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Design and development of MIPs for ETs and biosensing

ABSTRACT

This doctoral thesis aims to unite three fields of scientific knowledge: molecular
imprinting technology, the use of electrochemical sensors and the development
of chemometric tools, specifically the electronic tongue approach (ET). This
combination makes it possible to process and discern useful data from
redundant data in order to obtain unequivocal analytical parameters for the
development of applications with a real impact on the improvement of society.
This work has been carried out in the Group of Sensors and Biosensors (GSB) of
the Autonomous University of Barcelona (UAB) continuing the research path
focused on the application of electronic tongues for the resolution of complex

mixtures for different applications.

Versatility, portability and energy and time efficiency have been a constant in
the established and thriving world of sensors and biosensors. Compared to
conventional methods, sensors provide us with a wide range of features that
make it easier to obtain real analytical information. When combined with the
sensing performance, their own response can have added value by improving
analytical parameters such as linear range, sensitivity or limits of detection and
guantification. At the same time, electrochemistry offers an array of benefits by
presenting large data acquisition in a small-time frame, easily and in a portable
manner. However, this response can be non-specific, superfluous and requires
planning and further data processing to obtain useful and clear analytical
information. Therefore, the use of chemometric tools in addition to the
performance of electrochemical sensing helps us to discern important data from
redundant data, making their combination a valuable ally.

Sensing performance can be limited by the construction of the sensor itself, so

the improvement of the different components of a sensor is constantly evolving.
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The inclusion of new materials to improve the performance of these sensors
generates a wide field of study, either by the incorporation of materials of a

synthetic or biological nature.

In this compendium, the use of molecularly imprinted polymers is presented as
the main focus of the manuscript to improve the response in the field of
electrochemical sensors, specifically in the specificity of the sensor. Such
polymers can be used as biomimetic recognition elements improving the
baseline performance of a common sensor in different fields of application in a
robust way over a wide period of time, not limited only to strict physiological

conditions.

This manuscript presents applications in three distinct fields: (1) in beverage
production to detect and quantify ethylphenols during winemaking; (2) in the
conservation and preservation of food products with the aim of determining the
presence and proliferation of histamine in wines; and finally, (3) in the field of
safety and environment for the detection and quantification of TNT and its

nitroaromatic derivatives as emerging contaminants.
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RESUMEN

Esta tesis doctoral pretende unir tres campos del conocimiento cientifico: la
tecnologia de impresiéon molecular, el uso de sensores electroquimicos vy el
desarrollo de herramientas quimiométricas, especialmente la aplicacion de
lengua electrdnica. Esta combinacion permite procesar y discernir los datos
utiles de los redundantes con la finalidad de obtener parametros analiticos
inequivocos para el desarrollo de aplicaciones con impacto real en la mejora de
la sociedad. Este trabajo se ha realizado en el Grupo de Sensores y Biosensores
(GSB) de la Universidad Auténoma de Barcelona (UAB) continuando la senda
investigadora focalizada en la aplicacién de lenguas electrénicas para la

resolucién de mezclas complejas para diferentes aplicaciones.

La versatilidad, portabilidad, la eficiencia energética y temporal han sido una
constante en el asentado y pujante mundo de los sensores y biosensores. En
comparacion con los métodos convencionales los sensores nos aportan un
amplio abanico de prestaciones que nos facilitan la obtencidon real de
informacion analitica. Si esta se combina con las prestaciones del sensado, su
propia respuesta puede tener un valor anadido al mejorar los parametros
analiticos como serian el rango lineal, la sensibilidad o los limites de detecciény
cuantificacion. Al mismo tiempo, la electroquimica ofrece un conjunto de
prestaciones al presentar una gran adquisicion de datos en un espacio temporal
reducido, facilmente y de manera portatil. Sin embargo, esta respuesta puede
ser inespecifica, superflua y requiere de una planificacion y un posterior
tratamiento de datos para obtener informacidn analitica util y nitida. Por ello, el
uso de herramientas quimiométricas ademas de las prestaciones del sensado
electroquimico nos ayuda a discernir aquellos datos importantes de los

redundantes, siendo asi, su combinacidon una valiosa aliada.
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Las prestaciones del sensado pueden verse limitadas por la propia construccién
del sensor, por ello, la constante mejora del principal componente de un sensor
estd en permanente evolucion. La inclusién de nuevos materiales para mejorar
las prestaciones de dichos sensores genera un amplio campo de estudio, ya sea

por la incorporacidon de materiales de naturaleza sintética o bioldgica.

En el presente compendio, se presenta el uso de los polimeros molecularmente
impresos como eje conductor del manuscrito para mejorar la respuesta en el
campo de los sensores electroquimicos, especialmente en la especificidad del
sensor. Dichos polimeros, pueden usarse como elementos de reconocimiento
biomiméticos mejorando las prestaciones basales de un sensor comun en
diferentes campos de aplicacion de un modo robusto en un amplio periodo de

tiempo, sin limitarse solamente a las estrictas condiciones fisiolégicas.

En este manuscrito se presentan aplicaciones en tres campos diferenciados: (1)
en la produccion de bebidas para detectar y cuantificar etilfenoles durante la
elaboracién de vino; (2) en la conservacién y preservacion de productos
alimentarios con el objetivo de determinar la presencia y proliferacion de
histamina en vinos; y finalmente, (3) en el campo de la seguridad y el medio
ambiente para la deteccion y cuantificacion de TNT y sus derivados

nitroaromaticos como contaminantes emergentes.
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RESUM

En aquesta tesi doctoral convergeixen tres camps del coneixement cientific: la
tecnologia d’impronta molecular, I'ds de sensors electroquimics i el
desenvolupament d’eines quimiometriques, especialment en |'aplicacié de la
llengua electronica. Aquesta combinacié permet processar i discernir les dades
utils de les redundants amb la finalitat d’obtenir parametres analitics inequivocs
pel desenvolupament d’aplicacions amb un impacte real en la millora de Ia
societat. Aquest treball s’ha realitzat al Grup de Sensors i Biosensors (GSB) de la
Universitat Autbnoma de Barcelona (UAB) continuant el curs de la investigacié
focalitzada en I'aplicacié de llenglies electroniques per la resolucié de mescles

complexes en diferents aplicacions.

La versatilitat, portabilitat i eficiencia energética i temporal han estat una
constant en el consolidat i creixent mon dels sensors i biosensors. En comparacié
amb els metodes convencionals, els sensors ens aporten un ampli ventall de
prestacions que ens faciliten I'obtencio real d’informacié analitica. Si aquesta es
combina amb les prestacions del sensat, la seva resposta pot tenir un valor afegit
gue millori els parametres analitics com ara el rang lineal, la sensibilitat i els
limits de deteccid o quantificacio. Alhora I’electroquimica ofereix un conjunt de
possibilitats en presentar una gran adquisicié de dades en un espai temporal
reduit, de manera facil i portatil. No obstant aix0, la seva resposta pot ser
inespecifica, supérflua i requereix una planificacié i posterior tractament de
dades per obtenir informacié analitica util i nitida. Per tant, I'Us d’eines
quimiometriques sumat a les prestacions dels sensors electroquimics ens ajuda
a discernir aquelles dades importants de les redundants, essent aixi, llur

combinacio una valuosa aliada.
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Les prestacions del sensat poden ésser limitades per la propia construccid i
muntatge del sensor, per tant, la millora constant del principal component d’'un
sensor esta en permanent evolucié. La inclusié de nous materials per millorar
les prestacions del sensors genera un ampli camp d’estudi, ja sigui per la

incorporacio de materials de naturalesa sintetica o biologica.

En el present compendi, es presenta |'Us de polimers molecularment impresos
com a eix conductor del manuscrit per millorar la resposta en el camp dels
sensors electroquimics, especialment, en l'especificitat del sensor. Aquests
polimers poden emprar-se com a elements de reconeixement biomimetics
millorant les prestacions basals d’un sensor comu en diferents aplicacions de
manera robusta, en un ampli periode de temps, sense limitar-se a les estrictes

condicions fisiologiques.

En aguest manuscrit es presenten aplicacions en tres camps diferenciats: (1) en
la produccioé de begudes per detectar i quantificar etilfenols durant I’elaboracio
del vi; (2) en la conservacid i preservacié de productes alimentaris amb |'objectiu
de determinar la presencia i proliferacié d’histamina en vins; i finalment, (3) en
el camp de la seguretat i el medi ambient per a la deteccid i quantificacié de TNT

i els seus derivats nitroaromatics, com a contaminats emergents.
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1. INTRODUCTION

The role of analytical chemistry in daily life is exponentially growing and
society is getting conscious about how sensor and biosensors devices can
improve our lifestyle. The request to identify, detect and quantify or classify
chemicals and biological species has become a necessity. A more educated
society requires from the stakeholders and policy makers a better control,
understand and monitor the composition of daily lives products, environmental
parameters, checkpoint border control or simply daily tests to prevent the
dissemination of diseases, among others. Some examples can be found in the
environmental field, where new emerging contaminants have been increasing
with over 100.000 new chemicals listed [1,2]; in foodstuff monitoring, where

analytical methods are key to ensure its quality and its traceability [3]; in clinical
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diagnostics, where biomarker identification allows the detection and diagnostic
of pathologies [4]; in homeland security, to prevent and/or avoid terrorist
attacks, as well as control areas in blast or post-blast scenarios [5-7]; and
forensic applications to aid during crime investigation or to detect substances
that may be used against human will (e.g. illegal substances) [8-10]. These
challenges cannot be solved only using analytical chemistry, in fact, the
intervention of different knowledge areas is needed to obtain a real-world
solution. Towards this direction, in the last decade the field of sensors and
biosensors has been incorporating new materials such as nanomaterials or
biomimetic artificial receptors as well as the use of multivariate data analysis

tools to surpass the inherent limitations of the sensing and biosensing field.

This PhD thesis explores the suitability of the molecularly imprinted polymers
(MIPs) combined with electrochemical techniques and chemometric tools
through the use of voltammetric sensors to study different kind of analytes
relevant to the following areas: food and beverage, homeland security and
environmental field. The aim of this research was the synthesis and
immobilisation of the aforementioned biomimetic artificial receptors, named
MIPs, for the development of the first electronic tongue (ET) that incorporates
MIPs as recognition elements in an array of electrochemical sensors to solve a
mixture of species employing advanced chemometric tools. Consequently, as
happened through the incorporation of biosensors as part of the ET sensor
array, the combination of MIP-based sensors and chemometrics can unleash a

new research area in the ET field [11].

In the last decades, sensors and biosensors, biomimetic receptors and advanced

chemometric tools had the attention of numerous scientists. This can be
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perceived in the increasing number of publications regarding these topics in
different science disciplines over the past years, as can be seen in Figure 1.1. For
that reason, the merge of artificial neural networks, electrochemical sensors and

imprinting techniques are proposed in this thesis manuscript.
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Figure 1.1. Number of publications over the last 25 years regarding molecularly imprinted
polymers (dark green), artificial neural networks (ANN) or chemometrics and
voltammetric sensors or biosensors . Data obtained from web of knowledge

database on May 9th, 2021.

The combination of the aforementioned scientific areas is a challenging
endeavour due to the nature of MIPs and electrochemical techniques. However,
these polymers are usually synthesised in an organic media which yields a non-
conductive material. The preferred medium to perform electrochemical
measurements is the aqueous media with conductive materials allowing an
optimal electrical transduction. Additionally, depending on the electrochemical
technique employed, a huge amount of data might be generated. This data
volume must be processed to avoid unnecessary or redundant information.

Finally, the required system selectivity and sensitivity is highly demanding in
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terms of a low detection limit, it must be able to work on complex matrices and

to produce a unique and invariable response over the time.

1.1. Molecularly Imprinted polymers
1.1.1. Historical perspective
The concept of MIP encompasses various scientific fields of knowledge such as
chemistry, biology, physics, mathematics and the more recent fields such as
biochemistry, nanoscience and nanotechnology, among others [12]. Therefore,
besides including different scientific advances, polymer imprinting technology
was discovered by more than one scientist at a time without being fully aware
of each other. What nowadays is understood as MIP has been developed from
the early concepts disclosed by Polyakov in 1931 [13,14], who described the
unusual properties shown by silica particles prepared with an innovative
procedure based on the using of several additives and solvents during its
elaboration. At the same time, the immune system and the antibodies’
selectivity mechanism was under debate as reported by Brenil [15] and Pauling
[16]. A few years later, Dickey, a Pauling’s former student, described a similar
procedure as Polyakov. His study described for the very first time a
polymerisation synthesis of silica in presence of orange methyl dye. Then, the
silica was treated with acetic acid and different organic solvents in order to

obtain a material that presented an increase in selectivity towards the dye [17].

In 1952, in line with Dickey’s and Polyakov’s studies, Martin and Synge published
their own work wherein methyl orange dye was used as an indicator ligand
during the segregation of amino acid based molecules. It was found that this
process was inducing selective ‘footprints’ for such dye. Later, Martin and Synge

were laureated with Nobel price for these studies [18].
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These publications lay the foundations of molecular imprinting technique. Then,
it was in the 70’s when Wulff and Klotz [19,20] published their work with
molecular imprinting solvents and Sagiv worked on the concept of imprinting in
silica particles [21]. Finally, in the 80’s, Moscbach’s group explored the idea of
employing the imprinting of dyes containing several groups such as amino,
phenyl, dodecyl and glycidoxyl functionalities onto silica [22]. The following

Figure 1.2. shows the MIP timeline.

Polyakov reported Dickey’s proposed Wulff and Klotz published Mosbach’s group
an unusual template and selective their studies about exploted MIPs
properties in silica pattern concepts imprinting technique technology

AN AN N

1940 1949 1950 1972 1979 1984
Bernil and Haurowitz Pauling’s Nobel Laureateds’ Sagiv presented an

antibodies’ antibody and Martin and Synge approach for making
mechanism debate antigen proposal imprints in silica

Figure 1.2. Timeline of MIPs development from early concepts to nowadays.

The molecular imprinting technique has evolved over the years, incorporating
new scientific advances and becoming increasingly popular. From its origins
based on silica-organic systems, new approaches have been reported including
the use of larger templates and new type of inorganic matrices extending the
original concept described by Polyakov and Dickey [12]. Consequently, the
applicability of silica MIPs was first described for chromatographic applications
and it was also reported on catalysis purposes. The former gave place to column
and thin layer chromatography and it was also employed in structural
determination techniques. It is needed to be mentioned that the imprinting
process is based on natural biological processes. Then, the concept of imprinting
has moved to organic and posterior inorganic synthesis disciplines. Recently, it

has also incorporated new advances in material and technological fields, making
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the imprinting technique a versatile option that has dramatically improved over

time.

1.1.2. Definition
Understanding how nature works is a longed-for goal of the scientific
community. There are a myriad of natural processes and mechanisms that are
yet not possible to mimic. Complex molecular annealing processes such as ligand
and receptor interaction, substrate-enzyme binding and transcription and
translation of the DNA and RNA code are unmatched biological processes.
Therefore, they are scientific universal interests [9]. As it was discussed in the
previous section, MIP definition needed some decades to be clarified,
understood and most importantly, accepted by the scientific community. The
idea of mimicking molecular recognition changed over the time into new
synthetic routes, incorporating materials and technological advances into the

emerging discipline.

A widely accepted MIP definition was coined by Alexander et al. in 2005: “The
construction of ligand selective recognition sites in synthetic polymers where a
template (atom, ion, molecule, complex or a molecular, ionic or macromolecular
assembly, including micro-organisms) is employed in order to facilitate
recognition site formation during the covalent assembly of the bulk phase by a
polymerisation or polycondensation process, with subsequent removal of some
or all of the template being necessary for recognition to occur in the spaces

vacated by the templating species” [12].

A more recent definition of MIPs was written by Garcia-Soto et al. in 2017:

“Molecularly imprinted polymers (MIPs), also known as “antibody mimics”, are

8
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synthetic materials bearing binding sites with recognition properties on a par
with those of antibodies, hormone receptors, and enzymes. During their
synthesis a target molecule, or a derivative thereof, acts as a template and
coordinates functional monomers which upon polymerisation with a crosslinker
produce a cast-like shell. The subsequent removal of the template leaves binding
sites complementary to the target in terms of the size, shape, and position of
functional groups. This attribute allows the polymer to recognize its target with
high affinity and specificity, thus making MIPs ideal candidates for technological

applications involving recognition processes” [23].

Target molecules are used as the template to create recognition binding sites in
the polymers. The resulting sites are complementary in terms of shape, size and
functionality to the target molecule. Thus, the imprinted memory of the
template into the MIP has been compared with the lock and key theory
proposed by Fischer. This analogy is used to explain the preferential behaviour

of enzymatic reactions [24].

Non-imprinted polymers (NIPs) are synthesised with the same procedure
without adding the template. NIPs act as a baseline to compare binding capacity
against MIPs. NIPs are polymers without specific imprinting (against the
template molecule) and therefore have less functional cavities. It is important
to mention that NIP polymer will have unspecific cavities due to its three-
dimensional design and can therefore capture some of the template molecules
even though this is not its purpose. That is why NIP will act as a control in
comparison with MIP. In the following Figure it is depicted the MIP and NIP

synthetic process, see Figure 1.3.



Introduction

(Al ) gJ SELF-ASSEMBLY . POLYMERIZATION
A +
o [

g SELF-ASSEMBLY 5 J POLYMERIZATION
- — N —

EXTRACTION

REBINDING

EXTRACTION

(Bl

REBINDING

Figure 1.3. Depicted scheme of [A] MIP and [B] NIP synthesis.

As a general idea, it should be understood that these biomimetic polymers
emulate the host-guest functionality of their biological counterparts such as
antibodies, enzymes or aptamers. Which means, that the MIPs’ cavities provide
the polymer with affinity and recognition properties versus the template, so
they can act as an artificial receptor. The synthetic nature of these materials
allows for superb and exquisite properties in terms of tuneability (to suit almost
any type of (bio)molecule, robustness, durability, low-cost, reusability and the
possibility to work outside of physiological conditions, on a broader range of pH,
temperature, etc. [11]. Section 1.2.5. explains the role of MIPs in sensing and

biosensing.

Depending on the final application, the synthesis procedure can be tuned to
obtain a material more or less adequate. Different polymerisation methodology
or type that can be used to obtain different materials approaches (see Section
1.1.3.3.). Noteworthy the immobilisation is a key step in the final application as

sensor and it will be discussed in Section 1.2.5.
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1.1.3. Synthesis
In this section, a summary of the principal synthetic consideration will be
presented. Imprinting technology combines the design and synthesis of MIPs
and NIPs comprising several synthetic alternatives. As it was depicted in Figure
1.3., the imprinting strategy is firstly based on the generation of the pre-
polymerisation complex, called self-assembly. This first step is crucial for the
final capacity binding of the polymer; thus, the tailored-made cavity creation is
related with the interaction between the template and the functional
monomer(s). This process organises a complex with a fixed space disposition and
chemical functionalities orientation for future reactions involved. The next step
is the polymer formation around the pre-polymerisation complex in the
surroundings of its functionalities, i.e., double bounds or weak interactions. At
that time is when the crosslinker and the initiator are added and the
polymerisation is started (in an inert atmosphere). Finally, the template and the
unreactive reagents are removed [12,25]. Precisely, the main differences among
the set of synthesis approaches are: (1) the type of the interactions in the pre-
polymerisation complex; (2) its union with surrounding functional monomer(s)
and crosslinking agent (to obtain the polymer); and consequently, the template
removal. In this section, MIP synthesis approaches will be explained and their
main advantages and drawbacks will be pointed out. Once all the steps involved
in the design and synthesis of MIPs are completed, they can be used for the

development of the electrochemical sensors with MIP polymers in Section 1.2.4.

1.1.3.1. Elements in a MIP synthesis
Prior to move into different synthesis approaches, the main elements involved
in the process are described. Those are the template, the functional

monomer(s), the crosslinker, the solvent, the initiator and the so-called pre-
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polymerisation complex [26—28]. Not all of the elements are strictly necessary
to synthesise a MIP, especially in the electrochemical field. Nevertheless, all the
chemicals presented in this section are used in the vast majority of synthesis

procedures.

The template is commonly referred as an analyte in analytical chemistry. It is our
object of study and the key to this synthesis strategy. Not all analytes are directly
amenable to templating, the ability of the template to generate a pre-polymer
complex that latter will be stabilized during the polymerisation step is required
for the process to be successful. Template candidates for synthetic processes
may ideally: (1) not be reactive in polymerisation conditions; (2) be completely
soluble in the porogen (porosity generator) solvent; and (3) be moderately
stable at elevated temperatures or under UV irradiation. It is necessary to be
mentioned that the more functionalities the template has, including double
bonds and functional groups able to generate different intermolecular

interactions, the better imprinting chance the MIP will have.

The functional monomer(s) have a dual purpose, on one hand, it is the reagent
that will be binding the template molecule in the imprinted binding locations,
often using at least one double free bound. On the other hand, it is creating the
pre-polymerisation complex in union with the template, which will originate the
tailor-made cavities into the MIP matrix. In theory, this compound matches the
functionality of the template in a complementary manner to maximise complex
formation and thus the imprinting effect. Additionally, more than one functional
monomer(s) can be used as a co-monomer(s) mixture or a “cocktail” of
monomers. Finally, the pre-polymerisation complex is formed with the union

between the template and the functional monomer. It is important that the
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template only reacts with the functional monomer(s) fragments, in this manner
the complex interactions are prevented, and the cavity remains tailored for the
template molecule and its posterior polymerisation with other reagents that are

going to be used for continuing polymer synthesis.

Another important element is the crosslinker, which is used as a linker with the
template free regions of the functional monomer(s), normally through the
chemical bonding derived from the radical polymerisation that unites free
double bound functionalities. So, it has relevant functions such as (1) controlling
the morphology of the polymer matrix, (2) stabilising the imprinted cavities and

(3) giving mechanical stability and robustness.

Then, the porogen solvent, or simply solvent, is the phase where all the synthesis
process takes place. The solvent also controls the creation of pores when
working with macroporous polymers, controlling the morphology and total pore
volume. In other words, it has an effect on the quality of the pore structure and
the specific surface area. In some synthetic approaches, it could be purposely

chosen due to the direct influence that has in the pre-polymerisation complex.

The polymerisation process, of the polymer matrix, is started by an initiator,
which can be triggered by thermal, photochemical, or electrochemical reactions,
depending on the template reactivity. For example, if the template is unstable
at a certain temperature, the initiator might be induced with a photochemical
reaction. Once the main elements that can be used for MIPs synthesis have been

introduced, it is the time to present the different synthesis approaches.

13
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1.1.3.2. Synthesis approaches

The imprinting technique survived over the years thanks to its renewal capacity,

scientists are replicating, adapting and evolving synthetic routes for MIP

production in laboratories worldwide [26]. The imprinting technique can be

simplified in three stages: the self-assembly, the polymerisation and finally, the

template removal. These steps are used to describe MIPs and NIPs synthesis (see

Figure 1.3). In this section, different approaches to take each step will be

described. The different synthesis approaches are the covalent, the semi-

covalent, the non-covalent and the metal ion-exchange approach [12,27]. In

Figure 1.4. the different synthetic approaches are summarised.
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Figure 1.4. Diagram of the main MIP synthesis representing the different approaches: (A)
covalent, (B) non-covalent, (C) semi-covalent, (D1) and (D2) are referring to the metal ion-

approach and respectively the ionic species imprinting and the metal-ion mediated
imprinting.
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Covalent approach

The molecular imprinting technique via covalent bonding (see, Figure 1.4. [A])
was firstly reported for the design of these artificial receptors. It distinguishes
the use of templates covalently bound to at least one polymerisable functional
group. Therefore, this approach utilises polymerisable template derivatives.
Then, the template cleavage is done in harsher environments, to remove this
union, and the cavity is formed ready to be used for the re-establishment of the

covalent bond.

This strategy provides precise and high affinity cavities. The reason of this is the
high stability of the pre-polymerisation complex between the template and the
functional monomer(s). Nevertheless, this high stability complex may be a major
drawback. This approach normally provides bulky materials which need to be
grinded and sieved before its reuse. During this process the polymer structure
may be damaged resulting in a posterior poor recovery, low yields and slower
kinetics. Another inconvenient that can be attributed to this approach is the
extra step needed to chemically modify the template together with the limited

species able to be combined to reversible covalent bonds.

Some considerations that it is need to be taking into account are: (1) the
equimolar ratio between the template and the functional monomer(s); (2)
normally, the covalent approach includes carboxylic [29,30], Schiff’'s base
[31,32], ketals [33], boronate esters [34], among others; (3) in order to
incorporate the template into the polymer matrix, some of the common
functional groups that template must have in order to be able to be derivatized
are alcohols, aldehydes, ketones, amines or carboxylic acids, which limits the

number of compounds that this approach can be used on.
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The imprinting of D-glyceric acid was reported by Wulff and Sarhan [19,31]
employing the covalent approach. Their strategy used molecules with
polymerisable vinyl moieties, amine moieties and boronic acid; this groups acted
functional monomers providing the imprinting mechanism along a crosslinker
such as divinylbenzene and a further monomer. Thus, this approach presented
an organic polymer with imprinting properties to selective capture of the

template and its analogues.

Non-covalent approach

The most preferred synthesis is the non-covalent approach (see, Figure 1.4. [B])
and it is by far the most widespread methodology to study and exploit the
exquisite molecular recognition properties. The key to success is its few
limitations, easy procedure, non-specialist equipment nor highly trained
personnel to produce the polymer synthesis. The nature of the prearrangement
in non-covalent imprinting became the key point in the imprinting technique, it
allowed for a wide array of applications over several scientific fields as non-
covalent interactions allowed the use of imprinting molecules with a

humongous number of chemical species.

A non-equimolar ratio of the template and the functional monomer(s) is self-
organised in solution to form a pre-polymerisation non-covalent network. In the
non/approach the predominant interactions are Van der Waals forces, dipole-
dipole, charge-dipole, cation-m, m-stacking, hydrogen bonds or electrostatic
(charge-charge), among others. In the synthesis of MIPs, functional
monounsaturated monomers are used, e.g., vinylic [35-37], acrylic [38,39] or
methacrylic [22,40-42]; together with a high number of cross-linkers with

similar functional groups. One of the most widely reproduced systems
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worldwide is using (meth)acrylic acid (MAA) as the functional monomer and
ethylene glycol dimethacrylate (EGDMA) as the crosslinker. This system can be
easily reproduced with several templates without complexities. The final organic
network material is preferably obtained by free radical polymerisation (FRP)
thermally or UV-induced. For other mechanisms of polymerisation initiation, see

Section 1.1.3.3.1.

The major disadvantage of this strategy is heterogeneity of the tailored-made
cavities, that is clearly compromised due to the several interactions that take
place in the pre-polymerisations stage, the direct competition from the solvent,

the high crosslinked medium or the erratic polymerisation by the FRP.

This approach can be applied for small molecules up to supramolecular
complexes, e.g., proteins, and cells; in other words, from simple chemical
structures to complex biological ones. The stronger the pre-polymerisation
complex interaction is, the better binding sites are generated. Another
interesting point is that analytes containing multiple binding functionalities per
molecule lead to favourable self-assembly. However, the resultant binding sites
will be heterogenous. Given the great variety of non-covalent interactions, it can
be considered that almost any species can be used as template as long as it
contains at least one functional group able to bind the functional monomer

active moieties.

Finally, it should be noted that this approach was originated in the 80's in the
prolific Mosbach's laboratory, responsible for most of the advancement of
molecular imprinting [43—-45]. Furthermore, this approach caused a great

popularization of the imprinting techniques and a skyrocketing growth in the
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number of publications over the las two decades; nowadays it is still increasing

at similar rates [46].

Semi-covalent approach

Covalent and non-covalent synthesis are diametrically opposed in terms of
cavity functionality, affinity and specificity. It should be noted that if the polymer
is imprinted too strongly, it will be too difficult to access the cavities, resulting
in a slower and more inefficient template removal and subsequent re-uptake (or
binding). Therefore, it is not difficult to understand the synthetic effort that was
made to try to combine the before-mentioned approaches creating the semi-
covalent synthesis (see, Figure 1.4. [C]), seeking to combine the advantages of

both approaches, while counterbalancing their disadvantages.

The strategy is based in creating a covalent pre-polymerisation complex while
the final polymerisation is performed among non-covalent functionalities. In this
way, cavities can be synthesised like the covalent approach while the whole
polymer is more versatile, resembling the non-covalent approach. This hybrid
approach has the advantages of obtaining highly precise cavities from a covalent
imprinting, together with a more favourable template rebinding process from a

non-covalent polymerisation.

Nevertheless, this approach may present some disadvantages. Crowding and
steric hindrance may occur during the pre-polymerization between the polymer
and the template causing a loss in the polymer binding capacity and decreasing
the affinity of the polymer. In order to overcome this drawback, a linker group
may be used to connect the template and the functional monomer(s), this

spacer will be eliminated at a later step, e.g., during the template extraction.
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Thus, the spacer binds to covalently attach the template and the functional
monomer(s) during pre-polymerisation while at the same manner prevents
steric effects. Some examples of spacers include carbonate esters [47-50],
carbamates [51,52], urea [53], salicylamides [53,54] or silyl ethers [55-57]. The
use of spacers limits the possible candidates for imprinting, adds an additional
step in the synthesis that will need to be addressed and yields a less effective
polymer if the interaction between the target molecule and the monomer is

insufficient.

The semi-covalent approach seems to have its origins in the laboratory of one
of the founding fathers of molecular imprinting in the 70s, Gunter Wulff [19,31].
But it was not until 1995, when Whitcombe et al. reported a method that
includes the terminology of sacrificial spacer [58]. In this work, 4-vinylphenyl
carbonate ester were employed to covalently imprint cholesterol. Cholesterol
was removed from the polymer via hydrolytic cleavage, the remaining carboxylic
group was protonated to obtain a carbonyl group capable of forming dipole and
hydrogen bonds with cholesterol molecules. This work was revolutionary
because for the first time a polymer with uniform cavities created in a non-
purely covalent assembly. This opened the door to future applications regarding
small molecules with absence of functional groups or with difficulty to form

stable pre-polymerisation complexes.

Metal ion approach

Another approach that allows us to modulate the interaction strength of the
pre-polymerisation complex is by using ionic metals. This synthesis can be
carried out using two strategies: the one employing (a) ionic species imprinting

(see Figure 1.4. [D1]) and another option is the (b) metal ion-mediated
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imprinting (see Figure 1.4. [D2]). The former forms a complex between the metal
ion and the polymerisable ligand which subsequently polymerises with the
crosslinker. While the other, the complex is used for printing polymerisable
ligand(s) to form a complex with the metal ion (usually a transition metal ion)

which in turn coordinates with the template acting as a mediator.

To sum up, this approach uses metal ions to make ionic bonds in two manners:
(a) as a functional monomer(s) (b) or acting as a template making coordinative
bonds with metals. An important advantage, which makes this strategy very
interesting compared to the others described, is that the strength of the pre-
polymer complex can be adjusted, for example, by changing the metal, the

metal’s oxidation or the ligand properties.

Therefore, the advantages of this approach come from the metal ion use and
their inherent properties. Metal ions can bind to a wide range of functional
groups by donating electrons from the heteroatoms present in the ligands or
from the metal’s outer coordination sphere. This allows them to interact with a
wide variety of templates, such as molecules, peptides and proteins, making
them comparable to the non-covalent approach as long as they contain metal

complexing groups.

This was first proposed by Fujii et al. for the promising application of
discriminating between stereoisomers of an amino acid, demonstrating the

enormous potential of MIPs and this particular approach [59].

Moreover the use of different metals can be found in literature such as the

synthesis of selective polymers using the following templates: bisimidazoles
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[60,61], carbohydrate [62—-64], amino acids [65,66], peptides [67] and proteins
[68,69].

Finally, in order to have a global view of the different synthetic approaches and
their main advantages and drawbacks, they have been summarized in table 1.1.
below. There is no superior synthetic approach as each of the options presented
in this section have different strong points which made them suitable for specific

applications.

Table 1.1. Molecularly Imprinted technologies. Main advantages and drawbacks of each
synthetic approach.

Synthesis
v Advantages Drawbacks
approach
Need to use a polymerizable
template derivatives
Simple synthesis Wide particle size and
Precise and high affinity cavities distribution
Covalent .
Homogenous cavities Harsher template removal
Rigid polymer Poor template re-uptake
Low yields
Slower kinetics
Easy synthesis procedure Heterogeneous cavities due to
Suitable for several template types the high amount of
Non-covalent Flexible polymer interactions
Higher yields It might be difficult to
Faster kinetics reproduce
Need to use a sacrificial spacer
Homogeneous cavities due to the which means one extra step
Semi-covalent nature of the bond Medium template re-uptake
Less rigid polymer Medium yields
Intermediate kinetics
Limitation in the use of
) Metals act as functional monomer or metallic species
Metal ion .
. L as template Heterogeneous cavities due to
imprinting . .
Cavity-template bond can be tuned the different amount of

interactions
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1.1.3.3. Polymerisation
Polymerisation is a powerful word that can be attributed to different processes
or actions even in the same synthesis. For this reason, the use of this word can
sometimes lead to confusion. In recent literature the word polymerisation has
been used differently to address multiple concepts. In the present manuscript
an attempt has been made to maintain a terminology to differentiate certain
aspects of polymerisation. From now on, it must be differentiated between the
pre-polymerisation process, the type of polymerisation and the method of

polymerisation.

The pre-polymerisation process refers to the formation of the complex between
template and functional monomer(s). It is created before the polymerisation
step of the artificial receptor (or MIP polymer) and is extremely important as it
is the key point in the formation of the cavities and its binding capacity. After
the polymer formation this term is defined as the imprinting process.

The type of polymerisation refers to the exact mechanism to obtain the product
and in the sub-section that will discuss types of polymerisation (see Section
1.1.3.3.1.) one will find previously mentioned concepts such as FRP, among

others types.

Finally, the sub-section dedicated to the method of polymerisation (see Section
1.1.3.3.2.) is going to explain in the detail the final forms of the polymer, which
may be determinant for the type of application to be used. The more widely

used methodologies are depicted in Figure 1.5.
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L]

[A] [B] [C] [D]

Figure 1.5. Depicted figure of the most used MIP polymerisation methods such as: (A) Bulk,
(B) Precipitation, (C) Emulsion and (D) Core-shell.

Reproducing a MIP synthesis is not an easy feat, it also requires at least the
basics of chemical equilibrium, molecular recognition theory, thermodynamics
and polymer chemistry concepts, as well as being imbued by analytical

chemistry and statistical mathematics [26].

1.1.3.3.1.Type of polymerisation
This section is focused on the radical addition polymerisation and the
polymerisations materials that can be obtained using imprinting technology.
Briefly, they are going to be described and some recent literature is going to be

included.

Radical addition polymerisation describes the different mechanisms for
initiating the polymerisation, that might be mainly employed in imprinting
technology. The most employed source is the thermal and UV treatment, though
others such as mid-IR, ionising photons, X- and gamma-rays can be used to
modify the polymer properties. The different types of polymerisation are the
FRP, controlled radical polymerisation (CRP), sol-gel process,

photopolymerisation and electropolymerisation [70].
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One of the most widespread type of polymerisation is FRP due to its rapidity,
simplicity and easy-proceeding. Because of its versatility, it can be employed to
synthesise monolith or bead polymers and it can be triggered by thermal or UV
induction. As drawbacks, it is needed to be pointed out that FPR includes an
irreversible termination reaction and uncontrolled atom transfers. For these
reasons, polymers prepared using FRP usually present high-branching, broad

molecular weight distribution and atactic structure [11,71].

More advanced alternatives that could tune the polymer or beads size, shape
and molecular weight distribution are the CRP, also called living radical
polymerisation (LRP). This strategy is an iteration of activation and deactivation
cycles, which is a useful alternative to obtain a similar length chains in
comparison with FRP. Using CRP is a versatile option because a plethora of
chemical species can be used, and it also includes other strategies like atom
transfer radical polymerisation (ATRP) [72-75], nitroxide-mediated
polymerisation (NMP) [76], iniferter-mediated polymerisation [77] or reversible

addition-fragmentation chain transfer polymerisation (RAFT) [78-82] .

Sol-gel is a common matrix to incorporate materials into a generated inorganic
framework, in the field of (bio)sensing [83,84]. This process started with a “sol-
formation”, an alkaloid precursor colloid liquid suspension. Thus, this “sol” is

|II

transformed into a “gel” by a step process that include hydrolysis and poly-
condensation. Moreover, it can be used to obtain films with memory imprinting

and be tuned by little modifications on its preparation proceedings [85].

Photopolymerisation is mainly employed either as initiator to obtain particle

beads or to grow thin films with tuneable thickness, down to the nanoscale.
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Although it is a suitable option when one wants to control the film growth or the
particle size, the radiation’s low penetrating power can be a limiting factor once
the reaction is underway. Additionally, some templates may degrade under its

exposure due to its poor stability [70].

Finally, electropolymerisation approach is intensively used to grown films onto
the electrode surface (see Section 1.2.5.). Because is one-step synthesis where
all the products are mixed in the same solution, this option has become very
popular in the field of electrochemical sensors. As main advantages that can be
attributed to this approach are its simple polymerisation process (in comparison
to the previous methods), high reproducibility, the thickness control and the

compatibility with aqueous media.

1.1.3.3.2.Method of polymerisation

Bulk or monolith

Bulk imprinted polymerisation is used to obtain a monolith block (see, Figure
1.5. [A]) and it is very useful due to its easy and fast synthetic procedure.
However, the monolith is a bulky polymer that needs to be grinded and sieved
to obtain a particle size distribution in different fractions. The grinding process
usually damages the tailored-made cavities, which are mostly synthesised in the
inner part of the polymer network. This material provides a robust polymer able
to work in a broader range of solvents, under different pressure and
temperature environments. The trade-off is that a lot of the material is lost in
the process of grinding and sieving which is time-consuming and might affect

the re-binding process by hindering the mass transport and diffusion.
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This strategy was widely used in the early days of MIPs, so it is not surprising
that chromatography was the application of choice for its final purpose. Some
examples in literature include the use of conventional stationary phase, capillary
columns, thin layer chromatography (TLC), solid phase extraction (SPE) and high-

performance chromatography (HPLC) [75,86—89].

Precipitation polymerisation

Precipitation polymerisation is the widespread method due to its versatility,
straightforward and fast strategy (see Figure 1.5. [B]). It can also be considered
the more counter-balanced strategy to obtain uniform and structured

(sub)micrometre particles with proper imprinting activity.

A non-equimolar template monomer ratio is dissolved in a highly crosslinked
solvent and after degassing the mixture, an initiator is added. Normally, this
approach is employed with the aforementioned FRP type. This combination of
the method and type of polymerisation makes the most recurrent strategy to
obtain an imprinted polymer with the desired properties.

The polymer grows in a diluted media with high proportion of the solvent, until
it collapses upon reaching the critical size. Then the material precipitates until

the initiator is depleted or deactivated.

Moreover, there is no need to modify the template, the monomer nor the pre-
polymerisation complex. The aqueous environment helps in the creation of
several weak interactions making a less rigid polymer, so the re-uptake process
is more efficient. However, the diluted media facilitate the heterogenous cavity
formation, reason why this approach presents low-affinity interactions that

might interfere in the polymer selectivity.
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Some examples that can be found in the literature employing this methodology
are MIPs for purifying tylosine [90], theranostic application in cancer therapy
[91], controlled release of rivastigmine tartrate [92] and fluorescent sensing of

paracetamol [93].

Emulsion polymerisation

The emulsion strategy is the preferred to obtain nanometric-sized particles (see,
Figure 1.5. [C]). Emulsion polymerisation uses an organic solvent solution where
the template-conjugated functional monomers and organic crosslinking
monomers are immersed. This method combines organic and aqueous media as
well as the addition of emulsifier agents (e.g. sodium dodecyl sulphate, SDS) and

co-stabilizers.

The emulsion methodology mixes the organic monomer(s), the template and
the crosslinker solution with an aqueous surfactant media, obtaining a
microemulsion. This method needs vigorously stirring and sonication.
Moreover, several washing steps and purification processes are used to clean
the polymer. Consequently, this application might be limited to in vitro

applications and is excluded from in vivo applications.

The main disadvantage of the emulsion methodology is the binding sites
heterogeneity, that directly impact the imprinting activity due to the use of
water-surfactant mixtures. This reduces the stability of pre-polymerisation
complex; moreover, the use of surfactants requires to add an extra steps during

the synthesis. Therefore, this is not a very attractive technique for MIP synthesis.
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Some works published recently employ this technique to create MIPs to
purifying solasenol that is a pharmaceutical interest specie [94], determine Di(2-
ethylhexyl)Pthalate (DEHP) an emergent water contaminant [95], applicating a
renewal plant oil- based MIP biopesticide delivery systems [96], sorptive

extraction of cis-diol-containing catechol [97] and determining L-cysteine [98].

Core-shell polymerisation

Core-shell polymerisation (see, Figure 1.5. [D]), as the name implies the polymer
is synthetized around a central core. The “Core materials” may be selected from
polymeric structures, silica or magnetic particles, this are further functionalised

with a thin polymeric layer shell.

This methodology is often used with magnetic and metallic nanoparticles (taking
advantage of the properties that these materials offer) or glass beads. This
method produces a controlled imprinted polymer with grafting, chemical

grafting or simply by drop-casting immobilisation.

The main point in favour of core-shell MIP particles taking into account the other
strategies is the tuneable control of the thickness of the polymeric film. This fine
control of the polymer shell allows for a better accessibility of the molecules to
the tailor-made cavities and generally results in a higher binding performance.

The main disadvantage is its complex and costly synthesis procedure.

Recent literature describes this methodology being used on: magnetic MIPs
[99,100] , the recognition of polybrominated diphenyl ethers in aqueous media
employing a dummy MIP [101], the extraction of antazoline and

hydroxyantazoline from  human plasma [102], the detection
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organophosphorous insecticide fenamiphos [103] and determining tartrazine in

soft drinks [104].

Solid-phase synthesis approach

The solid phase synthesis approach is one of the most promising and advanced
techniques for working on in vivo applications. This approach is based on the
preparation on glass-beads by activation and salinization, which act as a support
for polymerisation reactions. The template is orientated and covalently bonded
on the glass-beads, afterwards, the polymerisation take place and finally a
purification step is needed to obtain the polymer imprinted material free of

template or unreactive reagents.

The main advantages are the possibility of reuse of the templates immobilised
onto the glass-bead support, a better control of the template orientation before
the polymerisation and the final purification and elution of the polymer
preserves homogeneously oriented binding sites. These polymers might be
soluble in water, so they are more likely to be used as enzymes or antibody
competitors. They are involved in interesting applications such as drug delivery,
toxin scavenging and imaging. The main drawbacks are the high-cost equipment
columns to perform this approach as well as the extra step of the preparation

and activation of the glass-beads.

Some recent examples published studies the use of SPS for: bioimaging of
glycans in cells [105], inhibiting cadherin-mediated cell-cell adhesion in cancer
therapy [106] and optimizing the protocol of this approach for selective proteins

[107].
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Finally, in order to have a global view of the different method of polymerisations

their main advantages and drawbacks, they have been summarized in table 1.2.

There is no superior methodology approach as each of the options presented in
this section have different strong points which made them suitable for specific

applications.

Table 1.2. Main advantages and drawbacks of each method of polymerisation for MIPs.

Polymerisation

Advantages Drawbacks
Method
Wide particle size and
Simple synthesis distribution
Bulk Homogeneous cavities Harsher template removal and

Poor template re-uptake
Low yields
Slow kinetics

Easy to proceed synthesis

Easier template removal Diluted reagents media
L High yields producing heterogeneous
Precipitation . . .
L. High template re-bind cavities
polymerisation o . L
Faster kinetics It might be difficult to
Versatile procedure in terms of reproduce
applications

. Emulsifier agent needed
Emulsion Small nano-MIPs T
L. Hydrophilic initiator needed
polymerisation L
Difficult surfactant removal

Core-shell Dual property material with Inefficient imprinting if outer
outer imprinted layer layer is not thick enough
Fully automatize process .
) o o Expensive laboratory
) . High affinity and selectivity )
Solid phase synthesis . equipment

Template can be easily

approach Glass-beads needed

recuperated on the glass-bead L ]
Purification step is needed
surface
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1.1.4. Improving strategies for molecular imprinting applications
As mentioned above, MIPs have an important market in the current scientific
literature. This section has been added to the manuscript to highlight two
approaches, which help in the design and synthesis of such polymers and their
final application. These strategies will be divided into two sections: the use of

computational models and the use of dummy MIPs.

Computational approaches for designing MIPs

Evenifitis not considered a synthetic route on its own, the use of computational
methods in designing and synthesising MIPs deserves a special mention. There
is a wide variety of MIPs designs and syntheses. Therefore, computational
methods are a helpful tool to guide us on which might be the most efficient path
to our purpose. These approaches are used to facilitate and improve the affinity
of these polymers through the rational design of their protocols [108-111]
without the need for a new synthesis every iteration, saving us a lot of time,

effort and money.

Computational tools were applied for this purpose in the 90s decade, but it was
in 2001 when Piletsky et al. published accurate predictions without the need of
synthetic effort in the laboratory [112]. These studies comprise the optimisation
of the functional monomer and template ratio, the selection of the best
crosslinker and solvent candidate. The computational tools use modelling of the
different species that could be used as template, monomer, crosslinker or
solvent and looking for the best combination and ratio among them. Thus, the
advantages of applying this strategy are obtaining high-affinity polymers with

better imprinted cavities saving time and resources.
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Modelling approaches used in recent publications include molecular mechanics,
molecular dynamics or quantum mechanics-based techniques (semi-empirical,
ab initio or density functional theory (DFT)). Nevertheless, some chemometric
studies have also been employed for the optimisation of such parameters

[113,114].

The Dummy MIPs

One of the selling points of using MIPs is the versatility of being able to create
artificial receptors for almost any chemical and/or biological species of complex
nature. This presents a large number of possibilities, but there is always the

exception that proves the rule.

The dummy term is referred to the use of a template analogue or similar
chemical specie when the use of the template it is not possible because of
different issues. Basically, when the template (i) is not-stable under the
polymerisation conditions or has a poor solubility in the synthesis solvent, (ii) it
is considered a hazard and/or there is substantial safety concerns arising from
its manipulation, (iii) it has an exorbitant price or (iv) the template has leakage

problems associated with its reactivity (i.e. evaporation) [11].

These are the scenarios in which the use of the so-called dummy template is
highly recommended. This terminology was first used by Anderson et al. [115].
In the same direction, it can be found in recent literature the use of dummy MIPs
towards compounds such as the explosive 2,4,6-trinitrotoluene (TNT) [116], or
Bisphenol A due to its spillage [117] or employed in greener applications such as

acrylamide extraction in food samples [118].

32



Design and development of MIPs for ETs and biosensing

1.2. Sensors, biosensors and biomimetic sensors
The sensors and biosensors field is expanding continuously and it is one of the
most productive research areas worldwide, it includes a vast number of
publications that increases yearly. As a technology that begun in the last century,
this field is permanently renewing new strategies and materials to detect,
quantify and separate chemical and biological species in different matrices and
being employed in a wide variety of applications. The high demand on
consumption and the legislation to prevent and control the quality and the

preservation of products makes sensors and biosensor devices the perfect tool.

Sensors were created as an analogy to our sensory perceiving organisms. A
similarity that was also used for computers. The modern sensors are inspired on
the complexity of sensory organs of a living organism. So, as can be seen in
Figure 1.6., a sensor responds to stimuli received from the environment by
changing some of its inherent properties; then, the transducer changes this
information into a signal, typically an electrical signal. This signal is then
processed and sent to the microcomputer working like the central nervous

system of a living organism [119].
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Figure 1.6. Analogy between computer signal processing systems versus biological
organisms.

This concept will be the basis for the development of sensor arrays and the
electronic tongue (ET) approach which will be extensively explained in the

section 1.4.

1.2.1. Historical perspective
The first historical milestone is dated on 1906, Cremer proved that the electric
potential between different acid solutions separated by a glass membrane is
proportional to the acid concentration difference [120]. In the same decade,
Sorensen reported the concept of pH (hydrogen ion-concentration). A few years
later, in 1922, Hughes performed the first measurements with a pH electrode
[121]. The first attempt to develop a biosensor was when Griffin and Nelson
published the enzyme invertase immobilisation on aluminium hydroxide and

charcoal [122].
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But, it was in 1956 when the first biosensor was developed by Clark, father of
biosensors, for oxygen detection [123]. The so-called Clark oxygen detector
consists of a platinum cathode at which oxygen is reduced and silver chloride
reference electrode. In 1962, Clark and Lyons combined the before-mentioned
electrode with glucose oxidase integrated in a dialysis membrane to obtain an

electrode able detect the concentration of glucose in solution.

This work was the basis to develop biosensor that used potentiometric
technique to detect urea by Guilbault and Montalvo in 1969, which was based
on urease immobilisation onto an ammonium-selective liquid membrane
electrode [124]. In the same decade, Updike and Hicks reported an enzyme
electrode to quantify glucose in solution and in vitro tissues through the
immobilisation of glucose oxidase in a gelatine membrane that coated a

polarographic oxygen electrode [125].

Since the first attempts, a broad range of sensors have been developed whose
nature varies depending on the recognition element. Several elements have
been employed such as enzymes, antibodies, polypeptides, aptamers or nucleic
acids depending on the intended application and technologies available. More
recently, nano- biosensors based on nanomaterials have been developed in the
last decades. At this point, it should be noted that there is a new generation of
materials, called biomimetics, within this classification are molecularly

imprinted polymers.
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Figure 1.7. Timeline of sensing and biosensors development from early to nowadays.

1.2.2. Definition and classification
The word sensor came into use in the 1970s. Its popularity came hand in hand
with technological advances and especially with developments in the field of
microelectronics. The International Union of Pure and Applied Chemistry
(IUPAC) defines: “chemical sensor is a device that transforms chemical
information, ranging from the concentration of specific sample component to
total composition analysis, into an analytically useful signal”’[126]. In the
analytical field the sensor must be able to selectively transform chemical,

physical or biological information into a quantifiable signal.

Another definition that was proposed by Wolfbeis in 1990 defines: “Chemical
sensors are small-sized devices comprising a recognition element, a transduction
element and a signal processor capable of continuously and reversibly reporting

a chemical concentration” [127].

The former is the classical definition, but one would have to clarify the
statement in various ways. The term reversibility is quite important because it

means that sensor signals should respond dynamically to changes in sample
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concentration. Moreover, small, or miniaturised devices are increasingly in

demand as they are easier to store and transport.

As can be seen in Figure 1.8., chemical sensors are composed of three main
units: the receptor, the transducer, and the detector. Firstly, the receptor
transforms the chemical information into a form of energy which may be
measured by the transducer. This information is the primary signal. The receptor
must provide selectivity to the sensor discriminating the target among
interferants substances. Afterwards, the transducer transforms the primary
signal generated by the receptor into a useful analytical signal, the secondary
signal, generally an electric one. Optionally, a step of amplification might be
necessary, and a signal processing takes place before displaying the results on

the detector.

[

.ﬁ ® ®

o Loy B
@ ELECTRICAI_ >
. i THERMAL DATA

ADQUISITON
Recognition Y 1=
MASS

REAL SAMPLE WITH
TARGET & RECEPTOR TRANSDUCER DETECTOR

Figure 1.8. Depicted scheme of the sensor and biosensor components.

The main difference between a sensor and a biosensor is that in the latter its
recognition element belongs in the biological world. Biosensors, have
incorporated in their receptor a biological recognition element such as
antibodies, enzymes, cells and DNA, among others. As MIP is considered as an
artificial receptor, that acts as their analogues antibodies or enzymes, the more
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accepted term to refer to sensors that incorporate them as recognition elements

is biomimetic sensors [46].

In the case of sensing, tailored-made elements such as nanoparticles (NPs),
polymers, polyelectrolytes, metal oxides, metals and carbon-derived materials
such as graphene, multi-wallet carbon nanotubes (MWCNTs), mesoporous
carbon or carbon black are incorporated either by physical adsorption or
chemical bonding.

Moreover, sensors and biosensors should ideally behave in a certain manner,

they must be [120]:

% Highly Selective: it must be able to specifically detect an analyte in a
sample that contains mixtures of substances and interferents.

% Reproducible: it must be able to generate acceptable responses for a
duplicated experimental set-up. Ideally, the responses have to be the
same but a variability of 5 to 10% is generally accepted.

+* Robust and stable: it must be able to withstand shifts of the operating
conditions and still deliver an acceptable response over the time.

%+ Highly Sensitive: it must be able to detect and quantify low amounts of
the target analyte.

¢ Linear response: the sensor must be able to operate within a specific

range wherein the amount of detected analyte and the signal present a

linear correlation.

To finish this section, a classification of sensors and biosensors is proposed. This
classification is based on the recognition element and the transducer. All the

qualities that defines an ideal sensor are mostly governed by the choice of the
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recognition element and the transducer. Therefore, Figure 1.9. presents a
general classification of sensors and biosensors based on the receptor and

transducer categories.

GENERAL CLASSIFICATION OF SENSORS AND BIOSENSORS

SENSORS MASS BASED OPTICAL
NPs Piezoelectric Fiber Optic
Carbon materials Magneto Elastic Raman
Biomimetic SPR
FTIR
BIOSENSORS ELECTROCHEMICAL
Enzyme Amperometric THERMAL BASED
Antibody Potentiometric Calorimetric
Cell or Phage Impedimetric FIA
DNA or RNA

Conductimetric
Figure 1.9. Schematic classification of sensors and biosensors, adapted from [128].

Electrochemical techniques

As mentioned in the first section of this manuscript, analytical chemistry is a
science discipline that serves interdisciplinary purposes in many areas of
knowledge. Moreover, its role is decisive and has a direct and daily impact on
the lives of our fellow citizens. Quantitative analytical chemistry provides real
information on the state of a chemical species in a sample, e.g. different ions in

a blood sample such as potassium, calcium, among others [129].

Electroanalytical chemistry comprises a group of quantitative analytical
methods based on electrical properties of an analyte solution when it is part of
an analytical cell, which can be directly or indirectly related to the species of

interest [129] .
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Electroanalytical methods have a better response/performance compared to
classical methods such as HPLC-UV, ICP-MS or GC-MS. The main advantages of
electroanalytical methods are: easy protocols, fast measurements, quick
cleaning procedures and the possibility of being portable, miniaturized and

energy efficient.

However, they also present some drawbacks such as the measurement drift, the
technique limitation in order to obtain low limit of detections or the lack of

robustness due to the fouling of the electrode surface.

1.2.3. Voltammetry
Voltammetry is a technique included in the electroanalytical methods. Using this
technique, the analyte information is obtained from the measured current
intensity at different electrical potentials when a polarization is created at the
working electrode. The recorded current is generated from the electronic
transfer that takes place on the electrode surface between the electrode and
the compounds in the solution when the potential is applied; depending on the

applied potential the species are oxidized or reduced [129].

The electrochemical cell

The instrumentation required for this methodology involves the use of a three-
electrode circuit typical of a potentiostat in the design of an electrochemical cell,
see Figure 1.10. It is mandatory the usage of this configuration in order to apply
the appropriate potential while measuring the relevant current intensity. The
components are: a working electrode (WE), a reference electrode (RE) and an
auxiliary electrode also known as a counter electrode (CE or AUX). The reaction

of the analyte happens in the surface of the WE and, consequently, the change
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of its potential over the time. While the RE is maintaining a controlled potential
throughout the experiment and a complementary redox reaction is taking place
in the CE. Thus, the potential is applied between the WE and the RE while the

current between the WE and the CE is measured.

p
Ii

I CE
E' RE._I

Figure 1.10. Three-electrode electrochemical cell configuration.

Voltammetric excitation signals

Voltammetric measurements can be classified according to the type of
excitation signal applied, that will define the response obtained in the
electrochemical cell. The different excitation signals gave name to the several

voltammetric techniques, see Figure 1.11.:

- Linear sweep voltammetry (LSV): the applied potential is linearly
dependant of a function of time.

- Differential pulse voltammetry (DPV): it is a derived method of the LSV
where a pulse is applied while the potential increases linearly as a function
of time. The current is measured before and after the pulse.

- Square wave voltammetry (SWV): it is also considered a derived method
of the LSV. In the same direction of DPV, in this variation of the excitement
signal the pulse applied changes in a stair shape, superimposing a SWV
with LSV. As aforementioned, the current is measured before and after

the potential change.
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- Triangular voltammetry (TV): is the most widely used to obtain an
electrochemical signal quickly. The potential is cycled between two
values, first increasing linearly to the maximum and then decreasing with
the same slope to the starting value. This is the so-called Cyclic

Voltammetry (CV).

L N ~ L

E E E E
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[A] [B] [C] [D]

Figure 1.11. Representation of the before-mentioned excitement signals employed in
voltammetry. [A] LSV, [B] DPV, [C] SWV and [D] CV.

Depending on the equipment and instrumentation, there are some parameters
that can be tuned in order to obtain a better response for electrochemical
performance. Some parameters are shared such as step potential (V) and scan
rate (V.s1), others are specific for pulse ones like pulse frequency (Hz) and
amplitude (V) and are only used for SWV or DPV [130].

CV is the most preferred excitement signal to obtain a quick view of the
electrochemical performance of the transducer and the electroactive species
that are in solution. However, DPV and SWV are the preferred excitations to
obtain more sensitive and accurate responses. Especially, to obtain a lower
lineal range and limit of detection (LOD), once the aforementioned parameters
are optimised. There is a necessity to counter balance among: the time of the
measurement, the behaviour of the electroactive species, the transducer
response over the measurements, and the viability in use of the recognition
element (e.g. stability of the species or sensor units without losing the signal or

damage the electrode surface).
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Voltammograms
CV excitation signal with a broad range of potential is the most common setting
for a transducer to produce a voltammogram. A potential scan is performed by
measuring at different potentials, then reversing the order finishing in the
starting point as a complete cycle. The electrochemical response that can be
obtained is depicted in (Figure 1.12.), where is shown the intensity (I) that
circulates between the working and the CE as a function of the applied potential.
Epa
1A |

Ipa

Figure 1.12. CV from a reversible redox system.

The working electrode is converted into an anode (oxidant) when is performing
the scanning in positive potentials. Thus, if all the electroactive species are in
their reduced form, the oxidation on the electrode surface is favoured. That is
automatically translated in an increase in the anodic intensity (Ipa), until the
specie in the surface of the electrode is totally consumed. Since, the
measurements are conducted without stirring the solution, the species

consumed increase the current, producing a current peak.

In the same direction, while the voltammogram is performed during the

negative potential values, the electrode is converted in a cathode (reductor).

That is automatically translated in an increase in the cathodic current (Ipc) until
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all the specie is oxidised into the electrode surface and then the signal is
decreasing again.

The important parameters to consider while performing a cyclic voltammetry
are: the cathodic potential and intensity (Epc and lpc) and the anodic ones (Epa

and lpa).

1.2.4. MIPs integration in voltammetric sensors a key step
As discussed in previous sections, electrodes have certain limitations that can be
improved by modifying them. This is closely linked to immobilisation or how the
aforementioned electrode can be modified. In our case, the sensor element is
the graphite-epoxy composite (GECs), that can be modified by adding the

recognition element (MIPs) (see section 3.2).

In order to improve sensor capabilities, specifically in terms of selectivity,
sensitivity and lower limit of detection many different materials have been
incorporated when developing electrochemical sensors nanoparticles and bio-

materials [131,132].

Another example is the use of enzymes, their function is to change the target
analyte into another product through a catalytic reaction, making easier and
possible the analyte detection. Another variant is the use of electrocatalysts,
that compounds acts as mediators promoting the electron exchange more
efficient, i.e. making this reaction faster, efficiently or more sensible. [133]. The
progress in material science gives the opportunity to work with a wide variety
of new materials that are an alternative to the respective bulk metals given its

higher surface to mass ratio and improved electrochemical properties [134].
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Biochemical recognition elements, i.e., enzymes, antibodies or oligonucleosides,
that do not change the electrochemical signal directly are used to enhance the
selectivity of the developed sensor. The biochemical recognition elements
specifically bind to the desired analyte. Examples of sensors containing these
elements are affinity biosensors, such as immunosensors, genosensors, etc, that
have been commonly used in the last decades [135]. However, the high-
performance of such biosensors have drawbacks such as its high cost or a low

long-term stability outside physiological conditions, among other.

To tackle the drawbacks of biosensors, there is long felt need to obtain synthetic
receptors that might replace their biological counterparts, e.g., antibodies or
enzymes. Some of the advantages using these alternative artificial receptors are
not only due to its low synthetic cost, it is also because of the versatility in
working activity. They offer as the chance to work in a broader range of
conditions (pH, temperature, solvents, etc) under non-physiological conditions.
In the same direction, several synthetic alternative (bio)molecules such as
aptamers (i.e., aptasensors), molecularly imprinted polymers (MIPs), crown
ethers or cyclodextrins; and recently, the use of metal-organic frameworks
(MOFs) or covalent organic frameworks (COFs) have also become popular

among the scientific community using them as artificial receptors.

From the before-mentioned list, aptamers and MIPs have clearly demonstrated
a higher performance level. However, MIPs are a cost-effective and versatile
option due to their operative working conditions with higher stability,
robustness and specificityAdditionally, MIPs are a promising alternative due to
their tailored-made binding sites, comparable performance to affinity

bioreceptors and tuneability, as it is summarised in Figure 1.13.
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MOLECULARLY IMPRINTED POLYMERS
= SIMPLE SYNTHESIS

= COST-EFFECTIVE

= HIGH-STABILITY

= WIDER RANGE POSSIBILITIES
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IMPRINTED
POLYMERS

MOLECULARY IMPRINTED SENSORS

= QUTSTANDING SENSING PERFORMANCE
HIGH SENSIBILITY AND SELECTIVITY
FAST RESPONSE
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Figure 1.13. MIPs characteristics as a material and in sensing applications.

As it was explained in Section 1.1.3.3., MIPs can generate different types of
materials due to different polymerisation methods. It is noteworthy to mention
that at this point we must talk about a final sub-classification of polymerisation:
(a) ex-situ polymerisation and (b) in-situ polymerisation. These have not been
mentioned in previous sections because it is specific to sensors. The former
decouples the synthesis and the immobilisation in order to enable a better
optimisation of each one separately, making this option more versatile although
specific immobilisation strategies are needed. The in-situ polymerisation
consists in one-step method achieving the direct polymerisation of the MIP onto
the electrode surface, which enables a better adherence and control of the film
to the transducer surface. On the other hand, this strategy is closely dependant
on the functional monomer(s) reactivity, specifically in front of the template

desired.

Ex-situ polymerisation
The ex-situ polymerisation decouples the synthesis and the immobilisation to

enable a better optimisation of each one separately. This approach allows the
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synthesis and its subsequent characterisation to be undertaken in an
independent manner from the measuring system, i.e., the sensor. Then, it is
possible to select the optimal conditions to immobilise the polymer, e.g., onto
the surface electrode, and tune the electrochemical conditions to obtain the
best electrochemical performance. Although chemical bonding is possible to
incorporate polymeric material onto the sensor, physical entrapment is the
most common solution. This is done with the use of a membrane or a framework
to incorporate the polymeric material in the working electrode combining them

before the final sensor is ready to be used.

MIP entrapment onto electrode surface
There are several ways to fix materials added onto the electrode or transducer
surface, especially when physical adsorption is the employed technique, such as

the use of sol-gel, Nafion®, chitosan or glutaraldehydes, among other options.

The idea is to preserve the properties and structure of the polymeric material
by incorporating it onto a structure that allows its immobilization without
modifying its intrinsic properties. To guarantee a homogeneous particle
distribution over the electrode surface, several techniques can be implemented,

including but not limited to drop-casting, spin- or spray-coating.

In section 1.1.3.3.1,, the sol-gel process was described as a material that might
be classified as a type of polymerisation. As itself, some works reported its
imprinting properties, while in the sensing and biosensing field it is used as a
framework material to incorporate different sized materials. In this direction
several works were published in our group and are the main strategy used in this

manuscript [83,84,136].
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Nafion® is a convenient material to prepare modified sensing platforms asitis a
non-electroactive, hydrophilic material that has an inexistent solubility in in
water. Normally, its preparation consists of making an alcohol or water-based
solution where the nanomaterials are resuspended. Thus, they can be physically
suspended by drop-casting and then dried [137]. Following the previous
procedures, a hemin-based co-polymerised MIP was synthesised by
precipitation and immobilised onto a glassy carbon electrode (GCE) for the
amperometric detection of 4-aminophenol [138]. In the same line, a
voltammetric modified sensor was performed to detect tryptophan by drop-

casting combining a mixture of prepared MWCNTs and nano-MIPs [139].

In the same direction than Nafion®, chitosan can be employed as a membrane
because is a linear polysaccharide, obtained by deacetylation of chitin, with
properties such as toxic-free, biocompatible and cost-effectiveness product.
Roushani et al., reported the development of a manganese voltammetric sensor
based on the drop-casting deposition onto GCE of the synthesised MIP together
with ioninc liquids and MWCNTSs [140].

Poly(methyl methacrylate) (PMMA) is an acrylic synthetic based polymer that
can act as a entrapment agent. As an example, volatile organic compounds
QCM-based sensor was prepared by spin-coating a dispersion of MIP beads and

the methyl methacrylate on the AT quartz crystal resonator [141].

Entrapment into electrode surface

Another strategy is the addition MIP beads distributing them directly into the
electrode by including them in the material employed to build the electrode
transducer. This is a common strategy when working with sensing platforms

based on carbon paste electrodes (CPEs) or graphite-epoxy composites (GECs).
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The strong point of this approach is its simplicity and high particle retention;
however, in contrast to previous entrapment options, it may offer lower active
areas in terms of MIP particles due to the non-homogenic distribution into the
sensor. Thisis non-homogenic distribution will occur every time that the surface
of the electrode is renovated, i.e., by polishing the surface to clean or renovate
the reactive surface. Even so, some studies were done using this approach, for
example the voltammetric modified MIP sensor towards metronidazole was
performed by combining graphite powder, n-eicosane and MIP beads [142];
another example includes the impedimetric sensing to determine digoxin [143];
and sensor for the determination of bisoprolol fumarate using potentiometric

technique [144].

Although this may seem a rather rudimentary way of incorporating polymers,
when combined with technological advances this approach can be very useful.
For example by combining by inject printing, screen printing, soft lithography,
contact printing, 3D printing and roll-to-roll processing or even with paper based

technology [145].

In-situ polymerisation

This approach was proposed in order to permit a better integration and
compatibility of the MIP and the transducer. The main goal is to promote the
formation of tailor-made cavities as close as possible to the sensor surface by
tuneable thin films in order to obtain better kinetics [146]. Herein, in this sub-
section two strategy are going to be discussed: the grafting and the

electropolymerisation.
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Grafting of the MIP particles

Another alternative is to attach polymerisable functional groups in order to
acquire ultra-thin MIP films [147]. Grafting may be performed to obtain self-
assembled monolayers (SAM) using thiols on gold electrodes, silanes or
diazonium salts. Thus, the main reagents: template, functional monomer(s),
cross-linker and initiator are combined in a solution to add onto the electrode
surface. In this approach, depending on the chemical structure one or another
reagent will be covalently bonded onto the surface. Several studies can be found
in recent literature such as: Khilfi et al. published the electrografting of-
bezoylphenyl groups from the corresponding diazonium salts for melamine
detection [148]. In the same direction, Kidakova et al. reported for the first time,
a photochemical grafting of MIP receptors capable of selectively binding a

clinically relevant protein [149].

Electropolymerisation

Polymerisable functional monomer(s) are solved into a solution, that contains
the template and an electrolyte solution. Then, other elements such as co-
monomer(s), crosslinker agents or different nanomaterials are added to achieve
their incorporation into the polymetric matrix. Finally, the template removal
could be achieved through the oxidation of the unwanted compound. In
comparison with other template extraction methods used in other approaches,
the strong point of oxidative removal is its relatively simple and quick

procedure.

The first work involving an electropolymerised MIP modified sensor was
published in 1999 by Malietista et al., in this work Malietista employed a quartz

crystal microbalance (QCM) to detect glucose [150]. The employed MIP was
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obtained using a solution comprising o-phenylenediamine (oPD), an
electropolymeritzable monomer. Ozcam et al. reported a paracetamol
voltammetric sensor based on electrochemically polymerized polypyrrole films,
such films were obtained by the electropolymerisation of a solution consisting
of pyrrole, paracetamol and a supporting electrolyte [151]. Even bacteria have
been used as a templated polymer synthesised (e.g. S. aureus) [152]. In a more
sophisticated approach, Ma. et al. published an interesting strategy that consists
on a covalently binding a bacteria protein (template) and glutaraldehyde by
means of an imine reaction. This approach was employed to quantify a prostate-
specific antigen employing a graphite epoxy electrode modified with graphene

nanoplates and gold nanoparticles that comprised the MIP [153].

Even if it is still not being considered yet a category per se of imprinting
technologies [146], the use in (bio)sensing of electropolymerized MIPs had a
great increase during the last decades. Recent published works appear to be
inclined to use this strategy as it has some advantages when developing lab scale
applications, e.g, obtention simplicity or its easy integration in the sensing
platform. Some of the more common monomers employed in this approach
include o-phenylenediamine, aniline, thiophene or thiophene derivatives,
chitosan, acrylamide and the most widely used pyrrole, alone or in derivatized
forms.
1.3. Chemometrics
1.3.1. Chemometrics analysis

The great technological advances of the last decades have allowed us to carry
out analysis automatically, with a large volume of samples and even without the
need for a technician to be present. Miniaturisation, automation, as well as

technological advances in the field of computation and microelectronics have
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allowed us to obtain instrumental machinery and devices that are increasingly

efficient, autonomous, powerful and versatile.

In the framework of this Thesis, electrochemical techniques produce a
enormous volume of analytical information that must be processed. Not all data
will give us relevant and specific information for our purpose. Most of the
information obtained experimentally may be redundant or unnecessary. The
problem is how to treat this data and distinguish which is necessary and which
is not. To paraphrase a colleague, data collection is not synonymous with
information ownership. The data must be collected and put it in the right
context to subsequently obtain the valid information. Moreover, the leap in
information is even greater when we increase the number of sensors from
working with a single sensor to a matrix of sensors (n+1). This inevitably
increases the complexity and dimensionality of our data, and the use of single
variable statistical methods is insufficient. It is needed the creation of multi-
variated analysis to classify, quantify and/or modelling complex systems and/or
mixture of samples untreatable by naked-eye or classical techniques. For this
purpose, chemometrics will be the discipline that will serve as a tool to achieve
our goal.

The International Chemometrics Society (ICS) defined in 1975 chemometrics as:
“the chemistry discipline that uses mathematical and statistical methods to
design or select tailor-made methods and experiments, to provide maximum

chemical information by means of data analysis”.

Chemometrics is widely used in different science areas, such as, medicine,
engineering, biology and, chemistry. There are several classifications that are

mainly focused on qualitative and quantitative methods or supervised and non-
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supervised ones. As it is not the main topic in this manuscript, only the ones used
in the compendium will be explained in following sections: they are de PCA and

the ANNs.

1.3.2. Principal Component Analysis (PCA)
Principal Component Analysis (PCA) is one of the most employed mathematical
tools in the field of chemometrics to evaluate the differences between samples.
PCA is employed to reorganize the data samples according to its variability and
to reveal any underling patterns in the data set, reducing the correlated raw
data to a new variable without correlation. In other words, PCA is a chemometric
treatment that allows us to visualize and recognise the similarities or
discrepancies among samples, making it suitable and more understandable by

simplifying the obtained data in clusters.

In fact, it is a method to obtain important variables, so-called Principal

Components (PCs), from a set of data comprising a large number of variables.

PCA minimise the data dimensionality projecting this data into new coordinates
(scores) maximising the differences between the recalculated values. In this
manner, important information is discriminated from the insignificant or
redundant one. Finally, these scores are depicted in a figure providing an
understandable and easy to interpret plot. Nevertheless, it is important to
mention that, the larger the data set is the more representative system is

obtained.

In Figure 1.14., the new coordinates or PCs (Z1, Z, Z») are calculated as lineal

combination of the original variables (X1, X2, Xn).
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Z1= a11X1+ a12X2 + ... + ainXn (1)

Z>= a21X1+ a22X2 + ... + az2nXn (2)

Zn= an1X1+ an2X2+ ... + annXn (I‘l)

Figure 1.14. Mathematical treatment to obtain PCA new coordinates.

Ideally, as resulting of PCA treatment similar samples will end grouped in the
same clusters, see Figure 1.15. The distance between each clusters will provide

information of the sample differences.
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Figure 1.15. Scheme of data transformation by means of PCA.

PCA is an unsupervised method, which means that when performing this
method, the generated PCs are identified in an unsupervised way, i.e., the

response variable (Y) is not employed to calculate the PC’s components.

However, despite the advantages that PCA has regarding data set visualization
it is important to mention that PCA it is not a classification tool, it only

rearranges the data in a new set of coordinates. Therefore, in order to obtain a
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classification tool would be necessary to feed the data obtained by PCA means

with a chemometric classification tool such as Artificial Neural Networks.

1.3.1. Partial Least Squares (PLS)
Partial Least Squares (PLS) is a supervised chemometric tool that combine
characteristics from PCA and multiple linear regression. Unlike PCA, that strives
for maximum variance in samples, PLS focuses on the search of maximum
predictive performance. This peak performance is obtained modelling
simultaneously the sensor output, i.e., electrochemical response, and the target
concentrations to calculate the Latent Variables. This LV achieve a similar
function to the principal components in PC, they are new variables that correlate

linearly manner with the target concentrations, see Figure 1.16.
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Figure 1.16. Schematic PLS data treatment to obtain the new coordinates.

PLS is widely used in chemometrics, probably the most employed, due its easy

optimization. In order to build and optimize a PLS model, one has to select
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enough number of LV that will contain a representative amount of the data set

variance while maintaining the error at the minimum, see Figure 1.17.
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Figure 1.17. Plot of the explained variance vs. number of PLS components.

Being PLS the most widespread chemometric quantitative method it has been

employed as a benchmark in certain applications presented herein.

1.3.2. Artificial Neural Networks (ANNs)
Artificial Neural Networks (ANNs) seek to mimic the human brain process of
analysing information. ANNs are based in subunits called perceptron, see Figure
1.18. The perceptron is the most basic unit of an ANNs and consist of an input

(X1, ..., Xn), @ weight (W1, ..., Wh,), a transfer function (T1,) and an output (ax).
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Figure 1.18. Diagram of neuron [A] versus. Perceptron [B].
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However, with only a single perceptron is not enough to obtain the desired
predictive capabilities, thus the multi-layered perceptron (MLP) model came to
be useful, see Figure 1.19. The MLP is nothing more than an arrangement of
perceptrons in mainly 3 different types of layers: the input layer, the hidden

layer, and the output layer.

Input Hidden Output
Layer Layer Layer

Figure 1.19. Multi-layered perceptron scheme depicting the input layer, the hidden layer
and the output layer, this an artificial neuronal network.

The input and output layer are pretty self-explanatory, the input layer contains
as much perceptrons as data points in the data set and its main function is to
link the output to the hidden layer. The output layer contains as much
perceptrons as the intended parameters to predict, e.g. if we are modelling
mixtures of the X, Z and K compounds the output layer will have 3 perceptrons

each one will give us the concentrations of X, Z or K.

However, it is in the hidden layer where the model does its prediction work, the
architecture of these layer can be as complex as the model requires it. As a rule
of thumb, the number of hidden layer’s perceptrons for the applications of the

present thesis ranges between 1 and 10. The number of neurons and transfer
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functions of the hidden layer must be optimized by means of trial and error for

each application.

ANNs are supervised methods, meaning that a training set of samples is required
to teach the model how to perform its predictions. The model performance is
then evaluated with an external set of samples usually named the test set. The
ideal distribution of data points/samples for training and testing is around 30:70

ration.

Finally, the Electronic tongue (ET) approach seeks to mimic the human taste in
two ways. First, mimics the human taste by employing different sensors with
cross-selectivity. Second, it mimics the taste “processing” of the human brain by

employing the mentioned ANN to analyse the data.

1.4. The Electronic Tongue
Several types of ETs exist. They can be classified according on the detection
technique used, for example, potentiometric [154], amperometric [155],

impedance based [156,157] and voltammetric [158].

In the research team led by Manel del Valle, there is a long tradition of
employing ETs using voltammetric technique:

- To use different sensors modified with: enzymes [159] , NPs [160] ,
Polyelectrolytes (PECs) [161], Biochar [162], modified inks on screen-
printed [163], MIPs [83], among others.

- To solve complexes mixtures such as: the determination of three
benzodiazepines [164], ternary nitrophenol mixtures [165], analysis of

amino acids [160], among others.
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- To apply this technology in different cases: carbon oxygen demand (COD)
[166], identify Brett Character in wine [167], for clustering metrics [168],
to asses wine sensory descriptors [169], for nitro and peroxide explosive
sensing [170], for photodegradation of phenolic compounds [171], among

others.

The idea is to use a sensor array of efficient and low-cost electrochemical home-
made sensors, so-called, graphite epoxy composites (GECs). These can be

improved onto the surface by chemical or physical modification or in bulk.

Working with a sensor array provides us with a lot of raw data that must be
processed in order to obtain analytical information, and this data must be
processed accurately. Contrary to what one could think, the aim is not to obtain
the best sensory performance. The main goal it to obtain a versatile transducer
(transforming analytical information into electrical signal) that works as
homogeneously as possible obtaining information through electrochemical
techniques. The measurements must be stable and constant throughout the
entire test. Moreover, the sensor array must be reusable, reproducible and as

efficient as possible in terms of energy expenditure and cost-effective.

The ET has needed contributions from microelectronics, computer science,
physics, mathematics, chemistry, among others to be developed. One of the
most relevant points is that it has been able to adapt to the incorporation of the
most outstanding scientific advances of the last few decades, and this is possibly
one of its greatest successes. The incorporation of all kinds of recognition
elements, whether they come from the areas of chemistry, biology or

biomimetic and/or hybrid materials.

59



Introduction

1.4.1. Historical perspective
ET application was first reported 1985 by Otto and Thomas to determine free
metal ions using an array of non-specific ion selective electrodes (ISEs) [172].
However, it was not until a few years later that the term and definition of ET
were coined [173]. Initial studies involving the use of ET were mainly based on
potentiometric sensors, and exploited the potential of chemometric methods to
improve the conventional ISEs in qualitative analysis [173]. However, soon after,
the application of these systems in qualitative analysis for the recognition and
discrimination of complex liquid analytes started to emerge [174]. Such
applications demonstrated not only the potential of ET to derive the meaning
from complex, imprecise or incomplete data, but also to accomplish novel
applications not achievable by conventional approaches, such as mimicking the

human taste perception.

Following, the advances in ET research, Winquist et al. reported the first
voltammetric ET for the first time in 1997 [175]. The proposed system was
composed by a double working electrode of gold and platinum. They used the
principal component analysis (PCA) to allow the discrimination of different
beverages.

However, the change in the measuring principle from potentiometry to
voltammetry was very significant, because it removed the limitation of being
able to detect only charged compounds and opened a new range of applications.
Furthermore, voltammetric measurements present several advantages such a

higher sensitivity, versatility, robustness and tuneability [175].

Over the next years, researchers in the field of ET evaluated different types of

sensors to further improve the performance and potential of such systems. In
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this manner, initial studies were based on the usage of different bare metals as
working electrodes, but soon after, the usage of chemically modified electrodes
was exploited to improve the performance of the former or to tackle the

detection of different analytes.

More recently, Tonning et al. proposed the term Bio-ET to refer to the
combination of one or more biosensors into the ET sensor array, usually sharing
the same transduction principle to ensure their compatibility [176]. Bio-ET
exploit the higher selectivity of biosensors to address the lack of selectivity and
the capabilities of ET to extract relevant data from complex responses to
compensate biosensors’ interference problems and/or to allow the
multidetermination of several species. In this manner, several systems based on
such an approach have been reported [177,178], and despite the advantages
that Bio-ET offer, they might still present some disadvantage in comparison to
“conventional” ETs; these may be related to the potential higher cost of
biosensors, their short-term stability and inoperability out of physiological
conditions, or the lack of biological recognition elements suitable for any
analytes of interest. That being said, the gain derived from the use of biosensors
surpass those minor drawbacks, having in mind that there is still room for
improvement. For that reason, the use of synthetic receptors analogous in
function to natural bioreceptors counterparts would be of a great interest,
specifically the artificial receptors like MIPs in electronic tongue application as

Kutner published [179], see Figure 1.20.
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Hayashi et al. describes Vlasov and Legin Kutner presented the
multichannel taste sensor reported the ET and idea to develop and ET
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Figure 1.20. Timeline of ET history since early idea to the MIP-based ET concept.

1.4.2. Senses and biological processes
Since a long time ago, the perception of the real world and the senses living
beings use are under debate, not only from scientific point of view but also from
cultural and social one. It was in 1781 when Emmanuel Kant wrote in his
masterpiece Critique of pure reason: “All our knowledge begins with the senses,
proceeds then to the understanding, and ends with reason. There is nothing

higher than reason”.

Traditionally, there are five senses: hearing, touch, sight, smell and, taste.
Although scientific community studies how senses work, there is not perfectly
understood the mechanism that explains the stimulus or detection of receptor.
However, it is accepted that sensations are perceived thanks to specific cells,
which are filled with receptors and these are the ones that reacts to specific
stimulus sending signal to the brain using nervous fibres. In the analytical field,
there are systems combining physical sensors and mathematical treatments
that draw inspiration from nature. These systems intend to mimic senses such

as smell, sight and taste. This approach leaded to develop the Electronic Nose
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(EN), the Electronic Eye (EE) and the above-mentioned ET, whose is going to be

discussed in detail in the following section.

This work is going to be focused on the sense of taste as the ETs intend to be its
man-made equivalent. Biology has discovered that mammals’ sense of taste and
human taste are based on specific taste receptors grouped in a sensory organ:
the tongue, as can be seen in Figure 1.21. The bud receptors are formed by
support and receptor cells, nerve fibres and microvilli, which maximise the
contact surface and contain the specific receptor units for the different flavours.
These receptors can be placed in different parts of the tongue and classified as
circumvallate, foliate and fungiform taste buds. The different flavours: salty,
sweet, sour and bitter can be detected by a specific group of receptors. They are

localised in different areas of the tongue.

SWEET SOUR SALTY BITTER

[A]
MICROVILI
SUPORT CELL CIRCUMVALLATE
RECEPTOR CELL FOLIATE

NERVE FIBERS FUNGIFORM

Figure 1.21. [A] Classical taste distribution, [B] representation of taste bud receptors and
[C] different receptors.

Combinations of flavours, e.g. chocolate, are recognized through the specific
electric signal pattern transmitted by bud tongues to the nervous system and
interpreted by the brain comparing the unknown combination of flavours with

the patterns already memorized.
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Nevertheless, the above model is an oversimplification as recent studies seem
to have demonstrated that the different receptors are not specific towards the
different “flavours”. Is this cross-response that will be exploited to build the

artificial models called ETs.

1.4.3. Definition
To mimic natural receptors senses it is needed to update the traditional
univariate sensor approach and shift to the multivariate data responses
provided by an array of sensors. The data obtained is then processed by a
combination of mathematical statistics, several advances in informatics and the
use of miniaturized devices. Furthermore, sensing technology is incorporating
receptors which have an improved response against analytes of interest in
complex matrices. However, it is also necessary to evaluate the possible
redundancies of the huge data set obtained by using PCA and ANN approaches

see Figure 1.22.

According to IUPAC definition: “The electronic tongue is a multisensor system
that consists of a number of low-selective sensors and uses advanced
mathematical procedures for signal processing based on the pattern recognition
(PARC) and/or multivariate analysis (e.g., artificial neural networks (ANNs),

principal component analysis (PCA))”.
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Figure 1.22. Samples recognition process comparison between: [A] Biological mechanism
versus [B] Biomimetic process so-called Electronic Tongue Approach.

1.4.1. The electronic tongue-based MIPs paradigm
MIPs have been used for many single-sensor approach applications in the field
of sensing and biosensing. Their unique properties because of the selective of
the tailored-made cavities within the polymer gained the attention of scientific
community. MIPs, as recognition element, show comparable performance, in
terms of affinity, to the biological counterparts such as enzymes, aptamers or
antibodies. They demonstrate comparable selectivity is some cases, with the
further addition of advantages such as better stability, cost-effectiveness
process and tunability to a wide range of different chemical species and a high

versatility in terms of operation conditions such as extreme temperatures or pH

levels and organic solvents media.
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Nevertheless, despite the potential demonstrated by MIPs in the field of
sensors, those sensors may show cross-response and/or suffer from unwanted
matrix effects. To surpass these issues, the more common approach is to
improve the synthesised material, but more benefits can be obtained if we are
to apply a chemometric method to the data obtained from the MIP sensor, an

approach known as electronic tongue (ET).

An ET is a biomimetic system used to the analysis of liquid samples, which
comprises an array of sensors plus a chemometric tool able to interpret and
extract meaningful data from the dataset generated by the array [177,180]. In
the case of BioETs (Bioelectronic tongues) one or more of the sensors in the

array are biosensors.

It might be considered that the first ET published work was reported by Otto and
Thomas in 1985. In this study was focused on the free metal ions determination
by using an array of non-specific ISES. In this publication, it was also reported
the advantages of using partial least squares regression (PLS) in comparison to
ordinary least squares regression (OLS) [172]. In the same direction, a similar
approach was used to improve biosensors performance, in what has been

referred to as bioelectronic tongue (BioET) [177,178].

By using these strategies, the integration of imprinted polymers sensors into ET
systems might be an interesting alternative, due to the already discussed
advantages of the former, permitting to unleash new applications and opening
the room for the evolution of what could be considered a new type of ETs based

on its usage.
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On one hand, the combination of MIP-based sensors into ETs permits to correct
the loose of selectivity of the latter in a similar way that biosensors do. However,
MIPs-based electrodes offer a cost-effective system with better stability and
operability in a broader range of conditions, while permits to obtain an artificial
suitable synthetic receptor towards almost any analyte that someone can
imagine. On the other hand, the chemometric model present in the ETs allow to
overcome possible interferences by shifting the complexity from the

electrochemical field to the statistical field [177,180,181].

Although there is a growing use of MIPs in the scientific literature, the
combination of employing these artificial, receptors with the application of
chemometric tools such as electronic tongue system or similar ones has not yet
been exploited, i.e., electronic noses or electronic eyes. Therefore, this is a field
in incipient development and for which this Thesis is presented, although it is

true that there is a lack of bibliographic studies on which to base our work [179].

One of those works is from Bueno et al. where different proteins (bovine
haemoglobin, equine myoglobin, cytochrome C and bovine serum albumin) are
detected by means of 4 modified GECs array with hydrogel-based MIPs.
Following the same line, El- Sharif et al. demonstrated the potential of using
haemoglobin MIPs for discriminating different meat species [182]. Another
interesting work was reported by Chatterjee et al., they developed a theaflavin
polyacrylamide MIP sensor and correlated the electrochemical response with
the theaflavin content; the study demonstrated showed a good predictive
capabilities, despite the fact that extra validation might be necessary because of

the reduced number of samples used [183].
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It is the author opinion that this thesis compiles the first electronic tongue that

comprising an array of MIP functionalized sensors.
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2. OBJECTIVES

In the presented manuscript an assortment of voltammetric MIP based sensors
were manufactured to develop an array of biomimetic sensors for different
applications. The field of interest were food and beverage industry, homeland
security, explosive detection and environmental monitoring. The
electrochemical data obtained was processed employing chemometrics, and
essentially using, principal component analysis, artificial neural networks and
the electronic tongue approach. While the former is employed to develop
gualitative studies, the other ones are applied to obtain quantitative purposes.
The specific objectives of this thesis were divided into three sections, related to

the use of the application of interest:



Objectives
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1.

In the beverage production field:

1.1. To design and synthesise molecularly imprinted polymers (MIPs)
using as a template: 4-ethylphenol and 4-ethylguaiacol, separately.
1.2. To study the applicability of these polymers, as artificial receptors,
which are able to be used in voltammetric sensors by an appropriate
transduction mechanism.

1.3. Todevelop, for the very first time, a voltammetric MIP based sensor
array able to be employed in the electronic tongue approach for
discrimination of a mixture of 4-ethylphenols responsible of the Brett

character in wine.

In the beverage preservation field:

2.1. To implement and test the synthesis of MIPs using histamine as a
template.

2.2. To study the advantage of MIP polymer in contrast with the non-
imprinted polymer by confocal microscopy and differential pulse
voltammetry techniques.

2.3. To determine and quantify histamine employing MIP based
voltammetric sensors, as well as to optimise their electrochemical
performance.

2.4. To compare the feasibility of the presented voltammetric method

with the industry gold standard one (an official fluorimetric method).



3.

Design and development of MIPs for ETs and biosensing

In the security and environmental field:

3.1. To synthesise a dummy molecularly imprinted polymer against
2,4,6-trinitrotoluene (TNT), using its chemically and structurally
analogue 2,4-dinitrophenol.

3.2. To develop a voltammetric sensor, that uses a dummy MIP as an
artificial receptor, to quantify TNT and DNP.

3.3. Tostudy the sensor discrimination capabilities in water samples, as
a persistent and emerging contaminant, among their related

nitroaromatic compounds.
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3. EXPERIMENTAL

In this part of the manuscript, materials, instrumentation, apparatus and the
main protocols that had been performed for the experimental part of this thesis
will be presented. The same structure as in the introduction will be maintained
starting with MIP design and synthesis, followed by GEC sensor construction for
posterior polymer immobilisation and finally the modelling and calculations

necessary for the application in each case.



Experimental

All the experimental details are related to the following articles compiled in this
thesis:

e Article 1 - Herrera-Chacon, A., Gonzalez-Calabuig, A., Campos, |., & del
Valle, M. (2018). Bioelectronic tongue using MIP sensors for the
resolution of volatile phenolic compounds. Sensors and Actuators B:
Chemical, 258, 665-671.

e Article 2 - Herrera-Chacén, A., Ding¢-Zor, S., & del Valle, M. (2020).
Integrating molecularly imprinted polymer beads in graphite-epoxy
electrodes for the voltammetric biosensing of histamine in wines. Talanta,
208, 120348.

e Article 3 - Herrera-Chacon, A., Gonzalez-Calabuig, A., & del Valle, M.
(2021). Dummy Molecularly Imprinted Polymers Using DNP as a Template
Molecule for Explosive Sensing and Nitroaromatic Compound

Discrimination. Chemosensors, 9(9), 255.

3.1. MIP synthesis

Materials and instrumentation

In article 1, 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) were employed as
templates, separately for each synthesis. Divinylbenzene (DVB) was used as a
functional monomer. All of these materials were purchased from Merck
(Darmstadt, Germany). Ethylene glycol dimethacrylate (EGDMA) was acting as a
crosslinker and it was acquired from Acros Organic (Geel, Belgium). Ethanol
(EtOH) (96% v/v, Multisolvent® for HPLC ACS UV-VIS) was employed as a solvent;
a mixture of methanol (MeOH) and acetic acid in ratio 9:1 was used, all of them
were purchased from Scharlab (Barcelona, Spain). 2.2’-azobis(2,4-
dimethylvaleronitrile) (AIVN), the initiator, was acquired from Wako chemicals

(Neuss, Germany).
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In article 2, histamine dihydrochloride was used as a template and it was
acquired from Acros Organic. In the same line in article 3, 2,4-dinitrophenol
(DNP) was the chosen template and it was purchased from Merck. In both
articles, methacrylic acid (MAA) from Acros Organic was used as a monomer.
The crosslinker, radical initator, solvent and template extraction reagents were

the same products as article 1.

For the synthesis of MIP and NIP, a water bath controlled with a Huber CC1
thermoregulating pump (Huber GmbH, Offenburg, Germany) was used,
equipped with 250 mL round bottom flask. For the template extraction cleaning
process, a Soxhlet extractor was employed and the polymer was emplaced into

a filter package paper. All the glassware was purchased from Scharlab.

Protocols and procedures

The same procedure was used in all articles following a non-covalent approach
and precipitation polymerisation by FRP. For all the polymers, at least three
synthesis batches were prepared for MIP and NIP, using the same conditions.
Ina 250 mL round bottom flask, 40 mL of solvent were transferred dissolving 0.5
mmol of template and 2.05 mmol of monomer, that were stirred during at least
30 minutes with magnetic agitation, after sealing the round bottom flask.
Meanwhile, EGDMA was treated with alumina in order to remove the remaining
stabiliser. A glass pipette was filled with a little portion of cotton (in the bottom
and the top part) and Al,Os placed in the middle. Then, EGDMA was filtered by
using this pipette. The filtered EGDMA was maintained in the fridge while it was
not in used. The radical initiator was weighted and dissolved in an Eppendorf®
tube where 1 mL of solvent was added. Once, the pre-polymerisation complex

between the monomer and the template was formed, the crosslinker and the
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initiator were gently transferred into the flask. Immediately after, the round
bottom flask was placed into a gel bath and purged under nitrogen gas for at
least 5 minutes to remove all the oxygen (see Figure 3.1.A). This step is critical
to obtain an oxygen free atmosphere to proceed with the polymerisation in the
optimal conditions and let the initiator start the reaction. The flask was then
placed in a water bath at 60°C for 10 hours, sealing them with a nitrogen balloon
(see Figure 3.1.B). MIPs and NIPs were dried at room temperature and
transferred in a package of filter paper. As can be seen in Figure 3.1., this
package was placed into the Soxhlet system in order to remove the template (in

MIP case) and unreacted reagents (for both polymers) [1].

Figure 3.1. [A] Degassing process when radical initiator and crosslinker were added into the
pre-polymerisation complex solution. [B] Polymer synthesis was carried out in the water
bath. [C] Soxhlet extraction for both polymers.

3.2. Sensors construction
Materials and instrumentation
In all articles, graphite epoxy composites (GECs) electrodes were built employing
the same materials. Copper foils and grade polish sandpapers of different

roughness were purchased from Maranges (Cerdanyola, Spain). 20 mm inner
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diameter PVC tube was obtained from Servei Estacié (Barcelona, Spain). All the
electrochemical connectors and cables employed to fabricate the electrodes, as
well as, the connector cables were purchased from Onda Radio (Sant Joan Despi,
Barcelona). Graphite powder (particle size <50 um) was received from BDH (BDH
Laboratory Supplies, Poole, UK) and Resineco Epoxy Kit resin was supplied from

Resinecogreen composites (Barcelona, Spain).

Protocols and procedures
For the GECs electrodes construction, a 5 mm diameter copper disc was properly
cut and cleaned in HCI 0.1 M over 30 minutes. Then, an electrical connector was
soldered on top of the copper disc. Then, a 6 mm PVC tube was cut and polished
in order to place the modified connector inside. Thereafter, the graphite epoxy
resin was prepared in situ and used to fill the PVC tube, from the top down, this
constitutes the transducer surface. Finally, the electrodes are cured in the oven
for at least 48h at 40°C, then polished with different roughness grades of
sandpaper to obtain a smooth, polished and clean transducer surface of the GEC
electrode.

[1] Electrical connector

H H [2] Copper disc soldered into the connector
[3] PVCtube with the electrical connector

[4] Graphite epoxy-resin pasted and cured
[5] Final transducer polished with sandpaper

- |
l l l [6] Polished electrode surface
[2] [3] [4] [6]

[1] [5]

Figure 3.2. Graphite epoxy composite transducer fabrication.

It is needed to be mentioned, that this procedure is a commonly employed in
the GSB group to build GEC sensors [2,3] and several studies were published

with modifications of this sensor [4-7].
101



Experimental

3.3. Microscopy and Fourier transform infrared spectroscopy (FT-IR)
characterisation
Materials and instrumentation
All polymers included in this manuscript were characterised by scanning
electron microscopy (SEM) in the Microscopy Service of Universitat Autonoma
de Barcelona. Polymer powders were placed onto different aluminum stubs
coated with carbon tape. Then, they were metallised by a K850 Critical Point

Dryer Emitech (Ashford, UK).

Electrode surfaces were examined by SEM using MERLIN FE-SEM (Zeiss GmbH,
Jena, Germany) without any kind of metallisation. The only special treatment
with electrode surfaces was to put carbon tape surrounding the region of
interest to avoid the charging effect, specially in the case of insulating polymers.
The resulting microscopy images were treated with Fiji package software and

Image J software [8].

In article 2, a confocal study using optical microscopy was done in order to
characterise the differences between MIPs and NIPs complexing abilities by

using o-phthalaldehyde (OPA) reagent purchased from Merck.

In article 3, FT-IR spectroscopy was performed (Fourier transform-infrared
spectroscopy) employing an IR Spectrophotometer Tensor 27, Bruker,
respectively. The chemical composition of the methacrylic molecular-printed
polymer was difficult to characterise with other techniques as it is a non-soluble
high cross-linked polymer. Therefore, an FT-IR was performed to observe the

main chemical bonds.
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Protocols and procedures

To prepare the samples for SEM first, a small amount of dried polymer was
sprinkled in an aluminim stub that had a carbon tape attached to it. Then,
nitrogen gas was blowed to remove the sample excess. Polymer stubs were
placed into the metalliser holder tilted 45° over 4 minutes to each side to obtain
an appropriate surface. On the other hand, the array of sensors were placed in
metallic holder and carbon tape was used to cover the surroundings of the

sensors to avoid PVC charging effect during imaging.

Figure 3.3. [A] Metallised polymers onto the stubs. [B] Sensor preparation holder.

In article 2, OPA reagent was used to form a fluorescence complex with
histamine that can be studied by confocal microscopy. This complex was
equilibrated with the dried powder polymer to compare the binding capacities
between MIP and NIP. First, the dying reaction needed to be prepared before
adding the polymer. Then, the dried polymer beads were equilibrated with OPA-
histamine complex at the concentration of 5 ug mL™ (in 0.1M HCl media). In
order to check this study and obtain a real background, a negative control was
also examined without histamine. Next the reagent generating the fluorescent

complex was added, as the developer of the interaction, see Figure 3.4.
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Figure 3.4. Histamine and OPA complex reaction used in confocal studies.

In article 3, the chemical composition of the methacrylic molecular-printed
polymer was characterised by triplicate for both NIP’s and MIP’s samples using
FT-IR spectroscopy technique. A tip of spatula of polymer powder, for each
polymer, was placed directly onto the apparatus and scanned in order to acquire

the spectra.

3.4. Polymer integration onto sensor surface

Materials and instrumentation

For the integration of these polymers in GEC electrodes, tetramethyl
orthosilicate (TEOS) and hydrochloric acid were acquired from Merck. The EtOH
used was the same grade and purity that the one used in the synthesis step and
Milli-Q water was collected from Milli-Q System (Millipore, Billerica, MA, USA).
The apparatus to agitate and break polymers aggregates employed were: IKA®
VORTEX 3 (vortex shaker, 230V, 1/cs) purchased in Merck and ultrasonic
cleaning machine J.P Selecta (Barcelona, Spain) and Thermo Scientific™ Tube

Revolver Rotator rotisserie (tube revolver) (Madrid, Spain).

Protocols and procedures

First of all, a polymer suspension was prepared mixing 15 mg of polymerin 1 mL
of EtOH and let it resting for at least 72h in the tube protected from light, in
order to control the polymer size. After that, the suspension was homogenized

in the tube rotisserie. For the sol-gel immobilisation, 500 uL de EtOH, 500 pL of
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TEQS, 250 puL of Milli-Q water and 25 pL of HCI 0.1 M were transferred ina 2 mL

tube. Then, they were mixed using IKA vortex for 45 minutes with mild agitation

followed by 35 minutes of still incubation at room temperature (but resting the

tube without agitation) to acquire a synergic stage. Afterwards, 200 pL of this

mixture were transferred in a tube containing 7 mg of graphite powder, and

were sonicated over 5 minutes. When the suspension is disrupted, 40 pL of

polymer suspension were extremely caution pipetted and placed into the

graphite mixture [1].

200 pL from
[A] to [C]

o=
Y

+35 min agitation
+45 min resting

v

v 7 mg of graphite

[C]

v' 0.5mLTEOS
v 0.5 mL EtOH
v 0.25mLH,0
v/ 25 uLHCI0.1M

[A]

Figure 3.5. Polymer sol-gel suspension procedure.

40 pL from [B]
to [C]

X

Prepare the suspension
at least 72 h before and
sonicate for 5 min

before using
15 mg of polymer

in 1 mL of EtOH,
separately (MIP
or NIP)

[B]

Then, this sol-gel matrix suspension was agitated using IKA vortex over 10

minutes. Finally, 10 pL of the suspension were added onto the GEC surface by

drop-casting and immediately spin-coated.
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[A] 2 ¥ 10 plLadded by v/ Spin coating
drop-casting

e cl> vy

'
v Final
suspension

Figure 3.6. [A] Immobilisation via sol gel and drop-casting. [B] Home-made spin coater.

3.5. Electrochemical measurements

Materials and instrumentation

The following reagents were employed in the electrochemical measurements.
In article 1, gallic acid, 4-ethylguaiacol and quercetin were acquired from Merck.
In article 2, tyramine, gallic acid and coumaric acid were also purchased from
Merck. In article 3, 1,3-dinitrobenzene (DNB), 2-nitrotoluene (NT), 2,4-
dinitritoluene (DNT), 2,6-dinitrotoluene and 2,4-dinitrophenol (DNP),
acetaminophen (AP), serotonin (SER) and tryptamine (TRYPT) were purchased
from Merck. 1-nitrobenzene (NB) and 4-nitrotoluene (NT) were supplied by
Acros Organics. 2,4,6-trinitrotoluene (TNT) was obtained from LGC standards

(Teddington, Middlesex, UK).
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Buffer Composition Ph Article
Potassium hydrogen
50 mM HP-/P? +100 mM KCl 5
phthalate 9]
Phosphate 50 mM H,P0O4°/ HPO4% + 100 mM KCl 6
Phosphate 50 mM H2P04/ HPO4%* + 100 mM KCl 7 [9,10]
Tris-hydroxymethyl- )
. 50 mM Tris + 100 mM NaCl 8 [9]
aminomethane
Acetate 100 mM CH3COOH/ CH3COO + 100 mM KCl 4.5
Phosphate 100 mM H2P04/ HPO4?* + 100 mM KCl 6
Phosphate 100 mM H,P04°/ HPO4% + 100 mM KCl 7
[11]
Tris-hydroxymethyl- i
. 100 mM Tris + 150 mM NacCl 8
aminomethane
Tris-hydroxymethyl- .
100 mM Tris + 150 mM NacCl 9

aminomethane

In order to perform the electrochemical measurements, in Article 1 and 3 was

employed an electrochemical cell consisting in a commercial 52-61 combined

Ag/AgCl reference and counter platinum electrode (Crison Instruments,

Barcelona Spain) and was connected to an AUTOLAB PGSTAT30 (Metrohm AG,

Herisau, Switzerland) controlled with GPES Multichannel 4.7 software package.

In the same line, in Article 2 the same cell was used but the electrochemical

measurements were performed with MultiEmStat multichannel potentiostat

controlled by Multitrace 4.2. software (both from Palm Instruments BV, Houten,

The Netherlands).

107



Experimental

Protocols and procedures
For the electrochemical measurements, specific conditions and cleaning steps

were optimised and applied.

In article 1, Differential Pulse Voltammetry (DPV) measurements were recorded
by scanning potential from 0 V to 0.9 V vs. Ag/AgCl at a scan rate of 100 mV/s,
with a step potential of 5 mV and a pulse amplitude of 50 mV, at room
temperature without stirring. After each measurement, the electrodes were
cleaned by repeating the DPV measurement in pH 7 phosphate buffer solution

(PBS, the same used in the DPV measurements, see the table below).

In article 2, DPV technique was used to scan the potential between 0to 1.5V at
a scan rate of 100 mV/s, with a step potential of 5 mV and a pulse amplitude of
50 mV, at room temperature without stirring. All electrodes were regenerated
after each measurement by electrochemical cleaning, applying 1.5V for 45 s in

a pH 7.0 PBS.

In article 3, DPV technique was used with a potential window between 0 V to
-1.2 V with a scan rate of 100 mV/s, a step potential of 5 mV and a pulse
amplitude of 50 mV, at room temperature without stirring. A cleaning step was
performed between measurements, applying a potential of 1.4 V for 45sin 0.1

M NaOH solution.
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3.6. Application in real samples (Article 2)
Materials and instrumentation
Real white wine samples were purchased at random at local supermarket in
Sabadell, Barcelona. An extraction funnel was used for histamine transfer into

different solvents, the funnel was purchased at Scharlab.

Protocols and procedures

The developed electrochemical method was compared with the OPA
fluorimetric reference method using white wine samples, for comparison
purposes. Histamine reacts with OPA generating a fluorescent complex that
allows its quantification at the ng-mL™? level. This complex absorbs at a
wavelength of 350 nm and emits at 444 nm, being stable during 2 hours after
stopping the reaction with phosphoric acid after 4 min of placing them in
contact; after 2 hours the complex degrades and fluorescence decays. Histamine
was extracted from wine samples in order to minimise the sample matrix effect.
25 mL of white wine aliquot was gently extracted from the wine bottle and its
pH was basified up to pH=11. Next, this solution was transferred to an extraction
funnel, where 10 mL of n-butanol were added. Then, it was necessary to extract
histamine to the organic phase, reason why the funnel was vigorously shacked
over 5 min. Then, the aqueous phase was removed and 10 mL of HCI 0.1M were
added to the organic phase; the funnel was then vigorously shaken during 5 min,
due to the exchange phase. The organic phase was removed and the fluorimetric
reaction was produced in the remaining aqueous phase, where the histamine
was transferred [12]. It is important to mention that a calibration with aqueous
standards was performed but without any extraction pre-treatment, in order to

calculate the concentration in the wine sample [13].
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3.7. Data analysis, chemometrics and ET
Software
For all the articles presented in this manuscript, the Design of Experiments (DOE)
was performed using Modde® 8.0 software. Qualitative studies or PCA routines
and quantitative experiments or ANNs were programmed by the authors using
MATLAB 2016b (MathWorks, Natick, MA). Graphical representation and analysis

of the results were performed with Sigmaplot or Origin 8.0.

Protocols and procedures

Principal component analysis was implemented with scripted routines written
by other members of GSB group and was employed to evaluate the capabilities
of the different sensor or sensor arrays to produce an electrochemical response
different enough to at plain sight separate the different analytes or samples
considered. PCA was explained in more detail in section 1.3.2. The different
experiments involving PCA have been done with 3 or 5 replicates of each sample

to be studied in order to provide an adequate cluster of samples.

In article 1, a full factorial sample design was used to be able to build an
appropriate model, with 4 levels and 2 factors. The data set employed to
evaluate the performance of the model, (i.e., test subset), is randomly
generated within the limits of the training subset. Figure 3.7. illustrates the data
space depicting the training and testing data sample sets. A set of 16 samples
was used as training, while an external set of 9 samples was prepared for

validation purpose, in a range of 3 to 20 pg mL™* of 4-EP and 4-EG analytes.
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Figure 3.7. Train and test data set distribution model training ( e, solid line) and testing
subsets ( o, dashed line).

In order to build the ANNs models a two different sample sets are required, the
training subset which usually comprises around the 75% of the total samples
and the testing subset which contains the remaining 25% of samples. The
training and testing subset are independent and will be used, for different

purposes according to their name.

The electronic tongue approach employed in article 1 was carried out with ANNs
as the chemometric tool of choice. ANNs modelling was implemented with

scripts written by other members of GSB.

Due to the nature of ANNs the method to obtain the final model is by trial-and-
error. Several models were evaluated and optimized, the best among them is
chosen. Among the several parameters that we can vary in a ANNs model for
the models presented in the articles of this thesis only the following were
evaluated: data pre-treatment and compression, number of hidden layer
neurons and transfer functions. See introduction for a detailed explanation of

ANNs and its particularities.
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4. RESULTS AND DISCUSSION

The purpose of this work has been the continuation of the group's line
research to integrate MIPs onto the sensors and to develop the electronic
tongue approach for different applications. In addition, the aim was also the
study of MIPs as recognition element to improve the performance of sensors
and to obtain useful analytical information through the use of chemometric
tools, in comparison with unmodified sensors. Also, the development of
versatile and simple protocols to be used in the laboratory for future works,
from synthesis to the final application. An ET system, as already described in the
introduction of this thesis (see section 1.4.), is in a simplified form an array of

sensors that show a cross-response, i.e. low selectivity, and therefore, with
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specific data handling, allow the resolution of multiple analytes. The imprinting
technology allows us to obtain polymers, MIPs and NIPs, to be used as

recognition elements on the surface of the electrodes.

By following these steps, it has been possible to publish three papers devoted
to: (1) apply the electronic tongue approach to solve a mixture of 4-EP and 4-
EG; (2) identify and quantify histamine in wine samples comparing a feasible
electrochemical method with a gold standard method; and (3) detect and
guantify TNT with a dummy molecularly strategy and discriminate among
different nitroaromatic species that are considered emerging contaminants in

water.

This chapter will be divided in article sections, explaining separately and for each
case the results obtained.

e Article 1 - Herrera-Chacon, A., Gonzalez-Calabuig, A., Campos, |., & del
Valle, M. (2018). Bioelectronic tongue using MIP sensors for the
resolution of volatile phenolic compounds. Sensors and Actuators B:
Chemical, 258, 665-671.

e Article 2 - Herrera-Chacén, A., Din¢-Zor, S., & del Valle, M. (2020).
Integrating molecularly imprinted polymer beads in graphite-epoxy
electrodes for the voltammetric biosensing of histamine in wines. Talanta,
208, 120348.

e Article 3 - Herrera-Chacon, A., Gonzalez-Calabuig, A., & del Valle, M.
(2021). Dummy Molecularly Imprinted Polymers Using DNP as a Template
Molecule for Explosive Sensing and Nitroaromatic Compound

Discrimination. Chemosensors, 9(9), 255.
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Bioelectronic tongue using MIP sensors for the resolution of volatile phenolic

compounds

Herrera-Chacon, A., Gonzalez-Calabuig, A., Campos, |., & del Valle, M.

Sensors and Actuators B: Chemical, 2018, 258, 665-671.






Design and development of MIPs for ETs and biosensing

4.1. Article 1, Bioelectronic tongue using MIP sensors for the
resolution of volatile phenolic compounds

This article reports the combination of biomimetic sensors modified with
MIPs and the modelling capabilities of ANNs to develop for the very first time a
BioET. Tailored-made polymers towards 4-EP, 4-EG, and their control polymer
non-imprinted were integrated onto the bare sensor surface in order to improve
sensor performance and its response. Receptor elements, polymers, were
incorporated onto the GEC bare sensor via sol-gel and drop-casting technique.
Polymers and modified sensor surfaces were characterised by SEM. Modified
MIP sensors were employed to arrange an array of different biomimetic sensors

to quantify by means of ANNs.

4.1.1. Microscopy studies
Once the polymers were synthetised towards 4-EP, 4-EG and their
respective NIP, the polymers and their posterior integration onto the sensor
surface were characterised by SEM. Polymer images show that similar polymeric
materials with non-regular spherical particles were obtained (see Figure 4.1).
From the obtained images, the particle size distribution was analysed for each

polymer, counting at least 300 particles from 5 different images.
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Figure 4.1. (A1/B1/C1) SEM of the obtained 4-EP MIP (left), 4-EG MIP (middle) and NIP
(right). (A2/B2/C3) Particle size distribution of the 4-EP MIP (left), 4-EG MIP (centre) and
NIP (right).

The average diameters and their standard deviations of 4-EP MIP, 4-EG MIP and
NIP were 0.76 + 0.034 um, 0.64 + 0.17 um and 0.67 £ 0.14 um, respectively.
According to the results observed, it might be considered that all polymers
obtained have a similar particle size and distribution, showing a high degree of

crosslinking as can be interfered from the images.

To evaluate the immobilisation of the polymers onto the sensor surface, SEM
images for the 5 different sensors were acquired, see Figure 4.2. SEM images
were performed to manifest, on one hand, the polymer and the sol-gel
presence; and on the other hand, to check the distribution and differences

among the sensor arrays.
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Figure 4.2. SEM of the different electrode surfaces (A) GEC, (B) Sol-gel, (C) 4-EP MIP, (D) 4-
EG MIP and (E) NIP sensors.

Figure 4.2.A shows the SEM image from the GEC surface while the rest of the
images display the modified sensors with (B) sol-gel, (C) 4-EP MIP, (D) 4-EG MIP
and (E) NIP. From the presented images, it can be concluded that there are not
significative differences among the polymer modified sensors. It can be perfectly
seen the presence of the polymer and the sol-gel without any different from the
MIP-EP, MIP-EG and NIP polymer sensor surfaces. Besides, GEC surface is totally
smooth and sol-gel modified surface is widely rough, both of them are free of

polymer.

4.1.2. Individual electrochemical response
In order to use the sensor array for the ET application, the electrochemical
performance and the different behaviour of each sensor were evaluated,
specifically towards the two analytes of interest 4-EP and 4-EG. Two main
studies were developed: an adsorption kinetics, and a cross-calibration for each

sensor towards the analyte of interest separately.

123



Results and Discussion

The adsorption kinetics of each sensor versus the analytes of interest was
studied, see Figure 4.3. It was necessary to determine the time when the specific
adsorption processes are predominant over to the unspecific ones, counter-
balancing the time used to measure and a good electrochemical response. 4-EP
MIP and 4-EG MIP sensors were studied with 7 pg mL™? solution of their
corresponding analyte and compared with the control non-imprinted polymer

and the sol-gel sensors.

6e-6 8e-6
ol A (8) .
e 6e-6 -
P S L i :
* T
< 4e-6 |
—e— 4EPMIP 2e-6 1 B —e— 4-EGMIP
e NIP o)y ~@- NIP

—¥-- Sol-gel ray —-+—- Sol-gel

0 " ‘ T T 0 —v— T T T

0 5 10 15 20 25 0 5 10 15 20
Time (min) Time (min)

Figure 4.3. Adsorption kinetics of the MIP, NIP and sol-gel sensors towards 4-EP (A) and for
4-EG (B).

Figure 4.3.A and 4.3.B show the array of sensor kinetic response towards 4-EP
and 4-EG, employing the 4-EP MIP, 4-EG MIP, NIP and sol-gel sensors. From the
above figure, it can be seen that the template adsorption processes are fast
reactions when using the MIP-based sensors. It can be noticed, that the

maximum saturation value is reached in a temporal range from 3 to 5 minutes.

However, the adsorption values for the control polymers (NIP and sol-gel) are
slower than MIP sensors. Also, the NIP and sol-gel sensors show slower
adsorption values than the MIP-based sensors. Moreover, it is in the 3 to 5

minutes region that the greatest difference in intensity response regarding the
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MIP-sensors and the rest of the them is reached. Consequently, since the
reaction time is fast and in order to maximise the differences between the
sensors’ intensity response, the optimal stripping time was determined to be 3

minutes.

Nevertheless, if we look at the 4-EG graph (Figure 4.3B), we can see how the
non-specific interactions are pre-accumulating in the sensor and finally the NIP
surpasses the MIP-sensor in terms of intensity values. This phenomenon is due
to the fact that in this pre-accumulation study no cleaning steps have been
performed in order to avoid unspecific reactions. This test is the only one in
which no cleaning steps were performed. Furthermore, it can be also inferred
from the same figure that we should avoid long pre-concentration times in order
to maximise the difference between the sensors. In general, the longer the
measuring time, the higher the measuring intensity. However, it requires a
higher voltage during the cleaning procedure, which could damage the sensor
surface. Thus, once again, it is needed to counter-balance the gain in the signal
towards the sensor exposure, which may change in its durability or the
measurement stability. From these studies, the more efficient stripping time

was determined to be between 3 minutes.

Another important factor to control before attempting the ET was to study the
cross-calibration response, due to it is an application constrain by ET definition.
This condition was expected in this study because the similar chemical structure
of both targets. As presented in table 4.1., 4 types of electrodes (4-EP MIP, 4-
EG-MIP, NIP and sol-gel modified sensors) were fabricated and their response
to 4-EP and 4-EG compounds were studied. This test was done to evaluate that

both MIPs show a higher response by their respective sensors and also than the
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control sensors (NIP and sol-gel). This can be seen due to the major sensitivity
in comparison with the other sensors, using the same experimental conditions.
In Table 4.1. the main linear fitting parameters are presented to corroborate this
behaviour. The fitting parameters were obtained by performing four calibration

curves with MIP, NIP and sol-gel sensors towards the template compounds.

Table 4.1. Cross-calibration slope (uLA/ugmL-1) and correlation values for MIP, NIP and sol-
gel in the presence of 4-EP and 4-EG.

Sensitivity . Sensitivity )
Correlation Correlation
Sensor towards 4-EP towards 4-EG
4o value 4-EP i value 4-EG
(HA-pg*mL™) (HA-pg*mL™)
4-EP MIP 0.270 0.976 0.217 0.981
4-EG MIP 0.245 0.970 0.401 0.989
NIP 0.094 0.906 0.069 0.994
Sol-gel 0.231 0.989 0.299 0.990

In the above table, it can be seen that the 4-EP MIP sensor response towards 4-
EP presents a higher value than the same sensor versus 4-EG, being slope values
of 0.270 + 0.015 and 0.217 + 0.011 pA pgmL™, respectively. An equivalent
sensor response was obtained when the 4-EG MIP sensor was evaluated
towards 4-EP and 4-EG, obtaining values of 0.245 £ 0.015 and 0.401 + 0.014 pA
g tmL™?, respectively. Furthermore, the correlation parameters were closer to
1 when each analyte was measured using their corresponding MIP-based
sensors. It corroborates the goodness of the linear fitting. Additionally, the
correlation parameters were closer to 1 when each analyte was measured using
its corresponding MIP sensors, corroborating the goodness of the linear fitting.
As it was expected, the obtained slope values of the NIP-sensor were negligible

comparing with the MIP ones. On the other hand, the slope values obtained by
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using sol-gel sensors exhibited similar values to the MIP sensor response.
However, it is needed to be mentioned that the advantage in the use of MIPs
sensors is the improvement in the selectivity instead of the sensitivity. As can be
seen below in Figure 4.5.A, when MIPs are used, the interferents compounds

are not able to reach the sensor surface, improving the selectivity of the system.

4.1.3. Calibration curves and reproducibility of the sensors
Calibration curves were performed in order to evaluate each polymer sensor

towards their corresponding template by DPV technique (Figure 4.4.).
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Figure 4.4. Calibration curves of 4-EP MIP, NIP and sol-gel sensors towards 4-EP (left) and 4-
EG MIP, NIP and sol-gel sensors towards 4-EG (right).

Focusing on the 4-EP substance study, the calibration curve was performed from
5 to 35 ug mL™ concentration range (See Figure 4.4. left) and the slope values
were 2.19 + 0.04 pA pg*mL™ for the 4-EP MIP sensors, 1.06 + 0.02 pA pg™*mL™
for the NIP and 1.38 + 0.03 pA pg*mL™ for the sol-gel. The corresponding LODs
were 1.33, 1.28 and 1.52 ug mL™ of 4-EP, respectively. The slope value of the
MIP sensor was twice that of the NIP and sol-gel, indicating that the affinity for
the analyte is higher than in the other cases when the same experimental

conditions were used. It is related to the polymer binding cavities or the polymer
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imprinting activity. In the same line, this study was also performed for the 4-EG
MIP sensor (See Figure 4.4. right) from 3 to 21 pg mL? linear range
concentrations. The values obtained derived from this test presented the slope
values of 0.401 + 0.014, 0.069 + 0.002 and 0.299 + 0.015 pA pg*mL™ for 4-EG
MIP, NIP and sol-gel sensors, respectively. The LODs values were 1.55, 1.22 and
1.51 pg mL™*? towards 4-EG compound, respectively. With the objective to
estimate the reproducibility of this sensors, 2 calibration curves were performed
using 4-EP MIP sensor towards 4-EP in consecutive days. In order to evaluate
this work, in the second curve the standards were introduced at random. The
slope values for this study were 0.797 + 0.043 and 0.703 + 0.021 pA pgmL™ for
the first and the second day with correlation values of 0.979 and 0.993,
respectively. A comparison between the values of each calibration curve shows,
on one hand, a negligible reduction in the slope value and; on the other hand, a
non-significant increase in the regression coefficient. From these results, it can
be concluded that the sensors can be used, demonstrating a good
reproducibility for at least 20 measurements. Another important aspect is that
this study also confirms the protocol performed, in terms of measurements and
cleaning steps and operation error. Finally, it can be concluded that (1) the
sensors are suitable for use in a BioET, and (2) a similar cleaning process can be

performed during the BioET.

4.1.4. Qualitative studies
PCA was performed to evaluate the array capabilities to separate the different
samples. Gallic acid, quercetin, 4-ethylphenol and 4-ethylguaiacol were the
analytes used to be evaluated. The use of this compounds is justified because
gallic acid and quercetin are wine phenolic compounds; and 4-EP and 4-EG are

volatile phenols responsible of the Brett character, see Figure 4.5.
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Figure 4.5. (A) DPV signals obtained for the considered compounds with MIP (solid line). (B)
PCA for the analytes 4-EP, 4-EG, quercetin, gallic acid and buffer.

In this study, all the samples were diluted, prepared and measured in a pH=7
PBS by triplicate. The concentrations of the different substances used were: 25

ug mL™t for gallic acid and quercetin and 3 ug mL™ for 4-EP and 4-EG.

In Figure 4.5.A, the voltammetric response is shown for the aforementioned
compounds. The DPV signals of the sensor array were subjected to PCA to
visualize better the differences among the samples (Figure 4.5.B). Figure 4.5.B
shows different sample clusters, each compound forming its own separated
cluster with no overlapping. In this case, only the scores of the three first PCs

are shown which represent the 95.6% of the accumulated explained variance.

4.1.5. Quantification studies
PLS and ANNs studies were applied to quantify 4-EP and 4-EG mixtures using the
modified MIP array of sensors. The designed sensor array was employed to train
a quantification model constructed on a full factorial experimental design with

4 levels and 2 factors, resulting in 16 samples, see Figure 4.6.

129



Results and Discussion

22

20

[ ] ® ® ®
0]

18 o

16 -
E 144
8 . ' . .
= 12
2 0 0
<+ 104 o .

o)
8 -
61 ® ° ) ]
@]
4 (o]
® ® ) ®
2 T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22
4-EP (ppm)

Figure 4.6. Full factorial experimental design with 4 levels and 2 factors for training ( e, solid
line) and testing subsets ( 0, dashed line).

These 16 samples were used to train the model and its concentration ranged
from 3 to 20 pg mL™. Furthermore, 9 additional samples were prepared for
testing purposes, the concentration of these samples was randomly generated

within the 3 to 20 ug mL limits.

A huge amount of voltammetric data was generated for each sample with the 6-
sensor array; however, this amount of data results in a problem when chosen
model is an ANNs. This huge amount of data needs to be reduced to improve
model performance and avoid exponentially long training times. The original
signals were reduced by applying a compression by means of Discrete Wavelet
Transform: each voltammogram was compressed using the mother function
Daubechies 3 and a 3rd decomposition level. In this particular case, the data set
was reduced from 986 (6 sensors x 164 x sample) to 144 points, achieving a

compression ratio of 85.4%.
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The resulting neural network model had 144 neurons in the input layer (the
number of wavelet coefficients obtained in the compression step), 3 neurons
and the tansig transfer function in the hidden layer and 2 neurons and the
purelin transfer function in the in the output layer (corresponding to the

concentrations of 4-EP and 4-EG). The modelled sample predictions are shown

in Figure 4.7.
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Figure 4.7. ANN fittings of predicted vs. expected concentrations for (A) 4-EP and (B) 4-EG,
both for training (e, solid line) and testing subsets (0, dashed line). Dotted lines correspond

to ideal behaviour (diagonal line).

From figure 4.7. we can see that the model shows a linear trend for 4-EP and 4-
EG for train and test samples. Moreover, it can be seen that predictions for the
training samples are more accurate. This is an expected fact since these samples
have been used to build the model. Nevertheless, the test subset, which is an
independent set of samples that has not intervened during the construction of
the model, also shows a linear trend. Complete regression parameters for train

and test samples are disclosed in Table 4.2.
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Table 4.2. Detailed fitting results for obtained vs. expected values for the training and
testing sets for 4-EG and 4-EP (intervals calculated at 95% confidence level).

Total
i Intercept RMSE Total
Sensor Correlation Slope NRMSE RMSE
(ng mL) (ng mL) 1, NRMSE
(ng mL?)
Train Subset
4-EP 0.998 0.983+0.075 0.162+0.893 0.454 0.023
0.764 0.038
4-EG 0.996 0.977+0.106 0.223+1.274 0.614 0.031
Test Subset
4-EP 0.997 1.019+0.152 -1.060+1.978 0.980 0.049
1.527 0.076
4-EG 0.987 1.010+0.299 -0.892+3.537 1.171 0.059

As aforementioned, a good linear trend is obtained for 4-EP and 4-EG. The fitting
obtained for the test subset had intersections close to the ideal value of O, slopes
and correlations near 1 (ideal value 1) and a NRMSE as low as of 0.049 and 0.059
for 4-EP and 4-EG, respectively. The constructed model predicted the

concentration values of the 9 mixtures of phenols with a total NRMSE of 0.076.

As a benchmark model, PLS was employed which is the most common tool on

the chemometric field. PLS linear fittings are shown in Figure 4.8.
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Figure 4.8. PLS fittings of predicted vs. expected concentrations for (A) 4-EP and (B) 4-EG,
both for training (e, solid line) and testing subsets (0, dashed line). Dotted lines correspond
to ideal behaviour (diagonal line).
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From the comparison of the results of both models it can be seen that the ANN
model and PLS model have similar performance in regard to slopes and
correlation coefficients. However, the ANN model has a slightly better
performance, with slopes closer to 1.0 and correlation coefficients near to 1.0.
The obtained NRMSE values for train and test for the PLS model were 0.051 and
0.083, respectively. Again, if it is compared the ANN to PLS model, the ANN
model performs slightly better than PLS model. To the best of the authors
knowledge, the improvement in the predictive performance is probably caused
by some degree of non-linear response which ANN models are able to predict

to certain degree.

In conclusion, the first BioET was successfully applied for the very first time in
the literature using a MIP-based sensor array. Furthermore, this ANN model

was also compared with common PLS and presenting slightly better results.
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4.2. Article 2, Integrating molecularly imprinted polymer beads in
graphite-epoxy electrodes for the voltammetric biosensing of

histamine in wines

In this work a new voltammetric biomimetic MIP-based sensor is presented to
quantify histamine in wine. This method was benchmarked against the
fluorimetric reference method. Once MIP and NIP were synthesised by standard
precipitation polymerisation approach, polymers were immobilised onto the
sensor surface through sol-gel immobilisation and drop-casting technique.
Scanning and confocal microscopy images allowed to characterise the materials
and the sensor surfaces. Adsorptive stripping voltammetry in differential mode
was employed for the histamine detection, an enrichment time of 5 min was
selected. Calibration curves were performed to obtain the concentration linear
range and the respective LODs for the different MIP-based sensors. PCA was
employed to demonstrate that the prepared modified MIP-based sensors were
able to discriminate between biogenic amines and potential interfering

compounds.

4.2.1. Microscopy characterisation
In this article, SEM and CM techniques were employed to characterise: (1) the
different polymers morphology; (2) the sensor surface modification; and (3) the
polymer powder affinity towards the template (histamine) for MIP and NIP.
Furthermore, the imprinting was evaluated by comparing the affinities obtained

by optical and electrochemical methods.
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4.2.1.1. Polymer examination
Once Histamine-MIP and its respective non-imprinted polymer were
synthesised, the obtained polymer structures were inspected using SEM
microscopy in order to characterise the material. This study was done before
their immobilisation onto the sensor surface. From these SEM images a particle
size study was performed in order to obtain morphological information about

MIP and NIP, see Figure 4.9.
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Figure 4.9. SEM images of (A) histamine-MIP, (B) NIP and their respective histograms below.

As it is depicted in Figure 4.9., polymer particles exhibited a non-homogeneous
and highly crosslinked atactic structure for MIP and NIP. Their average diameters
and their standard deviations were 0.61 £ 0.18 um in the case of the MIP and

0.74 +0.19 pm NIP.

As it can be observed from the abovementioned figure, both types of polymer
particles had a similar size distribution which made the authors think that the
obtained NIPs particles were suitable to be employed as the control polymer.
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4.2.1.2. Sensor surface modification
Additionally, Figure 4.10. shows the obtained SEM images for the sensors
constructed in this work. A Histamine-MIP sensor in A, a NIP sensor in B and a
non-modified GEC sensor in C, the last one was employed as an additional

control.

Figure 4.10. SEM images for the functionalised sensors with Histamine-MIP (A), NIP (B) and
unmodified GEC sensor (C).

Histamine-MIP and NIP were deposited via sol-gel and drop-casting technique
onto the clean GEC surface displaying an uneven surface where the particles and
graphite fragments are clearly seen. In contrast, and as expected, the GEC

surface shows a relatively flat surface.

As it can be appreciated the incorporation of the polymer, imprinted or not,
results in a rough surface while showing no apparent difference between MIP
and NIP functionalised sensors; therefore, any difference in the electrochemical

response can be attributed to the presence of histamine imprinted sites.

4.2.1.3. Confocal study
The use of CM allowed us to characterise the complexing capabilities of
Histamine-MIP and NIP polymers in almost real time as the fluorimetric OPA-

histamine complex was created in situ, just before to start the experiment.

139



Results and Discussion

To accomplish this objective, MIP and NIP polymer powder were contacted with
histamine solutions, in a 5 pg mL™ concentration in 0.1 M HCl media, until the
equilibrium was reached. A negative control, with absence of histamine, was
also prepared. Then, the solution comprising an excess of OPA was added,
resulting in the formation of the fluorescent OPA-histamine complex. CM results

are shown in Figure 4.11.
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Figure 4.11. CM images for Histamine-MIP (A) and NIP (B). Background fluorescence of MIPs
without the fluorescence complex as the control (C). (D) Fluorescence Intensity (a.u.).

Histamine-MIP, NIP and the negative control presented different fluorescence
caused by the bonded OPA-histamine complex. In all cases, this complex that is
formed between histamine and the OPA reagent interacts with the polymer
penetrating into the cavities due to the imprinting activity of the polymers. As
shown in Figure 4.11A and B, Histamine-MIP exhibits a much higher intensity
than NIP. It is interesting to remark that the negative control, Figure 4.11C,

exhibits some degree of autofluorescence, which was used as background.

The direct calculation of obtained confocal data established that Histamine-MIP
presented 2.15 times more fluorescence intensity than the NIPs. This difference
in intensity, and the sites where it is generated, point us towards the presence

of histamine imprinted sites.
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4.2.2. Electrochemical measurements
Some parameters were studied in order to obtain an optimised electrochemical
response such as: (1) the buffer solution type employed and its pH; (2) the
preconcentration time (the adsorptive time); (3) the repeatability and
reproducibility; (4) the calibration curves; (5) a qualitative study; and finally (6)

the real sample application.
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4.2.2.1. Influence and optimisation of pH
Histamine is a strong base with a side chain nitrogen of pKa 9.4 and an imidazole
nitrogen group of pKa 5.8. However, the compound contains three nitrogen
atoms, it is a diacidic base because of resonance in the imidazole nucleus. The
DPV used to study the electrochemical response of the modified electrodes in
the oxidation of 5 pg mL™* histamine solution was investigated in several buffer
solutions at different pH values. The medias employed were: (1) 0.1 M acetate
buffer at pH 4.5, (2) 0.05 M PBS at pH 6.0, (3) 0.05 M PBS at pH 7.0, and (4) 0.1
M Tris-HCI buffer solutions at pH 8.0 and (4) 0.1 M Tris-HCI buffer solutions at

pH 9.0. The obtained performances are shown in Figure 4.11.

pH vs signal response

pH

Figure 4.12. Optimisation of the DPV response of the developed Histamine-MIP according
to pH.

As it would be expected, the role of pH can affect the oxidation of histamine. In
acidic media, the NH, group of the analyte will be protonated to NHs* and,
consequently, the adsorption mechanisms may be altered, modifying the

current signal for histamine peaks in acid.

The highest current signal was found when measuring at pH=7.0. For this reason,
it can be concluded that this buffer was used for the following electrochemical

measurements and this study was done in order to optimise the DPV conditions.
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It is worth mentioning, that under these conditions, histamine exists as a
positively charged species at pH 7, but MIP particles are negatively charged due
to deprotonated MAA residues (pKa = 6-7). Consequently, these interactions
could help to generate electrostatic interactions favourable for our objective,
the detection of histamine via the polymer binding cavities. The electrochemical
signal used in other calibration curves was a single oxidation peak at +1.10 to

1.15 V against Ag/AgCl.

4,2.2.2. Contact time optimisation
In order to optimise the electrochemical conditions, contact time is an important
parameter to consider during adsorptive stripping measurements. This is the
reason why, the different sensors were submerged into histamine solutions of 5
pug mL? for several times without any polarisation neither cleaning steps; a
voltammetric study was done to determine the intensity of the histamine

oxidation peak to determine the counter-balanced contact time, see Figure 4.13.
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Figure 4.13. Optimisation of the contact time previous to the voltammetric determination
of histamine using the different modified sensors.

As shown in Figure 4.13., as expected, the increase in contact time leads to an

increase in the histamine peak current of until about 5 min. After 5 min a slower
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uptake of histamine can be seen. An enrichment time of 5 min was chosen for
further DPV experiments based on these results. This obtained time agrees with
shorter times needed to evaluate the template and MIP-modified sensors
responses. The same behaviour was observed when this experiment was
repeated at lower concentrations, i.e., 1 pug mL™ histamine. Thus, by increasing
the enrichment time it was able to attain an increase in the intensity peak,

potentially achieving the detection at lower concentrations.

4.2.2.3. Repeatability and reproducibility
To check the intra-day repeatability of current peak magnitude was determined
by repeating measurements (n=12) of a 5 pg mL™* histamine in PBS. Following

all the optimisations parameters above presented, see Figure 4.14.
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Figure 4.14. Repeatability measurements (n=12) of Histamine-MIP, NIP and GEC sensors.

The obtained relative standard deviation (RSD) for the Histamine-MIP sensor
was 4.62%, indicating an excellent repeatability.
To study the daily reproducibility of the imprinted sensor, the linear fitting

parameters of three calibration curves were evaluated, measuring each
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calibration on different days, see the linear fitting parameter in Table 4.3. The
reproducibility of these measurements provided a RSD value of 2.61 %, which
was extracted from the variation of the slopes of the different calibrations. As
can be inferred from the values in the table, the reproducibility of the sensors

presents acceptable values.

Table 4.3. Day-to-day reproducibility of a given Histamine-MIP sensor.

Slopes (MA/ mg.L'Y) Intercept (mg/ L) Correlation Coefficient

Day 1 4.919 0.065 0.9989
Day 2 4.675 0.184 0.9997
Day 3 4.816 0.166 0.9989

4.2.2.4. Calibration study
Calibration curves were constructed by DPV technique using the optimised
conditions studied in previous sections. They are depicted for the different

modified polymer-based sensors versus the bare electrode (GEC) in Figure 4.15.
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Figure 4.15. [A] DPV response of the modified polymer-based sensors versus the bare
electrode (GEC). [B] MIP lineal range.

As it can be seen in Figure 4.15A, there are two linear segments that are due to

sensors saturation. This process happens due to the filling of the available
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cavities in the polymer. Focusing on the lower linear range of the first linear
segment, we can determine a range of concentrations from 0.5 pg mL™ to 6.0
pug mL? (or 2.7-32.4 uM). The equation derived from the linear fitting yielded an
equation: Y=4.9416 C-0.0779 (R?=0.9992). The limit of detection (LOD) and limit
of quantification (LOQ) were calculated using the equation of 35/m and 10S/m,
respectively, where S is the standard deviation of the regression and m is the
sensitivity of the calibration. LOD and LOQ values were calculated to give values

of 0.19 ug mL?* (1.0 uM) and 0.62 pg mL? (3.4 uM), respectively.

Comparing the sensitivities (slope value) for the Histamine-MIP and NIP (in the
low concentration range), the slope ratio was found to be 2.27, a value that
again can be considered the imprinting factor, and which is consistent with the

previous figure obtained by CM (section 4.2.1.3.).

Comparing the obtained calibration curve voltammograms for histamine versus
the Histamine-MIP and the NIP sensors, it can be seen, that the Histamine-MIP

sensor displays higher currents than the NIP, showing better sensitivity, see

Figure 4.16.
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Figure 4.16. DPV measurements for the [A] Histamine-MIP and [B] NIP sensors.
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4.2.2.5. Interferents
PCA was performed to evaluate the capabilities of the developed functionalised
electrode towards possible interferents in wine matrix. The interferent were
selected from biogenic amines and polyphenolic compounds which are present
in wine. In particular the following compounds were chosen: tyramine, coumaric
acid and gallic acid. Calibration curves were performed for the abovementioned
compounds and its voltammetric responses were treated with PCA, see Figure

4.17.
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Figure 4.17. Scores of the 2 first PCs for histamine, gallic acid, p-coumaric acid and tyramine.

From the previous figure, it can be seen that histamine and gallic acid are
clustered in its own groups, this fact shows that those compounds present a
particular voltammetric fingerprint. Nevertheless, coumaric acid and tyramine
samples are grouped together. The PCA demonstrate that the array response is

clearly distinct for histamine versus the three possible interferents.
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4.2.2.6. Application to real sample analysis
The feasibility of the proposed Histamine-MIP was evaluated employing wine
samples. Those sample were analysed with the developed electrochemical
method and compared with a fluorimetric reference method in accordance with
international standards. The electrochemical approach was done using
histamine concentrations from 2 to 12 pg mL™ in PBS at pH 7.0. Comparison

results between the two methods are shown in Table 4.4.

Table 4.4. Results obtained for two wine samples using the developed Histamine-MIP
sensor and the reference fluorimetric method.

FLUORIMETRIC VOLTAMMETRIC

Winel (mg.L'') Wine2 (mg.L!) Winel(mg.L'!) Wine2 (mg.L?)

Replicate 1 0.033 0.273 0.048 0.254
Replicate 2 0.037 0.280 0.036 0.245
Replicate 3 0.039 0.294 0.043 0.223
Replicate 4 0.038 0.299 - -
Mean (ppm) 0.037 0.287 0.042 0.241
s (ppm) 0.002 0.012 0.006 0.016

Focusing on the values of Table 4.4., it can be concluded that the new
electrochemical MIP-based method is comparable with the fluorimetric
method, using real white wine samples. When comparing the standard deviation
values, slight differences can be observed, as higher values were obtained with
the electrochemical approach. These differences might happen because in the
case of the fluorimetric approach, the original wine matrix is removed by means
of a histamine extraction pre-treatment and also due to the incorporation of an
additional sample measurement. Focusing on the electrochemical one, the use

of the white wine can be interfered by the well-known matrix effect of wine.
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To conclude, the developed method showed comparable results with the
possibility of on-site sample measurements without the requirement of an

extraction pre-treatment.

149






Article 3

Dummy Molecularly Imprinted Polymers Using DNP as a Template Molecule

for Explosive Sensing and Nitroaromatic Compound Discrimination

Herrera-Chacon, A., Gonzalez-Calabuig, A., & del Valle, M.

Chemosensors, 2021, 9(9), 255.






Design and development of MIPs for ETs and biosensing

4.3. Article 3, Dummy Molecularly Imprinted Polymers Using DNP as a
Template Molecule for Explosive Sensing and Nitroaromatic

Compound Discrimination

In this article, a fast, easy and cost-effective voltammetric sensor is presented
based on molecularly imprinted technology. This strategy is based on a dummy
MIP that uses DNP as a template for the quantification of TNT and DNP.
Moreover, the identification and discrimination of the modified polymer-based
sensors and its bare electrode (GEC) is also studied and evaluated to nitro
aromatic substances. The polymer was synthesised by common methacrylic
thermal precipitation polymerisation. Afterwards, the synthesised polymer was
deposited onto a GEC bare electrode using sol-gel and casting immobilisation.
The polymer was characterised by means of SEM and FT-IR. Electrochemical
performance versus DNP and TNT were analysed for the different modified
polymer-based sensors, as well as some optimisations in order to obtain an
improved response. PCA study was performed to demonstrate the suitability of

the dummy MIP based electrodes for nitroaromatic compounds discrimination.

4.3.1. MIP physical characterisation
The methacrylic MIP synthesis produced the artificial receptor material in
crosslinked beads form. After this procedure, the template used was removed
in order to free the tailored cavities, providing the polymer specific imprinting
activity towards the template. SEM was performed to check: on one hand, the
morphology of the polymers (MIP and NIP); and on the other hand, the sensor
surface after the deposition of the sol-gel polymer matrix. Figure 4.18. shows

SEM images for MIP and NIP and their size distribution, respectively.
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Figure 4.18. Characterisation of the polymers for MIP (A,C) and NIP (B,D). SEM (A,B) and size
distribution of the particles (C,D).

From Figure 4.18, it could be observed the spherical, non-regular and highly
crosslinking disordered structure of the polymer beads from MIPs and NIPs. The
respective average sizes and standard deviations of diameter particle for MIPs
and NIPs were calculated giving values of 0.416 + 0.116 pm and 0.721 £ 0.247

um, respectively.

In this case, MIPs particle size study reveal a slightly small polymer particle size
diameter, when compared to NIPs. This could be explained because of an
increased reactivity during the synthesis, which could happen due to the

template addition, favouring the imprinting process.
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Figure 4.19. shows the different electrode surface after the deposition of the

sol-gel polymer matrix, a key step of the immobilisation via sol-gel and drop-

casting technique.

Figure 4.19. SEM images for [A] MIP-sensor, [B] NIP-sensor and [C] GEC electrode.

Polymers were added onto the surface electrode via sol-gel and drop-casting
immobilisation for MIP and NIP sensors, while the GEC bare electrode remains
unmodified for control purposes. The three electrodes presented homogeneous
surfaces. In the case of [A] MIP and [B] NIP sensor surfaces (Figure 4.19A, 4.19B),
the polymer and the graphite (coming from the sol-gel matrix) can easily be
seen. On the other hand, the [C] GEC electrode surface is smooth and regular
without any presence of the polymer neither the graphite (Figure 4.19C). The
surface modification is self-evident when comparing the modified sensors with

the unmodified one.

In order to obtain more characterisation information about the polymers, FT-IR
technique was incorporated into this study revealing the main chemical bonds,
when compared with a database. FT-IR was repeated three-times for each
polymer case, MIPs and NIPs powder. Figure 4.20. shows no significant
differences between both polymers as observed by its almost identical FT-IR
spectra. Moreover, the same conclusion can be extracted by the triplicate

samples. For that reason, it can be concluded that there is an absence of
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template into the polymer structure so the synthesis as well as the template

extraction were successfully done.
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Figure 4.20. Comparison between the synthesised MIP (red) and NIP (blue) FT-IR spectra.

From the spectra, it was detected: (1) the broad band of hydroxyl groups around
3430 cm™ that can be attributed from the MMA units; (2) around 2950-2980 cm”
1and 1450-1470 cm™ the stretching and bending bands of methyl groups from
the MMA and the EGDMA were respectively detected; (3) it was also found the
carbonyl stretching at 1720 cm™; (4) the double C—O—C stretching at 1145 and
1250 cm}; (5) the rocking of the C—H stretching at 750 cm?; in the same line, at
1636 cm™, this peak can be associated with the double C=C bonding, which
might indicate an incompletely monomer polymerisation or an unreactive

portion of EGDMA that was not totally crosslinked.

If DNP was retained, especially in MIP synthesis or due to the incompletely
removal during the Soxhlet extraction, the nitro groups showed a strong band
around 1550 and 1350 cm™ corresponding to asymmetric and symmetric
stretching, respectively. Because of the absence of bands at 1150 cm™, it can be
inferred that there is no presence of template in the polymer, neither in the NIP

(due to an unprovable contamination). When focusing on 1390 cm™ band, it
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could be explained as the asymmetric bending of the —OH groups present on the

carboxylic acid of the MMA units.

The chemical bonding values obtained from the FT-IR agreed with the expected
polymer produced from FRP. The minimal value discrepancies in the
wavenumber and peak intensity might be related to the chemical structure and

space distribution due to synthesis replicates.

4.3.2. Electrochemical response
In this article, several studies were performed to elucidate the optimal
conditions for electrochemical measurements. These included: (1) the
establishment of an enrichment time well-balanced to differentiate MIP and NIP
specific entrapment onto the electrode surface versus a feasible time
measurement that might include cleaning processes; (2) a buffer and pH
optimisation test; (3) a repeatability and reproducibility study; and (4) a
specificity test to verify the imprinting process with MIP-based sensors in
different ratio of interferents species that could affect the pre-concentration
process of TNT. Finally, (5) calibrations curves against DNP and TNT were added
and (6) a PCA qualitative study was performed with several nitro aromatic
compounds to check the response of the dummy MIP sensor, its respective NIP

sensor and the GEC used as a bare sensor.
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4.3.2.1. Enrichment time
To check the enrichment time in order to optimise the experimental conditions
to perform DPV measures, stock solutions of 10 umol L™ for TNT and DNP were
measured. Without a cleaning step, the aforementioned solutions were
incubated and measured with a contact time range from 0 to 100 minutes. From

this experiment the resultant plots and non-linear fittings are shown in Figure

4.21.
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Figure 4.21. Enrichment time fitted curves for MIPs-sensors (A,C) and NIPs-sensors (B,D)
from 0 to 100 minutes when measuring a stock solution of 15 pmol L-1 for DNP and TNT.

To achieve optimal experimental conditions, the measurement time (including
cleaning steps) must be counter-balanced to obtain a good electrochemical
signal in terms of current intensity, and excessive scanning speeds must be
avoided. For this reason, a time of 5 minutes was chosen to obtain more than

two thirds of the final response with a reduced analysis time.
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4.3.2.2. pH and buffer optimisation
In order to optimise the conditions to achieve the highest peak value, the pH
range was studied. The pH range was evaluated between values ranging from 5

to 8, see Figure 4.22.
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Figure 4.22. pH responses using 3 MIP sensors towards [A] TNT and [B] DNP at different
buffer conditions.

Finally, the concluded maximum peak height value were obtained with PBS pH

7 due to TNT and DNP presenting better signals than other buffers.

4.3.2.3. Repeatability and reproducibility study
A repeatability test was performed in order check for sensor capabilities. Three
MIP and 3 NIP modified sensors were used to measure, 10 pumol L samples of

TNT and DNP, in separated solutions for 15 times on the same day, taking the

precaution to clean the surface electrode before each measurement.
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Figure 4.23. Repeatability measurements of MIP and NIP for (A) DNP and (B) TNT (n = 3).

As it shown in the figure above, repeatability values were obtained for 3 DNP-
MIPs and 3 DNP-NIPS sensors towards TNT and DNP. For TNT measures, the
values were 3.97% and 4.61%, respectively for MIP and NIP sensor. For DNP,
repeatability values were of 9.14% and 7.34%, respectively. The reproducibility
was studied five times for three DNP-MIP sensors with a concentration of 10
umol L samples. Both TNT and DNP samples were measured five times,
obtaining values of 6.5% for TNT and 5.5% for DNP. DNP-MIP sensors’
repeatability values against DNP showed slightly better results than TNT, which
is explained by the dummy imprinting performed for DNP, as can be seen in the

abovementioned figure.

4.3.2.4. Specificity study

Ten pumol L' TNT samples were measured in presence of various analytes
(acetaminophen, serotonin and tryptamine) to observe any interferent effects
for 3 different MIP sensors. These three substances could be considered
emergent contaminants, e.g., paracetamol is a common drug and tryptamine is
an amine. Serotonin was chosen because its different structures and

functionality cavities purpose, see Figure 4.24.
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Figure 4.24. Interferent study at different ratios of TNT versus acetaminophen [A,B,C],
serotonin [D,E,F] and tryptamine [G,H,l]. Each row corresponds to different MIP-sensors
(n=3).
As can be seen in the figures above there is no decrease of TNT reduction peaks
in presence of the different substances. In fact, this experiment was also
performed to validate the reproducibility of the different MIP-sensor
construction. If the figures’ rows are examined, it can be observed that there are
no significant differences among the different sensors’ response. This behavior
is due to the cavities being keyed to DNP or TNT, the more dissimilar the
structure of the compounds is, the lower is the adsorption in such cavities, thus,
lower is the signal. The size of the molecule, as well as steric hindrance may play
a big role in the adsorption of the different molecules in the cavities. TNT signal
remains the same intensity with the addition of these substances. This can

indicate that the polymers have specificity (as the TNT imprinting is not
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affected), and also there is another specificity due to the electrochemical

technique (because of the different potential signal).

4.3.2.5. Calibration curves
Raw data of the DPV voltammetric signals towards DNP and TNT are depicted in

Figure 4.25, for the different type of sensors versus DNP and TNT.
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Figure 4.25. Voltammetric responses from 0.55 to 19 umol L™! of DNP and from 0.45 to 15
umol L™ TNT for the prepared sensors. (A) MIP sensor versus DNP. (B) NIP sensor versus
DNP. (C) GEC sensor versus DNP. (D) MIP sensor versus TNT. (E) NIP sensor versus TNT. (F)
GEC sensor versus TNT.

The electrochemical signals of nitroaromatic compounds is quite characteristic.
In the case of DNP, it has a double reduction peak between -0.4 V and -0.6 V,
whereas TNT has three reduction peaks in the same region. The number of peaks
correspond to the number of nitro groups. The first nitro group reduction is
produced around -0.5 V, and usually has a sharp and defined peak; the second
nitro group is reduced around -0.65 V; the last nitro group is around -0.75 V. It
seems that the reduction that takes place in the MIP electrode surface shifted
these reduction peaks to more negative potentials when compared with the NIP

electrode, which presented peaks at -0.35V, -0.55 V and -0.65 V. For DNP, the
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two nitro reduction peaks appeared at -0.52 V and -0.68 V for MIP and NIP. DNP
did not present any difference in the reduction potential, i.e., no peak shift was

observed.

The concentrations ranges studied for both compounds were as follows: 0.55 to
15 pumol L for DNP and 0.45 to 10 umol L for TNT. Then, calibration curves
were constructed for DNP and TNT for each of the different electrodes, i.e., MIP

sensor, NIP sensor and GEC electrode, as shown in Figure 4.26.
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Figure 4.26. Calibration curves from 0.55 to 19 umol L™ for DNP (A) and from 0.45 to 15
pmol L™ for TNT (B) for the three different sensor types used in this study. Linear ranges
from 1.6 to 8.0 umol L™ for DNP and from 1.3 to 6.5 umol L™ for TNT are added in (C,D).

The samples for the calibration curves were measured per triplicate, each
triplicate in a different day. The baseline of the obtained voltammograms was
corrected and the first peak height was chosen to build the calibration curves.
Figure 4.27 shows the voltammograms for each specie and sensor incorporating

the baseline correction.
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Figure 4.27. Voltammetric with baseline correction responses from 0.55 to 19 umol L of
DNP and from 0.45 to 15 umol L' TNT for the prepared sensors. (A) MIP sensor versus DNP.
(B) NIP sensor versus DNP. (C) GEC sensor versus DNP. (D) MIP sensor versus TNT. (E) NIP
sensor versus TNT. (F) GEC sensor versus TNT.

LOD values (S/N = 3) were calculated form the calibration curves. The regression
lines were fitted with the first five concentration points, that is from 1.6 to 8.0
mol L for DNP and 1.3 to 6.5 mol L! for TNT. Fitting parameters for the

calibration curves are shown in Table 4.5.

Table 4.5. Summary of calibration results in the linear concentration region from 1.6 to 8.0
pumol L™ towards DNP and from 1.3 to 6.5 pmol L™ for TNT.

MIP NIP
DNP TNT DNP TNT
Sensitivity (LA umol™ L?) 1.84 56.6 1.33 4.41
Intercept (nA) 2.31 5.72 3.44 11.9
R? 0.99 0.98 0.99 0.99
LOD (umol L) 0.59 0.29 1.38 0.95
LOQ (umol L) 1.79 0.88 4.18 2.87
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According to the results obtained, the MIP electrode’s affinity is higher towards
TNT than towards DNP, the original template molecule. This behaviour may be
explained when considering the electrostatic interactions between the nitro
groups of the target molecule and the tailor-made binding sites, that is TNT has

three groups whereas DNP only has two. Thus, affinity is higher for TNT.

Additionally, the specificity was evaluated. The interference effect in mixtures
with TNT was studied, in this case the chosen compounds where
acetaminophen, tryptamine and serotonin. The objective was to determine if
the presence of these compounds in a sample containing TNT had any impact in

the uptake of TNT by the sensor.

For all the studied compounds (Figure 4.24), the TNT signals did not present any
substantial change; thus, the selectivity of the constructed MIP electrode was

demonstrated.

4.3.3. Specificity versus other nitroaromatic compounds
PCA was performed to evaluate the array capabilities to separate the different
samples. For that reason, mono-nitro and di-nitro aromatic species accessible in
the laboratory were measured per quintuplet at the same experimental
conditions including the same concentration in order to evaluate the specificity
of the imprinted sensor. This evaluated compounds, in extension to DNP and
TNT, were 2,4-DNT, 2,6-DNT, 2-NT, 1,3-DNB, 4-NT and 1-NB. Because of that, a
fix concentration of 10 mol L? of the corresponding analytes were used to

evaluate the differences in specificity response, see Figure 4.28.
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Figure 4.28. Comparison of voltammetric response of 10 umol L™? nitroaromatic compounds
for each sensor and different nitroaromatic species.

As can be seen in Figure 4.28, in the case of the MIP sensors the current
intensities are significantly higher compared to the NIP and GEC sensors for the
entire set of compounds group. This higher current intensity can be attributed
to the higher enrichment of electroactive species at the surface electrode due
to the active and specific imprinted sites able in the polymer. This study was

done with 3 replicates sensors of each sensor type.

However, when focusing on the specificity derived from this study, it seems clear
that TNT has a higher current than the rest of the species. In fact, TNT presents
a higher current followed by the group formed by 2-NT, 2,4-DNT, 1,3-DNB and
2,6-DNT, and finally, in the last group, we observe 4-NT, 1-NB and DNP. These
sub-groups can be explained by the nitro groups present in the molecule, but
also, the higher number of nitro groups helps to a higher concentration on the

surface of the polymer and consequently an increase of the signal intensity.

From this previous study, it can be seen that these sensors are able to

discriminate the different nitroaromatic compounds. Depending on the type of
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sensor the signal could be higher or lower in terms of peak height value. This
happened due to the MIP-polymer presence and their imprinting capabilities.

In order to identify the presence of specific compounds, their fingerprint signal
may be extracted from the complete DPV measurement, a task that can be done
using PCA. An example of application was done with a set of mono-, di- and tri-
nitro compounds to check abilities for identification and quantification. For this
purpose, five samples of each considered substance at 10 umol L concentration
level were measured using the MIP, NIP and GEC sensors. Results can be

observed in Figure 4.29.
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Figure 4.29. Score plots for each nitroaromatic compound performed with the voltammetric
signals of (A) MIP, (B) NIP and (C) GEC sensors for five replicates of each nitroaromatic
compound at 10 umol L™ after principal component analysis.
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As can be seen in Figure 4.29., identification is really facilitated when employing
the MIP sensor (Figure 4.29A), given each substance is clearly grouped in its own
cluster. Focusing on NIP and GEC sensors (Figure 4.29B and Figure 4.29C,
respectively) also a certain grouping is observed, but the clustering degree is
lower. In fact, in case of GEC sensors the degree of clustering is almost
inexistent. As a distinctive feature, it is to be mention that the main compounds
in this work, DNP and TNT appear in different clusters. This means a clear
difference in the obtained voltammograms, both for DNP and TNT is showed in
the respective fingerprints. The other substances in the study, the mono-nitro
and di-nitro compounds demonstrate their similarity by resulting placed in
neighbour positions, allowing their identification. The PCA scores plot for the
MIP sensor showed a better performance visualising better separation between
each nitroaromatic tested. To conclude, these results demonstrate the generic
ability of using MIP recognition elements combined with voltammetric sensors,
being as a generic starting point for a certain group of substances, allowing for

advanced identification applications “a le carte”.
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5.CONCLUSIONS

In the presented doctoral thesis an assortment of voltammetric MIP based
sensors were manufactured to develop an array of biomimetic sensors for
different applications, making them a versatile and affordable option in
comparison with their biological counterparts. MIP sensors were used to
improve the electrochemical response and performance using these polymers
as artificial receptors, in comparison with classical non-modified sensors, i.e.,
NIP or GEC. The analytical parameters such as linear range, sensibilities and
limits of detection or quantification are improved with its use, especially in the
case of large preconcentration times. Several applications of MIP sensors were

explored in different fields such as food and beverage industry, homeland



Conclusions

security, explosive detection and environmental monitoring. In comparison with

the conventional methods of analysis, sensing and biosensing field has better

capabilities in terms of time, power consumption, pre-treatment and portability.

The main conclusions are presented and divided in three sections according to

the representative work presented in this manuscript:

1.

2.

172

In the beverage production field:

MIP polymers were successfully synthesised and tested for two
different templates: 4-ethylphenol and 4-ethylguaiacol. To prove the
imprinting selectivity of those MIPs, a blank control namely the
respective non-imprinted polymer was synthesised and used for both
templates indistinctively.

Polymer based sensors were constructed by adding MIP or NIP
polymers, respectively, onto the bare electrode surface by via drop-
casting and spin coating immobilisation. MIP based sensor
modification improved the electrochemical response and its
performance with an appropriate transducer mechanism, in
comparison with the NIP sensor or the bare electrode (called GEC).

Once polymer sensors were constructed a sensory MIP array was
developed to use the electronic tongue approach for the very first
time. This electronic tongue was successfully applied for the
identification, quantification and discrimination of a mixture of 4-

ethylphenols responsible of the Brett character.

In the beverage preservation field:
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2.1. MIP polymer was successfully synthesised and tested using
histamine as a molecular template. Similarly, to the previous study
(see section 1.1.) the respective non-imprinted polymer was
synthesised.

2.2. Polymer and their corresponding sensors were strongly
characterised by microscopy techniques including: morphological
polymer studies and surface sensor examination using SEM and optical
microscopy with confocal technique, that was used to verify the
imprinting effect.

2.3. Histamine MIP sensors were developed and optimised in order to
obtain a better electrochemical performance and improving the
analytical parameters of interest.

2.4. Similarly, to the first article, the comparison among MIP, NIP and
bare sensor was carried out in detail. The results show a clear
improvement from MIP sensor respect the other ones.

2.5. The feasibility of the presented MIP voltammetric sensor was
compared with the industry gold standard. An agreement was found,
with non-significative differences, between the fluorimetric reference

method and the proposed electrochemical approach.

. In the security and environmental field:

3.1. The strategy of a dummy MIP was favourably applied, synthesising

a dummy molecularly imprinted polymer against 2,4,6-trinitrotoluene

(TNT), using the chemical and structurally analogue 2,4-dinitrophenol.
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3.2. Imprinted polymers were used in order to improve non-modified
sensor capabilities to quantify TNT and DNP. Better limits of detection
were obtained in the case of MIP sensors for both compounds, as well
as obtaining good results in repeatability, reproducibility and
specificity studies.

3.3. Discrimination sensor ability was presented in all sensors for a
myriad of nitroaromatic compounds. Which are catalogued as

emerging contaminants derives from TNT use.

Future perspectives

The present compendium presented three articles that use imprinting
technology to improve the voltammetric sensor response. MIPs can be
combined with the electrochemical techniques, and these articles proved that
the methodology enhanced the performance of the voltammetric sensors in the
ET approach. Furthermore, the research work compiled in this thesis have used
to gain experience and acquire the necessary know-how to elaborate, design
and validate the use of MIPs in electrochemical sensors. In fact, the introduction
of MIPs in the GSB laboratory, combined with the experience in advanced
chemometric calculations, allowed the improvement of the ET approach in food

and beverage, homeland security and environmental applications.

For that reason, the incorporation of computational approaches for the design
of MIPs might be an option to improve the synthetic pathway. This allows the
choice of better synthesis reagents, favouring the interactions among them in
the different stages of the synthesis to finally obtain an improved imprinting

effect.
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In the same direction, the use of different methods and types of polymerisation
might improve the homogeneity of the polymer. Including different methods of
synthesis might offer smaller particles that might allow the development of new
protocols for their subsequent incorporation into sensing platforms, especially
in the case of emulsion approach. On the other hand, focusing on the type of
polymerisation, the implementation of controlled radical polymerisation, (i.e.,
ATRP, NMP or RAFT), might provide a better growth of the branched chains

which would give the option to obtain a more homogeneous polymer.

In-situ polymerisation using conductive polymers opens up a new direct
polymerisation route using electrochemical techniques in one step synthesis, by
which it would be possible to obtain a better response and an immobilisation

onto the electrode surface by layers.

Also, novel techniques such as ink printing might be used to incorporate these
polymers onto sensor platforms in a more controlled and systematic procedure.
Paper based platforms might also be a good platform to develop a new branch

for cost-effective and versatile sensors.

These new approaches might open new MIP-based sensors to miniaturise future

devices for a portable, easy to operate and unequivocal response.
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sensor surface, as the recognition element, via sol-gel immobilization. The resulting MIP-functionalized
electrodes were employed to arrange an array of different biosensor electrodes to quantify by means of
ANN the binary mixtures of 4-EP and 4-EG yielding an obtained vs. expected correlation coefficient >0.98
and a normalized root mean square error (NRMSE) <0.076 (external test subset).
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1. Introduction

Since the first electronic tongue (ET) analysis system was pro-
posed in 1998 by Vlasov [1], a vast number of publications and
applications of these devices have been described in the literature.
This approach is based on the use of several sensors displaying
cross-response for the elements in a sample, with the combina-
tion of advanced mathematical data treatment in order to analyse
complex situations e.g. when the traditional sensors present unde-
sirable matrix effect. Although employing wide scope sensors is the
norm in ET research, the use of highly-selective sensing materials
may help in the final specificity of the analytical system, where a
sought goal might be the resolution of a mixture of similar com-
pounds, e.g. sugars or phenols.

Nowadays, there is an increasing interest in the improvement of
the ET performance, and thus in the generation of new application
fields which has ended in the development of a second generation
of ET named BioET [2,3]. The BioET follows the same approach of
the ET, but introducing one or more sensors modified with a spe-
cific bio-recognition element into the array. In the literature there
are examples that have already integrated different bio-recognition
elements such as antibodies or enzymes [4]. For instance, laccase
and tyrosinase have been widely integrated in the electronic tongue
and applied for the detection of phenolic compounds in wines [5],

* Corresponding author at: Sensors and Biosensors Group, Universitat Autonoma
de Barcelona, Campus UAB, Edifici Cn, 08193 Bellaterra, Spain.
E-mail address: manel.delvalle@uab.cat (M. del Valle).
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another interesting example is the use of different types of native or
recombinant acetylcholinesterases (AChE) for pesticide detection
in water taking profit of the different inhibition pattern [6].
Besides, examples using another biomolecular recognition sys-
tem that can be applied in the development of the BioET is that
of the Molecularly Imprinted Polymers (MIPs). MIPs are plastic
materials able to recognize biological and chemical species, which
are synthesized using host-guest principles [7]. In these, chemicals
targets are firstly used as templates during the polymerization to
generate molecular motifs, for example tailored made supramolec-
ular cavities allowing for the selective capture of the desired
molecules. MIPs present advantages towards other biorecognition
elements due to the possibility to work: in a wider pH range, using
higher temperatures or pressures, having physical robustness and
the feasibility of mimicking biological specificity reactions in a non-
physiological media. They also show high selectivity and affinity
towards the target molecule and they have low synthesis costs and
higher mechanical and chemical stability [8]. They can be, in prin-
ciple, synthetized ‘a la carte’ for almost any given substance and
there have been described MIPs for metal ions, organic molecules,
macromolecules, proteins, even microorganisms. Different types
of synthesis are used in molecularly imprinted technology such
as bulk [9], co-precipitation [10], nanoimprinting [11]. This field
maintains active research such in areas like: solid phase extrac-
tion (SPE) [12], high liquid performance chromatography (HLPC)
[13], drug delivery [14], environmental monitoring [15] sensing
[16,17] and electrochemical sensors [10,18]. Although the interest
in MIPs as recognition elements has increased in the last few years,
their integration in BioET system still to be developed. Examples
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using fluorescence electronic tongue have been developed for the
discrimination of several nucleobases by using docecanethiol MIP
films and PCA [19]; in the discrimination of different aryl amine
environmental toxins [20] or the classification of six health risk
compound including atrazine or chlorphyrifos among them [21].

An important limitation in the development of BioET with elec-
trochemical transduction and using MIPs is the complexity in the
MIP integration onto the electrode surface [10-22]. The major prob-
lem with MIP polymers is that they usually produce insulating
layers, making difficult their integration in the electrochemical sen-
sors; this is due to the impossibility of electron transfer between
the analyte captured by the MIP and the electrode. To this aim,
different approaches have been proposed in the literature such
as MIP entrapment onto gels followed by its deposition onto the
electrode surface [10,23], the electropolymerization within a con-
ducting polymer enviroment [24,25], or the direct synthesis as a
thin layer MIP onto a surface.

The case selected for application was the analysis of volatile
phenols, as defects during wine production. The presence of Bret-
tanomyces yeast during the wine fermentation stages causes losses,
running into millions, in the beverage sector industry. Due to the
use of oak barrels and the natural presence of the yeast in the grape
fruit [26], the proliferation of Brettanomyces yeast produces volatile
phenolic compounds such as 4-ethylphenol (4-EP), 4-ethylguaiacol
(4-EG) and 4-ethylcatechol (4-EC) among others [27], their pres-
ence in wine can modify the beverage properties providing a sort
of uncontrolled flavours and aromas that highly modify the wine
sensory perception [28]. Traditional analytical methods for their
detection are expensive, time-consuming, require qualified techni-
cians and high-cost equipments, making the development of rapid
and low-cost analysis method a real need in the wine industry to
avoid major losses [29]. The human threshold is approximately
0.5 wgmL~! for 4-ethylphenol [26], making the detection of this
compound in early fermentation stages a challenging demand on
the analytical chemistry sector, which needs on-site and label free
real time measurements.

Following the interest in ET of our group, in this work we pro-
pose a new BioET approach based on the use of MIPs as recognition
element integrated in the multielectrode array and utilizing differ-
ential pulse voltammetry (DPV) for the 4-EP and 4-EG detection.
MIP particles were integrated in the electrode using sol-gel tech-
nique in the presence of graphite as conducting material. 4-EP and
4-EG MIP were synthetized using co-polymerization standard pro-
tocols and immobilized onto the surface via a sol-gel membrane
[10]. The voltammetric data from the MIP modified electrodes was
analysed using chemometrics tools, such as principal component
analysis (PCA) for identification and Artificial Neural Networks
(ANN) for quantitative analysis. Our results demonstrate that MIPs,
obtained for the two selected templates, were successfully inte-
grated by a sol-gel immobilization onto each electrode surface
providing an electrode array which forms the first BioET using
MIPs as recognition element. Interferent studies showed that typi-
cal polyphenol present in wine did not interfere in the detection of
4-EP and 4-EG. Moreover, a classification study carried out using the
BioET and PCA demonstrated a good discrimination performance
among the 4-EP, 4-EG and the rest of the interferents. The devel-
oped BioET was finally applied for the determination of 4-EP and
4-EG mixtures, in a concentration range of 3-20 pg mL~1,

2. Experimental

2.1. Chemicals and reagents

Reagents used were analytical reagent grade and all solutions
were made up using MilliQ water from MilliQ System (Milli-

pore, Billerica, MA, USA). Divinylbenzene (DVB), 4-ethylphenol
(4-EP), 4-ethylguaiacol (4-EG), tetramethyl orthosilicate (TEOS)
and hydrochlohic acid (HCl) were purchased from Sigma-Aldrich
(St. Louis, Mo, USA). Ethylene dimethacrylate (EGDMA) was pur-
chased from Fischer Scientific. Methanol (MeOH) and Ethanol
(EtOH) were purchased from Scharlau (Barcelona, Spain) and
2,2'-azobis(2,4-dmethylvaleronitrile) (AIVN) was purchased from
Wako Chemicals GmbH (Neuss, Germany). Graphite powder (parti-
cle size <50 wm) was received from BDH (BDH Laboratory Supplies,
Poole, UK) and Resineco Epoxy Kit resin was supplied from Resineco
green composites (Barcelona, Spain).

2.2. MIP synthesis

In around bottomed flask, it was added 40 mL of EtOH, 0.5 mmol
of template (4-EP or 4-EG) and 2.05 mmol of DVB. The mixture
was then stirred gently at low temperature for 15 min. Afterwards
9.81 mmol of EGDMA and 0.08 mmol of AIVN were added and then
all the mixture was purged with nitrogen for 2 min. Synthesis of
MIP was done in a water bath thermally controlled at 60 °C during
16 h with magnetic stirring (See Figure SP1, supplementary data).
Then the polymer was extracted and dried for an overnight at room
temperature. The material was packaged in a cartridge and the tem-
plate extraction was performed with a Soxhlet using MeOH:HAC
(9:1) during 72 h. Control non-imprinted polymers (NIP) were also
synthesized for comparison purposes under the same conditions
that the MIP, but in the absence of the template molecule. All
the synthesized polymers were characterized by scanning elec-
tron microscopy (SEM) by using a scanning electron microscope
EVO®MA10 operated at 30kV. The resulting microscopy images
were treated with Fiji package software and Image ] software (Zeiss
GmbH, Jena, Germany) and Origin 8.0.

2.3. Integration of the MIP onto the sensor surface

Each final biosensor was prepared by the immobilization of the
MIP polymers in micro beads form onto the surface of a graphite
epoxy composite (GEC) electrode previously developed elsewhere
[30], using a sol-gel technique [10]. For preparation of the sol-gel
0.5 mL of TEOS, 0.5 mL of EtOH, 0.25 mL of H,0 and 25 p.L of HCl
0.1 M were vigorously mixed for 45 min and then rested for approx-
imately 35 min to arrive at the syneresis stage. Then 0.2 mL of the
rested solution were added to a 7 mg of graphite and 40 pL of a
15mgmL-! polymer (4-EP MIP, 4-EG MIP or NIP) suspension in
EtOH. This mixture was then spin-coated by depositing 10 L of the
solution onto the surface of the electrode and spinned using a spin-
coater made from a 12V DC motor. Polymerization was finished
drying the electrodes overnight at 4 °C. An additional electrode was
produced adding only 40 L of EtOH without any MIP or NIP poly-
mer; this was employed as control electrode, modified uniquely
with the sol-gel layer.

2.4. Sample preparation

All samples were prepared in phosphate buffer (100 mM KCl,
42 mM K, HPO4-2H,0, 8 mM KH;PO4, pH 7.0). For the electro-
chemical sensor characterization 4-EP and 4-EG samples were
prepared in 20 mL of phosphate buffer in a concentration range
of 5-35 wgmL~1. Moreover, for the adsorption kinetics onto the
electrode surface, the reproducibility and classification studies,
a unique sample of 7 wgmL~! was prepared and measured for
both analytes. Furthermore, for classification studies, 3 samples
of 25 ugmL-! for gallic acid and quercitine in the presence of
3 wg mL~! of 4-EP and 4-EG were prepared. For quantification stud-
ies a total of 33 samples were prepared by mixing both 4-EP and
4-EG in 4 concentrations levels in the range of 3-20 pgmL~! and
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Fig. 1. SEM images of the GEC surface (A), and GEC after sol-gel immobilization (B). SEM images for the modified electrodes using: 4-EP MIP (C), 4-EG MIP (D) and NIP (E).

subdivided in two sets (16 samples for the training set and 9 sam-
ples for validation set) by the use of an experimental design.

2.5. Electrochemical measurement

All the electrochemical measurements were performed using
AUTOLAB PGSTAT30 (Ecochemie, Netherlands) controlled with
GPES Multichannel 4.7 software package. The used voltammetric
cell consisted of a Ag/AgCl electrode as a reference electrode and a
platinum electrode as counter electrode. Graphite epoxy composite
electrodes (GECs) modified with MIPs, NIP and sol-gel were used
as working electrodes [32]. Differential Pulse Voltammetry (DPV)
measurements were recorded by scanning potential from 0V and
0.9V vs. Ag/AgCl with a step potential of 5mV and a pulse ampli-
tude of 50mV at room temperature without stirring. After each
measurement the electrodes were cleaned by repeating the DPV
measurement in pH 7 phosphate buffer solution.

2.6. Data processing

All the preprocessing and artificial neural networks routines
were built by the authors using MATLAB 2016b (MathWorks,
Natick, MA) programming environment and its Wavelet, Neural
Network and Statistical Toolboxes; while the graphical represen-
tation and analysis of the results was performed with Sigmaplot
(Systat Software Inc., San Jose, CA).

3. Result and discussions
3.1. SEM microscopy

The polymers and their integration onto the surface were char-
acterized by SEM technique. Images from the polymers before their
immobilization onto the electrodes show that similar polymeric
materials (see Figure SP2, supplementary data) with non-regular
spherical particles were obtained. The average size and standard
deviation of 4-EP MIP, 4-EG MIP and NIP was 0.76 +0.034 pm,
0.64+0.17 wm and 0.67 £0.14 um respectively, where it can be
assumed that all the materials have a similar particle size and dis-

tribution and they are also highly cross-linked. Additionally, these
equivalence make them especially suitable for comparison experi-
ments.

Fig. 1 displays the SEM images for the 5 different electrode
biosensors prepared in this work. The images were taken in order to
corroborate the presence of the polymers onto the electrode surface
and also to confirm that the polymer morphology was preserved
after the sol-gel deposition. The Fig. 1 A shows the SEM image from
the GEC surface while the rest of the images display the modified
electrodes with sol-gel (B), 4-EP MIP (C), 4-EG MIP (D) and NIP (E).
Due to the similar size of the polymers the only conclusion that can
be extracted from the comparison of the images is that the sol-gel is
immobilized onto the electrode surface, increasing the roughness
of it, but it was not possible to differentiate among the synthe-
sized polymers. In other words, equivalent surfaces were obtained,
independently of the MIP/NIP polymers used.

3.2. Individual electrochemical response

Prior to use the sensor as a BioET, the electrochemical behaviour
of each MIP biosensor was evaluated by studying the response of
each kind of electrode towards the two analytes of interest. By the
study of the adsorption kinetics of each electrode, the stripping
time was also established. A total of 4 types of electrodes were
prepared and their response against 4-EP and 4-EG evaluated with
the aim to demonstrate that both MIPs present higher response
than the control electrodes (NIP and sol-gel) but also to show their
cross-selectivity to each analyte, a pre-requisite for developing an
ET.

3.2.1. Adsorption kinetics

Since one of the characteristics to take into account in the use
of MIPs is the adsorption kinetics of the materials, the optimal
time where the specific adsorption processes are predominant to
the unspecific ones was investigated. This is a main feature to be
optimized in adsorptive stripping voltammetry (ASV). For this rea-
son, the 4-EP MIP and 4-EG MIP electrodes were evaluated in the
presence of 7 ug mL~! of their corresponding template analyte and
compared with the control NIP electrode and the sol-gel electrode.
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Fig. 2. Adsorption kinetics of the electrodes modified with MIP, NIP and sol-gel for the analytes 4-EP (left) and 4-EG (right).

The Fig. 2A displays the 4-EP kinetics obtained for the 4-EP
MIP electrode while Fig. 2B shows the results obtained for the
4-EG MIP electrode in the presence of 4-EG. In both cases the
adsorption processes of their respective templates present faster
adsorption processes, reaching the saturation value between 3 and
5 min, while the adsorption values for the control polymers (NIP
and sol-gel) are slower than the MIP. This region of the isotherm
also showed the maximum differences in the adsorption capabil-
ities among the MIP, NIP and sol-gel, indicating that the optimal
stripping time to perform the measurements was 3 min. However,
in the case of 4-EG, when the time increases, the control poly-
mer displays a similar signal to the MIP. This phenomenon can
be attributed to the fact that the unspecific adsorption processes
acquire amajor importance in the final adsorption signal, providing
another reason to avoid long-time stripping conditions.

3.2.2. Calibration curves and reproducibility of the electrodes

The biosensor performance of each MIP electrode was eval-
uated towards their corresponding template. In all cases, the
response of MIP, NIP and sol-gel electrode was evaluated by DPV.
In the case of 4-EP, the calibration curve was measured in a
concentration range between 5 and 35 ugmL-! (See Figure SP3
(left)) and the slope values were 2.19+0.04 pApg ' mL-! for
the 4-EP MIP electrode, 1.06+0.02 pA g mL-! for the NIP and
1.38+£0.03 pA g~ mL-! for the sol-gel; the corresponding LODs
were 1.33, 1.28 and 1.52 wgmL-! of 4-EP, respectively. The slope
value of the MIP was double than the NIP and the sol-gel, indi-
cating that the affinity for the analyte is better than in the rest of
the cases due to the presence of the tailored-made cavities. The
same experiment was carried out for the 4-EG MIP electrode (Fig-
ure SP3 (right)) with a concentration range of 3-21 wgmL-'. In
this case the slope values were 0.40140.014, 0.069 4+ 0.002 and
0.299+0.015 wApg~! mL~! for 4-EG MIP, NIP and sol-gel elec-
trodes, respectively and the LODs were 1.55,1.22 and 1.51 wgmL~!
of 4-EG, respectively [31].

In order to evaluate the day-to day reproducibility of the sen-
sors, two different calibration using 4-EP MIP electrode towards
4-EP were carried out using the same electrodes in two different
days. Moreover, in the second curve, the standards were intro-
duced at random. Slope values achieved were 0.797 +0.043 and
0.703 +0.021 pA g~ ! mL~! for the first and the second day respec-
tively, with correlation values of 0.979 and 0.993, respectively [31].
Comparing both results, a negligible reduction in the slope value
and a minimal increase in the regression coefficient was observed,
indicating that the electrodes can be used at least for 20 measure-

Table 1
Cross-calibration slope (wA/pg mL~1) and correlation value for MIP, NIP and sol-gel
in the presence of 4-EP and 4-EG.

Modification

4-EP MIP 4-EG MIP NIP Sol-gel
Sensitivity (wWA/mgmL-!) towards 4-EP  0.270 0.245 0.094 0.231
Correlation value 4-EP 0.976 0.970 0.961 0.989
Sensitivity (WA/mgmL-1) towards 4-EG 0.217 0.401 0.069 0.299
Correlation value 4-EG 0.981 0.989 0.994 0.990

ments with good reproducibility; furthermore, it demonstrates the
electrodes are suited to be used in a BioET.

3.2.3. Cross-selectivity

As it is well known, the cross-selectivity towards all compo-
nents in the sample is a mandatory feature which have to be
present in the BioET electrode array, condition that was expected
in this study due to the similarity in the chemical structure of both
targets. For this reason, the response of each MIP-electrode was
evaluated towards 4-EP and 4-EG. To corroborate this behaviour,
4 calibration curves were carried out, which linear fitting param-
eters are shown in Table 1. As it was expected, the response of
the 4-EP MIP electrode towards the 4-EP was significantly higher
than the response for 4-EG, giving slope values of 0.270 + 0.015 and
0.217+0.011 pA g~ mL-1, respectively. Equivalent behaviour
was found when the 4-EG MIP response was evaluated, obtaining
values of 0.245+0.015 and 0.401+0.014 wA wg~ ! mL~! for 4-EP
and 4-EG, respectively. In addition, the correlation parameters were
closer to 1 when each analyte was measured using their corre-
sponding MIP electrode.

Furthermore, the response of the NIP and sol-gel electrodes was
also evaluated. Although for the NIP electrode the obtained slope
values were negligible comparing with the MIP electrodes, in the
case of the sol-gel the slope values were comparable to the MIP
electrode response. However, the advantage in the use of MIPs is
the improvement in the selectivity instead of the sensitivity. As can
be seen below (Fig. 3), when MIPs are used, the interferents cannot
reach the electrode surface increasing the selectivity of the system.

3.3. Classification studies

In the qualitative approach, the following pure compounds
were evaluated: gallic acid, quercitine, 4-ethylphenol and 4-
ethylguaiacol. The first two as typical phenolic compounds present
in wine, the other two as volatile phenols responsible of the Brett
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Fig. 3. (A) Differential pulse voltammetry signals obtained for the considered compounds with the MIP (solid line) and GEC (dashed line) sensor and (B) Scores plot for the
three first principal components for the analytes 4-EP, 4-EG, and two polyphenols present in wine, Quercitine and Gallic acid.

character. All the samples were prepared in phosphate buffer solu-
tion and the polyphenol concentrations were 25 wgmL~! for gallic
acid and quercitine and 3 wgmL-! for 4-EP and 4-EG. The solu-
tions were prepared and measured by triplicate and the resulting
voltammetric responses (See Fig. 3A as example) were processed
employing Principal Component Analysis (PCA) for cluster visual-
ization. Data used for the processing, for each sample, included the
unfolded DPV voltammograms of the four biosensors forming the
array: the 4-EP and 4-EG MIPs, the NIP and the sol-gel.

As can be seen in Fig. 3B, which depicts the scores of the three
first principal components and represents the 95.6% of the accu-
mulated explained variance, each cluster corresponds to a specific
compound, with a clear separation between them.

3.4. Quantification study

Using the above biosensor array, the quantification model was
built based on a full factorial experimental design with 4 levels
and 2 factors: a set of 16 samples in the range of 3-20 wgmL~!
were used for training the model and an external set of 9 samples
was prepared for validation purpose. The sample concentrations in
the test subset were randomly distributed inside the concentration
range of the experimental domain.

The voltammetric data obtained with the 6-sensor array for each
sample is very rich but unfortunately this richness results in com-
plex highly dimensional data that difficults its processing using
ANNS . This data complexity has to be reduced, as it may hinder the
model performance and increase the training time exponentially.
The reduction of the complexity of the input signal (6 sensors x 164
current values at different potentials) is a necessary step that com-
presses the highly dimensional data of the original signals while
it preserves the relevant information; by applying a compression
step the generated model will perform better and will have a better
generalization ability [32].

The compression of the voltammetric data was achieved in this
case by means of Discrete Wavelet Transform [33]: each voltam-
mogram was compressed using the mother function Daubechies 3
and a 3rd decomposition level. In this manner, the 986 inputs per
sample were reduced down to 144 coefficients [34], achieving a
compression ratio of 85.4%.

After the compression step, the architecture of the neural net-
work was systematically evaluated: the final DWT-ANN model had
144 neurons in the input layer (the number of wavelet coefficients
obtained in the compression step), 3 neurons and tansig transfer
function in the hidden layer and 2 neurons and the purelin transfer
function in the in the output layer (corresponding to the concen-
trations of 4-EP and 4-EG).

The performance of the obtained DWT-ANN model is shown in
Fig. 4. Therefore, it can be seen that the model shows a linear trend
for both subsets. Nevertheless, the training subset is showing bet-
ter results but this fact is expected as it has been used to build the
prediction model; the test subset, a totally independent set of sam-
ples, is used to evaluate the performance of the obtained model and
as it is shown a linear trend is obtained.

The detailed regression parameters are shown in Table 2. A
satisfactory linear trend is obtained for both cases considered, as
commented previously with better results for the training subsets;
with intersections close to O, slopes and correlations near 1 and
a normalized root mean square error (NRMSE) of 0.049 and 0.059
for 4-EP and 4-EG respectively. The model was able to predict the
concentration of the binary test samples with a total NRMSE of
0.076.

In order to provide some contrast to the approach, results
obtained with the ANN model were compared with a PLS model,
one of the most widely employed chemometric methods. The lin-
ear fittings and selection of variables are shown in Fig. SP4 and
SP5, as it can be seen the ANN model has a slightly better perfor-
mance with slopes closer to 1.0 and correlation coefficients near
1.0. The train and test NRMSE values for the PLS model are 0.051
and 0.083 respectively, slightly larger than those obtained for the
ANN model. This small improvement in the overall predictive capa-
bilities is probably caused by some degree of non-linear response
which results in a better ANN model performance.

4. Conclusions

This work presents the combination of MIPs as recognitions ele-
ments and chemometrics tools such as ANN in a bio-electronic
tongue approach for the very first time. Molecularly imprinted
polymers for 4-EP and 4-EG and control polymer were synthesized
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Table 2

Results of the fitted regression lines for the comparison between obtained vs. expected values, both for the training and testing sets for the considered species (intervals

calculated at 95% confidence level).

Compound  Correlation  Slope Intercept (wgmL~')  RMSE (ngmL~') NRMSE  Total RMSE (ngmL-')  Total NRMSE
Train subset 4-EP 0.998 0.983+0.075 0.162+0.893 0.454 0.023 0.764 0.038

4-EG 0.996 0.977+0.106 0.223+1.274 0.614 0.031
Test subset 4-EP 0.997 1.019+£0.152 —1.060+1.978 0.980 0.049 1.527 0.076

4-EG 0.987 1.010+0.299 —0.892 +3.537 1.171 0.059

RMSE: root mean square error; NRMSE: normalized root mean square error.

and characterized successfully with similar morphologies. The syn-
thesized polymers were successfully integrated onto the sensor
surface, as a recognition element, via sol-gel immobilization.

The resulting MIP-functionalized electrodes were employed to
arrange an array of electrodes able to identify 4-EP and 4-EG from
some of the different polyphenolic compounds present in wine,
such as gallic acid or quercitine, even though their analogue chem-
ical structure.

The ANN model built has demonstrated a good performance for
the quantification of the binary mixtures of 4EP and 4EP with a
correlation coefficient >0.98 and a NRMSE <0.076.

4-EP and 4-EG can be discriminated with an estimated detection
limit of 1.3 pgmL~! for 4-EP and 2.4 wgmL~! for 4-EG, a slightly
worse value for the latter, originated in the fact that calibrations
here are with the two compounds simultaneously present.

Reported principles is of generic use, utilizable for a wide variety
of examples where the conditions is that differentiated MIPs can be
synthetized and template compounds are electroactive, a necessary
condition to obtain the voltammetric transduction.

Obviously this opens up animmense scope of possibilities where
advantages of one technology fits the other: the lack of selectivity of
MIPs is solved by ET principles and the lack of sensors for a certain
application is provided by molecular imprinting.
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Bioelectronic tongue using MIP sensors for the determination
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Figure SP1. Schematic representation of MIP synthesis towards both 4-EP and 4-EG.
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Figure SP2.(A1/B1/C1) Scanning electron microscopy of the obtained 4-EP MIP (left),
4-EG MIP (midle) and NIP (right). (A2/B2/C3) Histograms of the 4-EP MIP (letf), 4-
EG MIP (center) and NIP (right).
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This manuscript presents a voltammetric biosensing study with use of molecularly imprinted polymers to detect
histamine in wine. Polymer beads were synthesized by standard precipitation polymerization method and im-
plemented on the electrode surface via sol-gel immobilization. Scanning and confocal microscopy examinations
permitted characterizing the material. Adsorptive stripping voltammetry in differential mode was the technique
chosen for final application, selecting an enrichment time of 5 min. These conditions permitted a limit of de-
tection of 0.19 uygmL ™" (1.0 uM), with a linear response range from 0.5 to 6.0 uygmL ™' (2.71-32.4 uM). The

repeatability of the measurements was 4.6% relative standard deviation (n = 12). Principal component analysis
showed the ability of the prepared receptor for discriminating other biogenic amines and potential interfering
species. A final application, illustrating the determination of histamine, was completed to show agreement of
results between the fluorimetric reference method and the proposed electrochemical approach.

1. Introduction

Biogenic amines (BAs) can be found in different foods and beverages
associated to their microbiological degradation; they involve several
chemical species such as histamine, tyramine, cadaverine and pu-
trescine, among others. Normally, these compounds originate from the
decarboxylation of amino acids. BAs are considered as a hazard from a
biological and a chemical point of view as they are indicators of im-
proper or poor food preservation. Therefore, they can be used as control
parameter indicating storage, monitoring and hygienic condition of
several types of food and beverages. From a physiological point of view,
BAs may cause disorders and health problems that can include several
clinical profiles related with toxicological issues [1], gastric or/and
intestinal problems, or allergic responses [2]; other type of sympto-
matic effects can be headaches, nausea and asthma [3]. An un-
controlled ingestion of histamine in the stomach, could cause a decrease
of pH level due to HCl release, inducing gastric ulceration [4]. Despite
of the awareness that BAs may become toxic, it is difficult to establish
an individual level of toxicity because of their chemical variety, their
presence in different types of food and beverages and the difficulty to
associate the symptomatology with their ingestion. Among BAs, hista-
mine is the most common one, with abundant presence in fermentation
and degradation processes, especially in fish, meat, egg, cheese, beer or
wine; in these, histamine is generated through the decarboxylation of

* Corresponding author.
E-mail address: manel.delvalle@uab.cat (M. del Valle).

https://doi.org/10.1016/j.talanta.2019.120348

free histidine by histidine decarboxylase enzyme [5]. It is reported that
Leuconostoc mesenteroides bacteria have a high potential to produce
histamine and tyramine in wine [6]. In the beverage field, it can be
considered that the latter can be present at concentration levels of
5-50 mg dm~23 [7]. Despite individual BAs have been analyzed with
help of separation methods such as HPLC [8] and GC [9], nowadays
they are also determined by immunoassay [10], sensors [11] and bio-
sensors [12]. Recent criticisms to chromatographic methods are that
they are expensive, time consuming, of low efficiency and with re-
quirements of qualified personnel to perform sample pre-treatment,
analysis and determination. For these reasons, (bio)sensors can be a
good option to minimize cost and optimize the determination of BAs
[13].

Molecularly imprinted polymers (MIPs) are artificial receptors
based on host-guest principles with the aim of creating cavities in a
polymeric matrix which are specific for a molecule or molecule moiety
[14]. Moreover, they are highly crosslinked and contain recognition
sites mimicking antibody function [15,16]. The synthetic nature of
MIPs provides this material with interesting properties such as versa-
tility, robustness, cost effectiveness and the possibility to work out of
physiological conditions in terms of pH, temperature and ionic strength
among others [17]. Specially, performance of these new materials is to
be emphasized because of their non-denaturing and reusable features.
Notwithstanding these noticeable benefits, there are important
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difficulties in integrating this material on sensors and biosensors, a
challenging field that attracts the interest of the scientific community
worldwide [18,19].

Synthesis of MIPs needs a monomer capable of interacting through
labile bonds with the analyte template. With this idea in mind, me-
thacrylic acid (MAA) imprinted polymers are widely used to maximise
the interaction with amino and carboxylic groups, present in the tem-
plate and the monomer, respectively [20]. Recent literature contains
specific studies using MAA based-MIP selective histamine and its ana-
logues, as first scheme capable to detect and quantify this BA [21,22].
In an approach to devise MIPs with improved performance, computa-
tional methods can be employed as tools to predict the better affinity
among functional monomer, crosslinker and template. This type of
calculations can be of great interest to avoid useless synthesis and to
maximise experimental efforts [23-25].

Several alternatives have been described employing biosensors
using MIPs for BAs detection, e.g. the use of a quartz crystal micro-
balance [26], the use of a colorimetric sensor array [10], fluorescence
detection using graphene and quantum dots [27], electrochemical MIP
beads integrated in a carbon paste electrode [28], solid-phase imprinted
nanoparticles as recognition elements in polymeric matrix ion selective
electrodes [29] or sol-gel SiO, layer presenting absorbance transduction
for BAs [30].

Concerning MIPs and histamine, it is convenient to highlight two
interesting works that appeared in the recent literature. The first reports
a magnetic-bead functionalized with MIPs employed for pre-
concentration of the samples, improving the yield in the washing steps
and minimizing the matrix effect [31]; the other one features an assay
equivalent to an immunoassay with specific MIP and fluorescence de-
tection in a fish matrix [32]. Specific MIPs for BAs have been also
employed to perform solid phase extraction from wine matrix [33].

The main objective of this report is to develop an electrochemical
sensor based on the use of MIPs as recognition elements for histamine
detection, with use of the differential pulse voltammetry technique and
with application to wine analysis. In the present trend of increasing
selectivity and sensitivity of analytical procedures, molecular im-
printing technique is one of the most effective, cheap and simple
methods used in molecular recognition. In this context, MIP bead par-
ticles were synthesized and integrated onto graphite epoxy composite
(GEC) electrodes using a sol-gel immobilization matrix. Then, their
responses towards histamine were investigated and compared to those
of non-imprinted polymer and bare GEC electrodes. This characteriza-
tion is completed with a study of the specificity of this MIP sensor with
another BAs and analogue compounds that also can be found in the
wine. Final determination in wine matrix and comparison against the
reference method concluded the study. The developed protocol is
generalizable to any target molecule, with the only condition that the
latter must possess electroactive behaviour and must have potential
imprinting capabilities; the procedure is also versatile as can be used
with beads of different MIP types.

2. Materials and methods
2.1. Chemicals and reagents

Reagents used were of analytical reagent grade and all solutions
were made up using MilliQ water from MilliQ System (Millipore,
Billerica, MA, USA). Tetramethyl orthosilicate (TEOS), hydrochloric
acid, sodium hydroxide, gallic acid, p-coumaric acid, and o-phthal-
dialdehyde (OPA) were purchased from Sigma-Aldrich (Madrid, Spain).
Ethylene dimethacrylate (EGDMA) was purchased from Fisher
Scientific (Madrid, Spain). Methacrylic acid (MAA), phosphoric acid,
histamine dihydrochloride and tyramine hydrochloride were purchased
from Acros Organics (Geel, Belgium). Methanol (MeOH), Ethanol
(EtOH) and Acetic acid (HAc) were purchased from Scharlab
(Barcelona, Spain) and 2,2’-azobis(2,4-dimethylvaleronitrile) (AIVN)

Talanta 208 (2020) 120348

was purchased from Wako Chemicals GmbH (Neuss, Germany).
Graphite powder (particle size < 50 pm) was received from BDH (BDH
Laboratory Supplies, Poole, UK) and Resineco Epoxy Kit resin was
supplied from Resineco green composites (Barcelona, Spain). Measured
samples were prepared in phosphate buffer (100mM KCl,
42 mM K,HPO42H,0, 8 mM KH,PO,, pH 7.0).

2.2. Instrumentation

All polymerizations were done in a water bath controlled with a
Huber CCl1 thermoregulating pump (Huber GmbH, Offenburg,
Germany). The electrochemical measurements were performed with a
PalmSensTM four-channel multipotentiostat (Palm Instruments BV,
Houten, The Netherlands), and using a commercial 52-61 combination
electrode Ag/AgCl reference and platinum counter electrode (Crison
Instruments, Barcelona, Spain).

Fluorimetric measurements were recorded on a Fluorolog 1 Modular
spectrofluoriometer (Horiba Jobin Yvon, Longjumeau, France).

All the synthesized polymers were characterized by scanning elec-
tron microscopy (SEM) by using a scanning electron microscope
EVO®MA10 operated at 30kV. The sensors were examined with
MERLIN-FE-SEM microscopy operated at 15kV. Confocal Microscopy
inspections were performed with a TCP- SP5 Leica microscope.

2.3. Software and data processing

The electrochemical measurements were done employing the
Multitrace 4.2. software (Palm Instruments BV, Houten, The
Netherlands). The resulting microscopy images were treated with Fiji
package software and Image J software (Zeiss GmbH, Jena, Germany).
Principal Component Analysis (PCA) routines were programmed by the
authors using MATLAB 2016b (MathWorks, Natick, MA); while the
graphical representation and analysis of the results was performed with
Sigmaplot (Systat Software, San Jose, CA).

2.4. Polymer synthesis

An amount of 0.5 mmol of histamine dihydrochloride was weighted
and transferred to into a 250 mL round bottomed flask and dissolved
with 40 mL of ethanol. Subsequently, 2.05 mmol of MAA were added
into the flask and the mixture was stirred gently for 15 min. An amount
of 10.2 mmol of EGDMA and 0.10 mmol of AIVN were then added and
the mixture was purged with a flow of dry nitrogen for 10 min.
Polymerization was initiated in a water bath at 60 °C for 17 h with
magnetic stirring. After completing the reaction, the obtained polymer
beads were dried for an overnight at room temperature; next, they were
repeatedly extracted with methanol: acetic acid mixture (9:1 v/v) using
a Soxhlet system for 72 h to completely remove the template molecule.
Non-imprinted polymers (NIPs) for comparison purpose were synthe-
sized in the same manner described above, but without the addition of
the template histamine.

2.5. MIPs integration onto sensor via sol-gel immobilization

Biosensors were prepared by sol-gel immobilization of the polymer
beads onto the carbon electrodes; this consists essentially on creating an
appropriate conductive gel which incorporates the insulating polymer
beads. Once prepared, it can be deposited onto the sensor surface of a
graphite epoxy composite (GEC) [34] to obtain the final biosensor. For
the sol-gel preparation, 0.5 mL of TEOS, 0.5mL of EtOH, 0.25mL of
H,0 and 25 pL of HC1 0.1 M were vigorously mixed for 45 min and then
rested 35 min in order to achieve the optimal polymerization conditions
Then 0.2 mL of the previous solution were mixed with 7 mg of graphite
and 40 L of a 15mgmL~" MIP polymer suspension in EtOH. In a
parallel set up, 40 UL of EtOH were added to obtain a sol-gel modified
electrode without beads, which was taken as a control. The mixture was
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Fig. 1. SEM images of the MIP beads (A) and NIP beads (B) immobilized via sol-gel and bare graphite-epoxy composite (GEC) electrode (C).

stirred for 10 min at 1400 rpm. The membrane was then spin-coated by
depositing 10 uL of the solution onto the electrode surface and spun
using a home-made spin-coater (1 minat 11 X g). An equivalent control
sensor was prepared using 40 uL of a 15 mg mL ™' NIP beads suspension
for comparison purpose. Preparation of the biosensors was finished
drying the electrodes overnight at 4 °C [35] (Figure SP1, supplementary
material).

2.6. Electrochemical measurements

A first enrichment step was performed without any polarization of
the sensor. Next, the stripping was conducted using the differential
pulse voltammetric technique. For this purpose, potential was scanned
between 0 and 1.5V at a scan rate of 100 mV/s, with a step potential of
5mV and a pulse amplitude of 50 mV, without stirring. Different buffer
solutions made of acetate (0.1 M CH3COOH-CH3;COONa, pH 4.5),
phosphate (0.05M KH,PO,K,HPO,, pH 6.0-7.0), and tris-hydro-
xymethyl-aminomethane buffer solution (0.1 M tris-HCl, pH 8.0-9.0)
were prepared for pH optimization of the electrochemical measure-
ments. All these solutions incorporated an additional 0.1 M KCl saline
background for better electrochemical response. Calibrations were ob-
tained by the addition of aliquots of the histamine standard solutions
(1000 ugmL ™ ') into the measurement cell containing 20.0 mL of the
pH 7.0 phosphate buffer solution. All electrodes were regenerated after
each measurement by electrochemical cleaning, applying 1.5V for 45s
in phosphate buffer pH 7.0 (the working solution). The cleaning is a key
step to regenerate the polymers capacity of response, avoiding the
unspecific interaction responses that may affect their capacity binding.

2.7. Application to wine samples

White wine samples were analysed in parallel with the developed
sensor and with the OPA fluorimetric reference method, for comparison
purposes. Histamine generates a highly fluorescent complex with o-
phtaldialdehyde (OPA) that permits its determination at the ng'mL ™!
level. The complex absorbs at a wavelength of 350 nm and emits at
444 nm. It is important to mention that the reaction is stopped by
phosphoric acid after 4min of placing them in contact, being the
complex stable for 2 h; afterwards, it is degraded and the fluorescence
decays. To minimize sample matrix effects a previous extraction pro-
cedure is done. A wine aliquot of 25 mL was taken and its pH adjusted
at pH = 11 using NaOH 1M. Next, this alkaline solution was transferred
to an extraction funnel and 10 mL of n-butanol were added, shaking for
5min. The aqueous phase was removed from the funnel and 10 mL of
HCI 0.1M were added; the funnel was then vigorously shaken during
5min. The organic phase was removed and the fluorimetric reaction
was produced in the aqueous phase, where the histamine is transferred
[36]. A calibration with aqueous standards was performed but without
any extraction, in order to calculate the concentration in the wine
sample [37].

3. Results and discussions
3.1. Microscopy characterization

Once the MIP and NIP synthesis was completed, the obtained beads
particles were inspected using SEM microscopy, before their im-
mobilization onto the sensor surface. Aluminium stubs were used as
supports. A conductive carbon-tape or a conductive aluminium-tape
was added to the aluminium surface. A small amount of sample of MIPs
and NIPs was sprinkled into this. Then the conductive carbon-tapes
were metalized by an Au-Pd alloy (80:20) during 4min adding a
15-20 nm layer on the sample, which permitted to visualize the syn-
thesized polymer beads with a good contrast. The polymer beads
showed a non-regular, spherical shape (see Figure SP2, supplementary
material). Their average size and standard deviation were
0.61 = 0.18um and 0.74 = 0.19 um for MIPs and NIPs, respectively
(see Figure SP3, supplementary material). As can be observed there,
both types of particles presented a similar size and visual aspect, which
made the NIPs suitable to act as control.

On the other hand, Fig. 1 displays SEM images of the biosensors
constructed during this study, just after their preparation: MIP-mod-
ified, NIP-modified and graphite-epoxy composite (GEC), used as
electrode contrast. MIPs and NIPs, immobilized via sol-gel onto the GEC
surface resembled in their aspect, while GEC showed a totally different
surface. Apparently, there is a clear alteration in the surface roughness
after the deposition of sol-gel while there are no clear differences be-
tween MIPs and NIPs; any difference of response is to be due by the
imprinted sites towards histamine.

Confocal microscopy gave us a unique opportunity to characterize
the differences between MIPs and NIPs complexing ability, if the
fluorimetric OPA-histamine complex was created in situ. For this pur-
pose, MIP and NIP beads were equilibrated with histamine at the same
concentration of 5 ug mL™ ! (in 0.1M HCl media) and a negative control
was also performed without histamine, that is, in absence of the com-
plex. Next the reagent generating the fluorescent complex was added,
as the developer of the interaction. As it is shown in Fig. 2, MIPs, NIPs
and the control presented different fluorescence caused by the devel-
oped OPA-histamine complex. In Fig. 2A MIPs exhibit a much higher
intensity than NIPs (Fig. 2B), a proof of the specific capture through the
imprinted sites generated. It is interesting to remark that the negative
control (Fig. 2C) exhibits some degree of autofluorescence. Direct cal-
culation of obtained confocal data permitted establishing that the MIP
beads presented 2.15 times more fluorescence intensity than the NIPs, a
value that can be assigned to the imprinting factor.

3.2. Electrochemical measurements

3.2.1. Influence and optimization of pH

Histamine is a strong base with two basic centres of pKa 9.4 for the
side chain nitrogen, and of pKa 5.8 for the imidazole nitrogen group.
Although the compound contains three nitrogen atoms, it is a di-acidic
base because of resonance in the imidazole nucleus. Electroanalytical
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Fig. 2. Confocal microscopy of MIP beads (A) and NIP beads (B) after contact with a 5ugmL~" histamine-OPA complex. (C) Background fluorescence of MIPs as a
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performance of the modified electrodes in the oxidation of histamine
solution (5pgmL~"') was investigated in various supporting electro-
lytes at different pH values by differential pulse voltammetry. The
different media 0.1 M acetate buffer at pH 4.5, 0.05 M phosphate buffer
at pH 6.0 and 7.0, and 0.1 M Tris-HCI buffer solutions at pH 8.0 and 9.0
were tested for this purpose. The pH of the supporting electrolyte has a
significant influence on the electrooxidation of histamine at the mod-
ified electrode (see Figure SP4, supplementary material). For example,
in acidic media, the NH,- group of the analyte will protonate to NH;*—
and consequently the adsorptive mechanisms will change, resulting in a
decreasing current for the histamine peaks in acidic solution (pH 4.5).
Since the maximum peak current for histamine was recorded at pH 7.0,
further experiments were performed at phosphate solution buffered at
this pH. Furthermore, while histamine exists as positively charged at pH
7, the MIP microparticles are negatively charged due to the deproto-
nated MAA (pKa = 6-7) moieties; thus, electrostatic interactions can
also occur, providing proper conditions for enrichment in the ad-
sorptive procedure explained next. The final utilizable signal was a
single oxidation peak, centred at +1.10,+1.15 V vs. Ag/AgCl.

3.2.2. Contact time optimization

Contact time was another important parameter that was examined
and optimized for the adsorptive stripping procedure. For this aim, the
prepared electrodes were inserted into 5ugmL ™' histamine solutions
for various times, without any explicit polarization, and next, voltam-
metric determination was performed, observing oxidation of adsorbed
analyte (see Figure SP5, supplementary material). According to this
figure, increasing contact time leads to a marked increase in the ob-
served peak current of histamine until about 5min, when a turning
point is perceptible. From this experience, an enrichment time of 5 min
was chosen for further DPV experiments. The same behaviour was ob-
served when this experiment was repeated at 1ugmL~' histamine
concentration. Therefore, response characteristics can be modulated, if
needed, by increasing the enrichment time to attain a lower con-
centration range (or the contrary for a larger one).

3.2.3. Repeatability and reproducibility

The intra-day repeatability of the peak current magnitude was de-
termined by successive measurements (n = 12) of a 5pgmL~" hista-
mine standard in phosphate buffer under the optimized experimental
conditions. The relative standard deviation (RSD) was calculated as
4.62% (Fig. 3), indicating a good repeatability of the MIP sensor. These
satisfactory results confirm a proper choice in running an electro-
chemical cleaning step between samples, which minimized cross-talk in
analysis.

In order to evaluate the day-to-day reproducibility of the imprinted
sensor, three different calibration curves were carried out in three
different days, as detailed in Table 1. Reproducibility of these

40
- V1P
351 I NIP
I GEC

Currrent (uA)

1 2 3 4 5§ 6 7 8 9

10 11 12
Measures

Fig. 3. Repeatability measurements (n = 12) of biosensors prepared from MIP
beads, NIP beads and comparison against the bare graphite-epoxy composite
(GEC) electrode.

Table 1
Day-to-day reproducibility of calibration of a given histamine MIP biosensor.

Slope (UA mg~ L) Intercept (mgL™1) Correlation Coefficient

Day 1 4.919 0.065 0.9989
Day 2 4.675 0.184 0.9997
Day 3 4.816 0.166 0.9989

measurements was calculated as 2.61% RSD, extracted from the var-
iation of the slopes. These results showed that the sensor had a re-
markable reproducibility, again thanks to the proper definition of the
measuring protocol.

3.2.4. Calibration study

The calibration plot was constructed from the DPV response, and is
illustrated in Fig. 4; this clearly shows two linear segments, probably
caused by the saturation of the amount of available recognition sites in
the MIP beads. The MIP sensor presented thus a good linear relationship
in the lower range, starting from 0.5ugmL~! to 6.0ugmL™! (or
2.7-32.4 uM). The linear regression equation was determined as fol-
lows: Y = 4.9416C — 0.0779 (R? = 0.9992). The limit of detection
(LOD) and limit of quantification (LOQ) were calculated as 3S/m and
10S/m respectively, where S represents the standard deviation of the
regression and m is the sensitivity of the calibration. The LOD and LOQ
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Fig. 4. Adsorptive DPV response of the developed sensors against histamine (phosphate buffer pH = 7.0).(A) Generic calibration range examined with the inset of the
low concentration linear range; (B) Obtained voltammograms for the MIP sensors; (C) Obtained voltammograms for the NIP sensors.

values were calculated as 0.19pugmL~* (1.0uM) and 0.62ugmL~*
(3.4 uM), respectively. When comparing the slopes obtained for MIP
and NIP beads (at the lower concentration range), the ratio of slopes
resulted 2.27, a value that again can be considered the imprinting
factor, and which is consistent with the previous figure obtained by
confocal microscopy (Section 3.1).

3.2.5. Interferents

In order to evaluate the response of the MIP sensor in wine matrix,
different potentially interfering compounds were evaluated. In addition
to histamine the compounds chosen were tyramine, as a second, related
compound, biogenic amine and coumaric acid and gallic acid, as po-
tential polyphenolic interfering species, in the wine matrix.

The tool employed to inspect the different voltammetric responses
was principal component analysis (PCA). Calibration curves were per-
formed for tyramine, coumaric acid and gallic acid and its voltammetric
responses were processed using PCA. As can be seen in Fig. 5 histamine
forms a very distinct cluster indicating a differentiated voltammetric
response, and only coumaric acid and tyramine are confounded by the
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Fig. 5. Multivariate transformation using principal component analysis (PCA)
of the voltammetric responses of the selectivity features of the MIP-modified
sensors; discrimination of histamine, gallic acid, p-coumaric acid and tyramine.

prepared sensor, an insignificant fact, as their detection is not the de-
sired purpose.

3.3. Application to real sample analysis

In order to evaluate the feasibility of the proposed MIP biosensor,
wine samples were analysed by electrochemical method and compared
with the fluorimetric reference procedure, in accordance with standard
international recommendation [37]. Previously, the histamine peak
could not be seen in beer samples at +1.10 V, suggesting an extremely
low level which forced us to consider only wines. The electrochemical
method was performed with histamine ranging from 2 to 12 uyg mL ™' in
phosphate buffer at pH 7. The comparison results of the two methods
are summarised in Table 2. In this, it can be observed that the elec-
trochemical results obtained from wine samples were comparable to the
gold standard fluorimetric method. The standard deviation for fluori-
metric procedure was slightly better than the electrochemical one,
probably due to the matrix effect of the wine samples in the electro-
chemical method, while the fluorimetric one included its removal. Also,
it used one extra replicate, that probably could also improve this fea-
ture.

4. Conclusions

This research has provided a biosensor based on molecularly im-
printed polymers used as recognition elements for histamine detection
and integrated in a voltammetric transducer. MIP and NIP beads were
successfully synthesized and presented a similar, high porosity mor-
phology that made them comparable. Confocal microscopy showed an
increasing binding capacity for OPA-histamine complex in the MIPs
when compared with the control. The integration of the polymers onto
GECs surface via sol-gel immobilization provided a homogeneous layer
that allowed a satisfactory preconcentration of histamine in wine. The
biosensor presented a linear range from 0.5pgmL~! to 6.0 uygmL ™!
and a LOD of 0.19pgmL~"' for histamine, values that could be

Table 2
Results obtained for two wine samples using the developed MIP biosensor, in
comparison with the reference fluorimetric method.

FLUORIMETRIC VOLTAMMETRIC

Winel Wine2 Winel ‘Wine2

(mgL™" (mgL™" (mgL™") (mg L™
Replicate 1 0.033 0.273 0.048 0.254
Replicate 2 0.037 0.280 0.036 0.245
Replicate 3 0.039 0.294 0.043 0.223
Replicate 4 0.038 0.299 - -
Mean (ppm) 0.037 0.287 0.042 0.241
s (ppm) 0.002 0.012 0.006 0.016




A. Herrera-Chacon, et al.

diminished if longer enrichment times were used. The study of inter-
ferents demonstrated a good capability for histamine discrimination as
the voltammetric signals from interfering substances were clearly dis-
tinct from the histamine signal. The method disclosed herein is com-
pared with the reference fluorimetric method for histamine detection in
white wine samples; the results obtained with the presented electro-
chemical method show comparable performance with the reference
method. The alternative presented, that combines molecular imprinting
technology and electrochemical sensing, provides a fast, robust, on-site
and cost-effective method that is comparable with the official method.
Finally, it has to be remarked the effectiveness and simplicity of the
concepts applied in this work, which in addition can represent a generic
universal approach that may be custom-adapted to any given analyte
with the only condition that it may allow the imprinting. In addition, it
does not require any specific polymer chemistry, whereas any MIP at-
tainable in bead form might be integrated in this biosensor.
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Figure S1. Process followed for the MIP beads integration onto the sensor surface via sol-gel
immobilization.

Figure S2. Scanning electron microscopy (SEM) images of (A) histamine imprinted polymer
(MIP) beads, and (B ) the non-imprinted polymer (NIP) beads.
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Figure S3. Histograms corresponding to the measured bead size of synthesized MIPs (left) and
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histamine using the MIP developed biosensor.



Article 3

Dummy Molecularly Imprinted Polymers Using DNP as a Template Molecule for

Explosive Sensing and Nitroaromatic Compound Discrimination

Herrera-Chacon, A., Gonzalez-Calabuig, A., & del Valle, M.
Chemosensors, 2021, 9(9), 255

DOI: 10.3390/chemosensors9090255






-
(@ chemosensors

Article

Dummy Molecularly Imprinted Polymers Using DNP as a
Template Molecule for Explosive Sensing and Nitroaromatic
Compound Discrimination

Anna Herrera-Chacon, Andreu Gonzalez-Calabuig and Manel del Valle *

check for

updates
Citation: Herrera-Chacon, A.;
Gonzalez-Calabuig, A.; del Valle, M.
Dummy Molecularly Imprinted
Polymers Using DNP as a Template
Molecule for Explosive Sensing and
Nitroaromatic Compound
Discrimination. Chemosensors 2021, 9,
255. https://doi.org/10.3390/
chemosensors9090255

Academic Editor: Pi-Guey Su

Received: 4 August 2021
Accepted: 6 September 2021
Published: 8 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Sensors and Biosensors Group, Department of Chemistry, Universitat Autonoma de Barcelona, Edifici Cn,
Bellaterra, 08193 Barcelona, Spain; anna.herrera@uab.cat (A.H.-C.); andreugc27@gmail.com (A.G.-C.)
* Correspondence: manel.delvalle@uab.cat

Abstract: This work reports a rapid, simple and low-cost voltammetric sensor based on a dummy
molecularly imprinted polymer (MIP) that uses 2,4-dinitrophenol (DNP) as a template for the
quantification of 2,4,6-trinitrotoluene (TNT) and DNP, and the identification of related substances.
Once the polymer was synthesised by thermal precipitation polymerisation, it was integrated onto a
graphite epoxy composite (GEC) electrode via sol-gel immobilisation. Scanning electron microscopy
(SEM) was performed in order to characterise the polymer and the sensor surface. Responses towards
DNP and TNT were evaluated, displaying a linear response range of 1.5 to 8.0 pmol L~! for DNP and
1.3 to 6.5 pmol L~1 for TNT; the estimated limits of detection were 0.59 pmol L~1 and 0.29 pmol L1,
for DNP and TNT, respectively. Chemometric tools, in particular principal component analysis
(PCA), demonstrated the possibilities of the MIP-modified electrodes in nitroaromatic and potential
interfering species discrimination with multiple potential applications in the environmental field.

Keywords: molecularly imprinted polymers; dummy template; voltammetric detection; 2,4,6-
trinitrotoluene; nitroaromatic compounds

1. Introduction

There is an increasing interest in analytical methods for determining, quantifying and
discriminating pollutant compounds in different matrices. Desirably, the analytical re-
sponse should be fast, portable, reliable, cost-effective, with low-power consumption, easy
to manipulate, and able to be used in indoor and outdoor spaces for on-site measurements.
The field of sensors and biosensors tackles this challenging demand, improving sensing
abilities year by year. A key element in the performance of sensing devices is its recognition
capability. Molecularly imprinted polymers (MIPs) can be introduced in biosensing as
the necessary recognition element, in this case derived from a synthetic approach. As a
result, the sensor field can improve response features in a simple and inexpensive manner
by incorporating these new recognition elements, which may constitute an alternative to
antibodies, for example.

MIPs acting as artificial receptors have demonstrated their applicability in several
fields; among these, we can note the food industry [1,2], environmental monitoring [3,4],
clinical diagnosis [5,6] and forensic field [7]. MIPs are perfect candidates to improve
the performance of current analytical methods due to their versatility, functionality, and
ability to sample pre-concentration [8], separation [9] and/or purification [10]; alternatively,
they may be used as a recognition element for the development of different biosensing
strategies [11,12] and also in drug delivery [13].

Recently, the use of dummy MIPs has been described, i.e., when MIPs are synthesised
towards an analogue molecule of the target analyte, which cannot be used as a template
during the synthesis of the polymer. This happens when the analyte is (1) expensive, (2)
has a poor solubility or by-products are generated that hinder the imprinting, or (3) is
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considered a hazard. For example, the use of dummy MIPs has been reported for detecting
fluoroquinolones in fish samples [14], for detecting bisphenol A in river water samples [15],
and for providing an alternative to acrylamide removal in foodstuffs [16].

Precisely, the use of dummy MIPs is a choice of interest when aiming for the detection
of explosive compounds [17], such as nitroaromatic species [18]. A habitual task in forensic
laboratories is to detect or confirm the presence of explosives [19] or explosive residues [20].
There is also a need to quantify explosives at trace level after a detonation [21,22], or in
contaminated underground water reservoirs [23].

Nitroaromatic species are excellent candidates for electrochemical sensing due to
inherent electroactivity, given their characteristic electron-transfer reduction reactions and
their electron-acceptor properties [24,25]. For all the above reasons, their electrochemical
sensing ability has become a promising alternative to address the growing security needs
of society. Specifically, TNT, a common nitroaromatic explosive, complies with the above-
mentioned characteristics, making it a candidate to employ the dummy MIP strategy [26].
The following Table 1 presents a survey of recently published methods for determining
TNT and related substances, focusing on sensor based procedures.

Table 1. Summary of recent studies dedicated to the detection of TNT, detailing the strategy and technique employed, linear

range and limit of detection.

Sensing Platform Interferents Technique Linear Ilfil;)ge (mol ( m';?]? 1) Reference
Molecularl'y 1mprlnted Trimesic acid, isopthalic acid Cyclic 01 x 10-9-10.0 x T
polydopamine films onto and Voltammetr 10-9 50.0 x 10 [27]
gold electrodes 4-nitrophenol y
Carbon paste electrodes Pheno.l , Aniline, Square-Wave 5.0 x 1079-1.0 x 9
oo . . para-Nitrophenol, 6 1.5 x 10 [28]
modified with MIP particles S . Voltammetry 10
Benzoic acid and Nitrobenzene
Gold nanoparticles/poly Paracetamol-caffeine-based
(carbazole-aniline) analgesic drug, acetylsalicylic Square-Wave 44 x 107744 x 11 % 10-7 [29]
film-modified glassy carbon acid (aspirin), sweetener, Voltammetry 10~ ’
electrode and sugar
Alkanethiols self.-gssembled Trinitrobenzene, dinitrotoluene  Differential Pulse 4.0 x 1078-3.2 x s
on AuNPs modified glassy .. 6 1.3 x 10 [30]
and dinitrobenzene Voltammetry 10
carbon
Dummy molecularly .
imprinted polymers with 2,4-d1.n1tr0phenol, 0.8 x 1076-30.0 x 6
4-nitrophenol, Fluorescence 6 0.28 x 10 [18]
capped CdTe quantum L. 10
dots phenol, and dinitrotoluene
Nitrobenzene, p-Nitrotoluene,
Dinitrotoluene, Trinitrophenol,
Naphthalene based cyclotrlmethyllenetrlmtramme, UV-Vis 5 % 10-9- i
fluorescent probe cyclotetra- spectroscopy 1% 107° 1510 311
methylenetetranitramine and
Hexanitrohexaazaisowurtzi-
tane
; ; i ; ini ~11
Amine funct19nallsed Nltrobenzer}e., dinitrotoluene Fluorescence 44 x10 s —4.0 x 43 x 10-11 [32]
nanoparticles and trinitrophenol 10
Nitrobenzene, dinitrotoluene 22 x 10710-3.1 x ~10
Fluorescent paper and trinitropheriol Fluorescence 10-8 1.4 x 10 [33]
MIP fu.nctlonahsed carb.o n Paracetamol, serotonin, Differential pulse 6 6 6 The present
graphite epoxy composite . 1.5 x 107°-8 x 10 0.29 x 10
tryptamine voltammetry work

electrodes

The presence of TNT and its degradation products in bodies of water has been consid-

ered by environmental agencies as a major concern. For example, monitoring, clean-up and
adsorption experimental methods are needed, especially in the case of explosive-related
compounds, where the legally tolerated levels in ground waters are in the microgram
per litre range [34]. Apart from facilities dedicated to the manufacturing, processing and
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storage of munitions, TNT can be released into the environment through spills, weapon
firing, leaching from inadequately sealed impoundments, or zone demilitarization. TNT
has been classified as a probable human carcinogen by the United States Environmental
Protection Agency (USEPA) [35]. According to USEPA, TNT in drinking water poses a
considerable risk of inducing cancer at concentrations above 0.44 pumol L1 [36]. Thus,
there is a need to develop affordable and reliable methods to determine TNT levels, which
can be deployed on-field, especially in countries where the access to more sophisticated
techniques, e.g., high-performance liquid chromatography (HPLC) or solid-phase extrac-
tion and gas chromatography/mass spectrometry (GC/MS), may not be accessible. In the
same direction, the electrochemical sensor and polymer synthesis proposed here is easy to
conduct in non-specialist laboratories and undemanding to reproduce, due to the cheap
and readily available reagents and laboratory apparatus, which is an advantage in cases of
resource-limited facilities.

Electrochemical sensors for the detection of nitroaromatic compounds, such as TNT,
have been described in the literature in studies that use screen-printed sensors [37,38];
additionally, voltammetric sensors modified with cobalt phtalocyanine [39], carbon fi-
bres [28], carbon nanotubes [40], mesoporous carbon [41] and gold nanoparticles and
poly(carbazole-aniline) have been specially electropolymerized to imprint nitroaromatics
and nitramines [29]. These electrochemical sensors have special advantages, including their
ability to be miniaturised which enables them to be used in portable equipment, making
on-field detection in difficult scenarios possible. In the same line, these electrochemical
sensors may be also involved in the detection of analytes in water samples without the
need for sample pre-treatment, which translates to faster measurements due to the absence
of extractions with organic solvents or demanding procedures to clean up and pre-treat
the samples.

Although several approaches have been recently reported, see Table 1, with extensive
linear ranges and low limits of detection, we think that there has been a persistent, urgent
need for a simple, cheap, and robust sensor which is able to detect and quantify TNT and
DNP and to identify related substances in a fast and reliable manner in on-field situations.

In this study, the abovementioned purpose was accomplished by a molecularly im-
printed polymer for TNT using the TNT analogue 2,4-dinitrophenol (DNP) as a dummy
template. Obtained polymers in the form of microbeads were next integrated into graphite
epoxy composite (GEC) electrodes in a fast, simple and versatile process, converting in-
sulating polymers in a biomimetic recognition element able to be employed as a reusable
voltammetric sensor. Responses of these developed sensors towards TNT and DNP were
studied, and the selectivity was evaluated with respect to additional nitroaromatic species
which could be interferents in real samples, such as: 1-nitrobenzene (1-NB), 4-nitrotoluene
(4-NT), 1,3-dinitrobenzene (1-DNB), 2-nitrotoluene (NT), 2,4-dinitrotoluene (2,4-DNT),
and 2,6-dinitrotoluene (2-DNT). At the same time, many of these mono-nitro and di-
nitroaromatic compounds may be degradation products of energetic materials, which
envisages their use in environmental applications [42—44].

The schematic plot of the imprinting process is depicted in Figure 1. The dummy
molecularly imprinting approach is shown by replacing the DNP imprinting motif by the
TNT as the final analyte.
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Figure 1. Schematic procedure of polymer imprinting synthesis process employing 2,4-dinitrophenol (DNP) and its

immobilization onto the surface sensor.

2. Materials and Methods
2.1. Chemicals and Reagents

Tetramethyl orthosilicate (TEOS), hydrochloric acid, sodium hydroxide, 1,3-
dinitrobenzene (DNB), 2-nitrotoluene (NT), 2,4-dinitritoluene (DNT), 2,6-dinitrotoluene
and 2,4-dinitrophenol (DNP) were purchased from Merck (Darmstadt, Germany). Ethylene
dimethacrylate (EGDMA), methacrylic acid (MAA), 1-nitrobenzene (NB) and 4-nitrotoluene
(NT) were supplied by Acros Organics (Geel, Belgium). 2,4,6-trinitrotoluene (TNT) was
obtained from LGC standards (Teddington, Middlesex, UK). Methanol (MeOH), ethanol
(EtOH) and acetic acid (HAc) were acquired from Scharlab (Barcelona, Spain) and 2,2-
azobis(2,4-dimethylvaleronitrile) (AIVN) was purchased from Wako Chemicals GmbH
(Neuss, Germany). Graphite powder (particle size < 50 um) was received from BDH
(BDH Laboratory Supplies, Poole, UK) and Resineco Epoxy Kit resin was supplied by
Resineco Green Composites (Barcelona, Spain). All reagents used were of analytical reagent
grade, and all solutions were made up using MilliQ water from MilliQ System (Millipore,
Billerica, MA, USA). The final experimental samples were prepared in phosphate buffer
(100 mmol L~! KCI, 50 mmol L~! K,HPO,-2H,0, 50 mmol L~! KH,POy, pH 7.0).

2.2. Equipment and Software

Imprinted polymers were synthesized in a water bath controlled with a Huber
CC1 thermoregulation pump (Huber GmbH, Offenburg, Germany). Polymer beads and
polymer-modified electrodes were characterized by scanning electron microscopy (SEM)
and FT-IR, employing a MERLIN FE-SEM and an IR Spectrophotometer Tensor 27, Bruker,
respectively. The resulting microscopy images were treated with Fiji package software
and Image ] software [45] (Zeiss GmbH, Jena, Germany). The electrochemical cell for
voltammetric measurements employed a commercial 5261 combined Ag/AgCl reference
and counter platinum electrode (Crison Instruments, Barcelona, Spain) and was connected
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to an AUTOLAB PGSTAT30 (Ecochemie, Utrecht, The Netherlands) controlled with the
GPES Multichannel 4.7 software package. Electrochemical data were plotted using Origin
8.0, whereas PCAs were calculated by the authors using techniques in MATLAB 2016b
(MathWorks, Natick, MA, USA).

2.3. Polymer Synthesis

Quantities of 0.5 mmol of DNP and 1.05 mmol of MAA were transferred into a 250 mL
round-bottomed flask and dissolved with 40 mL of EtOH. The solution was gently stirred
in an ice bath for 30 min. Afterwards, 10.2 mmol of EGDMA and 0.10 mmol of AIVN were
added to the solution and the obtained mixture was purged with a flow of dry nitrogen for
15 min. Polymerisation, in bead forms, was initiated in a water bath at 60 °C with magnetic
stirring; the obtained polymer was collected after an overnight reaction. After this, the
MIP was dried overnight at room temperature, the polymer was transferred into a Soxhlet
system, and the template was extracted using a mixture of methanol:acetic acid (9:1) over
72 h. Non-imprinted polymers (NIPs) were prepared following the same methodology, but
without the addition of the template molecule.

2.4. Sensor Preparation

The so-called graphite epoxy composite (GEC) electrode was prepared by soldering a
5 mm diameter copper disc into an electrical connector. Then, the connector was placed
into a 6 mm inner diameter PVC tube. Afterwards, a mixture of epoxy resin and graphite
was prepared in order to allocate the conductive graphite particles into a robust matrix.
Once the epoxy graphite resin was added, the sensor was cured for 48 h in an oven at
65 °C. The resulting sensors had a sturdy surface which could be regenerated after a
light polishing with sandpaper [46,47] and easily functionalised with several recognition
elements [48,49]. Once the bare sensor was prepared, the MIPs were incorporated into the
sensor. Once discarded, GEC sensors could be regenerated and reused by repeating the
polishing procedure.

2.5. MIP Modification of Electrodes by Sol-Gel Entrapment

The polymers employed herein had an insulator nature; therefore, the proposed
strategy was to create a conductive paste which incorporated insulating polymer beads
and graphite particles. The polymer beads were allocated into the surface electrode by
drop-casting via sol-gel immobilisation. The employed sol-gel was prepared with 0.5 mL
of TEOS, 0.5 mL of EtOH, 0.25 mL of H,O and 25 uL of HCl 0.1 mol L~! which were
vigorously stirred for 45 min and then rested for 35 min in order to achieve the optimal
polymerisation conditions. Subsequently, 0.2 mL of the rested solution and 7 mg of graphite
were added to 40 pL of a 15 mg mL~! polymer (MIP or NIP) suspension in EtOH. This
mixture was stirred for 10 min at 1400 rpm. Then, the surface was prepared by spin-coating
10 pL of the polymer solution using a homemade spin-coater. Polymerisation was ended
with overnight drying of the electrodes at 4 °C [46,47].

2.6. Characterisation by Scanning Electron Microscopy

In order to prepare the sample for SEM studies, MIP and NIP beads were sprinkled into
different aluminium stubs that contained carbon-tape on the surface. Then, the conductive
carbon-tapes were metallised, employing a Au-Pd alloy (80:20) for 4 min, which added a
15-20 nm layer onto the sample, which enabled visualisation of the synthesised polymer
beads with an adequate contrast. Five SEM images were developed for each kind of
polymer (MIPs and NIPs) in order to count at least 500 particles in order to obtain a
histogram of both polymers (Figures 2 and S1). Microscopy studies for the electrodes
were performed by placing them on the stage and fixing them with carbon tape without
employing any kind of metallisation.
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Figure 2. Characterisation of the polymers for MIP (A,C) and NIP (B,D): scanning electron microscopy (SEM) with secondary
electron (A,B) and size distribution of the particles (C,D).

2.7. Electrochemical Measurements

All the electrochemical measurements were performed using the differential pulse
voltammetry (DPV) technique. The potential scan window was performed between 0 V
and —1.2 V with a scan rate of 100 mV/s, a step potential of 5 mV and a modulation
amplitude of 50 mV. No stirring was employed during the measurements. A cleaning step
was performed between measurements, applying a potential of +1.4 V for 45 s in NaOH
0.1 mol L~1. According to previous studies in our laboratories, immersion of the electrode
into the solution for at least 5 min is desirable to preconcentrate the analyte and to obtain
a perceptible signal [2,50]. All stock standard solutions were prepared at 5000 mg L~!
in acetonitrile (ACN). All the electrochemical measurements were treated with baseline
correction (Figure S5, supplementary data) and all the analytical response calculations
were performed for the first peak reduction, around —0.45 V, as suggested in the literature
for TNT [25]. The first peak was considered for quantification of all the aforementioned
nitro-derived species.

3. Results and Discussion
3.1. MIP Physical Characterisation

Standard acrylic MIP synthesis was adopted in order to obtain the recognition material
in beads form. Once the polymers were synthesised and the template was removed, SEM
was performed in order to check the morphology of the abovementioned polymers before
electrode immobilisation. Obtained MIPs beads showed a non-regular, highly cross-linked
material with a spherical shape. Their average size and standard deviation were diameters
of 0.416 + 0.116 pm and 0.721 £ 0.247 um for MIPs and NIPs, respectively, (Figure 2).
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As can be observed, the MIPs presented a slightly smaller particle size in comparison
with NIPs. This might suggest that during the synthesis there was more reactivity due to
the imprinting, which might be due the template presence.

One of the key steps of the presented protocol is the immobilisation onto the electrode,
as can be seen in Figure 3. Materials were deposited by a drop-casting, spin-coating
technique via sol-gel immobilisation, as mentioned below, presenting a homogeneous
dispersion on the whole surface of the sensors. On the other hand, Figure 3 also shows
that the surface of the bare electrode was totally different from the polymer-modified
sensors. As can be seen, the surface modification is self-evident; the roughness after
sol-gel deposition is very noticeable when comparing unmodified sensors (Figure 3C)
with modified sensors (Figure 3A,B). There are no clear differences between MIPs and
NIPs: both present a modified surface where the immobilized polymer beads can be seen
alongside the sol-gel and graphite.

Figure 3. Scanning electron microscopy (SEM) images with secondary electron detector for the MIP-sensor (A) and
NIP-sensor (B) and GEC electrode (C).

An FT-IR assay was performed to observe the main chemical bonds. The FT-IR was
performed in triplicates of MIP and NIP samples. MIP and NIP polymers showed very
similar FT-IR spectra with little or no significant differences (Figure S2). Thus, no differences
in the chemical bonds were observed between the different synthesis methodologies.
The main bands observed are the broad band of hydroxyl groups around 3430 cm ™!
from the MMA units; the stretching and bending of methyl groups from the MMA and
the EGDMA at the band around 2950-2980 cm ! and 1450-1470 cm™!; the carbonyl
stretching at 1720 cm~!; the C-O-C stretching at 1145 and 1250 cm~!; and the rocking of
the C—H stretching at 750 cm~!. The peak at 1636 cm~! is associated with C=C bonds,
which indicates an incompletely polymerized monomer. Probably, EGDMA was not
totally crosslinked.

In the case of MIPs, in which DNP could be retained during the synthesis, the nitro
groups showed a strong band around 1550 and 1350 cm ™!, corresponding to asymmetric
and symmetric stretching, respectively. The absence of a band at 1550 cm ™! confirmed
the absence of DNP from the polymer. The band at 1390 cm~! could be related to the
asymmetric bending of the -OH groups of the carboxylic acid of the MMA units.

The obtained chemical bonding agreed with the expected polymer produced from
free radical polymerisation. The slight differences in the wavenumber and peak intensity
could be associated with the chemical structure and space distribution due to differences
in the synthesis.

3.2. Electrochemical Response

Prior to the evaluation of the electrochemical response, the pH and enrichment times
between template sample and sensor were studied and optimised. Stock solutions of
10 pmol L~! for TNT and DNP were employed. The samples were measured with a
contact time from 0 to 100 min, and the resultant plots and fittings are shown in Figure S3,
in the supplementary information. The evaluated pH ranged from 5 to 8 (Figure S4). pH 7
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was chosen because TNT and DNP presented maximum peak intensities at this neutral
value. In order to achieve a balance between the increase in signal and speed, plus for
simplicity of the method, a contact time of 5 min was chosen, which enabled reaching more
than two-thirds of the final response with a reduced analysis time.

In order to study the repeatability of the manufactured sensors, 10 umol L~! samples
of TNT and DNP were measured 15 times with three DNP-MIP-sensors and three DNP-NIP-
sensors on the same day. The obtained repeatability values for DNP-MIPs and DNP-NIPS
sensors when measuring TNT were 3.97% and 4.61%, respectively. For DNP, the DNP-MIP
and DNP-NIP sensors had repeatability values of 9.14% and 7.34%, respectively.

The reproducibility was studied for three DNP-MIP sensors: 10 umol L~! samples of
TNT and DNP were measured five times, obtaining values of 6.5% for TNT and 5.5% for
DNP. DNP-MIP sensors’ repeatability values against DNP showed slightly better results
than TNT, which is explained by the dummy imprinting performed for DNP, as can be
seen in Figure 4.

Peak Height (pA)

- A A A
o N B~ O
| L L L

@ NIP mm NIP

. MIP Bg_ mm MIP

110 1
~— 100 1
90

70
60 4

40+
304
204
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0.
01234567 8 910111213141516 01234567 8910111213141516
Measurement Number Measurement Number

Peak Height (pA

Figure 4. Repeatability measurements of MIP and NIP for (A) DNP and (B) TNT (n = 3).

The obtained voltammograms for DNP and TNT are presented in Figure 5. DNP has a
double reduction peak between —0.4 V and —0.6 V, whereas TNT exhibits three reduction
peaks in the same region. The three peaks that TNT presents are due the reduction in the
three nitro groups. The first nitro reduction is produced around —0.5V, and usually presents
a sharper and more defined peak; the second nitro group is reduced around —0.65 V; and
the last nitro group is around —0.75 V when measured with MIP-functionalised electrodes.
It appears that the MIP electrode shifted these reduction peaks to more negative potentials
when compared with the NIP electrode, which presented peaks at —0.35V, —0.55V and
—0.65 V. In the case of DNP, the two nitro reduction peaks appeared at around —0.52 V
and —0.68 V for MIP and NIP, respectively, with no apparent shift in potential.

These substances were studied in a concentration range of 0.55 to 19 umol L~ for
DNP and from 0.45 to 10 pumol L~ for TNT.

3.3. Calibration Curves

An MIP sensor, NIP sensor and bare electrode (GEC) were used to compare the voltam-
metric responses for DNP and TNT in detail, as depicted in Figure 6. Three sensors of each
type were used to build the calibration curves on different days. The obtained voltammo-
grams were treated with baseline correction and the first peak was chosen to determine
the peak height. To illustrate the processing, the baseline-corrected voltammograms are
plotted in Figure S5, in the supplementary information.
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Figure 5. Voltammetric responses from 0.55 to 19 umol L™! of DNP and from 0.45 to 15 umol L~! TNT for the prepared
sensors (each colour represents an increasing concentration of the corresponding compound). (A) Voltammetric response vs.
DNP measured with the MIP sensor. (B) Voltammetric response vs. DNP measured with the NIP sensor. (C) Voltammetric
response of DNP measured with the GEC sensor. (D) Voltammetric response vs. TNT measured with the MIP sensor.
(E) Voltammetric response of TNT measured with the NIP sensor. (F) Voltammetric response vs. TNT measured with the
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Figure 6. Calibration curves from 0.55 to 19 umol L~! for DNP (A) and from 0.45 to 15 umol L~ for TNT (B) for the three
different sensor types used in this study. Linear ranges from 1.6 to 8.0 pmol L~! for DNP and from 1.3 to 6.5 umol L~! for
TNT are added in (C,D).
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In order to obtain LOD values (S/N = 3), the regression lines were fitted with the first
five concentration values of the calibration curves, from 1.6 to 8.0 umol L™! for DNP and
1.3 to 6.5 umol L~ for TNT, and the linear portions of the calibration curve were used for
the calculation. Detailed parameters of the calibration curves are shown in Table 2.

Table 2. Summary of calibration results in the linear concentration region from 1.6 to 8.0 umol L~!
towards DNP and from 1.3 to 6.5 umol L~ for TNT.

MIP NIP
DNP TNT DNP TNT

(uieﬁf:gf? 0 1.84 56.6 1.33 441
Intercept (LA) 2.31 5.72 3.44 11.9
R? 0.99 0.98 0.99 0.99

LOD (umol ! L) 0.59 0.29 1.38 0.95
LOQ (umol 1 L) 1.79 0.88 418 2.87

As per the results obtained, it may seem that the affinity of the MIP is better for TNT
than for DNP. These results may be explained in view of the electrostatic attraction between
a bulk polymer and the number of nitro groups borne by each compound: TNT has three
groups whereas DNP only has two.

A quick assessment of specificity was performed, verifying the interference effect of
three related phenolic compounds, acetaminophen, tryptamine and serotonin, in mixtures
with TNT, to check any significant alteration of the voltammetric signals and/or the
adsorption abilities of the MIP materials. In all assayed cases (Figure S6, supplementary
info), the TNT signals were only minimally affected, demonstrating the accomplished
selectivity with the MIP modified devices.

3.4. Specificity versus Other Nitroaromatic Compounds

Other mono-nitro and di-nitro aromatic compounds available in the laboratory were
measured five times at the same concentration in order to evaluate the specificity of
the imprinted sensor. Examined compounds, in addition to DNP and TNT, were 2,4-
dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 2-nitrotoluene (2-NT), 1,3-
dinitrobenzene (1,3-DNB), 4-nitrotoluene (4-NT) and 1-nitrobezene (1-NB). Fixed con-
centrations of 10 pmol L~ of the corresponding compounds were employed to evaluate
the differences in specificity.

As can be seen in Figure 7, current intensities are clearly higher for the MIP sensor
when compared with the NIP and GEC sensors for all the evaluated compounds. This
higher current may be attributed to the enrichment of electroactive species on the surface
electrode due to the imprinted sites.

However, when we examined the specificity, it was evident that TNT exhibited the
highest current, followed by the group formed by 2-NT, 2,4-DNT, 1,3-DNB and 2,6-DNT,
and finally, in the last group, we observed 4-NT, 1-NB and DNP. These different groups
can be explained again by the number of nitro groups present in the molecule. It may seem
that a larger number of nitro groups allows a higher concentration on the polymer surface
and an increase in the signal intensity.
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Figure 7. Comparison of voltammetric response of 10 pmol L1 nitroaromatic compounds for each
sensor and different nitroaromatic species.

As an additional feature that may be derived from these assays, we foresee possible
uses in discriminating the different nitroaromatic compounds in a type of intelligent
sensor, for which an exploratory application was attempted. Multivariate analysis of the
complete voltammogram employing a principal component analysis (PCA) was performed
in order to evaluate whether the voltammetric signals obtained were promising for future
studies involving classification and /or quantification of the substances. Five samples for
each compound at 10 pmol L~! were measured with the MIP, NIP and GEC sensors (see
characteristic voltammogram profiles in the supplementary information, Figure S8). In
Figure 8, the scores obtained after the PCA transformation are plotted, and as can be seen,
each different compound formed its own cluster in the case of MIP [A], whereas in the
case of the NIP sensor [B] and GEC sensor [C], the samples were grouped clearly but with
a lower degree of clustering, or did not group at all in the case of the GEC sensor. It is
significative that the intended compounds in this study, i.e., DNP and TNT, exhibited
distinct clusters, meaning that there is a clear difference in the response obtained from the
template (DNP) and the intended analyte (TNT). The remaining compounds considered
as possible interferents appeared in clusters more or less together; however, a separation
could be seen inside the main “nitroaromatic cluster”, and each mono-nitro and di-nitro
compound tested enabled its identification. The differences in the PCA results for the
compared sensors show that the MIP sensor enabled a better discrimination among the
tested nitroaromatic compounds (as can be seen in Figure 8). These results shown by this
PCA treatment are a promising starting point to apply a combination of electrochemistry
and chemometrics, which is commonly known as Electronic Tongue [51], to identify nitrated
compounds in the environmental field.
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Figure 8. Score plots for each nitroaromatic compound performed with the voltammetric signals of (A) MIP, (B) NIP and
(C) GEC sensors for five replicates of each nitroaromatic compound at 10 umol L1 after principal component analysis.

4. Conclusions

The use of DNP as a dummy template in a biomimetic MIP-based sensor for the deter-
mination and discrimination of TNT has been proven to offer a suitable electrochemical
response for identification and quantification of the latter. Electron microscopy showed
how the spatial distribution of the synthesized MIP was homogeneous within the electrodes
modified by spin-coating. The optimisation of the electroanalytical system resulted in a lin-
ear response range from 1.6 to 8.0 umol L~! for DNP and from 1.3 to 6.5 umol L~! for TNT.
Furthermore, a specificity study was carried out in order to discriminate TNT from other
nitroaromatic species. The constructed sensory platform was sensitive to TNT, capable of
detecting TNT below the concentrations where it is considered a risk, i.e., 0.44 umol Lt
among other mono, di and tri-nitro compounds that can be found and discriminated as
derivate species in polluted surface or underground waters. However, more work is still
needed to improve the sensitivity of MIP-GEC sensors while retaining a high selectivity;
this is needed as well as choosing the simplest way of increasing the enrichment time by
one or more orders of magnitude.

In future studies, the authors intend to apply this approach to build a sensor array with
different imprinted polymers and use chemometrics to extract the maximum amount of
information from the obtained electrochemical data in the electronic tongue approach [52].
Obtaining such an electronic tongue will hopefully enable the simultaneous quantification
and identification of different nitrobenzene species in complex mixtures with enhanced
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sensitivity and selectivity features, with remarkable interest specifically in environmental
applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9090255/s1, Figure S1: Representative SEM images employed to determine the
polymers’ particle sizes for [A] MIP and [B] NIP. Figure S2: Comparison between MIP (red) and NIP
(blue) FT-IR spectra. Figure S3: Adsorptive kinetics fitted curves for the different sensor types. Figure
S4: [A] pH study for TNT at different pH values; [B] pH study for DNP at different pH vales for the
three MIP sensors (1 = 3). Figure S5: Voltammetric results with baseline correction responses for the
calibration curves. Figure S6: Interferent study at different ratios for TNT versus acetaminophen,
serotonin and tryptamine. Figure S7: Schematic representation of different species used into the
discrimination study. Figure S8. Differential pulse voltammograms for 10 mol L~! of [A] NB, [B]
NT, [C] 1,3-DNB, [D] 2-NT, [E] 2,6-DNT, [F] 2,4-DNT, [G] 2,4-DNP, and [H] TNT employed in the
principal component Analysis.
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Supplementary Information

Figure S1. Representative SEM images employed to determine the polymers particle size for [A]
MIP and [B] NIP. As can be seen in the figures each counted particles has a measurement line
(light grey) that the employed software will process in order to obtain the histograms.
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Figure S2. Comparison between the synthetised MIP (red) and NIP (blue) FT-IR spectra.
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Figure S3. Adsorptive kinetics fitted curves for MIPs-sensors (A,C) and NIPs-sensors (B,D) from
0 to 100 min when measuring a stock solution of 15 umol ! for DNP and TNT.
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Figure S4. [A] pH study for TNT at different pH [B] pH study for DNP at different pH for three
MIP sensors (n=3).
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Figure S5. Voltammetric with baseline correction responses from 0.55 to 19 umol L' of DNP and
from 0.45 Table 15. umol L' TNT for the different sensors (each color represents an increasing
concentration of the corresponding compound). A) Voltammetric response vs. DNP measured
with the MIP sensor. B) Voltammetric response vs.DNP measured with the NIP sensor. C)
Voltammetric response vs.DNP measured with GEC sensor. D) Voltammetric response vs. TNT
measured with the MIP sensor. E) Voltametric response vs. TNT measured with the NIP sensor.
F) Voltammetric response vs. TNT measured with the GEC sensor.
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Figure S6. Interferent study at different ratios for TNT versus acetaminophen, serotonin and
tryptamine. Table 1. [A], sensor 2 [B] and sensor 3[C]. TNT and serotonin are showed in the first
row for sensor 1 [D], sensor 2 [E] and sensor 3[F]. TNT and tryptamine are showed in the first
row for sensor 1 [G], sensor 2 [H] and sensor 3[I].
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Figure S7. Schematic representation of different species used into the discrimination study.
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Figure S8. Differential pulse voltammograms for 10 mol L' of [A] NB [B] NT [C] 1,3-DNB, [D] 2-
NT, [E] 2,6-DNT, [F] 2,4-DNT, [G] 2,4-DNP, [H] TNT employed in the discrimination study of

nitroaromatic compounds.




	Bioelectronic tongue using MIP sensors for the resolution of volatile phenolic compounds
	1 Introduction
	2 Experimental
	2.1 Chemicals and reagents
	2.2 MIP synthesis
	2.3 Integration of the MIP onto the sensor surface
	2.4 Sample preparation
	2.5 Electrochemical measurement
	2.6 Data processing

	3 Result and discussions
	3.1 SEM microscopy
	3.2 Individual electrochemical response
	3.2.1 Adsorption kinetics
	3.2.2 Calibration curves and reproducibility of the electrodes
	3.2.3 Cross-selectivity

	3.3 Classification studies
	3.4 Quantification study

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References
	Biographies

	Integrating molecularly imprinted polymer beads in graphite-epoxy electrodes for the voltammetric biosensing of histamine in wines
	Introduction
	Materials and methods
	Chemicals and reagents
	Instrumentation
	Software and data processing
	Polymer synthesis
	MIPs integration onto sensor via sol-gel immobilization
	Electrochemical measurements
	Application to wine samples

	Results and discussions
	Microscopy characterization
	Electrochemical measurements
	Influence and optimization of pH
	Contact time optimization
	Repeatability and reproducibility
	Calibration study
	Interferents

	Application to real sample analysis

	Conclusions
	Acknowledgments
	Supplementary data
	References

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Equipment and Software 
	Polymer Synthesis 
	Sensor Preparation 
	MIP Modification of Electrodes by Sol–Gel Entrapment 
	Characterisation by Scanning Electron Microscopy 
	Electrochemical Measurements 

	Results and Discussion 
	MIP Physical Characterisation 
	Electrochemical Response 
	Calibration Curves 
	Specificity versus Other Nitroaromatic Compounds 

	Conclusions 
	References

	Títol de la tesi: Design and development of
molecularly imprinted polymers for
electronic tongues and biosensing
	Nom autor/a: Anna Herrera Chacón


