with liquid chromatography. 2019 42:51-71 . https://doi.org/10.
1002/jssc.201800945.

Lee MH, Thomas JL, Liao CL, Jurcevic S, Crnogorac-Jurce-
vic T, Lin HY. Epitope recognition of peptide-imprinted pol-
ymers for regenerating protein 1 (REG1). Sep Purif Technol.
2018;192:213-9. https://doi.org/10.1016/J.SEPPUR.2017.09.
071.

Ji X, Li D, Li H. Preparation and application of a novel molecu-
larly imprinted solid-phase microextraction monolith for selec-
tive enrichment of cholecystokinin neuropeptides in human cer-
ebrospinal fluid. Biomed Chromatogr. 2015;29:1280-9. https://
doi.org/10.1002/BMC.3418.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Liu S, Bi Q, Long Y, Li Z, Bhattacharyya S, Li C. Inducible
epitope imprinting: ‘generating’ the required binding site in
membrane receptors for targeted drug delivery. Nanoscale.
2017;9:5394-7. https://doi.org/10.1039/C6NR09449].

Gupta N, Srivastava J, Singh LK, Singh AK, Shah K, Prasad R,
Singh M. Epitope imprinting of outer membrane protein of Neis-
seria Meningitidis. J Sci Res. 2020;64:220-8. https://doi.org/10.
37398/JSR.2020.640144.

Hou H, Jin Y, Xu K, Sheng L, Huang Y, Zhao R. Selective rec-
ognition of a cyclic peptide hormone in human plasma by hydra-
zone bond-oriented surface imprinted nanoparticles. Anal Chim
Acta. 2021;1154. https://doi.org/10.1016/j.aca.2021.338301.
Xu J, Metlier F, Avalle B, Vieillard V, Debré P, Haupt K, Tse
Sum Bui B. Molecularly imprinted polymer nanoparticles as
potential synthetic antibodies for Immunoprotection against HIV.
ACS Appl Mater Interfaces. 2019;11:9824-31. https://doi.org/
10.1021/ACSAMI.8B22732.

Busato M, Distefano R, Bates F, Karim K, Bossi AM, Lépez
Vilarifio JM, Piletsky S, Bombieri N, Giorgetti A, Vilarifio JML,
Piletsky S, Bombieri N, Giorgetti A. MIRATE: MIps RATional
dEsign science gateway. J Integr Bioinform. 2018;15. https://doi.
org/10.1515/JIB-2017-0075.

Caserta G, Zhang X, Yarman A, Supala E, Wollenberger U,
Gyurcsanyi RE, Zebger I, Scheller FW. Insights in electrosyn-
thesis, target binding, and stability of peptide-imprinted poly-
mer nanofilms. Electrochim Acta. 2021;381. https://doi.org/10.
1016/j.electacta.2021.138236.

He Y, Bai J, Lin Z. Molecular imprinting for protein recognition:
current status, challenges and applications. Kexue Tongbao/Chi-
nese Sci Bull. 2019;64. https://doi.org/10.1360/N972018-00803.
Khumsap T, Bamrungsap S, Thu VT, Nguyen LT. Epitope-
imprinted polydopamine electrochemical sensor for ovalbumin
detection. Bioelectrochemistry. 2021;140. https://doi.org/10.
1016/j.bioelechem.2021.107805.

Fauzi D, Saputri FA. Molecularly imprinted polymer nanopar-
ticles (MIP-NPs) applications in electrochemical sensors. Int J
Appl Pharm. 2019;11. https://doi.org/10.22159/ijap.2019v11i6.
35088.

Gui R, Jin H, Guo H, Wang Z. Recent advances and future pros-
pects in molecularly imprinted polymers-based electrochemical
biosensors. Biosens Bioelectron. 2018;100:56—70. https://doi.
org/10.1016/J.B10S.2017.08.058.

Chen HJ, Zhang ZH, Xie D, Cai R, Chen X, Liu YN, Yao SZ.
Surface-imprinting sensor based on carbon nanotubes/graphene
composite for determination of bovine serum albumin. Electroa-
nalysis. 2012;24:2109-16. https://doi.org/10.1002/ELAN.20120
0375.

Stojanovic Z, Erddssy J, Keltai K, Scheller FW, Gyurcsanyi RE.
Electrosynthesized molecularly imprinted polyscopoletin nano-
films for human serum albumin detection. Anal Chim Acta.
2017;977:1-9. https://doi.org/10.1016/].ACA.2017.04.043.
Wang Y, Zhou Y, Sokolov J, Rigas B, Levon K, Rafailovich M.
A potentiometric protein sensor built with surface molecular
imprinting method. Biosens Bioelectron. 2008;24:162-6. https://
doi.org/10.1016/J.BI0S.2008.04.010.

Yu Y, Zhang Q, Buscaglia J, Chang C-C, Liu Y, Yang Z, Guo
Y, Wang Y, Levon K, Rafailovich M. Quantitative real-time
detection of carcinoembryonic antigen (CEA) from pancreatic
cyst fluid using 3-D surface molecular imprinting. Analyst.
2016;141:4424-31. https://doi.org/10.1039/C6AN00375C.
Chen HJ, Zhang ZH, Luo LJ, Yao SZ. Surface-imprinted chi-
tosan-coated magnetic nanoparticles modified multi-walled car-
bon nanotubes biosensor for detection of bovine serum albumin.
Sensors Actuators B Chem. 2012;163:76—83. https://doi.org/10.
1016/J.SNB.2012.01.010.

@ Springer


https://doi.org/10.1016/J.TALANTA.2016.11.009
https://doi.org/10.1016/J.TALANTA.2016.11.009
https://doi.org/10.1016/j.snb.2019.127630
https://doi.org/10.1016/j.snb.2019.127630
https://doi.org/10.1007/s12010-020-03285-y
https://doi.org/10.1016/J.TRAC.2021.116414
https://doi.org/10.1016/J.TRAC.2021.116414
https://doi.org/10.1039/d0ra10742e
https://doi.org/10.1016/S0167-4838(00)00226-0
https://doi.org/10.1002/adma.201902048
https://doi.org/10.1016/S0021-9673(00)00568-9
https://doi.org/10.1016/S0021-9673(00)00568-9
https://doi.org/10.1007/S00216-021-03409-1/FIGURES/4
https://doi.org/10.1007/S00216-021-03409-1/FIGURES/4
https://doi.org/10.1016/S1872-2040(17)61039-9
https://doi.org/10.1016/S1872-2040(17)61039-9
https://doi.org/10.1021/ACS.NANOLETT.6B05052
https://doi.org/10.1021/ACS.NANOLETT.6B05052
https://doi.org/10.1016/j.bios.2018.09.010
https://doi.org/10.1016/j.bios.2018.09.010
https://doi.org/10.1002/jssc.201800945
https://doi.org/10.1002/jssc.201800945
https://doi.org/10.1016/J.SEPPUR.2017.09.071
https://doi.org/10.1016/J.SEPPUR.2017.09.071
https://doi.org/10.1002/BMC.3418
https://doi.org/10.1002/BMC.3418
https://doi.org/10.1039/C6NR09449J
https://doi.org/10.37398/JSR.2020.640144
https://doi.org/10.37398/JSR.2020.640144
https://doi.org/10.1016/j.aca.2021.338301
https://doi.org/10.1021/ACSAMI.8B22732
https://doi.org/10.1021/ACSAMI.8B22732
https://doi.org/10.1515/JIB-2017-0075
https://doi.org/10.1515/JIB-2017-0075
https://doi.org/10.1016/j.electacta.2021.138236
https://doi.org/10.1016/j.electacta.2021.138236
https://doi.org/10.1360/N972018-00803
https://doi.org/10.1016/j.bioelechem.2021.107805
https://doi.org/10.1016/j.bioelechem.2021.107805
https://doi.org/10.22159/ijap.2019v11i6.35088
https://doi.org/10.22159/ijap.2019v11i6.35088
https://doi.org/10.1016/J.BIOS.2017.08.058
https://doi.org/10.1016/J.BIOS.2017.08.058
https://doi.org/10.1002/ELAN.201200375
https://doi.org/10.1002/ELAN.201200375
https://doi.org/10.1016/J.ACA.2017.04.043
https://doi.org/10.1016/J.BIOS.2008.04.010
https://doi.org/10.1016/J.BIOS.2008.04.010
https://doi.org/10.1039/C6AN00375C
https://doi.org/10.1016/J.SNB.2012.01.010
https://doi.org/10.1016/J.SNB.2012.01.010

5196

Mazzotta E. et al.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Patra S, Roy E, Madhuri R, Sharma PK. Nano-iniferter based
imprinted sensor for ultra trace level detection of prostate-
specific antigen in both men and women. Biosens Bioelectron.
2015;66:1-10. https://doi.org/10.1016/1.BI0S.2014.10.076.
Rebelo TSCR, Costa R, Brandao ATSC, Silva AF, Sales MGF,
Pereira CM, Rebelo T, Costa R, Brandio A, Silva A, Sales M,
Pereira C. Molecularly imprinted polymer SPE sensor for analy-
sis of CA-125 on serum. Anal Chim Acta. 2019;1082:126-35.
https://doi.org/10.1016/J.ACA.2019.07.050.

Moreira FTC, Sharma S, Dutra RAF, Noronha JPC, Cass AEG,
Sales MGF. Protein-responsive polymers for point-of-care
detection of cardiac biomarker. Sensors Actuators B Chem.
2014;196:123-32. https://doi.org/10.1016/J.SNB.2014.01.038.
Yarman A. Development of a molecularly imprinted polymer-
based electrochemical sensor for tyrosinase. Turkish J Chem.
2018;42:346-54. https://doi.org/10.3906/kim-1708-68.

Ma 'Y, Shen XL, Zeng Q, Wang LS. A glassy carbon electrode
modified with graphene nanoplatelets, gold nanoparticles and
chitosan, and coated with a molecularly imprinted polymer
for highly sensitive determination of prostate specific antigen.
Microchim Acta. 2017;184:4469-76. https://doi.org/10.1007/
S00604-017-2458-Y.

Sharma PS, Iskierko Z, Noworyta K, Cieplak M, Borowicz P,
Lisowski W, D’Souza F, Kutner W. Synthesis and application of
a “plastic antibody” in electrochemical microfluidic platform for
oxytocin determination. Biosens Bioelectron. 2018;100:251-8.
https://doi.org/10.1016/J.B10S.2017.09.009.

Zhao W, Li B, Xu S, Huang X, Luo J, Zhu Y, Liu X, Zhao W,
Li B, Sheng X, Huang X, Luo J, Zhu Y, Liu X. Electrochemical
protein recognition based on macromolecular self-assembly of
molecularly imprinted polymer: a new strategy to mimic anti-
body for label-free biosensing. J Mater Chem B. 2019;7:2311-9.
https://doi.org/10.1039/C9TB00220K.

Axin Liang A, Huipeng Hou B, Shanshan Tang C, Liquan Sun
D, Aiqin Luo E. An advanced molecularly imprinted electro-
chemical sensor for the highly sensitive and selective detection
and determination of human IgG. Bioelectrochemistry. 2021;137.
https://doi.org/10.1016/J.BIOELECHEM.2020.107671.

Liang A, Tang B, Hou HP, Sun L, Luo AQ. A novel CuFe204
nanospheres molecularly imprinted polymers modified elec-
trochemical sensor for lysozyme determination. J Electroanal
Chem. 2019;853:113465. https://doi.org/10.1016/j.jelechem.
2019.113465.

Yang C, Ji XF, Cao WQ, Wang J, Zhang Q, Zhong TL, Wang Y.
Molecularly imprinted polymer based sensor directly responsive
to attomole bovine serum albumin. Talanta. 2019;196:402-7.
https://doi.org/10.1016/J. TALANTA.2018.12.097.

Wei Y, Zeng Q, Hu Q, Wang M, Tao J, Wang L. Self-cleaned
electrochemical protein imprinting biosensor basing on a
thermo-responsive memory hydrogel. Biosens Bioelectron.
2018;99:136-41. https://doi.org/10.1016/J.B10S.2017.07.049.
Gui R, Guo H, Jin H. Preparation and applications of electro-
chemical chemosensors based on carbon-nanomaterial-modified
molecularly imprinted polymers. Nanoscale Adv. 2019;1. https://
doi.org/10.1039/CONA00455F

Reddy SM, Sette G, Phan Q. Electrochemical probing of selective
haemoglobin binding in hydrogel-based molecularly imprinted
polymers. Electrochim Acta. 2011;56:9203-8. https://doi.org/10.
1016/J.ELECTACTA.2011.07.132.

Moreira FTC, Dutra RAF, Noronha JPC, Cunha AL, Sales MGF.
Artificial antibodies for troponin T by its imprinting on the sur-
face of multiwalled carbon nanotubes: its use as sensory surfaces.
Biosens Bioelectron. 2011;28:243-50. https://doi.org/10.1016/J.
BIOS.2011.07.026.

Moreira FTC, Sharma S, Dutra RAF, Noronha JPC, Cass AEG,
Sales MGF. Detection of cardiac biomarker proteins using a

@ Springer

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

disposable based on a molecularly imprinted polymer grafted
onto graphite. Microchim Acta. 2015;182:975-83. https://doi.
org/10.1007/S00604-014-1409-0/TABLES/1.

Piletsky SA, Matuschewski H, Schedler U, Wilpert A, Piletska
E V., Thomas A. Thiele, Ulbricht M (2000) Surface function-
alization of porous polypropylene membranes with molecularly
imprinted polymers by Photograft copolymerization in water.
Macromolecules 33:3092-3098 . https://doi.org/10.1021/MA991
087F.

Norrlow O, Glad M, Mosbach K. Acrylic polymer preparations
containing recognition sites obtained by imprinting with sub-
strates. J Chromatogr A. 1984;299:29-41. https://doi.org/10.
1016/S0021-9673(01)97819-7.

Claudia Sulitzky, Birbel Riickert, Andrew J. Hall, Francesca
Lanza, Klaus Unger and, Sellergren®* B (2001) Grafting of
molecularly imprinted polymer films on silica supports con-
taining surface-bound free radical initiators. Macromolecules
35:79-91 . https://doi.org/10.1021/MAO11303W.

Deng Q, Wu J, Zhai X, Fang G, Wang S. Highly selective fluo-
rescent sensing of proteins based on a fluorescent molecularly
imprinted Nanosensor. Sensors. 2013;13:12994-3004. https://
doi.org/10.3390/s131012994.

Mazzotta E, Malitesta C, Diaz-Alvarez M, Martin-Esteban A.
Electrosynthesis of molecularly imprinted polypyrrole for the
antibiotic levofloxacin. Thin Solid Films. 2012;520:1938-43.
https://doi.org/10.1016/j.tsf.2011.09.039.

Arabi M, Ostovan A, LiJ, Wang X, Zhang Z, Choo J, Chen L.
Molecular imprinting: green perspectives and strategies. Adv
Mater. 2021;33:2100543. https://doi.org/10.1002/ADMA.
202100543.

Marc M. MIP synthesis, characteristics and analytical applica-
tion. 1st ed: Elsevier; 2019.

Matyjaszewski K, Spanswick J. Controlled/living radical
polymerization. Mater Today. 2005;8:26-33. https://doi.org/
10.1016/S1369-7021(05)00745-5.

Salian VD, Byrne ME. Living radical polymerization and
molecular imprinting: improving polymer morphology in
imprinted polymers. Macromol Mater Eng. 2013;298:379-90.
https://doi.org/10.1002/MAME.201200191.

Zhang H. Recent advances in macromolecularly imprinted
polymers by controlled radical polymerization tech-
niques. Mol Imprinting. 2016;3. https://doi.org/10.1515/
MOLIM-2015-0005.

Garcia-Soto MJ, Haupt K, Gonzato C. Synthesis of molecularly
imprinted polymers by photo-iniferter polymerization under vis-
ible light. Polym Chem. 2017;8:4830—4. https://doi.org/10.1039/
C7PYO01113J.

Beyazit S, Tse Sum Bui B, Haupt K, Gonzato C. Molecu-
larly imprinted polymer nanomaterials and nanocomposites
by controlled/living radical polymerization. Prog Polym Sci.
2016;62:1-21. https://doi.org/10.1016/J.PROGPOLYMSCI.
2016.04.001.

Malitesta C, Losito I, Zambonin PG. Molecularly imprinted elec-
trosynthesized polymers: new materials for biomimetic sensors.
Anal Chem. 1999;71:1366-70. https://doi.org/10.1021/ac980
674g.

Panasyuk TL, Mirsky VM, Piletsky SA, Wolfbeis OS. Electropo-
lymerized Molecularly Imprinted Polymers as Receptor Layers
in Capacitive Chemical Sensors. 1999. https://doi.org/10.1021/
AC9903196.

Deore B, Chen Z, Nagaoka T. Overoxidized Polypyrrole with
dopant complementary cavities as a new molecularly imprinted
polymer matrix. Anal Sci. 1999;15:827-8. https://doi.org/10.
2116/ANALSCI.15.827.

Cheng W, Zhang Q, Wu D, Yang Y, Zhang Y, Tang X. A
facile electrochemical method for rapid determination of


https://doi.org/10.1016/J.BIOS.2014.10.076
https://doi.org/10.1016/J.ACA.2019.07.050
https://doi.org/10.1016/J.SNB.2014.01.038
https://doi.org/10.3906/kim-1708-68
https://doi.org/10.1007/S00604-017-2458-Y
https://doi.org/10.1007/S00604-017-2458-Y
https://doi.org/10.1016/J.BIOS.2017.09.009
https://doi.org/10.1039/C9TB00220K
https://doi.org/10.1016/J.BIOELECHEM.2020.107671
https://doi.org/10.1016/j.jelechem.2019.113465
https://doi.org/10.1016/j.jelechem.2019.113465
https://doi.org/10.1016/J.TALANTA.2018.12.097
https://doi.org/10.1016/J.BIOS.2017.07.049
https://doi.org/10.1039/C9NA00455F
https://doi.org/10.1039/C9NA00455F
https://doi.org/10.1016/J.ELECTA​CTA​.2011.07.132
https://doi.org/10.1016/J.ELECTA​CTA​.2011.07.132
https://doi.org/10.1016/J.BIOS.2011.07.026
https://doi.org/10.1016/J.BIOS.2011.07.026
https://doi.org/10.1007/S00604-014-1409-0/TABLES/1
https://doi.org/10.1007/S00604-014-1409-0/TABLES/1
https://doi.org/10.1021/MA991087F
https://doi.org/10.1021/MA991087F
https://doi.org/10.1016/S0021-9673(01)97819-7
https://doi.org/10.1016/S0021-9673(01)97819-7
https://doi.org/10.1021/MA011303W
https://doi.org/10.3390/s131012994
https://doi.org/10.3390/s131012994
https://doi.org/10.1016/j.tsf.2011.09.039
https://doi.org/10.1002/ADMA.202100543
https://doi.org/10.1002/ADMA.202100543
https://doi.org/10.1016/S1369-7021(05)00745-5
https://doi.org/10.1016/S1369-7021(05)00745-5
https://doi.org/10.1002/MAME.201200191
https://doi.org/10.1515/MOLIM-2015-0005
https://doi.org/10.1515/MOLIM-2015-0005
https://doi.org/10.1039/C7PY01113J
https://doi.org/10.1039/C7PY01113J
https://doi.org/10.1016/J.PROGPOLYMSCI.2016.04.001
https://doi.org/10.1016/J.PROGPOLYMSCI.2016.04.001
https://doi.org/10.1021/ac980674g
https://doi.org/10.1021/ac980674g
https://doi.org/10.1021/AC9903196
https://doi.org/10.1021/AC9903196
https://doi.org/10.2116/ANALSCI.15.827
https://doi.org/10.2116/ANALSCI.15.827

Electrochemical sensing of macromolecules based on molecularly imprinted polymers:...

5197

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

3-chloropropane-1,2-diol in soy sauce based on nanoporous
gold capped with molecularly imprinted polymer. Food Control.
2022;134:108750. https://doi.org/10.1016/J. FOODCONT.2021.
108750.

Dashtian K, Hajati S, Ghaedi M. Ti-based solid-state imprinted-
Cu20/CulnSe?2 heterojunction Photoelectrochemical platform
for highly selective dopamine monitoring. Sensors Actuators B
Chem. 2021;326:128824. https://doi.org/10.1016/J.SNB.2020.
128824.

Ayankojo AG, Reut J, Ciocan V, Opik A, Syritski V. Molecularly
imprinted polymer-based sensor for electrochemical detection
of erythromycin. Talanta. 2020;209:120502. https://doi.org/10.
1016/J.TALANTA.2019.120502.

Martins GV, Marques AC, Fortunato E, Sales MGF. Paper-based
(bio)sensor for label-free detection of 3-nitrotyrosine in human
urine samples using molecular imprinted polymer. Sens Bio-
Sensing Res. 2020;28:100333. https://doi.org/10.1016/J.SBSR.
2020.100333.

Mokni M, Mazouz Z, Attia G, Fourati N, Zerrouki C, Othmane
A, Omezzine A, Bouslama A. Prime importance of the support-
ing electrolyte in the realization of molecularly imprinted poly-
mers. 2018;5888 . https://doi.org/10.3390/MOL2NET-04-05888.
Yarman A, Scheller FW. How reliable is the electrochemical
readout of MIP sensors? Sensors (Switzerland). 2020;20. https://
doi.org/10.3390/s20092677.

Do MH, Florea A, Farre C, Bonhomme A, Bessueille F,
Vocanson F, Tran-Thi NT, Jaffrezic-Renault N. Molecularly
imprinted polymer-based electrochemical sensor for the sen-
sitive detection of glyphosate herbicide. Int J Environ Anal
Chem. 2015;95:1489-501. https://doi.org/10.1080/03067319.
2015.1114109.

Mostafavi M, Yaftian M, Piri Y, Shayani-Jam H. A new
diclofenac molecularly imprinted electrochemical sensor based
upon a polyaniline/reduced graphene oxide nano-composite.
Biosens Bioelectron. 2018;122:160-7. https://doi.org/10.
1016/J.B10S.2018.09.047.

Silva BVM, Rodriguez BAG, Sales GF, Sotomayor MDPT,
Dutra RF. An ultrasensitive human cardiac troponin T gra-
phene screen-printed electrode based on electropolymerized-
molecularly imprinted conducting polymer. Biosens Bioelec-
tron. 2016;77:978-85. https://doi.org/10.1016/1.BIOS.2015.10.
068.

Ozcelikay G, Kurbanoglu S, Yarman A, Scheller FW, Ozkan SA.
Au-Pt nanoparticles based molecularly imprinted nanosensor for
electrochemical detection of the lipopeptide antibiotic drug Dap-
tomycin. Sensors Actuators B Chem. 2020;320:128285. https://
doi.org/10.1016/J.SNB.2020.128285.

Karimian N, Turner A, Tiwari A. Electrochemical evaluation
of troponin T imprinted polymer receptor. Biosens Bioelectron.
2014;59:160-5. https://doi.org/10.1016/1.B10S.2014.03.013.
Dinc M, Basan H, Hummel T, Miiller M, Sobek H, Rapp I, Die-
mant T, Behm RJ, Lindén M, Mizaikoff B. Selective binding of
inhibitor-assisted surface-imprinted Core/Shell microbeads in
protein mixtures. ChemistrySelect. 2018;3. https://doi.org/10.
1002/s1ct.201800129.

Zhao W-R, Kang T-F, Lu L-P, Cheng S-Y. Electrochemical
magnetic imprinted sensor based on MWCNTs @CS/CTABr
surfactant composites for sensitive sensing of diethylstilbestrol.
J Electroanal Chem. 2018;818:181-90. https://doi.org/10.1016/J.
JELECHEM.2018.04.036.

Zhang X, Yarman A, Erdossy J, Katz S, Zebger I, Jetzschmann
KJ, Altintas Z, Wollenberger U, Gyurcsanyi RE, Scheller FW.
Electrosynthesized MIPs for transferrin: Plastibodies or nano-
filters? Biosens Bioelectron. 2018;105:29-35. https://doi.org/10.
1016/J.B10S.2018.01.011.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Rick J, Chou T-C. Amperometric protein sensor-fabricated as a
polypyrrole, poly-aminophenylboronic acid bilayer. Biosens Bio-
electron. 2006;22:329-35. https://doi.org/10.1016/j.bios.2006.
04.007.

Ayankojo AG, Boroznjak R, Reut J, Opik A, Syritski V. Molecu-
larly imprinted polymer based electrochemical sensor for quanti-
tative detection of SARS-CoV-2 spike protein. Sensors Actuators
B Chem. 2022;353:131160. https://doi.org/10.1016/].SNB.2021.
131160.

Wojnarowicz A, Sharma PS, Sosnowska M, Lisowski W,
Huynh TP, Pszona M, Borowicz P, D’Souza F, Kutner W. An
electropolymerized molecularly imprinted polymer for selective
carnosine sensing with impedimetric capacity. ] Mater Chem B.
2016;4:1156-65. https://doi.org/10.1039/c5tb02260f.

Cieplak M, Szwabinska K, Sosnowska M, Chandra BKC, Boro-
wicz P, Noworyta K, D’Souza F, Kutner W. Selective electro-
chemical sensing of human serum albumin by semi-covalent
molecular imprinting. Biosens Bioelectron. 2015;74:960-6.
https://doi.org/10.1016/J.B10S.2015.07.061.

Dabrowski M, Cieplak M, Sharma PS, Borowicz P, Noworyta
K, Lisowski W, D’Souza F, Kuhn A, Kutner W. Hierarchical
templating in deposition of semi-covalently imprinted inverse
opal polythiophene film for femtomolar determination of human
serum albumin. Biosens Bioelectron. 2017;94:155-61. https://
doi.org/10.1016/J.BI0S.2017.02.046.

Sharma PS, Pietrzyk-Le A, D’Souza F, Kutner W. Electrochemi-
cally synthesized polymers in molecular imprinting for chemical
sensing. 2012;402. https://doi.org/10.1007/S00216-011-5696-6.
Mazzotta E, Rella S, Turco A, Malitesta C. Electrosynthe-
sized molecularly imprinted polymers for Chemosensing:
fundamentals and applications. In: RSC polymer chemistry
series: Royal Society of Chemistry; 2018:412—-46. https://doi.
org/10.1039/9781788010474-00412

Gonzalez-Vogel A, Fogde A, Crestini C, Sandberg T, Huynh
TP, Bobacka J. Molecularly imprinted conducting polymer for
determination of a condensed lignin marker. Sensors Actuators
B Chem. 2019;295:186-93. https://doi.org/10.1016/J.SNB.2019.
05.011.

Sharma PS, Dabrowski M, Noworyta K, Huynh T, Kc C, Sobc-
zak J, Pieta P, D’Souza F, Kutner W. Fullerene derived molecu-
larly imprinted polymer for chemosensing of adenosine-5'-
triphosphate (ATP). Anal Chim Acta. 2014;844:61-9. https://
doi.org/10.1016/J.ACA.2014.07.005.

Contreras-Naranjo JE, Aguilar O. Suppressing non-specific bind-
ing of proteins onto electrode surfaces in the development of
electrochemical Immunosensors. Biosensors. 2019;9. https://doi.
org/10.3390/BIOS9010015.

Lichtenberg JY, Ling Y, Kim S. Non-specific adsorption reduc-
tion methods in biosensing. Sensors (Switzerland). 2019;19.
https://doi.org/10.3390/S19112488.

Noinville S, Bruston F, El Amri C, Baron D, Nicolas P. Con-
formation, orientation, and adsorption kinetics of dermaseptin
B2 onto synthetic supports at aqueous/solid interface. Biophys
J. 2003;85:1196-206. https://doi.org/10.1016/S0006-3495(03)
74555-X.

Yarman A, Scheller FW, Yarman A, Scheller FW. MIP-esterase/
Tyrosinase combinations for paracetamol and phenacetin. Elec-
troanalysis. 2016;28:2222-7. https://doi.org/10.1002/ELAN.
201600042.

Yoshimatsu K, Reimhult K, Krozer A, Mosbach K, Sode K, Ye L.
Uniform molecularly imprinted microspheres and nanoparticles
prepared by precipitation polymerization: the control of parti-
cle size suitable for different analytical applications. Anal Chim
Acta. 2007;584:112-21. https://doi.org/10.1016/].ACA.2006.11.
004.

@ Springer


https://doi.org/10.1016/J.FOODCONT.2021.108750
https://doi.org/10.1016/J.FOODCONT.2021.108750
https://doi.org/10.1016/J.SNB.2020.128824
https://doi.org/10.1016/J.SNB.2020.128824
https://doi.org/10.1016/J.TALANTA.2019.120502
https://doi.org/10.1016/J.TALANTA.2019.120502
https://doi.org/10.1016/J.SBSR.2020.100333
https://doi.org/10.1016/J.SBSR.2020.100333
https://doi.org/10.3390/MOL2NET-04-05888
https://doi.org/10.3390/s20092677
https://doi.org/10.3390/s20092677
https://doi.org/10.1080/03067319.2015.1114109
https://doi.org/10.1080/03067319.2015.1114109
https://doi.org/10.1016/J.BIOS.2018.09.047
https://doi.org/10.1016/J.BIOS.2018.09.047
https://doi.org/10.1016/J.BIOS.2015.10.068
https://doi.org/10.1016/J.BIOS.2015.10.068
https://doi.org/10.1016/J.SNB.2020.128285
https://doi.org/10.1016/J.SNB.2020.128285
https://doi.org/10.1016/J.BIOS.2014.03.013
https://doi.org/10.1002/slct.201800129
https://doi.org/10.1002/slct.201800129
https://doi.org/10.1016/J.JELECHEM.2018.04.036
https://doi.org/10.1016/J.JELECHEM.2018.04.036
https://doi.org/10.1016/J.BIOS.2018.01.011
https://doi.org/10.1016/J.BIOS.2018.01.011
https://doi.org/10.1016/j.bios.2006.04.007
https://doi.org/10.1016/j.bios.2006.04.007
https://doi.org/10.1016/J.SNB.2021.131160
https://doi.org/10.1016/J.SNB.2021.131160
https://doi.org/10.1039/c5tb02260f
https://doi.org/10.1016/J.BIOS.2015.07.061
https://doi.org/10.1016/J.BIOS.2017.02.046
https://doi.org/10.1016/J.BIOS.2017.02.046
https://doi.org/10.1007/S00216-011-5696-6
https://doi.org/10.1016/J.SNB.2019.05.011
https://doi.org/10.1016/J.SNB.2019.05.011
https://doi.org/10.1016/J.ACA.2014.07.005
https://doi.org/10.1016/J.ACA.2014.07.005
https://doi.org/10.3390/BIOS9010015
https://doi.org/10.3390/BIOS9010015
https://doi.org/10.3390/S19112488
https://doi.org/10.1016/S0006-3495(03)74555-X
https://doi.org/10.1016/S0006-3495(03)74555-X
https://doi.org/10.1002/ELAN.201600042
https://doi.org/10.1002/ELAN.201600042
https://doi.org/10.1016/J.ACA.2006.11.004
https://doi.org/10.1016/J.ACA.2006.11.004

5198 Mazzotta E. et al.
142. Phungpanya C, Chaipuang A, Machan T, Watla-iad K, Thong- 157. Kegili R, Hussain CM. Recent Progress of imprinted nanomateri-
poon C, Suwantong O. Synthesis of prednisolone molecularly als in analytical chemistry. Int J Anal Chem. 2018;2018. https://
imprinted polymer nanoparticles by precipitation polymerization. doi.org/10.1155/2018/8503853.
Polym Adv Technol. 2018;29:3075-84. https://doi.org/10.1002/ 158. Ibarra IS, Miranda JM, Pérez-Silva I, Jardinez C, Islas G. Sample
PAT.4428. treatment based on molecularly imprinted polymers for the analy-

143. Pratiwi R, Megantara S, Rahayu D, Pitaloka I, Hasanah AN. sis of veterinary drugs in food samples: a review. Anal Methods.
Comparison of bulk and precipitation polymerization method of 2020;12:2958-77. https://doi.org/10.1039/DOAY00533A.
synthesis molecular imprinted solid phase extraction for atenolol 159. Kamra T, Chaudhary S, Xu C, Montelius L, Schnadt J, Ye L.
using Methacrylic acid. J Young Pharm. 2018;11. https://doi.org/ Covalent immobilization of molecularly imprinted polymer
10.5530/jyp.2019.11.3. nanoparticles on a gold surface using carbodiimide coupling for

144. El-Akaad S, Mohamed MA, Abdelwahab NS, Abdelaleem chemical sensing. J Colloid Interface Sci. 2016;461:1-8. https://
EA, De Saeger S, Beloglazova N. Capacitive sensor based on doi.org/10.1016/J.JCIS.2015.09.009.
molecularly imprinted polymers for detection of the insecticide 160. Garcia-Cruz A, Ahmad OS, Alanazi K, Piletska E, Pilet-
imidacloprid in water. Sci Rep. 2020;10:14479. https://doi.org/ sky SA. Generic sensor platform based on electro-responsive
10.1038/s41598-020-71325-y. molecularly imprinted polymer nanoparticles (e-NanoMIPs).

145. Akhoundian M, Alizadeh T. In situ voltammetric determination Microsystems Nanoeng. 2020;61(6):1-9. https://doi.org/10.1038/
of promethazine on carbon paste electrode modified with nano- s41378-020-00193-3.
sized molecularly imprinted polymer. Anal Bioanal Electrochem. 161. Zarejousheghani M, Rahimi P, Borsdorf H, Zimmermann S,
2020;12. ISSN  20084226. http://www.abechem.com/article_ Joseph Y. Molecularly Imprinted Polymer-Based Sensors for
43508.html. Priority Pollutants. Sensors. 2021;21(21):2406. https://doi.org/

146. Sener G, Ozgur E, Yilmaz E, Uzun L, Say R, Denizli A. Quartz 10.3390/S21072406.
crystal microbalance based nanosensor for lysozyme detection 162. Yoshimi Y, Yagisawa Y, Yamaguchi R, Seki M. Blood heparin
with lysozyme imprinted nanoparticles. Biosens Bioelectron. sensor made from a paste electrode of graphite particles grafted
2010;26:815-21. https://doi.org/10.1016/j.bios.2010.06.003. with molecularly imprinted polymer. Sensors Actuators B Chem.

147. Kubo T. Molecularly imprinted materials in analytical chemistry. 2018;259:455-62. https://doi.org/10.1016/J.SNB.2017.12.084.
Anal Sci. 2017;33. https://doi.org/10.2116/analsci.33.1321. 163. Kriz D, Mosbach K. Competitive amperometric morphine sensor

148. Kan X, Zhao Q, Shao D, Geng Z, Wang Z, Zhu J-J. Prepara- based on an agarose immobilised molecularly imprinted polymer.
tion and recognition properties of bovine hemoglobin mag- Anal Chim Acta. 1995;300:71-5. https://doi.org/10.1016/0003-
netic molecularly imprinted polymers. J Phys Chem B. 2670(94)00368-V.
2010;114:3999-4004. https://doi.org/10.1021/jp910060c. 164. Surya SG, Khatoon S, Lahcen AA, Nguyen ATH, Dzantiev BB,

149. Gao R, Kong X, Wang X, He X, Chen L, Zhang Y. Preparation Tarannum N, Salama KN. A chitosan gold nanoparticles molecu-
and characterization of uniformly sized molecularly imprinted larly imprinted polymer based ciprofloxacin sensor. RSC Adv.
polymers functionalized with core—shell magnetic nanoparticles 2020;10:12823-32. https://doi.org/10.1039/DORA01838D.
for the recognition and enrichment of protein. J] Mater Chem. 165. Patel AK, Sharma PS, Prasad BB. Development of a creatinine
2011;21:17863. https://doi.org/10.1039/c1jm12414e. sensor based on a molecularly imprinted polymer-modified sol-

150. Canfarotta F, Czulak J, Guerreiro A, Cruz AG, Piletsky S, Berg- gel film on graphite electrode. Electroanalysis. 2008;20:2102—-12.
dahl GE, Hedstrom M, Mattiasson B. A novel capacitive sensor https://doi.org/10.1002/ELAN.200804294/FORMAT/PDF.
based on molecularly imprinted nanoparticles as recognition ele- 166. Bates F, del Valle M. Voltammetric sensor for theophylline
ments. Biosens Bioelectron. 2018;120:108-14. https://doi.org/ using sol-gel immobilized molecularly imprinted polymer par-
10.1016/J.BIOS.2018.07.070. ticles. Microchim Acta. 2015;182:933-42. https://doi.org/10.

151. Xu J, Ambrosini S, Tamahkar E, Rossi C, Haupt K, Tse Sum 1007/S00604-014-1413-4/TABLES/1.

Bui B. Toward a universal method for preparing molecularly 167. Amatatongchai M, Sitanurak J, Sroysee W, Sodanat S, Chairam
imprinted polymer nanoparticles with antibody-like affinity S, Jarujamrus P, Nacapricha D, Lieberzeit PA. Highly sensi-
for proteins. Biomacromolecules. 2016;17:345-53. https://doi. tive and selective electrochemical paper-based device using a
org/10.1021/acs.biomac.5b01454 graphite screen-printed electrode modified with molecularly

152. Poma A, Whitcombe MJ, Piletsky SA. Plastic antibodies. In: imprinted polymers coated Fe304@au@SiO2 for serotonin
Piletsky SA, Whitcombe MJ, editors. Designing receptors for the determination. Anal Chim Acta. 2019;1077:255-65. https://
next generation of biosensors. Berlin: Springer; 2013. p. 105-29. doi.org/10.1016/J.ACA.2019.05.047.

ISBN: 9783642323294 3642323294, 168. Li Y, Liu Y, Liu J, Liu J, Tang H, Cao C, Zhao D. Ding Y

153. Ahmad OS, Bedwell TS, Esen C, Garcia-Cruz A, Piletsky SA. (2015) molecularly imprinted polymer decorated nanoporous
Molecularly imprinted polymers in electrochemical and optical gold for highly selective and sensitive electrochemical sen-
sensors. Trends Biotechnol. 2019;294-309. https://doi.org/10. sors. Sci Reports. 2015;51(5):1-8. https://doi.org/10.1038/
1016/j.tibtech.2018.08.009. srep07699.

154. Xu J, Medina-Rangel PX, Haupt K, Tse Sum Bui B. Guide to 169. Khan MAR TC, Moreira F, Riu JF, Sales MG. Plastic antibody
the preparation of molecularly imprinted polymer nanoparticles for the electrochemical detection of bacterial surface proteins.
for protein recognition by solid-phase synthesis. In: Methods in Sensors Actuators B Chem. 2016;233:697-704. https://doi.org/
enzymology: Academic Press Inc. 2011:15-41. https://doi.org/ 10.1016/J.SNB.2016.04.075.
10.1016/bs.mie.2017.02.004 170. Zhao XF, Duan FF, Cui PP, Yang YZ, Liu XG, Hou XL. A

155. Fresco-Cala B, Batista AD, Cardenas S. Molecularly Imprinted molecularly-imprinted polymer decorated on graphene oxide
Polymer Micro- and Nano-Particles. Rev Mol. 2020;25(25):4740. for the selective recognition of quercetin. New Carbon Mater.
https://doi.org/10.3390/MOLECULES25204740. 2018;33:529-43. https://doi.org/10.1016/S1872-5805(18)

156. Panagiotopoulou M, Kunath S, Haupt K, Tse Sum Bui B. Cell 60355-5.
and tissue imaging with molecularly imprinted polymers. Meth- 171. Blanco-Lopez MC, Gutierrez-Fernendez S, Lobo-Castanon

ods Mol Biol. 2017;1575:399-415. https://doi.org/10.1007/978-
1-4939-6857-2_26.

@ Springer

MIJ, Miranda-Ordieres AJ, Tunon-Blanco P. Electrochemical
sensing with electrodes modified with molecularly imprinted


https://doi.org/10.1002/PAT.4428
https://doi.org/10.1002/PAT.4428
https://doi.org/10.5530/jyp.2019.11.3
https://doi.org/10.5530/jyp.2019.11.3
https://doi.org/10.1038/s41598-020-71325-y
https://doi.org/10.1038/s41598-020-71325-y
http://www.abechem.com/article_43508.html
http://www.abechem.com/article_43508.html
https://doi.org/10.1016/j.bios.2010.06.003
https://doi.org/10.2116/analsci.33.1321
https://doi.org/10.1021/jp910060c
https://doi.org/10.1039/c1jm12414e
https://doi.org/10.1016/J.BIOS.2018.07.070
https://doi.org/10.1016/J.BIOS.2018.07.070
https://doi.org/10.1016/j.tibtech.2018.08.009
https://doi.org/10.1016/j.tibtech.2018.08.009
https://doi.org/10.1016/bs.mie.2017.02.004
https://doi.org/10.1016/bs.mie.2017.02.004
https://doi.org/10.3390/MOLECULES25204740
https://doi.org/10.1007/978-1-4939-6857-2_26
https://doi.org/10.1007/978-1-4939-6857-2_26
https://doi.org/10.1155/2018/8503853
https://doi.org/10.1155/2018/8503853
https://doi.org/10.1039/D0AY00533A
https://doi.org/10.1016/J.JCIS.2015.09.009
https://doi.org/10.1016/J.JCIS.2015.09.009
https://doi.org/10.1038/s41378-020-00193-3
https://doi.org/10.1038/s41378-020-00193-3
https://doi.org/10.3390/S21072406
https://doi.org/10.3390/S21072406
https://doi.org/10.1016/J.SNB.2017.12.084
https://doi.org/10.1016/0003-2670(94)00368-V
https://doi.org/10.1016/0003-2670(94)00368-V
https://doi.org/10.1039/D0RA01838D
https://doi.org/10.1002/ELAN.200804294/FORMAT/PDF
https://doi.org/10.1007/S00604-014-1413-4/TABLES/1
https://doi.org/10.1007/S00604-014-1413-4/TABLES/1
https://doi.org/10.1016/J.ACA.2019.05.047
https://doi.org/10.1016/J.ACA.2019.05.047
https://doi.org/10.1038/srep07699
https://doi.org/10.1038/srep07699
https://doi.org/10.1016/J.SNB.2016.04.075
https://doi.org/10.1016/J.SNB.2016.04.075
https://doi.org/10.1016/S1872-5805(18)60355-5
https://doi.org/10.1016/S1872-5805(18)60355-5

Electrochemical sensing of macromolecules based on molecularly imprinted polymers:...

5199

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

polymer films. 2004;378:1922-8. https://doi.org/10.1007/
$00216-003-2330-2.

Rebelo TSCR, Santos C, Costa-Rodrigues J, Fernandes MH,
Noronha JP, Sales MGF. Novel prostate specific antigen plastic
antibody designed with charged binding sites for an improved
protein binding and its application in a biosensor of potentiomet-
ric transduction. Electrochim Acta. 2014;132:142-50. https://doi.
org/10.1016/J.ELECTACTA.2014.03.108.

Mazzotta E, Di Giulio T, Mastronardi V, Pompa PP, Moglianetti
M, Malitesta C. Bare platinum nanoparticles deposited on glassy
carbon electrodes for Electrocatalytic detection of hydrogen per-
oxide. ACS Appl Nano Mater. 2021;4:7650-62. https://doi.org/
10.1021/ACSANM.1C00754.

Malitesta C, Mazzotta E, Picca RA, Poma A, Chianella I, Pilet-
sky SA. MIP sensors — the electrochemical approach. Anal
Bioanal Chem. 2012;402:1827-46. https://doi.org/10.1007/
S00216-011-5405-5.

Mazzotta E, Malitesta C. Electrochemical detection of the toxic
organohalide 2,4-DB using a co-porphyrin based electrosyn-
thesized molecularly imprinted polymer. Sensors Actuators B
Chem. 2010;148:186-94. https://doi.org/10.1016/j.snb.2010.03.
089.

Turco A, Corvaglia S, Mazzotta E. Electrochemical sensor for
sulfadimethoxine based on molecularly imprinted polypyr-
role: study of imprinting parameters. Biosens Bioelectron.
2015;63:240-7. https://doi.org/10.1016/j.bios.2014.07.045.
Wang Y, Zhang Z, Jain V, Yi J, Mueller S, Sokolov J, Liu Z,
Levon K, Rigas B, Rafailovich MH. Potentiometric sensors based
on surface molecular imprinting: detection of cancer biomarkers
and viruses. Sensors Actuators B Chem. 2010;146:381-7. https://
doi.org/10.1016/J.SNB.2010.02.032.

Mihailescu CM, Stan D, Savin M, Moldovan CA, Dinulescu
S, Radulescu CH, Firtat B, Muscalu G, Brasoveanu C, Ion M,
Dragomir D, Stan D, Ion AC. Platform with biomimetic electro-
chemical sensors for adiponectin and leptin detection in human
serum. Talanta. 2020;210:120643. https://doi.org/10.1016/j.talan
ta.2019.120643.

Merkoci A, Alegret S. New materials for electrochemical sensing
IV. Molecular imprinted polymers. TrAC Trends Anal Chem.
2002;21:717-25. https://doi.org/10.1016/S0165-9936(02)
01119-6.

Lowdon JW, Dilién H, Singla P, Peeters M, Cleij TJ, van Grins-
ven B, Eersels K. MIPs for commercial application in low-cost
sensors and assays — an overview of the current status quo. Sen-
sors Actuators B Chem. 2020;325:128973. https://doi.org/10.
1016/j.snb.2020.128973.

Whitcombe MJ, Chianella I, Larcombe L, Piletsky SA, Noble
J, Porter R, Horgan A. The rational development of molecularly
imprinted polymer-based sensors for protein detection. Chem Soc
Rev. 2011;40:1547-71. https://doi.org/10.1039/COCS00049C.
Sharma PS, Garcia-Cruz A, Cieplak M, Noworyta KR, Kutner
W. ‘Gate effect’ in molecularly imprinted polymers: the current
state of understanding. Curr Opin Electrochem. 2019;16:50-6.
https://doi.org/10.1016/J.COELEC.2019.04.020.

Dai YQ, Zhou DM, Shiu KK. Permeability and permselectivity
of polyphenylenediamine films synthesized at a palladium disk
electrode. Electrochim Acta. 2006;52:297-303. https://doi.org/
10.1016/J. ELECTACTA.2006.05.010.

Abo-Elmagd IF, Mahmoud AM, Al-Ghobashy MA, Nebsen M,
El Sayed NS, Nofal S, Soror SH, Todd R, Elgebaly SA. Impedi-
metric sensors for Cyclocreatine phosphate determination in
plasma based on Electropolymerized poly(o-phenylenediamine)
molecularly imprinted polymers. ACS Omega. 2021;6:31282-91.
https://doi.org/10.1021/ACSOMEGA.1C05098/SUPPL_FILE/
AO1C05098_SI_001.PDF.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Buffon E, Stradiotto NR. Electrochemical sensor based on molec-
ularly imprinted poly(ortho-phenylenediamine) for determination
of hexahydrofarnesol in aviation biokerosene. Sensors Actuators
B Chem. 2019;287:371-9. https://doi.org/10.1016/J.SNB.2019.
02.059.

Ozcelikay G, Kurbanoglu S, Zhang X, Soz CK, Wollenberger U,
Ozkan SA, Yarman A, Scheller FW. Electrochemical MIP Sensor
for Butyrylcholinesterase. 2019;11:1970. https://doi.org/10.3390/
POLYM11121970

Lach P, Cieplak M, Noworyta KR, Pieta P, Lisowski W, Kalecki
J, Chitta R, D’Souza F, Kutner W, Sharma PS. Self-reporting
molecularly imprinted polymer with the covalently immobilized
ferrocene redox probe for selective electrochemical sensing of
p-synephrine. Sensors Actuators B Chem. 2021;344:130276.
https://doi.org/10.1016/J.SNB.2021.130276.

Yoshimi Y, Ohdaira R, Iiyama C, Sakai K. “Gate effect” of
thin layer of molecularly-imprinted poly(methacrylic acid-co-
ethyleneglycol dimethacrylate). Sensors Actuators B Chem.
2001;73:49-53. https://doi.org/10.1016/S0925-4005(00)
00671-7.

Peng L, Yarman A, Jetzschmann KJ, Jeoung J-H, Schad D, Dob-
bek H, Wollenberger U, Scheller FW. Molecularly Imprinted
Electropolymer for a Hexameric Heme Protein with Direct
Electron Transfer and Peroxide Electrocatalysis. Sensors.
2016;16:272. https://doi.org/10.3390/S16030272.

Shi F, Liu Z, Wu G, Zhang M, Chen H, Wang Z, Zhang X, Will-
ner I. Surface imprinting in layer-by-layer nanostructured films.
Adv Funct Mater. 2007;17:1821-7. https://doi.org/10.1002/
ADFM.200700267.

Nadim A, Abd El-Aal M, Al-Ghobashy M, El-Saharty Y. Facile
imprinted polymer for label-free highly selective potentiometric
sensing of proteins: case of recombinant human erythropoietin.
Anal Bioanal Chem. 2021;413:3611-23. https://doi.org/10.1007/
S00216-021-03325-4.

Pacheco JG, Rebelo P, Freitas M, Nouws HPA, Delerue-Matos
C. Breast cancer biomarker (HER2-ECD) detection using a
molecularly imprinted electrochemical sensor. Sensors Actua-
tors B Chem. 2018;273:1008-14. https://doi.org/10.1016/].SNB.
2018.06.113.

Trotta F, Biasizzo M, Caldera F. Molecularly imprinted mem-
branes. Membr. 2012;2:440-77. https://doi.org/10.3390/
MEMBRANES2030440.

Park JK, Khan H, Lee JW. Preparation of phenylalanine imprinted
polymer by the sol-gel transition method. Enzym Microb Tech-
nol. 2004;35:688-93. https://doi.org/10.1016/J. ENZMICTEC.
2004.08.023.

Mazzotta E, Turco A, Chianella I, Guerreiro A, Piletsky SA,
Malitesta C. Solid-phase synthesis of electroactive nanoparticles
of molecularly imprinted polymers. A novel platform for indirect
electrochemical sensing applications. Sensors Actuators B Chem.
2016;229:174-80. https://doi.org/10.1016/j.snb.2016.01.126.
Hagq I, Alanazi K, Czulak J, Di MS, Piletska E, Mujahid A, Hus-
sain T, Piletsky SA, Garcia-Cruz A. Determination of sitagliptin
in human plasma using a smart electrochemical sensor based on
electroactive molecularly imprinted nanoparticles. Nanoscale
Adv. 2021;3:4276-85. https://doi.org/10.1039/DINA00194A.
Yarman A, Jetzschmann KJ, Neumann B, Zhang X, Wollenberger
U, Cordin A, Haupt K, Scheller FW. Enzymes as Tools in MIP-
Sensors. Chemosens. 2017;5(5):11. https://doi.org/10.3390/
CHEMOSENSORS5020011.

Yarman A, Scheller FW. The First Electrochemical MIP Sensor
for Tamoxifen. Sensors. 2014;14:7647-54. https://doi.org/10.
3390/S140507647.

Ozcan L, Sahin Y. Determination of paracetamol based
on electropolymerized-molecularly imprinted polypyrrole

@ Springer


https://doi.org/10.1007/s00216-003-2330-2
https://doi.org/10.1007/s00216-003-2330-2
https://doi.org/10.1016/J.ELECTA​CTA​.2014.03.108
https://doi.org/10.1016/J.ELECTA​CTA​.2014.03.108
https://doi.org/10.1021/ACSANM.1C00754
https://doi.org/10.1021/ACSANM.1C00754
https://doi.org/10.1007/S00216-011-5405-5
https://doi.org/10.1007/S00216-011-5405-5
https://doi.org/10.1016/j.snb.2010.03.089
https://doi.org/10.1016/j.snb.2010.03.089
https://doi.org/10.1016/j.bios.2014.07.045
https://doi.org/10.1016/J.SNB.2010.02.032
https://doi.org/10.1016/J.SNB.2010.02.032
https://doi.org/10.1016/j.talanta.2019.120643
https://doi.org/10.1016/j.talanta.2019.120643
https://doi.org/10.1016/S0165-9936(02)01119-6
https://doi.org/10.1016/S0165-9936(02)01119-6
https://doi.org/10.1016/j.snb.2020.128973
https://doi.org/10.1016/j.snb.2020.128973
https://doi.org/10.1039/C0CS00049C
https://doi.org/10.1016/J.COELEC.2019.04.020
https://doi.org/10.1016/J.ELECTA​CTA​.2006.05.010
https://doi.org/10.1016/J.ELECTA​CTA​.2006.05.010
https://doi.org/10.1021/ACSOMEGA.1C05098/SUPPL_FILE/AO1C05098_SI_001.PDF
https://doi.org/10.1021/ACSOMEGA.1C05098/SUPPL_FILE/AO1C05098_SI_001.PDF
https://doi.org/10.1016/J.SNB.2019.02.059
https://doi.org/10.1016/J.SNB.2019.02.059
https://doi.org/10.3390/POLYM11121970
https://doi.org/10.3390/POLYM11121970
https://doi.org/10.1016/J.SNB.2021.130276
https://doi.org/10.1016/S0925-4005(00)00671-7
https://doi.org/10.1016/S0925-4005(00)00671-7
https://doi.org/10.3390/S16030272
https://doi.org/10.1002/ADFM.200700267
https://doi.org/10.1002/ADFM.200700267
https://doi.org/10.1007/S00216-021-03325-4
https://doi.org/10.1007/S00216-021-03325-4
https://doi.org/10.1016/J.SNB.2018.06.113
https://doi.org/10.1016/J.SNB.2018.06.113
https://doi.org/10.3390/MEMBRANES2030440
https://doi.org/10.3390/MEMBRANES2030440
https://doi.org/10.1016/J.ENZMICTEC.2004.08.023
https://doi.org/10.1016/J.ENZMICTEC.2004.08.023
https://doi.org/10.1016/j.snb.2016.01.126
https://doi.org/10.1039/D1NA00194A
https://doi.org/10.3390/CHEMOSENSORS5020011
https://doi.org/10.3390/CHEMOSENSORS5020011
https://doi.org/10.3390/S140507647
https://doi.org/10.3390/S140507647

5200

Mazzotta E. et al.

200.

201.

202.

203.

modified pencil graphite electrode. Sensors Actuators B Chem.
2007;127:362-9. https://doi.org/10.1016/J.SNB.2007.04.034.
Freire RS, Pessoa CA, Mello LD, Kubota LT. Direct electron
transfer: an approach for electrochemical biosensors with higher
selectivity and sensitivity. J] Braz Chem Soc. 2003;14:230-43.
https://doi.org/10.1590/S0103-50532003000200008.

Bollella P, Katz E. Enzyme-based biosensors: tackling Electron
transfer issues. Sensors (Basel). 2020;20:1-32. https://doi.org/
10.3390/520123517.

Martinez-Mancera FD, Hernandez-Lopez JL. Direct Electron
transfer of human hemoglobin molecules on glass/tin-doped
indium oxide. Appl Voltammetry. 2017. https://doi.org/10.5772/
67806.

Martinez-Mancera FD, Hernandez-Lopez JL. In vitro observa-
tion of direct Electron transfer of human Haemoglobin molecules
on glass/tin-doped indium oxide electrodes. ] Mex Chem Soc.
2016;59. ISSN 1870-249X. http://www.scielo.org.mx/scielo.
php?script=sci_arttext&pid=S1870-249X2015000400008

@ Springer

204.

205.

206.

Yarman A. Electrosynthesized molecularly imprinted polymer for
laccase using the inactivated enzyme as the target. Bull Korean
Chem Soc. 2018;39:483-8. https://doi.org/10.1002/BKCS.
11413.

Sharma PS, Wojnarowicz A, Sosnowska M, Benincori T, Nowo-
ryta K, D’Souza F, Kutner W. Potentiometric chemosensor for
neopterin, a cancer biomarker, using an electrochemically syn-
thesized molecularly imprinted polymer as the recognition unit.
Biosens Bioelectron. 2016;77:565-72. https://doi.org/10.1016/J.
BIOS.2015.10.013.

Frasco MF, Truta LAANA, Goreti M, Sales F, Moreira FTCC,
Sales MGF, Moreira FTCC. Imprinting Technology in Electro-
chemical Biomimetic Sensors. Sensors. 2017;17:523. https://doi.
org/10.3390/S17030523.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/J.SNB.2007.04.034
https://doi.org/10.1590/S0103-50532003000200008
https://doi.org/10.3390/S20123517
https://doi.org/10.3390/S20123517
https://doi.org/10.5772/67806
https://doi.org/10.5772/67806
https://doi.org/10.1002/BKCS.11413
https://doi.org/10.1002/BKCS.11413
https://doi.org/10.1016/J.BIOS.2015.10.013
https://doi.org/10.1016/J.BIOS.2015.10.013
https://doi.org/10.3390/S17030523
https://doi.org/10.3390/S17030523

	Electrochemical sensing of macromolecules based on molecularly imprinted polymers: challenges, successful strategies, and opportunities
	Abstract
	Introduction
	Approaches for imprinting of macromolecules in electrochemical sensor design
	Surface imprinting
	Epitope imprinting

	MIP format suitable for the electrochemical sensing of macromolecules
	MIP film
	MIP nanoparticles

	Suitable electrochemical signals for MIP-mediated macromolecule recognition
	Indirect transduction: the so-called gate effect
	Direct electrochemical transduction: the case of redox proteins and catalytically active targets

	Conclusions
	References


