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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 

quantify 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(II) (Ru(bpy)3
2+)/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 água move o mundo e é essencial à vida. Ao longo dos anos, este recurso 

precioso tem sido constantemente ameaçado pelo Homem através de diferentes 

formas. Inconscientemente, as atividades dos humanos têm conduzido a um 

esgotamento da água e à perda da sua qualidade. Neste sentido, existe uma 

preocupação crescente com a ocorrência de contaminantes emergentes, especialmente 

focada nos fármacos, em diferentes corpos de água em todo o mundo. A presença 

ambiental generalizada de fármacos tem sido fortemente associada à incapacidade das 

Estações de Tratamento de Águas Residuais (ETARs) degradarem totalmente estes 

compostos. 

 Apesar dos esforços da política hídrica europeia (UE) bem retratada no 

desenvolvimento de uma Lista de Vigilância sob as Diretivas do Quadro da Água da UE, 

os fármacos ainda permanecem sem regulamentação e o impacto de muitos deles na 

saúde humana e na vida selvagem é desconhecido. A sua monitorização e 

conhecimento das respetivas concentrações em águas ambientais é uma prioridade, 

onde a cromatografia líquida de alta eficiência acoplada a um detetor de massa tem 

desempenhado um papel importante. No entanto, seguindo os Princípios da Química 

Verde e da Sustentabilidade ambiental e económica, os sensores eletroquímicos têm 

surgido como alternativas interessantes devido à sua capacidade de simplificar todo o 

processo analítico, onde a portabilidade e a miniaturização podem ser facilmente 

alcançadas. 

Neste contexto, foram desenvolvidos cinco dispositivos eletroquímicos baseados 

em polímeros molecularmente impressos (MIPs, do inglês molecularly imprinted 

polymers), como elementos de reconhecimento, para a deteção e quantificação da 

azitromicina (AZY), furazolidona (FZD), amitriptilina (AMT), atorvastatina (ATV) e 

citalopram (CTL) em amostras de água. Estes fármacos foram selecionados tendo em 

conta o seu uso generalizado e a sua persistência em águas ambientais em 

consonância com a falta de fontes na literatura, que reportem a aplicação de MIPs na 

construção de sensores eletroquímicos para detetar especificamente estes fármacos. 

Os sensores foram construídos com base na modificação das superfícies de 

elétrodos de carbono serigrafados (SPCEs) e elétrodos de pasta de carbono (CPEs) 

através da técnica de eletropolimerização ou através da imobilização de micropartículas 

obtidas após a polimerização tradicional por precipitação. Estudos computacionais de 

mecânica quântica (QM) e/ou dinâmica molecular (MD) foram realizados para permitir a 

seleção de forma mais racional de um monómero funcional apropriado e simular as 
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melhores condições de pré-polimerização, bem como para compreender as interações 

moleculares que ocorrem durante o processo de impressão. No sentido de melhorar a 

performance analítica, 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 cíclica (CV), de 

espetroscopia de impedância eletroquímica (EIS) e microscopia eletrónica de varredura 

(SEM) foram aplicadas para caracterizar a superfície 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 

oxidação/redução dos fármacos analisados após a sua religação no MIP produzido. 

Relativamente ao desenvolvimento do sensor MIP para a deteção eletroquímica da 

AMT, o mecanismo de deteção baseou-se na reação do sistema tris(2,2’-

bipiridina)ruténio(II) (Ru(bpy)3
2+)/AMT. 

Os sensores desenvolvidos mostraram uma boa performance analítica e 

permitiram obter uma deteção sensível com excelente seletividade para reconhecer o 

analito alvo quando comparado com estruturas análogas próximas, que podem ser 

possíveis interferentes. Adicionalmente, eles foram aplicados com sucesso em 

amostras de água de rio, água da torneira e água de nascente, demonstrando o seu 

potencial para serem uma estratégia útil e sustentável para a monitorização e 

quantificação de fármacos. 

 

 

Palavras-chave: sensores eletroquímicos, polímeros molecularmente impressos, 

design racional, simulação computacional, modelação molecular, química verde, análise 

ambiental, água. 
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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. 
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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 

sensors; 

• 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; 

• 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-1. 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].   

 

 

 

 

 

 

 

 

 

 

 

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-1 to μg L-1) 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 composition 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 (ΔE) between the template and different functional 

monomers are generally calculated by the equation (1): 

𝛥𝐸 = 𝐸(𝑐𝑜𝑚𝑝𝑙𝑒𝑥) − 𝐸(𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒) − 𝐸(𝑚𝑜𝑛𝑜𝑚𝑒𝑟),  (1) 



FCUP 
Chapter 1 – General introduction 

11 

 
 

 
 
 

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 
simulation 

Details Template MIPs 
design/application 

Quantum 
Mechanics 
(QM) 

DFT 

Methimazole [62], celecoxib 
[63], hydrochlorothiazide [64], 
valaciclovir [65], famciclovir 
[66], sofosbuvir [67], minoxidil 
[68], ethionamide [69], 
metaprolol [70], lamotrigine 
[71], sulfadimidine [72], 
triamterene [73], 6-thioguanine 
[74], enzalutamide [75], 
lansoprazole [76], mosapride 
citrate [77], pantoprazole [78], 
metformin hydrochloride [79], 
acetaminophen [80], 
chlortetracycline [81], 
primaquine [82], erythromycin 
[83], cilostazol [84], 
azithromycin [85], furazolidone 
[86], atorvastatin [87] 

Screening of 
functional 
monomers, 
template:monomer 
ratio and evaluation 
of pre-
polymerisation 
mixture properties 

Ab initio 2-Aminobenzimidazole [88] 
Screening of 
functional 
monomers 

Molecular 
Mechanics 
(MM) 

CHARMM, 
Tripos 

Cilostazol [84], sitagliptin [89] 
Screening of 
functional 
monomers 

Molecular 
Dynamics (MD) 

OPLS, 
CHARMM, 
GAFF  

6-Thioguanine [74], cilostazol 
[84], furazolidone [86],  
atorvastatin [87], amitriptyline 
[90], citalopram [91] 

Screening of 
functional 
monomers, solvent, 
template:monomer 
ratio and evaluation 
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 sensors for environmental 

analysis 
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Statement of contribution  

The contribution of the first author, Patrícia Rebelo, in this work includes the literature 

review on electrochemical MIP sensors reported for the detection of pharmaceuticals, 
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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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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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Table S1. Composition of the simulated pre-polymerisation systems. 

  Number of molecules  

System Molar ratio 
(FZD:AMPS:EGDMA) 

FZD AMPS EGDMA AIBN ACN DMF Total 
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 
F 

1:8:20 
1:4:20 

10 
10 

80 
40 

200 
200 

6 
6 

2000 
------ 

------ 
2000 

20054 
31014 

 

 

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

 

 

 

 D109, m2 s-1 

SYSTEM d, kg m-3 FZD AMP EGDMA AIBN ACN DMF 
A 877.20 0.31 ± 

0.00 
0.28 ± 
0.03 

0.50 ± 0.02 0.38 ± 
0.07 

1.39 ± 
0.02 

-----------
- 

B 882.50 0.32 ± 
0.00 

0.29 ± 
0.04 

0.49 ± 0.01 0.54 ± 
0.03 

1.42 ± 
0.01 

-----------
- 

C 893.39 0.34 ± 
0.06 

0.24 ± 
0.05 

0.37 ± 0.02 0.40 ± 
0.01 

1.19 ± 
0.01 

-----------
- 

D 902.50 0.50 ± 
0.06 

0.24 ± 
0.01 

0.34 ± 0.01 0.51 ± 
0.02 

1.20 ± 
0.02 

-----------
- 

E 911.96 0.37 ± 
0.03 

0.18 ± 
0.01 

0.31 ± 0.02 0.32 ± 
0.03 

1.02 ± 
0.01 

-----------
- 

F 1006.67 0.17 ± 
0.01 

0.16 ± 
0.00 

0.26 ± 0.00 0.27 ± 
0.04 

-----------
- 

0.55 ± 
0.01 
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Fig. S1. Chemical structures of NTF, NFZ and FTD used in this study as interferents. 
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experimental implementation 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 FCUP 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

93 

 
 

 
 
 

 

3.4 A simple electrochemical detection of 
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carbon electrodes modified by molecularly 

imprinted polymer: experiment and simulation 
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Highlights 

 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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Table S1. Calculated binding energies obtained between ATV and different functional monomers at 

M06-2X/6-31+G* level. 

Complex  ΔE/kJ mol-1 

ATV-(ABA) -76.064 

ATV-(Indole) -74.359 

ATV-(4-Aminothiophenol) -70.494 

ATV-(Carbazole) -65.613 

ATV-(Mercaptobenzimidazole) 

ATV-(Pyrrole) 

ATV-(Aniline) 

ATV-(Phenol) 

ATV-(o-Phenylenediamine) 

ATV-(1-vinylimidazole) 

-63.733 

-56.049 

-51.336 

-46.428 

-39.675 

-36.214 
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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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Molecules 27 (2022) 3315 

 

 

 

 

 

 

 

 

 

Statement of contribution  

The contribution of the first author, Patrícia Rebelo, in this work includes the literature 

review, investigation, methodology and writing of the original draft. 



   FCUP 

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

 

110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

111 

 
 

 
 
 

 



   FCUP 

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

 

112 

 



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

113 

 
 

 
 
 

 



   FCUP 

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

 

114 

 



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

115 

 
 

 
 
 

 



   FCUP 

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

 

116 

 



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

117 

 
 

 
 
 

 



   FCUP 

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

 

118 

 



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

119 

 
 

 
 
 

 



   FCUP 

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

 

120 

 



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

121 

 
 

 
 
 

 



   FCUP 

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

 

122 

 



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

123 

 
 

 
 
 

 



   FCUP 

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

 

124 

 



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

125 

 
 

 
 
 

 



   FCUP 

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

 

126 

 



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

127 

 
 

 
 
 

 



   FCUP 

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

 

128 

 



FCUP 
Chapter 4 – Final Conclusions and Future perspectives 

129 

 

 
 

 

 

 

 

                    Chapter 

 

 

FINAL CONCLUSIONS AND FUTURE 

PERSPECTIVES 

 

 

 

 

 

 

 

4 



   FCUP 

   Chapter 4 – Final Conclusions and Future perspectives 
 

 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 
Chapter 4 – Final Conclusions and Future perspectives 

131 

 
 

 
 
 

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 µM. 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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