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Abstract

Water moves the world and it is imperative for life. Over the years, this precious
resource has been increasingly threatened by human action in many ways.
Unconscientiously, human activities have been driving to water depletion and loss of its
quality. In this direction, there is a growing concern about the occurrence of emerging
contaminants (ECs), with special focus on pharmaceuticals, in different water bodies
across the globe. The widespread environmental presence of pharmaceuticals has been
strongly associated with the inability of Wastewater Treatment Plants (WWTPs) fully
degrade these compounds.

Despite efforts of European (EU) water policy well depicted in the development
of a Watch List mechanism under EU Water Framework Directives, pharmaceuticals still
remain unregulated and the impact of many of them in human and wildlife health is
unknown. Their monitorisation and knowledge about respective concentrations in
environmental waters is a priority, where High Performance Liquid Chromatography
(HPLC) in tandem with mass spectrometry has played an important role. However,
following the Principles of Green Chemistry and environmental and economic
sustainability, electrochemical sensors have emerged as interesting alternatives owing
to their ability to simplify all analytical procedure, where portability and miniaturisation
can be easily achieved.

Accordingly, five electrochemical devices based on molecularly imprinted
polymers (MIPs), as recognition element, have been developed for the detection and
quantification of azithromycin (AZY), furazolidone (FZD), amitriptyline (AMT),
atorvastatin (ATV) and citalopram (CTL) in water samples. These pharmaceuticals were
selected considering their widespread use and persistence in environmental waters in
line with the lack of literature sources reporting the application of electrochemical MIP
sensors to detect these specific and important pharmaceuticals.

The sensors were constructed based on the modification of screen-printed
carbon electrodes (SPCEs) and carbon paste electrodes (CPEs) surface through
electropolymerisation or attached microparticles obtained after traditional precipitation
polymerisation techniques. Quantum mechanical (QM) and/or molecular dynamics (MD)
computational studies were employed to allow rational selection of an appropriate
functional monomer and to simulate the best pre-polymerisation conditions, as well as to
understand the prevalent molecular interactions occurring during imprinting process. To
improve the efficiency of sensing performance, nanomaterials, namely single- and multi-

walled carbon nanotubes (SWCNTs, MWCNTS), were adopted as enhancers and
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conductive pathways. Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and scanning electron microscopy (SEM) techniques were applied
to characterise the modified electrode surfaces. On the other hand, differential pulse
voltammetry (DPV) and square wave voltammetry (SWV) were carried out to directly
qguantify the current resulting from the oxidation/reduction of the pharmaceuticals after
binding in the MIP. Related to the development of the MIP sensor for electrochemical
detection of AMT, the mechanism of detection was based on the system tris(2,2'-
bipyridyl)ruthenium(ll) (Ru(bpy)s2*)/AMT reaction.

The developed sensors showed good analytical performances and provided
sensitive detection with excellent selectivity to recognise the target analyte when
compared with other close analogue structures, which can be possible interferents.
Additionally, they were successfully applied in spiked river water, tap water or spring
water samples, thus demonstrating their potential as a useful and sustainable strategy

for monitorisation and quantification of pharmaceuticals.

Keywords: Electrochemical sensors, molecularly imprinted polymers, rational design,
computational simulation, molecular modelling, green chemistry, environmental analysis,

water.
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Resumo

A 4gua move o mundo e é essencial a vida. Ao longo dos anos, este recurso
precioso tem sido constantemente ameacado pelo Homem através de diferentes
formas. Inconscientemente, as atividades dos humanos tém conduzido a um
esgotamento da 4gua e a perda da sua qualidade. Neste sentido, existe uma
preocupacao crescente com a ocorréncia de contaminantes emergentes, especialmente
focada nos farmacos, em diferentes corpos de agua em todo o mundo. A presenca
ambiental generalizada de farmacos tem sido fortemente associada a incapacidade das
Estacbes de Tratamento de Aguas Residuais (ETARs) degradarem totalmente estes
COMpOostos.

Apesar dos esforcos da politica hidrica europeia (UE) bem retratada no
desenvolvimento de uma Lista de Vigilancia sob as Diretivas do Quadro da Agua da UE,
os farmacos ainda permanecem sem regulamentacdo e o impacto de muitos deles na
saude humana e na vida selvagem é desconhecido. A sua monitorizacdo e
conhecimento das respetivas concentragcbes em aguas ambientais é uma prioridade,
onde a cromatografia liquida de alta eficiéncia acoplada a um detetor de massa tem
desempenhado um papel importante. No entanto, seguindo os Principios da Quimica
Verde e da Sustentabilidade ambiental e econdmica, os sensores eletroquimicos tém
surgido como alternativas interessantes devido a sua capacidade de simplificar todo o
processo analitico, onde a portabilidade e a miniaturizacdo podem ser facilmente
alcancgadas.

Neste contexto, foram desenvolvidos cinco dispositivos eletroquimicos baseados
em polimeros molecularmente impressos (MIPs, do inglés molecularly imprinted
polymers), como elementos de reconhecimento, para a detecdo e quantificacdo da
azitromicina (AZY), furazolidona (FzZD), amitriptiina (AMT), atorvastatina (ATV) e
citalopram (CTL) em amostras de agua. Estes farmacos foram selecionados tendo em
conta 0 seu uso generalizado e a sua persisténcia em &guas ambientais em
consonancia com a falta de fontes na literatura, que reportem a aplicacdo de MIPs na
construcao de sensores eletroquimicos para detetar especificamente estes farmacos.

Os sensores foram construidos com base na modificacdo das superficies de
elétrodos de carbono serigrafados (SPCESs) e elétrodos de pasta de carbono (CPESs)
através da técnica de eletropolimerizagéo ou através da imobiliza¢éo de microparticulas
obtidas apés a polimerizacéo tradicional por precipitacdo. Estudos computacionais de
mecanica quantica (QM) e/ou dindmica molecular (MD) foram realizados para permitir a

sele¢do de forma mais racional de um mondmero funcional apropriado e simular as
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melhores condicdes de pré-polimerizacdo, bem como para compreender as interacées
moleculares que ocorrem durante o processo de impressdo. No sentido de melhorar a
performance analitica, nanomateriais, nomeadamente, nanotubos de carbono de
parede simples (SWCNTs) e dupla (MWCNTs) foram tidos como um elemento
potenciador da condutividade elétrica. As técnicas de voltametria ciclica (CV), de
espetroscopia de impedancia eletroquimica (EIS) e microscopia eletronica de varredura
(SEM) foram aplicadas para caracterizar a superficie modificada dos elétrodos. Por
outro lado, a voltametria de pulso diferencial (DPV) e voltametria de onda quadrada
(SWV) foram empregues para quantificar diretamente a corrente resultante da
oxidacdo/reducdo dos farmacos analisados ap6s a sua religagcdo no MIP produzido.
Relativamente ao desenvolvimento do sensor MIP para a detecdo eletroquimica da
AMT, o mecanismo de detecdo baseou-se na reacdo do sistema tris(2,2-
bipiridina)ruténio(ll) (Ru(bpy)s2*)/AMT.

Os sensores desenvolvidos mostraram uma boa performance analitica e
permitiram obter uma detecdo sensivel com excelente seletividade para reconhecer o
analito alvo quando comparado com estruturas analogas préximas, que podem ser
possiveis interferentes. Adicionalmente, eles foram aplicados com sucesso em
amostras de agua de rio, 4gua da torneira e 4gua de nascente, demonstrando o seu
potencial para serem uma estratégia Util e sustentavel para a monitorizacdo e

quantificacdo de farmacos.

Palavras-chave: sensores eletroquimicos, polimeros molecularmente impressos,
design racional, simulacdo computacional, modelacdo molecular, quimica verde, analise

ambiental, 4gua.
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Relevance and Motivation

Pharmaceutical pollution has already become one of the most serious issues on
a global scale [1]. Due to their exponential use and incorrect disposal, pharmaceuticals
have been discharged from many different routes into the environment [2]. Their
widespread presence in aquatic environment is a reality and, WWTPs are considered as
the major contributor [3]. Pharmaceuticals are not completely removed in conventional
WWTPs [4]. As a result, trace levels of several pharmaceuticals have been found in
wastewaters, surface waters, groundwater and, to a lesser extent, drinking waters [1,5].
More importantly, studies have demonstrated that, even at low concentrations, they can
directly or via long-term exposure induce adverse effects in many non-target organisms
[6]. Among these effects, bacterial resistance has attracted increasing attention, because
of the misuse and overuse of antibiotics [7]. Therefore, the development of specific
analytical tools to understand the concentrations that occur in aquatic environment is of
paramount importance.

High performance liquid chromatography (HPLC) coupled with UV or mass
spectrometry detection is by far the most widely used technique for the determination of
pharmaceuticals in several matrices [1]. Besides its excellent performance, HPLC
technique is in most cases too expensive and processing chromatograms is laborious
and time consuming. Alternative methods allowing rapid response, simplicity, low cost,
miniaturisation and direct analysis are essential when the final goal is the application in
real sample monitoring. At the same time, it is also important to consider new approaches
that comply with green analytical principles.

Electrochemical sensors are devices that provide information about the
composition of a system in real time, which can fulfill all these requirements [8]. Their
combination with MIPs has led to wide applications in analytical chemistry [9,10].
However, there is still a lack of electrochemical MIPs sensors to detect pharmaceuticals

in environmental waters.



XXXVi

FCUP
Computer-aided design of molecular imprinted electrochemical sensors for analysis of pharmaceuticals in waters

Thesis objectives

The main goal of this thesis was the development of sensitive and highly selective
electrochemical MIPs-based sensors for the detection of pharmaceuticals in
environmental waters. For this purpose, a combination of theoretical and computational
methods was applied to achieve a rational MIP design, as well as to better understand
key interactions occurring in the polymerisation mixture. In this context, different

intermediate objectives were aimed to be reached:

» Get a fast, easy to use, low cost and environmentally friendly electrochemical MIPs

SEeNsors;

e Apply computational studies for the preparation of MIPs and contribute to novel

approaches to achieve better imprinting factors;

» Develop and optimise different polymerisation methods aiming to minimise the amount

of organic solvents and waste generated,;

e Develop of detection strategies coupled with nanomaterials to amplify electrochemical

responses and guarantee low limits of detection;

» Validate and evaluate electrochemical MIP sensors for the detection and quantification

of pharmaceuticals in water samples.
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Thesis structure and organisation

This thesis concerns the work developed during the last four years under the
scope and objectives of the approved PhD project. It is organized into four major

chapters, and the contents of each chapter is summarised as follows:

CHAPTER 1 — General Introduction

This chapter provides a general contextualisation of the research focus. Firstly,
the vulnerability of environmental waters to emerging contaminants (ECs) with a specific
attention to contamination caused by the release of pharmaceuticals is presented.
Following, the role of WWTPs is discussed by pointing out different stages in which
pharmaceuticals may be resistant to degradation and enter into aquatic systems. Current
European water legislation and conventional detection of pharmaceuticals are sections
driving to the importance of electrochemical sensors combined with MIPs for monitoring
these compounds. Finally, this section also includes a brief review of computational
studies accompanied by experimental works that have been reported in the design of
electrochemical MIPs sensors for the detection of pharmaceuticals.

CHAPTER 2 — Electrochemical sensing of environmental contaminants via molecularly
imprinted polymers

This chapter consists of an extensive review paper addressing the construction
of electrochemical MIP sensors with focus on the polymerisation technique, functional
monomers, sensing platforms and materials employed to achieve the best sensitivity. A
summary of the main environmental contaminants (pharmaceuticals, pesticides, heavy
metals and other) is provided, including an overview of the MIP-based electrochemical
sensors that have been reported for the detection of these contaminants in water
samples over the past decade. Here, the performance of the different sensors is
compared, including the limit of detection (LOD), the linear concentration range and the

type of water samples analysed.

CHAPTER 3 — Rational development of electrochemical MIPs sensors for
pharmaceuticals detection

This chapter is devoted to all experimental work developed, encompassing five
research papers about the construction and design of distinct electrochemical

MIP-based sensors for the detection of pharmaceuticals playing a pivotal role in medical
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care and frequently detected in environmental waters. All these works employ
computational studies, namely QM calculations and/or MD simulations for a MIP design
protocol.

CHAPTER 4 - Final conclusions and future perspectives

This last section contains the main conclusions of the work and presents
challenges and future prospects for the use of electrochemical MIPs sensors for
environmental analysis.

The papers included in chapter 2 and 3 were published during the period of the
project and, the original content and structures organisation were maintained according

to the journal in which they were published and with request permission.
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1.1 Water pollution - Emerging contaminants

Environmental pollution is one of the most serious consequences caused by
human action in our planet. Population growth, overconsumption and industrialisation
are polluting world’s resources, that have been under threat, at an alarming proportion.
As a direct consequence of these anthropogenic activities, the amount of waste
generated has been increasing every year, and the management of its disposal is a
global challenge.

Water, a pivotal and irreplaceable resource to sustain human life, has become an
environmental compartment intensively used and altered by pollutants of various
categories (pathogens, organic and inorganic chemicals), which are explicitly or implicitly
discharged and accumulated into different water bodies. The deterioration of water
quality is a reality with multiple human health and ecosystems risks [1]. And, with the
increasing demand for safe and clean water, water pollution is now among the major
environmental and health concerns, which has attracted widespread interest from
governments and the scientific community.

Owing to their persistence in environmental degradation and biomagnification
through trophic levels, persistent organic pollutants (POPs) are the classical compounds
that have long been considered in environmental water monitoring studies. Examples of
“traditional” or well-known POPs include toxic heavy metals, pesticides and polyaromatic
hydrocarbons [2]. However, studies on wastewater characteristics, in consequence of
advancements in analytical instrumentation, have reported substances that were not
detected before [3]. Some of these are considered emerging contaminants (ECS)
typically defined as “Pollutants currently not included in routine monitoring programmes
at Union level but which could pose a significant risk requiring regulation, depending
upon their potential ecotoxicological and toxicological effects and on their levels in the
aquatic environment” (Directive 2013/39/EU) [4].

ECs are included in a long list of products used daily by humans that can be
categorised into three major classes according to their physicochemical properties:
organic compounds, inorganic compounds and particulate contaminants (Figure 1) [5].

Most of non-regulated substances have entered the environment for years, even
decades. However, their extensive use and ubiquity in rivers, lakes and water supply
reservoirs have prompted the classification of ECs as hazardous water pollutants [6,7].
In this direction, ECs have been the subject of several investigations, establishing their
potential for negative ecotoxicological effects at concentrations as low as few ng L. In

particular, a number of efforts has been made to highlight the need for regulation and
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monitorisation of ECs with a focus on water systems aiming to prevent and minimise

their impacts on “One Health” trilogy (environment, human and animal health) [8].

/"\
Emerging
contaminants
N
Organic Inorganic .

compounds compounds Particulates

® ® ®

o ° o
Pharmaceuticals and Trace metals Microplastics

Personal Care Products
°

°
Nanoparticles

Industrial Chemicals

Figure 1. Simplified characterisation of the ECs classification scheme. Adapted from [5] with permission
from Elsevier.

1.2 Pharmaceutical water pollution

Among ECs, pharmaceuticals represent a category of wide interest [9]. They
include a set of compounds of environmental concern like antibiotics, lipid regulators,
antidepressants, analgesics and nonsteroidal anti-inflammatory drugs commonly used
as a part of human and veterinary medication or to promote growth in livestock.
Pharmaceuticals play an undisputed role in supporting people’s health and lives, and
consequently, their consumption is growing driven by the need to prevent ageing-related
and chronic diseases of the modern world [10]. Global antibiotic consumption increased
by 65% between 2000 and 2015 [11], prescription of lipid regulators, including statins
which are very important in prevention of cardiovascular diseases, had nearly
quadrupled, and the consumption of antidepressants doubled from 2000 to 2017 in
Organization for Economic Cooperation and Development countries [10,12,13].
Considering that these compounds have been intensively prescribed or sold improperly
and used, it is not surprising to observe their occurrence in environmental water matrices

from different continents of the planet (Figure 2).
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Figure 2. Number of different pharmaceuticals detected in surface water, groundwater and/or tap water
around the world. Reproduced from [14] with permission from John Wiley and Sons.

The percolation of many active pharmaceutical ingredients has been frequently
described in surface water, which includes lakes, rivers, streams, estuaries and
seawater, groundwater, drinking water, as well as in Wastewater Treatment plants
(WWTPs) effluents and influents [15]. Despite many pharmaceuticals not behaving as
POPs, they are being released at rates exceeding environmental degradation, which
makes them pseudo persistent in waters [16]. Additionally, it is important to emphasise
that these compounds are designed to interact with specific processes of target
molecules producing a therapeutic response at low doses. In this regard, it is consensual
that even the trace levels of pharmaceuticals found and reported in water compartments
(ranging from ng L to pug L) can produce undesirable effects on non-target organisms
enhanced by chronic exposure and mixture of several compounds [15].

Environmental exposure to pharmaceuticals can occur through various emissions
from urban wastewater, pharmaceutical industry, agricultural run-off and illegal
discharges [14]. Nevertheless, WWTPs are currently considered as the primary transport
pathway of ECs into the environment, mainly in surface water [17,18]. Because of their
unique physicochemical properties (stability, volatility, high polarity and lipophilicity and
adsorption), diversity and low concentration, the removal of pharmaceuticals at WWTPs
is a complex process [19]. Although their impact on environmental water have decreased
over time, WWTPs were not designed to remove pharmaceuticals and, as new pollutants

are found, new challenges will always arise [20].
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1.2.1 The role of WWTPs

The conventional wastewater treatment typically employed in WWTPs can be
divided into three encompassing steps aptly known as primary, secondary and an
optional or advanced tertiary treatment [21]. Primary treatment is a process intended to
remove suspended and colloidal solids by adsorption. In this step the removal efficiency
of pharmaceuticals is highly affected by their hydrophilic nature and the chances of
getting adsorbed are very limited [22]. There is a low degradation of pharmaceuticals in
primary treatment, where most of them remain unchanged in the aqueous phase of the
treated effluent [19].

The secondary treatment stage aims at removing solid organics that escape the
primary step and further removal of suspended solids mainly through biological
degradation mechanisms (aerobic or anaerobic) [23]. Activated sludge processes are
the most secondary applied procedure in conventional WWTPs due to both their
performance and low operation costs. Nevertheless, these systems present a wide range
of pharmaceutical removal efficiencies, which are largely dependent on operating
conditions, such as hydraulic retention time, pH and initial concentration of contaminants
[24,25]. Obviously, not all WWTPs have the same wastewater composition entering the
plants and, pharmaceuticals arrive in unpredictable amounts and interval time [26], which
makes the removal process an easily underestimated protocol.

To define the most suitable biological treatment it is important to consider
wastewater characteristics. While biological processes can act as key contaminant
removal tools with several studies showing their ability to provide significant reductions
in the pharmaceutical concentrations [23,27], some compounds exhibit an extremely
persistent and recalcitrant character [28,29]. As an example, diclofenac is hardly
biodegraded during secondary treatment and, consequently, it is a dominant
pharmaceutical in WWTPs effluents [19,30]. It is also known that pharmaceuticals,
mostly antibiotics, can induce toxicity on microbial community in activated sludge,
thereby inhibiting the process of degradation [22]. Negative removal efficiency values,
where concentrations are lower in the WWTPs influent compared with the treated
effluent, has also been reported for pharmaceuticals like carbamazepine [24,31]. Several
reasons have been attributed to this phenomenon, and one of the most cited describes
the presence of unmeasured conjugated compounds that through enzymatic cleavage
are retransformed into their original parent compound during biological processes
[21,31].

Taking the aforementioned into account, it seems evident that improved

treatments are needed to guarantee better inactivation, degradation and removal of
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persistent compounds. In this line, tertiary treatment or advanced treatment processes
have been used as a polishing step past the secondary treatment. Many efforts have
been reported in the literature, and among others, activated carbon and ozonation have
shown promising results for upgrading discharges of WWTPs when they work under
optimum conditions [32,33]. Although these processes have higher potential for
pharmaceutical removal in comparison with conventional treatments, they are not widely
used due to their cost linked to high energy demand [34]. On the other hand, the
generation of toxic oxidation by-products, particularly during ozonation process, has also
been discussed, since they may sometimes be more toxic and persistent than their
parent compounds [21,35]. Therefore, it can be concluded that regions with a poor or
inadequate wastewater management system are more vulnerable to emerging
contaminants, and consequently, pharmaceuticals.

The lack of proper guidelines and regulations, limiting
the levels of pharmaceuticals in environmental waters has masked the severity of
pharmaceutical contamination over the years. In order to reverse this situation, many
countries across the globe have worked on the implementation of policies, guidelines or
measures to address the issue of pharmaceuticals in the aquatic environment [19].

However, pharmaceuticals remain on a Watch List up to the present time.

1.2.2 European legislation

In 2000, the European Union established the Water Framework Directive, which
contains the surface water Watch List of substances/groups of substances that shall be
regularly monitored by EU Members States for the purpose of defining the risk they pose
to or via the aquatic environment, and support their prioritisation [19,36].

The Directive 2000/60/EC was the first step towards sustainable management of
European freshwater resources [37,38]. According to this directive, all water bodies
across the EU should have achieved good chemical status and ecological potential by
2015, and 2027 at the latest [39]. These efforts require specific measures in order to
identify and quantify several pollutants, progressively reducing discharges, emissions
and losses of priority substances or completely phase out priority hazardous pollutants
from water ecosystems [40]. Accordingly, a set of 33 priority substances and their
respective environmental quality standard were introduced by the ratified Directive
2008/105/EC. This Directive was posteriorly revised by the Directive 2013/103/EU,

recommending the monitorisation and treatment options for 45 priority substances.
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Furthermore, it was proposed at the first instance the establishment of a dynamic and
limited watch list, comprising two pharmaceuticals, namely, diclofenac and the synthetic
hormone 17-alpha-ethinylestradiol [37,41].

The definitive first EU Watch list was published in 2015 with a total of 17 ECs
(Decision 2015/495/EU), which was updated by Decisions 2018/840/EU and
2020/1161/EU [42]. Besides the abovementioned pharmaceuticals, the referred Watch
List also contemplated the macrolide antibiotics azithromycin, erythromycin and
clarithromycin for a continuous monitoring for up to four years [37]. Since sufficient
available monitoring data was gathered to carry out an appropriate diclofenac risk
assessment, this pharmaceutical was removed from the Watch list in 2018 [43]. At the
same time, amoxicillin and ciprofloxacin were added, highlighting the concern raised
about antimicrobial resistance [44]. Recently, the Commission under Decision
2020/1161/EU in accordance with the new EU Strategic Approach to Pharmaceuticals in
the Environment and the European Action Health Plan decided to include two antibiotics
in the third Watch List, sulfamethoxazole and trimethoprim, the antidepressant
venlafaxine together with its metabolite O-desmethylvenlafaxine and three azole
fungicides used as pharmaceuticals, clotrimazole, fluconazole and miconazole, while
synthetic hormone 17-alpha-ethinylestradiol and macrolide antibiotics were excluded
[19,45].

Undoubtedly, this initiative presents important steps taken to manage and limit
the release of pharmaceuticals into the environment, as well as highlight the need for
research on suitable approaches to expand drug monitoring [41,45]. However, the
number of studied pharmaceuticals is still limited and repetitive. Literature has shown
that more than the most frequent pharmaceuticals studied should be considered. There
is a set of compounds that due to its role in changing world might be potential candidates
for future regulations of a more sustainable water policy. So, pharmaceuticals monitoring

should continue to be a priority.

1.2.3 Conventional detection of pharmaceuticals

The knowledge of the pharmaceuticals and their concentrations on the aquatic
environment is one of the most crucial tasks towards implementing mitigation strategies.
In fact, the advancement in our acknowledgement of the widespread presence of
pharmaceuticals is clearly correlated with the progress in the field of analytical
instrumentation leading to greatly improved sensitivity, selectivity, robustness and

reproducibility/repeatability analysis.
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Liquid chromatography in tandem with mass spectrometry (LC-MS/MS) is the
most applied technique for the detection and identification of pharmaceuticals in
environmental matrices [15,46—48]. On the one hand, LC-MS/MS is able to provide high
sensitivity and selectivity data. On the other hand, this technique commonly requires
extensive steps of sample preparation to achieve the same goal and to not miss the
target. LC-MS/MS is also limited by all the costs and long analysis time associated to the
analytical procedure [49]. As a result, the scientific community has devoted particular
attention to the development of low-cost sample handling approaches to
pharmaceuticals detection, allowing not only for simple and real-time analysis, but also
for miniaturisation of analytical methodologies in order to reduce the amounts of reagents
or solvents employed and, consequently, the amount of waste generated [50]. In view of
the limitations associated with sample collection and subsequent laboratorial analysis,
the availability of assays and devices enabling portability is also highly desirable for

continuous environmental monitoring [51].

1.3 Electrochemical MIP-based sensors

Devices based on electrochemical detection are well established techniques, and
chemical sensors, namely electrochemical sensors have emerged as valuable
instruments to address the challenges of analytical chemistry. Extensive and recent
revisions have highlighted their potential to detect low concentrations of different
analytes for environmental application, including pharmaceuticals [52,53]. Comparable
or even better than the conventional analytical systems, electrochemical sensors can be
easily automated and miniaturised, resulting in shorter analysis time and low volume
samples.

Many methods can be taken into consideration to design electrochemical sensors
combining a biological element, like enzymes or antibodies, with a physical transducer.
Despite its relevant performance, the usage of biological elements is known for its low
stability and high cost, which limits their application. In order to spawn new fields of use,
a new generation of electrochemical sensors, based on a concept of artificial receptors
has seen an increase in high-quality publications over the last years [54]. Molecularly
imprinted polymers (MIPs) represent one of the most promising alternatives. Operating
by a “lock and key” mechanism to selectively bind the desired analyte, MIPs based on
electrochemical sensors have clearly demonstrated their abilities to achieve the

selectivity and sensitivity of the biological receptors, benefiting from a simple synthesis,
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low cost and versatility in terms of working conditions (pH, temperature, organic solvents)
[55]. Consequent to these remarkable properties, MIPs integrated into electrochemical
sensing devices benefit from significant advantages in real-sample monitoring.

Regarding the trends in recent years, works involving electrochemical MIPs and
pharmaceuticals detection have attracted attention from the scientific community [53].
However, their application in water samples remains an open challenge.

MIPs synthesis involves a molecular imprinting process based on the interaction
between a suitable functional monomer and the target molecule through covalent or
non-covalent bonds. This procedure that introduces a “molecular memory” into a 3D
polymer network is in principle simple. However, finding the best synthesis parameters,
including the most appropriate compaosition for optimal performance, can be a laborious
and time- and resource-consuming task [56]. As a result, much attention goes to the use

of computational techniques in the study and development of MIPs.

1.3.1 Computational procedure for the design of MIPs

Computational approaches have been employed not only to understand the
underlying molecular level mechanisms of molecular imprinting recognition, but also to
assist in the rational MIP design allied with the concept of green analytical chemistry.
Many studies correlated with experimental results have shown their great potential in
functional monomer screening, selection of cross-linker and solvent, optimisation of
functional monomer:template ratio and selectivity analysis [57,58].

Quantum mechanics (QM), molecular mechanics (MM) and molecular dynamics
(MD) simulations are the most frequently applied methods for MIPs design [58,59]. QM
calculation approaches, namely semi-empirical, ab initio and density functional theory
(DFT), have been mainly used by researchers for the precise analysis of functional
monomer-template interactions to predict molecular energies with electronic structure-
based techniques [59]. At the theoretical level, there is special focus on the search of an
ideal monomer able to establish strong and stable affinities with the intended template
for a better imprinting efficiency [60]. Among them, DFT methods have become more
widespread in MIPs design, thanks to their simplicity, high accuracy and cost-effective
nature [57,58]. Based on the lowest energy as an indicative of the strongest interaction,
the binding energies differences (AE) between the template and different functional
monomers are generally calculated by the equation (1):

AE = E(complex) — E(template) — E(monomer), (2)
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where E(complex) is the association energy of template-monomer complex, E(template)
and E(monomer) denote the energy of template and functional monomer involved in the
complex, respectively.

Although QM-based methods provide good predictive capacity, the increase in
the complexity of the pre-polymerization system is proportionally accompanied by an
increase in the computational complexity, which reduces their validity in representing all-
component pre-polymerization system. [56]. Hence, MM and MD are typically preferred
methods, since they allow modelling multi-component systems with thousands of atoms
at reasonable computation expense and time [57]. Using energy functions to inquire
about molecules properties, MM and MD are having an important role on the
development of rational MIPs [56,57]. While MM treat molecules as a collection of atoms,
ignoring their movements, MD simulate the time evolution of a set of interacting atoms
in space with a specific temperature and pressure, and gives the possibility of analyzing
the motion of specific molecules [59]. MD provide a more realistic simulation, where the
components and concentrations used experimentally for polymer synthesis can be
reproduced with solvent molecules explicitly included. These are a powerful tool to study
the structure, dynamics and energetic of different molecular systems that can be
subsequently extracted and correlated with MIP recognition performance. However,
considering that each computational technique offers unique information, the combined
use of QM calculations and MD simulations seems advantageous to explore a multitude
of variable parameters taking place in pre-polymerisation mixtures [61].

Specifically, in relation to design electrochemical MIP sensors for
pharmaceuticals detection, the analysis of literature review over the last decade
suggests continuous efforts on application of computational approaches for screening
functional monomers and to study interactions involved in the pre-polymerization mixture
(Table 1). Table 1 shows a special focus on QM calculation by DFT methodology,
present in literature. On the other hand, few MD studies have been reported. Despite
extensive investigations on MD simulations to design MIPs, this approach still remains
unexplored to construct MIP-based electrochemical sensors for pharmaceuticals

assessment.
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Table 1. Computational studies for the rational design of electrochemical MIP sensors to detect

pharmaceuticals.
Computational Details Template MIPs
simulation design/application
Methimazole [62], celecoxib
[63], hydrochlorothiazide [64],
valaciclovir [65], famciclovir
[66], sofosbuvir [67], minoxidil
[68], ethionamide [69],
metaprolol [70], lamotrigine Screening of
[71], sulfadimidine [72], functional
triamterene [73], 6-thioguanine  monomers,
DET [74], enzalutamide [75], template:monomer
lansoprazole [76], mosapride ratio and evaluation
Quantur_n citrate [77], pantoprazole [78], of pre-
Mechanics metformin hydrochloride [79],  polymerisation
QM) acetaminophen [80], mixture properties
chlortetracycline [81],
primaquine [82], erythromycin
[83], cilostazol [84],
azithromycin [85], furazolidone
[86], atorvastatin [87]
Screening of
Ab initio 2-Aminobenzimidazole [88] functional
monomers
Molecular Screening of
Mechanics .CI_:HARMM’ Cilostazol [84], sitagliptin [89] functional
ripos
(MM) monomers
Screening of
functional
OPLS 6-Thioguanine [74], cilostazol monomers, solvent,
Molecular ' [84], furazolidone [86], template:monomer
. CHARMM, : T . .
Dynamics (MD) GAEE atorvastatin [87], amitriptyline ratio and evaluation

[90], citalopram [91]

of pre-
polymerisation
mixture properties

DFT: Density Functional Theory; CHARMM: Chemistry at Harvard Macromolecular Mechanics;
OPLS - Optimised Potential for Liquid Simulations; GAFF: General Amber Force Field
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ELECTROCHEMICAL SENSING OF
ENVIRONMENTAL CONTAMINANTS VIA
MOLECULARLY IMPRINTED POLYMERS

2.1 Molecularly imprinted polymer-based electrochemical sensors for

environmental analysis
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2.1 Molecularly imprinted polymer-based
electrochemical sensors for environmental

analysis

Biosensors and Bioelectronics 172 (2021) 112719

Statement of contribution

The contribution of the first author, Patricia Rebelo, in this work includes the literature
review on electrochemical MIP sensors reported for the detection of pharmaceuticals,
pesticides, heavy metals and other contaminants in water samples in the past decade
and writing of the original draft.
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Highlights

* Contaminant analysis faces great challenges because of their variety and levels.

* Advantages of MIPs as recognition elements: low-cost, robustness, reusability.
* Main inconvenient of MIP-based sensors for environmental analysis: sensitivity.
* Discussion of MIP-based electrochemical sensors for environmental analysis.

¢ Discussion of advances and trends in MIP-based electrochemical sensors.
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ARTICLE INFO ABSTRACT

Keywords: in envirc
Molecularly imprinted polymer
Electrochemical sensors
Emerging contaminants
Pharmacenticals

Pesticides

Heavy metals

The ever-increasing presence of e al waters is an alarming issue, not only because of
their harmful effects in the environment but also because of their risk to human health. Pharmaceuticals and
pesticides, among other compounds of daily use, such as personal care products or plasticisers, are being released
into water bodies. This release mainly occeurs through wastewater since the treatments applied in many waste-
water treatment plants are not able to completely remove these substances. Therefore, the analysis of these
contaminants is essential but this is difficult due to the great variety of contaminating substances. Facing this
analytical challenge, electrochemical sensing based on molecularly imprinted polymers (MIPs) has become an
interesting field for environmental monitoring. Benefiting from their superior chemical and physical stability,
low-cost production, high selectivity and rapid response, MIPs combined with miniaturized electrochemical
transducers offer the possibility to detect target analytes in-situ. In most reports, the construction of these sensors
include nanomaterials to improve their analytical characteristics, especially their sensitivity. Moreover, these
sensors have been successfully applied in real water samples without the need of laborious pre-treatment steps.
This review provides a general overview of electrochemical MIP-based sensors that have been reported for the
detection of pharmaceuticals, pesticides, heavy metals and other contaminants in water samples in the past
decade. Special attention is given to the construction of the sensors, including different functional monomers,
sensing platforms and materials employed to achieve the best sensitivity. Additionally, several parameters, such
as the limit of detection, the linear concentration range and the type of water samples that were analysed are
compiled.

1. Introduction

Pollution is defined as the direct or indirect introduction of sub-
stances or energy into the environment, by man, that are liable to cause
harm to human health, living resources or the biosphere’s ecological and
physical systems (Holdgate, 1979; Khanmohammadi et al., 2020; Man-
isalidis et al., 2020). Although pollutants can also enter the environment
through natural processes, such as volcanic activity, this definition,
contained in EU legislation (Directive, 2008/1/EC), assigns environ-
mental responsibilities to human activities. Besides the evident detri-
mental effects (such as loss of biological diversity, introduction of
invasive species, excessive amounts of hazardous chemicals in the food
chain, and global climate change), environmental pollution is a major

cause of illness that leads to great economic costs for health care sys-
tems. The terms pollution and contamination are sometimes used as
synonyms but they are not really the same. A contaminant is a substance
that is not normally present in the environment or that is present in
concentrations above the natural background but is not necessarily
harmful. On the other hand, a pollutant is a contaminant that results in
harmful effects to the environment or living organisms (Chapman,
2007). However, in some cases this distinction is a bit fuzzy because
harmful effects may occur but are not observed. Over the past decades,
the rise in population, globalisation, and industrialisation have led to the
dissemination and the increase of the amount and the variety of haz-
ardous substances in the environment. The harmful effects to living
organisms and the ecosystem of many of these substances, which range
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from heavy metals and pesticides to phenolic compounds, xenobiotics,
plasticisers and antibiotics, have been demonstrated (Chakraborty et al.,
2020; Dulio et al., 2018; Richardson and Ternes, 2014). However, there
is still insufficient knowledge about the toxicity of some of them to
environmental, animal and human populations.

Among these substances, the so-called “contaminants of emerging
concern” (CECs) or “emerging contaminants” are receiving huge atten-
tion because of their increasing presence and extensive distribution in
the environment (Dulio et al., 2018; Kroon et al., 2020; Naidu et al.,
2016; Petrie et al., 2014). CECs, and their metabolites and/or trans-
formation products, are a heterogeneous group of compounds that are
present in a wide variety of products, including industrial chemicals,
pharmaceuticals, drugs of abuse, personal care products, biocides, food
additives, surfactants and plasticisers (Dulio et al., 2018; Lapworth
et al., 2012; Ramirez-Malule et al., 2020). The term CECs does not only
cover newly developed substances but also chemicals that have entered
the environment for years, whose presence has only recently been
detected (either because of the increase of their concentration or
because of the advances in analytical methods) and/or studied
(Richardson and Ternes, 2014; Zulkifli et al., 2018). Due to insufficient
knowledge about the toxicity, impact, and behaviour of CECs, many of
them are not yet regulated, so they are not routinely monitored and
submitted to an emission control regulation. However, since their po-
tential negative effects are increasingly recognised, relevant regulations
are expected over the next years (Bilal et al., 2019). The variety and
amount of CECs is so impressive that the list of priority substances
created by NORMAN (the network of reference laboratories, research
centres and related organisations for monitoring of emerging environ-
mental substances funded by the European Commission) includes more
than 900 (Dulio et al., 2018; norman-network,).

Although CECs can enter the environment by the same routes as
traditional contaminants, such as industrial processes and emissions,
wastewater is recognised as a highly important contributor to the entry
of CECs in the aquatic environment (Lapworth et al., 2012; Luo et al.,
2014; Paiga et al., 2016), especially in countries/regions which do not
have suitable regulation regarding wastewater treatment. However,
even in regions with adequate regulation, removal of CECs may be
incomplete because this largely depends on the physical-chemical
characteristics of the contaminants and on the treatments applied in
the wastewater treatment plants (WWTPs) (Lapworth et al., 2012; Luo
etal., 2014; Patel et al., 2019). Other important sources of the release of
CECs into the aquatic environment are landfill sites, since CECs may
leach and reach groundwater, sewage sludge, and manure (that may
contain veterinary pharmaceuticals) used in agriculture (Lapworth
etal., 2012; Sui et al., 2015). Therefore, the determination of CECs levels
in the aquatic environment is of great importance, not only to evaluate
the water quality and security, but also to improve the knowledge on
their pathways and fate.

As mentioned previously, the increasing amount and variety of
contaminants has led to more stringent environmental regulations and,
consequently, to the increase of the demands on environmental analysis.
Vice versa, the latest improvements in environmental analysis results in
legislation stringency. The analysis of contaminants in waters involves
great challenges since they are a very large group with very different
physical/chemical properties that are present at very low concentrations
(Geissen et al., 2015; Rasheed et al., 2019). In this context, powerful
analytical techniques (e.g. high-performance liquid chromatography
and gas chromatography coupled to mass spectrometric detection
(HPLC-MS and GC-MS, respectively) (Arismendi et al., 2019; Beldean--
Galea et al., 2020; Benedetti et al., 2020; Liang et al., 2020; Merlo et al.,
2020; Paiga et al., 2019) are used for the detection of contaminants in
waters. However, these techniques are often not as fast and
cost-effective as desired since they require complex and expensive
instrumentation, laborious sample pre-treatment procedures and long
analysis times (Rasheed et al., 2019; Zulkifli et al., 2018). Spatial and
temporal variations are also important issues in environmental analysis
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due to seasonality, inter- and intra-day variations and occasional events
that can hamper a harmonised and representative screening (Luo et al.,
2014; Paiga et al., 2019). Therefore, complete information of the pres-
ence of contaminants in water bodies and its spatial and temporal dis-
tribution requires the collection of several samples at different times.
When conventional analytical methodologies, such as solid phase
extraction followed by chromatographic analysis (Kuhn et al., 2020), are
used, these samples must be sent to a laboratory, turning real-time in-
formation impossible. Hence, there is the need to develop technological
solutions for easy, fast and on-site contamination monitoring that pro-
vide a representative spatial-temporal picture of environmental quality.

The growing demand for inexpensive and easy-to-use analytical de-
vices capable of rapidly providing valuable qualitative and quantitative
on-site information increases the interest in electrochemical sensors
because of their reduced size, portability, low cost and low reagent and
sample consumption. Moreover, the combination of cutting-edge tech-
nologies in digital communication networks and innovative sensors al-
lows the construction of smart analytical tools. A robust electrochemical
sensor requires the successful integration of a transducer (usually an
electrochemical cell comprising a working- a reference- and a counter
electrode) with a recognition element (e.g. biological (enzyme, anti-
body, protein ...) or artificial (e.g. molecularly imprinted polymers
(MIPs)). MIPs have attracted wide attention as recognition elements for
sensor development due to their high selectivity towards the target an-
alyte and their advantages compared to biological receptors: i) easy and
low-cost preparation, ii) physical and chemical robustness when
unfavourable conditions are used, such as organic solvents, extreme pH
values, high temperatures and/or high pressures, iii) reusability, iv)
stability and v) possibility of large scale production (Ansari and Karimi,
2017a; Figueiredo et al., 2016; Gui et al., 2018).

The basis of today’s molecular imprinting technology (MIT) started
with the studies presented by Wulff and Sarhan (1972) almost 50 years
ago (Beluomini et al., 2019). In the first decades the development and
application of MIPs were mainly focused on separation and extraction
techniques. Nowadays, MIPs are used in a wide variety of applications
(Belbruno, 2019; Chen et al., 2016) including sample preparation (e.g.
solid phase extraction) (Ansari and Karimi, 2017b), chromatographic
separation (Boysen, 2019; Yang et al., 2016), drug delivery (Han et al.,
2019; Lulinski, 2017; Mokhtari and Ghaedi, 2019) and chemical sensing
(Cai et al., 2019; Lopes et al., 2017; Pacheco et al., 2018; Rebelo et al.,
2020). Electropolymerisation has facilitated the application of MIPs in
electrochemical sensing by employing electroactive monomers that can
polymerize by applying electric current. The first studies of selective
MIPs towards several species produced in this way were done by ; ; Boyle
et al. (1989), Dong et al. (1988) and Vinokurov (1992). After this, the
first combination of electropolymerised MIPs and sensors was described
by Hutchins and Bachas (1995) for the analysis of nitrate using a
potentiometric sensor. The electrochemical synthesis approach was also
successfully used to develop MIP-sensors by two different groups in
1999 (Deore et al., 1999; Malitesta et al., 1999). Malitesta et al. (1999)
proposed the electropolymerisation of o-phenylenediamine (o-PD) in
the presence of glucose (neutral molecule) in an aqueous environment
on a gold-coated quartz crystal to assemble a piezoelectric sensor. Deore
et al. (1999) reported the electrochemical preparation of polypyrrole
(PPy) imprinted with L-glutamate anion. Along with electro-
polymerisation, the modification of electrodes with MIPs prepared by
traditional methods such as bulk polymerisation was also explored.
More recently, the MIP technology has been coupled to disposable and
miniaturized screen-printed electrodes. So, in the future it is foreseen
that some MIPs could be used in commercial sensing solutions.

Theoretically, MIPs can be prepared for any molecule of interest;
indeed, the MIP database (available at http://mipdatabase.com) com-
piles MIPs for more than 10,000 target molecules. Therefore, in the last
decade, the development of MIP-based electrochemical sensors has
exploded as well as the concern about emerging contaminants (Fig. 1)
(Ahmad et al., 2019; Ansari and Karimi, 2017a; Beluomini et al., 2019;
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Fig. 1. Evolution of publications regarding MIP-based electrochemical sensors
and emerging contaminant detection in the last 10 years.

Gui et al., 2018; Lahcen and Amine, 2019). Combining MIPs and elec-
trochemical sensing strategies has shown great potential to benefit
environmental pollution control (Ayankojo et al., 2020).

In this work, a comprehensive review of MIP-based electrochemical
sensors for the analysis of contaminants in water is provided. There are
some recent reviews about this kind of sensors, however, they are gen-
eral regarding the applications of the sensors (Beluomini et al., 2019;
Gui et al., 2018; Lahcen and Amine, 2019), or they are focused on the
preparation and use of imprinted polymers for recognition and extrac-
tion, not only in sensing applications but also in solid phase (micro)
extraction (Ansari and Karimi, 2017a; Figueiredo et al., 2016). Thus, this
review includes a summary of the main environmental contaminants
and provides a general overview of the MIP-based electrochemical
sensors reported for the analysis of these contaminants in water samples
focusing on the polymerisation technique, functional monomers, types
of electrodes and electrode modifiers and comparing their perfor-
mances. Finally, the present challenges and prospects for advancing the
use of this kind of sensors for environmental analysis are discussed.

2. MIPs as recognition elements for electrochemical sensors
MIPs are tailor-made synthetic materials with selective binding

cavities that act as recognition sites for a specific target molecule,
mimicking natural receptors (Chen et al., 2016). MIPs are synthesized by
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mixing the template molecule with a functional monomer in an inert
porogenic solvent, resulting in the formation of a pre-polymerisation
complex. This complex polymerises in the presence of a cross-linking
agent (that fixes the monomer around the template and allows the
generation of the three-dimensional polymer network) and an initiator.
After completion of the polymerisation process, the template is removed
from the polymeric matrix leaving specific cavities whose shape, size
and functional groups are complementary to the template molecule.
Therefore, a molecular memory is generated inside the polymer, in
which the target molecule is now able to rebind with a very high spec-
ificity. In this way, the MIP acquires the ability to selectively recognise
the target molecule in the presence of other closely related molecules; a
process that is very similar to the “lock and key” mechanism of enzymes
(Chen et al., 2016; Madikizela et al., 2018a). A schematic summary of
preparation of a MIP, signal enhancement strategies and detection
mechanisms in electrochemical sensors is shown in Fig. 2.

The recognition properties of a MIP are compared with a non-
imprinted polymer (NIP) that is prepared in the same conditions, but
without the inclusion of the template molecule. Obviously, the great
challenge is to obtain a MIP with the highest selectivity for the target
molecule (Arrigo and Baroni, 2020).

The necessity of quantifying very low contaminant concentrations,
the complexity of environmental samples and the limited availability of
sensitive and selective methods are the principal difficulties for envi-
ronmental monitoring (Madikizela et al.,, 2018b; Madikizela et al.,
2018¢; Namiesnik, 2000; Spietelun et al., 2013). In this context, suitable
sample preparation techniques have been applied to selectively isolate
and preconcentrate the analytes prior to their determination (Sara-
fraz-Yazdi et al., 2012). Many research papers have shown the use of
MIPs as selective sorbents for extraction of various contaminants from
complex sample matrices (Madikizela et al., 2018c). Despite the ad-
vantages of this advanced technical application of MIPs, they are also
excellent tools to be used as recognition elements in electrochemical
sensing (Li et al., 2019b). As mentioned before, when compared with
biological receptors, such as antibodies or enzymes, MIPs are cheaper,
more robust and have a greater reusability. However, the optimisation
of the synthesis process to obtain a selective MIP is often a laborious and
time-consuming task that not always leads to a suitable MIP as recog-
nition element in a sensor. In this context, to avoid the extent and
trial-and-error of experimental procedures, computational simulations
have been employed to describe, predict and analyse molecular
imprinting systems (Zhang et al., 2019). With a sustainable strategy,

| MOLECULAR IMPRINTING SIGNAL ENHANCEMENT MEASUREMENT
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Fig. 2. Summary of the MIPs preparation procedure, signal enhancement and sensing mechanism of electrochemical MIP-based sensors.
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various reports have shown that computational methods provide a
strong guidance regarding on the design of MIPs (Khan et al., 2019;
Rebelo et al., 2020; Xie et al., 2020).

Because of the differences in the templates’ properties and the po-
tential applications of the MIPs, a great variety of strategies for their
preparation, such as bulk, suspension, emulsion and precipitation
polymerisation, and surface imprinting, have extensively been reviewed
(Ansari and Karimi, 2017b; Belbruno, 2019; Chen et al., 2016; Ertiirk
and Mattiasson, 2017; Lahcen and Amine, 2019; Mayes and Whitcombe,
2005). In the case of MIP-based electrochemical sensors, there are
different approaches for the integration of the MIPs with the transducer
(Gui et al, 2018, 2019; Toro et al., 2015). The main ones are i) the
mixture of the MIP with the material of the working electrode before the
preparation of the electrode; ii) the immobilisation (usually by drop
coating) of a previously prepared MIP or MIP-based composite with
conductive/nanomaterials on the transducer surface; and iii) electro-
polymerisation. These synthesis and integration strategies are reviewed
in the next sub-section.

2.1. Preparation processes of MIPs

In the classical MIP preparation methods mentioned above, the bond
between the template and the monomer can either be covalent or non-
covalent. Non-covalent binding is more flexible since the removal and
subsequent rebinding of the template is easier (Zaidi, 2017; Zhou et al.,
2019). Some problems that still need to be overcome are related to the
elution of polar compounds, which have a low solubility in organic
solvents, the reduced number of effective recognition sites, the slow
mass transfer rate and the incompatibility of MIPs with aqueous media
(Chen et al., 2011). So, alternative imprinting routes or new imprinting
techniques are constantly being developed.

As mentioned in the introduction, theoretically, MIPs can be syn-
thetized for any analyte, but there is no specific strategy for a particular
class of analytes; i.e. the optimisation of the imprinting process by
experimental studies is crucial to produce the best MIP (or the MIP with
the desired characteristics) for the target molecule. Bulk polymerisation
is the conventional and most popular approach due to its simple oper-
ation and low production costs. In this method, also known as mass
polymerisation, the template, functional monomer, cross-linker and
initiator are mixed in a single reactor (Farooq et al., 2018). This process
results in a rigid monolithic polymer matrix that, after crushing and
grinding, may have some shortcomings such as the loss of binding sites
that can lead to a low yield (Chen et al., 2011; Farooq et al., 2018).
Although there are different protocols for the preparation of MIPs by
bulk polymerisation, this method follows a typical sequence involving
five main steps: pre-polymerisation of the functional monomers with the
template molecules, addition of the cross-linking agents and initiators,
polymerisation by heating for an extend period of time, extraction of the
template and crushing the crosslinked mass into power. Precipitation
polymerisation, suspension polymerisation and emulsion polymerisa-
tion are three spherical MIP synthesis methods. In these methods, the
polymerisation procedure is similar to bulk polymerisation, but the
post-treatment steps are not required, which reduces the number of steps
and, more importantly, the probability of destroying the imprinted
cavities (Chen et al., 2011; Xiao et al., 2018). Precipitation polymeri-
sation is carried out in a large volume of an organic solvent in which the
polymers are insoluble and precipitate. This method is free of surfactants
and allows to control the size of the particles, but their shape remains
irregular. Suspension and emulsion polymerisation are used to prepare
micro spherical MIPs and to increase monodispersity. For emulsion
polymerisation an oil/water biphasic system is prepared and surfactants
are added to the organic phase to prevent diffusion across the contin-
uous aqueous phase (Wackerlig and Schirhagl, 2016). Compared to the
precipitation strategy, suspension and emulsion polymerisation require
more reagents and the purity and performance of the products are
affected by the presence of surfactants remnants (Chen et al., 2016).
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Another process for the preparation of MIPs is surface imprinting, in
which electropolymerisation is frequently used. In in-situ electro-
polymerisation, using cyclic voltammetry (CV), the imprinted polymers
are produced by coating surfaces at a well-controlled rate, producing an
ultrathin polymeric film. In this process, the CV cycles and time can be
used to determine and regulate the adhesion and the morphology of the
polymeric film on the surface of substrates, facilitating the optimisation
of the synthesis and providing highly reproducible MIPs in terms of
binding capacities and immobilisation on the substrate’s surface.
Moreover, this technique facilitates template removal since the obtained
MIP film is thin and all the imprinting cavities are situated on or closely
at the surface (Cieplak and Kutner, 2016). So, electropolymerisation is
usually a simple and fast procedure involving three steps: solubilization
and interaction of a functional monomer with the desired template in a
solvent, and electrochemical coating followed by extraction of the
template (Crapnell et al., 2019). Other strategies for surface imprinting
have also been studied. For example, the sol-gel process is an approach
that can facilitate MIP preparation in aqueous matrices (Moein et al.,
2019; Zhou et al., 2019). This technique consists of the use of
silica-based materials as supports that allow the use of green solvents
and an easy construction at room temperature without the problem of
chemical or thermal decomposition observed in bulk polymerisation
(Moein et al., 2019; Pohanka, 2017; Zhou et al., 2019). There are two
main steps for sol-gel processing: sequential hydrolysis of silane in the
presence of an acidic or basic catalyst and condensation of a series of
silane monomers to form siloxane bonds. With time, a porous and a
strong three-dimensional network is formed by colloidal particles ag-
gregation (Mujahid et al., 2010; Yang et al., 2013). Sol-gel materials
offer high thermal stability and porosity, which combined with molec-
ular imprinting systems play a significant role in the performance of
MIPs. The lack of functional monomers, the low sensitivity, slow diffu-
sion kinetics and long response times are some drawbacks of this process
(Adumitrachioaie et al., 2018; Zhou et al., 2019).

Many materials for surface modification are also used in surface
molecular imprinting processes such as Fe304 magnetic nanoparticles
(Fe304 MNPs) and mesoporous SiO, nanoparticles (SiO, NPs) (Fig. 2).
Besides a larger specific surface area, magnetic nanoparticles have su-
perior advantages in the removal of solvents and in the fast and easy
isolation of the analyte from samples by applying a magnetic field
(Huang et al., 2018; Ye, 2013). SiO, NPs provide a stable solid support
due to their mesoporous properties, allowing higher stability and sorp-
tion capacities in comparison with ordinary imprinting methods (Wang
et al., 2011). By virtue of the controllable methods and ease of modifi-
cation, surface imprinting technologies have been explored by several
research groups. Furthermore, they have also included functional
nanomaterials in the imprinted shell layers to improve the MIP-based
sensors’ electron transfer rates (Beluomini et al., 2019; Maduraiveeran
et al., 2018). Carbon nanotubes (CNTs), graphene and quantum dots
(QDs) have received special attention in the preparation of MIPs. Among
the carbon materials, graphene is the most widely used because of its
unique physicochemical properties. Besides its low electronic noise and
thin 2-dimensional surface, graphene has strong interaction with
carbon-based ring compounds, such as some contaminants (Zaidi,
2017). QDs are a kind of conducting nanocrystals that have excellent
photoluminescence properties (Shi et al., 2019). QDs possess high
luminescence efficiency and photostability, a broad absorption spec-
trum, narrow fluorescence emission bands and quantum-size effects
(Nsibande and Forbes, 2019). The combination of their excellent prop-
erties with the specific recognition of MIPs is gaining more attention as
an alternative for sensitive and selective detection of contaminants
(Nsibande and Forbes, 2019; Sobiech et al., 2019; Wang et al., 2019;
Zhou et al., 2018). Prior to molecular imprinting, QDs can be loaded on
an electrode surface or incorporated in the surface of supporting nano-
materials such as SiOy NPs (Tan et al., 2016; Yola and Atar, 2017).
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2.2. Functional monomers

The selection of an appropriate functional monomer is an essential
step for the successful construction of MIPs with desired affinity and
selectivity. Template-monomer interactions can be changed by the
combination of different functional groups. So, many types of
commercially available functional monomers have been studied, based
on their potential to establish hydrogen bonds or electrostatic in-
teractions with the template. Among the functional monomers reported
in the literature, methacrylic acid (MAA), pyrrole (Py), and phenol (Ph)
and derivates are the most widely used in electrochemical MIP-based
sensors for the detection of contaminants. Due its nature, MAA is the
most popular carboxylic acid-based monomer used in bulk polymerisa-
tion. MAA not has only the ability to serve as both hydrogen bond donor
or acceptor, but it can also interact with the template in various ways,
including strong ion-pair and dipole-dipole interactions, and van der
Waals forces, increasing its broad applicability (Mayes and Whitcombe,
2005). Py is a conductive (to some extent) and electropolymerisable
monomer, well known to partially cross-link (Sadriu et al.,, 2020).
Without the need to add a cross-linker, electropolymerisation is the most
efficient method to synthesize PPy MIPs. The formation of the PPy film is
fast, and a chemically and mechanically stable polymer is obtained
(Sadriu et al.,, 2020). As a result of its good permeability, the use of PPy
also allows easier extraction and rebinding of the template. Neverthe-
less, there are several experimental variables that can affect the chem-
ical and physical properties of PPy formed on the electrode’s surface,
such as solvent, electrolyte, temperature and pH (Sadki et al., 2000). In
contrast, Ph and p-aminothiophenol (PATP) are electronically
non-conducting polymers which are also extensively used in electro-
polymerisation. The insulation properties of the formed polymer films
can be improved by using self-assembled monolayers (Sharma et al.,
2012); particularly PATP, which contains thiol groups, has been used for
strong binding on gold surfaces. All these functional monomers can
establish strong hydrogen bonds with templates, demonstrating that this
effective interaction is a promising option to take into account during
MIP preparations (Ansari, 2017).

2.3. Detection mechanisms

When using electrochemical MIP-based sensors, electrical signal
(current or potential) changes, which are proportional to the concen-
tration of the target analyte, are recorded (Li et al., 2012). Two principal
techniques are used to detect the specific recognition events: voltam-
metry and electrochemical impedance spectroscopy (EIS) (Li et al,
2019b).

The voltammetric methods include linear sweep voltammetry (LSV),
CV, differential pulse voltammetry (DPV) and square wave voltammetry
(SWV). In these methods, the electroactivity of the analyte conditions
the detection mechanism. For electroactive molecules, the current is
measured directly, where the signal outputs ideally are the faradaic
currents resulting from the oxidation/reduction of the analytes after
binding in the MIP. In this case, under controlled conditions a correla-
tion can be made between the concentration of the analyte and the
measured current (Chen et al., 2016). When non-electroactive targets
are involved, the signal can be produced using redox probes such as [Fe
(CN)(,]B'/ 4 (Lietal., 2012). In this case, also called the “gate-controlled”
mechanism, the current response of the redox probe is inversely pro-
portional to the concentration of the analyte since higher concentrations
lead to fewer channels for the diffusion of the redox probe to the elec-
trode surface, and consequently to the decrease of the signal (Gui et al.,
2019) (Fig. 2).

EIS is a powerful tool to investigate electron transfer and diffusion
processes that occur at the electrode/electrolyte interface. The typical
Nyquist plot obtained in EIS has two areas: at high frequencies a semi-
circle portion corresponds to the electron transfer resistance, and at
low frequencies diffusion limited process are observed by a linear
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portion (Li et al., 2018). During the MIP’s assembly process, changes in
the surface properties of the electrode occur and different Nyquist plots
are observed. Generally, the rebinding of the template in the cavities of
the polymeric film results in an increase of the charge transfer resistance
on the surface of the electrode, thus semi-circles with larger diameters
are observed.

3. MIP-based electrochemical sensors for contaminant analysis
3.1. Pharmaceuticals

Pharmaceuticals are widespread micropollutants and are ubiquitous
in waters and soils (Afonso-Olivares et al., 2017; Kamba et al., 2017).
They have been released into the environment for decades through
various ways, such as metabolic excretion in its original form or as
metabolites, improper disposal of expired medication, and escaping the
modest removal efficiencies of WWTPs (Bjorlenius et al., 2018; River-
a-Jaimes et al.,, 2018). Despite their low concentrations, their long
half-lives amplifies effects from drug-drug interactions that can poten-
tially be hazardous (Evgenidou et al., 2015; Kamba et al., 2017). Subtle
effects of pharmaceutical compounds on aquatic and terrestrial organ-
isms have been reported (Boxall, 2004) and, more recently, a major
concern of the public and the scientific community includes bacterial
resistance (Ayukekbong et al., 2017; Richardson and Ternes, 2014).

There is no definitive date that marks the emergence of the identi-
fication of pharmaceuticals in the environment (Daughton, 2016), but
over the past three decades various methods and approaches have been
developed to assess their profiles and occurrence patterns in different
environmental compartments (Evgenidou et al., 2015; Yang et al.,
2017). Undoubtedly, the knowledge of concentration levels of phar-
maceuticals is essential as a starting point to apply more advanced
treatments to improve their removal and, consequently, minimise their
environmental risk (Afonso-Olivares et al., 2017).

Since 2009 several works have been dedicated to the development of
electrochemical MIP-based sensors for the determination of a wide va-
riety of pharmaceuticals including antibiotics, anti-inflammatories, an-
algesics, hormones, blood lipid regulators, B-blockers, antidepressants,
antiepileptics and cytostatic drugs (Des Azevedo et al., 2013; Florea
etal., 2015; Futra et al., 2016; Han et al., 2016; Miege et al., 2009; Ozcan
and Topguogullari, 2017; Xiao et al., 2017; Yang et al., 2017). Many
different strategies based on new imprinting techniques and polymeri-
sation methods, and the use of innovate nanomaterials have been
studied to improve the performance of the sensors (Adumitrachioaie
et al., 2018; Uzun and Turner, 2016). However, only a few electro-
chemical MIP-based sensors were applied to environmental samples.
This is mainly because of the low levels of contaminants in the envi-
ronment. Table 1 summarises the main characteristics of electro-
chemical MIP-based sensors for the detection of different classes of
pharmaceuticals in water samples.

3.1.1. Antibiotics

Antibiotics are the most frequently studied group of pharmaceuticals
for electrochemical detection using MIP-based sensors, showing the
concern about their presence in waters and the importance of their
detection.

Sulfamethoxazole (SMX) is one of the most frequently sulfonamide
bacteriostatic antibiotic detected in the aquatic environment, soils and
sediments due to its wide spectrum of applications and poor ability to be
metabolised (Fekadu et al., 2019; Tao et al., 2019; Zhao et al., 2015).
SMX has been detected in industrial effluents, in WWTP effluents and in
surface water at concentrations between 0.036 nM and 7.2 nM with
detection frequencies of more than 80% (Garcia-Espinoza and Mijaylova
Nacheva, 2019). In Africa, it was the most detected compound in water
samples, reaching concentrations far higher than the ecotoxicity end-
points (Fekadu et al., 2019). Its presence revealed high risk to sensitive
aquatic organisms (Zhang et al., 2012) with possible mutagenic activity
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Table 1
Electrochemical MIP sensors constructed on different sensing platforms for the detection of pharmaceuticals in water samples.
Target Functional Polymerisation method/ Electrochemical Samples Linear Range  LOD (nM) Reference
monomer Transducer technique (nM)
Sulfamethoxazole Py Electropolymerisation, BDDE SWv Lake water 1.0 x 24" Zhao et al. (2015)
10%-1.0 x
10°
MAA Bulk polymerisation, SPCE, LIS Seawater 0.1-1.0 x 1.0 x 103" Zamora-Galvez
Fe304 MNPs 107 et al. (2016)
Sulfanilamide Py Electropolymerisation, PGE DPV Ground water 50-1.1 x 10°  20° Tadi et al. (2014)
1.1 x
10°-4.8 x
10*
Azithromycin 4-ABA Electropolymerisation, SPCE DPV River water and tap 5.0 x 80" Rebelo et al. (2020)
water 10%-1.0 x
10°
Erythromycin m-PD Electropolymerisation, SPAuE DPV Tap water 2-16 0.1" Ayankojo et al.
(2020)
Chloramphenicol DAM Bulk polymerisation, DPV Seawalter and 0.31 x 74" Zhao et al. (2012)
MWCNTSs, AuNPs, GCE reservoir water 10°-3.1 x
10°
Ciprofloxacin MAA Bulk polymerisation, Ch- DPV Mineral and tap 1.0 x 2.1 x 10* Surya et al. (2020)
AuNPs, GCE water 10°-1.0 x
10°
Lomefloxacin o-PDand p-CD  Electropolymerisation, Au pPVv River and lake water 1-1.2 x 107 0.2° Li et al. (2020a)
electrode, Fe PC
Chlortetracycline  o-PD Electropolymerisation, GO, DPV Tap water and 1.0 x Not Liu et al. (2013)
GCE laboratory 10-5.0 x mentioned
wastewater 10°
Cefalexin I3AA Electropolymerisation, GCE, ppPv River water 10-1.0 x 10*  3.2and4.9"  Feier et al. (2019)
BDDE
Mebendazole MAA Electropolymerisation, DPV Tap water and river 10-1.5 x 10°  4° Rao et al. (2018)
Fe-NCNF, GCE ‘water
17-p-estradiol MNA Electropolymerisation, PtNPs, DPV Hospital wastewater 30-5.0 x 10* 16" Yuan et al. (2011)
GCE and tap water
PATP Electropolymerisation, AuNPs, LSV River water 3.6 x 1070 - Not Florea et al. (2015)
Au electrode 3.6 mentioned
An Bulk polymerisation, Fe;0, SWv River water 50-1.0 x 10" 20" Lahcen et al. (2017)

MNPs, SPCE

4-ABA: 4-aminobenzoic acid; p-CD: p-cyclodextrin; An: aniline; AuNPs: gold nanoparticles; BDDE: boron doped diamond; Ch-AuNPs: chitosan gold nanoparticles;
DAM: diethylaminoethyl methacrylate; DPV: differential pulse voltammetry; EIS: electrochemical impedance spectroscopic; Fe-NCNF: nitrogen-doped carbon
nanosheet frameworks decorated with Fe; Fe-PC: Fe doped porous carbon; GCE: glassy carbon electrode; GO: graphene oxide; I3AA: indole-3-acetic acid; LSV: linear
sweep voltammetry; m-PD: m-phenylenediamine; MAA: methacrylic acid; MNA: 6-mercaptonicotinic acid; MNPs: magnetic nanoparticles; MWCNTs: multiwalled
carbon nanotubes; 0-PD: o-phenylenediamine; PATP: p-aminothiophenol; PGE: pencil graphite electrode; PINPs: platinum nanoparticles; Py: pyrrole; SPAuE: screen
printed gold electrode; SPCE: screen printed carbon electrode; SWV: square wave voltammetry.

4 LOD calculated as S/N = 3.

Y LOD calculated as 3 times the standard deviation of the blank divided by the slope.
€ LOD calculated as 3.3 times the standard deviation of the blank divided by the sensitivity.
4 LOD calculated as 3 times the standard deviation of the intercept divided by the slope.

¢ LOD formula no specified

and the potential to disrupt the endocrine system (Archer et al., 2017;
Zhao et al., 2015). Therefore, its monitoring is relevant to guarantee the
health of all organisms. In 2015, the first electrochemical MIP-sensor,
based on a PPy modified Boron Doped Diamond Electrode (BDDE),
was developed for the determination of SMX in spiked lake water (Zhao
et al., 2015). This sensor was prepared by electropolymerisation of Py
and the determination of SMX was achieved through its direct oxidation
using SWV. A good sensitivity, a limit of detection (LOD) of 24 nM and
minimal interferences of structurally similar sulfonamides (sulfadime-
thoxine, sulfadiazine and sulfafurazole) were observed. Although BDDEs
have excellent properties, some researchers avoid their use because of
the very heterogeneous composition of the BDDE's surface (Feier et al.,
2019) and because of the possibility of its degradation in alkaline so-
lutions (Luong et al., 2009). Sulfanilamide (SN) is another member of
the sulfonamide family and has mainly been detected in surface waters,
with high detection rates in Chinese rivers in comparison with other
countries. Tadi et al. (2014) also used electropolymerisation of Py for the
fabrication of a sensor for the analysis of SN. In this case, a pencil
graphite electrode (PGE) was used. Py was selected as the best functional
monomer compared with furan, thiophene, methyltiophene and meth-
ylpyrrole since computational studies showed it has the highest binding

interaction energy with SN. DPV was used for its direct analysis
(oxidation), achieving an LOD of 20 nM. This sensor showed good
selectivity towards SN; species with analogue structures such as SMX,
sulfathiazole and sulfadiazine did not significantly interfere in the
analysis. The applicability of this sensor was tested in spiked human
serum and ground water samples, obtaining recoveries between 98 and
115%.

The use of nanomaterials is one of the most widely used strategies to
increase the electrode’s surface area and consequently the sensitivity of
the method. Zamora-Galvez et al. (2016) reported a specific and highly
sensitive composite-based sensing system, based on MIP-modified Fe304
MNPs, to detect SMX via EIS (Fig. 3A). In this work, nano-sized MIP
cavities were constructed on the surface of the Fe;04 nanoparticles by
bulk polymerisation using MAA as the functional monomer. Because of
the superparamagnetic properties of the formed composite, this sensing
system allowed easy separation, pre-concentration and manipulation of
the target analyte. After magnetic deposition of the composite on the
surface of a screen printed carbon electrode (SPCE), the electron transfer
resistance (R.) was monitored by EIS in the presence of [Fe(CN)6]>” 4',
which increased with increasing SMX concentrations. This sensing sys-
tem showed an excellent LOD of 1 x 10~® nM and was applied to spiked
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Fig. 3. A) Schematic representation of the MIP-based sensor for SMX detection
based on MIP-modified Fe304 MNPs and the Nyquist plots and calibration curve
for the determination of SMX. Reproduced and adapted with permission from
Zamora-Galvez el al. (2016). Copyright 2016 American Chemical Society. B)
Preparation and analysis procedures of the Fe-NCNF/MIP/GCE for detection of
MB. Reproduced from Rao et al. (2018) with permission from Elsevier.

seawater samples, achieving recoveries between 87 and 106%. In
comparison with the previously described SMX sensor (Zhao et al.,
2015), and although higher amounts of reagents were required, a much
lower LOD was obtained. In this work MIP-modified Fe304 MNPs were
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used to separate and pre-concentrate SMX and their magnetic deposition
onto the surface of SPCEs offered an innovative design in the field of
disposable sensors.

Azithromycin (AZY) and erythromycin (ERY) are frequently pre-
scribed macrolide antibiotics to treat many different bacterial infections.
Due to their wide use, the difficulty of removing them by common
wastewater treatments and their frequent detection in water bodies,
AZY and ERY were included in the EU Watch List (Decision, 2018/840/
EU) of substances that could pose a significant risk to aquatic environ-
ments (Ayankojo et al., 2020; Rebelo et al., 2020). Recently, a low-cost
and user-friendly electrochemical MIP sensor to detect AZY in water was
reported (Rebelo et al., 2020). By a computational study based on
density functional theory (DFT), 4-aminobenzoic acid (4-ABA) was
chosen as the most suitable monomer, which was electropolymerised on
the surface of a SPCE. The analysis of AZY was performed by its
oxidation using DPV (LOD = 80 nM) and the sensor displayed great
recognition behaviour in the presence of other interfering compounds. It
was successfully applied to the analysis of spiked tap water and water
samples collected upstream of a WWTP output in the Ave river
(Portugal). A similar system was used by Ayankojo et al. (2020) to
obtain the first ERY-selective MIP film integrated with a screen printed
gold electrode (SPAUE). In their work, the MIP was generated directly on
the SPAuE via electropolymerisation of m-phenylenediamine (m-PD).
DPV measurements performed using a [Fe(CN)f,]S’/ 4~ redox probe,
allowed the determination ERY with an LOD of 0.1 nM.

Chloramphenicol (CAP), one of the oldest antibiotics, is widely used
in veterinary medicine and to promote the growth of food-producing
animals. This antibiotic was completely banned for use in food-
producing animals in many European countries due to its potential
serious adverse effects (Zhao et al., 2012). Despite legal bans, CAP is
easily available and is still used because of economic interests (Ding
et al., 2017; Shaheen et al., 2017). Zhao et al. (2012) reported the first
electrochemical sensor for the determination of CAP in natural water
samples, combining MIPs and the advantages of carbon nanotubes
(CNTs) and gold nanoparticles (AuNPs). The functional monomer,
diethylaminoethyl methacrylate (DMA), was added together with CAP
to perform bulk polymerisation and the direct detection process was
based on DPV using a glassy carbon electrode (GCE). The LOD of this
sensor was 74 nM and the selectivity for CAP detection was demon-
strated in the presence of penicillin-G, thiamphenicol and their analogue
p-nitrophenol. Bulk polymerisation was also used to construct a novel
sensor modified with chitosan and AuNPs (Ch-AuNPs) to detect cipro-
floxacin (CIP), an antibiotic that has been detected in surface waters.
Ch-AuNPS were used as the supporting material to polymerize MAA in
the presence of CIP (Surya et al., 2020). The resulting MIP was drop
casted onto the surface of a GCE and its capability to quantify the
antibiotic in real samples was tested using mineral and tap water.
Another antibiotic of the quinolone family that has also been detected in
surface waters is lomefloxacin (LFX).Li et al. (2020a) developed an
effective MIP sensor for its determination in river waters. They used a
gold electrode modified with Fe-doped porous carbon (Fe-PC) and
electropolymerisation to produce the MIP film. Because of the hydrogen
bonds and host-guest inclusion interactions, o-phenylenediamine (o-PD)
and f-cyclodextrin (-CD) were chosen as functional monomers. This
methodology allowed high selectivity towards LFX, because of the use of
the MIP prepared with bifunctional monomers, and high sensitivity,
which was attributed to the large specific surface area, rich porosity, and
good catalytic property of Fe-PC. An indirect detection approach and
DPV were used for the analysis of LFX detection in river waters,
achieving an LOD of 0.2 nM.

Tetracycline antibiotics are highly prescribed worldwide because of
their favourable properties both for human and animal therapy (Borghi
and Palma, 2014; Li et al., 2020b; Van et al., 2020). More than 70% of
these antibiotics are released in their active forms into the environment
(Daghrir and Drogui, 2013; Javid et al., 2016) and, due its presence in
waters, several studies have shown direct effects on microbial
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community structures (Grenni et al., 2018). Liu et al. (2013) developed a
sensor to detect chlortetracycline (CTC), a derivate of tetracycline, based
on electropolymerisation of o-PD and controlled electrochemical
reduction of graphene oxide (GO) on a GCE. DPV measurements eval-
uated the electrochemical performance of the MIP-sensor for the anal-
ysis of tap water and a spiked laboratory wastewater sample. Although a
current amplification effect and a higher electroconductivity through
the electrochemical reduction of GO was expected, the sensor did not
show a high sensitivity and the authors acknowledge the need to expand
the linear concentration range (1.0 x 10" - 5.0 x 10° nM).

Cefalexin (CFX) is a broad-spectrum antibiotic that belongs to the
class of cephalosporins (Rahim et al., 2019). Cephalosporins have been
found in different aqueous matrices and river sediments in which cefa-
lexin is the most frequently detected compound (Ribeiro et al., 2018). Its
ubiquitous presence in sewage and wastewater is correlated with human
and livestock populations. An electrochemical MIP sensor for its deter-
mination was recently described by Feier et al. (2019). Two different
electrodes, GCE and BDDE, were used to assess the performances of the
MIP sensors. Indole-3-acetic acid (I3AA) was chosen as the functional
monomer, not only because it can be electropolymerised in aqueous
solution, but also because of its functional groups that can form strong
interactions with CFX. The indirect quantification of CFX was carried
out by using [Fe(CN)6]3'/ 4 and DPV. The LOD obtained with the BDDE
was lower, but its precision was worse compared to the GCE. As
mentioned above for the MIP sensor proposed for SMX (Zhao et al.,
2015), BDDE provided very attractive advantages which was confirmed
in this work: a more pronounced surface imprinting process and,
consequently, a better sensitivity was achieved. However, GCE offered a
better reproducibility and showed to be the most reliable transducer.
This MIP sensor was easy to prepare and was successfully applied to
river water analysis.

3.1.2. Anthelmintic

Unlike the variety of MIP-sensors for antibiotic analysis, to the best of
our acknowledge only one MIP-based sensor for the detection of
anthelmintic pharmaceuticals has been reported. This sensor combined
hybrid nanomaterials with a MIP prepared by electropolymerisation for
the simultaneous determination of mebendazole (MB) and catechol (Rao
et al, 2018). A carbon nanosheet was created through a chemical
blowing process on a GCE (Fig. 3B) and after electrochemical poly-
merisation of MAA with MB, it was observed that, due to their thin
shells, nitrogen-doped carbon nanosheet frameworks decorated with Fe
(Fe-NCNF) played a significant role in absorbing more MB molecules.
Consequently, its frame structure with a large specific surface area
allowed a good electron-transfer for the oxidation of MB at 0.82 V, but
also supported the strong adsorption of catechol, which was electro-
chemically oxidised at 0.15 V. An easy-to-prepare and efficient MB
sensor was obtained in this work. Fe-NCNF was synthetized using a
simple process and its combination with a MIP, synthesized through
electropolymerisation, amplified the electrochemical response of the
sensor.

3.1.3. Hormones

Other substances present in environmental waters at concentrations
of toxicological and carcinogenic concern are hormones, especially 17-
p-estradiol (E2). E2 is commonly used in contraceptive pills and its
release in water has gained notable attention, mainly because it is
considered the major contributor to endocrine disruption of many spe-
cies in the ecosystem (Salste et al., 2007). Additionally, it has been
linked with breast cancer in women and prostate cancer in man (Adeel
etal., 2017). E2 was also added to the EU Watch list of emerging aquatic
contaminants (Decision, 2018/840/EU), highlighting the importance of
developing sensitive and accurate methods for its determination. In
2011, Yuan et al. (2011) reported an electrochemical MIP-based sensor
for E2 quantification using a GCE modified with platinum nanoparticles
(PtNPs). The MIP for E2 was constructed through the
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electropolymerisation of 6-mercaptonitic acid (MNA) and DPV was
applied to directly detect the E2 binding to the MIP since it is an elec-
troactive species. This sensor reached an LOD of 16 nM and was suc-
cessfully applied to spiked hospital wastewater and tap water analysis.
Later, Florea et al. (2015) developed another MIP sensor able to detect
E2 via electropolymerisation of PATP. Assembled AuNPs on the surface
of an Au electrode were used as electron wire for signal amplification,
but in this work the response of the MIP sensor to E2 was measured
indirectly by LSV. The combination of Fe3O, with molecularly
imprinting again showed to be an excellent tool for the highly specific
detection of E2 (Lahcen et al., 2017). Lahcen et al. (2017) developed a
Fe304-MIP sensing system with high selectivity towards E2 for the
analysis of river water samples. Following the traditional bulk poly-
merisation strategy, MIP-modified Fe;04 MNPs were obtained and then
used to modify the working electrode surface of SPCE by drop-casting,
leading to the enhancement of the direct oxidation current obtained
by SWV. The developed sensor achieved an LOD of 20 nM.

3.2. Pesticides

Over the past 50 years, global sales of pesticides have increased
because their importance in agricultural production. They inhibit and
prevent the growth of harmful animals, insects, invasive plants, weeds,
and fungi. However, repeated applications result in their accumulation
in soils and they can be transported to the aquatic environment by
surface runoff (Rousis et al., 2017). Considering their chemical proper-
ties and persistence, the biodiversity and the ecosystems’ health is
jeopardised since their toxic action is not restricted to target pests
(Carvalho, 2017). Among all available pesticides, herbicides, in-
secticides, and fungicides are the most used types. Although electro-
chemical detection of pharmaceuticals in water samples using MIPs
appears an unexplored area, many publications have been reported
about their use for the trace analysis of pesticides, which are summar-
ised in Table 2.

3.2.1. Insecticides

Organophosphates persist for days/weeks in the aquatic environ-
ment and studies showed that they are accumulated by crustaceans and
fishes (Carvalho, 2017). These are the insecticides for which most
electrochemical MIP sensors have been developed. As shown in Table 2
different strategies were adopted for the detection of chlorpyrifos (CPF)
and the use of GCE is common to all of them. Xie et al. (2010b) reported
a molecular self-assembly strategy for electropolymerisation of PATP on
the surface of AuNPs-modified GCE by the formation of Au-S bonds. A
linear range between 5.0 x 102nM and 1.0 x 10* nM and an LOD of 330
nM were obtained. This sensor showed good interclass selectivity and
the authors tested its applicability in spiked tap water. A better LOD
(4.08 nM), was attained via simple bulk polymerisation of MAA (Xu
et al., 2017). A GCE was coated with a suspension of the resulting MIP
and the binding of CPF was evaluated by DPV using [Fe(CN)G]3 /4 as
redox probe. This simple sensor provided a good selectivity and its
applicability was assessed in river water samples. However, an electro-
chemical MIP-sensor based on carbon nitride nanotubes (C3N4 NTs)
decorated with graphene quantum dots (GQDs) (Yola and Atar, 2017)
provided a much lower LOD (2.0 x 10 ® nM) in comparison with the
previous works. As mentioned above, these nanomaterials have attrac-
ted great attention, and this work is one of the first reports that combines
MIP with their excellent properties for application in wastewater sam-
ples. After the synthesis of the C3N;, NTs@GQDs composite by hydro-
thermal treatment, a suspension of this nanohybrid material was
dropped onto the GCE surface. The electropolymerisation was per-
formed using Py as functional monomer creating electrostatic in-
teractions and hydrogen bonds with CPF. The performance of the
prepared MIP sensor was evaluated directly by SWV. High conductivity
of the electrode surface was achieved, and it was demonstrated that the
introduction of a finite bandgap into graphene improved its gapless
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Table 2
Electrochemical MIP sensors constructed on different sensing platforms for the detection of pesticides in water samples.
Target Functional Polymerisation method/ Electrochemical Samples Linear Range LOD Reference
monomer Transducer techniques (nM) (nM)
Chlorpyrifos PATP Electropolymerisation, GCE, o Tap water 5.0 x 10%-1.0 33 x Xie et al. (2010b)
AuNPs x 10" 10*
MAA Bulk polymerisation, GCE DPV River water 0.1-1.0 x 10* 11" Xu et al. (2017)
Py Electropolymerisation, GCE, SWV Industrial 1.0x1072-1 2.0 x Yola and Atar
C3N4 NTs, GQDs wastewaler 107 (2017)
Methyl-parathion PATP Electropolymerisation, GCE, LSSV Distilled water and 0.38-4.2 0.30" Wu et al. (2014)
AuNPs, CNTs tap water 4.2-42
Ph Electropolymerisation, SPAuE, cv River water 3.8 x 10%-3.8 38° Xue et al. (2011)
N-GS x10*
Parathion MAA Bulk polymerisation, CPE SWV Tap, river and lake 1.7-9.0 x 10> 0.5° Alizadeh (2009)
water
Diazinon MAA Bulk polymerisation, CPE Swv Well water 2.5-1.0 x 10* 0.79" Motaharian et al.
1.0 x 10%-2.0 (2016)
% 10°
MAA Bulk polymerisation, CPE, Swv Tap and river water 0.5-1.0 x 10° 013" Khadem et al.
MWNTs (2017)
Phosalone APTES Sol-gel method, CPME, Pt-UiO SWvV Lake water and soil 0.50-2.0 x 0.078" Xu et al. (2020b)
66 10*
Cypermethrin Ph Electropolymerisation, GCE, DPV Wastewater 1.0 x 103~ 3.0 x Atar and Yola
Fe@AuNPs, 2D-hBN 10 10~ (2018)
DA and RC Electropolymerisation, GCE, EIS ‘Tap water and soil 20x107*-8 67 x Li et al. (2019d)
Ag-N@7n0, CHAC 10~
Cyfluthrin APTES Sol-gel method, QDs, Nafion- ECL Seawater 0.46-2.3 x 0.12% Li et al. (2020a)
MWCNTs 10%
Triazophos PATP Electropolymerisation, Au- ECL Tap water, reservoir ~ 0.1-1.0 x 10° 0.058" Li et al. (2019a)
electrode, luminol water and river
water
Glyphosate Py Electropolymerisation, Au DPV Tap water 30-4.7 x 10° 1.6" Zhang et al. (2017)
electrode
MAC Bulk polymerisation, PGE, DPASV Soil 49-4.7 x 10? 21 Prasad et al.
AuNPs, MWCNTs (2014)
PATP Electropolymerisation, Au- LSV Tap water 5.9 x 107° - 4.7 x Do et al. (2015)
electrode, AuNPs 5.9 102
2,4-dichlorophenol MAA Bulk polymerisation, GCE, DPV Tap, river and 5.0 x 10°-1.0 1.6 x Zhang et al. (2013)
microgel suspension, Ch, Nafion drinking water x 10° 10*
MAA Bulk polymerisation, GCE, GO DPV Lake water 4-1.0 x 10" 0.5° Liang et al. (2017)
EDOT Electropolymerisation, CFP DPV Lake, river and tap 0.21-3.0 x 0.07¢ Maria et al. (2020)
waler 10”
4-Chlorophenol oPD Electropolymerisation, Swv Wastewater 2.0 x 10%1.7 40° AL-Ammari et al.
GCE, ZnO NPs x 10° (2019)
Atrazine Ph Electropolymerisation, GCE, Swv Wastewater 1.0 x 10 *- 1.5 x Yola and Atar
PNPs, C3N; NTs 1.0 x 107! 10" (2017)
2,4-Dichlorophenoxy Py Electropolymerisation, GCE (8% Tap water 1.0 x 1072 8.3 x Xie et al. (2010a)
acetic acid 1.0 x 10* 10*
Paraquat Py Electropolymerisation, PGE, EBB  DPV Dam water 5.0 x 10°-5.0 2.2 x Sayyahmanesh
x 10" 10 et al. (2016)
Diuron MAA Bulk polymerisation, CPE, Swv River water 52-1.3 x 10° 9.0" Wong et al. (2015)
MWCNTs
Chloridazon 2.VP and Bulk polymerisation, CPE, DPV Ground, surface, 5.0 x 10%-4.0 62° Ghorbani et al.
MAA MWCNTs seawater and x 10° (2020)
drinking water
Hexazinone 2-VP Bulk polymerisation, CPE DPV River water 0.019-0.11 2.6 x Toro et al. (2015)
102
Dicloran MAA Bulk polymerisation, CPE, Swv Tap water and river 1.0 x 10* 1 0.48° Khadem et al.
MWCNTs water (2016)
Tributyltin APTES Sol-gel method, SPCE, Fe30,4 EIS Sea water 5.0 x 10°%- 5.4 x Zamora-Galvez
MNPs 5.0 x 10° 10° et al. (2017)

* LOD calculated as 3 times the standard deviation of the blank.
b

c

4 LOD formula no specified.

¢ LOD calculated as S/N = 3.

LOD calculated as 3 times the standard deviation of the blank divided by the slope.
LOD calculated as 3.3 times the standard deviation of the intercept divided by the slope.

f 10D based on the minimal distinguishable signal for lower concentration of analyte.
8 LOD calculated as 3 times the standard deviation of the lowest concentration (or any concentration) divided by the slope.

nature, showing the potential role of GQDs in the development of
electrochemical sensors.

In another example of the use of nanomaterials, electrochemical MIP
sensors for the analysis of methyl-parathion (MP) were prepared using
both electro- and bulk polymerisation. Wu et al. (2014) constructed a
sensor based on AuNPs decorated with CNTs. After electrodeposition of

functionalised AuNPs on a MWCNTs/GCE surface, the electrode was
immersed in a solution containing PATP. Since MP is electroactive, its
recognition by the MIP could be directly monitored by LSV. The pro-
posed sensor allowed a low LOD (0.30 nM) and was successfully applied
to the determination of MP in spiked distilled and tap water, and apple
and cucumber samples with recoveries ranging from 95 to 106%.
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Another quantitative method for MP was based on nitrogen-doped
graphene sheets (N-GS) and a MIP synthetized by electro-
polymerisation of Ph (Xue et al, 2014). Although N-GS has been
described as an excellent sensing material for molecular imprinting, the
developed MIP-sensor showed a worse analytical performance than the
one described above (Wu et al., 2014) (see Table 2).

The use of carbon paste-based electrodes (CPE) has some benefits
that include easy surface modification and very low ohmic resistance
(Toro et al., 2015; Vytias et al., 2009). These advantages were used to
construct MIP sensors for parathion (Alizadeh, 2009) and diazinon
(Motaharian et al., 2016), where the MIPs were synthetized by bulk
polymerisation using MAA as functional monomer. The detection of
these organophosphorus pesticides was performed by SWV and the au-
thors demonstrated that the optimisation of the composition of the CPE
is very important to improve the sensor’s sensitivity.

The introduction of nanomaterials into CPEs seems to be crucial to

Biosensors and Bioelectronics 172 (2021) 112719

achieve the best performance. In the past few years the rapid growth of
research interest in metal organic frameworks (MOFs) linked via the
self-assembly of transition metal ions/clusters and organic ligands has
been observed (Xu et al., 2020b). Very recently, Xu et al. (2020b) based
on its favourable characteristics like highly ordered structure and
exposed sites, prepared a novel disposable carbon paste microelectrode
(CPME) MIP sensor on zirconium (Zr) based MOF (UiO-66) to detect
phosalone (PAS). UiO-66 was combined with Pt nanoparticles and the
MIP imprinted with PAS was produced by the sol-gel method with
3-aminopropyltriethoxysilane (APTES) as the functional monomer. The
resulting sensor exhibited an LOD of 0.078 nM and its feasibility was
evaluated in lake water and soil samples.

Cypermethrin (CYP) belongs to the class of pyrethroid insecticides
and its insecticidal action is more effective and less toxic compared to
the organophosphates. So, this pesticide has been widely used through
the world. Recently, a MIP-based sensor to determine CYP in spiked
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wastewater samples was reported (Atar and Yola, 2018). The sensing
phase of the sensor was constructed on the surface of core-shell type
nanoparticles (Fe@AuNPs) incorporating two-dimensional hexagonal
boron nitride (2D-hBN) nanosheets through polymerisation of Ph. The
highly sensitive properties of the prepared nanocomposite allowed a
superior ability of specifically binding CYP and an extraordinary LOD
(3.0 x 107° nM).

More recently, based on studies which showed a better performance
of MIPs prepared with two or more functional monomers, Li et al.
(2019d) produced a dual-monomer MIP for the analysis of CYP. Here,
the preparation of the MIP sensor involved specific steps to produce a
hybrid material by combining Ag and N co-doped zinc oxide
(Ag-N@ZnO) with activated carbon (AC) (Fig. 4A). To produce an
enlarged sensing surface and, consequently, amplify the signal, AC was
chosen as a sensitising material on a GCE surface due to its low cost and
easy availability. However, the authors reveal that the sole use of AC
hinders the formation of a rigid layer on the electrode surface. This
drawback was overcome by the addition of ZnO for better immobilisa-
tion. ZnO can easily be combined with other materials and doping can
enhance its electrical conductivity. Therefore, as can be seen in Fig. 4A,
Ag-N@ZnO was firstly produced by the sol-gel method and was then
ultrasonically mixed with AC. After that, a suspension of the prepared
solution was dropped on the GCE surface and the MIP was electro-
polymerised with dopamine (DA) and resorcinol (RC) as dual functional
monomers. The electrochemical performance was evaluated by CV using
[Fe(CN)]® 74~ as redox probe and the sensor was applied not only to
water samples, but also to a soil sample. Although this dual monomer
MIP provided a novel strategy to enhance binding and affinity with
target analytes, the LOD was not as low as the MIP sensor proposed by
Atar and Yola (2018), in which only one functional monomer was used.

Electrochemiluminescence (ECL) combined with MIPs can improve
the sensitivity and selectivity of the assay. The use of ECL has seen an
exponential growth in electrochemical sensors. However, the use of ECL
as detection technique for MIP sensors with applications in real water
samples is still scarce. An example of this combination is the sensor
developed by Xu et al. (2020a) to detect the insecticide cyfluthrin (CYF).
They developed a MIP platform based on QDs as luminophore in the
presence of H2O; as co-reactant. In the ELC process, both the lumino-
phore and the co-reactant are oxidised or reduced at the electrode
forming radical species. Then, an electrochemical reaction between
their redox products occurs and radiation is emitted. Due to its high
emission quantum yield, luminol is a classic ECL luminophore. How-
ever, an increase in the demand of other alternatives has been observed
because of limitations during its ECL process Li et al. (2019a).So, in the
work developed by Xu et al. (2020a), the combination of a MIP with ECL
based on QDs demonstrated high selectivity, good stability and
controllability, where MWCNTSs were utilised to improve the electro-
catalytic activity and minimise surface fouling on the GCE. To simplify
the electrode preparation process and improve the electrocatalytic ac-
tivity, MIP-QDs were firstly synthetized by the sol-gel method using
APTES as functional monomer. Then, the resulting MIP-QDs were used
to coat the surface of a GCE (Fig. 4B). After drying, MWCNTs prepared in
a Nafion solution, which can facilitate the adhesion and the ionic
transportation across the electrode, were placed on the GCE surface. In
the presence of CYF, the ECL and the redox peak current intensity
decreased, which was accompanied by the increase of the electron
transfer resistance. The LOD was 0.12 nM and good recoveries in
seawater samples were obtained.

3.2.2. Herbicides

Glyphosate (Gly) is among the mostly widely used herbicides by
farmers during the past 40 years. Although not proven, Gly has been
associated with cancer in humans and a strong debate about its potential
harmfulness has been generated (Silva et al., 2018). Due to its persis-
tence in seawater (Mercurio et al., 2014), the need to identify trace
levels of Gly in drinking water is also urgent. To the best of our
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acknowledge, the most recent electrochemical MIP-sensor used for Gly
detection in water samples was reported by Zhang et al. (2017). In this
work, a simple electropolymerisation procedure, using Py as functional
monomer, on an Au electrode was performed. The sensor presented
good binding kinetics to Gly and showed good stability, selectivity, and
sensitivity, and an LOD of 1.60 nM. The analytical signal was based on
the use of the [Fe(CN)e]S‘/ " redox probe and DPV. This MIP sensor
exhibited a higher sensitivity when compared with the MIP sensor
constructed by Prasad et al. (2014), where N-methacryloyl-L-cysteine
(MAC) molecules were used as monomer in the bulk polymerisation
process. However, the best sensitivity to detect GLY in water samples
was obtained by the construction of an electrochemical sensor based on
MIP-MOF films formed on Au surfaces through electropolymerisation of
PATP functionalised with AuNPs (Do et al., 2015). A low LOD of 4.7 x
10° nM was achieved and the sensing capacity of the sensor was
evaluated in tap water.

All other published MIP-sensors to detect herbicides with applica-
tions in water samples were based on the modification of GCE
(AL-Ammari et al., 2019; Liang et al., 2017; Xie et al., 2010a; Yola and
Atar, 2017; Zhang et al., 2013), PGE (Sayyahmanesh et al., 2016) or CPE
(Ghorbani et al., 2020; Khadem et al., 2017; Toro et al., 2015; Wong
etal., 2015). Additionally, a newly developed carbon fibre paper used as
working electrode was also reported (Maria et al., 2020). In order to
enhance the selectivity and precision, various nanomaterials were
combined in these sensors.

As can be seen in Table 2, the LOD for 2,4-dichlorophenol (2,4-DCP),
a typical chlorophenol that is widely employed in the synthesis of her-
bicides and insecticides, was much lower in the presence of GO (Liang
et al., 2017). Moreover, Liang et al. (2017), using the same functional
monomer (MAA), proposed a very simple methodology for the fabrica-
tion of a 2,4-DCP-MIP electrochemical sensor in comparison with Zhang
et al. (2013). Besides using MAA as functional monomer, Zhang et al.
(2013) also used a co-monomer, chlorohemin, to introduce chemically
active sites into the MIP as well as a combination of chitosan (Ch) and
Nafion for immobilisation of the MIP and to increase conductivity,
respectively. This assembly probably blocked the mass transport to the
electrode surface which resulted in a worse LOD. More recently, one of
the first reports using a poly(3,4-ethylenedioxythiophene) (PEDOT)
based MIP on carbon fibre paper, and the first applied to water samples,
was published by Maria et al. (2020). To detect 2,4-DCP, carbon fibre
paper was chosen as working electrode because of its porosity, offering
abundant reaction sites. This novelty and the use of PEDOT as conduc-
tive polymer not only improved the LOD (0.07 nM), but also the stability
and reproducibility. Other approach was presented by AL-Ammari et al.
(2019), in this case, to explore the detection of 4-chlorophenol (4-CP).
The MIP was prepared by electropolymerisation of o-PD with multi-
functional nanomaterials, zinc oxide nanoparticles (ZnO NPs) and gra-
phene platelets, on a GCE. Compared with other techniques applied for
the detection of 4-CP, this MIP, which was tested in real wastewater
samples, showed higher sensitivity.

Another excellent approach to improve the LOD was based on
combining Pt NPs and C3N4 NTs, which were obtained by hydrothermal
treatment and allowed minimised waste formation. Yola and Atar
(2017) employed these nanomaterials to modify a GCE surface and,
through electropolymerisation of Ph, they created a sensor that showed
an LOD of 1.5 x 10~ nM for the analysis of atrazine (ATR). PATP was
also investigated for the determination of 2,4-dichlorophenoxy acetic
acid (2,4-D) (Xie et al., 2010a). In this work, a simple procedure which
involved electropolymerisation on the surface of a GCE, was developed.
The 2,4-D molecules were removed from the polymeric matrix without
solvent extraction, which is in accordance with “green chemistry”.
However, this simple sensor did not show a great LOD.

Due to the favourable features of Py in aqueous media, it was chosen
again as functional monomer for the recognition of paraquat in dam
water (Sayyahmanesh et al., 2016). The electropolymerisation of the
MIP occurred on top of a PGE in the presence of a functional doping ion
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(eriochrome blue-black B (EBB)). EBB is an anionic complexing agent,
which was used to maintain the electroneutrality during the reduction of
Py and, consequently, to conserve its electroactivity. In order to enhance
the electrochemical signal of diuron, a CPE modified with a MIP and
MWCNTSs was proposed by Wong et al. (2015). The MIP was synthetized
via bulk polymerisation. This polymerisation technique was also adop-
ted by (Ghorbani et al., 2020) for the determination of chloridazon
(CLZ) in surface, ground and drinking water. This MIP sensor was con-
structed based on the multiple interactions formed between CLZ and two
functional monomers, 2-vinylpiridine (2-VP) and MAA. In the same way,
but without the use of nanomaterials, Toro et al., 2015 developed a
selective sensor for hexazinone (HXZ) using computational simulations
to evaluate the interaction of HXZ with functional monomers in the
prepolymerisation mixture. MAA was selected as the most suitable
monomer and this computational study allowed the production of a
more effective MIP for HXZ with an excellent LOD of 2.6 x 10> nM.

3.2.3. Fungicides and biocides

Compared with insecticides and herbicides, the number of publica-
tions on the analysis of fungicides is much lower (see Table 2). An
electrochemical MIP-sensor for the determination of dicloran in tap
water and river water was developed by Khadem et al. (2016). In this
work, the MIP produced by bulk polymerisation was deposited on top of
a CNTs-modified CPE. The sensor showed very high recognition ability
in comparison with a NIP electrode with a linear range between 1 and
1.0 x 10° nM and an LOD of 0.48 nM.

Besides this, a MIP sensor for tributyltin (TBT), a biocide used in
antifoulant paints to prevent the growth of marine organisms on the
hulls of large ships, was also described (Zamora-Galvez et al., 2017).
Fe304 MNPs were used to modify the MIP prepared by the sol-gel pro-
cess using APTES as monomer. Using an SPCE as transducer and EIS as
detection technique, a low LOD was achieved (5.4 x 1073 nM).

3.3. Heavy metals

In developing countries, the increase of industrial activity and ur-
banisation has led to the proliferation of heavy metals in the soil and
water sources (Ali et al., 2019a). The pollution of the environment with
heavy metals has a particular impact on ecotoxicology because of their
long persistence, non-degradability, bioaccumulation and bio-
magnification in the food chain, which causes serious harm not only to
wildlife, but also to human health (Hong et al., 2020; Kumar et al.,
2019). The MIP technology has attracted considerable attention to
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assess and monitor the concentration of heavy metals (Liu et al., 2019;
Yaroshenko et al., 2020). In the field of separation and sensing, several
works involving the adsorption of heavy metals using MIPs can be found
in the literature (Sharma and Kandasubramanian, 2020). However, as
shown in Table 3, only a small number of publications concerning
electrochemical MIP-based sensors to detect metal ions with applica-
tions in water and soil samples were reported. Electrochemical MIP
sensors for the analysis of beryllium(II) (Be?") (Lietal., 201 5), cobalt(II)
(Co?") (Li et al., 2019), copper(Il) (Cu?™) (Di Masi et al., 2020; Prasad
and Fatma, 2016; Prasad and Singh, 2016) and zinc(II) (an_) (Shir-
zadmehr et al., 2016) were developed following different strategies to
facilitate metal ion imprinting and improve the selectivity of the sensor.
The combination of MIP and ECL was reported for ultra-trace Be?t
detection in water samples (Li et al., 2015). The sensor was fabricated
using Be?" and 4-(2-pyridylazo)-resorcinol (PAR), a metallochromic
indicator, to form a complex which was copolymerised with o-PD. CV
characterisation of the prepared MIP sensor revealed that the imprinted
cavities could only recognise the Be?-PAR complex and not the metal
ion and the ligand, showing an efficient imprinting process. ECL was
indirectly measured by the luminol-H203 interaction and a low LOD
(0.024 nM) was achieved. The same strategy for the detection of
nanomolar levels of Co®* was used by Li et al. (2019c¢). In their work,
Co?* and bovine serum albumin (BSA) were introduced as the template
molecules and an ECL sensor was designed. Another attractive and
different concept, based on biosorption, was described to detect cu®tin
soil and water samples (Prasad and Fatma, 2016; Prasad and Singh,
2016). As certain algae show enormous potential for biosorption of
heavy metals, Prasad and Fatma (2016) used a blue green-algae (Aulo-
spira sp.) modified PGE for the development of one MoNomer Ion
Imprinted Polymer (OMNiMIP) (Fig. 5A). In this procedure, the func-
tionalised algae were simultaneously used as crosslinker and functional
monomer. The use of carboxylic groups in the OMNiIMIP sensor facili-
tated the metal ion imprinting and a highly sensitive method with pre-
cise results was obtained. The absence of an extra crosslinker allowed
the LOD to be several times lower than the one obtained by Prasad and
Singh (2016). In this work, the same algae were employed as a natural
ligand to form a “complex-metal” with N-methacryloylglutamic acid
(NMGA) as the monomer for the analysis of Cu*. The algae were
considered as cheap substitutes of MWCNTs to impart electro-
conductivity to the film. Using differential pulse anodic stripping vol-
tammetry (DPASV), an extremely sensitive technique used for the
detection of heavy metal ions, Prasad and Singh (2016) developed a
OMNIMIP without the need to select a crosslinker and, consequently,

Table 3
Electrochemical MIP sensors constructed on different sensing platforms for detection of heavy metals in water samples.
Target Functional Polymerisation method/Transducer Electrochemical Samples Linear LOD Reference
monomer techniques Range (nM) (nM)
Beryllium(1I) o0-PD Electropolymerisation, SPAuE, ECL Rain, bottled and well 0.07-8.0 0.024" Li et al. (2015)
(Be*h) luminol-H,0, water
Cobalt(II) 0-AP Electropolymerisation, Au electrode, ECL Surface water, industrial 1-1.0 x 10? 0.31° Li et al. (2019¢)
(Co?*") BSA, MWCNTS, Cu, C-Dots sewage and agricultural
soil
Copper(1l) Acryloylated Bulk polymerisation, PGE DPASV Lake water and soil 0.13-1.2 x 0.028" Prasad and Fatma
(cu*h) algae 10* (2016)
NMGA Bulk polymerisation, PGE DPASV Lake water and soil 0.16-98 0.060" Prasad and Singh
(2016)
0-PD Electropolymerisation, DPV Drinking water 0.95-2.4 x 2.7 Di Masi et al.
SPPLE 107 (2020)
Zine(I) MAA Bulk polymerisation, CPE, GO, Potentiometry River water, industrial 3.9-1.0 x 0.030" Shirzadmehr
(Zn*") AgNPs, [BMP]Tf2N (IL) wastewater 10" et al. (2016)

AgNPs: silver nanoparticles; [BMP]Tf2N (IL): ionic liquid 1-butyl-1-methylpyrrolidinium bis(triflioromethylsulfonyl)imide; BSA: bovine serum albumin; C-Dots:
carbon dots; NMGA: N-methacryloylglutamic acid; o-AP: o-aminophenol; SPPtE: screen printed platinum electrode.

# LOD calculated as 3 times the standard deviation of the intercept divided by the slope.

Y LOD calculated as 3 times the standard deviation of the blank divided by the slope.

¢ LOD calculated as 3 times the standard error from the weighted regression plot divided by the slope.

4 LOD formula no specified.
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Fig. 5. A) Illustration of the preparation of an alga-OMNIMIP for electrochemical detection of Cu”". Reproduced from Prasad and Fatma (2016) with permission
from Elsevier. B) Schematic illustration of the synthesis procedure of a MIP sensor for BPA analysis. Reproduced from Ali et al. (2019h) with permission from the
Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry.

without optimisation of the monomer-crosslinker ratio

3.4. Other contaminants

Besides pharmaceuticals, pesticides and heavy metals, the environ-
ment is also charged with other chemicals that may harm human health.

13

Many products of daily use, such as industrial explosives, sub-products
of industrial syntheses, ingredients of cosmetics, brominated flame re-
tardants or even amino acids have not surprisingly been detected in
environmental matrices. As can be observed in Table 4, a substantial
amount of work has been done to develop novel sensors to determine the
presence of these unwanted compounds in different environmental

41



FCUP
Chapter 2 — Electrochemical sensing of environmental contaminants via molecularly imprinted polymers

42

Biosensors and Bioelectronics 172 (2021) 112719

P. Rebelo et al.

“Ue[q 2} JO UONEIASP PIEPUR]S () SIWT ¢ Se Paje[na[ed A0T ,

‘payads ou emuiio) OT ,

-ado[s 9y) £q papIAIp YUR[q 3Y3 JO UOHRIASP PIepUR)S ) SN ¢ Sk PARIO[Ld (0T

*¢ = N/S SE PRy (0T
*sa[onITedouRU SPIXO JUIZ SN QUZ OUIIOSIT
O ‘s10p umuenb :sQ) AsATeIes yromauresy oruedro—elow paseq-17 :99-0OIn-1d {ousyd :yq {s1eoys suayderd padop uaSoniu :sn-N ouralsko-T-jAofAneylow-N VA {Anowureijoa deoms Surddins reaut| :ASST {s1op
umjuenb susyderd :sqO)H seppnredouru od4) [[aYs-2100 [SNNY D)2 2UaydoTAXOTPaUSAYIR-1 ¢ O 2oU0SIUTUN[IWYI0IID]2 (DT g YOr[q-aN[q SWondoL :ggd (Ansurueljoa Surddins osrpoue aspd fenuaispyip
IASYAQ unuedop 1y ( ‘Anaurue)[oa d1[o£d 1AD 9pomnals alsed Uoqied D) $IqNIoURT U0GIRD [STND) SPoNdaa01rw )sed uoqIed ;I s INu000d wolj paredaid uogied pajeande :HYHY) uesoiny () Jaded 19qy
UoqIed :d,]) S2qNjouRU SPLIIU 0D SN yNED pIXo ouiz padop 0o uaoniu pue I2A[ls :QUZBN-8Y ‘aueisixoyiarn([Adordoutuy-¢) :SH LAY LQUIPLAdIAUIA-Z :dA-Z OPLIIU UoIoq [euoSexay [RUOISUSWIP oM} :NFY (7
-ajeydsoydotonpyexay umijozeprui£ing-¢-[Auia-1 pmbiy orwor (1) [91d][wrwyHAT)
{saqniouru uoqIed pafem I[3uls :SINOMS ‘Surddins orpour aandiospe aaem-orenbs :GYpvVMS ‘sepnaredouru BOIfIS SN ¢QIS OpIXo suaydeln paonpal :0HY OpHoiy [Auiaijod JrAxoqies :HOOD-DAd Puayderd
PaqLIDS Iase] ST SanIedourU [2)ITU [SININ S[RISAI0URU [SHN OPIUR[AIoe-SIqaUa[Aow- NN 'VVEIN OPIUoIq Uumuounue[Aowin[A19) :gv.I) DpIue[Ane 1yy QuIpuAdiAuta-| (dA-p {ousydornyiounue-g :q V-7

(61V]
(8102 08 0L X8I0l x0T Iem e AdQ YOFa1 ‘0D “IDD ‘Uonesuatikjod ymg [9:4d] (mmupdAL) surwejduaydiq
IojeMaIsem
01 (01 X 8'1-66 [RLUISNPUL PUE 19]EM I9ATY ASYPYMS YOfag “4dD ‘uonesuswijod ymg vV 9Ap usaa3 (AP
o) § 201
X 6L X g€, 0L X G¢ ID1BM [RIOUNL PUR [DIEMIISEA Add HOOD DA ‘Anvds ‘uonesuowijod yng 1A% uesO[ILIL,
96 0L X 8'1-02 101em deg, Ada 1dD ‘vonesuawiAfod ymg VVIN uraysk>-1
em SINDMS “10H ‘uonesuowiijod SUIUEAYI2WIPOSONIN
(9102) Te 32 039D pS'TL OL X T'E€0L X VT de) pue 1erem SunjuLIp papnog S 0n23[ A4 N
(6002)
O [OpRZIY g O X 0'6-8 1em de) pue Ay Add AdD ‘vonesuowod g VVIA [ousydonru-ereq
09 “4DH ‘vonesuvkjod
(£102) 'T& 10 uay) 9100 Sh-GH°'0 I9)eM e[ puR UTRYy Ada 012 %1 Tousydiiuou-f
405 ‘vonestawAijod
(6102) T 3@ NA v 01 X TT-01 Tojem axe| pue deg, AD 0N ado S[OPUTAIBIN-E
ap0T Anyds ‘vonestpwAod ajeyns [Aney
(8102) X €9 S'e-1°0 I01M IDALL PUE IDJRMOISEA dAd 1A dLV-T wnipog
620°0 01-1'0 Iajem Sunfuup pue ayer ‘der, Ada SANTY ‘AdD ‘monesuawiAjod ymg dLVd PUe VVIN S [ouaydsiqowoaqeaya],
GLL0 01 X 020G Tajem [ood pue ute: ‘iarem deg, Add SANIN *O2d ‘HdD ‘Poyew [23-[os S41dV
SANIN ‘09 “4oH ‘vonesuowifjod
(B 10T) ¢ ¥ £T°0 LT X 060 191eMm O¥e| pue uies totem dej, AdU 0129 Ad v [ousydsiqowoiqenay,
101 01
(0202) 'Te 32 Sueyz 8T XTT g 0L %88 Iajemeas 08 SON-YOF24 ‘HDD ‘poypaw [28-[o§ SALAV
(1102) Te 10 Bmepm R4 0L X 0'G20L X 0T I91eM I2ATY AD SN 4018 ‘AdD ‘porpat [28-[o§ SALAV
(9102) LOL X 0201 X 0T
Aped q€ 0T X 0'T-9 I91eM [RIRUIN Add 09 “HOH ‘poyowt PE-[og SHLAV
apomaae HST ‘Uonesuatijod
© 12 ynpag 8 L,0L X 02-0S 191eM de) pue RN Ada ondaT Ad
sado ‘40D
‘uonestpwsjod
(9102) & ¥ OF 0T X 0601 X 0'T 1oyem eas pue deg, Add onv3d £
Q6102) 8 OL X 0102 1oem Bupjuup pue dey oyerq A 09 ‘ad{ ‘Ao ‘vonesuowkjod g VVEIN Pue vV
(Qr10Z) T8 32 UD 42T 0T X 0'T-08 1oem amd pure dey “reary Ada SINDMIN ‘AdD ‘uonesuawikjod yng dA v
aviLd
(¥10T) T2 12 Nz ZOL X 0T 01 % 0'T—0L X 09 I91eMm e[ pue apioq Sunjunq S ‘SdANIN YO%24 ‘ddD ‘uonesuawjod uoispiuaiurpy VNN v [ouaydsig
#102) 50 01 X €T-0'T 101em s pue def, AMS SANIN YO “4dD ‘uonesuvwikjod yng VVIN
ST 0L X 0'T-§ [1os pue 1o1em punoid ‘miem dej, AMS AdD ‘vonesuowiAjod g VVIA 2UAN[0IONIULLL-9‘YT
sonbiu) IDUIouou
ERliGAGIC (N1 AOT (AI) d8ueT TRaUTT sordures TeOTBIOTI I2ONPSURIL/POIANI TOTRSLIDA[O] TeuonOUN,| 18R],

‘mw—ﬁ—,ﬁcm Jd2JeMm Ul SjuRUTWURIUOD SNOLIRA JO UOND3)9p 31} 10) m—n-.—o.«uﬁ—& w——_m—_WW JUSIRJJIP UO PalondIsuod SI10SUas dJJA [e21WLY20109[q
b °1qeL

14



FCUP

Chapter 2 — Electrochemical sensing of environmental contaminants via molecularly imprinted polymers

P. Rebelo et al.

water samples. In this section, emphasis will only be given to new design
strategies of MIPs.

Since 2011, bisphenol A (BPA) has attracted widespread attention as
contaminant. It is mainly used to produce epoxy resins and poly-
carbonate plastics and is found in bottles, food containers and toys. BPA
is considered an endocrine disruptor and human exposure leads to a
variety of health issues (Ali et al., 2019b). Various electrochemical
strategies have been used for the selective determination of BPA in
different types of waters (Ali et al., 2019b; Chen et al., 2014b; Dadkhah
et al., 2016; Tan et al., 2016; Wang et al., 2011; Zhu et al., 2014) (see
Table 4). There is no consensus on the technique used for its molecular
imprinting, but the presence of nanomaterials was essential for the
adequate performance of the sensors. Recently, Ali et al. (2019b) re-
ported a very robust MIP based on a nanocomposite of polyacrylate,
reduced GO (1GO) and B-cyclodextrin that were covalently linked
forming a 3D network (Fig. 5B). f-cyclodextrin is known to form an
inclusion complex with BPA by means of host-guest complexation, while
polyacrylate allows to form porous 3D networks. The first step of the
synthesis consisted of the reaction between GO and p-cyclodextrin in the
presence of BPA; the hydroxyl groups of f-cyclodextrin strongly react
with the epoxide groups of GO and a stable interaction is obtained. Then,
radical polymerisation was performed using two functional monomers,
acrylamide (AA) and N,N’-methylenebis-acrylamide (MBAA). The elec-
trochemical detection of BPA was performed using GCE as transducer,
reaching an interesting LOD (8 nM). In this work the combination of rGO
and p-cyclodextrin in molecular imprinting was explored for the first
time, providing promising insights for the design of more selective MIPs.

The same LOD was observed with a low-cost imprinted sensor based
on laser scribed graphene (LSG) technology (Beduk et al., 2020). This
device was used as transducer to detect BPA after electropolymerisation
of Py. Dadkhah et al. (2016) and Wang et al. (2011) developed strategies
to prepare MIPs on the surface of GO and hexagonally structured mes-
oporous silica, respectively, to enhance the electrochemical signal. In
both works, amine functionalisation of GO and SiO; NPs was achieved
by a simple procedure using APTES to improve the recognition ability of
the sensors. After functionalisation, the targets were immobilised on its
surface and not only many homogenous imprinting sites were formed,
but also an easy access of the analyte molecules to the imprinting sites
was reported. At the same time, the best LOD found for BPA was 3 nM
using GO in the modification of the electrochemical MIP sensor.
Recently, ECL again showed its potential to achieve a higher sensitivity
(Zhang et al., 2020). These authors developed a MIP sensor based on a
GCE modified with Fe304 nanocrystals (Fe3s04-NCs), which increased
the ECL response signal of luminol. The proposed MIP sensor displayed
an excellent analytical performance and a low LOD (1.8 x 10~% nM) was
observed.

Another compound that is widely used in epoxy and polycarbonate
resins is tetrabromobisphenol A (TBBPA), which is the most common
brominated flame retardant on the market (Zhou et al., 2016). TBBPA
has also been linked with endocrine disruption. For its electrochemical
detection, Chen et al. (2014a) presented a MIP based on nickel
nanoparticle-modified GO and showed that the combination of more
than one nanostructured material increased the effective surface that
can be an attractive route for the preparation of MIP-based sensors with
adequate sensitivities.

Incorporation of ionic liquids (ILs) in the MIP framework has also
been the focus of many studies. By exploring their good electrocatalytic
activity, adsorption capacity and multiple interactions with targets,
there are some works adopting polymerisable ILs as functional mono-
mers and crosslinkers to prepare MIPs (Ding et al., 2020). Liu et al.
(2018) introduced a new IL composite using IL 1-vinyl-3-butylimidazo-
lium hexafluorophosphate ([VC4mim][PF6]) as functional monomer, IL
1,4-butanediyl-3,3'-bis-1-vinylimidazolium dihexafluorophosphate
([V2C4(mim)2][(PF6)2]) as crosslinker and GO and Fe304 as support, to
detect diphenylamine (DPA) in water samples. In their work the authors
showed that the proposed MIP based on such IL as crosslinker had a
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higher electrochemical response than that of the traditional ethylene
glycol dimethacrylate. Although, ILs have been considered alternative
green solvents, it is important to note that ILs are quite expensive and
their recycling is difficult.

Another strategy in surface imprinting was shown by Motia et al.
(2019) through the functionalisation of an SPAuE with a carboxylic
polyvinyl chloride (PVC-COOH) layer for the detection of triclosan
(TCS), which is an antibacterial agent incorporated in many products of
daily use. After linking TCS with PVC, strong hydrogen bonds between
the polar groups of TCS and ~COOH groups of the PVC were established.

4. Conclusions and perspectives

Environmental water quality monitoring is essential to ensure the
safety of the aquatic environment and, consequently, human and animal
health. Moreover, the analysis of contaminants in the environment is
essential to know their pathways, fate and effects, but also to determine
the WWTP’s removal efficiency.

In this review, the considered studies demonstrated a significant
increase in the development of MIP-based electrochemical sensors to
detect contaminants in water samples. MIPs are polyvalent receptors,
which are easily synthetized, modified and manipulated and, more
importantly, they are compatible with water. The MIP's sensitivity and
affinity are usually improved by their combination with nanomaterials.
This has stimulated researchers to design and create new and innovate
MIP sensors with the ability to recognise the target molecules at trace
levels. However, although MIPs have proven their potential as recog-
nition elements, the need of extremely low LODs remains an open
challenge. This is the reason why many MIP sensors for determination of
pharmaceuticals are not applied to water analysis but to serum and/or
urine (for clinical control) or pharmaceutical formulations (for quality
control).

Regarding the imprinting process, there is no specific approach for a
particular class of molecules. So, the synthesis process and functional
monomer that provide the best MIP for the target molecule have to be
obtained by experimental studies. In this context, computational studies,
reported only in few publications, are increasingly used since they have
proven to be valuable for selecting suitable functional monomers. Be-
sides the fact that computational modelling allows a better under-
standing of the monomer-template interactions, it provides important
guidelines and, therefore, leads to an overall more environmentally
friendly process for MIP construction. Accordingly, more efforts should
be made to exploit theoretical approaches to pre-screen the preparation
conditions, since good selectivities and LODs are achieved.

Regarding the transducers, carbon electrodes are undoubtedly the
most widely reported sensing platform for the determination of con-
taminants. Regarding the detection strategy, the highest sensitivity is
usually attained by indirect electrochemical sensing, although this
strategy can have some drawbacks, such as false results due to the
presence of masked interferents.

Although MIPs are highly selective, this can also be a disadvantage
when the determination of several contaminants is required. Thus, the
development of MIPs capable to recognise more than one contaminant
(for example, a family of contaminants with similar molecular struc-
tures) could be useful for some applications. Another approach could be
the development of multiplex MIP-based sensors, although nowadays
they are scarce for environmental applications. Moreover, portable
electrochemical sensors show another difficulty for their application in
environmental analysis: analytes have to be extracted from solid sam-
ples (such as soils) to allow analysis. Liquid samples, mainly water, are
easier to analyse (since they are aqueous); however, sometimes they
present a complex matrix that could interfere in the analysis.

Therefore, continuous studies within multidisciplinary teams must
be performed to develop highly sensitive and accurate methods, aiming
to implement MIPs in the analysis of contaminants in environmental
waters. The construction of portable MIP sensors, especially by using
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screen printed electrodes, could be very useful in field applications.
However, the commercialisation of these sensors remains a challenge,
since, as for other kind of sensors (biological sensors and sensors for food
applications), the knowledge transfer from laboratories to the market is
difficult.
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3.1 Azithromycin electrochemical detection using
a molecularly imprinted polymer prepared on a

disposable screen-printed electrode
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Azithromycin electrochemical detection using
a molecularly imprinted polymer prepared on

a disposable screen-printed electrode

Patricia Rebelo,®® Jodo G. Pacheco, ®*2 M. Natilia D. S. Cordeiro, ° André Melo®

and Cristina Delerue-Matos?®

Azithromycin (AZY) is among the antibiotics with the highest concentrations in aqueous matrices.
Conventional wastewater treatment plants (WWTPs) do not fully remove this compound and it has been
found in the environment. The health effects of AZY on humans and the environment are not yet
understood. Therefore, the development of sensitive and selective analytical methods for AZY
determination is important. In this work, an electrochemical molecularly imprinted polymer (MIP) sensor
was developed for the quantification of AZY. The selection of the functional monomer was performed by
molecular modelling using quantum mechanics calculations. The MIP was electropolymerized by cyclic
voltammetry (CV) on a screen-printed carbon electrode (SPCE) using a solution containing 4-
aminobenzoic acid (4-ABA) in the presence of AZY as a template molecule. The characterisation of the
sensor was carried out using scanning electron microscopy (SEM), CV and electrochemical impedance
spectroscopy (EIS). The analysis of AZY was performed by differential pulse voltammetry (DPV) in the
linear range between 0.5 and 10.0 uM, with a limit of detection (LOD) of 0.08 uM (S/N = 3) and a limit of
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quantification (LOQ) of 0.3 uM (S/N = 10). The MIP sensor was found to have selectivity to recognise

AZY molecules and was successfully applied in the analysis of tap water and water samples collected

DOI: 10.1039/c9ay02566a
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1. Introduction

Pharmaceutical compounds have become a great global
concern in recent years due to their unintentional presence in
aquatic environments.'* With the continuous growth of the
world population, they are extensively and increasingly used,
not only to prevent or treat human and animal diseases, but
also as growth promoters in the livestock and aquaculture
industries.>*® These compounds have emerged as important
contaminants, because they have been accumulating in the
environment through different routes.>”*

Antibiotics are one of the most important groups of phar-
maceuticals in our daily lives.”** Since most antibiotics are
water-soluble and only a part of the administered dose is
metabolized, approximately 90% of a dose can be excreted in
urine and up to 75% in animal excrement.”** Then, they are
discharged into wastewater collection systems as unchanged
compounds, together with a mixture of their metabolites.'

“REQUIMTE/LAQV, Instituto Superior de Engenharia do Porto, Instituto Politécnico do
Porto, Rua Dr Antonio Bernardino de Almeida 431, 4200-072 Porto, Portugal. E-mail:
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upstream of a WWTP output in the Ave River. The proposed sensor presents a simple, selective and
environmentally friendly strategy for AZY determination in environmental water.

Drug manufacturers and hospitals are the major sources of
contaminated wastewaters.” Consequently, most antibiotic
residues have already been detected in different water sources,
including surface water, groundwater and drinking water* at
concentrations ranging from ng L' to mg L~ 1>*** Even
though concentrations are generally considered very low, the
long-term persistence of antibiotics raises concerns about the
proliferation of antibiotic resistance.**™**

Azithromycin (AZY) is an azalide belonging to a class of 15-
membered macrolide antibiotics, and is used to treat many
different bacterial infections. These include respiratory, ear and
skin infections. This antibiotic is especially effective for treating
chronic inflammatory disorders.>® After being consumed,
a major part of this drug is mainly eliminated unchanged via
the biliary tract and, to a lesser extent, in urine.?* In addition, its
recalcitrance was demonstrated during wastewater treatment
with an average removal of 14%.>* AZY is among the antibiotics
with the highest concentrations in aqueous matrices,>** which
explains its inclusion in the EU Watch List (Decision 2018/840/
EU) of substances that could pose a significant risk to aquatic
environments.'**>?>* Therefore, it is very important to develop
sensitive and selective analytical methods for accurately tracing
this contaminant in the environment. Several methods have
been developed for this purpose. These include bioassays,
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spectrophotometry and high-performance liquid chromatog-
raphy (HPLC) with ultraviolet detection or fluorescence detec-
tion. However, most of these methods present severe
limitations in relation to sensitivity and cost-effectiveness.
Additionally, they require a complicated extraction or derivati-
zation procedure and a long analysis time.

So, electrochemical sensors have drawn increasing attention,
because of their high sensitivity, fast response, ease of prepa-
ration and real-time detection.”® Additionally, they represent
a much lower cost and improved field portability.>” In the last
few years, the combination of molecularly imprinted polymers
(MIPs) with electrochemical sensors has attracted considerable
interest. MIPs offer some clear advantages including better
stability with a high surface area over a wide range of experi-
mental conditions and solvents, becoming powerful alterna-
tives to biorecognition elements.>® Thus, novel and innovative
reports on MIPs have emerged for detection of a wide variety of
significant analytes such as drugs,”*?° biomarkers,** neuro-
transmitters® and pesticides.**** Molecular imprinting is able
to create highly specific and long-life time recognition cavities
on the sensor surface, through a process where selected func-
tional monomers are polymerized around a target analyte
(template).** A stable template-monomer complex is key for
strong molecule selectivity and binding properties of a MIP.*
Thus, the choice of functional monomer is crucial for the
success of molecular recognition.””* Functional monomer
screening using computational models has become very
important for a rational MIP design protocol.**** Computa-
tional modelling allows understanding of the impact of poly-
merization on the structure of monomer-template complexes
and selection of the best monomer for a polymer preparation.*’
Additionally, this approach is much more sustainable, as it
minimises the laboratory tasks and the amount of organic
solvents used.*

Nowadays, efforts are being made to find environmentally
friendly processes in line with green chemistry concepts. These
include the reduction or elimination of toxic or hazardous
reagents, solvents and waste products.* In this work, a simple
and selective MIP sensor, for AZY determination, was developed
by electropolymerization of 4-aminobenzoic acid (4-ABA) in
aqueous solutions directly on the surface of a screen-printed
carbon electrode (SPCE). An SPCE has advantages over tradi-
tional electrodes due to the possibility of use in miniaturized
systems, where low volume samples are required. The monomer
was selected by computational studies, where association
energies between multiple monomers and AZY were calculated
in order to select a more appropriate functional monomer for
building a sensor with higher affinity to AZY. The developed
sensor is suitable for application in commercial analytical
solutions and adheres to the principles of sustainable
chemistry.*>**

2. Experimental
2.1 Reagents

AZY was obtained from Sigma-Aldrich. A stock solution of AZY
was prepared by weighing an appropriate amount of the
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antibiotic and dissolving it in 2 : 1 methanol-water (MeOH-
H,0) and stored at 4 °C. Working solutions were prepared daily
by adequate dilution of the stock solution in a phosphate buffer
(0.1 M, pH = 8) and kept refrigerated. For interference studies,
clarithromycin  (CLY), erythromycin (ERY), streptomycin
sulphate (STRE) and tetracycline (TETRA), obtained from
Sigma-Aldrich, were used. 4-ABA and hydrochloric acid (HCI)
were also purchased from Sigma-Aldrich and MeOH (=99.9%)
from Merck.

All chemicals were used as supplied without any further
purification. Ultra-pure water (resistivity = 18.2 MQ cm) ob-
tained from a Millipore (Simplicity 185) water purification
system was utilized in all experiments. Phosphate buffer solu-
tion (0.1 M, pH = 7) was prepared with KH,PO, and K,HPO,
(Riedel-de-Haén) and used as the supporting electrolyte.

The water samples were collected from a tap and upstream of
a WWTP output in the Ave River.

2.2 Apparatus

All voltammetric measurements were performed at room
temperature using a Metrohm Autolab PGSTAT 204
potentiostat/galvanostat controlled by NOVA 1.10 software.
Electrochemical impedance spectroscopy (EIS) was performed
using a Metrohm Autolab PGSTAT 128 N potentiostat/
galvanostat controlled by NOVA 1.6 software. The screen-
printed carbon electrodes used in this study were purchased
from Metrohm AG (SPCEs, DRP-110). Each of them consisted of
a 4 mm carbon working electrode, a graphite auxiliary electrode
and a silver pseudo-reference electrode. The specific connector
(DRP-CAC) to interface the SPCE and the potentiostat/
galvanostat was supplied by DropSens. The pH measurements
were carried out using a Crison pH meter (model micropH 2002)
with a combined pH glass electrode. SEM studies were carried
out at CEMUP (Centro de Materiais da Universidade do Porto).
SEM images were obtained with a Quanta 400 FEG scanning
electron microscope (SEM, FEI, Hillsboro, OR), operated in high
vacuum/secondary electron imaging mode using an acceler-
ating voltage of 25 kV and working distances of around 6.6 mm.

2.3 Molecular modelling

Five monomers, 4-ABA, pyrrole, aniline, thiophene and phenol,
were studied as potential functional monomers for AZY-MIP
film formation. The molecular fragments, each of them
including a monomer and the template (AZY), were modelled
using VMD.* The monomers were then docked into the
template to generate the respective complexes with AZY, using
the program AutoDock*® within the VMD plugin vsLab.”” The
best conformation was used for further analysis and charac-
terization using quantum mechanics calculations. Their struc-
tures were initially pre-optimised using the Gaussian 09
program® at a PM6 or a PDDG semi-empirical level. The
geometries obtained were further fully optimised using the
same program at an appropriate MO06-2X/6-31+G* density
functional theory (DFT) level. This functional is appropriate for
comparing the relative stability of the complexes formed under
study, once it can describe properly the dispersive interactions

This journal is © The Royal Society of Chemistry 2020
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that are dominant in these molecular systems. For each opti-
mised geometry, harmonic frequencies were also calculated at
the same theoretical level to confirm that it corresponds to
a genuine minimum by checking that they were positive.

2.4 Sensor fabrication

Fig. 1 illustrates the fabrication steps of the AZY sensor. Under
the optimum conditions, the electropolymerization of the MIP-
sensor was performed on the SPCE surface using cyclic vol-
tammetry (CV) in the potential range from —0.2 to 1.4 V, for 10
consecutive cycles, at a scan rate of 100 mV. A drop of 40 pL of
a solution containing 0.05 mM AZY antibiotic and 5 mM 4-ABA,
as a functional monomer in a phosphate buffer (pH = 7), was
used as the polymerization medium. The electrodes were then
rinsed with ultra-pure water and a phosphate buffer solution of
PH 10 was dropped on the electropolymerized film for 10 min,
to remove the AZY entrapped in the polymer matrix. A non-
imprinted polymer (NIP) electrode was prepared using the
same experimental conditions, but without adding AZY into
the polymerization solution, to check the reliability of
measurements.

3. Results and discussion
3.1 Selection of the functional monomer

The noncovalent imprinting approach is widely used in MIP
preparation, due to its simplicity. A stronger interaction
between the monomer and template before polymerization may
lead to a better imprinting effect. So, a successful molecular
imprinting process is strongly dependent on the selection of
a suitable monomer. For this purpose, computational model-
ling was used here as a valuable pre-screening rational design
strategy. This enabled us to select the monomer with the best
chemical complementarity with the template, using theoretical
calculations.

The five monomers (4-ABA, pyrrole, aniline, thiophene and
phenol), and the respective complexes with AZY, were then
studied using the molecular modelling procedure described in
Section 2.3. The lowest energy conformation was selected as
representative of each complex. The corresponding association
energies (AE) can be calculated as follows:

AE = E(complex) — E(template) — E(monomer),

< @ ﬁ
S — e
N eraction sample
s

Polymerization

# asithromycin (template)
© - Aminobenzoic acid {functional monamer)

Fig. 1 Schematic illustration of the preparation of the MIP/SPCE
sensor.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Association energies (AE) for the AZY—-monomer complexes,
as well as the number (n) of hydrogen bonds responsible for their
stabilization”

Complex AE/K] mol n
AZY-4-ABA —71.55 2
AZY-phenol —69.41 1
AZY-pyrrole —68.93 1
AZY-aniline —45.08 il
AZY-thiophene -31.96 0

“ These results were obtained, using Gaussian 09, at an M06-2X/6-31+G*
DFT level.

where E(complex) is the energy of the complex, E(template) the
energy of AZY and E(monomer) the energy of the monomer.

Table 1 presents the association energies, for the AZY-
monomer complexes, as well as the lengths of the hydrogen
bonds responsible for their stabilisation. These results enabled
us to order the monomers in the ascending order of the
respective affinity for the template, ie.: AE(thiophene) <
AE(aniline) < AE(pyrrole) < AE(phenol) < AE(4-ABA). These
results indicate that 4-ABA is expected to present the highest
affinity for AZY (AE = —71.548 k] mol ™).

The preferential stabilisation of the AZY-4-ABA complex can
be associated with the strong hydrogen bonds established
between the hydrogen of the hydroxyl group in 4-ABA and the
oxygen of a hydroxyl group in AZY and between the hydrogen of
the dialkylamine group in 4-ABA and the oxygen of another
hydroxyl group in AZY (see Fig. 2).

According to the above-mentioned theoretical results, 4-ABA
should present the highest selectivity for the AZY template.
Therefore, only this monomer was used for molecular
imprinting of AZY.

3.2 Molecular imprinting and electrochemical behaviour of
AZY

The formation of the polymeric film was carried out by elec-
tropolymerization of a solution containing 0.05 mM AZY and

Fig. 2 Optimised structure for the AZY-4-ABA complex obtained,
using Gaussian 09, at an M06-2X/&-31+G* DFT level.
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5 mM 4-ABA in phosphate buffer (pH = 7). 40 pL of this poly-
merization solution was placed on the surface of the SPCE and
ten cyclic voltammetry scans were conducted between —0.2 and
1.4V at a scan rate of 100 mV s~ ', forming a polymeric film with
AZY entrapped molecules, as shown in Fig. 3A. The first scan
showed the highest oxidation peak at about +0.80 V and
a reduction peak at around —0.1 V.

During the second scan, another oxidation peak at around
+0.35 V was observed. Those peaks indicated the successful
formation of a polymeric film in the surface of the SPCE.

As the number of scans increased, a continuous growth of
the polymeric chain was observed, with a constant decrease in
the peak's current intensity. No significant differences were
observed between the formation of MIP and NIP films.

After electropolymerization and before template removal,
a DPV analysis was performed to demonstrate the incorporation
of AZY. The results illustrated in Fig. 3B show a significant
difference between the signals obtained with the MIP and NIP
sensors. In the DPV analysis of the MIP, immediately after
polymerization, an oxidation peak at 0.7-0.8 V was registered
while in the NIP no peak was observed. The peak in the MIP
corresponds to the oxidation of entrapped AZY molecules,
proving the successful incorporation into the polymer. After
this step, the AZY molecules were removed from the MIP sensor
using 0.1 M phosphate buffer at pH 10. This procedure ensured
that highly specific recognition sites complementary in shape,
size and functionality of AZY were produced. As expected, the
peak attributed to the oxidation of AZY molecules disappeared.
This confirmed an efficient extraction and the formation of
binding cavities.

The rebinding of AZY molecules to both MIP/SPCE and NIP/
SPCE was finally tested, using a 0.1 M phosphate buffer solution
(pH = 7) after 10 min of incubation in 0.05 mM AZY. The results
are shown in Fig. 3C. It can be observed that the oxidation peak
current intensity obtained with the MIP was higher than the
peak current for the NIP. This result indicates that the MIP-
sensor has specific size and shape cavities, which allow more
AZY molecules to bind at the surface. The peak observed after
incubation in the NIP/SPCE indicates the ability of poly 4-ABA to
non-specifically bind to AZY. So, there is a clear difference
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between the NIP and MIP, demonstrating the effective prepa-
ration of a molecularly imprinted sensor.

3.3 SEM characterization of the electrodes

SEM analysis was performed to evaluate the morphology of the
prepared sensor. Fig. 4A shows a rough surface characteristic of
the bare SPCE. After polymerization of MIP/SPCE, there is
formation of a very thin polymer layer, as can be observed in
Fig. 4B by the slight thickening of the rough surface of the SPCE.
After template extraction, no significant differences were
observed (Fig. 4C). These images confirm that a thin polymer
was formed under the used conditions and it was not removed
during the template extraction.

3.4 CV and EIS characterization

A step by step characterization of the sensor construction was
performed by CV and EIS, using a solution of 1 mM

Fig. 4 SEM images of the (A) SPCE, (B) MIP/SPCE and (C) MIP/SPCE
after template extraction.

A B — NIP/SPCE after polymerization Cc Binding of AZY at NIP/SPCE
8.0x10* —— MIP/SPCE after polymerization 8.0x10% - —— Binding of AZY at MIP/SPCE
200x10° : —— MIP/SPCE after template extraction
150x10% 6.0x10% - / 6.0x10¢
10010% « / =
< < 4.0x10°
= = 4.0x10° / =
50x10
< |
p— 2.0x10
0
00
-50x10% 00
02 00 02 04 06 08 10 12 04 05 06 07 08 09 1.0 04 05 06 07 08 09 1.0
Potential/V Potential/V Potential/V

Fig.3 (A) Electropolymerization of the MIP from a solution containing 10 mM 4-ABA and 0.5 mM AZY in 0.1 M phosphate buffer at pH 7; (B) DPV
analysis of NIP and MIP sensors after polymerization; (C) DPV analysis of NIP and MIP sensors after rebinding to AZY.
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[Fe(CN),)]> " in 0.1 M pH = 7 phosphate buffer solution
(Fig. 5). As expected, two well-defined redox peaks were
observed for the unmodified SPCE, as shown in Fig. 5A. After
polymerization, both MIP and NIP sensors show a decrease in
the current response, indicating a blockage of the electron
transfer by the polymer, and thus confirming the success of
formation of a polymer film in the surface of the electrode.
The efficiency of AZY molecule removal was confirmed by the
subsequent increase in the redox peaks. The formation of
cavities by removal of AZY molecules allows more [Fe(CN),)]*~/
1~ molecules to reach the surface of the electrode, and thus
the peak current increases. Finally, the rebinding of AZY
molecules was confirmed by a decrease of the redox peaks.
This can be explained by the fact that the AZY molecules
occupy some of the cavities and block the diffusion of
[Fe(CN)e] "~

40.0x10® A
30.0x10¢
20.0x10° —
10.0x10° —
< 00 o
-10.0x10° —
-20.0x10¢
—— SPCE
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-30.0x10® ——— MIP/SPCE after polymerization
MIP/SPCE after extraction
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Fig. 5 Step by step construction characterization. (A) CV voltammo-
grams and (B) EIS Nyquist diagrams in 5 mM [Fe(CN)¢l* /4~ and 0.1 M
phosphate buffer at pH 7.
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In EIS, the semicircle of the Nyquist diagram for higher
frequencies corresponds to the electron transfer process, while
the linear part of the lower frequency corresponds to diffusion.
In Fig. 5B, the straight line for the SPCE corresponds to
a diffusion limited process with fast electron transfer kinetics.
After polymerization, there was an increase of the impedance of
both the MIP and NIP. The resulting surface was highly resis-
tant to electron transfer due to the formation of the polymer
film. After AZY extraction, a decrease of the impedance was
observed. This can be explained by the formation of cavities
after AZY removal, improving the diffusion of [Fe(CN)e]*~"*~
through the polymer and facilitating the electron transfer
process. Finally, after the rebinding of AZY a slight increase of
the semicircle occurred. This indicated that AZY was success-
fully bound to the MIP and occupied some of the selective
cavities.

3.5 Optimisation of the preparation conditions

Several important parameters for the performance of the MIP
sensor were investigated and optimised by DPV. These include
the monomer (4-ABA) and template (AZY) concentrations, the
extraction and incubation conditions and the number of poly-
merization cycles.

Using different concentrations of the monomer (0.5, 1, 5,
and 10 mM) in the polymerization solution, it was observed that
the electrochemical performance of the prepared MIP is
strongly dependent on this parameter. The sensor response
increased up to a 4-ABA concentration of 5 mM and significantly
decreased for higher concentrations (see Fig. 6A). This indi-
cated that 5 mM is the optimal concentration for this monomer.
The influence of template concentration was studied in the
range from 0.01 to 5 mM, as shown in Fig. 6B. The maximum
sensor response was found for an AZY concentration of
0.05 mM, which was chosen as the optimum template
concentration.

A significant decrease in the peak current was registered for
higher and lower concentrations. At higher concentrations, this
tendency probably indicates the entrapping of too many
template molecules in the polymeric film, making their
extraction more difficult.

Electropolymerization is a very simple procedure for surface
imprinting, where control over the polymer thickness can be
achieved by adjusting the number of potential cycles. So,
different numbers of CV cycles, ranging from 5 to 30, were
evaluated. As show in Fig. 6C, the peak current intensity of the
MIP sensor is higher with 10 cycles and then a continuous
decrease was observed. This decrease can be explained by an
increase in the thickness of the polymeric film, which makes it
difficult to extract AZY molecules imprinted close to the surface.
For this reason, 10 cycles were used.

The extraction of template molecules entrapped in the
polymeric matrix is an essential step to obtain a selective and
efficient MIP.

In this work, several solvents were tested to remove AZY
molecules, including 0.1 M phosphate buffer at pH 10, MeOH,
0.1 M HCI and a 0.1 M HCI/MeOH (50 : 50, v/v) mixture. The
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Fig. 6 Optimisation of the MIP preparation conditions: (A) variation of the peak current intensity with the concentration of monomer 4-ABA; (B)
variation of the peak current intensity with the concentration of template AZY; (C) variation of the peak current intensity with the number of CV
cycles and (D) variation of the peak current intensity with the extraction solvent.

removal of template molecules of binding cavities was consid-
ered complete when no oxidation peak appears in DPV analysis.
After extraction with the tested solvents, the incubation and
DPV analysis of AZY was performed. The results are shown in
Fig. 6D; it is possible to conclude that a better sensor response
was achieved with the 0.1 M phosphate buffer at pH 10.

On the other hand, the worst extraction was obtained with
MeOH. It was also found that 10 min is the optimal extraction
time. No significant differences were observed when longer
extraction times were tested.

The influence of incubation conditions (solution pH and
time) was also evaluated because it affects the adsorption of AZY
molecules on the MIP sensor.

The effect of pH value of the incubated sample was investi-
gated in the pH range from 2.0 to 10.0. It was observed that the
peak current gradually increased as the pH increases; however,
for a pH of 10.0, the NIP and MIP signals were similar, meaning
that under this condition the contribution of non-specific
binding is the most important. A pH of 8 was chosen for the
rebinding of AZY molecules. Different incubation times (2.5, 5,

Anal. Methods

10, 20, and 30 min) were also studied. An increase in the sensor
response was observed up to 15 min and then a stabilisation of
the signal. Thus, 15 min was selected as the incubation time.

3.6 Analytical performance

Under the optimised experimental conditions described above,
the determination of AZY molecules at different concentrations
was evaluated by DPV (Fig. 7).

Alinear relationship between the oxidation peak current and
the concentration was exhibited in the range between 0.5 and
10.0 pM (r = 0.9963, n = 7). The limits of detection (LOD) and
quantification (LQD), given by the equations LOD = 3s/m and
LOQ = 10s/m, where “s” is the standard deviation of the inter-
ceptand “m” is the slope of the calibration plot, are found to be
0.08 and 0.3 pM, respectively.

The sensitivity of the method is appropriate for monitoring
AZY in environmental water samples given that these limits are
obtained without any sample pre-treatment (solid phase
extraction, SPE) which can concentrate 100x to 1000x the level
of contamination depending on the water origin (wastewater,

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 DPV voltammograms obtained for MIP sensor analysis with
different AZY concentrations. Inset: linear relationship between peak
current intensity and AZY concentration in the range 0.5 to 10.0 pM.

tap, river).**® There are other electrochemical MIP-sensors
proposed for detection of AZY by incorporation of nano-
materials® or using electrochemiluminescence® with lower
detection limits. However, the proposed sensor is simple, easy
to prepare and disposable, which make it appropriate for future
commercial applications.

The repeatability (intra-day precision) and reproducibility
(inter-day precisions) of the MIP-sensor were estimated at two
levels of concentration (2 and 8 uM) and expressed as relative
standard deviation (RSD). Four analyses per day were performed
on four different days.

The repeatability was found to be 5.9 and 7.1% for
a concentration of 2 and 8 pm, respectively, while the repro-
ducibility was 9.3 and 11.6% for the same concentrations. These
results demonstrate that the MIP-sensor has satisfactory levels
of precision, both for intra-day and inter-day analysis.

Finally, the stability of the MIP sensor was also evaluated.
The as-prepared MIP-sensor was stored dry at room tempera-
ture, and its response was evaluated after 15 and 30 days. It was
found that the sensor response corresponds to 86% and 82% of
the initial signal after it has been stored for 15 and 30 days,
respectively.

3.7 Selectivity of the sensor

To evaluate the selectivity of the developed sensor, four
analogues of AZY were selected, CLY, ERY, STRE and TETRA,
and prepared at a concentration 10-fold the AZY concentration.
Both NIP and MIP sensors were used to analyse solutions of
each individual compound. The results were expressed as % of
the peak current relative to the MIP peak current obtained for
AZY (Fig. 8). As expected, the experimental results clearly
demonstrated that the response signal of AZY after incubation
on the MIP sensor was higher than those of other macrolides,

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Selectivity studies.

indicating the effective imprinting process. The responses to
CLY and ERY, even though they closely resemble the chemical
structure of AZY, were much lower with oxidation peaks corre-
sponding to 48.1 and 58.4% of the AZY peak, respectively. This
could lead to a conclusion that one more dialkylamine group
present in AZY is responsible for enhancing the hydrogen-
bonding affinity between AZY and the imprinted cavities on
the MIP. Finally, when STRE and TETRA solutions were ana-
lysed, no response was observed. Therefore, the developed MIP
sensor exhibits a selective recognition ability toward AZY
molecules.

3.8 Application to water samples

Finally, the application of the MIP sensor for AZY determination
in real samples was performed using the standard addition
method, without any pre-treatment steps. Tap water and water
collected upstream of a WWTP output in the Ave River were
spiked with two different concentrations (0.5 and 4 uM) of AZY.
The recoveries were found to be in the range between 84 and
123% (Table 2). The results show that the proposed MIP-sensor

Table 2 Determination of AZY concentration in spiked water samples
with the developed MIP sensor®

Sample [AZY]add/puM [AzY]det/uM Recovery/%
River water 0 — —=

0.50 0.59 118

4.0 4.92 123
Tap water 0 o —=

0.50 0.42 84

4.0 3.82 96

“[AZY]add: AZY concentration added to the sample; [AZY]det: AZY
concentration determined in the sample, using the MIP sensor
developed in this work.
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could be used as an accurate and cheap green strategy, for
determination of AZY in water samples without the need for
laborious pre-treatment steps or methods.

4. Conclusions

A selective and rapid MIP electrochemical sensor, for the
detection of AZY in water samples, was developed in this work.
Functional monomer screening was performed using compu-
tational models, which allowed a faster and environmentally
friendly approach. The prepared sensor exhibited a good linear
relationship (r = 0.9963) in the concentration range of 0.5-10.0
uM with a low LOD (0.08 uM). The sensor showed a good
selectivity in the presence of other structurally analogous
compounds. Furthermore, the results of the analysis of tap
water and water collected upstream of a WWTP output in the
Ave River, with satisfactory levels of precision, indicate that the
constructed MIP sensor may be a promising green technique for
monitoring AZY in environmental samples.
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Highlights
* First time a selective MIP electrochemical sensor was developed for Furazolidone

(FZD).

* QM calculations and MD simulations were used to select the best functional monomer

and the optimum polymerization conditions.

* The sensor constructed based on MIP-CPE-MWCNTs showed high selectivity and

sensitivity.

* The proposed sensor was successfully applied for FZD detection in water samples

without any pre-treatment step.
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Determination of antibiotics in environmental waters is an important global issue. Although furazolidone (FZD)
was banned from use in food-producing animals, owing to its mutagenic and carcinogenic effects, this antibiotic
has been illegally used across the world and its presence in environment have being noted.

In this work, the first selective molecularly imprinted polymer (MIP) was developed for electrochemical
detection of FZD. It was constructed based on the modification of the traditional carbon paste electrode (CPE)
with MIP microparticles, followed by introduction of multi-walled carbon nanotubes (MWCNTSs). Quantum
mechanical (QM) calculations and molecular dynamics (MD) simulations were performed to allow rational se-
lection of an appropriate functional monomer and to simulate the best pre-polymerisation conditions, respec-
tively. The MIP were synthetized by polymerization using 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)
as monomer and FZD as template molecule. The MIP microparticles were then incorporated on CPE-MWCNTSs
and the electrochemical analysis of FZD were evaluated by differential pulse voltammetry (DPV). After opti-
misation of experimental conditions, the MIP-CPE-MWCNTs sensor exhibited a good linear response over the
concentration range of 0.01 pM to 1 pM with a correlation coefficient of 0.9995. The limit of detection (LOD) was
found to be 0.03 pM (S/N = 3). Due to high imprinting efficiency the sensor displayed selectivity to recognise
FZD molecules and it was successfully applied in water samples where excellent recovery values (over 90 %)
were obtained. The proposed sensor provides an efficient and promising sustainable strategy for monitorisation
of FZD in environmental waters.

1. Introduction administered with inappropriate dosage mainly in livestock farms mixed
with animal feed or drinking water [9]. Since FZD is known to have very

Furazolidone (FZD) is a broad-spectrum nitrofuran antibiotic that is low assimilation efficiency [10], it is accidentally introduced into the

commonly used to prevent and treat bacterial diseases in humans and
animals [1]. Due to low production cost and high effectiveness, it has
also been reported to be used as growth promotor in farm animals and
aquaculture [2,3]. However, its potential toxicity and carcinogenicity
has raised human health concern around the world [4,5].

In 1995, the use of FZD in food-producing animals was prohibited in
Europe by the European Commission and years later the ban was
extended to the United States and other developed countries [6,7]. As a
number of authors highlighted, this antibiotic can be rapidly metab-
olised to its metabolites such as 3-amino-2-oxazollidinone and
B-hydroxyethylhydrazine, which biochemical toxicity leads to inhibition
of monoamine oxidase [6,3]. Despite prohibition, FZD is still illegally

* Corresponding author.
E-mail address: jpgpa@isep.ipp.pt (J.G. Pacheco).

https://doi.org/10.1016/j.snb.2020.129112

environment and its presence in water bodies has been reported [11,12].
While there are no developed studies showing a clear and unequivocal
conclusion about adverse effects in humans, its toxicity to various
aquatic organisms has been described [6]. Moreover, the high possibility
of the escape of FZD into the environment contributes to increase global
antibiotic contamination with evolution and spread of antibiotic resis-
tance as one of the most worrying consequences [13,14].

Antibiotics persist into environmental waters and, even at low con-
centration, can directly or via long-term exposure affect the survival and
behaviour of many species [15,16]. Therefore, the development of
specific, simple, and rapid analytical tools to screen antibiotic levels in
aquatic environment is extremely important and necessary.
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Among different techniques reported for monitoring FZD, including
high-performance liquid chromatography (HPLC) [17], liquid
chromatography-mass spectrometry (LC-MS) [5], enzyme-linked
immunosorbent assay (ELISA) [18], lateral flow immunoassay (LFIA)
[19] and spectrometry [20], electrochemical sensors have recently
attracted increasing attention [2,21,22]. By comparison with the other
mentioned methods, electrochemical sensors provide attractive prop-
erties such as simplicity, low cost, versatility, and faster responses. In the
last few decades, significant progress has also been made in LFIA tests
[23] and, due to their remarkable properties, such as fast, low cost,
portable and easy-to-use assay, they are considered an ideal choice for
point of care applications [24,25]. However, the device behind the LFIA
has a complex architecture with many variables that have to be
controlled to ensure reproducible data processing. The choice of the best
antigen or antibody and reagent stability are the most critical steps [23,
25]. In addition, the results are mostly qualitative or semi-quantitative
and the sensitivity and selectivity are variable [24,26]. Selectivity is
an essential requirement for electrochemical biosensing and, in this
context, molecularly imprinted polymer (MIP) has become a
well-established approach thanks to unique properties like high speci-
ficity towards the target analyte and high chemical and physical stability
[27]. MIP based sensors have been successfully employed as an alter-
native strategy for pharmaceuticals detection in environmental waters
[28,29]. Interestingly, their combination with conductive nanomaterials
such as multiwalled carbon nanotubes (MWCNTSs) allows for greatly
improved sensitivity and overcoming the lack of conductivity and
electrocatalytical activity [30]. Because of their large surface area and
easy functionalisation, MWCNTs are also widely used as the supporting
material to achieve accelerate electron transfer on MIPs surface [31].

One of the most important and essential steps in MIPs construction
are the selection of the suitable functional monomer for each desired
target compound (so-called template), as well as its ratio to template in
the polymerisation solution. These experimental steps usually involve
the use of significant amounts of chemicals and solvents and, conse-
quently, time- and resource-consuming work [32]. Nowadays, efforts
have being made to develop new strategies to surmount these drawbacks
where theoretical approaches have shown to be a good initial solution.
The use of computational screening methods such as quantum me-
chanical (QM) calculations and molecular dynamics (MD) simulations,
applied for rational design of MIPs, has been reported [33,34]. QM al-
lows to understand interactions between a template and virtual libraries
of functional monomers via energy minimisation calculations [35]. At
the same time, MD simulations is a great tool to predict physical and
chemical properties. By simulating the MIP pre-polymerisation condi-
tions, it is possible to infer interactions between the functional monomer
and specific template monomer [35]. Despite the advantages of
computational studies, few investigations have been performed so far to
predict MIP optimal conditions before experimental tasks.

In the present work, we report for the first time an electrochemical
device based on MIP modified carbon paste electrode (CPE) for FZD
detection. The sensor was constructed by traditional precipitation
polymerisation after preliminary tests using QM and MD computational
calculations. With the obtained insights from the latter, the best func-
tional monomer was chosen, and the polymerisation system composition
was tested experimentally and proved its accuracy. Therefore, taking the
advantages of MWCNTs signal amplification the sensitivity of analysis
was improved and a highly selective MIP-CPE-MWCNTs sensor for
electrochemical determination of FZD was developed. Finally, the new
electrochemical sensor was successfully applied for determination of
FZD in spiked water samples.

2. Methods
2.1. Reagents

FZD was obtained from Sigma-Aldrich. The standard solution was
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prepared by dissolving an appropriate amount of the antibiotic in
acetonitrile (ACN) and directly diluting in phosphate buffer (0.1 M,
PH = 7). Working solutions were prepared daily and stored in absence of
light until use. 2-Acrylamido-2-methyl-1propanesulfonic acid (AMPS,
99 %), ethylene glycol dimethacrylate (EGDMA, 98 %),
2,2'azobisisobutyronitrile (AIBN, > 98 %), multiwalled carbon nano-
tubes (MWCNTSs, > 8% carboxylic acid functionalized), analogues of
FZD (nitrofurantoin (NTF) nitrofurazone (NFZ) and furaltadone (FTD)),
N-N-dimethylformamide (DMF, > 98 %) were also purchased from
Sigma-Aldrich. Methanol (MeOH, > 99.9 %) and paraffin oil were ob-
tained from Merck. Spectroscopic carbon graphite powder (Ultra Car-
bon, Ultra F Purity) was purchased from Mersen. Chromatographic
grade ACN, acetic acid glacial, ethanol, sulfuric acid (H2S04,96 %) were
supplied by Carlo Erba. All chemicals were used as supplied without any
further purification. Ultra-pure water (resistivity =18.2MQ-cm) ob-
tained from a Millipore (Simplicity 185) water purification system was
utilised in all experiments. Phosphate buffer solution (0.1 M, pH=7)
was prepared with KHyPO4 and KyHPO4 (Riedel-de-Haén). The water
samples were collected from tap and upstream of the wastewater
treatment plant (WWTP) output in Lis river in Leiria.

2.2. Apparatus

Differential pulse voltammetry (DPV) was conducted at room tem-
perature using a Metrohm Autolab PGSTAT 204 potentiostat/galvano-
stat controlled by NOVA 1.10 software. A typical three-electrode system
was used for all measurements: the constructed MIP-CPE-MWCNTs acts
as a working electrode, a platinum wire and a KCl-satured Ag|AgCl
electrode as the auxiliary and reference electrodes, respectively. Scan-
ning electron microscope (SEM) images were acquired by FEI Quanta
400 FEG ESEM/EDAX Pegasus X4M equipment at CEMUP (Centro de
Materiais da Universidade do Porto).

2.3. Computational design

2.3.1. QM setup

Eleven different functional monomers including AMPS, N-vinyl-
pyrrolidone, itaconic acid, methyl methacrylate, 4-vinyl pyridine,
methacrylic acid, acrylic acid, 4-ethylstyrene, styrene, 1-vinylimidazole
and 2-vinyl pyridine, were studied as potential monomers for FZD-MIP
film formation. The VMD software [36] was used to build all the mo-
lecular fragments. Their geometric configurations were pre-optimised
with the aid of Gaussian 09 program [37] at a PM6 or a PDDG semi-
empirical level. The template molecule was then combined with func-
tional monomers to generate the respective complexes, using the
program AutoDock [38] within the VMD plugin VsLab [39]. Calcula-
tions of the lowest energy structures corresponding to the best complex
conformation were carried out using the M06—2X/6—31+G* density
functional theory (DFT) level, which allows a better description of the
dominant dispersive interactions in molecular systems. The binding
energies (AE) were finally calculated by equation (Eq (1)):

AE = E(complex) — E(template) — E(monomer),

where E(complex) represents the energy of the monomer-template
complex, E(template) the energy of the template and E(monomer) the
energy of the monomer.

2.3.2. MD simulations

All MD simulations were carried out with the GROMACS 5.1.4 soft-
ware package [40]. The studied pre-polymerisation mixtures comprised
varying number of molecules (see section 3.2, Table S1). The General
Amber Force Field (GAFF) was used for all molecular species as received
from module ANTECHAMBER [41] with the exception of AMPS mole-
cule. Generally, GAFF presents a good performance in simulation of
MIPs [42,43], featuring the stability of hydrogen bonding (H-bonding)
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and van der Waals adducts. However, for AMPS the force field (FF) had
to be modified considering the inability of GAFF to correctly reproduce
the geometry of the molecule. The intramolecular potentials for bonds,
angles and dihedral angles for the -CSO3H fragment of AMPS were taken
from the literature [44]. Partial atomic charges for all mixture compo-
nents were assigned using the ANTECHAMBER program.

The initial configurations were obtained by randomly placing the
mixture components into cubic simulation cells with the PACKMOL code
[45]. First, an energy minimisation was performed with the
steepest-descent algorithm to full relaxation of each system (a maximum
force tolerance of 10kJ mol 'nm ! was used). Second, two
pre-equilibrations of 100 and 500 ps each were carried out at 298.15K
in canonical and isothermal-isobaric ensembles, respectively. Then, an
additional relaxation by annealing followed: the systems were heat up to
350K for 400 ps, maintained at this temperature for 200 ps, and then
slowly cooled back to 298.15K for the next 400 ps. This stage allowed
the pre-polymerisation system to cross over possible energy barriers.
The step size of 0.5 fs was employed for all the described above simu-
lations steps. No bonds were constrained during this first phase of
modelling. Next, the equilibration of the systems in the NPT ensemble
was carried out for 1 ns with 1 fs time step. At this stage of the simula-
tion, the bonds with H-atoms were constrained with the LINCS algo-
rithm [46]. Finally, a production run in the NVT ensemble for 20 ns was
carried out. Throughout the simulations, the temperature was main-
tained constant with the assistance of the Nose-Hoover thermostat [47,
48] (with coupling constant of 2.0 ps) and pressure when needed was
kept at 1 bar with the Parrinello-Rahman barostat [49] (with coupling
constant of 8.0 ps). The equations of motion were integrated with the
leap-frog algorithm [50]. The long-range electrostatic forces were
treated by the particle-mesh Ewald method [51] and a cut-off of 1.2 nm
was applied. The same cut-off was employed for the short-range in-
teractions and neighbour lists. Long-range van der Waals interactions
were treated using a continuum model correction for energy or energy
and pressure, according to the ensemble used. Periodic boundary con-
ditions were applied along all Cartesian directions. The in-built GRO-
MACS tools were used for the calculations of density, self-diffusion
coefficients, assessment of radial distribution functions (RDFs), and
analysis of H-bonds and clusters. The numerical integration of RDFs for
coordination numbers (CNs) assessment was performed using the
GRACE software.

2.4. Preparation of MIP by precipitation polymerisation

In a glass tube, 0.2 mmol FZD and 1.2 mmol AMPS were first dis-
solved into 20 mL of ACN and stirred for 1 h to allow self-assembly of the
pre-polymerisation complex. Then, 4 mmol EGDMA and 0.6 mmol AIBN
were added and the mixture, with a molar ratio between template:
monomer:crosslinker of 1:6:20, was purged with nitrogen during
10 min. Subsequently, the tube was tightly sealed and kept in the thermo
block (Temblock, Selecta®, Spain) at 65°C for 24h. The obtained
polymer was washed with ACN to eliminate the unbound polymer and
with a mixture of acetic acid-MeOH (1:9, v/v) successively until no
voltammetric FZD signal was observed, followed by centrifugation to
remove solvent. Finally, the polymeric microparticles were washed
three times with ethanol and dried in an oven at 60°C. The non-
imprinted polymer (NIP) was also prepared using the same procedure
but in the absence of FZD.

2.5. Construction of MIP modified CPEs-MWCNTs

To fabricate MIP and NIP modified CPEs, an appropriate amount of
graphite powder, polymeric microparticles of MIP/NIP and MWCNTs
were thoroughly mixed using a mortar and pestle for at least 5 min to
provide a homogeneous mixture. After blending, paraffin oil was added,
and the mixture was again mixed for 10 more minutes. The resulting
uniform paste was packed at the end of a syringe with an internal
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diameter of 4 mm and a copper wire for electrical contact. Then, the
paste was compressed by the piston and polished on a paper sheet to
form a smooth and reproducible working surface. At the end of each
measurement, the paste was replaced, following the same procedure of
compression and polishing.

2.6. Electrochemical measurements

Electrochemical measurements for the determination of FZD were
performed by differential pulse voltammetry (DPV). Firstly, the pre-
pared electrodes were immersed in FZD solutions for 30 min and care-
fully washed with distilled water and put in phosphate buffer during 10s
to avoid residues of FZD. Then, the electrodes were inserted into an
electrochemical cell containing 0.1 M HySO,4 as supporting electrolyte.
DPV experiments were conducted in the potential interval from +0.2V
to -0.8V using a pulse amplitude of 50mV and a step potential of
0.5mV. All measurements were carried out in triplicate and at room
temperature.

2.7. Sample preparation

Two different water samples were selected: tap water and Lis river
water collected upstream of WWTP in Leiria. They were directly used as
real samples without pre-treatment.

3. Results and discussion
3.1. Theoretical selection of a suitable monomer

Aiming to obtain the higher binding capacity between FZD and
functional monomer, computer calculations were performed as a pre-
vious step to the FZD-MIP preparation. Based on the most stable
conformational structure, i.e. the structure presenting the lowest energy,
DFT calculations were applied to estimate the binding energies between
the complex formed by FZD molecule and each tested monomer
selected. The results, listed in Table 1, show the binding energies of FZD-
monomer complexes in vacuum with mole ratios of 1:1, obtained
through Eq (1). Generally, polymer complexes with higher absolute
interaction energies are more stable and, consequently, are expected to
be the most suitable for preparation of MIPs [52]. As it is shown in
Table 1, FZD interacts most strongly with the AMPS monomer giving rise
to a complex binding energy of -71.943 kJ mol !, followed by N-vinyl-
pyrrolidone and itaconic acid. These results suggest that AMPS is the
best candidate for molecular imprinting. Thus, AMPS was chosen as
functional monomer for the further experiments. The optimised geom-
etries of FZD, AMPS, EGDMA, AIBN, ACN and DMF with the designation
of important interactions sites used throughout the work are shown in
Fig. 1.

Table 1
Binding energies of FZD-monomer complexes obtained at M06-2X/
6-31+G* level.

Complex AE/kJ mol !
FZD-(AMPS) ~71.943
FZD-(N-vinylpyrrolidone) 56.356
FZD-(Itaconic acid) —56.084
FZD-(Methyl methacrylate) —54.669
FZD-(4-vinyl-pyridine) -51.632
F7D (Methacrylic acid) —50.629
FZD-(Acrylic acid) -49.988
FZD-(4-ethylstyrene) —46.146
FZD-(Styrene) —38.577
FZD-(1-vinylimidazole) —29.113
FZD-(2-vinyl-pyridine) —~26.854
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Fig. 1. Optimised geometry and interaction sites of the studied molecules: furazolidone (FZD), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), ethylene glycol
dimethacrylate (EGDMA), 2,2'-azobisisobutyronitrile (AIBN), acetonitrile (ACN) and N N dimethylformamide (DMF).

3.2. MD simulation of pre-polymerisation mixtures

The choice of an appropriate functional monomer is a crucial step to
obtain MIPs with desirable recognition characteristics but fine-tuning of
other characteristics is also mandatory. MIP properties are additionally
determined by suitable molar ratio of template/monomer/cross-linker
during the polymerisation reaction [53]. Therefore, these variables
should be considered when preparing MIPs. In the case of non-covalent
imprinting, functional monomers are usually added in the molar excess
to the number of moles of the template in order to favour the formation
of the monomer-template complex [54]. On the other hand, specific
interactions can be reduced by using extra amounts of monomers [55].
In most of the works reported to date, the identification of the optimum
amount of these components is rarely carried out and a typical
template-monomer molar ratio of 1:4 is used as standard [56]. Taking
this into account, six different pre-polymerisation systems were tested
by MD simulations with different molar ratios of template (FZD) to
functional monomer (AMPS). The systems composition is summarised in
supporting information, Table S1. All systems were prepared using the
same cross-linker (EGDMA), initiator (AIBN) and the same solvent
stoichiometry. In order to investigate the contribution of porogenic
solvent on the polymer performance two solvents were selected. ACN
was used in simulation of five systems (systems from A to E) and, based
on system C stoichiometry, DMF was chosen for system F.

3.2.1. Density and self-diffusion

As a first step of the simulation, the validation of ACN and DMF FF
models were performed. For this purpose, a short additional MD run for
pure ACN and DMF (2000 molecules in the cell, 1.5 ns run) were carried
out. The obtained values of density (790.9 + 0.4 kg m~ for ACN and
973.5+ 0.2kg m™ for DMF) and self-diffusion coefficients
(2.304£0.03 x 102 and 0.90 £0.02 x 10°m? s! for ACN and DMF,
respectively) are consistent with the reported in literature experimental
ones [57-60]. Thus, the used FFs describe properly the solvents under
study and can be applied for further simulation. The quality of the
simulations of the pre-polymerisation mixtures was controlled by the

density and self-diffusion coefficients.

As it can be seen in Table S2, a good agreement was found between
the concentration and density. Indeed, the results show increase in the
systems density with the increase of concentration of AMPS, as expected.
Self-diffusion of FZD in the systems with ACN slightly increases with the
rise of AMPS content as well and the highest value is obtained in system
D. As for the influence of the solvent, the diffusion values of all species
reach the lowest values in the system with DMF (System F), which
highlights the importance of porogen in the pre-polymerisation mixture
[61]. Taking into account that mobility of FZD is important to allow its
diffusion in the binding sites [62], system D seems to be the most
promising system in rebinding processes. At the same time, the values of
the diffusion coefficients to AMPS declined from system A to system F,
which can suggest that a dense polymer network retards the diffusion of
functional monomer in solution. A similar behaviour was observed for
EGDMA, AIBN and ACN.

3.2.2. Local structure: RDFs and CNs

RDFs with respective CNs were accessed to study local interactions
between the main components of the imprinting process at the molec-
ular level. The distribution of functional monomer around the template
molecule is one of the most important factors in the molecular
imprinting process. In this step, cross-linkers have an important role in
controlling the morphology of polymer matrix, since they fix functional
monomers to templates and, consequently, affect the rigidity of the
polymer network formed [53]. In the studied systems, the interactions
between specific parts of the molecules were evaluated and only the
most active sites were selected for the discussion. The RDFs reported in
Fig. 2 showed favourable interactions between FZD and AMPS, as well as
between AMPS and EGDMA, indicating a good imprinting effect. Closer
analysis revealed that FZD displays strong interactions by oxygen of the
carbonyl group (O°, see Fig. 2), while the extent of interaction of AMPS
is made by two hydrogen atoms (H'® and H", see Fig. 2). In addition, it
was found that two oxygen atoms of EGDMA (0% and 0") have an
important role in binding with AMPS. OSFZD-H4AMI:5, OSFZD-HIBAMps,
H4AMPS-02'4FGDMA and HIBAW5-02'4RGDMA RDFs exhibit well defined
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Fig. 2. Radial distribution functions, g(r), (left axis, solid lines) between specific sites of FZD, AMPS, EGDMA and DMF molecules and corresponding coordination
numbers, CNs, (right axis, dash lines) in the studied pre-polymerisation systems from the results of molecular dynamics simulations. Numbers represent CNs ac-

cording to colour code in the legend.

peaks at about 0.2 nm, which suggests the presence of H-bonds. Using
ACN as solvent (System A-E), a high and narrow peak was observed
between H13AMPS and 0%*gpma in all systems, showing the stability and
strength of this contact even upon AMPS concentration change. In
contrast, significant differences were observed in the height of the peaks
of 0%zn-H* amps and O%zp-H 3 svps. The interaction between FZD and
AMPS molecules is expected to be enhanced by increasing the concen-
tration of AMPS. In fact, there are two high peaks corresponding to
OSFZD-H“AMPS and OSFZD-HBAMI:S interactions at short distance in sys-
tems C and D, which clearly confirm the affinity. The height of these
peaks slightly decreased in system E. On the other hand, RDFs analysis of
system F showed a great interference of AMPS with oxygen (O?) of the
carbonyl group of DMF. This undesirable interaction at close distance
seems to impair the aggregation of AMPS with other components of the

system. Thus, interactions of AMPS with EGDMA and FZD are compar-
atively less favourable and lower peak heights were observed.

These results are further confirmed by the coordination numbers’
analysis. Notice, that to obtain the CNs, the RDF were integrated up to
the first minimum on the corresponding interaction. In system D, FZD-
AMPS and AMPS-EGDMA interactions have the highest total CNs
(1.236 for 0°pzp-H 1 syps and 1.219 for HY 12 Avps-0%"ggpuma) (Fig. 2),
suggesting that conditions of system D appear to be more susceptible to
form favourable interactions within the pre-polymerisation mixture.

3.2.3. H-bonding

Considering the RDF results, an analysis of the extent and stability of
H-bonds was performed paying special attention towards the sur-
rounding environment of OSFZ]'), H4AMps, HlsAMps and 0%"rgpma sites. In
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this context, the H-bonding network was analysed following the
framework of Luzar and Chandler geometrical criterion [63], which
implies that the distance between the oxygens of two different molecules
is less than 3.5 A and, simultaneously, the angle formed by O-H...O is
less than 30°. The occurrence and lifetime of the H-bonds extracted in
this screening process are summarised in Table 2. As it can be noticed,
the total amount of H-bonds between FZD and AMPS clearly increases
from system A to system D being virtually the same in systems D and E.
This can be regarded as a sort of saturation of FZD-AMPS interaction
capacity at a given FZD content. The number of contacts between AMPS
and EGDMA species consistently increases with the increased molar
fraction of functional monomers from system A to E. These findings are
in line with the described above results of RDFs and CNs analyses. Due to
the fact, that the recognition during the complex polymerisation is
mainly based on hydrogen bond formation, it is assumed that the
maximum number of hydrogen bonds with the template corresponds to
the optimum imprinting factor [64]. Consequently, the importance of
the stoichiometry of system D for imprinting quality was again high-
lighted. Besides the extent of H-bonding interaction FZD-AMPS is similar
in systems D and E, the associated average weighted lifetimes suggest
that bindings in system D (with a lifetime of 35.54 ps) are more stable
(longest average lifetimes) and potentially create higher affinity binding
sites. Noteworthy, the hydrogen bond capacity was strongly reduced by
changing the solvent from ACN to DMF (System F). This can be
explained by the interaction of porogen with the complex, which then
competes with the binding mechanism of the FZD-AMPS interactions.

3.2.4. Cluster size analysis

The ability of FZD, AMPS and EGDMA to assemble in multi-
molecular aggregates (i.e. clusters) is the next issue to be addressed in
all studied systems. The FZD-AMPS clustering behaviour can be easily
accessed by means of MD simulations and it is of primary importance.
The first minimum on FZD-AMPS RDFs between the most active inter-
action sites was used as distance criteria for analysis of clusters (in
minimum, the cut-off distances for different RDFs range from 0.28 to
0.32nm, see Fig. 2). The average and maximum cluster sizes in the
simulated systems provide the more accurate representation of the FZD-
AMPS interaction, as it can be seen in Table 3. The largest FZD-AMPS
clusters are formed in systems D and E, which is in accordance with
their hydrogen bonding capacity. Once again, the change in cluster size
tends to stabilise after system D. The geometries of typical FZD-AMPS
clusters are shown in Fig. 3. Another important observation is a sys-
tematic cluster size drop observed in the simulation of System F. The
average FZD-AMPS cluster size decreased to 1.14, meanwhile the
maximum cluster size decreased to 6 molecules in the presence of DMF.
This decrease of the aggregate size may indicate that there are less FZD
and AMPS molecules, not screened by DMF and therefore available for
participation in this binding.

To sum up, system D exhibits the most appropriate behaviour of key
structural and dynamics properties, which makes it the most promising
pre-polymerisation mixture for the MIP development. Indeed, it pro-
vides a good diffusion of FZD within the polymer pores and strong and
closer interactions with hydrogen atoms of AMPS (H13 and HY. More-
over, H-bonding analysis of the simulations, besides confirming the
importance of these interactions, demonstrated their good stability.
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Table 3
Average and maximum FZD-AMPS clusters sizes at different pre-polymerisation
compositions.

Systems Average cluster size Maximum cluster size
A 1.15 5

B 1.24 10

Cc 1.45 15

D 1.54 18

E 1.56 18

F 1.14 6

A

Fig. 8. Typical geometry of FZD-AMPS cluster in system D: (A) 1 FZD : 1 AMPS;
(B) 1 FZD : 4 AMPS.

Finally, the analysis of clusters suggested the highest aggregation for
FZD-AMPS species. Considering the poor performance of the system F,
one can see that it does not fulfil the criterion of polymerisation. It
presents weak interactions for the main bindings in the system, namely
FZD-AMPS and AMPS-EGDMA, showing potential to adversely affect the
specificity of the synthesised MIP. So, the MIP ratio of FZD to AMPS of
1:6 was selected as the best ratio for the imprinting procedure.

3.3. Electrochemical behaviour of FZD

After the combination of MIP and NIP with CPE and MWCNTSs, the
FZD molecules recognition ability was tested. Preliminary DPVs exper-
iments were performed in 0.1 M H,SO, after 30 min of incubation in
0.01 mM of FZD solution. The voltammograms are shown in Fig. 4 for (a)
CPE, (b) CPE-MWCNTs; (¢) NIP-CPE (d) MIP-CPE, (e) NIP-CPE-MWCNTs
and (f) MIP-CPE-MWCNTs. No redox peak was observed after incubation
of FZD in the CPE. However, when MWCNTs were added into the CPE a
small peak appeared at -0.25V, indicating that CPE-MWCNTs had

Table 2
Average number of hydrogen bonds per frame and their lifetimes (in ps in parenthesis).
Pairs System A System B System C System D System E System I
0°H* 0.02 (7.94) 0.08 (6.36) 0.31 (6.80) 0.55 (8.86) 0.45 (7.42)
FZD-AMPS o°-H" 0.09 (19.68) 0.11 (25.95) 0.21 (15.73) 0.26 (26.68) 0.39 (23.85) 0.07 (20.65)
Total 0.11 0.19 0.52 0.82 0.84 0.07
H.0%* 2.45 (9.60) 4.25 (10.61) 8.41 (12.13) 12.50 (11.82) 14.42 (11.51) 2.61 (10.78)
AMPS-EGDMA H%.0*1 7.67 (43.36) 10.04 (43.34) 24.21 (41.58) 35.21 (43.88) 42.75 (46.04) 4.45 (41.96)
Total 10.12 18.29 32.62 47.71 57.17 7.06
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Fig. 4. DVP voltammograms in 0.1 M H,S0, after 30 min of incubation in
0.01 mM FZD at a) CPE, (b) CPE-MWCNTs (c) NIP-CPE, (d) MIP-CPE, (e) NIP-
CPE-MWCNTs and (f) MIP-CPE-MWCNTs.

higher response to FZD than CPE. This result can be attributed to the
good electrochemical activity of the MWCNTSs. A pronounced difference
between the obtained peaks measured for MIPs and NIPs with and
without MWCNTSs can also be seen. For NIP-CPE and MIP-CPE an anodic
peak was observed at about -0.25 V. By incorporation of MWCNTs, the
anodic peak of FZD shifts to more positive potentials, indicating a more
favourable oxidation process. Interestingly, the obtained peak current
was found to be significantly higher in the presence of MWCNTs than in
their absence, which supports the use of this nanomaterial in this work
to enhance the detection signal of FZD. MWCNTs modification suggests
an increase of surface area of electron conduction and, consequently,
higher FZD molecules absorption. Noteworthy, the nonspecific binding
of FZD to MWCNTs had no significant effect without polymer micro-
particles. The obtained results showed that the peak current response in
the NIP- and MIP-CPE-MWCNTs was clearly higher comparing with the
CPE-MWCNTs response. Despite the ability of AMPS to bind FZD mol-
ecules in the NIP-CPE-MWCNTSs, these results indicate a lower binding
specificity. In MIPs, the increase in the current response can be
considered an evidence of the formation and properly functioning of the
selective recognition sites. The difference between the intensity of
electrochemical signal of the MIP and NIP proved the successful prep-
aration of molecularly imprinted sensor under the conditions described
above, where the amount of effective sites for FZD adsorption was
elevated.
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3.4. SEM characterisation

SEM analysis was performed to characterise the synthesized
imprinted polymer microparticles. The Fig. 5 shows the SEM images of
NIP (A) and MIP (B) polymer microparticles after polymerisation. As can
be seen, NIP and MIP polymer display a porous structure with micro-
particles connected firmly together. However, there are significant dif-
ferences between their particle size. MIP microparticles are bigger and
more heterogeneous than NIP microparticles, indicating that the pres-
ence of FZD, which interacts with AMPS, exerts a strongly influence on
the polymer morphology.

3.5. Optimisation of the MIP-CPE comp
conditions

ition and experi

In order to obtain the optimal conditions for the determination of
trace amounts of FZD, important parameters controlling the perfor-
mance of the proposed sensor were optimised: (a) paraffin oil amount,
(b) composition of MIP modified CPE, (c) MWCNTs amount and (d)
incubation time. The measurements were performed in triplicate and the
results are expressed in Fig. 6.

During the preparation of CPE, an appropriate amount of paraffin oil
in the electrode composition was found to have a prominent role in the
sensor response to FZD (Fig. 6 (A)). Under variation of the paraffin oil
concentration (0.15, 0.30, 0.5 and 0.65 pL mg 1, it was found that a
minimum of 0.15puLmg~" in relation to carbon paste is required to
achieve a stable and compact paste to pack into the syringe. The current
response of the electrode increased by increasing the paraffin content to
0.30 uL mg~'. However, larger amounts of paraffin oil led to a remark-
able downward trend, which can be the consequence of an increase in
the electrode resistance due to the insulating effect of paraffin. There-
fore, the optimum concentration of paraffin oil was established to be
0.30 pL mg’1 5

Then, keeping constant the paraffin oil amount in CPE, the content of
MIP microparticles, ranging 2.5-20 % (w/w) was evaluated. As ex-
pected, increasing the electrode MIP content exhibited a significant
enhancement in the electrochemical signal until a maximum at 10 % of
the total amount of carbon (Fig. 6) (B). This result is reasonable because
incorporation of MIP provides the recognition sites at the electrode
surface and, consequently, increases the electrode response to FZD
molecules. On the other hand, a gradually descending response was
observed with further increase of the MIP amount above the threshold
value (10 % (w/w)), which may be attributed to electrode surface
conductivity decreasing in the presence of bigger amount of MIP. This
behaviour is in agreement with a number of reports for MIP composition
in CPE [65-67].

Similar experiments were also carried out to improve the

Fig. 5. SEM images of prepared (A) NIP and (B) MIP microparticles.
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Fig. 6. Optimisation of carbon paste composition for determination of FZD at concentration of 10 pM. Variation of the peak current intensity with (A) the con-
centration of paraffin oil; (B) MIP nanoparticles content; (C) MWCNT's amount in percentage in carbon paste; (D) incubation time.

electrochemical properties of modified CPE. Different amounts of
MWCNTs in the range of 3-13 % (w/w) were added to the carbon paste
mixture including the optimum values of paraffin oil and MIP. The re-
sults present in Fig. 6 (C) showed that with the increase of MWCNTs
there is a large increase of the peak current intensity. Generally, a larger
effective surface area and stronger conductivity are reported in the
presence of MWCNTs [68]. Likewise, in this work, the best electro-
chemical response in the MIP sensor as well was obtained when the
MWCNTs (a total amount of 10 % for carbon paste) were added in CPE
composition. Using higher percentage of MWCNTSs, the negative effect
on electrode response was observed. The fact that excessive amounts of
MWCNTs are able to block the electron transfer process on the electrode
surface can be a possible reason of this behaviour.

Another important parameter studied was the incubation time. For
different times in the range of 545 min, the DPV responses of MIP-CPE-
MWCNTs were recorded. This parameter demonstrated a substantial
influence in the adsorption degree of FZD molecules. As it is clear from
Fig. 6 (D), there is an increase in the peak current intensity with time
until stabilisation after 30 min exposition, suggesting an incubation
equilibrium on the MIP-CPE-MWCNTs. As longer incubation time did
not show considerable effect on the FZD adsorption, 30 min therefore
was selected as an appropriate incubation time.

Based on mentioned results, the CPE containing 0.30 pLmg * of
paraffin oil, 10 % of MIP and 10 % of MWCNTSs showed the highest
efficiency to absorb FZD molecules and it was selected for further
experiments.

3.6. Analytical performance

Under the optimised experimental conditions, the MIP-CPE-
MWCNTs sensor DPV responses towards different concentrations of

FZD were analysed (Fig. 7). The relationship between the oxidation peak
intensity and the concentration exhibited a linear response in the range
of 0.01 pM to 1 pM (r = 0.9995, n = 3). The limits of detection (LOD) and
quantification (LOQ) were also calculated, based on LOD =3 s/m and
LOQ = 10s/m, where s is the standard deviation of the intercept and m is
the slope of the calibration plot, and yielded 0.03 pM and 0.1 pM,
respectively. In reproducibility measurements, four different electrodes
were prepared with the same composition and used to determine 1 M of
FZD in solution. The relative standard deviation (RSD) result was 7.9 %,
indicating a good precision and stable response of the proposed sensor.

2.5

o
= “ ou 20 &t o
1.0+
0.54
0.04
0.0 0.2 0.4 0.6 0.8 1.0
[FZD], uM

Fig. 7. Linear relationship between peak current intensity for MIP-CPE-
MWCNTs and the concentration of FZD in the range 0.01-1 pM. The corre-
sponding DPV voltammograms after incubation are shown in the inset.
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3.7. Selectivity of MIP-CPE-MWCNTs

The selective recognition is one of the most important characteristics
of a molecularly imprinted sensor. Thus, to evaluate the selectivity of the
proposed sensor to FZD, three structurally related nitro compounds,
namely, NTF, NFZ and FTD were prepared at concentration of 10 pM and
a DPV analysis was performed. Their structures are provided in Sup-
porting Information (Fig. S1). Both NIP and MIP electrochemical
response were compared with the response obtained towards FZD at the
same concentration, as expressed in Fig. 8. For each compound, the
imprinting factor (IF) was calculated using the following equation: IF =
ip(MIP) /i, (NIP), where i, corresponds to the peak current. The selec-
tivity factor (o) was then calculated as o = IFyzp /IFinterferent and the
values are represented in Fig. 8.

The obtained results showed that the current response for FZD after
30 min of incubation on MIP sensor is much higher than those of the
other molecules. This fact proves the generation of effective recognition
sites complementary to FZD molecule in shape, size, and functional
groups, and confirms the success of the imprinting process. Although
NFT, NFZ and FTD have a high degree of structural similarity to FZD, the
molecular sizes are quite distinct, which led to a considerably less ab-
sorption into cavities of MIP-CPE-MWCNTs. The oxidation peaks for
NTF, NFZ and FTD corresponds to 35 %, 33 % and 12 % of the FZD peak,
respectively. Meanwhile, there is a low significant difference between
their intensity of MIP and NIP peak current. Fig. 8 also showed that for
NIP-CPE-MWCNTs similar current responses were detected either for
FZD or for structural analogues, indicating that no suitable binding sites
were produced on the surface of the NIP sensor. Therefore, in the
developed MIP-CPE-MWCNTs an excellent recognition selectivity to-
wards FZD molecules becomes obvious.

3.8. Application to water samples

To validate the application of the proposed MIP-CPE-MWCNTSs
sensor for the analysis of FZD in real samples, tap water and Lis river
water collected upstream of WWTP in Leiria were used. Using the
standard addition method, samples were spiked with two different
concentrations of FZD (0.05 pM and 0.5 pM) and the analysis performed
without pre-treatment steps. The obtained recovery values are sum-
marised in Table 4 and were in good agreement with the spiked results.
As can be seen, recovery of FZD measured by MIP-CPE-MWCNTSs is in the
range from 90 to 105 %. This means that the developed sensor has
excellent accuracy and is suitable for determining FZD in water samples
without the need of laborious pre-treatment steps or methods.

4. Conclusions

For the first time, an efficient and selective MIP electrochemical
sensor prepared on CPE were reported for the detection of FZD. QM and
MD calculations demonstrated to be a powerful approach in the pre-
screening of experimental polymerisation conditions, providing a sus-
tainable strategy towards the design of MIPs. These computational
methods avoided the extent and trial-and-error of experimental syn-
thesis. Based on unique properties of MWCNTs, the novel MIP-CPE-
MWCNTs greatly enhanced the response signal of FZD and the imprin-
ted cavities formed demonstrated high ability to recognise FZD mole-
cules. Under the optimum conditions, the proposed sensor exhibited a
low detection limit of 0.03 pM, as well as sensitive and selective
response in the presence of other nitro analogous compounds. The MIP-
CPE-MWCNTs was able to detect FZD in spiked tap water and water
collected upstream of a WWTP output in the Lis river with appropriate
levels of precision, indicating that the developed sensor has potential to
be a useful platform to FZD detection in environmental waters.
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Fig. 8. The oxidation peak current percentage of 10 pM FZD and its analogues
on NIP-CPE-MWCNTSs sensor and MIP-CPE-MWCNTs.

Table 4
Determination of FZD concentration in spiked water samples with the developed
MIP-CPE-MWCNTs sensor”.

Sample [FZDladq, tM [EZD] e, tM Recovery, %
River water 0

0.05 0.052 105

0.5 0.484 97
Tap water 0

0.05 0.051 101

0.5 0.451 91

# [FZD]add: FZD concentration added to the sample; [FZD]det: FZD concen-
tration determined in the sample using the MIP sensor developed in this work.
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Table S1. Composition of the simulated pre-polymerisation systems.

Number of molecules

System Molar ratio FZD AMPS EGDMA  AIBN ACN DMF Total
(FZD:AMPS:EGDMA) number of
interaction

sites

A 1:1:20 10 10 200 6 2000 - 18234

B 1:2:20 10 20 200 6 2000 - 18494

C 1:4:20 10 40 200 6 2000 - 19014

D 1:6:20 10 60 200 6 2000 - 19534

E 1:8:20 10 80 200 6 2000 - 20054

F 1:4:20 10 40 200 6 2000 31014

Table S2. Density (d) and self-diffusion coefficients (D) of the simulated pre-polymerisation systems.

SYSTEM
A

d, kgm?3
877.20

882.50
893.39
902.50
911.96

1006.67

Dx10°, m?2 s

FzD
031+
0.00
032+
0.00
0.34 +
0.06
0.50 £
0.06
0.37 %
0.03
0.17 +
0.01

AMP
0.28 £
0.03
0.29 ¢
0.04
0.24 +
0.05
0.24
0.01
0.18
0.01
0.16 £
0.00

EGDMA
0.50 +£0.02

0.49+£0.01

0.37 £0.02

0.34+0.01

0.31+0.02

0.26 £ 0.00

AIBN
0.38+
0.07
0.54
0.03
0.40 +
0.01
051+
0.02
032+
0.03
0.27
0.04
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NTF NFZ

Fig. S1. Chemical structures of NTF, NFZ and FTD used in this study as interferents.
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3.3 Development of a molecular imprinted
electrochemiluminescence sensor for
amitriptyline detection: from MD simulations to

experimental implementation
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Amitriptyline

Water

Amitriptyline (AMT) frequent presence in environmental waters reflects the continuous consumption
growth and raises issues on the importance of its monitorization. In this work, a sensitive and selec-
tive electrochemiluminescence (ECL) sensor was constructed using molecularly imprinted polymer (MIP)
recognition element for AMT detection. Molecular dynamics (MD) simulations were performed to se-
lect the best functional monomer. Precipitation polymerization was followed to prepare the MIP micro-
spheres using methacrylic acid (MAA) as functional monomer, ethylene glycol methacrylate (EGDMA)
as crosslinker and chloroform (CHL) as solvent. The MIP sensor was then prepared on a low cost and
disposable screen-printed electrodes (SPCEs), previously modified with single-walled carbon nanotubes
(SWCNTs), by drop coating a solution containing the MIP microspheres synthesized. The mechanism of
detection was based in the system Ru(bpy);2*/AMT, where AMT acts as co-reactor of Ru(bpy);2* ECL.
Several parameters controlling the preparation process of the sensor and AMT detection were optimised.
The MIP/SWCNTs/SPCE ECL sensor showed good analytical performance with a linear correlation between
ECL signal and the AMT concentration ranging from 0.1 to 200 pM (R? = 0.9991). The limits of detection
(LOD) and quantification (LOQ) were found to be 0.4 pM (S/N=3) and 1.5 pM (S/N = 10), respectively.
The MIP ECL sensor displayed good selectivity to recognise AMT molecules when compared with analoge
structures and it was successfully applied in real water samples with good recovery values (90 to 112%).
The developed MIP ECL sensor is suitable for integration with portable devices for AMT detection in en-
vironmental waters.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

vironment. Thus, AMT is commonly detected at measurable con-
centrations in aquatic ecosystems [3,4]. Since aquatic life is likely

Amitriptyline (AMT) is one of the oldest tricyclic antidepressant
drugs in the pharmaceutical market. It is widely prescribed to treat
several central nervous system diseases, such as major depression,
anxiety, and bipolar disorders. This psychotropic drug acts mainly
by blocking the reuptake of serotonin and norepinephrine to po-
tentiate the activity of these neurotransmitters [1]. Over the last
decade, in accordance with an increase antidepressant consump-
tion, AMT has been produced and prescribed in large quantities
[2]. Although its benefits to the human health are undoubting, the
extensive use of AMT has resulted in its introduction into the en-

* Corresponding author.
E-mail address: jpgpa@isep.ipp.pt (J.G. Pacheco).

https://doi.org/10.1016/j.electacta.2021.139273
0013-4686/© 2021 Elsevier Ltd. All rights reserved.

to be receiving psychotropic medication with bioaccumulative po-
tential, great concerns about ecotoxicological effects on non-target
species have been expressed.

Studies have demonstrated that AMT and its main active
metabolite, nortriptyline, have been found everywhere, ie., in sur-
face water, drinking water, river water, sewages and effluents of
wastewater treatment plants (WWTPs) [1,2,5-7]. This is coupled
with mounting evidence that, even at low environmental concen-
trations, AMT can produce significant perturbations on the behav-
ior, reproduction, and normal growth of a wide range of aquatic
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organisms and communities [5,8-10]. In this context, the develop-
ment of analytical methods to detect and control AMT in environ-
mental waters is of paramount importance.

For quantification of AMT in commercial formulations, biolog-
ical and water matrices, different methods mostly based on sep-
aration and preconcentration techniques have been reported, in-
cluding high performance liquid chromatography [11-14], gas chro-
matography [15-17], capillary zone electrophoresis [18,19] and
spectrophotometry [20,21]. Despite their numerous advantages,
these methods require laborious, costly, and time-consuming pro-
cedures, where a sample preparation is frequently a necessary and
critical step [1,22]. In contrast, due to their benefits such as sim-
ple, fast and sensitive response, electrochemical techniques are be-
coming an attractive alternative to overcome the limitations found
in the aforementioned methodologies. With particular attention to
electrochemical sensors, some reports using electrochemical tech-
niques have been proposed for AMT determination [23-26]. How-
ever, the ability of sensitively and/or selectively recognize specific
target molecules remains a challenge.

Currently, electrochemiluminescence (ECL), which is a special
type of chemiluminescence phenomenon, arising from an electro-
chemical reaction, has received considerable attention in the de-
sign of sensors. Taking into account ECL versatility, high sensitivity,
broad dynamic range and low background interference, its popu-
larity is of no surprise [27,28]. Furthermore, its combination with
molecularly imprinted polymers (MIPs) can develop sensors with
the benefits of both high sensitivity and desirable selectivity [29].
In this context, ECL sensors based on MIPs have become one of
the most promising approach for the trace target detection in nu-
merous fields, including environmental monitoring [30]. Their ap-
plication has increased by the introduction of miniaturised devices
as screen printed electrodes, which can offer low-cost, portabil-
ity, sensitive and rapid quantitative information [31,32]. To improve
the efficiency of sensing performance, nanomaterials are frequently
adopted as enhancers and conducting pathways in typical ECL sys-
tems [33-35]. Among them, carbon nanotubes (CNTs) are well-
known and established candidates [36,37]. Considering their large
specific surface area and conductivity, several works have already
demonstrated that the introduction of CNTs can greatly potentiate
the electrochemical performance of the MIP sensors [38,39] and
increase the ECL intensity [28,40].

MIPs offer remarkable properties like robustness, high speci-
ficity towards target molecules, cost-effectiveness and ease of
miniaturization [41]. Although they have a generally facile con-
cept, an appropriate choice of monomers with relevant functional
groups and efficiency to bind each desirable target compound is
typically a quite time-consuming process, often requiring signif-
icant amount of chemicals and solvents. Therefore, the develop-
ment of computational screening methods is particularly impor-
tant for the rational design and synthesis of MIPs [42]. Despite a
limited number of studies reported so far, some MIPs based on re-
sults of molecular dynamics (MD) simulations can be found in the
literature [43-45]. MD simulations are being successfully used as
complementary tool for understanding the prevalent molecular in-
teractions during the imprinting process [46].

In this work, we reported for the first time an ECL sensor
based on MIP for AMT detection. After MD simulations, in which
a suitable functional monomer was chosen, the MIP were ob-
tained by precipitation polymerization method. Subsequently, the
resulting MIP microspheres were immobilized on screen printed
carbon electrode (SPCE) surface modified by single-walled car-
bon nanotubes (SWCNTs). Considering the tertiary amine in AMT
structure and its potential to act as co-reactant of tris(2,2’-
bipyridyl)ruthenium(Il) (Ru(bpy)s;2*), the ECL signal was pro-
duced by a sensitive Ru(bpy);2*/AMT reaction. The developed

Electrochimica Acta 397 (2021) 139273

MIP/SWCNTs/SPCE based ECL sensor was then applied for the se-
lective determination of AMT in spiked water samples.

2. Materials and methods
2.1. Experimental setup

2.1.1. Reagents and sample preparation

Amitriptyline (AMT) hydrochloride (HCl), methacrylic acid
(MAA), ethylene glycol dimethacrylate (EGDMA, 98%), 2,2'-
azobisisobutyronitrile (AIBN, > 98%), single-walled carbon nan-
otubes (SWCNTs, > 90% carbon basis), tris (2,2'-bipyridyl)
dichlororuthenium (II) hexahydrate (Ru(bpy);2*), nafion solution
(perfluorinated resin solution 5wt.% in lower aliphatic alcohols and
water) and N,N-dimethylformamide (DMF, 99.8 %) were obtained
from Sigma-Aldrich. Methanol (MeOH, > 99.9 %) were purchased
from Merck. Acetic glacial acid, ethanol and chloroform (CHL) were
supplied by Carlo Erba. For interference studies, imipramine HCI
(IMI), doxepin HCl (DOX), clomipramine HCl (CLOM), desipramine
HCI (DESI), trimipramine HCl (TRIMI) and nortriptyline HCl (NOR-
TRI), purchased from Cerilliant, were used. A stock solution of AMT
was prepared daily in phosphate buffer (0.1 M, pH = 7) and used
to prepare less concentrated standards. The SWCNTs dispersion
was prepared by sonication in DMF for further dilutions in water.
Working solutions were freshly prepared and stored in absence of
light. Before use, MAA and EGDMA were purified by passing them
through a short column filled with neutral alumina (Sigma Aldrich)
to remove inhibitors. All the other reagents were used as supplied.
Ultra-pure water (resistivity = 18.2 MQecm) obtained from a Mil-
lipore (Simplicity 185) water purification system was utilised in all
experiments. Phosphate buffer solution was prepared with KH,PO4
and K,HPO4 (Riedel-de-Haén). The water samples were collected
from tap, river and public standpipe and were used without pre-
treatment.

2.1.2. Instrumentation

ECL experiments were performed by using a portable bipoten-
tiostat/galvanostat combined with a fiber optic, SPELEC (Methrom
DropSens, Spain), with controlling software by DropView SPELEC.
Screen-printed carbon electrodes (DRP-110, Methrom, Spain) were
used as three-electrode system consisted of a 4 mm carbon work-
ing electrode, a graphite auxiliary electrode and a silver pseudo
electrode. Voltammetric measurements were carried out using a
Methrom Autolab PGSTAT 204 potentiostat/galvanostat controlled
by NOVA 1.10 software. A Crison pH meter (model micropH 2002)
with a combined glass electrode was used for pH measurements.
Scanning electron microscope (SEM) images were acquired by FEI
Quanta 400 FEG ESEM/EDAX Pegasus X4M equipment at CEMUP
(Centro de Materiais da Universidade do Porto).

2.1.3. Synthesis of MIP microspheres and preparation of
MIP/SWCNTs/SPCE based ECL sensor

MIP microspheres for AMT detection were synthesised accord-
ing to the precipitation polymerization method. First, 1 mmol of
AMT as template molecule and 4 mmol of MAA as functional
monomer were mixed into 50 mL of CHL. Afterwards, 20 mmol of
EGDMA and 0.3 mmol of AIBN were added into the above mixed
solution, which was purged with nitrogen during 10 min. Subse-
quently, the mixture was heated at 60 °C in a water bath for 4 h.
The final reaction precipitates were centrifuged and separated from
the reaction medium by filtration. Then, the template was removed
through a repeated washing process with a mixture of acetic acid-
methanol (1:9, v/v). Finally, the polymer was collected and dried
in an oven at 60 °C. The non-imprinted polymer (NIP) was also
synthesised using the same procedure but without the addition of
AMT.
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Fig. 1. ECL detection and electrochemical measurements.

The developed polymeric MIP/NIP microspheres were dispersed
in 0.05 % nafion and sonicated for approximately 5 min be-
fore detection. The preparation process of MIP-SWCNTs modified
SPCE is described in Fig. 1. The surface of working electrode was
first modified with 5 pL of SWCNTs (0.1 mg mL~!) and the sol-
vent was allowed to evaporate at room temperature. Layers of
2 pL of the MIP/NIP suspension prepared in ethanol (80 % (v/v))
were anchored on the prepared SWCNTs/SPCE and dried to obtain
MIP/SWCNTs/SPCE ECL sensor.

2.1.4. ECL detection and electrochemical measurements

In order to realize ELC sensing of AMT, 60 pL containing the
desired concentration of the template was dropped on the surface
of the modified electrode. After 45 min of incubation, the electrode
was rinsed with ultrapure water and dried. Finally, the electrode
was put into the ELC cell with 5 mM of Ru(bpy);?t solution to
record the response signal. ECL analysis was carried out by cyclic
voltammetry (CV) from -0.5 V to + 15 V at 50 mV s~! with a
determination time of 45 s. AMT was quantified by calculating the
difference, Al between the ECL intensity to the AMT (I4y7) and
the background ECL intensity (Ip), (Al = Iayr - lo).

The electrochemical behavior of differently modified NIP and
MIP sensor was also investigated by CV in 0.5 mM of [Fe(CN)g]3/4
solution. The CV cycles were recorded in the potential range from
-0.2 V to 0.5 V with a scan rate of 100 mV s~1.

All experiments were performed at room temperature.

2.2. Computational setup

The MD simulations were carried out as described in our pre-
vious work [46] and only the most important details are provided
below. All model pre-polymerization mixtures had the same com-
position: 10 molecules of template, AMT, 40 molecules of func-
tional monomer (acrylic acid (AA), MAA, itaconic acid (IA), 2-
vinylpyridine (2VP) or 4-vinylpyridine (4-VP)), 200 molecules of
cross-linker, EGDMA, 6 molecules of initiator, AIBN, and 2000
molecules of solvent, CHL. The modelled systems were designated
according to the monomer molecule, namely, AMT-AA, AMT-MAA,
AMT-IA, AMT-2VP and AMT-4VP. Therefore, the number of interac-
tion sites in the systems varied, in accordance with the monomer
molecule size, from 16544 atoms for AMT-AA system to 16784
atoms for the AMT-2VP, AMT-4VP and AMT-IA ones. All molecular
species were simulated with the General Amber Force Field (GAFF),
generated with the help of ANTECHAMBER module [47].

All MD simulations were carried out in GROMACS 5.14 soft-
ware package [48], following the next protocol: (1) the Packmol
package [49] was utilized to randomly place all molecules to ini-
tial cubic simulation cells; (2) annealing of each system up to 350
K was employed prior to equilibration stage; (3) the simulations
were carried out in the isothermal-isobaric ensemble (NpT) during
the equilibration stage and in canonical ensemble (NVT) during the
production run, with a time-step of 0.001 ps; (4) the Nose-Hoover
thermostat [50,51] (coupling constant: 2.0 ps) was used to main-
tain the temperature at 298.15 K and, when needed, the Parrinello-
Rahman pressure coupling [52] (coupling constant: 8.0 ps) was
employed to keep the pressure at 1 bar. The non-bonded Coulom-
bic and Lennard-Jones interactions calculation, as well as neigh-
bour list update, were performed with a 1.2 nm cut-off radius. Par-
ticle Mesh Ewald (PME) method [53] was employed to correct the
Coulomb interactions beyond the cut-off.

GROMACS inbuilt tools were used to calculate the density,
d, by averaging the resulted from the equilibration run energy
components, and the self-diffusion coefficient, D, from the mean
square displacement of atoms during the production run. Prior to
self-diffusion coefficients estimation, the diffusive regime attain-
ment was confirmed by parameter B, as described in our pre-
vious works [54-56]. Whenever a physical property was com-
pared with experimental value, the error was estimated as follows:
(IXexp — Xsim|)/Xexp x 100%, where X is the property obtained ex-
perimentally, Xexp, or computationally, Xgp,.

A schematic diagram of the simulated species, showing the
most relevant atom types used in this work, is given in Fig. 2a.

3. Results and discussion
3.1. MD simulations

3.1.1. Force Field (FF) validation

Initially, the density, heat of vaporization and self-diffusion co-
efficient of pure solvent, CHL, were used to test the performance of
FF. For this purpose, an additional system, composed only by 2000
solvent molecules, was simulated, according to the established pro-
tocol for pre-polymerization mixtures. While d and D were as-
sessed by GROMACS inbuilt tools, as described in Section 2.2, the
enthalpies of vaporization, AHyap, were calculated according to the
formula:

AHysp = U(gas) — U(liquid) + RT, (1)
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Fig. 2. (a) Geometries of amitriptyline (AMT), acrylic acid (AA), itaconic acid (IA), methacrylic acid (MAA), 2-vinylpyridine (2VP), 4-vinylpyridine (4VP), ethylene glycol
dimethacrylate (EGDMA), 2,2-azobisisobutyronitrile (AIBN) and chloroform (CHL), along with some atom types, used throughout this work. Nitrogen, carbon, hydrogen,
oxygen and chlorine atoms are represented by blue, black, white, red and green spheres, respectively. (b) COM-COM radial distribution functions, g(r), between AMT, the
monomer and EGDMA molecule in the studied pre-polymerization mixture from the results of MD simulations; the corresponding monomer is indicated on each graph.

where U(gas) and U(liquid) are the total energies in gas and lig-
uids phases, respectively, R is the universal gas constant, and T
is the temperature of the simulation. The resulted CHL density
(d = 1451.28 + 1.7 kg m—3), self-diffusion (D = (2.99 + 0.1)-10~2
m? s~') and heat of vaporization (AHyap = 25.76 + 0.02 k] mol~")
are in a good agreement with experimental values (the errors
range from 2% for d to 17% for AHyap) [57,58]. Thus, the employed
FF was found suitable for further study.

3.1.2. Monomer selection

In molecular imprinting processes, functional monomer selec-
tion is one of the most significant steps to obtain MIPs with
desirable molecular memory. The interactions between the tar-
get molecule and the functional monomer should be strong and
stable enough to achieve high selectivity and rebinding capac-
ity. In this step, crosslinker properties are also significant to de-
fine specifications of the resulting polymer, since crosslinkers fix

functional monomers to templates to produce a polymeric ma-
trix with certain rigidity [59,60]. Thus, to ensure a selection of
an ideal functional monomer, radial distribution functions (RDFs)
analyzes were performed for predicting the potential interactions
existing between a monomer and the target molecule, AMT. At
the same time, attention was also given to interactions involving
the crosslinker, EGDMA. Based on the typical template-monomer
molar ratio of 1:4, five pre-polymerization cells were generated
with different potential monomers: AA, MAA, IA, 2VP, 4VP. All sys-
tems were prepared with the same crosslinker, initiator and sol-
vent. First the overall microscopic environment of AMT, functional
monomers and EGDMA were investigated through calculations of
RDFs, g(r). Note that the RDFs for close contacts between AMT,
functional monomers and EGDMA, shown in Fig. 2b, were evalu-
ated by centre-of-mass (COM) of all the molecules, with the ex-
ception of AMT. After preliminary tests, the AMT interaction site
was defined as the COM of its -N(CH3), group, (See Fig. 2a for ref-
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Table 1
Self-diffusion coefficients, D, for the species in the studied systems.
D x 10°, m? s~!

SYSTEM AMT Functional monomer  EGDMA AIBN CHL
AMT-AA 0.52 + 0.02 0.86 + 0.07 085+ 0.01 093 +004 193+ 0.04
AMT-MAA  0.77 + 0.08 0.84 + 0.01 073 +0.01 082 +0.12 173 +0.01
AMT-IA 0.62 + 0.01 0.34 + 0.03 063 + 004 062+ 001 173 +0.00
AMT-2VP 0.69 + 0.03 1.53 + 0.03 081 +000 073 +001 1.85+0.03
AMT-4VP 0.69 + 0.01 141 + 0.01 076 £ 005 0.70 £ 0.09 1.86 + 0.05

erence), as it was found to be the only part of the molecule with
noticeable association activity.

The modelled systems AMT-AA and AMT-MAA (Fig. 2b)
showed favourable and similar interactions between the functional
monomer (AA or MAA, respectively) and EDGMA, since a defined
peak appears at about 0.6 nm, thus confirming the affinity and sta-
bility of the complex formed. However, the peak corresponding to
close contacts between AMT and functional monomer is more pro-
nounced for the MAA molecule. Closer analysis also revealed that
AMT interacts with MAA at a shorter distance when compared to
AMT-AA, as it can be seen from the position of rdf's maximum.
Therefore, the AMT-MAA system seems to be more promising to
establish a strong binding amongst functional monomers and tem-
plate and, consequently, an efficient imprinting process. Evaluating
IA behavior in the system AMT-IA, one can see that although it
shows a quite high and defined RDF peak associated to AMT in-
teraction, the distance is longer than that for the other acids. In
the case of pyridine-based monomers (2VP and 4VP, in the systems
AMT-2VP and AMT-4VP, respectively), only 2VP presents a weak in-
teraction with AMT, while none of them apparently enters in close
contact with EGDMA. Thus, as the RDFs analysis suggests, only the
AMT-MAA system combines reasonable interactions with both AMT
and EGDMA molecules. Accordingly, this system was chosen for
further study.

3.1.3. Self-diffusion in the selected pre-polymerization mixture

Theoretical assessment of self-diffusion coefficients, D, is a com-
mon measure for the evaluation of the validity of the employed
model. Moreover, the estimation of D aids in predicting molecular
mobility of the system. Thus, the quality of the simulated AMT-
MAA system was also controlled by self-diffusion coefficients for
all the present system species in comparison with the D values ob-
tained for the other studied systems. The calculated self-diffusion
coefficients are shown in Table 1.

As it can be seen, the self-diffusion coefficients in all the stud-
ied systems present reasonable values, comparable to mobility
of species in similar systems [46G] and thus prove the adequate-
ness of the simulation and of the used models. The highest self-
diffusion value of AMT is found in the system AMT-MAA, which
is particularly advantageous for template imprinting, since tem-
plate should be able to diffuse into or out of binding sites within a
polymer network [61]. In contrast, highly cross-linked rigid poly-
mer formation is expected to restrict the mobility of the func-
tional monomer and crosslinker in the mixture, meaning stability
even after the removal of the template. Additionally, studies have
demonstrated that crosslinking density is directly proportional to
the binding capacity of the polymers [62]. So, the diffusion of func-
tional monomer and EGDMA within the prepared mixture should
be restricted. Comparing the various values obtained for all sys-
tems, AMT-MAA system seems to assume this behavior and sug-
gests the suitability of the selected model to the experiments.

3.1.4. Local microstructure in the selected pre-polymerization mixture
Taking into account the above mentioned, local contacts be-
tween different atoms were explored to infer how AMT, MAA and

EGDMA interact in the AMT-MAA system. First, specific parts of
the molecules were investigated and only the most active sites
were selected for the discussion. During RDFs analysis, no rele-
vant interactions involving AIBN or CHL were observed, indicating
that these molecules do not disturb the flexibility and mobility of
the components of the mixture. The RDFs reported in Fig. 3a and
b represent the most relevant close contacts between AMT and
MAA, accessed mostly through their carbon atoms. No indication of
hydrogen-bonds (H-bonds) formation between AMT and MAA was
found, suggesting the prevalence of electrostatic attraction in these
interactions. Accordingly, it was found that the -N(CH3), group of
AMT is the most active site in the aggregation with carbon atoms
of MAA (C! and C2), which is consistent with the above analyzed
COM RDFs. C'yjaa and C%pyaa have an important role in binding
with AMT, but C2yaa interactions seems to be slightly stronger
since their RDFs exhibit more pronounced and defined peaks at
shorter distance. In addition, a peak corresponding to Cyjaa-Namr
binding was also observed, but slightly dislocated towards longer
interaction length, indicating that MAA molecule approaches AMT
from the side of carbon atoms. In the case of MAA-EGDMA interac-
tion, the sharpness of the first peak observed in Fig. 3¢ for Hoyus-
024gcpma pair at about 0.2 nm revealed the presence of robust H-
bonds. The rest of the RDFs observed for MAA-EGDMA close con-
tacts occur at longer distances. Nevertheless, good definition and
sharpness of the peaks for OI/ZMM—CZJEGDMA and HGMAA'OI'BEGDMA
curves confirm the stability and strength of MAA-EGDMA interac-
tions. The geometry of typical local arrangements between AMT,
MAA and EGDMA molecules, taken directly from the equilibrated
simulation cell are shown in the same figure (Fig. 3 d-f). These
molecular complexes are consistent with the atom-atom RDFs dis-
cussed above. The snapshot of the whole equilibrated box, showed
in Fig. S1, portrays the microscopic environment in the studied pre-
polymerization mixture.

3.2. Morphological and electrochemical characterisations of
MIP/SWCNTs/SPCE

3.2.1. SEM characterisation

To evaluate morphological characteristics of the synthesised im-
printed polymer microstructures, SEM analysis was carried out. As
it can be seen from the SEM images shown in Fig. 4a and b, after
polymerization both NIP and MIP polymers exhibited a porous and
spherical structure firmly connected. However, MIP polymer dis-
plays obviously larger and more heterogeneous microspheres com-
pared with the NIP, indicating that the presence of AMT in the
polymerization mixture influences the growth of the polymer and,
consequently, their morphology. The morphology of the SPCEs sur-
face at different preparation stages was also investigated by SEM.
Fig. S2 shows typical SEM images of bare electrode (Fig. S2a), SWC-
NTs/SPCE (Fig. S2b) and SWCNTs-nafion/SPCE (Fig. S2c). It can be
observed that the modified SPCEs have different surface morphol-
ogy when compared with the bare electrode, suggesting that a
uniform film with good density has been coated on the electrode
surface. It was noted that the nafion solution, used to immobilise
the MIP microspheres, has a smooth disposition when coated onto
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SWCNTs/SPCE. Fig. 4c confirmed the efficient attachment of MIP
microspheres on characteristic sponge-like clusters of SWCNTSs.

3.2.2. CV step by step sensor construction characterisation

An electrochemical characterisation of the different steps for
MIP/SWCNTs/SPCE fabrication was performed by CV technique.
Over modifications, the electrochemical response of [Fe(CN)g]*~/4~
probe was used to investigate the electron transfer ability. Fig. 5a
shows all the cyclic voltammograms corresponding to the redox
reaction of [Fe(CN)g]3~/4-. As shown in this figure, a typical re-
versible redox process of [Fe(CN)g]3~/4~ was observed at the bare
SPCE. After SWCNTs deposition onto SPCE surface, an enhancement
of the redox peak current was noted, demonstrating that SWCNTs
play an important role in the electron transfer rate. Upon building
layers of MIP polymer on the surface of SWCNTs/SPCE, a signifi-
cant reduction in the current response can be seen. This indicated
a successful immobilisation of a compact film, thus hindering the
charge transfer of the redox probe. When the MIP/SWCNTs/SPCE
was incubated in 10 pM AMT solution, the current response was
re-supressed. This can be attributed to the rebinding of AMT
molecules on the imprinted cavities, blocking the infiltration of
[Fe(CN)s]>~*- into electrode.

3.3. ECL behavior of AMT

The ECL signal of the Ru(bpy);2*/AMT was investigated in
5 mM Ru(bpy);2* prepared in phosphate buffered solution (0.1 M,
pH=8) with a scan range from -0.5 V to +1.5 V at 500 mV s~ !, The
signal was recorded after incubation in AMT solution for 45 min.
Different electrode modifications were studied and the results are
expressed in Fig. 5b. At bare SPCE no significant ECL signal was
observed, which can be explained by the very weak adsorption of
AMT molecules at the carbon ink. After modification with SWCNTs,
an enhancement of the ECL signal was registered, suggesting an
increase of electrode’s surface area, as well as electrical conductiv-
ity, which contributed to aid fast electron transference. Although
there has been some unspecific adsorption of AMT molecules at
SWCNTs/SPCE surface, the binding had no significant effect with-
out polymer microspheres.

At NIP/SPCE there was sightly increase in the signal, which can
be attributed to the ability of the polymer microspheres to adsorb
AMT molecules. Nevertheless, the signal of MIP/SPCE was much
higher than NIP/SPCE. These results shown a higher adsorbing of
AMT at MIP microspheres, indicating the successful formation of
cavities that selectively bind to AMT. The modification with SWC-



FCUP

Chapter 3 — Rational development of electrochemical MIPs sensors for pharmaceuticals detection

P. Rebelo, J.G. Pacheco, L.V. Voroshylova et al.

Electrochimica Acta 397 (2021) 139273

Fig. 4. Morphology surface SEM images of NIP (a) and MIP microspheres (b) obtained after polymerization and subsequent immobilisation onto SPCE surface (c) covered

with SWCNTs.

NTs before polymer deposition, both in NIP/SPCE and MIP/SPCE
shown an increase in the ECL signal. These results demonstrate
that SWCNTs were essential to improve the methods sensitivity.

The ECL mechanism of Ru(bpy);2t/AMT is similar to the com-
mon Ru(bpy);2*/tripropylamine (TPA) system. In our work, AMT
molecules selectively adsorb to MIP/SWCNTs/SPCE sensor act as co-
reactant of (instead of TPA) Ru(bpy);2* to produce a ECL signal via
application of a positive potential. The proposed mechanism is ex-
pressed below:

Ru(bpy)3* — e~ — Ru(bpy)3* (1)
AMT — e~ — AMTe" (2)
AMTe" — AMTe + H' (3)
Ru(bpy)3* + AMTe — Ru(bpy)2** + AMT (4)
Ru(bpy)3** — Ru(bpy)2* + hv (620 nm) (5)

Initially Ru(bpy);2* and AMT are oxidised to Ru(bpy);3* and
AMT radical cation (AMTe™), respectively. Then, the short-life radi-
cal cation loses a proton and produces AMTe, which will react with
Ru(bpy);3* in an electron transfer process to generate the excited
state of Ru(bpy)s;2**. Finally, the later will eradicate light emission
at the wavelength of 620 nm.

3.4. Optimisation of the MIP/SWCNT/SPCE preparation and
experimental conditions

To obtain good ECL signal of AMT, various critical parame-
ters, responsible for controlling the performance of the developed

sensor, were optimised including (a) concentration of MIP micro-
spheres; (b) number of deposited MIP layers onto SPCE surface,
(c) concentration of Ru(bpy);2* and (d) incubation time. The mea-
surements were performed in triplicate and the results are demon-
strated in Fig. 6.

During the preparation of MIP/SWCNTs/SPCE, the content of de-
posited MIP microspheres ranging from 1 mg L~! to 8 mg L-!
was evaluated (Fig. 6a). As expected, with the increasing amount
of MIP microparticles, a significant enhancement in the ECL inten-
sity of AMT in Ru(bpy)3;2* system was registered until a maximum
of 6 mg L1, This result is reasonable because more MIP micro-
spheres on the SPCE surface provide more recognition sites and,
consequently, more AMT molecules were adsorbed. However, when
the amount of MIP microspheres was higher than 6 mg L!, the
ECL signal decreased, which may be attributed to SPCE conductiv-
ity decreasing in the presence of excessive amount of MIP micro-
spheres on its surface [63]. So, the optimum value of 6 mg L~! for
concentration of MIP microspheres in the deposition solution was
identified and used in the following experiments.

Then, keeping constant the parameter mentioned above, the
number of MIP layers coated on the working electrode surface was
investigated (Fig. 6b). The best ECL intensity was obtained when
the thickness of the deposited MIP film was composed by three
layers of 2 pL of MIP solution. With the number of layers less
or more than three, ECL intensity decreased. Although layer-by-
layer assembly represents a favorable strategy to produce strong
ECL signal, dense MIP layers seem to work as a barrier against
the ECL process, resulting in weak ECL response. Thus, three lay-
ers of 2 pL of MIP solution were adopted and we conclude that
0.05 % (w/w) of nafion is enough to achieve the maximum bind-
ing without undesirable effects in the stability and sensitivity of
MIP/SWCNTs/SPCE sensor.
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Fig. 5. (a) Cyclic voltammograms of 0.5 mM [Fe(CN)s|*~/4- used to characterize the electrochemical behavior of MIP/SWCNTs/SPCE after different modifications. (b) ECL
responses of different electrodes in 5 mM Ru(bpy);®* in phosphate buffered solution (0.1 M, pH= 8) after 45 min of incubation in AMT solution; (c) The calibration curve of
AMT determination and the corresponding ECL signals obtained in the range 0.1-200 pM in the inset; (d) ECL response of MIP/SWCNTs/SPCE and NIP/SWCNTs/SPCE to AMT

and other six closer compounds.

The ECL signal strongly depends on both the ECL emitter and
the co-reactant. So, the concentration of Ru(bpy);2* and AMT in-
cubation time were indispensable parameters considered for ECL
measurement. Fig. 6¢ depicts the concentration of Ru(bpy);2* in
the range of 5-15 mM. As can be seen, the ECL intensity slightly
increased from 5 mM to 8 mM, while higher concentrations of
Ru(bpy);2+ lead to decline of ECL efficiency. This condition can
be related to the positive and negative effect caused by the mo-
lar ratio between ECL emitter and co-reactant. Higher Ru(bpy);2+
concentrations cause a higher demand of co-reactant, which over-
whelmed the positive effect of increased Ru(bpy);2* content. Ad-
ditionally, taking into account that the difference between 5 mM
and 8 mM of Ru(bpy);2* was not significant to justify the use of
large amounts of this emitter, 5 mM was chosen as the optimal
concentration to Ru(bpy);2* for subsequent experiments.

Similarly, the effect of AMT incubation time was studied
(Fig. 6d). For various time periods (4, 8, 20, 30, 45, 60 min), the
ECL responses of MIP/[SWCNTs/SPCE were recorded and a gradual
increase in the ECL intensity was observed when the incubation
time was extended, meaning more AMT molecules were rebinding
in the imprinted cavities over time. It reached a maximum inten-
sity after 45 min of incubation. Contrarily, when the time incuba-

tion was increased to 60 min, the ECL intensity decreased, suggest-
ing an electrostatic hindrance arising from the more compact AMT
molecules adsorbed. Therefore 45 min was selected as an appro-
priate incubation time.

Finally, as the introduction of SWCNTs was beneficial to sensi-
tivity of MIP/SWCNTs/SPCE sensor, the experiment result indicated
that 5 pL of a solution containing 0.1 mg mL~! of SWCNTs was
optimal.

3.5. Analytical performance

Based on the optimisation of experimental conditions described
above, the linear relationship between the ECL intensity (Al = Iyt
- Ip) and the AMT concentration was investigated. As it can be ob-
served in Fig. 5c¢, the ECL signal gradually increases with the AMT
concentration in the tested range between 0.1 and 200 pM. Good
linear relationship was obtained and the regression equation (n=9)
was: Alge, = 1229 x [AMT] (uM) + 22.40, with correlation co-
efficient of 0.9991.

The limits of detection and quantification were estimated to be
0.4 pM (S/N = 3) and 1.5 pM (S/N = 10), respectively.
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Fig. 6. (a) Variation of ECL signal with the concentration of MIPs microspheres in the deposition solution; (b) Variation of ECL signal with the number of deposition layers;
(c) Variation of ECL signal with the concentration of Ru(bpy);2*; (d) variation of ECL signal with the incubation time.

In reproducibility measurements, four different electrodes pre-
pared with the same composition were tested on 10 pM AMT con-
centration. The obtained relative standard deviation (RSD) of 3.9 %
demonstrated a good precision and stable response of the devel-
oped MIP sensor.

3.6. Selectivity studies

One of the major MIPs characteristics is the ability to selec-
tively recognise the target molecule. Therefore, the selectivity of
the proposed MIP sensor to AMT was evaluated. Six structurally re-
lated compounds, namely, IMI, DOX, CLOM, TRIMI, DESI and NOR-
TRI were selected. Both NIP/SWCNTs/SPCE and MIP/SWCNTs/SPCE
ECL responses to AMT were registered, under the optimised con-
ditions, and compared with the response obtained towards the
selected compounds at the same concentration, as expressed
in Fig. 5d. Results were presented in percentage of ECL signal
of AMT at MIP/SWCNTs/SPCE. For each compound, the imprint-
ing factor (IF) was calculated using the following equation: IF =
ECL signal (MIP)/ECL signal (NIP), where ECL signal corresponds to
Al (I - Iy).

After the analysis was completed, it was clearly observed
that the ECL signal of AMT on the MIP/SWCNTs/SPCE electrode
was higher than those of other compounds. Therefore, we may
conclude that selective binding sites complementary to AMT
molecules in shape, size and functional groups were created and
the developed MIP sensor has higher sensitivity towards AMT
among all tested similar structures.

Among the other molecules tested, the higher signal
was registered for TRIMI with a signal slightly higher than
NIP/SWCNTs/SPCE. For all the other compounds the signals were
similar or lower the NIP/SWCNTs/SPCE signal of AMT. At the
same time, the MIP and NIP signals of each molecules showed
no significative differences, indicating that these signals can be
related with the non-specific binding. Noteworthy, the ECL signal
can only be registered if a co-reactor of Ru(bpy);2* is present
during the measurement. This fact improves the sensors selective
response, due to a limited number of existent compounds that can
act as co-reactor.

3.8. Application to water samples

To test the application of the developed method for real sam-
ple analysis, the constructed MIP/SWCNTs/SPCE ECL sensor was
applied for the determination of AMT in three different water
samples, namely, river water, tap water and spring water. Sam-
ples were spiked with two different concentrations of AMT (5 uM
and 50 puM) and the analysis was performed without any pre-
treatment procedure. Using the standard addition method, the re-
coveries were calculated and summarised in Table 2. The results
shown that the developed MIP/SWCNTs/SPCE ECL sensor has good
accuracy and is suitable for AMT determination, with recoveries in
the range between 90 and 112 %. The sensor also proved to be suit-
able for detection of AMT in complex samples without the need of
laborious and expensive pre-treatment steps.
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Table 2
Determination of AMT concentration in spiked water samples with
the proposed MIP/SWCNTs/SPCE sensor.

Sample [AMP] 44, 1M [AMP]ge, tM  Recovery, %
River water 0

5 523 104.6

50 4513 90.3
Tap water 0

5 5.58 1117

50 4843 96.8
Spring water 0

5 5.16 103.2

50 49.82 99.6

2 [AMT]y44: AMT concentration added to the sample; [AMT]ger:
AMT concentration determined in the sample using the MIP sensor
developed in this work

4. Conclusions

A ECL sensor for AMT selective and sensitive determination was
constructed for the first time based on a modified disposable and
low cost SPCE electrode. The electrode was modified with SWCNTs,
that enhanced the ECL signal and improved the sensitivity of the
method. Selectivity was achieved by using MIPs with specific bind-
ing sites to AMT as selective recognition element. MD simulations
supported the MIP preparation, firstly allowing to choose the most
appropriate functional monomer for the pre-polymerization solu-
tion and then providing a molecular-level interpretation of inter-
actions in the mixture. Under the optimised conditions, the pro-
posed sensor was highly sensitive to AMT molecules when com-
pared with other analogues chemical structures. The ECL signal is
based on Ru(bpy);2t/AMT (co-reactor) system, improving the se-
lectivity because few drugs’ molecules can act as co-reactor and
produce an ECL signal. The prepared MIP/SWCNTs/SPCE ECL sen-
sor has good analytical performance and was successfully applied
to the determination of AMT in spiked real water samples. When
compared with common chromatographic methods it has several
advantages, such as portability, simplicity, low-cost, lower time of
analysis and solvent economization.
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Fig. S1. Snapshot of the equilibrated pre-polymerization mixture from MD simulations. The AMT, MAA
and EGDMA molecules are presented as colored van der Waals spheres, colored licorice and green
wireframe structures, respectively. Carbon, nitrogen, oxygen, and hydrogen atoms of AMT and MAA
molecules are represented as black, blue, red and white spheres, respectively. The rest of the molecules
(AIBN and CHL) are omitted for clarity. Red dashed lines represent the existing in the mixture H-bonds.
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Fig. S2. SEM images of (a) bare SPCE, (b) SWCNTs/SPCE and (c) SWCNTs-Nafion/SPCE.
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Highlights
e A disposable electrochemical MIP sensor for atorvastatin (ATV) detection was

designed.

« Efficient prediction of a functional monomer was achieved based on QM calculations.
* MD simulations allowed to understand the ATV monomer interaction.

* High selectivity and sensitivity were obtained by a direct detection method.

* The sensor was successfully applied in water samples.
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Atorvastatin (ATV) is a statin member consumed in high quantities worldwide. In response to that, the
occurrence of ATV in environmental waters has become a reality, highlighting the need of rapid and
sensitive analytical devices for its monitoring. In this work, the first electrochemical molecularly
imprinted polymer (MIP) sensor for the detection of ATV in water samples is presented. Computational
studies were conducted based on quantum mechanical (QM) calculations and molecular dynamics (MD)
simulations for rational selection of a suitable functional monomer and to study in detail the template-
monomer interaction, respectively. The sensor was prepared by electropolymerisation of the selected 4-
aminobenzoic acid (ABA) monomer with ATV, acting as template, on screen printed carbon electrode
(SPCE). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques were
applied to characterise the modified electrode surfaces. The quantitative measurements were carried out
with differential pulse voltammetry (DPV) in 0.1 M phosphate buffer (pH = 7). After investigation and
optimisation of important experimental parameters, a linear working range down to 0.05 umol L~! was
determined with a correlation coefficient of 0.9996 and a limit of detection (LOD) as low as
0.049 umol L~ (S/N = 3). High sensitivity and selectivity of the prepared sensor were demonstrated with
the ability to recognise ATV molecules over its closer structural analogues. Moreover, the sensor was
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quickly and successfully applied in spiked water samples, proving its potential for future on-site
monitoring of ATV in environmental waters.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, the most sensitive Earth's ecosystems have
been significantly modified by anthropogenic activities [1].
Regarding natural aquatic systems, questions about their quality
are continually being discussed mainly due to the widespread
detection of pharmaceutical compounds in different aquatic com-
partments [2,3]. Although these compounds are generally found at
trace environmental levels, their acute and chronic ecotoxicological
effects on wild biota have been reviewed and reported by many
researchers [4—7]. Of the wide range of pharmaceutical compounds
classes encountered into environmental waters, statins are now
among the most frequently detected groups [8].

Statins, also known as cholesterol-reducing agents, are
increasingly prescribed for preventing and treating cardiovascular
diseases that are the number one cause of global mortality [9].
Accordingly, they belong to the top-selling human pharmaceuticals
in European countries and United States [8,10], among which
atorvastatin (ATV) stands out as the most popular statin member
[11,12]. Considering that ATV has been intensively used, it is not
surprising that this compound is ubiquitous in aquatic environ-
ments around the world. Available literature studies have reported
detectable levels of ATV in wastewater treatment plant (WWTP)
influents and final effluents [13—17]. Recently, the presence of ATV
in Brazilian drinking water treatment plants was noted by Reis et al.
[18]. Environmental ATV concentrations have been also docu-
mented in surface waters receiving discharges from WWTPs
[1,19—21]. These assessments reflect the general problem associ-
ated with the efficiency of wastewater treatment processes in
removal and degradation of pharmaceuticals [22]. Consequently,
several species may be continuously exposed to ATV levels with
potential to disturb their normal growth and reproduction
[5,8,23,24]. Therefore, it is very important to build sensing systems
for determining ATV in environmental waters.

For environmental monitoring, there is a growing need for
analytical methods and technologies enabling specific, simple, se-
lective and rapid responses. In this context, molecularly imprinted
polymers (MIPs), used as a recognition element for electrochemical
sensors development, have become an interesting class of materials
with promising ability to quantify pharmaceuticals in aqueous
matrices [25]. While electrochemical methods offer such advan-
tages as rapid analysis, operation simplicity and low cost, MIPs
provide high binding affinity and selectivity for the target molecule
desired [26,27]. Furthermore, MIPs have mechanical and chemical
stability in a wide range of experimental conditions and solvents,
taking advantages over their biological counterparts [28]. Sensing
systems based on this combination have showed good analytical
performance and thus, they have attracted more and more atten-
tion in the recent years [25]. For the integration of MIPs in elec-
trochemical sensor platforms, different strategies can be applied,
including electropolymerisation, sol-gel process and photo-
polymerisation [29,30]. Among these methods, electro-
polymerisation has unique superiorities related with the direct
production of MIPs on precise location of the electrode surface [31].
In a very simple and rapid way, the thickness, homogeneity and the
density of the polymer layer can be well controlled under different
electrodeposition conditions [32,33]. Many researchers have

successfully employed electropolymerisation for MIPs preparation
on a variety of conductive electrodes. However, because of
increasing request for on-spot monitoring, screen printed elec-
trodes (SPEs) have gaining noteworthy enhancements in environ-
mental analysis [34,35]. SPEs are miniaturised and disposable
electrochemical sensors, which satisfy the need for reproducibility,
cost-effectiveness, sensitivity and portability in situ monitoring
[36,37]. Additionally, in agreement with green chemistry concepts,
their operation requires only small sample volumes, reducing the
use of unfriendly environment solvents and waste production. Over
the past few years, in order to prevent the synthesis of MIPs by trial
and error, computational studies have been increasingly explored
as useful screening methods capable of handling the complexity of
molecular imprinting process [34,38—40]. Quantum mechanical
(QM) calculations and molecular dynamics (MD) simulations have
been reported for the prediction of functional monomer-target
compound interactions, as well as for exploring and analysing the
molecular imprinting recognition mechanism [41-43].

Currently, some studies based on the electrochemical detection
of ATV in pharmaceutical formulation and biological matrices are
available in the literature [44—47]. However, to the best of our
knowledge, no electrochemical sensor based on MIP to detect ATV
in water has been developed. Analysis of ATV in environmental
samples currently relies on the use of chromatographic techniques
[14,19,48] that are relatively slow and require expensive instru-
mentation, skilled operator and laborious pre-treatment of the
samples [45,46].

In the present research, we report for the first time a simple,
cost-effective and highly selective MIP integrated with SPCE for
electrochemical detection of ATV in water samples. Herein, pre-
liminary search of suitable functional monomer was carried out by
QM calculations. The MIP layer was prepared by electro-
polymerisation of the selected functional monomer on the surface
of SPCE and, after optimising experimental parameters, the accu-
racy of the system composition was investigated by MD simula-
tions. The proposed method proved to be promising and the new
electrochemical sensor was successfully applied for determination
of ATV in spiked water samples.

2. Materials and methods
2.1. Reagents and solutions

Atorvastatin calcium salt trihydrate (ATV), 4-aminobenzoic acid
(ABA), N, N-dimethylformamide anhydrous (DMF, > 99.8%), ana-
logues of ATV (pravastatin sodium salt hydrate (PRV), simvastatin
(SMV), rosuvastatin calcium (RSV), fluvastatin sodium hydrate
(FLV), lovastatin (LOV) and pitavastatin (PTV)) and potassium
hexacyanoferrate (IlI), potassium hexacyanoferrate (II) trihydrate
were obtained from Sigma-Aldrich. Ethanol and hydrochloride acid
(HCl) were acquired from Carlo Erba. All chemicals employed were
of analytical grade and were used without further purification.

Stock solutions of ATV (1 mmol L~!) were prepared in ethanol-
H,0 (1:1, v/v) mixture and stored in a freezer below 8 °C. Various
concentrations of ATV were prepared daily by appropriate dilution
of the stock solutions in phosphate buffer (0.1 M, pH = 7). Ultra-
pure water used in all experiments (resistivity = 18.2 MQ cm)
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was obtained from a Millipore (Simplicity 185) water purification
system. The water samples were collected from tap, spring and
Asprela river in Porto and were used without any pre-treatment.

2.2. Instruments

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed using a Metrohm Autolab PGSTAT 204
potentiostat/galvanostat coupled to a computer using a NOVA 1.10
software for data acquisition. Electrochemical impedance spec-
troscopy (EIS) was recorded out by a Metrohm Autolab PGSTAT
128 N potentiostat/galvanostat controlled by NOVA 1.6 software.
SPCEs used in this work were purchased from Metrohm (DRP-110)
and consist of a three-electrode configuration: a circular carbon
working electrode with the diameter of 4 mm, a silver pseudo-
reference electrode and a carbon counter electrode. pH measure-
ments were carried out by a Crison pH meter (model micropH
92002) with a combined glass electrode. All experiments were
conducted at room temperature (25 °C).

2.3. Computational approach

2.3.1. Theoretical search of the functional monomer

In order to screen and select the functional monomer capable of
forming stable complexes with ATV, a virtual library of ten elec-
tropolymerisable monomers, including 4-ABA, indole, 4-
aminothiophenol, carbazole, mercaptobenzimidazole, pyrrole, an-
iline, phenol, o-phenylenediamine, and 1-vinylimidazole were
created. First, the chemical structure of all the molecules was built
with the aid of Visual Molecular Dynamics (VMD) software [49].
Gaussian’09.RevD program package [50] was then used to assess
the pre-optimisation of their geometric configurations at a PM6 ora
PDDG semi-empirical level. AutoDock program [51] within the
VMD plugin VsLab [52] was applied to construct the template-
monomer model through the combination of ATV with different
functional monomers. Finally, the conformational optimisations
and stabilisation energies for the complexes in vacuum were ob-
tained by density functional theory (DFT) at M06-2X/6-31 + G*
level.

The binding energies differences (AE) between ATV and
different functional monomers were estimated according to equa-
tion (1):

AE = E(complex) — E(template) — E(monomer), (1)

where E(complex) is the formation energy of template-monomer
complex, E(template) and E(monomer) denote the energy of tem-
plate and functional monomer, respectively.

2.3.2. MD simulations

MD studies were performed similarly to our previous work [42].
All simulations were carried out with the GROMACS 5.1.4 software
package [53]. Due to the complexity of the target molecule, ATV, it
was decided to thoroughly explore all the inter-particle interactions
in a single system composition, rather than explore the influence of
compounds’ concentration. The investigated pre-polymerisation
mixture represented the experimentally used template-to-
monomer ratio, i.e., 1:8. Although the synthesis of this MIP occurs
in phosphate buffer (see Section 2.3), for computational study the
molecules were placed in water to mimic the solvent. Thus, the
simulation cell comprised 50 ATV molecules, 400 ABA molecules
and 10 000 molecules of water, resulting this way in quite a large
cell of 40 600 atoms. The General Amber Force Field (GAFF) was
used for all molecular species as received from module ANTE-
CHAMBER [54]. Regarding water, TIP3P FF [55] was employed

Analytica Chimica Acta 1194 (2022) 339410

taking into account its adequateness for simulations of pharma-
ceuticals, as proved by a number of studies [56,57]. The initial
simulation box was generated with Packmol code [58], that allowed
to place all the necessary molecules randomly in the simulation
box.

The simulation methodology included the following steps: (i)
energy minimisation with maximum force tolerance of
10 k] mol~' nm~"; (ii) pre-equilibration for 100 ps in NVT ensemble
at temperature as low as 100 K to allow for initial relaxation and
resolving of possible packing problems; (iii) further relaxation in
another short pre-equilibration run of 500 ps at 298.15 K in NPT
ensemble; (iv) annealing for 1 ns in NVT ensemble with heating of
the system up to 370 K, to overcome the rest of possibly existing
energy barriers; (v) equilibration for 1 ns (in NPT); and finally (vi)
production run of 20 ns (in NVT). For production and equilibration
stages the bonds between heavy atoms and hydrogens were con-
strained. All simulations were computed under pressure of 1 bar.
The rest of the details (temperature and pressure coupling
methods, applied cut-offs, electrostatic interaction corrections
beyond the cut-off, algorithms for equations of motion integration
and bonds constraining, etc.) can be consulted in great detail from
our previous work [59].

The in-built GROMACS tools were used for the calculations of
radial distribution functions (RDFs) and analysis of hydrogen-
bonding (H-bond) interactions. The GRACE software was used for
the numerical integration of RDFs for coordination numbers (CNs)
assessment. Geometry of the simulated species, with the atom
numbering used throughout this work, is given in Fig. 1.

2.4. Preparation of the optimised MIP sensor and electrochemical
analysis

For preparation of MIP-modified SPCE, a homogeneous and thin
MIP film was obtained by electropolymerisation of phosphate
buffer mixture containing the functional monomer, 0.8 mmol [
ABA and template, 0.1 mmol L~! ATV, on the surface of the SPCE.
The electro-polymerisation process was performed using CV be-
tween potential range of —0.2 V and 14 V at a scan rate of
100 mV s~ ! for consecutive 20 cycles. After this step, ATV molecules
extraction was carried out with phosphate buffer and DMF-H,0
(1:9) solution during 10 min and 5 min, respectively. Next, the
electrodes were carefully washed with deionised water and dried at
room temperature. To evaluate the efficiency of MIP sensor, the
same procedure was employed to prepare non-imprinted polymer
(NIP sensor), but in the absence of ATV during
electropolymerisation.

The recognition of the template molecules was then made by
incubation of one drop (40 pL) of different concentrations of ATV
for 30 min onto the prepared modified SPCEs. The electrodes were
washed to eliminate any faintly bound ATV, and its rebinding
response were directly evaluated by DPV measurements in phos-
phate buffer over a potential range from 0.3 V to 1.2 V, pulse
amplitude and scan rate of 50 mV s 1,

To characterise the MIP films, the surface modification steps
were additionally investigated by CV and EIS experiments by
measuring the current and resistance variations of 5 mmol L'
[Fe(CN)s]*"* in phosphate buffer dropped on the SPCE surface. CV
characterisation analyses were operated cycling the potential
from —0.2 V to 0.5 V with a scan rate of 100 mV s~ . EIS spectra was
recorded at the potential of 0.2 V, frequency range from 0.1 to 10 Hz
with an amplitude of 10 mV and under a number of frequencies
distributed logarithmically of 60. Experimental EIS data was fitted
using the Randles equivalent electrical circuit.
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Fig. 1. Optimised geometries of ATV (A) and ABA (C) molecules and schematic representation of ATV molecule (B) with atom types, used throughout this work. R1, R2, R3 and R4
indicate the ATV molecule rings. Nitrogen, carbon, oxygen, hydrogen, and fluorine atoms are represented by blue, black, red, white, and green spheres, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3. Results and discussion
3.1. Rational selection of the functional monomer

One of the most important stages in design and synthesis of high
affinity MIPs for the respective analyte is the selection of an
adequate functional monomer. However, this task can take an
extensive experimental work where large material quantities are
involved. Thus, a number of QM calculations were undertaken to
estimate the potential association energies of molecular complexes
and, consequently, make a rational choice of a functional monomer
that will produce an ATV MIP with improved molecular memory.
The systems were built at 1:1 (ATV: functional monomer) molar
ratio and a DFT approach was used to optimise the geometry
conformation of the possible complexes. The binding energies be-
tween ATV and each tested functional monomer were calculated
through Eq (1); the results are listed in Table S1. In theory, the most
suitable monomer for preparation of desired MIP should have the
highest stability and hence the highest absolute interaction energy
of the template-monomer complex [60]. As observed, the highest
binding score belongs to ATV-ABA complex (-76.064 k] mol 1),
which is 1.705 k] mol ! more stable than the following most stable
complex (ATV-Indole, with 74359 k] mol') and is
39.850 k] mol ! more stable than the least energetically favoured
combination studied in this work (ATV-1-vinylimidazole,
with —36.214 k] mol”), Therefore, it can be inferred that the non-
covalent interactions established between ABA and ATV are
stronger than in the other complexes studied. Thus, ABA was sub-
sequently selected as the functional monomer to prepare the MIP
sensor with high recognition capacity to ATV.

3.2. Electrochemical deposition and behaviour of ATV on SPCE
surface

After selecting ABA as the most suitable functional monomer,
the molecular imprinting of ATV molecules for the synthesis of MIP
layer was performed via electropolymerisation directly on SPCE
surface. Under the conditions described above, this was carried out
by continuous 20 CV cycles of 0.1 mmol L ! ATV and 0.8 mmol L !
ABA in a 0.1 M phosphate buffer solution at a scan rate of
100mvVs L

For comparison, Fig. 2A and its inset shows the resulting CV
curves obtained with ATV (MIP after polymerisation) or without
ATV (NIP) in the electropolymerisation medium, respectively. As
seen from the figures, in the potential range from —0.2 to 1.4 V,

significant differences can be observed in the first scan of MIP and
NIP polymeric films. Initially, both displayed a cathodic peak at
about —0.55 V that can be attributed to the electrochemical
oxidation of the ABA at the SPCE surface. However, in the prepa-
ration of MIP (Fig. 2A), two well-defined peaks were recorded at
0.7 V and 0.8 V, while they did not appear in the NIP film electro-
generation. As expected, this finding reveals the oxidation of the
embedded ATV molecules that are becoming part of the polymeric
chain. During the electrodeposition of the polymer, ATV molecules
diffuse towards the working electrode and produce a far higher
number of recognition sites than those are generated in the NIP
film, this being the key process in the molecular imprinting. Also, in
the case of MIP and NIP synthesis, the current intensity gradually
decreased from the 1st to 20th scan, thus confirming the formation
of an imprinted compact polymeric film which suppressed the
voltametric response.

Following electropolymerisation, preliminary DPVs experi-
ments were performed in phosphate buffer to check the incorpo-
ration of ATV in the MIP film, as well as its removal and subsequent
rebinding. Fig. 2B displays the DPVs signals recorded between +0.3
and + 1.2 V on NIP and MIP SPCE freshly electropolymerised. As
observed, their electrochemical behaviour is quite different. Only
MIP SPCE exhibited an oxidation peak at around 0.6—0.7 V, which
proves the successful entrapment of ATV molecules inside the MIP
layer. Further, consideration was given to different extraction so-
lutions with ability to remove these molecules and, consequently,
reveal imprinted cavities that will be the specific recognition sites
to ATV during rebinding step. For this purpose, it was found that the
exposition of the prepared MIP sensor to phosphate buffer and
DMF, allowed an efficient release of ATV without destroying the
polymeric material stability. This is supported by DPV analysis,
where no current peak was observed (Fig. 2B). When the electrodes
were incubated in phosphate buffer solution containing ATV mol-
ecules, the electrochemical response of the MIP sensor was much
higher than that of the corresponding NIP. Despite the ability of
ABA to bind ATV molecules, the minimal response observed to the
NIP sensor after incubation represents a non-specific binding.
Therefore, the great difference between the intensity of the peak
current value of the MIP and NIP proved the successful construction
of MIP layer with ATV cavities, which in turn allowed sensor to
absorb more target analyte molecules.

3.3. Optimisation of the MIP fabrication conditions

To improve the performance of the designed MIP sensor,
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Fig. 2. (A) Cydlic voltammograms for the electropolymerisation of 0.8 mmol L~' ABA and 0.1 mmol L~" ATV (MIP sensor) in 0.1 M phosphate buffer onto SPCE surface. The inset
figure shows the electrochemical polymerisation of 0.8 mmol L~" ABA in the absence of ATV (NIP sensor). (B) DPV results of MIP and NIP sensor after different modifications.

experimental parameters including the monomer (ABA) and tem-
plate (ATV) concentrations, the number of electro-polymerisation
scan cycles, the incubation time and the pH of incubation solu-
tion were investigated and optimised. During optimisation process,
the influence of each factor on electrochemical response was
studied in NIP and MIP sensor by DPV and the results are presented
in Fig. 3.

3.3.1. Effect of the polymerisation mixture components
concentration

Since the formation of template cavities and binding properties
of the MIP is established by the affinity of the template molecule
and functional monomer, optimising their concentrations in the

. P

A

08
[ABA], mmol L

pre-assembly solution is of great importance. In our study, to
determine the effect of monomer concentration on the response of
both NIP and MIP sensor, ABA concentration was varied from
0.2 mmol L~" to 3 mmol L™}, while the concentration of ATV was
kept constant. As it is shown in Fig. 3A, the response of NIP and MIP
sensor to ATV increases with increasing ABA concentration, sug-
gesting that higher amount of monomer is favourable to create
imprinted sites on the polymeric matrix. On the other hand, to
improve the sensitivity of ATV detection, the difference between
the peak current intensity of NIP and MIP sensor should be as high
as possible [61]. And, a decrease in this difference was observed at
very high ABA concentrations, which could be ascribed to the
presence of irregularly shaped cavities. As maximum sensitivity
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Fig. 3. Optimisation of experimental parameters for determination of ATV at concentration of 10 pmol L . Variation of the peak current intensity with the concentration of (A) ABA
and (B) ATV in electropolymerisation solution; (C) number of polymerisation cycles; (D) incubation time; (E) incubation pH value. The error bars indicate the standard deviation of

three replicate determinations.
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should be achieved without compromising selectivity, the opti-
mum ABA concentration of 0.8 mmol L~! was chosen for further
experiments. Similarly, the effect of the ATV concentration during
the film electrodeposition was evaluated in the range of
0.05—0.5 mmol L™, The results presented in Fig. 3B show that the
current response of the MIP sensor initially increased with the in-
crease of the ATV concentration up to 0.1 mmol L~ When the
concentration was higher than 0.2 mmol L™, there was a decrease
in the intensity, probably because of a reduction in the conductivity
of the MIP layer caused by agglomerations and not bonded ATV
molecules. Taking into account that the electro-oxidation current
presents insignificant change between 0.1 mmol L' and
0.2 mmol L~! ATV concentrations, 0.1 mmol L™! was selected for all
recognition measurements. This final concentration of mixture
components translates in a template to monomer ratio of 1:8.

3.3.2. Effect of number electropolymerisation cycles

After optimisation of monomer and template concentration, the
thickness and permeability of the polymeric film was controlled by
modifying the number of cycles applied during the electro-
polymerisation process (Fig. 3C). Under variations of 10, 15, 20 and
30 scan cycles, a considerable decrease in the analytical perfor-
mance of the MIP sensor was found below and above 20 cycles.
Although extensive cycles favour the generation of more imprinted
sites, they also result in ticker sensing film with poor site accessi-
bility [28,62]. So, if the produced film is too thick, the diffusion of
ATV molecules can be negatively affected with proportional influ-
ence on rebinding ability and reproducibility of the MIP sensor. In
addition, the highest difference between the electrochemical
response of NIP and MIP sensor towards ATV was also obtained by
applying 20 scan cycles in the polymerisation. Therefore, 20 cycles
were used to produce an optimum film thickness in the proposed
MIP sensor.

3.3.3. Effect of incubation time

To study the relationship between the sensor current response
and the rebinding time of ATV, NIP and MIP sensors were left in
contact with 40 uL of ATV solution for different periods (5, 10, 20, 30
and 40 min). As it is clear from Fig. 3D, there is a gradual
enhancement in the peak current intensity of the MIP sensor with
time, indicating that the bonding capacity of the ATV molecules
with the surface of the modified SPCE is improved with time. On
the contrary, no significant effect was observed in the electro-
chemical response of the NIP sensor until 30 min exposition. As
expected, this result is consistent with the absence of specific
binding sites to ATV molecules on the NIP sensor surface. When
incubation time exceed 30 min, the current response of NIP sensor
increased as a result of higher contributions from non-specific in-
teractions. Consequently, an incubation time of 30 min was adopted
in the followed sensing applications.

3.3.4. Effect of incubation solution pH

In another incubation study, the influence of pH on DPV
response of the proposed sensor was evaluated. After incubation
with solutions at different pH values such as HCl (0.1 M) and
phosphate buffer with pH varied from 7 to 10, it was verified that
pH has a strong impact on the sensitivity and selectivity of the MIP
sensor towards ATV molecules (Fig. 3E). Despite of MIP sensor
achieving the maximum of sensitivity at acidic values, the
imprinting effect is disturbed. Interactions between ATV and the
imprinted film seem to be facilitated at alkaline solutions. Based on
the results, the optimal pH value for incubation was set at 10
because it provided sensitivity adjoined with the highest
selectivity.
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3.4. Investigating the nature of imprinting by MD simulation

To gain a better insight into the possible interactions, occurring
between ATV and ABA upon a binding event within the experi-
mentally used polymerisation mixture, MD simulations were car-
ried out. To closely reproduce the experimental conditions and
achieve a more accurate physical description, water was added as a
solvent. At the same time, it was assumed that no water molecules
were interfering with interactions between ATV and ABA. Thus, as a
preparative step for conducting MD study, a simulation box was
built, ensuring random insertion of molecules, as depicted in
Fig. STA. As it can be seen from the figure, the ATV, ABA and water
molecules, represented in purple, blue and green structures,
respectively, were uniformly distributed at this stage. The next
snapshot, shown in Fig. S1B, portrays the simulation box after
performing all MD simulations procedures, described in Section
2.3.2. As it can be observed, after the MD study the system acquired
a totally different arrangement with ATV molecules concentrated at
the centre of the box and surrounded by ABA molecules. This result
demonstrates the strong affinity between ATV and ABA without
influence of solvent effect, highlighting its ability to achieve the
desired degree of rebinding and selectivity.

3.4.1. Local structure and H-bonds

Radial distribution functions, g(r), (RDFs) were calculated for a
qualitative evaluation of the types of intermolecular interactions
occurring in the pre-polymerisation system between ATV and ABA
molecules. After preliminary tests, the most active atoms of the
studied molecules were identified and only these sites were
considered for this discussion. The addressed sites are labelled in
Fig. 1. As expected, g(r) functions reported in Fig. 4 revealed a sig-
nificant degree of interaction between ATV and ABA, which is
essential for the successful imprinting. As follows from the below-
discussed, the observed binding affinities between ATV and func-
tional monomer result mainly from hydrogen bond formation.
Indeed, closer examination showed that ATV has a good affinity for
the template by the two oxygen atoms of the carboxyl group (O’
and 0% see Fig. 1) and the respective hydrogen (H??), the two hy-
droxyl oxygen (O and 0%) and hydrogen atoms (H2® and H2%) of the
side chain, followed by the oxygen of the carbonyl group (0%). At
the same time, interactions of ABA are dominated by oxygen (02,
see Fig. 1) and hydrogen (H7) of the carboxylic group, as well as by
the two hydrogen atoms of the amine group (H> and H®). The
interaction observed between the carboxyl groups of the ATV and
ABA active sites seems to be the most favourable binding, with high
and defined peaks corresponding to O°arv-H”4-aga and H*?ay-0%4.
Aa close contacts at about 0.2 nm, supporting the idea of H-bonds
existence in the pre-polymerisation mixture. When these bindings
occur, the contribution of 0%y atoms at longer distance can be also
observed, which suggests that their conformational position are
comparatively less favourable than 0°xpy to establish strong and
defined interactions. In other words, the carboxyl oxygen of ATV
molecules is preferred by the carboxyl hydrogen of ABA over hy-
droxyl oxygen of ATV for establishing of intermolecular contacts.
When considering the hydroxyl groups of ATV, a similar behaviour
was presented by 0%arv, O'atv, H®arv and HZury during
complexation with ABA. In fact, while 021 xry-H7 aga interactions
remain the featured point of close molecular contacts, the in-
teractions of 0%! sty with H>®4 sga also appear to acquire a signif-
icant contribute to ATV-ABA affinity. On the contrary, for the
interaction between carbonyl group oxygen of ATV and ABA, a
higher peak was observed for Osry-H>®aga contact and not for
0%arv-H  Aga. This is the only interaction site where ABA molecule
was found to turn mostly its amine group towards the ATV mole-
cule. The rest of the shown in Fig. 4 g(r) curves represent contacts
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Fig. 4. Radial distribution functions, g(r), (left axis, solid lines) showing probabilities of interaction between specific sites of ATV and ABA molecules and, where applicable, cor-
responding coordination numbers, CNs, (right axis, dash lines) in the studied pre-polymerisation system from the results of molecular dynamics simulations. Numbers represent
CNs according to colour code in the legend. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

between atoms, directly attached to principal active sites, i.e.,
N'aga C'arv, N2ty atoms. These RDFs help in the interpretation of
the monomer molecules position with the respect to the template
molecule.

Although hydrogen bonding plays a significant role on the ATV-
ABA binding, other moderate noncovalent interactions are formed.
As suggest the RDFs calculated between the geometric centres of
the rings of ATV and ABA molecules, the aromatic ring of ABA is
capable of forming w—m stacking interactions with the four ring-
structures of the template. As can be seen in Fig. 5, the contribu-
tion of m—m stacking interactions established between rings is
influenced by the geometry of ATV molecule. Due to its position,
the ATV pyrrole ring is the most susceptible to form favourable
interactions with the benzene ring of ABA.

Considering the RDF results, a quantitative evaluation of coor-
dination numbers (CNs) of the most active ATV interaction sites by
ABA molecules were accessed, as well as characterisation of H-
bonds forming in the mixture were performed. These analyses
were carried out for the most pronounced peaks in the RDFs, i.e.,
05'2'];\1'\/ - H74-ABAv H32 ZGATV = 024—ABA and HZOATV = O14—ABA- To obtain
the CNs, the RDFs were integrated up to the first minimum on the
corresponding interaction. The corresponding CNs are reported in
the graphs (Fig. 4) and show a good agreement with the strength of
each interaction. Indeed, as it can be seen, the highest CN, 0.30, is
obtained for the most pronounced close contact, 0°arv-H' Aga.

Finally, an investigation of the extent and stability of all H-
bonding network was carried out following the framework of Luzar
and Chandler geometrical criteria [63]. According to these criteria,
the distance between the oxygens of two different molecules
should be less than 3.5 A and simultaneously the angle formed by

0 L L L L 1 I L L 1 1
02 03 04 05 06 07 08 09 10 1.1 12 13

r,nm

Fig. 5. Radial distribution functions, g(r), showing probabilities of interaction between
aromatic rings of ATV and benzene ring of ABA molecules. For rings designations see
Fig. 1.

O-H- - -0 should be less than 30° (here - - - denotes H-bond). Table 1
contains the occurrence and lifetime of the H-bonds obtained for
the studied system. The results reinforce the facts presented pre-
viously from RDFs analysis. Contacts with more pronounced RDF
peaks have a higher average number of hydrogen bonds per frame.
As it is clearly seen, the most numerous and stable (i.e., presenting
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Table 1

Average number of hydrogen bonds per frame and their lifetimes (in picoseconds in parentheses).
ABA atomsATV atoms H’ H>6 o! o? Total
o! 4.84 (18.4) 9.17 (4.98) o — 14.01
0? 5.27 (21.5) 7.52 (4.25) — — 12.79
o? 3.24 (9.90) 14.7 (4.18) o o 17.94
ot 1.65 (5.27) 4.92 (2.23) _ _ 6.57
o° 14.2 (21.5) 8.47 (3.44) - . 22.67
H?® N — 1.11 (352) 6.30 (15.5) 7.41
H26 . _ 0.47 (2.9) 8.22(17.4) 8.69
H*? — — 094 (4.7) 6.64 (15.1) 7.58

the longest average lifetime) H-bonding interaction between ATV
and ABA species is provided by O°arv - H’apa, highlighting its
importance in the imprinting quality. At the same time, the ATV
interaction with ABA's amino-group via HS'GATV-03ABA sites can be
also pointed out due to the number of H-bonds per frame, being,
however, five times less durable than the most prominent one.
From these results, it can be concluded that hydrogen bonding is
the dominant driving force within the pre-polymerisation mixture,
showing that MD simulations may reveal the competing in-
teractions during the growing process of the polymer.

3.5. Electrochemical characterisation of modified electrodes

The stepwise construction of the modified SPCE was electro-
chemically monitored through CV and EIS experiments using
5 mmol L~! [Fe(CN)s]> /4~ as redox probe. The results obtained
with the bare SPCE and different modified electrodes are shown in
Fig. 6. As demonstrated in Fig. 6A, the bare SPCE displays a typical
pair of reversible redox peaks for [Fe(CN)s]*~/4~. After electro-
polymerisation, a remarkable decrease in the oxidation/reduction
peak current of the mediator was registered for both NIP and MIP
sensors. This behaviour is consistent with the formation of a non-
conductive polymer, hindering the electron conduction at the
SPCE surface. No significant differences in the peak current in-
tensities of NIP and MIP were recorded. By removing ATV mole-
cules from the MIP, the permeability of the polymeric matrix
increased because of the unoccupied cavities. As a result, the
electron exchange also increased, clearly enhancing the peak cur-
rent of the redox probe. Interestingly, template rebinding led, once
again, to an increase of the redox activity at MIP SPCE. This may be
explained based on improvements of the electron transfer by
conductive bridges formed during molecular recognition.

Similar behaviours were observed by EIS, where the additional
information of such surface modifications was acquired. The
impedance spectrum presented in Fig. 6B shows the charge-

transfer resistance (R¢) offered by the modified films, which is
usually measured from the diameter of the Nyquist plot semicircle
at higher frequencies. The Nyquist plots for both NIP and MIP
showed the successful deposition of the polymer film. Compared
with the bare SPCE, the R visibly increased in both cases after
electropolymerisation, which are in good accordance with the CV
results. However, here it was possible to observe differences be-
tween the impedance behaviour of NIP and MIP film. For NIP, the
surface was sensibly more resistant to electron transfer than MIP
surface, possibly due to the absence of ATV molecules that influ-
ence the properties of the final polymer. Owing to the removal of
the ATV from the MIP film, a significant decrease in the Ry was
remarked, since cavities formed are free again and there are more
available access for [Fe(CN)s]> /4~ through the MIP layer. Finally,
with the reloaded of ATV in the specific sites of the MIP sensor, the
resistance decreased again, indicating that ATV molecules inter-
action promotes the occurrence of the electrochemical reaction, as
previously stated in the CV analysis. In general, these results agree
with the results of CV and seem to confirm the success of the
imprinting concept.

3.6. Analytical performance and stability of the MIP sensor

Under the optimum experimental conditions, the sensing per-
formance of the fabricated sensor was verified upon incubations of
ATV at various concentrations (Fig. 7). The sensor response was
directly measured by DPV and an increase in the oxidation current
from low to high concentrations was registered. Indeed, the rela-
tionship between the oxidation peak intensity and the concentra-
tion exhibited an excellent linear dependence in the range of
0.05 pmol L™ to 2 pmol L' (r = 0.996, n = 3). The limits of
detection (LOD) and quantification (LOQ) were calculated to be
0.049 pmol L' and 0.162 pmol L™, respectively, using the
following equations: LOD = 3 s/m and LOQ = 10 s/m, where s is the
standard deviation of the intercept and m is the slope of the
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Fig. 7. (A) DPV responses obtained from MIP sensor after incubation in different concentrations of ATV and (B) the correspondent linear relationship between the peak current
intensity measured and the concentration of ATV. The error bars indicate the standard deviation of three replicate determinations.

calibration plot. In reproducibility measurements, four MIP sensors
were prepared independently by the same procedure and their
responses to 1.5 umol L~ ATV were analysed. The response peaks
intensity showed a relative standard deviation (RSD) of 6.1% that
confirms the reproducibility of the proposed sensor.

3.7. Selectivity studies

An important aspect of molecularly imprinted sensor operation
is its selectivity towards the target even in the presence of other
similar or interfering molecules. Thus, to assess the selectivity of
the proposed sensor, potential interference from six statins with
close structural similarities to ATV, namely, FLV, LOV, SMV, PRV,
RSV and PTV, were examined. Their corresponding DPV signals for
both NIP and MIP sensors were compared with the signal obtained
to ATV at the same concentration (10 uM), as expressed in Fig. 8.

From the results, it can be easily noted that these interfering
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Fig. 8. The oxidation peak current percentage of 10 pmol L ! ATV and its structural
analogues on developed MIP and NIP sensor. The error bars indicate the standard
deviation of three replicate determinations.

species do not have significant effect on the performance of the
developed sensor. The MIP sensor exhibited a much greater
recognition for ATV molecules than that for other tested analogues.
Moreover, sensors responded only to FLV, LOV and SMV, while no
electrochemical responses were recorded for PRV and RSV. This
high specific binding ability for detection of ATV proves the gen-
eration of memory cavities complementary to the pharmaceutical
in shape, size and functional groups, and again confirms the success
of the imprinting process. The current response measured to FLV,
LOV and SMV corresponds to 49%, 32% and 3% of the ATV response,
respectively, being more comparable to non-specific signals
showed by them in relation to NIP sensor. Accordingly, the pro-
posed sensor has an obvious selectivity to ATV molecules.

3.8. Analyte detection in water samples

To evaluate practical applicability of the proposed sensor in
detecting ATV using real water samples, recovery experiments were
carried out by spiking tap water, spring water and river water samples
with known concentrations of ATV (0.1 M and 0.5 uM). The obtained
values, summarised in Table 2, show good agreement with the spiked
results. Recovery values, ranging between 90% and 104% were ach-
ieved, validating the accuracy of the MIP sensor and its practical
suitability to detect ATV in water samples without any pre-treatment.

Table 2
Determination results of ATV concentration in spiked water samples using the
developed MIP sensor.

Sample [ATV]a4¢, umol L 1 [ATV]get, pmol L ! Recovery, %
River water 0
0.100 0.102 102
0.500 0.493 98.7
Spring water 0
0.100 0.092 924
0.500 0.454 90.8
Tap water 0
0.100 0.104 104
0.500 0.464 92.8

2 [ATV]aqq: ATV concentration added to the sample; [ATV]qer: ATV concentration

determined in the sample.
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4. Conclusions

A simple, low-cost and disposable selective MIP electro-
chemical sensor was proposed for the first time to detect ATV.
Computational studies represented a valuable approach to the
development of environmental responsible MIP design and
showed its excellent correlation with experimental results to ac-
quire an efficient molecular imprinting process. The successful
and easy combination of MIP with a SPCE offers the possibility of
portability, which is advantageous and desired in environmental
analysis. Within this concept and under optimum operational
conditions, the proposed MIP sensor exhibited high binding af-
finity towards ATV molecules with good sensitivity as revealed by
an LOD of 0.049 pmol L~! and an LOQ of 0.162 pmol L~! achieved
over a concentration range from 0.05 to 2 pmol L~ ! without an
exterior redox probe. Excellent selectivity for ATV compared to
interfering statins, such as simvastatin, is one of the merits of the
sensor. Its reliability was proved in spiked tap water, spring water
and water collected from river with recovery values ranging from
92 to 104%. Notably, its application was done without requiring
advanced equipment and complicated sample treatment. Addi-
tionally, as a result of reproducibility studies, RSD value was found
to be 6.1% (n = 4) indicating that the obtained results had good
accuracy and precision. The research outcomes showed that this
MIP sensor has clear advantages and can hold a promise to ATV
detection in environmental waters.

CRediT authorship contribution statement

Patricia Rebelo: Methodology, Investigation, Formal analysis,
Data curation, Writing — original draft, Writing — review & editing,
Visualization. Joao G. Pacheco: Conceptualization, Methodology,
Formal analysis, Writing — review & editing, Visualization, Super-
vision. Iuliia V. Voroshylova: Software, Methodology, Formal
analysis, Data curation, Writing — original draft, Writing — review &
editing, Visualization. André Melo: Software, Data curation,
Writing — review & editing. M. Natdlia D.S. Cordeiro: Software,
Writing — review & editing, Supervision. Cristina Delerue-Matos:
Writing — review & editing, Supervision, All authors have read and
approved the final manuscript.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

Patricia Rebelo (SFRH/BD/132384/2017) and Joao Pacheco
(SFRH/BPD/101419/2014) are grateful to Fundagao para a Ciénciae a
Tecnologia (FCT) and European Union (EU) for their grants, financed
by POPH-QREN-Tipologia 4.1-Formacao Avangada, funded by Fundo
Social Europeu (FSE) and Ministério da Ciéncia, Tecnologia e Ensino
Superior (MCTES). The work was supported by the project Farm-
asense (39957) that was funded by Sistema de Incentivos a Inves-
tigacao e Desenvolvimento Tecnologico de Portugal 2020, through
the Programa Operacional do Norte (NORTE 2020) and the Fundo
Europeu de Desenvolvimento Regional (FEDER). This work was
further supported by UID/QUI/50006/2020 (LAQV-REQUIMTE)
with funding from FCT/MCTES through national funds. The authors
would like to thank the EU and FCT/UEFISCDI/FORMAS for funding,
in the frame of the collaborative international consortium REWA-
TER financed under the ERA-NET Cofund WaterWorks 2015 Call.
This ERA-NET is an integral part of the 2016 Joint Activities

Analytica Chimica Acta 1194 (2022) 339410

developed by the Water Challenges for a Changing World Joint
Programme Initiative (Water JPI).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aca.2021.339410.

References

[1] D. Sadutto, V. Andreu, T. llo, J. Akkanen, Y. Picé, Pharmaceuticals and personal
care products in a Mediterranean coastal wetland: impact of anthropogenic
and spatial factors and environmental risk assessment, Environ. Pollut. 271
(2021), 116353.

P. Chaturvedi, P. Shukla, B.S. Giri, P. Chowdhary, R. Chandra, P. Gupta,
A. Pandey, Prevalence and hazardous impact of pharmaceutical and personal
care products and antibiotics in environment: a review on emerging con-
taminants, Environ. Res. 194 (2021), 110664.

A. Pereira, L. Silva, C. Laranjeiro, C. Lino, A. Pena, Selected pharmaceuticals in
different aquatic compartments : Part | — source , fate and occurrence,
Molecules 25 (2020) 1026.

Y. Pico, V. Belenguer, C. Corcellas, M.S. Diaz-Cruz, E. Eljarrat, M. Farré, P. Gago-
Ferrero, B. Huerta, A. Navarro-Ortega, M. Petrovic, S. Rodriguez-Mozaz,
L. Sabater, G. Santin, D. Barcelo, Contaminants of emerging concern in fresh-
water fish from four Spanish Rivers, Sci. Total Environ. 659 (2019) 1186—1198.
A. Kingcade, N. Ahuja, A. Jefferson, P.A. Schaffer, H. Ryschon, P. Cadmus,
D. Garrity, H. Ramsdell, Morbidity and mortality in Danio rerio and Pime-
phales promelas exposed to antilipidemic drug mixtures (fibrates and statins)
during embryogenesis: comprehensive assessment via ante and post mortem
endpoints, Chemosphere 263 (2021), 127911.

K. Fent, A.A. Weston, D. Caminada, Ecotoxicology of human pharmaceuticals,
Aquat. Toxicol. 76 (2006) 122—159.

RS. Jacob, CV.M. Aradjo, LV. de S. Santos, V.R. Moreira, Y.AR. Lebron,
L.C. Lange, The environmental risks of pharmaceuticals beyond traditional
toxic effects: chemical differences that can repel or entrap aquatic organisms,
Environ. Pollut. 268 (2021), 115902.

K. Zhang, Y. Zhao, K. Fent, Cardiovascular drugs and lipid regulating agents in
surface waters at global scale: occurrence, ecotoxicity and risk assessment, Sci.
Total Environ. 729 (2020), 138770.

[9] S. Hadjiphilippou, K.K. Ray, Cholesterol-lowering agents statins-for everyone?
Circ. Res. 124 (2019) 354—363.

M.M. Santos, R. Ruivo, M. Lopes-Marques, T. Torres, C.B. de los Santos,
LF.C. Castro, T. Neuparth, Statins: an undesirable class of aquatic contami-
nants? Aquat. Toxicol. 174 (2016) 1-9.

M.A. Shaker, H.M. Elbadawy, M.A. Shaker, Improved solubility, dissolution,
and oral bioavailability for atorvastatin-Pluronic® solid dispersions, Int. J.
Pharm. 574 (2020), 118891.

T. Walley, P. Folino-Gallo, P. Stephens, E. Van Ganse, Trends in prescribing and
utilization of statins and other lipid lowering drugs across Europe 1997-2003,
Br. J. Clin. Pharmacol. 60 (2005) 543—-551.

X.S. Miao, C.D. Metcalfe, Determination of pharmaceuticals in aqueous sam-
ples using positive and negative voltage switching microbore liquid chro-
matography/electrospray ionization tandem mass spectrometry, ]J. Mass
Spectrom. 38 (2003) 27—-34.

H.B. Lee, T.E. Peart, M. Lewina Svoboda, S. Backus, Occurrence and fate of
rosuvastatin, rosuvastatin lactone, and atorvastatin in Canadian sewage and
surface water samples, Chemosphere 77 (2009) 1285—1291.

KJ. Ottmar, L.M. Colosi, J.A. Smith, Fate and transport of atorvastatin and
simvastatin drugs during conventional wastewater treatment, Chemosphere
88 (2012) 1184—-1189.

P. Paiga, M. Correia, M.J. Fernandes, A. Silva, M. Carvalho, . Vieira, S. Jorge,
J.G. Silva, C. Freire, C. Delerue-Matos, Assessment of 83 pharmaceuticals in
WWTP influent and effluent samples by UHPLC-MS/MS: hourly variation, Sci.
Total Environ. 648 (2019) 582—600.

B. Subedi, K. Balakrishna, D.I. Joshua, K. Kannan, Mass loading and removal of
pharmaceuticals and personal care products including psychoactives, anti-
hypertensives, and antibiotics in two sewage treatment plants in southern
India, Chemosphere 167 (2017) 429—437.

E.O. Reis, AFS. Foureaux, J.S. Rodrigues, V.R. Moreira, Y.AR. Lebron,
LV.S. Santos, M.C.S. Amaral, L.C. Lange, Occurrence, removal and seasonal
variation of pharmaceuticals in Brasilian drinking water treatment plants,
Environ. Pollut. 250 (2019) 773—781.

X.S. Miao, C.D. Metcalfe, Determination of cholesterol-lowering statin drugs in
aqueous samples using liquid chromatography-electrospray ionization tan-
dem mass spectrometry, J. Chromatogr., A 998 (2003) 133—-141.

[20] JM. Conley, SJ. Symes, S.A. Kindelberger, S.M. Richards, Rapid liquid
chromatography-tandem mass spectrometry method for the determination of
a broad mixture of pharmaceuticals in surface water, ]J. Chromatogr., A 1185
(2008) 206—-215.

V.S. Tete, H. Nyoni, B.B. Mamba, T.A.M. Msagati, Occurrence and spatial dis-
tribution of statins, fibrates and their metabolites in aquatic environments,
Arab. J. Chem. 13 (2020) 4358—4373.

2

3

[4

[5

6

7

8

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17)

[18]

[19]

[21]



FCUP

Chapter 3 — Rational development of electrochemical MIPs sensors for pharmaceuticals detection

P. Rebelo, ].G. Pacheco, L.V. Voroshylova et al.

[22] F. Costa, A. Lago, V. Rocha, O. Barros, L. Costa, Z. Vipotnik, B. Silva, T. Tavares,

A review on biological processes for pharmaceuticals wastes abatement - a

growing threat to modern society, Environ. Sci. Technol. 53 (2019)

7185-7202.

AA. Al-Habsi, A. Massarsky, T.W. Moon, Exposure to gemfibrozil and ator-

vastatin affects cholesterol metabolism and steroid production in zebrafish

(Danio rerio), Comp. Biochem. Physiol. B Biochem. Mol. Biol. 199 (2016)

87-96.

H. Falfushynska, E.P. Sokolov, F. Haider, C. Oppermann, U. Kragl, W. Ruth,

M. Stock, S. Glufke, EJ. Winkel, .M. Sokolova, Effects of a common pharma-

ceutical, atorvastatin, on energy metabolism and detoxification mechanisms

of a marine bivalve Mytilus edulis, Aquat. Toxicol. 208 (2019) 47—61.

P. Rebelo, E. Costa-Rama, I Seguro, J.G. Pacheco, H.P.A. Nouws,

M.N.D.S. Cordeiro, C. Delerue-Matos, Molecularly imprinted polymer-based

electrochemical sensors for environmental analysis, Biosens. Bioelectron.

172 (2021), 112719.

K. Alanazi, A. Garcia Cruz, S. Di Masi, A. Voorhaar, 0.S. Ahmad, T. Cowen,

E. Piletska, N. Langford, T,J. Coats, M.R. Sims, S.A. Piletsky, Disposable para-

cetamol sensor based on electroactive molecularly imprinted polymer nano-

particles for plasma monitoring, Sensor. Actuator. B Chem. 329 (2021),

129128.

[27] A.A. Lahcen, A. Amine, Recent advances in electrochemical sensors based on
molecularly imprinted polymers and nanomaterials, Electroanalysis 31 (2019)
188-201.

[28] A. Nezhadali, Z. Rouki, M. Nezhadali, Electrochemical preparation of a
molecularly imprinted polypyrrole modified pencil graphite electrode for the
determination of phenothiazine in model and real biological samples, Talanta
144 (2015) 456—465. B

[29] A.G. Ayankojo, ]. Reut, V. Ciocan, A. Opik, V. Syritski, Molecularly imprinted

polymer-based sensor for electrochemical detection of erythromycin, Talanta

209 (2020), 120502.

M. Dehghani, N. Nasirizadeh, M.E. Yazdanshenas, Determination of cefixime

using a novel electrochemical sensor produced with gold nanowires/graphene

oxide/electropolymerized molecular imprinted polymer, Mater. Sci. Eng. C 96

(2019) 654-660.

[31] C. Dong, H. Shi, Y. Han, Y. Yang, R. Wang, . Men, Molecularly imprinted
polymers by the surface imprinting technique, Eur. Polym. J. 145 (2021),
110231.

[32] A.Yarman, F.W. Scheller, How reliable is the electrochemical readout of MIP
sensors? Sensors (2020) 20.

[33] L. Moreira Gongalves, Electropolymerized molecularly imprinted polymers:
perceptions based on recent literature for soon-to-be world-class scientists,
Curr, Opin. Electrochem. 25 (2021), 100640.

[34] A.G. Ayankojo, |. Reut, A. Opik, V. Syritski, Sulfamethizole-imprinted polymer
on screen-printed electrodes: towards the design of a portable environmental
sensor, Sensor. Actuator. B Chem. 320 (2020), 128600.

[35] 1. Seguro, J.G. Pacheco, C. Delerue-Matos, Low cost, easy to prepare and
disposable electrochemical molecularly imprinted sensor for diclofenac
detection, Sensors 21 (2021) 1-11.

[36] B. Pérez-Fernandez, A. Costa-Garcia, A. De La Escosura- Muniz, Electro-
chemical (bio)sensors for pesticides detection using screen-printed elec-
trodes, Biosensors 10 (2020) 1-26.

[37] H.M. Mohamed, Screen-printed disposable electrodes: pharmaceutical appli-
cations and recent developments, TrAC Trends Anal. Chem. (Reference Ed.) 82
(2016) 1-11.

[38] K. Golker, B.C.G. Karlsson, G.D. Olsson, A.M. Rosengren, LA. Nicholls, Influence
of composition and morphology on template recognition in molecularly
imprinted polymers, Macromolecules 46 (2013) 1408—1414.

[39] H. Munawar, |.S. Mankar, M.D. Sharma, A. Garcia-Cruz, LAL. Fernandes,
M. Peacock, RJ. Krupadam, Highly selective electrochemical nanofilm sensor
for detection of carcinogenic PAHs in environmental samples, Talanta 219
(2020), 121273.

[40] Y. Huang, Q. Zhu, Computational modeling and theoretical calculations on the

interactions between spermidine and functional monomer (methacrylic acid)

in a molecularly imprinted polymer, J. Chem. (2015) 1-9, 2015.

P. Rebelo, J.G. Pacheco, M.N.D.S. Cordeiro, A. Melo, C. Delerue-Matos, Azi-

thromycin electrochemical detection using a molecularly imprinted polymer

prepared on a disposable screen-printed electrode, Anal. Methods 12 (2020)

1486—-1494.

P. Rebelo, ].G. Pacheco, LV. Voroshylova, A. Melo, M.N.D.S. Cordeiro,

C. Delerue-Matos, Rational development of molecular imprinted carbon paste

electrode for Furazolidone detection: theoretical and experimental approach,

Sensor. Actuator. B Chem. 329 (2021), 129112.

Z. Mazouz, M. Mokni, N. Fourati, C. Zerrouki, F. Barbault, M. Seydou, R. Kalfat,

N. Yaakoubi, A. Omezzine, A. Bouslema, A. Othmane, Computational approach

(23]

[24]

[25]

[26]

[30]

[41]

[42]

[43]

n

Analytica Chimica Acta 1194 (2022) 339410

and electrochemical measurements for protein detection with MIP-based
sensor, Biosens. Bioelectron. 151 (2020), 111978.
W.A. Silva, LG. de Almeida, F.N. Feiteira, F.S. Semaan, R.Q. Aucélio,
R.M. Dornellas, W.F. Pacheco, Novel electrochemical determination of ator-
vastatin by monitoring the suppression of a lead probe, Anal. Lett. 54 (2021)
541-557.
A. Tavousi, E. Ahmadi, L. Mohammadi-Behzad, V. Riahifar, F. Maghemi, Sen-
sitive electrochemical sensor using polypyrrole-coated Fe304 core-shell
nanoparticles/multiwall carbon nanotubes modified graphite electrode for
atorvastatin analysis, Microchem. J. 158 (2020), 105159.
A. Naseri, M.R. Hormozi-Nezhad, S. Shahrokhian, E. Asadian, Silver nanowires
immobilized on gold-modified glassy carbon electrode for electrochemical
quantification of atorvastatin, J. Electroanal. Chem. 876 (2020), 114540.
Z. Kamalzadeh, S. Shahrokhian, Electrochemical determination of atorvastatin
on nano-scaled polypyrrole film, Bioelectrochemistry 98 (2014) 1-10.
Y. Li, M.A. Taggart, C. McKenzie, Z. Zhang, Y. Lu, S. Pap, S.W. Gibb, A SPE-HPLC-
MS/MS method for the simultaneous determination of prioritised pharma-
ceuticals and EDCs with high environmental risk potential in freshwater,
J. Environ. Sci. (China) 100 (2021) 18-27.
W. Humphrey, A. Dalke, K. Schulten, VMD - visual molecular dynamics, J. Mol.
Graph. 14 (1996) 33-38.
M.J. Frisch, GW. Trucks, H.B. Schlegel, GE. Scuseria, M.A. Robb,
JR. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, AF. Izmaylov, J. Bloino,
G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
JAAMJT. Vreven, J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers,
K.NN. Kudin, V.N. Staroverov, R. Kobayashi, ]. Normand, K. Raghavachari,
A. Rendell, ].C. Burant, S.S. lyengar, ]. Tomasi, M. Cossi, N. Rega, .M. Millam,
M. Klene, J.E. Knox, ].B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R.E. Stratmann, O. Yazyev, AJ. Austin, R. Cammi, C. Pomelli, |.W. Ochterski,
R.L. Martin, G.A.K. Morokuma, V.G. Zakrzewski, V.P. Salvador, ].J. Dannenberg,
S. Dapprich, A.D. Daniels, O. Farkas, ].B. Foresman, J.V. Ortiz, J. Cioslowski,
D.J. Fox, Gaussian 09, Inc., Wallingford CT, 2009.
G.M. Morris, R. Huey, W. Lindstrom, M.F. Sanner, RK. Belew, D.S. Goodsell,
AlJ. Olson, Autodock4 and AutoDockTools4: automated docking with selective
receptor flexiblity, J. Comput. Chem. 30 (2009) 2785-2791.
N.M.F.S.A. Cerqueira, J. Ribeiro, P.A. Fernandes, vsLab — an implementation for
virtual high-throughput Screening Using AutoDock and VMD, Int. J. Quant.
Chem. 111 (2010) 1208-1212.
M. James, T. Murtola, R. Schulz, J.C. Smith, B. Hess, E. Lindahl, GROMACS : high
performance molecular simulations through multi-level parallelism from
laptops to supercomputers, SoftwareX 1-2 (2015) 19-25.
J. Wang, W. Wang, P.A. Kollman, D.A. Case, Automatic atom type and bond
type perception in molecular mechanical calculations, J. Mol. Graph. Model. 25
(2006) 247—260.
W.L Jorgensen, . Chandrasekhar, |.D. Madura, RW. Impey, M.L. Klein, Com-
parison of simple potential functions for simulating liquid water liquid water,
J. Chem. Phys. 79 (1998) 926-935.
SW. Jung, M. Kim, S. Ramsey, T. Kurtzman, A.E. Cho, Water pharmacophore :
designing ligands using molecular dynamics simulations with water, Sci. Rep.
8(2018) 1-11.
O.M.H. Salo-ahen, I. Alanko, R. Bhadane, AM.J). Bonvin, R.\V. Honorato,
S. Hossain, AH. Juffer, A. Kabedev, M. Lahtela-kakkonen, A.S. Larsen,
E. Lescrinier, P. Marimuthu, Pharmaceut. Develop. Process. 71 (2021) 1-60.
L Martinez, R. Andrade, E.G. Birgin, ].M. Martinez, Software news and update
Packmol : a package for building initial configurations, J. Comput. Chem. 30
(2009) 2158-2163.
P. Rebelo, J.G. Pacheco, LV. Voroshylova, A. Melo, M.N.D.S. Cordeiro,
C. Delerue-Matos, Rational development of molecular imprinted carbon paste
electrode for furazolidone detection: theoretical and experimental approach,
Sensor. Actuator. B Chem. 329 (2020) 129112.
B. Qader, M. Baron, I. Hussain, J.M. Sevilla, R.P. Johnson, J. Gonzalez-Rodriguez,
Electrochemical determination of disulfoton using a molecularly imprinted
poly-phenol polymer, Electrochim. Acta 295 (2019) 333—-339.
Y.T. Liu, J. Deng, X.L. Xiao, L. Ding, Y.L. Yuan, H. Li, X.T. Li, X.N. Yan, L.L. Wang,
Electrochemical sensor based on a poly(para-aminobenzoic acid) film modi-
fied glassy carbon electrode for the determination of melamine in milk,
Electrochim. Acta 56 (2011) 4595—4602.
X. Yan, J. Deng, ]. Xu, H. Li, L. Wang, D. Chen, J. Xie, A novel electrochemical
sensor for isocarbophos based on a glassy carbon electrode modified with
electropolymerized molecularly imprinted terpolymer, Sensor. Actuator. B
Chem. 171-172 (2012) 1087—-1094.
[63] A. Luzar, D. Chandler, Hydrogen-bond kinetics in liquid water, Lett. Nat. 379
(1996) 55—57.

(44

[45]

(46

[47]

[48]

[49]
(50

[51]

(2]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

105



106 | FCUP

Chapter 3 — Rational development of electrochemical MIPs sensors for pharmaceuticals detection

Supporting information

A simple electrochemical detection of atorvastatin based on disposable
screen-printed carbon electrodes modified by molecularly imprinted
polymer: experiment and simulation

Patricia Rebelo'?, Jodo G. Pacheco®’, luliia V. Voroshylova?’, André Melo?, M. Natalia D.S.
Cordeiro? and Cristina Delerue-Matos!

1 REQUIMTE, LAQV, Instituto Superior de Engenharia do Porto, Instituto Politécnico do Porto, Rua Dr.
Antonio Bernardino de Almeida 431, 4200-072 Porto, Portugal

2 REQUIMTE, LAQV, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade do
Porto, Rua do Campo Alegre, s/n, 4619-007 Porto, Portugal

*corresponding authors: jpgpa@isep.ipp.pt; voroshylova.iuliia@fc.up.pt

Table S1. Calculated binding energies obtained between ATV and different functional monomers at
MO06-2X/6-31+G* level.

Complex AE/k) mol?
ATV-(ABA) -76.064
ATV-(Indole) -74.359
ATV-(4-Aminothiophenol) -70.494
ATV-(Carbazole) -65.613
ATV-(Mercaptobenzimidazole) -63.733
ATV-(Pyrrole) -56.049
ATV-(Aniline) -51.336

ATV-(Phenol) -46.428
ATV-(o-Phenylenediamine) -39.675
ATV-(1-vinylimidazole) -36.214



mailto:jpgpa@isep.ipp.pt

FCUP
Chapter 3 — Rational development of electrochemical MIPs sensors for pharmaceuticals detection

Fig. S1. Snapshots of the initial simulation box (A) and of the same box after conducting the MD

simulations (B). The template ATV molecules are shown as purple, functional monomer ABA as blue and
solvent as green structures.
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3.5 Computational modelling and sustainable

synthesis of a highly selective electrochemical

MIP-based sensor for citalopram detection
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Abstract: A novel molecularly imprinted polymer (MIP) has been developed based on a simple
and sustainable strategy for the selective determination of citalopram (CTL) using screen-printed
carbon electrodes (SPCEs). The MIP layer was prepared by electrochemical in situ polymerization of
the 3-amino-4 hydroxybenzoic acid (AHBA) functional monomer and CTL as a template molecule.
To simulate the polymerization mixture and predict the most suitable ratio between the template
and functional monomer, computational studies, namely molecular dynamics (MD) simulations,
were carried out. During the experimental preparation process, essential parameters controlling
the performance of the MIP sensor, including CTL:AHBA concentration, number of polymerization
cycles, and square wave voltammetry (SWV) frequency were investigated and optimized. The
electrochemical characteristics of the prepared MIP sensor were evaluated by both cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) techniques. Based on the optimal conditions,
a linear electrochemical response of the sensor was obtained by SWV measurements from 0.1 to
1.25 umol L~! with a limit of detection (LOD) of 0.162 pmol L1 (S/N = 3). Moreover, the MIP sensor
revealed excellent CTL selectivity against very close analogues, as well as high imprinting factor of
22. Its applicability in spiked river water samples demonstrated its potential for adequate monitoring
of CTL. This sensor offers a facile strategy to achieve portability while expressing a willingness to
care for the environment.

Keywords: antidepressants; environmental pollution; molecularly imprinted polymer; screen-printed
electrode; computational studies

1. Introduction

Antidepressant drug consumption has been rapidly growing every year. According to
the Organization for Economic Cooperation and Development (OECD) statistics, the use
of antidepressants doubled in 28 OECD countries between 2000 and 2017 [1,2]. Currently,
their consumption levels are breaking records, and increased inputs of these compounds
into environmental compartments have been reported by the scientific community [2-7].
In the future, some authors believe that this problem of emerging concern will be am-
plified as an immediate effect of the COVID-19 pandemic on the mental health of the
communities [5,8,9].

Citalopram (CTL) is one of the most important antidepressants of the serotonin re-
uptake inhibitors (SSRIs) class, which is widely used throughout the world [5,10]. Its
mechanism of action is based on blocking the reuptake of the neurotransmitter serotonin
into nerve terminals of donor cells, thereby potentiating the serotonergic activity [11,12].

Molecules 2022, 27, 3315. https:/ /doi.org/10.3390/molecules27103315
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This compound is a racemic mixture of R(—) and S(+) enantiomers, but its desired pharma-
cological effect appears to reside mainly in the S-enantiomer [13,14]. In comparison with
the previously introduced tricyclic antidepressants, CTL offers advantages owing to its
therapeutic profile, superior acceptability, and safety, which justifies its popularity in the
treatment of major depressive disorders [3,15,16]. In parallel, there is limited information
on its environmental fate and toxicity, raising concerns regarding the potential effects
on exposed wildlife [17-19]. Therefore, the monitoring of its presence in environmental
compartments is imperative.

Chromatographic techniques are the most commonly used methods to detect CTL
in biological and water samples [4,20-22]. On the other hand, their evident drawbacks,
such as the need for complex and expensive instruments, the long analysis time, and the
use of large volumes of toxic solvents have encouraged the scientific community to design
new approaches for the detection of pharmaceuticals. While electrochemical methods have
become an interesting alternative due to their simplicity, fast response, and low cost, only
few studies based on these techniques have been reported to date for the determination of
CTL [13,23-30].

To improve the selectivity and performance of electrochemical techniques, the use
of molecularly imprinted polymers (MIPs) is one of the most interesting strategies. Their
integration with electrochemical sensors has attracted extensive attention on environmental
monitoring [31-33]. Moreover, MIP-based electrochemical sensors are one of the great
candidates as detection and quantification tools, due to their chemical /mechanical stability,
high selectivity and sensitivity, ease of preparation, and the possibility of in situ and
real-time measurements [33].

Among the different approaches applied in MIP synthesis, electropolymerization
provides a very simple and rapid method (one-step synthesis) to immobilize polymeric
films on the precise location of the electrode surface with good adherence [34]. Notably,
electropolymerization allows the achievement of a more sustainable MIP concept, as this
method does not require a crosslinker and an initiator, which is conventionally used in the
traditional preparation of MIPs [35]. At the same time, small sample/reagent volumes can
be used, especially when the MIP is electropolymerized on the surface of the miniaturized
screen-printed electrodes (SPEs) [36,37]. Currently, sustainable chemistry, also known
as green chemistry, has been the focus of many research fields aiming to minimize the
negative impact of chemical products and processes on the environment [38]. Reducing
the quantity of organic solvents used as well as the waste generated is a key action for
sustainable chemistry [39]. Following this direction, the literature shows few examples of
environmentally-friendly practices, involving green technologies and alternative solvents,
that are employed for MIP sensors development [40]. Therefore, computational studies,
which are the most relevant tools to reduce the synthesis of novel MIPs by trial and
error, have been used by researchers for preliminary exploration of molecular imprinting
processes [41,42]. Appropriate simulations and computations have led to new methods
for describing, predicting, and analyzing the complexity of molecular imprinting process
without repeated laboratory experiments, an endeavor that saves time, energy, and the
disposal of chemicals [42—45]. Researchers have demonstrated that computational studies
based on molecular dynamics (MD) simulations can provide a realistic description of
functional monomer-template interactions and, at the same time, explore the effects of
different monomer ratios in the polymerization mixture [42,46].

In this research work, an attempt was made to develop a sustainable electrochemical
MIP-based sensor for detection of CTL based on a simple, fast, and low-cost design.
To the best of our knowledge, this is the first study that presents a voltammetric MIP
sensor for the detection of this compound through screen-printed carbon electrode (SPCE)
modification, which is suitable for point-of-care analysis. Phosphate buffer solution was
used as a “green” solvent for electropolymerization of the CTL with the building and
functional monomer 3-amino-4-hydroxybenzoic acid (AHBA), as well as solvent extraction
and supporting electrolyte. By taking full advantage of the use of MD simulations, five MIP
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pre-polymerization mixtures were designed and simulated to predict the most efficient
MIP formulation. Validation of these simulations was experimentally complemented for
subsequent analyses of their electrochemical performance. The applicability of the sensor
was tested in Portuguese river water samples, highlighting its ability to be used for in situ
analysis through integration with portable devices. This investigation draws attention to
the importance of rational approach on sensor development.

2. Materials and Methods
2.1. Reagents and Solutions

The 3-amino-4-hydroxybenzoic acid (AHBA, 97%), citalopram hydrochloride (CTL),
potassium hexacyanoferrate (III), potassium hexacyanoferrate (II) trihydrate, fluoxetine
(FLX), and carbamazepine (CBZ) were acquired from Sigma-Aldrich. Citalopram propi-
onic acid (CTL-PA), citalopram N-oxide (CTL-NO), didemethylcitalopram (DD-CTL), and
demethylcitalopram (D-CTL) were supplied by H. Lundbeck (Copenhagen, Denmark).
Stock solutions of CTL (5 mmol L~!) were prepared in phosphate buffer solution (0.1 M,
pH 7) and used to prepare less concentrated standards. Phosphate buffer solution was
prepared with a mixture of KH,PO, and K;HPO, (Riedel-de-Haén). Ultra-pure water
(with resistivity value of 18.2 M()-cm) obtained from a Millipore (Simplicity 185) water
purification system was used throughout the work. The water samples were collected from
one Portuguese river. All of the chemicals were used as supplied.

2.2. Apparatus and Equipment

In this work, all of the electrochemical techniques were performed using SPCEs (DRP-
110, Methrom, Spain). The configuration consists of a three-electrode arrangement printed
on an alumina substrate with a circular carbon working electrode (WE, 4 mm o), a carbon
auxiliary electrode (CE), and a silver pseudo-reference electrode (RE). Cyclic voltamme-
try (CV) and square wave voltammetry (SWV) were carried out on a Metrohm Autolab
PGSTAT 204 potentiostat/ galvanostat controlled by NOVA 1.11 software. Electrochemical
impedance spectroscopy (EIS) was conducted using a Metrohm Autolab PGSTAT 128 N
potentiostat/galvanostat. This device was controlled by NOVA 1.6 software. To measure
pH, a Crison pH meter (model micropH 92002) with a combined glass electrode was used.
All of the experiments were conducted at room temperature.

2.3. Fabrication of the MIP-CTL Sensor and Electrochemical Analysis

To produce a homogeneous and thin MIP-CTL film, 40 uL of polymerization solution,
containing 0.5 mmol L~! CTL and 1.5 mmol L~! AHBA in phosphate buffer, was gently
dropped on the surface of the SPCE. Electropolymerization was performed by 10 consec-
utive CV cycles from —0.2 to 1.5 V at the scan rate of 100 mV s~ 1. Then, the electrodes
were carefully washed with deionized water and air dried. To extract CTL molecules from
the polymeric matrix, the modified SPCEs were subjected to 5 CV scans between —0.5
and 1.2V at 100 mV s~! in phosphate buffer. The non-imprinted polymer (NIP sensor)
was prepared using the same procedure, but in the absence of CTL as a template in the
electropolymerization process.

For rebinding of CTL molecules, the MIP sensor was incubated with 40 uL. CTL
solution for 15 min. Then, the electrodes were rinsed, and their electrochemical response
was evaluated by SWV measurements in phosphate buffer over a potential interval from
0.4 to 1.2 V with a frequency of 20 Hz, a potential step of 5 mV s~!, and a pulse amplitude
of 50 mV s~1. All of the measurements were performed in phosphate buffer as redox
probe to study the electrochemical response of the prepared MIP sensors and were made
in triplicate.

Under optimized conditions, CV and EIS experiments were employed to characterize
the different steps of MIP-CTL construction. For this purpose, the current and resistance
variations of 2.5 mmol L~ [Fe(CN)s]3~/4~ prepared in 0.1 M KCl were evaluated. The
CVs were scanned at 100 mV s~ ! between —0.2 and 0.5 V. EIS assays were operated at a
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potential of 0.2 V over the frequency range of 0.1 to 10 Hz with 50 frequencies distributed
logarithmically and a signal amplitude of 10 mV. EIS experimental data were acquired by
Nyquist plots fitted based on Randles equivalent electrical circuit model.

2.4. Computational Setup

The MD study was performed in a similar manner to our previous works [43—45].
In short, all of the MD simulations were carried out with the GROMACS 5.1.4 software
package [47]. For CTL and AHBA molecules, the general amber force field (GAFF) was used
as received from the ANTECHAMBER module (including partial charges) [48]. During
the experiments, the synthesis of this MIP occurs in phosphate buffer (see Section 2.3). For
the computational study, all of the molecular species were placed in water to represent the
solvent. Solvent water, based on literature reports [45,49,50], was selected for modelling by
the TIP3P FF [51]. Several concentrations of functional monomer in pre-polymerization mix-
tures were investigated (see Section 3.1; Table 1) to identify the most favorable CTL:AHBA
ratio. Therefore, the number of interaction sites in the systems varied from 33,150 for 1:1
template:zmonomer ratio to 37,650 for 1:6 ratio. Although the pharmacological effect of
citalopram is associated with the S(+) enantiomer, in the most common commercial form
both enantiomers are present in a racemic mixture. Therefore, we decided to emulate this
composition in our simulations.

Table 1. Composition of the studied pre-polymerization mixtures.

Number of Molecules

. Molar Ratio Total Number of
Mixture (CTL:AHBA) SE):CIL R{=FEEE AHBA H0 Interaction Sites
1 1:1 25 25 50 10,000 33,150
2 1:2 25 25 100 10,000 34,050
3 1:3 25 25 150 10,000 34,950
4 1:4 25 25 200 10,000 35,850
5 1:6 25 25 300 10,000 37,650

For the systems initiation, all of the necessary molecules were placed randomly into
cubic simulation boxes using the PACKMOL code [52]. After energy minimization with
the steepest-descent algorithm, two short pre-equilibrations in the canonical (for 100 ps
at 100 K) and isothermal-isobaric (for 500 ps at 298 K) ensembles were performed. This
was followed by an annealing procedure during 1 ns in the NVT ensemble, consisting of
slowly heating the system up to 370 K and then slowly cooling it down to 298 K, which
allowed us to overcome possible energy barriers. During all of the above-described MD
steps, integration times of 0.5 fs were employed and no bond constraints were applied.
Then, the equilibration (for 1 ns in NpT) and production (for 20 ns in NVT) followed
at 298.15 K and 1 bar (only equilibration) conditions. At these two last stages, a time
step of 1 fs was used and the bonds with hydrogens were constrained with the LINCS
algorithm [53]. To maintain constant temperature, the Nosé-Hoover thermostat [54,55] was
applied throughout the work with a coupling constant of 2.0 ps. Moreover, to maintain
the pressure at a fixed level, where applicable, the Parrinello-Rahman barostat [56] was
employed with a coupling constant of 8.0 ps. The leap-frog algorithm [57] was used for
integrating the equations of motion. Periodic boundary conditions were applied in all
directions with a cut-off of 1.2 nm set for both energy and pressure.

GROMACS in-built tools were employed to calculate the density, d, self-diffusion coef-
ficients, D, radial distribution functions (RDFs), and hydrogen-bonding (H-bond) interac-
tions. Self-diffusion coefficients were only evaluated after examining the attainment of a dif-
fusive regime. To accomplish this, the parameter  was computed for each species and each
simulation cell, as comprehensively described elsewhere [58-61]. The GRACE software was
used for the numerical integration of RDFs for coordination numbers (CNs) assessment.
When applicable, the error (i.e., deviation of a given simulated value from an experimental
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one) of a physical property was estimated as follows: (| Xexp — Xsim 1)/ Xexp x 100%, where
X is the property obtained experimentally, Xexp, or computationally, Xsim. A schematic
diagram of the simulated species, with the atom numbering used throughout this work, is
provided in Figure 1.

F1 H7
6] (0]
\jl/
iy H5
Oy N

P o, M

NZ He
S(+) Citalopram 3-Amino-4-hydroxybenzoic acid

Figure 1. Schematic representation of S(+) citalopram, CTL with the chiral center indicated, and
3-amino-4-hydroxybenzoic acid (AHBA), along with some atom types, used throughout this work.

3. Results and Discussion
3.1. MD Simulations

During the preparation of a MIP sensor, one of the most important factors to consider
is the interaction between the template and the functional monomer, as this significantly
impacts the number of selective binding sites created on the polymeric matrix. In this
context, finding the optimal molar ratio of template to the functional monomer is of great
importance. Therefore, to evaluate the effect of the polymerization mixture components
concentration as well as to gain a better insight into the possible interactions that occur
between CTL and AHBA during MIP synthesis, MD simulations were carried out. Five
different pre-polymerization mixtures were tested with varying concentrations of AHBA
(Table 1).

To achieve high accuracy in reproducing experimental polymerization conditions,
all of the mixtures were simulated using water as solvent. At the same time, CTL was
considered as a racemic mixture during the design of the initial simulation box. In addition,
as can be seen in Table 1, proportions of equal molecules of S(+) and R(—) enantiomers
were included in the mixtures composition. Following preliminary tests, it was found that
S(+) CTL and R(—) CTL do not present notable differences in local structure. Indeed, radial
distribution functions, g(r), revealed virtually identical interactions of each CTL enantiomer
with AHBA (see Figure S1), suggesting that the developed MIP sensor will not be able to
distinguish between CTL enantiomers. Further analyses will help in the treatment of both
CTL enantiomers.

3.1.1. Density and Self-Diffusion Coefficients

To control the quality of the simulations and the employed FF models, the density and
self-diffusion coefficients were evaluated and listed in Table 2.

Table 2. Density (d) and self-diffusion coefficients (D) of the studied pre-polymerization mixtures.

D x 10%, m? s-1

Mixture d, kgm—3 CTL AHBA H,0
1 100943 0.13 +0.02 0.28 + 0.01 5.21 +0.11
2 1021.88 0.11 & 0.00 0.20 4 0.02 4.87 + 0.10
3 1032.86 0.12 + 0.01 0.24 + 0.02 4.53 + 0.06
4 1043.96 0.03 & 0.04 0.13 & 0.00 432 + 0.04
5 1064.54 0.06 & 0.01 0.16 & 0.03 3.94 + 0.04
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As expected, the results showed a good correlation between the increase in the systems
density with the increase in the AHBA molar fraction. Regarding the values of simulated
self-diffusion coefficients, a similar diffusive behavior between CTL and AHBA can be
noticed. The diffusion values of these molecules decline gradually from mixture 1 to
mixture 5, with the exception of a slight increase registered in mixture 3. Taking into
account that CTL needs to present enough mobility to allow its diffusion into and out of
the MIP binding sites [62], mixtures 4 and 5 seem to show an unfavorable performance.
In contrast, valuable results are obtained for both mixtures 1 and 3, as these have higher
values of CTL diffusion coefficients. However, it is necessary to collect more data and
evaluate other factors to infer the suitability of these mixtures to the experiment.

3.1.2. Local Structure Analysis: RDFs and H-Bonds

RDFs were calculated to analyze the predictions for binding of CTL and AHBA on
a molecular level in different pre-polymerization mixtures. Interactions between specific
parts of these compounds were studied and discussed here only for the most active atoms
(depicted in Figure 1), which are identified in a series of initial tests. The resulted RDFs
are shown in Figure 2. All of the studied mixtures demonstrated favorable CTL-AHBA
interactions, where the well-defined peaks can be observed at about 0.2 nm, suggesting the
establishment of a hydrogen-bonding network.
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10} 1 10+ 1
. 8F 4 8r 1
=
5 6} 13 6
4 — 4r
2+ 2t ;
0 1 1 I 1 L 0 L at L 1 I 1
0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.1 0.2 0.3 04 05 0.6 0.7 0.8
r,nm r,nm
8 Mixture 3 8 Mixture 4
’I
6 1 6F || 1
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Figure 2. Radial distribution functions, g(r), between specific sites of CTL and AHBA molecules in
the studied pre-polymerization mixtures from the results of molecular dynamics simulations.
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Notably, AHBA displays a good affinity for CTL by the tertiary amine (N!, see
Figure 1), the single oxygen-linked group (O?), as well as for the cyan group (N?) and
fluor atom (F?) of the two different substituted benzene rings. In parallel, the extent of the
interaction of AHBA is carried out by four hydrogens atoms, namely the two hydrogens
of the amine group (H* and H®), and the two hydrogens of hydroxyl groups (H® and
H7). Undoubtedly, the interactions observed between N2crp and H¥>%7 sy have an
outstanding role in comparison with the other interactions. This finding is supported by
the height of these characteristic peaks, which are more or less strengthened in different
mixtures. However, following the results mentioned above, mixture 3 was judged to
present the most balanced complex, which is supported by its defined peaks with a more
homogeneous interaction distribution between CTL and AHBA molecules. Therefore, this
can be explained by the fact that AHBA molecules are more uniformly distributed around
CTL when compared with the other mixtures, which can be particularly advantageous to
obtain a strong imprinting effect.

Based on these results, the extent of hydrogen-bonds (H-bonds) formation in each
mixture was analyzed following the framework of Luzar and Chandler geometrical crite-
ria [63], according to which a hydrogen bond can be considered if the distance between
the oxygens of two different molecules is less than 3.5 A and, simultaneously, the angle
formed by O-H---O bond is less than 30°. Table 3 summarizes the total amount of H-bonds
per mixture and the number of interactions per CTL molecules. A notable increase in
H-bonds was registered with the increase in AHBA concentration, which tends to stabilize
after mixture 3. This result is rationalized as a type of saturation of CTL-AHBA binding
capacity. Due to the fact that hydrogen bonds have a key role in the imprinting process
with direct influence on MIP efficacy and taking into account the performance of all the
addressed pre-polymerization mixtures in terms of density, self-diffusion, and RDPFs, it can
be assumed that mixture 3 exhibits the most appropriate behavior. Consequently, the most
promising ratio between CTL and AHBA with potential to create favorable imprinting sites
during the electropolymerization process is 1:3.

Table 3. Total average number of hydrogen bonds at different pre-polymerization compositions and
their corresponding interactions as a function of CTL molecules.

Mixture Total H-Bonds Interactions Per 50 CTL Molecules
1 8.96 9
2 43.58 22
3 67.45 22
4 70.22 18
5 78.54 16

3.2. Electrochemical Preparation of MIP-CTL Sensor and Its Recognition Abilities

In this work, the molecular imprinting of CTL molecules on SPCE surface was per-
formed by simple electropolymerization of an optimized phosphate buffer solution con-
taining 0.5 mmol L~! CTL as template and 1.5 mmol L~! AHBA as functional monomer.
In addition to its efficient interaction with CTL, AHBA was employed due to its ability
to provide a sustainable design of MIP, since this aromatic functional monomer has been
considered as one candidate for bio-based monomers [64]. Moreover, it is highly soluble
in common solvents and can be easily obtained by a microorganism (Streptomyces griseus),
which promotes a more responsible mass-production process [64,65].

Figure 3A shows the resulting CV curves of electropolymerization process, which is
performed by 10 consecutive cycles between —0.2 and 1.5 V. Here, a poly(AHBA) film with
trapped CTL molecules was created. As seen from the figure, two oxidation peaks at about
0.3 and 0.98 V were registered. While the first peak can be attributed to the electrochemical
oxidation of the AHBA at the SPCE surface, the second peak predicts the oxidation of the
embedded CTL molecules during MIP film formation. Consequently, significant differences
were observed between the MIP and NIP film growth (Figure 3B).
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Figure 3. (A) Cyclic voltammograms of the MIP SPCE modification with 1.5 mmol L~! ABA and
0.5 mmol L~! ATV in buffer solution and (B) comparison of cyclic voltammograms building in MIP
and NIP sensors.

In addition to the scans of the present NIP film electro-generation, the electrochemical
oxidation peaks of AHBA are more pronounced than MIP, i.e., the oxidation peaks at 0.3
and 0.8 V. However, no oxidation peak was detected at 0.98 V (Figure 3B). These findings
should stem from the absence of CTL molecules that in the case of MIP synthesis triggered
the amplification of the current response and did not allow for a complete visualization
of the AHBA oxidation peak at 0.8 V, but rather, highlighted the oxidation peak of CTL
molecules at 0.98 V.

Following the preparation of the polymeric film, the imprinting effects on sensor
performance, including the incorporation of CTL molecules in the MIP film, as well as its
elution and subsequent rebinding interaction, were evaluated by SWV measurements in
phosphate buffer solution. The response profile on NIP and MIP-CTL SPCE recorded at a
potential window from 0.4 to 1.2 V is shown in Figure 4. Therefore, a remarkable difference
is noticeable in the electrochemical behavior of the resulting NIP and MIP film growth. As
depicted in Figure 4A, a broad oxidation peak at about 0.8 V was exclusively observed
in the MIP sensor, demonstrating that CTL molecules were successfully entrapped in the
polymeric MIP layer deposited on the SPCE surface.

70 0.8
A —— CTL-incorporated polymer B —— MIP after incubation ;
60 - Non imprinted polymer r ——— NIP after incubation 1’
— = CTL-extracted polymer 06
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z So4
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Figure 4. SWV voltammograms in 0.1 M of phosphate buffer (pH = 7) obtained after (A) MIP
(05mmol L~! CTL, 1.5mmol L~! AHBA) and NIP (1.5 mmol L~! AHBA) polymerization and extraction
of CTL molecules; (B) MIP and NIP sensing responses after 15 min of 1 umol L~! CTL incubation.
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Commonly, to remove the trapped molecules from MIP and leave the rebinding cavi-
ties, solvent extraction is adopted. However, from a sustainable development perspective,
this procedure was replaced by a fast and simple electrochemical overoxidation process.
In this work, the extraction of CTL molecules from poly(AHBA) matrix was achieved by
scanning the potential between —0.5 and 1.4 V in phosphate buffer solution, without the
use of organic solvents. The resulting CV voltammograms (Figure S2) revealed that the
increase in the cycle number displayed a decreasing peak current intensity until no obvious
peak appeared after five cycles. This behavior suggests that CTL template molecules were
removed from the imprinted polymer, as it was confirmed by SWV analysis, where no
current peak was again observed (Figure 4B). Next, the rebinding of 1 umol L~! CTL
showed a significant difference between the intensity of the obtained oxidation peaks from
MIP and the corresponding NIP. The higher binding capacity of the MIP sensor is clearly
attributed to the imprinting effect, which allowed it to adsorb a large amount of target
molecules. Consequently, all of these outcomes prove the successful construction of MIP
layer with complementary cavities to CTL molecules.

3.3. Optimization of Experimental Parameters in Preparation and Detection Process

The molar ratio between the template and functional monomer, the number of cycles
during the electropolymerization process, and the frequency of SWV measurements are
critical parameters that are responsible for the characteristics regulation and performance of
the designed MIP sensor. To achieve the maximum current response and ensure an optimal
selectivity of the sensor, the influence of these parameters on electrochemical response was
evaluated in both MIP and NIP sensors. The results are illustrated in Figure 5.
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CTL:AHBA ratio, mmol™! Number of cycles SWV frequency, Hz

Figure 5. Effects of (A) molar ratio of CTL to AHBA, (B) number of polymerization scan cycles,
and (C) frequency applied during SWV on sensing responses of MIP and NIP sensors toward
10 pmol L~1 CTL.

Taking into consideration the results predicted by the described above MD simulations,
the same conditions of template-functional monomer molar ratio were also experimentally
studied to validate the accuracy of the proposed method. For this, the concentration of
0.5 mmol L~ ! CTL remained constant and five different ratios of AHBA were tested 05,1,
1.5, 2, and 3 mmol L_l), with varying ratios of CTL-AHBA. Notably, the NIP sensor was
developed in the absence of CTL molecules and replaced by the phosphate buffer solution.
As it can be seen in Figure 5A, the response signal of MIP sensor to CTL increases up to 1:3
ratio, suggesting that the higher amount of functional monomer provides more effective
binding sites for CTL rebinding. However, when the molar ratio exceeded 1:3, a downward
trend was observed in MIP sensor, which is possibly due to the presence of an excess
amount of monomer that hinders the proper extraction and rebinding of CTL molecules.
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80

At the same time, no significant differences in the response signal of the NIP sensor were
registered. However, at very high AHBA concentrations, there is a clear decrease in the
difference between the peak current intensity of the MIP and NIP sensors and, consequently,
a decrease in sensor sensitivity. These findings are in line with the predictions proposed by
the computational studies and confirm the optimum ratio for the template and functional
monomer of 1:3.

To investigate the effect of the polymeric film thickness and, consequently, the diffusion
rate of CTL, the effect of the number of cycles applied during the electropolymerization
procedure was explored under variations of 5, 10, 15, and 20 scan cycles (Figure 5B). As it is
can be seen in Figure 5B, this parameter has a strong influence on the sensor performance.
Curiously, there is a gradual decrease in the peak current intensity of the MIP sensor with
the number of cycles, indicating that the diffusion of CTL molecules is impaired by thicker
sensing films. On the other hand, for comparison with the response of the NIP sensor, it
was found that five polymerization cycles were unable to produce enough and selective
imprinted cavities, as the difference between the electrochemical response of NIP and
MIP sensors toward CTL is very low. The highest difference was obtained by applying
10 scan cycles in the polymerization step. For this reason, 10 cycles were selected for
further experiments.

To obtain the best analytical performance, the effect of the frequency parameter
on SWV measurements was also studied by increasing the frequency from 10 to 50 Hz
(Figure 5C). The results presented in Figure 5C show that with the increase in SWV fre-
quencies, a significant enhancement in the electrochemical signal of MIP sensor until a
maximum of 40 Hz occurs. In MIPs, the decrease in the current response at frequencies
higher than 40 Hz can be the reflection of insufficient time for diffusion of CTL molecules
within imprinted cavities, thus limiting the electrochemical activity. Considering the maxi-
mum difference between the responses of the NIP and MIP sensors, a frequency of 20 Hz
was used in this work as an optimum value of SWV frequency. Additionally, the developed
MIP sensor was subjected to time incubation studies. It was found that 15 min of incubation
period was optimal for obtaining adequate rebinding of CTL on the MIP sensor.

3.4. Electrochemical Characterizations of the Stepwise MIP-CTL Construction

The successful construction of MIP-CTL sensor was monitored step by step, ana-
lyzing the changes in the electron transport properties of the sensing surface. For this
purpose, CV and EIS measurements were performed in a 0.1 M KCl solution containing
2.5 mmol L1 [Fe(CN)s]*~/4~ as redox probe. The electrochemical behavior of the bare
SPCE and modified electrodes is shown in Figure 6.
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Figure 6. (A) Cyclic voltammograms and (B) impedance plots of a 2.5 mmol L~! [Fe(CN)]*~/4~ in
0.1 M KCl solution corresponding to the stepwise construction of the sensor.
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As expected, the bare SPCE exhibits the highest redox characteristic peaks for
[Fe(CN)s]*~/*" in voltammogram (Figure 6A). When the poly(AHBA) film modified the
SPCE surface, both NIP and MIP sensors registered a decrease in the redox peak current of
[Fe(CN)e]>~ /4~ as a result of the non-conductive polymer produced at SPCE surface that
blocked the electron transfer. Distinctly, the MIP sensor shows a remarkable decrease in the
peak current intensity, which is consistent with the entrapment of CTL in the polymeric
film. The conductivity of the MIP sensor was recovered by extracting CTL molecules,
which was accompanied by a significant increase in the peak current of the redox probe.
Following incubation, the redox activity at MIP SPCE once again decreases, indicating that
CTL occupied some of the previously formed cavities and, consequently impeded the ion
diffusion of [Fe(CN)g]>~ /A= through the MIP layer.

The obtained information on the electrochemical characteristics of the electrodes
after different modifications was complemented by EIS analyses. In accordance with CV
data, the Nyquist plots displayed in Figure 6B showed significant differences between the
impedance behavior of the electrodes. Following polymerization, a large increase in the
diameter of the semicircle portion compared with the bare SPCE can be observed, implying
an increase in the charge-transfer resistance (R¢t). Therefore, the effective modification of
the surface of SPCE was confirmed. Moreover, the Rt presented by the MIP sensor was
higher than the ones obtained with the NIP, which is ascribed to the presence of CTL acting
as a barrier for [Fe(CN)g]®~ /4~ diffusion. Furthermore, the removal of CTL molecules
from MIP while leaving the channels free for the electron transfer process lowers the R.
In contrast, when the MIP sensor was incubated, an enhancement in the diameter of the
semicircle was again observed due to the obstruction effect. These observations prove the
successful construction of the MIP sensor.

3.5. Analytical Performance

Under the optimized experimental conditions, the MIP sensor underwent direct
SWYV measurements for various concentrations of CTL (from 0.1 to 1.25 umol L™1) in
phosphate buffer (Figure 7). The increase in the oxidation current with the corresponding
increase in the CTL concentration exhibited good linearity (R = 0.992, n = 3). The limit of
detection (LOD, S/N = 3) and quantification (LOQ, S/N = 10) were found to be 0.162 and
0.541 umol L™, respectively.
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Figure 7. (A) SWV obtained from MIP response to CTL concentration in the range of 0.1-1.25 pmol L~1;
(B) calibration plots for MIP and NIP sensors showing the relationship of CTL concentrations with the
peak current intensity.
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3.6. Selectivity and Practical Application

Selectivity is the commendable feature of an effective MIP sensor. In this work, the
selectivity of the developed sensor was probed by determining the current responses of
five different compounds with similarity in chemical and spatial structure to the target
CTL. Additionally, the electrochemical response of a tricyclic antidepressant was evaluated.
For this purpose, both NIP and MIP sensors were separately exposed to CTL, CTL-PA,
CTL-NO, DD-CTL, D-CTL, FLX, and CBZ under the same conditions (1 pmol L_l) for
15 min, and their corresponding SWV responses were compared. As illustrated in Figure 8,
the prepared MIP sensor presents the highest sensitivity toward CTL molecules, while
almost completely rejecting potential interfering analytes. The maximum imprinting factor
(IF) is calculated as follows:

IF = ip(MIP)/ip(NIP) (1)

where ip was as high as 22, corresponding to the peak current. No relevant analytical
response was exhibited for CTL-PA, CTL-NO, DD-CTL, CTL-PA, and FLX. In addition,
only a small electrochemical response was produced when the MIP sensor adsorbed
these potential interferents, while no response was registered on their corresponding NIP
sensors. The electrochemical response of MIP sensor to CBZ corresponds to 21% of the CTL
oxidation peak, but there is a low significant difference between the intensity of MIP and
NIP peak current. These findings reinforce the noticeable specific recognition of the sensor
to CTL and confirm the success of the imprinting process without the need for toxic and
hazardous chemicals.
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Figure 8. Electrochemical response of MIP and correspondent NIP sensor to potential interferent
compounds with close structural similarities to CTL.

Subsequently, the practical applicability of the prepared sensor for recognition of
CTL in water samples was evaluated using the standard addition method. The recovery
study was carried out by spiking the river water samples with known concentration of
CTL (0.25 umol L™!) and the analysis was performed without any pre-treatment. In these
conditions, the recovery of this sensor was found to be 94.98%, indicating its sensing ability
for determining CTL in water samples.

4. Conclusions

With hindsight on the design simplicity and unit activities offered by MIP implementa-
tion, the electrochemical MIP sensor developed in this work presents a valuable sustainable
strategy to detect CTL. The adoption of MD simulations to optimize MIP formulation in
a rational and greener method showed a good correlation with the experimental results,
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proving its power as a tool to improve the molecular imprinting process, while highlighting
the need to explore this area to make the use of MIPs more eco-friendly. The successful as-
sembly of MIP on SPCE surface as well as avoiding organic solvents in the whole analytical
procedure, including the CTL extraction step and reducing waste production led to a good
sensitivity, as revealed by LOD of 0.162 pumol L~! and LOQ 0f 0.541 umol L~!. Furthermore,
the sensor showed an interesting recovery in spiked water samples, thereby demonstrating
its applicability in water. Notably, the two figures of merit for the developed MIP sensor
rely on its IF of 22 and, consequently, on its excellent selectivity toward CTL molecules. Of
greater significance in environmental analysis, the developed MIP sensor reconciles the
greenness of the method with potential functionality as a portable and low-cost sensor to
CTL detection.
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Figure S1. Radial distribution functions, g(r), between selected sites of R(-)CTL, S(+)CTL and AHBA
molecules.
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Figure S2. Cyclic voltammograms of the MIP SPCE extraction in phosphate buffer solution (0.1 M,
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Water quality management is essential to maintain public and environmental
health. This natural resource has been intensively used and explored, and its
degradation has attracted much attention. At the same time, though the world sees and
soon forgets, water scarcity is expected to be exacerbated as a result of climate changes,
highlighting how essential it is to protect our water sources.

Given the large number of pharmaceuticals in the market, it is widely accepted
that the concentration of these compounds in the aquatic environment will continue to
increase. It is crucial to know their pathways, destination and effects, as well as to
determine the removal efficiency through WWTPs before and after treatment. However,
monitoring pharmaceuticals in environmental waters remains a challenge. Their
detection can be affected by several variables, in which one of the most prominent issues
is the measurement of pharmaceuticals in water samples at trace levels. Moreover, there
is a need for simple, rapid, portable and sustainable analytical methods. Accordingly, the
work presented in this thesis is a step forward in developing new approaches able to
overcome limitations of the current analytical techniques for monitoring, since they are
able to allow for automation, miniaturisation and on site determination, shortening the
time between analysis.

In the last decade, the development of MIPs-based electrochemical sensors has
exploded linked with increasing concerns about emerging contaminants in the
environment. Although electrochemical sensors based on MIPs recognition process
have proven their potential for detection and quantification of a diversity of contaminants
with excellent analytical performance, few reports have been published about the
analysis of pharmaceuticals in water samples, as demonstrated by the review article
included in this thesis. The article review allowed to understand the trends on
electrochemical MIPs sensors construction/development applied in the detection of
pharmaceuticals, as well as the research gaps on environmental monitoring.

In this context, the main aim of the presented work was the development of
electrochemical MIPs-based sensors for the determination of pharmaceuticals to further
application in water. Sensing systems were also designed using the principles of green
chemistry. Considering that MIPs construction is strongly related with extent and
trial-and-error testing, the selection of functional monomers and optimisation/knowledge
of the pre-polymerisation MIPs mixtures were improved by implementing molecular
modelling studies. QM and MD approaches revealed to be a promising technology for
preliminary exploration of MIPs protocol (design and optimise experimental parameters).
At present, there is increasing research on and application of MIPs prepared by computer

molecular methods, but there is still a need for further study and development of methods
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to explore all aspects of imprinting process that can aid in the design of complex MIPs
systems. Computational and experimental methods applied over this work, including the
transducer platforms used, contemplated important aspects to address the challenge
required to minimise impacts of chemicals on the environment. They allowed to reduce
the volume of samples and reagents consumed and, consequently, minimise the waste
generated.

AZY, FZD, AMT, ATV and CTL were the target and the template used for the
construction of simple, cost-effective and potentially portable MIPs sensors. Among the
electropolymerizable functional monomers studied, ABA has suggested an interesting
ability to create strong molecular interactions with different kind of pharmaceuticals.
Notably, its employment can be made avoiding the use of organic solvents during the
imprinting process. Regarding this, in situ electropolymerisation is the most
advantageous method, because of its simplicity for producing ultrathin polymeric film with
strong adhesion to transducer surface at a both well-controlled and fast rate. Highly
reproducible MIPs can be obtained.

The surface modification of the carbon electrodes using MWCNTs and SWCNTs
in MIPs preparation of FZD and AMT, respectively, played an important role in the
electron transfer rate, which allowed to achieve a stronger electrochemical response
signal and, consequently, a better sensitivity. The combination of nanomaterials with
MIPs and sensors has created new paths to improve the performance of MIPs sensors.
The detection strategy involved direct analysis, avoiding the influence of masked
interferents that may be attained to indirect electrochemical sensing.

Under optimum operational conditions, the developed sensors exhibited good
analytical performances and, the best sensitivity was achieved by FZD MIP sensor as
revealed by a low LOD of 0.03 pM. Due to their high imprinting efficiency, the
electrochemical MIPs sensors also demonstrated outstanding selected response in the
presence of other similar molecules. Lastly, the recovery assays in spiked water samples
displayed appropriate levels of precision without requiring advanced equipment and
extensive steps of samples preparation. These experimental results highlight the
potential of the developed sensors to be integrated in a useful platform for the
measurement of AZY, FZD, AMT, ATV, and CTL in environmental waters. At the same
time, it is also important to stress that, in most cases, the presented LODs are not
sufficiently low for the direct analysis of environmental waters, especially in areas where
these pharmaceuticals are found at very low trace levels. The incorporation of these
sensors in flow systems or preceding the analysis with a preconcentration technique can
be a good alternative to lower the LOD, avoiding the cost-, time- and labour-consuming

associated with chromatographic methods.
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Undoubtedly, MIPs offer superior mechanical and chemical stability, easier
preparation, faster responses, and lower costs in comparison with traditional instrument
techniques. Nevertheless, there are still development challenges and a lot of
opportunities to be explored, even in relation to the establishment of the principles of
green chemistry. As a promising technology with inherent selectivity, electrochemical
MIPs sensors can find a disadvantage when the determination of several compounds is
required. Thus, the development of multiplex MIP-based sensors capable of recognizing
different contaminants could be useful for environmental monitoring. Future works
should also include efforts to transfer the knowledge from laboratories to market. Here,
MIPs sensors’ reusability and optimisation of their storage conditions should be explored
in order to facilitate commercial applications, where the production of MIPs in
homogeneous batches is very important. Transducers based on paper have also
appeared as an attractive alternative to commercial electrodes and confer a sustainable
feature. Paper is a versatile sensing platform that has inspired the integration of MIPs
and the union of their properties will have potential prospects in environmental

monitoring.
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