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Abstract 

This PhD thesis focuses on the design, fabrication and analytical evaluation of 

molecularly imprinted polymer (MIP)-based sensing platforms, with the goal of 

developing highly selective and sensitive sensors for the detection of analytes at 

ultra-low concentrations.  

Molecular imprinting offers a powerful and versatile approach to create synthetic 

receptors with biomimetic recognition capabilities, combining the selectivity of 

natural receptors with the chemical and physical robustness of synthetic polymers. 

Within this framework, the research presented herein explores different strategies 

aimed at enhancing the overall performance of MIP-based sensors. 

The first part of the thesis provides an in-depth theoretical background on sensors 

and molecular imprinting polymers. The second part assembles the research results, 

which are illustrated through four scientific publications, each describing a specific 

strategy developed to improve the sensitivity and the overall performance of MIP-

based sensors. 

Paper I presents the development of fluorescent MIP nanoparticles for the ultra-

low detection of protein contaminants, using human serum albumin as a proof-of-

concept. The work introduces a strategy based on the controlled incorporation of 

fluorophores into the polymer matrix to maximize signal responsiveness. By fine-

tuning the fluorophore-to-template ratio during polymerization, the study achieves 

enhanced sensitivity and demonstrates the successful integration of MIP-based 

recognition elements with time-resolved fluorescence spectroscopy as an effective 

optical transduction approach. 

Paper II investigates how the structural homogeneity of imprinted binding sites 

influences the analytical performance of electrochemical MIP-based sensors. Two 

architectures were compared: an electropolymerized imprinted polyaniline layer, 

representing an inhomogeneous distribution of recognition sites, and a polyaniline 

layer doped with pre-synthesized uniform MIP nanoparticles. Using 17β-estradiol 

as analyte, the study demonstrates that the configuration with homogeneous MIP 

nanoparticles provides enhanced sensitivity and lower detection limits, confirming 
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that structural uniformity is a key factor in achieving high-performance 

electrochemical sensing. 

Paper III reports the development of green MIP nanoparticles as biocompatible 

and sustainable synthetic receptors for the detection of cardiac troponin I, a key 

biomarker of myocardial infarction. The study introduces a design strategy based 

on renewable castor oil–derived monomers as eco-friendly functional components 

in MIP synthesis. The resulting MIP nanoparticles exhibit excellent stability and 

high recognition performance, demonstrating that environmentally sustainable 

materials can effectively replace conventional monomers in advanced MIP-based 

sensors. 

Paper IV presents the development of a high-sensitivity optical sensor for cardiac 

troponin I detection, integrating castor oil-derived green MIP nanoparticles into a 

miniaturized plastic optical fiber surface plasmon resonance transducer. The study 

evaluates the feasibility of employing these sustainable nanoreceptors in a 

plasmonic configuration to achieve ultrasensitive and selective detection suitable 

for point-of-care diagnostics. 
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Riassunto 

Questa tesi di dottorato è incentrata sulla progettazione, fabbricazione e valutazione 

analitica di piattaforme sensoriali basate su polimeri a stampo molecolare 

(Molecularly Imprinted Polymers), con l’obiettivo di sviluppare sensori altamente 

selettivi e sensibili per la rilevazione di analiti a concentrazioni ultrabasse. La 

tecnica dell’imprinting molecolare rappresenta un approccio potente e versatile per 

la realizzazione di recettori sintetici dotati di capacità di riconoscimento 

biomimetico, combinando la selettività tipica dei recettori naturali con la robustezza 

chimica e fisica dei polimeri sintetici. In questo contesto, il lavoro di ricerca qui 

presentato esplora diverse strategie volte a migliorare le prestazioni complessive 

dei sensori basati su MIPs. 

La prima parte della tesi fornisce un approfondito inquadramento teorico sui sensori 

e sui polimeri a stampo molecolare. La seconda parte raccoglie i risultati 

sperimentali, illustrati attraverso quattro lavori scientifici, ciascuno dei quali 

descrive una specifica strategia sviluppata per incrementare la sensibilità e le 

prestazioni complessive dei sensori basati sui MIPs. 

Il Paper I descrive lo sviluppo di nanoparticelle MIP fluorescenti per la rivelazione 

di contaminanti proteici, utilizzando l’albumina sierica umana come proof-of-

concept. Il lavoro introduce una strategia basata sull’incorporazione controllata di 

fluorofori nella matrice polimerica, dimostrando che l’ottimizzazione del rapporto 

fluoroforo–templato durante la polimerizzazione incrementa la sensibilità del 

sensore e consente l’efficace integrazione degli MIP come elementi di 

riconoscimento in un approccio di trasduzione ottica basato sulla spettroscopia di 

fluorescenza risolta nel tempo. 

Il Paper II analizza l’influenza dell’omogeneità dei siti di riconoscimento dei MIP 

sulle prestazioni analitiche di sensori elettrochimici. Sono state confrontate due 

architetture: uno strato elettropolimerizzato di polianilina imprintato, caratterizzato 

da una distribuzione non omogenea dei siti di riconoscimento, e uno strato di 

polianilina in cui sono state incorporate nanoparticelle MIP pre-sintetizzate e 

omogenee. Utilizzando il 17β-estradiolo come analita modello, lo studio dimostra 
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che la configurazione contenente nanoparticelle MIP uniformi offre maggiore 

sensibilità e limiti di rilevazione più bassi. 

Il Paper III presenta lo sviluppo di nanoparticelle MIP “green” come recettori 

sintetici biocompatibili e sostenibili per la rilevazione della troponina cardiaca I, un 

biomarcatore chiave dell’infarto miocardico. Il lavoro propone una strategia di 

sintesi dei MIP basata sull’utilizzo di un componente derivato da olio di ricino, 

impiegato come monomero funzionale che consente di ottenere nanoparticelle 

stabili e dotate di elevate prestazioni di riconoscimento. 

Il Paper IV descrive lo sviluppo di un sensore ottico ad alta sensibilità per la 

rilevazione della troponina cardiaca I, ottenuto integrando le nanoparticelle MIP 

“green” derivate da olio di ricino con un trasduttore plasmonico miniaturizzato 

basato su fibra ottica in plastica. Lo studio valuta la possibilità di impiegare questi 

nanorecettori sostenibili in configurazioni plasmoniche, ottenendo rilevazioni ultra-

sensibili e selettive adatte ad applicazioni diagnostiche point-of-care. 
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Chapter I – Sensor 

 

Sensors have become an integral part of modern life, often operating silently and 

unnoticed. They are everywhere: temperature sensors regulate refrigeration 

systems; pressure sensors monitor oil levels in vehicles; and photosensors control 

street lighting based on ambient light conditions. This widespread presence 

highlights the crucial role of sensors as intelligent interfaces between the physical 

world and digital control systems, enabling automation, safety, efficiency, and 

comfort across innumerable applications. Beyond physical sensors, which respond 

directly to changes in physical parameters such as temperature, pressure or light 

intensity, an important class of analytical devices is represented by chemical sensors 

and biosensors, which convert specific chemical or biochemical interactions into 

measurable signals [1]. Today, there is no shared definition of the term sensor, 

chemical sensor, or biosensor. This lack of standardisation has led to a certain 

degree of confusion and inconsistency in the terminology used across disciplines. 

In 1991, it was officially adopted by the International Union of Pure and Applied 

Chemistry (IUPAC) officially define a chemical sensor as “a device that converts 

chemical data, ranging from the concentration of a single sample component to 

complete composition analysis, into an analytically usable signal” [2]. This concise 

definition captures the core function of chemical sensors, that is the transformation 

of chemical information into a measurable and processable signal suitable for 

quantitative or qualitative analysis. An additional, widely cited description found in 

the literature, often referred to as the Cambridge definition, emphasizes the 

operational capabilities of chemical sensors: “Chemical sensors are miniaturized 

devices which can deliver real-time and on-line information on the presence of 

specific compounds or ions in even complex samples.” [3]. This definition 

highlights two key strengths of chemical sensors, namely their ability to perform 

continuous real-time monitoring and their applicability even in challenging sample 

matrices. 

Although different definitions of sensors coexist in literature, a general consensus 

has emerged on their architecture. their functional understanding ultimately relies 
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on the analysis of their internal organization. Based on this, every sensor can be 

described in terms of three fundamental components that act in sequence to convert 

an input stimulus into a measurable output. These are the recognition element 

(receptor), the transducer and the signal processor (Figure 1.1). The receptor, which 

can be of biological or synthetic origin, is responsible for the selective interaction 

with the target analyte. This molecular interaction triggers a physicochemical 

response, which is then converted into a measurable signal by the transducer. 

Therefore, this second element translates the recognition event into a readable 

signal, which may be electrochemical, electric, optical, thermal, or piezoelectric in 

nature, depending on the type of sensor. The signal is subsequently processed, 

amplified, and interpreted by the processor, ultimately providing a quantitative or 

qualitative output. 

 

Figure 1.1 Scheme of the architecture of a sensor: receptor, transducer and signal 

processor. 

The recognition element, or receptor, is the core component of a sensor responsible 

for the selective interaction with the analyte of interest. It can be of biological or 

synthetic nature, and its principal role is to ensure specificity, ideally allowing only 

the target molecule to bind, while minimizing non-specific interactions. Biological 

receptors, widely used in biosensors, include enzymes, antibodies, nucleic acids, 

and even whole cells. 

Enzymes are among the commonly used biological recognition elements in 

biosensors, as their catalytic activity ensures high specificity toward target 

substrates while simultaneously providing intrinsic signal amplification, since a 
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single enzyme molecule can convert numerous substrate molecules without being 

consumed. Despite these advantages, their use is often limited by sensitivity to 

environmental changes, such as temperature and pH, as well as by a relatively short 

shelf life [4, 5]. Antibodies represent another important class of biological 

recognition elements widely employed in biosensors for applications ranging from 

clinical diagnostics to environmental monitoring, food safety, and pharmaceutical 

analysis. Their intrinsic ability to bind specific antigens with high affinity allows 

selective detection of the analyte even in complex matrices. However, their 

performance can be affected by factors such as denaturation or degradation during 

storage, which may affect their binding performance and stability over time [6, 7]. 

Whole cells can also act as biological recognition elements in biosensors, 

responding to external stimuli through physiological and metabolic changes and 

thereby enabling the detection of target analytes while simultaneously providing 

information on their effects on cellular functions. Such cellular receptors are 

particularly valuable in pharmacology, toxicology and cell biology where 

functional responses such as variations in gene expression, metabolism or adhesion 

are of primary interest [8, 9]. 

Alongside enzymes, antibodies, and whole cells, nucleic acids have emerged as 

another important class of biological recognition elements thanks to their well -

defined structures and tunable physicochemical properties, they can function as 

highly specific probes for hybridization with complementary sequences or as 

selective receptors capable of binding a variety of chemical and biochemical targets. 

Unlike protein-based receptors, nucleic acid recognition layers can be synthetically 

produced and regenerated for repeated use, offering significant advantages in terms 

of stability, reproducibility, and cost-effectiveness. In particular, single-stranded 

DNA or RNA probes, commonly employed in genosensors, are highly valuable for 

the detection of mutations, pathogens, and genetic biomarkers, making them useful 

in clinical diagnostics [10, 11]. A particularly versatile class of nucleic acid 

receptors is represented by aptamers, short single-stranded DNA or RNA 

oligonucleotides that can fold into well-defined three-dimensional structures 

capable of binding selectively to a wide variety of targets, including small 

molecules, proteins, and even whole cells. Aptamers are generated through an in 

file:///C:/Users/marin/OneDrive/Desktop/Dottorato/Papers%20(by%20me)/1.%20PhD%20Tesi/6
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vitro selection process known as SELEX (Systematic Evolution of Ligands by 

EXponential enrichment), which allows the isolation of high-affinity binders 

without the need for immunization or biological production systems. Despite being 

composed of natural biomolecules, their synthetic origin and programmable nature 

position them at the interface between biological and synthetic recognition 

elements [12, 13]. 

Although biological receptors exhibit high specificity, their application is 

frequently limited by factors such as reduced stability, susceptibility to 

denaturation, and high production costs. These challenges have driven growing 

interest in synthetic recognition elements, which provide enhanced chemical and 

thermal stability, simpler manufacturing and lower costs. 

A prominent example of synthetic recognition elements is represented by 

molecularly imprinted polymers (MIPs), which are defined as biomimetic materials 

tailored with molecular imprinted cavities complementary in shape, size and 

functional groups to a target molecule [14, 15]. These imprinted cavities act as 

specific recognition sites, analogous to enzyme’s active site or antibody’s binding 

domain, and confer the ability to selectively bind the target molecule of interest. In 

addition to their selectivity, MIPs offer chemical and thermal stability, cost -

effectiveness, and the ability to operate under harsh environmental conditions. Their 

versatility and custom-made nature make them suitable for a wide range of 

applications. Due to their relevance to this thesis, MIPs will be discussed in depth 

in Chapters II and III. 

Once the target analyte has been selectively recognized by the receptor 

element, the subsequent step in the sensing process is the conversion of this 

recognition event into a measurable signal. As introduced earlier, this task is 

performed by the transducer, which converts the chemical or biological interaction 

occurring at the molecular level into a measurable physical signal. The nature of the 

transduction mechanism largely defines the mode of operation of the sensor and the 

type of signal generated (Figure 1.2). 
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Figure 1.2 Classification of the main transduction methods. 

Electrochemical transducers measure electrical signals that arise from redox 

reactions or changes in charge distribution at the sensor interface. They include 

amperometric, potentiometric, conductometric and impedimetric devices, which 

are widely employed due to their high sensitivity, low cost, and compatibility with 

miniaturized platforms. Optical transducers rely on variations in optical properties 

such as absorbance, fluorescence or surface plasmon resonance upon analyte 

binding. Fluorescence-based methods offer high sensitivity, multiplexing capability 

and suitability for imaging applications, although they generally require the use of 

external labels. In contrast, surface plasmon resonance (SPR) enables real-time and 

label-free monitoring of molecular interactions. Piezoelectric transducers, such as 

quartz crystal microbalances (QCM) or surface acoustic wave (SAW) devices, 

convert mass changes on a sensing surface into frequency shifts, thus enabling the 

detection of analytes without labelling. Thermal transducers detect variations in 

heat resulting from exothermic or endothermic reactions upon analyte binding. 

Among these classes of transduction, electrochemical and optical are particularly 

relevant to the present thesis and will be discussed in greater detail in Chapter IV.  

The selection of a suitable transduction mechanism depends on several factors, 

including the physicochemical nature of the analyte, the required detection limits, 
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the sample matrix, and practical aspects such as power consumption, response time, 

and the feasibility of integration into portable or implantable platforms [16]. In 

practice, this choice is often guided by a balance between analytical performance, 

level of integration, and application-specific constraints. As illustrated in 

Figure 1.3, different sensing approaches can be positioned according to their degree 

of integration and the need for labelling, reflecting the trade-offs between 

sensitivity, complexity of sample preparation, and potential for miniaturization. 

 

Figure 1.3 Choice of transduction methods according to the type of detection and 

sample preparation [17]. 

The signal processor represents the third and final component and its role is to 

condition and interpret the primary signal generated by the transducer, transforming 

it into a user-readable output. Signal processing commonly involves amplification, 

filtering, noise reduction and digitalization, all of which are critical to improving 

the accuracy, reliability and resolution of the measurement. Modern sensor 

platforms often incorporate microcontrollers, wireless communication modules and 
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embedded algorithms for real-time data analysis [18]. While the recognition 

element, transducer, and signal processor determine how a sensor operates, its 

analytical performance is assessed through a series of key parameters (Figure 1.4) . 

 

Figure 1.4 Main sensor’s operational parameters [19]. 

The dynamic range defines the overall concentration interval within which a sensor 

provides a measurable response to the analyte and it extends from the lowest 

concentration distinguishable from background noise to the point of saturation, 

where additional analyte no longer produces an increase in signal intensity. Within 

this broad interval lies the linear range, which is the concentration range over which 

the sensor response is directly proportional to the analyte concentration, enabling 

accurate and quantitative analysis [20]. The sensitivity represents the ability of the 

sensor to generate a measurable signal in response to small changes in analyte 

concentration and corresponds to the slope of the linear response region. At low 

analyte concentrations, the sensitivity becomes particularly critical since it 

determines the ability to resolve small signal variations where the signal-to-noise 

ratio is minimal. The sensitivity at low concentration (𝑆low) can be expressed as: 

𝑆𝑙𝑜𝑤 =
|𝑦𝑓𝑖𝑛𝑎𝑙 − 𝑦𝑠𝑡𝑎𝑟𝑡 |

𝐾𝑎𝑝𝑝
 

Where 𝑦𝑓𝑖𝑛𝑎𝑙  and 𝑦𝑠𝑡𝑎𝑟𝑡  are the sensor responses at the final and initial analyte 

concentrations [20, 21]. The limit of detection (LOD) is defined as the lowest 
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analyte concentration that can be distinguished from background noise, typically 

calculated as three times the standard deviation of the blank divided by the 

sensitivity at low detection [22]: 

𝐿𝑂𝐷 =
3 ∙ 𝑆𝑡. 𝐷𝑒𝑣.𝑏𝑙𝑎𝑛𝑘

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑡 𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

Closely related to the LOD, the limit of quantification (LOQ) represents the lowest 

analyte concentration that can be quantitatively determined with acceptable 

precision and accuracy. It is commonly estimated as ten times the standard deviation 

of the blank divided by the slope of the calibration curve at low concentration 

levels [22]: 

𝐿𝑂𝑄 =
10 ∙ 𝑆𝑡. 𝐷𝑒𝑣.𝑏𝑙𝑎𝑛𝑘

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑡 𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

An additional descriptor is the half-maximal effective concentration (𝐸𝐶50) which 

is a parameter obtained directly from the sensor response curve and represents the 

analyte concentration that produces 50% of the maximum measurable signal. In 

systems operating under equilibrium conditions and linear conditions, 𝐸𝐶50 

typically approximates the apparent dissociation constant (𝐾𝐷), which represents 

the equilibrium concentration of analyte at which half of the available binding sites 

are occupied, thus providing a thermodynamic descriptor of the binding affinity. 

The 𝐾𝐷  is often used together with its reciprocal, referred to as the apparent affinity 

constant (𝐾𝑎𝑓𝑓): 

Kaff =
1

KD
 

Although the terms “affinity and dissociation constant” are commonly employed in 

the biosensing literature, they should be regarded as a quantitative indicator of 

binding strength rather than a true thermodynamic constant in the strict 

sense [23, 24]. 

Selectivity reflects the sensor’s capability to discriminate the target analyte in the 

presence of potential interferents and can be further quantified in terms of cross-

reactivity toward structurally similar compounds. Response Time indicates the 

duration required for the sensor to reach a stable signal upon analyte exposure. 

Reproducibility and Repeatability assess the consistency of the sensor’s response, 
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either across multiple devices, operators, or days, or under identical conditions. 

Finally, stability and lifetime describe the sensor’s ability to maintain performance 

over time and usage. These parameters are often limited by receptor degradation, 

surface fouling, or drift in the transduction system [20]. 
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Chapter II – Molecularly imprinted polymers 

 

Historical Background 

The concept of molecular imprinting can be traced back to the 1930s, when 

synthetic strategies for polymer production were first explored by the chemist 

Polyakov [1]. He reported unusual adsorption properties in silica particles prepared 

using a novel synthesis procedure, resulting in a “memory effect” that enhanced the 

material’s uptake capacity for specific molecules. A decade later, in 1940, Pauling 

hypothesized that a process similar to molecular imprinting could account for the 

selectivity of antibodies toward their respective antigens [2]. This idea was 

supported by experiments conducted by his student Dickey, who demonstrated 

selective adsorption of dyes in silica matrices. The modern development of MIPs, 

however, is attributed to Wulff in the 1970s [4, 5]. Wulff introduced the concept of 

using covalent bonding interactions between functional monomers and a template 

molecule during polymerization, specifically employing vinyl polymers.  This 

covalent approach is effective only if the bond is reversible, allowing the easy 

extraction of the template. A decade later, in 1981, Mosbach proposed a non-

covalent imprinting approach in which the polymerization process relies on weak 

interactions between selected monomers and the template [5, 6]. The non-covalent 

approach proved more versatile than the covalent strategy, as the template-

monomer complex can form rapidly and be easily disrupted. The non-covalent 

approach facilitated practical applications of MIPs, enabling template removal after 

polymerization and the creation of imprinting cavities for molecules of different 

sizes and types, including ions [7], macromolecules [8], viruses [9], and even 

microorganisms and cells [10]. Subsequently, the semi-covalent approach was 

introduced by Sellergren and Andersson [11], and Whitcombe [12]. In this strategy, 

the template is covalently bound to a functional monomer during polymerization, 

as in the covalent approach, but rebinding of the template relies exclusively on non-

covalent interactions, combining the advantages of both methods. 
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Since these pioneering studies, molecular imprinting has rapidly evolved (Figure 

2.1), driven by the continuous development of new monomers, cross-linkers, 

polymerization techniques, and combinatorial strategies that have greatly enhanced 

the versatility and performance of MIPs, establishing them as a key technology in 

analytical chemistry and materials science. 

 

Figure 2.1 Trend of the publication regarding MIPs, between 1989 and 2024. Via 

Scoups. 

Fundamentals of MIPs, mechanisms and building blocks 

Molecularly imprinted polymers, usually referred to also as artificial antibodies, are 

defined as synthetic polymeric materials designed to replicate the molecular 

recognition capabilities of biological receptors, such as antibodies and enzymes. 

While biological receptors display remarkable selectivity owing to their specific 

affinity for target molecules, they often suffer from several drawbacks, including 

sensitivity to environmental conditions, requirements of precise storage and 

handling, batch-to-batch variability and expensive and labour-intensive production. 

In contrast, MIPs offer several advantages as they combine high molecular 

selectivity, arising from a lock-and-key-like recognition mechanism, with 

exceptional robustness and versatility. They possess mechanical and thermal 

stability and are resistant to pH extremes, can be stored for extended periods without 
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degradation, and can even be tailored to recognize molecules for which no natural 

receptor exists (Table 2.1) [13]. 

Table 2.1 Comparison between MIPs and biological receptors. 

Feature MIPs Biological Receptors  

Nature Synthetic polymeric materials 
Molecules of biological 

origin  

Target range 
Theoretically prepared for any 

template molecule 

Limited to biologically 

compatible or immunogenic 

targets 

Selectivity 
High, depending on imprinting 

quality 
Intrinsically high 

Stability 

Highly robust and stable in multiple 

conditions (high/low pHs, pressure, 

and temperature) 

Limited stability and 

susceptibility to 

environmental changes 

Production Simple, fast and inexpensive 
Complex, time-consuming 

and expensive 

Storage 

conditions 
Long-term storage 

Require controlled 

conditions  

 

The high specificity and selective recognition ability of MIPs originate from their 

synthetic process, which involves the co-polymerization of functional monomers 

and cross-linkers in the presence of the target molecule, known as the template. 

During this process, a three-dimensional polymeric network is formed around the 

template, creating binding sites that are complementary in size, shape, and chemical 

functionality to the target of interest (Figure 2.2). Particularly, in the first step, the 

template molecule interacts with selected functional monomers to form a pre-

polymerization complex in solution. Depending on the chemical functionalities of 

the monomers, these interactions may rely on covalent or, more commonly, non-

covalent forces such as hydrogen bonding, electrostatic attractions, π-π stacking, 

hydrophobic effects or van der Waals interactions. Then, the pre-assembled 

complexes are co-polymerized with the addition of a cross-linker, which confers 

three-dimensional rigidity to the polymer matrix and, as polymerization progresses, 

the template remains entrapped within the formed material. The final stage consists 

of template removal which leaves binding cavities stereochemical complementary 
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to the original template, which constitute the “molecular memory” of the polymer 

and enable MIPs to selectively rebind the target molecule [14]. 

 

Figure 2.2 Synthetic process of MIPs fabrication. 

The choice of ingredients in MIP design is crucial, as each component directly 

affects the polymer’s performance. Central to MIP synthesis is the choice of the 

template molecule, which, to be ideal, should meet several criteria: it must be 

soluble under the imprinting conditions, chemically stable throughout the 

polymerization process, inert so as not to interfere with the reaction and, most 

importantly, should possess functional groups capable of forming reversible or 

irreversible interactions with the chosen functional monomers [15, 16]. The size 

and structural characteristics of the template also influence the selection of the 

imprinting strategy. For small organic molecules, such as pharmaceuticals, 

pesticides, amino acids, peptides, nucleotide bases, steroids, and sugars, imprinting 

is well established and generally straightforward. In contrast, imprinting larger 

biomacromolecules poses significant challenges [17]. Proteins, for instance, 

possess complex tertiary and quaternary structures that make it difficult to form 

well-defined binding cavities due to their large size and structural heterogeneity. 

Moreover, they may undergo conformational changes or denaturation during the 

imprinting process. To overcome these limitations, the epitope imprinting approach 

can be employed, in which a short and stable peptide fragment of a protein is used 

as the template instead of the entire biomolecule. This method is particularly 

valuable not only for proteins themselves but also for complex targets such as 

viruses, bacteria, and cells, which often expose characteristic proteins on their 

surfaces [18, 19]. 
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Functional monomers represent another crucial component in MIP synthesis, as 

they interact with the template molecule to form a pre-polymerization complex that 

serves as a structural guide for the cavities responsible for target recognition. The 

selection of appropriate functional monomers requires a thorough assessment of 

their chemical functionalities to guarantee compatibility with the template. In 

certain cases, the use of multiple monomers can improve the complementarity with 

the template molecule, although this strategy introduces additional complexity and 

necessitates fine optimization of the formulation and polymerization 

conditions [20, 21]. Moreover, another key factor in MIP synthesis is the template-

to-monomer ratio: a low ratio may lead to insufficient binding site formation due to 

dominant monomer-monomer interactions, whereas a high ratio can produce 

heterogeneous cavities and increase non-specific binding [15, 22]. 

Computational modelling can assist in predicting and optimizing the interactions 

between the template and potential functional monomers, allowing the 

identification of the most stable complexes prior to synthesis, for example by 

calculating their Gibbs free energy (ΔG) [23, 24]. 

The cross-linker is a crucial, yet sometimes underestimated, component in MIP 

synthesis, as it provides structural rigidity to the polymer matrix even after template 

removal, thereby preserving the shape and functionality of the imprinted 

cavities [15, 16]. The type and amount of cross-linker directly influence the 

polymer’s rigidity, porosity, and accessibility of the cavities. A higher cross-linking 

density generally results in a more rigid and stable polymer capable of retaining 

well-defined cavities, even under harsh conditions, while excessive rigidity can 

sometimes limit the accessibility of the binding sites to the target molecule. 

Conversely, a lower degree of cross-linking increases flexibility and may enhance 

binding site accessibility but at the cost of reduced mechanical stability and 

potential loss of functional monomers [25, 26]. 

The choice of solvent, or porogen, is another critical factor in MIP synthesis, as it 

not only dissolves the template, functional monomers and cross-linkers but also 

strongly influences the stability of the pre-polymerization complex. In cases where 

the template and monomers interact primarily through hydrophobic interactions, 

water is often preferred as the solvent, whereas polar solvents can assist in the 
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imprinting of hydrophilic or weakly polar templates [15, 16]. Moreover, the solvent 

plays a key role in defining the porosity and format of the resulting MIP as it can 

promote the formation of a porous network, which facilitates rapid mass transfer of 

the target molecule to and from the binding cavities, thereby enhancing binding 

kinetics and overall MIP performance [27]. In summary, the design of a MIP 

requires the careful selection and balance of all components: template, functional 

monomer(s), crosslinker(s), and solvent, to achieve a polymer network capable of 

selective, high-affinity recognition of the target molecule. 

Polymerisation Methods in Molecular Imprinting and MIP 

Formats 

The polymerization method dictates how these building blocks, template, functional 

monomer and cross-linker are assembled into a stable three-dimensional network, 

thereby influencing not only the efficiency of imprinting but also the morphology 

and final performance of the material. It should be noted that there is no universally 

accepted classification of polymerization methods, as different authors categorize 

them according to distinct criteria such as the underlying chemical mechanism, the 

polymerization medium or the morphology of the final material. 

For clarity, in this paragraph polymerization approaches are discussed from two 

complementary perspectives: the chemical mechanism by which the polymer 

network is formed and the physical format of the resulting polymer. 

From a chemical perspective, MIP synthesis can be achieved through different 

polymerization mechanisms, each offering specific advantages and limitations in 

terms of control over network structure, reproducibility and applicability to diverse 

templates. The most widely employed approaches include free-radical 

polymerization, controlled/living radical polymerization, sol-gel processes, and 

electropolymerization. 

Free-radical polymerization (FRP) represents the most widely employed approach 

for the synthesis of MIPs, owing to its operational simplicity, broad applicability 

and compatibility with a large variety of functional and cross-linking monomers. 

FRP develops through four fundamental stages: initiation, propagation, chain 

transfer, and termination (Figure 2.3). In the initiation step, reactive radicals are 
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generated by the thermal, photochemical or chemical decomposition of an initiator. 

These radicals react with the monomers, leading to the formation of the first active 

radical species. During propagation, successive additions of monomer units to the 

growing radical extend the polymer chain while maintaining the radical character 

at its reactive end. Finally, termination occurs when two free radicals combine or 

one is quenched, thus halting the growth of the polymer chain. 

 

Figure 2.3 Mechanism of free radical polymerization: (1) initiation, (2) 

propagation, (3) chain transfer, (4) termination via (a) disproportionation and (b) 

combination. Picture reproduced from [28]. 

FRP can be carried out using different polymerization formats (Figure 2.4):  

• Bulk polymerization is based on the combination of the template, functional 

monomer, cross-linker, initiator, and porogen in a single reaction mixture, 

leading to the formation of a highly cross-linked monolithic polymer. Once 

polymerization is complete, the bulk material must be mechanically ground to 

obtain particulates of usable size. This post-processing step often produces 

particles with irregular shapes and broad size distribution (between 20 µm and 

50 µm) and can partially damage the imprinted binding sites, leading to 

heterogeneous recognition properties [29, 30]. 
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• Precipitation polymerization is performed in a large excess of solvent, which 

serves as a dispersion medium. The polymer chains formed during the early 

stages of the reaction remain soluble until they reach a critical molecular weight, 

beyond which they precipitate out of solution, giving rise to spherical polymer 

particles. This approach produces relatively uniform microspheres or 

nanospheres without the need for mechanical grinding, resulting in more 

homogeneous binding sites and improved reproducibility [31]. 

• Suspension polymerization involves dispersing the polymerizable phase into a 

non-solvent continuous medium, where polymerization occurs within the 

suspended droplets. This technique enables control over particle size, typically 

yielding microsized particles with relatively uniform morphology. However, the 

presence of a continuous phase often necessitates the use of stabilizers or 

surfactants to prevent droplet coalescence, which can potentially interfere with 

the imprinting efficiency [32, 33]. 

• Emulsion polymerization is based on the use of surfactants, which create stable 

emulsion of monomer in an aqueous continuous phase. Polymerization occurs 

within these emulsions, producing highly uniform and monodisperse particles, 

usually ranging from 50 to 500 nm [34, 35]. 

 

Figure 2.4 Different polymerization techniques used for MIP preparation. Picture 

reproduced from [36]. 

While FRP remains the most common approach, alternative strategies have been 

developed. Among these are controlled or living radical polymerization techniques 

(CRP), including ATRP (atom transfer radical polymerization), RAFT (reversible 

addition-fragmentation chain transfer), and NMP (nitroxide-mediated 

polymerization), which allow precise control over polymer chain growth [37-40]. 
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Although CRP techniques provide enhanced control over chain growth and 

termination processes, they often require specialized initiators, chain transfer 

agents, or catalytic systems, which makes the synthetic procedure more complex 

and sometimes less compatible with certain templates or functional 

monomers [41, 42]. 

In addition to organic polymer networks, sol-gel polymerization offers a 

complementary approach for preparing inorganic MIPs [43-45]. In this approach, 

metal oxide precursors undergo hydrolysis and condensation in acidic or basic 

conditions, leading to the formation of a three-dimensional, highly stable inorganic-

based polymers. Sol-gel polymerization allows the preparation of materials with 

high thermal and mechanical stability due to the presence of metal oxides. This 

method does not typically require initiators or surfactants, which simplifies the 

procedure and reduces overall costs [46]. Despite these advantages, sol-gel 

polymerization generally proceeds more slowly than free-radical polymerization, 

and the resulting materials may exhibit lower sensitivity and slower response times 

[47]. 

Another method is electropolymerization, which involves the oxidative or reductive 

polymerization of monomers directly onto a conductive surface, resulting in a thin 

MIP film (Figure 2.5). The main advantages of this approach include rapid 

formation, strong adhesion to the electrode and the possibility of spatially 

controlled deposition. Furthermore, the polymer thickness and morphology can be 

finely tuned by adjusting parameters such as the applied potential and deposition 

time. However, the technique also presents certain limitations, as it requires the use 

of electroactive monomers and the template must remain electrochemically inert 

within the applied potential range to prevent degradation or interference during the 

imprinting process. Moreover, electropolymerization is generally restricted to 

conductive or semiconductive substrates, limiting its applicability to specific 

platforms [48-51]. 
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Figure 2.5 General procedure for molecular imprinting with an electroactive 

functional monomer and typical signal transduction methods employed in 

detection. Picture reproduced from [51]. 

In addition to the classical polymerization methods, several operational strategies 

have been developed to further enhance control over MIP morphology, binding site 

accessibility and reproducibility. Among these, core-shell imprinting represents an 

alternative strategy to electropolymerization for producing MIP layers (Figure 2.6), 

in which the polymer is formed on the surface of preformed core particles such as 

silica, polymers, or materials with specific properties like conductive metals (e.g., 

Au, Ag, Pd), magnetic substrates, or semiconductors [52, 53]. The core provides 

structural support, while the MIP shell contains the molecular recognition sites, 

which are readily accessible, thereby reducing mass transfer limitations and 

enhancing binding kinetics [54]. 
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Figure 2.6 General steps for the preparation of core-shell MMIPs for 

biomacromolecules. Picture reproduced from [55]. 

High-dilution polymerization represents an effective strategy aimed at minimizing 

uncontrolled aggregation phenomena during MIP formation. By operating at highly 

diluted monomer and template concentrations, polymer chain growth is limited, 

thereby preventing premature precipitation and promoting the formation of material 

even at the nanometric scale [56, 57]. 

Finally, solid-phase synthesis (Figure 2.7) represents an advanced approach 

designed to enhance the homogeneity of MIPs in terms of binding affinity, while 

simultaneously addressing the problem of leakage of template molecules. The 

distinguishing feature of this approach lies in the immobilization of the template on 

a solid support, typically silica, glass or magnetic beads or other functionalized 

particles [58, 59]. This configuration ensures that the template remains confined to 

a distinct phase during polymerization, which not only facilitates the imprinting 

process but also enables affinity-based separation of the resulting polymer particles 

according to their binding quality. On the other hand, the main limitations of this 

technique are its relatively low yield and its limited effectiveness for templates with 

large or complex structures [60]. 
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Figure 2.7 Solid-phase synthesis and separation of nanoMIPs by 

photopolymerization, using melamine as a model template. Picture reproduced 

from [58]. 

The type of polymerization mechanism and the experimental conditions employed 

in MIP synthesis not only determine the chemical nature of the resulting MIP but 

also strongly influence its physical format and morphology (Table 2.2). Indeed, the 

polymerization method largely dictates whether the final material will take the form 

of a bulk monolith, a thin film or discrete micro- or nanoparticles. 

These formats can also be viewed in terms of their structural scale, which provides 

a more functional classification of MIPs as macrostructured, microstructured, or 

nanostructured materials. The earliest MIPs were typically prepared as 

macrostructured materials, obtained through bulk polymerization and subsequent 

mechanical grinding of the monolith to produce usable particles. As described 

before, although these systems provided the proof-of-concept for molecular 

recognition in synthetic polymers, their heterogeneous binding site distribution, 

limited diffusion, and poor reproducibility soon revealed significant practical 

limitations [29, 61]. 

In response to these challenges, the field progressively evolved toward smaller-

scale formats, leading first to the development of micro- and subsequently to 

nanostructured MIPs. This transition represented a major advance in molecular 

imprinting, allowing improved control over polymer architecture and enabling 

formats better suited to modern analytical and sensing applications [62]. 
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Table 2.2 Relationship between polymerization method and MIP format. 

Polymerization 

method 

Typical MIP 

format 
Pros Cons 

Bulk (FRP) 

Macroporous 

monoliths 

(macrostructured 

MIPs) 

Simple and 

versatile 

Grinding damages 

binding sites and 

yields heterogeneous 

particle sizes 

Precipitation / 

Suspension / 

Emulsion 

polymerization (FRP) 

Micro or 

nanoparticles 

Uniform particles 

and high yield 

Long time required, 

need of a high 

amount of template 

and solvent; 

Required 

purification and use 

of a stabilizer 

Controlled / Living 

radical 

polymerization (CRP) 

Micro or 

nanoparticles 

Control of 

molecular weight 

distribution and 

stereochemistry 

Lack of control of 

the nanoparticles 

size; limited range 

of suitable 

monomers; requires 

specific catalysts or 

initiators and more 

complex reaction 

setups 

Sol-gel 

polymerization 

Inorganic micro 

or nanoparticles 

High 

thermal/mechanical 

stability 

slower process, 

sometimes limited 

sensitivity and 

response time 

Electropolymerization 

Thin films or 

nanolayers on 

conductive 

surfaces 

Control on MIPs 

size; excellent 

adhesion and fast 

response 

limited to 

conductive 

substrates and 

electropolymerizable 

monomers 

Core-shell imprinting 

Surface-

imprinted 

nanostructures 

Control on MIPs 

size; excellent 

adhesion and fast 

response 

synthesis can be 

complex; Not 

effective for big and 

complex templates 

High-dilution 

polymerization 
nanoparticles 

Produces uniform 

nanoparticles with 

minimal 

aggregation; 

High amount of 

solvent 

Solid-phase synthesis nanoparticles 

Very high affinity; 

homogeneous 

distribution of the 

recognition sites; 

recycle of the 

template 

low yield and 

limited to small or 

medium-sized 

templates 
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In particular, at the nanoscale range, the increased surface-to-volume ratio enhances 

the exposure and accessibility of imprinted cavities, thereby promoting more 

efficient analyte diffusion throughout the polymer matrix. Consequently, the shorter 

diffusion paths typical of nanometric architectures enable rapid association and 

dissociation of target molecules, yielding faster equilibration and reduced response 

times compared to bulk or microstructured systems. From an application 

standpoint, nanoMIPs can be easily handled and immobilized onto different 

substrates, which facilitates their integration into diverse analytical and sensing 

platforms. Their nanometric dimensions allow direct and efficient coupling with 

optical, plasmonic, and electrochemical transducers, enabling the development of 

highly sensitive and compact sensing devices [63]. Within the broad category of 

nanostructured MIPs, two main morphological formats can be distinguished: 

nanoparticles and nanolayers or nanofilms. 

MIP nanoparticles (nanoMIPs) are defined as discrete, spherical particles generally 

spanning diameters from 10 to 500 nm, depending on the polymerization conditions 

and formulation parameters [63, 64]. NanoMIPs can be synthesized through a 

variety of routes, most commonly using a chemical or photochemical 

polymerization process. In chemical polymerization, radical initiation is typically 

triggered by redox pairs such as ammonium persulfate (APS) and N,N,N',N'-

tetramethylethylenediamine (TEMED), or by thermal initiators like 

azobisisobutyronitrile (AIBN), enabling the controlled formation of polymeric 

networks under mild conditions. Photopolymerization, by contrast, employs 

photosensitive initiators such as lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP), which generate radicals upon light exposure [65, 66]. Commonly employed 

functional monomers include acrylamide derivatives, such as acrylamide (AAm), 

tert-Butylacrylamide (TBAAm), N-isopropylacrylamide (NIPAAm), N, N-

methylenebisacrylamide (MBAAm) and N-hydroxymethylacrylamide (NHMAm), 

which provide amide functionalities capable of forming hydrogen bonds with a 

wide range of templates [67, 68]. Other widely used monomers for nanoMIPs 

synthesis include methacrylic acid (MAA) and its esters, such as methyl 

methacrylate, which are used due to their carboxylic and ester functionalities, which 

enable hydrogen bonding and ionic interactions with basic or polar templates. 
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Similarly, acrylic acid (AA) and its derivatives, including trans-3-(3-pyridyl)-

acrylic acid, introduce carboxylic and aromatic moieties that facilitate both 

hydrogen-bonding and π–π interactions, thus enhancing affinity toward aromatic or 

heteroaromatic targets. Styrene and vinylpyridine- or vinylimidazole-based 

monomers, such as 4-vinylpyridine (4-VP), 2-vinylpyridine (2-VP) and 1-

vinylimidazole, provide aromatic and basic functionalities that promote π–π 

stacking and electrostatic interactions with acidic or polar analytes [16]. In addition 

to conventional synthetic monomers recent research has focused on the use of 

biopolymers and other sustainable monomers as building blocks for MIPs. These 

materials provide several advantages, including biocompatibility, biodegradability, 

and reduced environmental impact, which are particularly relevant for biomedical 

applications and green chemistry practices [69]. Representative bio- and green-

monomers include sugar-based polymers such as cellulose derivatives, chitosan, 

and alginates; protein-derived polymers including gelatin, silk fibroin, keratins, and 

zeins; as well as nucleic acids, polyphenols, and tannic acid. Vegetable oil-derived 

monomers have also recently attracted attention, contributing to the development  

of next-generation, biocompatible, and environmentally sustainable MIPs that align 

with the principles of circular economy and green material design [70, 71]. 

Nanolayers are surface-confined imprinted coatings, typically ranging from 0.5 to 

30 nm in thickness, grown directly onto solid supports such as grown directly onto 

conductive or optically active substrates such as gold, platinum, or silver electrodes, 

glassy carbon, gold nanoparticles, and optical fibers. Because the recognition sites 

are concentrated at the interface, thin films enable rapid diffusion of ions and small 

molecules across the matrix, resulting in fast and sensitive responses. An additional 

advantage of this approach is the minimal amount of template required for film 

preparation, combined with relatively simple washing procedures to remove it. In 

recent years, several authors have reported the in situ polymerization of imprinted 

thin films by a variety of techniques, including spin-coating, layer-by-layer 

deposition, surface grafting and, most extensively 

electropolymerization [50, 72, 73]. 

Among electropolymerizable monomers, polypyrrole (PPy) is among the most 

widely employed materials in electrochemical imprinting, due to its excellent 
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conductivity, stability, and ease of electrosynthesis. o-Phenylenediamine (1,2-

benzenediamine) is another well-established monomer, forming thin, compact, and 

pinhole-free MIP films with good permselectivity. 

Phenol and its derivatives, as well as aniline, have also been extensively used for in 

situ electrooxidative polymerization, yielding conductive matrices. More recently, 

thiophene (Th) derivatives, in particular poly(3,4-ethylenedioxythiophene) 

(PEDOT), have been explored as functional monomers for MIP electrosynthesis, 

combining high conductivity with chemical robustness. Other notable examples 

include poly(3-aminophenylboronic acid), which provides reversible complexation 

via electrostatic and covalent interactions of its B(OH)2 groups, and 

poly(mercaptobenzimidazole) (PMBI), whose sulfur and nitrogen heteroatoms 

contribute to selective binding and enhanced electron transfer. Scopoletin and 

dopamine have likewise gained attention as electropolymerizable monomers for the 

preparation of nanometric MIP films, the latter giving rise to biocompatible layers, 

highly attractive for biosensing interfaces [50, 74]. 

MIPs applications 

The intrinsic versatility of MIPs, in terms of both the wide variety of target 

molecules they can recognize and the diversity of synthesis strategies and polymer 

formats available, translates into their applicability across multiple fields  [75]. 

Besides the sensor applications that will be discussed in Chapter III, other key areas 

of application for MIPs include analytical separation, sample preparation, catalysis, 

and drug delivery. 

Among the earliest and most consolidated application areas of MIPs is analytical 

separation. In this context, MIPs have been successfully integrated both as 

stationary phases in chromatographic techniques (e.g., HPLC, TLC, LEC, SFC, 

frontal chromatography), where they enable the selective separation of 

analytes [76], and as selective sorbents in solid-phase extraction [77]. In the latter 

case, molecularly imprinted solid-phase extraction allows for the enrichment, 

cleanup, and preconcentration of analytes, including drugs, metabolites, amino 

acids, peptides, nucleic acids, proteins, hormones and carbohydrates [78-80]. 



40 
 

MIPs have proven potential as catalytic materials, acting as enzyme-mimetic 

catalysts. MIPs can be designed to facilitate a variety of chemical reactions, from 

stereoselective transformations to acid-base catalysis and metal-complex-mediated 

processes. In some cases, the imprinted binding sites themselves possess catalytic 

activity, stabilizing transition states or mimicking enzyme active sites. In other 

cases, the sites mainly serve to concentrate reactants on the polymer surface or 

regulate access to an embedded catalytic core. Additionally, certain MIPs can 

enhance reaction efficiency by selectively binding reaction products, shifting the 

equilibrium in favour of the desired outcome [81, 82]. 

Molecularly imprinted polymers are also being explored as carriers for drug 

delivery, where they offer the possibility of controlled and targeted release of 

therapeutic agents [83]. This represents an emerging and highly promising 

application of MIPs in the pharmaceutical field. In particular, MIP nanoparticles 

have attracted attention due to their ability to release drugs in response to specific 

environmental stimuli, such as changes in pH or temperature, or to selectively 

deliver drugs at the desired site of action [84]. Their spherical geometry further 

improves performance by avoiding the anisotropic swelling typically observed in 

other polymer formats, thereby ensuring a more uniform and predictable release 

profile. In parallel, molecular imprinting has also been applied to hydrogel-based 

systems, such as soft contact lenses [85]. In this case, swelling and shrinking are 

not a limitation but rather a functional property, which can be deliberately 

engineered to respond to external triggers, including pressure, temperature, or 

concentration gradients, thus enabling advanced controlled-release strategies. 
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Chapter III – MIP-based sensors 

 

MIPs have emerged as one of the most versatile and promising classes of synthetic 

recognition materials for sensor development. The concept of molecular imprinting 

originated in the early 1970s, but the application of MIP materials to sensing started 

only two decades later, with the first examples of MIP-based sensors in the early 

90s [1]. In 1994, Piletsky et al. reported one of the earliest examples of an 

electrochemical MIP sensor, proving the demonstration that a highly substrate-

selective MIP polymeric membrane could act as a synthetic receptor capable of 

detecting low-molecular weight organic substrates, including AMP, L-

Phenylalanine, atrazine and cholesterol. From that point onward, the use of MIPs 

as synthetic receptors in sensing has expanded exponentially, driven by their ability 

to emulate biological recognition processes. Building on their chemical robustness, 

operational stability, and cost-effective synthesis, MIPs have provided a solid 

foundation for the design of sensors applied to medical diagnostics, environmental 

monitoring, food safety and quality control and pharmaceutical analysis, as reported 

in several comprehensive reviews on the topic [2-5]. 

As shown in Chapter I, the analytical performance of a sensor heavily depends on 

the design of the recognition element and on its integration with the transducer. 

High-performing sensors should ensure fast diffusion of the target analyte to the 

receptor, so to attain rapid response times, while the presence of homogeneous and 

oriented binding sites allows efficient and directional interactions with the target, 

dictated by the kinetic rate-on constant (kon) of the interaction, thus generating sharp 

and reproducible recognition profiles. Additionally, requirements of selectivity and 

of low levels of non-specific interactions lead to improved target detection and to 

minimized non-specific binding. Finally, enhancement of the overall sensor 

sensitivity can be pursued through the use of responsive recognition materials, 

capable of amplifying the transduction signal. 

MIPs in principle possess all the mentioned characteristics, making them ideal 

recognition elements for sensing. As follows, each point will be discussed 

individually. 
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Concerning the fast response, one of the most significant advances in MIP’s design 

has been the miniaturization into nanostructured architectures, encompassing 

formats such as nanoparticles and nanolayers. As outlined in Chapter II, reducing 

the imprinted architecture to the nanoscale fundamentally improved analyte 

accessibility and binding kinetics. Thin MIP nano-materials with thickness of few 

nanometers up to nanoparticles of few tens of nm are expected to have the 

recognition sites located predominantly on or near the surface, ensuring rapid mass 

transport and efficient interaction with target molecules, with sensor’s response 

times on the timescale of up to few minutes [6-8]. From a technological standpoint, 

the nanoscale format offers additional advantages for sensor integration. 

Nanostructured MIPs can be immobilized onto a wide range of transducers, 

including metallic and semiconductor surfaces, optical fibers, and carbon-based 

electrodes, through simple physical adsorption, covalent coupling, or 

electropolymerization, ensuring excellent compatibility with a variety of sensing 

platforms [9-11]. 

While nanoscale miniaturization significantly improves analyte diffusion, hence 

response dynamics, achieving a sharp and reproducible signal also requires precise 

control over the quality of the recognition sites. In this regard, a number of strategies 

are available to produce MIPs with homogeneous binding sites, meeting the needs 

of sensor technology. 

Usually, most of the MIP synthesis procedures (Chapter II) have the drawback to 

form binding cavities with intrinsic heterogeneity. This heterogeneity arises from 

several factors, including random template orientation within the pre-

polymerization mixture, non-uniform distribution or excess of functional groups, 

and differences in site accessibility within the polymeric network. As a result, not 

all imprinted sites exhibit identical affinity or spatial arrangement toward the target, 

leading to variations in binding strength and selectivity, and ultimately negatively 

affecting the reproducibility of the sensor response [12]. In contrast, controlled and 

surface-confined polymerization techniques have been introduced to achieve higher 

homogeneity and accessibility of the imprinted sites. In particular, the 

electropolymerization of thin MIP films has enabled a precise control over the film 

thickness (5-20 nm) and the density of the binding sites simply by tuning the 
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number of polymerization cycles. The resulting films display a more uniform 

distribution of recognition cavities, improved mass transport, and enhanced 

reproducibility in sensing measurements [13-17]. Furthermore, within 

electropolymerized nanolayers, oriented imprinting, where the spatial arrangement 

of the template is pre-defined before polymerization, has emerged as an effective 

strategy to further enhance the uniformity of the binding sites. 

In practice, oriented imprinting is typically achieved by modifying the surface or 

support used for polymerization with functional groups capable of selectively 

interacting with the target analyte. This functionalization allows the template to be 

anchored in a spatially defined orientation prior to polymerization, and its 

subsequent removal leaves directionally organized cavities that reproduce the 

geometry and chemical functionalities of the target molecule. 

One of the most established examples is boronate-affinity-oriented imprinting, in 

which boronic acids form reversible covalent bonds with cis-diol-containing 

compounds such as sugars, glycoproteins, and glycopeptides under alkaline 

conditions, while the complexes dissociate under acidic environments [18-24]. 

Other chemistries have been explored to achieve similar control over template 

orientation, such as borazine (B3N3)-assisted oriented imprinting [25], the use of 

cyclodextrin-based anchoring systems [26] or orientation strategies which exploit 

specific protein-ligand interactions to guide template immobilization [27]. 

Although surface functionalization strategies have greatly improved control over 

template orientation, the degree of spatial organization achievable remains 

inherently limited, especially in the case of large biomolecules used as templates. 

This limitation arises because, during polymerization, large and flexible 

biomolecules can still interact with multiple sites on the surface or with surrounding 

monomers, resulting in multipoint binding and only partial control of the imprinting 

geometry. 

Alternative approaches employ template engineering as the strategy to achieve 

improved orientation control. in the case, the orientational control is introduced 

directly through chemical functionalization of the template, allowing its selective 

immobilization or interaction with the surrounding monomers during 

polymerization. This concept significantly reduces the need for pre-functionalized 
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surfaces, as the template itself carries the anchoring functionalities required for 

selective immobilization [28-30]. Among the various template engineering 

strategies, one of the most widely used involves the incorporation of specific amino 

acid residues, such as cysteine or histidine, into the epitope sequence [31-36]. 

A representative example of this strategy was reported by Drzazgowska et al., who 

proposed a refined orientation method based on a doubly cysteine-modified peptide 

used to form a self-assembled monolayer (SAM) bridge on a gold electrode prior 

to polymerization. In this configuration, both the N- and C-terminal cysteine 

residues were covalently anchored to the gold surface, creating a bridge-like 

template on which the MIP layer was subsequently deposited via 

electropolymerization. The resulting thin and uniformly oriented polymer film 

exhibited improved recognition site homogeneity and significantly enhanced 

analytical performance, enabling detection of analyte concentrations up to twelve 

times lower than the clinical threshold, with a dissociation constant below to 65 pM 

and minimal cross-reactivity toward four nonspecific molecules [37]. 

In summary, strategies such as surface-confined polymerization and oriented 

imprinting have significantly improved the structural definition and reproducibility 

of binding sites, leading to more consistent molecular recognition and sensor 

performance. However, these approaches remain largely confined to 

electropolymerized thin films, limiting their applicability to other sensing 

configurations. In this context, it becomes particularly relevant to assess whether 

pre-synthesized MIP nanoparticles, widely available, easily tailored to specific 

templates, and characterized by excellent site accessibility, can achieve a 

comparable level of binding-site homogeneity and, consequently, deliver equivalent 

or even superior sensing performance compared to conventionally 

electropolymerized layers [38]. 

Beyond improving analyte diffusion and optimizing the homogeneity and 

orientation of binding sites, the third key aspect in sensing is the amplification of 

the signal, thus enabling the detection of analytes at ultralow concentrations. In 

advanced sensing technologies such as organic electrochemical transistors (OECTs) 

and electrolyte-gated field-effect transistors (EG-FETs), the sensing interface itself, 

by converting ion changes into large current changes due to ionic modulation of the 
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whole semiconducting bulk, contributes to signal amplification, allowing ultra-

sensitive or even single-molecule detection [39, 40]. Similarly, in MIP-based 

sensors, this goal can be pursued by designing receptors that not only recognize the 

target but also actively modulate the transduction response. 

A particularly effective approach in this direction is represented by the development 

of hydrogel- and nanogel-based MIPs, characterized by flexible and soft three-

dimensional polymer networks that can reversibly change their volume through 

swelling or shrinking in response to specific stimuli, thereby acting as intrinsic 

amplification mechanisms [41-44]. 

Within this class of materials, analyte-responsive MIP nanogels constitute a 

particularly interesting subgroup, in which the specific binding of the analyte to the 

imprinted sites induces local conformational rearrangements or volumetric 

variations in the polymer matrix, effectively translating the molecular recognition 

event into a measurable physical signal [45-47, 8]. 

A representative example is the deformable nanoMIP system reported by Cennamo 

et al., in which soft molecularly imprinted nanogels, selective for human transferrin 

(HTR), were synthesized and integrated into a surface plasmon resonance (SPR) 

sensor based on a plastic optical fiber (POF). Upon analyte binding, conformational 

rearrangements within the nanogel network produced significant optical shifts in 

the plasmonic spectrum, clearly demonstrating that the structural flexibility of the 

MIPs directly contributed to the signal transduction process and acted as an intrinsic 

amplifier of the plasmonic response [8]. 

Beyond analyte-induced deformation, further amplification and control of the 

sensing response can be achieved through stimuli-responsive MIPs, whose 

structural or chemical properties change in response to external triggers such as 

temperature, pH, or light. These materials enable active modulation of the 

transduction signal, either by amplifying the measurable response or by facilitating 

sensor regeneration and reusability [48-51]. 

Thermo-responsive MIPs constitute a class of materials capable of reversible 

structural transitions upon temperature variation, typically achieved by 

incorporating temperature-sensitive monomers such as N-isopropylacrylamide 

(NIPAAm) within the imprinted matrix [52, 53]. These monomers endow the 
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polymer with a well-defined lower critical solution temperature (LCST), below 

which hydrophilic interactions dominate, maintaining the polymer in a swollen and 

hydrated state, whereas above this temperature hydrophobic interactions prevail, 

causing network collapse and changes in porosity and analyte accessibility [54-62]. 

In a similar manner, pH-responsive MIPs are obtained by integrating ionizable 

monomers whose protonation state varies with pH, altering the internal charge 

distribution and the hydrogen-bonding network of the polymer. These materials can 

reversibly swell or contract depending on environmental acidity, thereby 

modulating analyte diffusion and binding affinity [48, 50]. 

Particularly, in cationic polymers, protonation of basic functionalities at low pH 

generates electrostatic repulsion along the polymer chains, resulting in network 

expansion, while at higher pH values, deprotonation decreases charge density and 

favours polymer-polymer interactions, resulting in contraction.  Conversely, in 

anionic polymers, acidic groups are protonated under acidic conditions, promoting 

hydrophobic interactions and network shrinkage, whereas at higher pH they 

dissociate into carboxylate ions, increasing charge repulsion and inducing 

swelling [63-66]. 

Photo-responsive MIPs, on the other hand, incorporate photoactive moieties 

capable of reversibly modulating the structural and chemical properties upon light 

irradiation [67, 68]. The use of light as a stimulus is particularly advantageous as it 

provides a clean, non-invasive and precisely tunable control over the system, both 

spatially and temporally, without perturbing the surrounding environment [48, 50, 

69]. Among photoactive monomers, azobenzene derivatives are the most widely 

employed due to their well-known reversible trans–cis photoisomerization. 

This light-induced transition can significantly alter the geometry and size of the 

imprinted cavities, alter their polarity and accessibility, or even trigger analyte 

release thus allowing optical control over the recognition and release 

processes [70 -74]. 
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Chapter IV – Methods and Instrumentations 

 

This chapter presents the main experimental methods and instrumental techniques 

employed throughout the research described in this thesis. The selected 

methodologies allowed for a detailed physical and functional characterisation of 

MIP materials and to evaluate the performance of MIP-based sensors. 

Dynamic Light Scattering 

Dynamic light scattering (DLS) is a widely used technique to determine size 

distribution in terms of hydrodynamic diameter for macromolecules or particles 

dispersed in solution [1]. In particular, DLS measures the Brownian motion of the 

particles suspended in a liquid by illuminating them with a monochromatic light 

source, such as a laser, and relates motion to the size by analysing the time-

dependent fluctuations in the scattered light intensity [2]. The principle of Brownian 

motion is that particles in a suspension are constantly colliding with solvent 

molecules and this cause a certain amount of energy to be transferred, which 

induces particle movement. As the particles are constantly in motion, the light 

intensity scattered by the particles is not constant but will fluctuate over time [3]. 

As a result, smaller particles exhibit faster diffusion and thus more rapid intensity 

fluctuations, whereas larger particles diffuse more slowly and generate slower 

variations in the scattered light signal [4].  The scattered light intensity is collected 

at defined angles (commonly 90°, or a backscatter detection system at 173° or at 

158°, depending on instrument configuration), and the resulting intensity data are 

processed by a correlator to obtain the autocorrelation function (Figure 4.1 A). 

The autocorrelation function describes the temporal correlation of the scattered 

light intensity and reflects how long a particle is located at the same spot. Initially, 

the autocorrelation function is linear and almost constant, indicating minimal 

particle displacement. As time progress, the function starts to decay exponentially 

due to particle movement, and the decay rate is directly related to the translational 

diffusion coefficient (D) of the particles (Figure 4.1 B) [5]. 
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Figure 4.1 (A) Representation of dynamic light scattering principle. Picture 

reproduced from [6]. (B) Process from dynamic light scattering measurement to 

obtaining particle size distribution. Picture reproduced from [7]. 

This value is then used to calculate the hydrodynamic diameter using the Stokes-

Einstein equation: 

 
𝑑𝐻 =

𝑘𝑏𝑇

3𝜋𝜂𝐷
 

Eq. 1 

In which 𝑑𝐻 describes the hydrodynamic diameter of the suspended particles, 𝑘𝑏  is 

the Boltzmann constant, 𝑇 is the temperature, 𝜂 is the viscosity of the medium, and 

𝐷 is the translational diffusion coefficient. 

The output of a DLS measurement typically includes two main parameters: the Z-

average diameter and the PolyDispersity Index (PDI). The Z-average is an intensity-

weighted harmonic mean derived from cumulant analysis, providing a robust and 

reproducible measurement that is relatively insensitive to noise. The PDI quantifies 

the breadth of the size distribution and values below 0.2 are indicative of 

homogeneity, while higher values suggest polydispersity or the presence of 

aggregates or no uniform material [8]. Furthermore, the measured hydrodynamic 

diameter is influenced not only by the core size of the particles but also by the 

electrical double layer that surrounds them. In high ionic strength media, this double 

layer is compressed, leading to a smaller measured size, while low ionic strength 

results in a more extended layer and a larger apparent size [9]. 

A B 
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Although the primary size distribution provided by DLS is based on intensity, it can 

be converted to volume- or number-weighted distributions. The volume-weighted 

distribution reflects the relative proportion of particles based on their size or 

volume, while the number-weighted distribution represents the actual count of 

particles in each size class [10]. 
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Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) is a label-free, in-solution technique based on 

the direct measurement of heat released or absorbed during a binding event, 

allowing the determination of the complete thermodynamic profile of molecular 

interactions at constant temperature. A schematic representation of an ITC 

instrument is shown in Figure 4.2. 

 

Figure 4.2 Basic principle of isothermal titration calorimetry. Schematic 

representation of the isothermal titration calorimeter (left) and a characteristic 

titration experiment (upper right) with its evaluation (lower right). Picture 

reproduced from [11]. 

The calorimeter is composed of two cells inside an adiabatic chamber, a reference 

cell and a sample cell, and an injection syringe. Both cells are equipped with a 

feedback heater that maintains a constant temperature, and the two cells are joined 

by a thermocouple device in the middle, which monitors any temperature 

differences between them. The injection syringe has a long needle that is inserted 

into the sample cell, and the syringe is attached to a rotation assembly, which 
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ensures the complete mixing of the solution inside the sample cell by stirring the 

syringe at a constant speed [12]. 

During an ITC experiment, the titrant is injected into the sample cell in small, 

precisely controlled aliquots. If a binding interaction occurs, the temperature of the 

sample cell changes depending on the type of reaction occurring inside. The 

thermocouple device detects the changes in temperature and activates the feedback 

heater to apply a different amount of power to adjust and bring the temperature of 

the sample cell back to the temperature of the reference cell . The power required to 

restore thermal equilibrium, called differential power (DP), is directly proportional 

to the heat associated with the binding event [13]. As a result, when the reaction 

inside the sample cell is endothermic, the feedback heater supplies more current, 

resulting in an increase in DP output. When the reaction inside the sample cell is 

exothermic, the feedback heat supplies less current, resulting in a decrease in DP 

output. When the reaction inside the sample cell reaches equilibrium (or when the 

reaction is complete), then the DP returns to the baseline with the same amount of 

heat applied to the sample cell and the reference cell. 

Each injection produces a thermal pulse, which is recorded and plotted in real-time 

as power versus time, resulting in a series of peaks. The area under each peak is 

integrated to obtain the heat released or absorbed per injection, which is then plotted 

against the molar ratio of titrant to analyte, generating the binding isotherm. From 

this curve, non-linear fitting is performed by a software to extract key parameters: 

the binding stoichiometry (𝑛), the affinity constant (𝐾𝑎𝑓𝑓), from which the more 

commonly used equilibrium dissociation constant (𝐾𝐷) can be derived and the 

thermodynamic parameters of the binding reaction such as the enthalpy change 

∆H°, the entropy change ∆S° and Gibbs free energy ∆G°, calculated as [14]: 

 Δ𝐺° = −𝑅𝑇𝑙𝑛𝐾 = ∆𝐻° − 𝑇∆𝑆° Eq. 2 

Where 𝑅 is the gas constant and 𝑇 is the absolute temperature in Kelvin. 

A crucial factor in determining the quality of ITC data is the Wiseman 𝑐-parameter, 

defined as: 

 𝑐 = 𝑛[𝑀]𝑡𝐾 Eq. 3 
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where 𝑛 is the stoichiometry, [𝑀]𝑡 is the concentration of the molecule in the sample 

cell, and K is the binding constant. The shape and sharpness of the binding isotherm 

depend strongly on the 𝑐-value: between 10 and 500 is considered optimal for 

reliable curve fitting, while outside this range, the data may be less precise or 

difficult to interpret due to flattening or steepening of the isotherm [15, 16]. 
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Optical transduction methods 

Optical transduction encompasses a range of techniques that convert molecular 

interactions or chemical changes into measurable optical signals by exploiting the 

fundamental interactions between light and matter. These interactions are 

modulated by the presence and concentration of specific molecules and are typically 

monitored through changes in light properties [17]. A wide variety of optical 

transduction approaches have been developed, including absorptiometry, 

reflectometry, fluorescence-based techniques (i.e. fluorescence intensity, 

polarization or lifetime decay time), interferometry, surface plasmon resonance, 

infrared and Raman spectroscopy and its enhanced variant, surface-enhanced 

Raman scattering [18]. 

The core physical principles of all these different approaches include absorption, 

luminescence or reflection. [19]. 

Absorption is a physical process in which the energy of incident photons is taken 

up by molecules, resulting in the promotion of these species to higher energy states. 

This occurs only when the photon energy exactly matches the energy difference 

between two quantised states of the system. Depending on the energy of the 

radiation, different types of transitions can be induced: electronic transitions with 

ultraviolet or visible light, vibrational transitions with infrared light and rotational 

transitions with microwave radiation [19]. Absorption is directly linked to the 

properties of the material through which the light beam passes and is quantitatively 

described by the Beer-Lambert law. This law states that the absorbance (𝐴) of 

collimated monochromatic light passing through a homogeneous and isotropic 

medium is proportional to the optical path length (𝑙) and to the concentration (𝑐) of 

the absorbing species, according to the equation: 

 
𝐴 = 𝑙𝑜𝑔10 (

𝐼0

𝐼
) = 𝜀𝑐𝑙 

Eq. 4 

Where 𝐼0 is the intensity of the incident light, 𝐼 is the intensity of the transmitted 

light, and ε is the molar absorption coefficient [20]. 

Luminescence refers to the emission of light by a substance following the 

absorption of photons. Depending on the electronic spin state of the excited species, 

luminescence can be classified as either fluorescence or phosphorescence. 
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Fluorescence occurs when the excited electron returns to the ground state without 

a change in spin orientation. This process is rapid, typically occurring within 1-100 

ns. In contrast, in phosphorescence, the excited electron undergoes spin inversion, 

resulting in an unpaired spin relative to the ground state. Because of this spin 

mismatch, the return to the ground state is slower, with emission lifetimes ranging 

from 1-1000 µs, and it often continues even after the excitation source has been 

removed. In both cases, the intensity of luminescence IL for weakly absorbing 

species (A< 0.05) can be calculated as: 

 𝐼𝐿 = 𝑘′𝐼0𝜀𝑙θc Eq. 5 

Where 𝐼0 is the luminescence intensity in the absence of the analyte, 𝑘′ is the 

instrumental constant, 𝜀 is the molar absorptivity, 𝑙 is the length of the light path in 

the sample, 𝜃 is the quantum efficiency of the luminescence, and c is the analyte 

concentration. However, the luminescence intensity may deviate from linearity due 

to the presence of quenching species. This effect is commonly described by the 

Stern-Volmer equation: 

 𝐼0

𝐼𝐿
= 1 + 𝐾𝑆𝑉 𝑐𝑞  

Eq. 6 

Where 𝐾𝑆𝑉   is the Stern-Volmer constant and cq is the concentration of the 

quencher [19, 21]. 

Reflection is the redirection of light at the interface between two different media 

and occurs when incident light encounters a surface and part of its energy is returned 

into the original medium rather than being transmitted or absorbed. There are two 

main types of reflection: specular reflection, which occurs on smooth, mirror-like 

surfaces where light reflects at a predictable angle, and diffuse reflection, which 

arises from rough or complex surfaces where the incident light is scattered in 

multiple directions due to surface irregularities or internal inhomogeneities. In this 

context, the Kubelka–Munk function relates the reflectance 𝑅 to analyte 

concentration 𝑐 via: 

 
𝐹(𝑅) =  

(1 − 𝑅)2

2𝑅
=

𝜀𝑐

𝑆
 

Eq. 7 

Where 𝑆 is the scattering coefficient [19, 22]. 
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In the following sections, we focus on two approaches: fluorescence-based sensing, 

which includes fluorescence intensity and lifetime, and SPR. 

Fluorescence Spectroscopy 

Fluorescence is a photophysical phenomenon belonging to the broader class of 

luminescence and more specifically to photoluminescence. It describes the property 

of certain substances to absorb electromagnetic radiation, typically in the ultraviolet 

or visible range, and subsequently emit part of that energy as light at a longer 

wavelength and lower energy [23]. 

This process involves a series of well-defined electronic and vibrational transitions 

typically illustrated using a Jablonski diagram, which provides a simplified 

representation of the energy levels involved in photon absorption, excited-state 

relaxation and subsequent light emission (Figure 4.3) [24]. In this diagram, thick 

horizontal lines represent electronic states, typically the singlet ground state (𝑆0), 

the first and second excited singlet states (𝑆1 and 𝑆2), and the first excited triplet 

state (𝑇1), while thinner lines indicate the vibrational sublevels associated with each 

electronic state. Upon absorption of a photon, a molecule is promoted from the 

ground state 𝑆0 to an electronically excited singlet state, usually 𝑆1 or 𝑆2, typically 

reaching a higher vibrational sublevel of that state. Almost immediately, the 

molecule undergoes vibrational relaxation, dissipating excess vibrational energy 

non-radiatively as it relaxes to the lowest vibrational level of 𝑆1. If the initial 

excitation occurs to a higher singlet state, such as 𝑆2, an additional internal 

conversion takes place, transferring the molecule to 𝑆1 through non-radiative 

transitions (10-12 s or less). Once in the lowest vibrational level of the 𝑆1 state, the 

molecule may return to the ground state 𝑆0 by emitting a photon in a fluorescence 

process. The radiative decay from 𝑆1 to 𝑆0 typically occurs in a timescale ranging 

from 10-9 to 10-7 seconds and involves transitions between singlet states, where the 

electron spins are paired. Alternatively, the molecule in the 𝑆1 state may undergo 

intersystem crossing to the triplet state 𝑇1, a spin-forbidden process that involves a 

change in electron spin configuration. From 𝑇1, the molecule may return to the 𝑆0 

either non-radiatively or through phosphorescence, a slower radiative process that 
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occurs in a timescale ranging from 10-3 to 100 seconds, due to the spin-forbidden 

nature of the transition [21, 23]. 

 

Figure 4.3 Perrin Jablonski diagram of fluorescence and phosphorescence. 

Picture reproduced from [25]. 

The photophysical basis of fluorescence, as previously described, can be effectively 

exploited for analytical purposes using dedicated instrumentation called 

fluorescence spectrometer, also known as a spectrofluorometer (Figure 4.4). The 

system consists of a light source for sample excitation, monochromators to select 

specific wavelengths of both excitation and emission light, a sample holder and a 

detector, usually a photomultiplier tube (PMT), that captures and amplifies the 

emitted fluorescence signal. Optical components such as filters are commonly used 

to select specific emission wavelengths and reduce background signal [23, 26, 27]. 

The light source is typically a xenon lamp, which provides a continuous emission 

spectrum spanning over a broad range (approximately 175 to 800 nm), although 

modern systems increasingly employ light sources with temporally stable intensity 

or pulsed light sources, such as light-emitting diodes (LEDs) or laser diodes,  which 

not only improve stability and precision of the measurement, but also offer 

advantages such as lower power consumption, reduction in heat generation, and 
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minimised photodamage to the sample due to the absence of continuous 

illumination [23, 26]. 

 

Figure 4.4 Schematic representation of a typical spectrofluorometer. Picture 

reproduced from [26]. 

In standard fluorescence spectroscopy setups, the emission signal is typically 

collected at a 90° angle relative to the incident excitation beam in order to minimize 

the amount of excitation light that reaches the detector. However, complete 

elimination of the excitation light is not possible as scattering phenomena, 

originating from solvent and solute molecules, suspended particles, or refractive 

index mismatches at interfaces, which contribute to a residual background signal 

that must be considered during analysis [26, 27]. 

Depending on the type of detection system and temporal resolution, fluorescence 

spectroscopy can be conducted in steady-state or time-resolved modes. In steady-

state fluorescence spectroscopy, the sample is excited with a continuous beam of 

light, and the main measurable parameter is the fluorescence intensity, which is 

recorded as an emission spectrum at a fixed excitation wavelength. Alternatively, 
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excitation spectra can be obtained by monitoring the emission intensity at a fixed 

wavelength while scanning the excitation [21, 23]. In particular, the excitation 

spectrum represents the efficiency with which the fluorophore absorbs light across 

different wavelengths, while the emission spectrum describes the distribution of 

emitted light intensities as a function of wavelength following excitation. An 

example of excitation and emission spectra is shown in Figure 4.5. 

 

Figure 4.5 Example of steady-state fluorescence excitation and emission spectra. 

Picture reproduced from [28]. 

The fluorescence intensity is directly related to the intrinsic properties of the 

fluorophore such as molecular structure, concentration, absorption and quantum 

yield, but also on a variety of external factors [21, 23, 29] that include 

environmental conditions such as temperature [30], pH [31] and ionic strength [32], 

solvent polarity [33] and the presence of quenchers or energy transfer processes, 

such as photoinduced electron transfer (PET) and Förster resonance energy transfer 

(FRET) [21, 23, 34, 35]. In particular, the presence of fluorescence quenchers can 

lead to a reduction in emission intensity through dynamic (collisional) processes or 

static mechanisms. In dynamic quenching, the quencher interacts with the 

fluorophore during its excited-state lifetime, leading to a non-radiative deactivation 

file:///C:/Users/marin/OneDrive/Desktop/Dottorato/Papers%20(by%20me)/1.%20PhD%20Tesi/21
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of the excited state, while static quenching involves the formation of a non-

fluorescent ground-state complex between the fluorophore and the quencher [23]. 

On the other hand, time-resolved fluorescence spectroscopy measures the 

fluorescence decay over time following excitation by a short light pulse, where the 

pulse width is typically shorter than the decay time of the sample. The resulting 

time-dependent signal reflects the fluorescence lifetime (𝜏), which is defined as the 

average time a fluorophore remains in the excited state before returning to the 

ground state [23, 36]. The fluorescence decay of a population of fluorophores 

typically follows an exponential behaviour and the fluorescence intensity at a given 

time t can be described by the equation: 

 𝐼(𝑡) = 𝐼0𝑒−𝑡 𝜏⁄  Eq. 8  

where 𝐼0 is the initial fluorescence intensity. By this definition, the fluorescence 

lifetime corresponds to the time required for the excited-state population to decay 

to 1/e (approximately 36.8%) of its initial value due to all deactivation processes 

and the lifetime can be expressed as: 

 
𝜏 =

1

Σ𝑘
 

Eq. 9  

where Σ𝑘 represents the sum of all the rate constants of radiative and non-radiative 

deactivation processes [26, 37]. 

A typical time-resolved fluorescence measurement produces a decay curve in which 

the emission intensity decreases exponentially after excitation by a short pulse. The 

fluorescence lifetime 𝜏 can be extracted by fitting the decay profile, as illustrated in 

Figure 4.6. 

Fluorescence lifetime is an intrinsic property of the fluorophore and, as such, is 

largely independent of external factors such as fluorophore concentration, 

photobleaching or light scattering. It is also more robust to experimental variations, 

including fluctuations in the excitation source, duration of light exposure, one- or 

multiphoton excitation, detector sensitivity and sample turbidity [23, 37]. 

Compared to steady-state measurements, time-resolved fluorescence provides 

access to additional molecular-level information by capturing the dynamic 

behaviour of fluorophores in the excited state. One of the principal advantages is 

the ability to resolve multiple fluorescence lifetimes, thereby revealing the presence 
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of heterogeneity within the system under study, such as the coexistence of multiple 

conformational states or binding modes, that would be otherwise obscured by time-

average measurements [23]. 

 

Figure 4.6 Example of a fluorescence decay curve. The plot shows the instrument 

response function (red line), the measured decay (blue line) and the exponential fit 

used to extract the fluorescence lifetime (black line). Picture reproduced from 

[38]. 

Two methods of measuring time-resolved fluorescence are in widespread use: the 

time-domain and frequency-domain methods [39]. 

In the time-domain method, also known as pulsed method, the sample is excited by 

a short light pulse and the subsequent decay in fluorescence intensity is recorded as 

a function of time [23, 37]. A widely adopted approach for time-domain lifetime 

measurements is Time-Correlated Single Photon Counting (TCSPC) which is based 

on the statistical analysis of time intervals between excitation events and the arrival 

of individual fluorescence photons. TCSPC relies on the repetitive excitation of the 

sample using a pulsed light source emitting light pulses with well-defined timing 

and short durations. Each excitation pulse triggers a timing sequence (start signal), 



74 
 

which is subsequently stopped upon detection of a single emitted photon (stop 

signal). The operating principle of TCSPC is illustrated in Figure 4.7. For each 

excitation pulse, the system records the time delay between the excitation event and 

the detection of a single emitted photon and assigned to a discrete time bin of fixed 

width (Δ𝑡), incrementing the corresponding bin counter. Repeating this excitation-

detection process many times, typically until a total of 10000 counts is accumulated 

in the peak channel, allows the construction of a histogram where the number of 

counts per bin reflects the frequency of photon arrivals at specific time delays after 

excitation. The resulting histogram is a high-resolution representation of the 

fluorescence decay curve, showing the probability distribution of photon arrival 

times and thus the excited-state dynamics of the fluorophore [23, 40]. 

 

Figure 4.7 Schematic representation of the Time-Correlated Single Photon 

Counting (TCSPC) method. For each excitation pulse, the system measures the 

time delay between excitation (start) and detection of a single fluorescence photon 

(stop), progressively building the decay histogram. Picture reproduced from [38]. 

The final decay curve obtained from the histogram follows an exponential (or multi-

exponential) function depending on the complexity of the system. When the decay 

is single exponential and the fluorescence lifetime is significantly longer than the 

excitation pulse width, the lifetime can be estimated directly from the slope of the 

decay curve on a semi-logarithmic plot [41]. 

Alternative approach is provided by the frequency-domain method, in which the 

excitation light is sinusoidally modulated in intensity at high frequencies, and the 

emitted fluorescence is analyzed in terms of phase shift (𝜑) and demodulation 

relative to the excitation signal [23, 37]. 
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These two parameters are mathematically related to the fluorescence lifetime 

respect the following equations: 

 tan(𝜑) = 𝜔𝜏 Eq. 10 

 𝑀 = (1 + 𝜔2𝜏2)−1 2⁄  Eq. 11 

where 𝜔 is the angular modulation frequency and 𝑀 is the modulation ratio. The 

degree of modulation and the phase shift provide independent and complementary 

information about the decay kinetics, and lifetime values can be extracted with high 

precision. 
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Surface Plasmon Resonance  

Surface plasmon resonance is an optical phenomenon that arises at the interface 

between a thin metal film, typical gold, and a dielectric medium when the surface 

is illuminated by polarized light under total internal reflection conditions. At a 

specific angle of incidence, known as the resonance angle, the momentum of the 

incident photons matches that of the surface plasmons, which are collective 

oscillations of free electrons at the metal-dielectric interface. Under this resonance 

condition, part of the light energy is transferred to the surface plasmons, resulting 

in a sharp decrease in the intensity of the reflected light [42]. 

In particular, at resonance, the momentum of the incident photons matches that of 

the surface plasmon wave propagating along the metal-dielectric interface. The 

propagation constant 𝛽 of this wave depends on the dielectric properties of the two 

media and is given by: 

 

𝛽 =
𝜔 

𝑐
 √

ԑ𝑀ԑ𝐷

𝜀𝑀 + 𝜀𝐷
 

Eq. 12 

where 𝜔 is the angular frequency, 𝑐 is the speed of light in vacuum, and 𝜀𝐷 and 𝜀𝑀 

are dielectric functions of the dielectric and metal, respectively [42, 44]. Since for 

dielectrics 𝜀𝐷 = 𝑛𝐷
2 , the propagation constant 𝛽, and thus the resonance condition, 

depends directly on the refractive index 𝑛𝐷 of the medium in contact with the metal. 

Consequently, any change in 𝑛𝐷, such as that caused by molecular adsorption or 

binding near the metal surface, shifts the resonance angle or wavelength. This 

sensitivity to refractive index variations forms the basis of SPR-based sensing in 

which any local variation in the refractive index, induced, for instance, by molecular 

binding, modifies the resonance conditions, thereby modulating the SPR 

signal (Figure 4.8) [44, 45]. 
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Figure 4.8 The schematic illustration of SPR-sensor system. SPR detects changes 

in the refractive index in the immediate vicinity of the surface layer of a sensor 

chip. Picture reproduced from [46]. 

The most common configuration employed in commercial SPR instruments is the 

Kretschmann configuration (Figure 4.9a). It consists of a prism, a thin metal film 

(typically 40-50 nm of gold) deposited on a glass substrate, and a dielectric medium 

(usually the sample solution) in contact with the metal surface. A polarized 

monochromatic light beam, often from a laser or LED source, is directed through 

the prism and reflected at the metal-dielectric interface under total internal 

reflection conditions. When the incidence angle satisfies the resonance condition, 

part of the incident light energy is absorbed to excite the surface plasmons, leading 

to a sharp dip in the reflected intensity, which is recorded by a 

photodetector [44, 45]. An alternative approach is represented by waveguide-based 

systems (Figure 4.9b), in which the light is guided through an optical waveguide 

coated with a thin metallic layer. When the guided light propagates in the region 

adjacent to the metal film, its evanescent field penetrates through the metal and 

excites a surface plasmon at the outer interface. This configuration is particularly 
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attractive for integrated optics and lab-on-chip platforms, as it allows for compact, 

planar architectures compatible with miniaturized devices [45, 47]. A further 

variation is the grating-coupled SPR configuration (Figure 4.9c), where the metal 

surface is periodically patterned to form a diffraction grating. The grating provides 

an additional momentum required to match the wavevector of the incident photons 

with that of the surface plasmons, thereby enabling their excitation even without 

total internal reflection. This method also offers spectral tunability, as the resonance 

condition can be controlled by adjusting the grating period or angle of incidence 

[45]. 

 

Figure 4.9 Excitation of surface plasmon-polaritons: (a) by a light beam via prism 

coupling, (b) by a guided mode of optical waveguide, and (c) by light diffraction 

on a diffraction grating. Picture reproduced from [45]. 

A further class of SPR architectures is represented by optical fiber-based coupling 

systems, which exploit optical fibers as light-guiding elements (Figure 4.10). In this 

approach, light propagates through the fiber by total internal reflection and 

appropriate modifications of the fiber allow interaction between the guided light 

and the plasmonic structure [48]. 
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Figure 4.10 Fiber-based SPR sensor. Picture reproduced from [48]. 

The fiber can be modified according to different geometries to enable efficient 

coupling between the guided light and the surface plasmon mode (Figure 4.11). 

Among the most investigated geometries are tapered fiber [49], in which the fiber 

is stretched reducing the core diameter, D-shaped fiber [50], in which a portion of 

the cladding and core is removed to expose a flat surface for metal deposition, and 

U-shaped fiber, where the cladding is stripped in the curved region of the fiber, in 

which the cladding is removed in the curved region to enable plasmonic interactions 

[51]. 

 

Figure 4.11 Schematics of geometry-modified optical fiber SPR sensors: (a) 

Tapered fiber SPR probe; (b) Hetero-core structure; (c) D-shaped SPR probe; (d) 

U-shaped SPR probe. Picture reproduced from [48]. 
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Electrochemical transduction methods 

Electrochemical transduction techniques rely on the detection of electrical signals 

(such as current, potential, conductance or impedance) generated by redox reactions 

or ionic transport phenomena. Typically, an electrochemical system consists of 

three electrodes, a working, a reference and a counter electrode (Figure 4.12), 

immersed in an electrolyte solution [52]. 

 

Figure 4.12 Electrochemical sensors with three electrodes: reference (RE), 

working (WE), and counter (CE) connected to a potentiostat. Picture reproduced 

from [53]. 

The working electrode (WE) is the core component of the system and serves as the 

site where the redox processes occur. Typical WE materials include noble metals 

(e.g., platinum or gold), carbon-based materials (e.g., graphite, glassy carbon) and 

semiconductors (e.g., silicon). The reference electrode (RE) provides a stable and 

well-defined potential against which the potential of the working electrode is 

measured. Among the most commonly used are those made from silver/silver 

chloride (Ag/AgCl) electrodes. The counter electrode (CE), usually fabricated from 

platinum, gold or carbon, completes the electrical circuit by allowing the flow of 
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electrons necessary to balance the current generated at the working electrode. 

Although it does not directly participate in the redox reaction, it ensures electrical 

neutrality and supports current flow during the electrochemical process [54, 55]. 

The proper functioning of an electrochemical system depends not only on the 

electrode configuration but also on the electrolyte solution, which provides the ionic 

environment necessary for charge transport. Normally, to ensure ion conduction 

between electrodes, the electrolyte contains redox-active species, commonly 

referred to as mediators, that act as artificial electron shuttles and enhance electron-

transfer efficiency [55]. An ideal mediator should display fast and reversible redox 

kinetics at the electrode surface, allowing multiple oxidation-reduction cycles 

without degradation. It should also be electrochemically regenerated at low 

overpotentials, ensuring low energy consumption and stable operation under mild 

conditions. Furthermore, both its oxidized and reduced forms must remain 

chemically and electrochemically stable throughout the experiment. Among 

inorganic mediators, the ferri/ferrocyanide redox couple ([Fe(CN)6]3- / [Fe(CN)6]4- ) 

is widely used due to its reversible redox behaviour, low toxicity and commercial 

availability. Other common mediators include organic compounds such as 

quinones, viologens, and phenazines, as well as metal complexes based on 

ruthenium or osmium bipyridine derivatives [56]. 

Electrochemical transduction methods can be classified according to the nature of 

the electrical process being monitored. Broadly, they can be divided into two main 

categories [57]: 

A) Conductometric techniques, which measure the transport properties of ions in 

the bulk solution. These methods rely on the variation of the electrical conductivity 

or resistance of the electrolyte and are mainly used to monitor changes in ionic 

concentration, mobility or total ionic strength. 

B) Interfacial charge-transfer techniques, which monitor redox or capacitive 

processes occurring at the electrode-electrolyte interface. 

These can be further subdivided into: 

1. Static methods are carried out under conditions where no net current flows 

in the system and the measurable signal is the potential difference between 

electrodes (i.e. potentiometry). 
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2. Dynamic methods involve the application of an external potential or current 

to the working electrode, which perturbs the system from equilibrium, 

inducing electron transfer processes at the electrode surface which generate 

measurable responses such as current variations or changes in impedance 

(i.e. voltammetry, amperometry and impedimetric). 

In the following sections, particular attention will be dedicated to cyclic 

voltammetry and electrochemical impedance spectroscopy. 

Cyclic Voltammetry 

Cyclic voltammetry (CV) is a voltammetric technique used for investigating redox 

processes and interfacial charge-transfer phenomena. In this method, the potential 

applied to the working electrode is varied linearly from an initial value (𝑉𝑖) to a 

final value (𝑉𝑓) and subsequently reversed back to the 𝑉𝑖, generating a characteristic 

symmetrical triangular waveform (Figure 4.13) [58]. 

 

Figure 4.13 Typical potential variation and the shape of the I-E curve. Picture 

reproduced from [59]. 

As the potential is modulated, redox-active species located near the electrode 

surface undergo electron transfer reactions, leading to the appearance of typical 

anodic or cathodic current peaks. The resulting plot, known as a voltammogram, 

typically displays the current (𝑖) as a function of applied potential (𝐸). The shape, 

position, and intensity of these peaks provide critical insights into the redox 
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behaviour of the molecules, including their formal potential, the reversibility of the 

redox process, electron transfer kinetics and diffusion coefficients [52]. 

In a reversible system, the potential at which oxidation or reduction occurs follows 

the Nernst equation: 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

[𝑂𝑥]

[𝑅𝑒𝑑]
) 

Eq. 13 

where 𝐸0 is the formal potential, 𝑛 is the number of electrons transferred, and 

[𝑂𝑥]/[𝑅𝑒𝑑] is the concentration ratio of oxidized and reduced species at the 

electrode interface. While this equation governs the thermodynamic position of 

redox transitions, the magnitude of the peak current in CV is primarily governed by 

the mass transport of electroactive species, and is quantitatively described by the 

Randles-Ševčík equation: 

 𝑖𝑝 = (2.69 ∙ 105)𝑛3 2⁄ 𝐴𝐶𝐷1 2⁄ 𝜈1 2⁄  Eq. 14 

where, 𝑖𝑝 is the peak current (in A), 𝐴 is the electrode area (cm²), 𝐶 the bulk 

concentration of the analyte (mol/cm³), 𝐷 the diffusion coefficient (cm²/s), and 𝑣 

the scan rate (V/s). This relationship highlights that, under diffusion-controlled 

conditions, the peak current increases linearly with the square root of the scan rate. 

Conversely, a linear dependence of 𝑖𝑝 on 𝑣 indicates an adsorption-controlled 

process [59]. The scan rate is a critical factor, since the duration of a scan must 

provide sufficient time to allow for a meaningful chemical reaction to occur. 

Modulating the scan rate alters the temporal resolution of the measurement: slower 

scan rates favour the observation of slow chemical transformations that follow the 

redox event, while faster scan rates can kinetically isolate the electron transfer step, 

suppressing chemical reactions [55, 60]. Despite its versatility and ease of 

implementation, CV presents both strengths and limitations that should be carefully 

considered in analytical applications. In fact, CV is generally considered less 

sensitive compared to more advanced voltammetric techniques such as differential 

pulse voltammetry (DPV) or square wave voltammetry (SWV). As such, CV is 

primarily employed for qualitative assessments rather than quantitative 

determinations, especially during early-stage studies and in the characterization of 

electrode surfaces [55]. 
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Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is a powerful and non-destructive 

electrochemical technique that provides detailed information on the kinetic and 

transport processes occurring at the electrode–electrolyte interface. EIS is based on 

the perturbation of a system at equilibrium through the application of a small-

amplitude sinusoidal excitation signal, either a ac voltage or a ac current, over a 

broad range of frequencies. The resulting current (or voltage) response of the 

system is measured, and from this, the impedance 𝑍 is determined as a function of 

the angular frequency 𝜔 [61]. Mathematically, impedance 𝑍(𝜔) is defined 

according to the generalized Ohm’s law as: 

 
𝑍(𝜔) =

𝑈(𝜔)

𝐼(𝜔)
= |𝑍(𝜔)|𝑒𝑗𝜃 

Eq. 15 

Where 𝑈(𝜔) and 𝐼(𝜔) are the frequency-dependent complex voltage and current, 

respectively, 𝑈|(𝜔)| is the magnitude of the impedance, 𝜃 is the phase shift between 

the voltage and current, and 𝑗 is the imaginary unit (𝑗2 = −1) [62]. The impedance, 

which consists of both a real component (resistance) and an imaginary component 

(reactance), provides critical insight into the electrochemical and physicochemical 

processes occurring at the electrode-electrolyte interface. This complex quantity 

captures not only the magnitude of the impedance but also the phase shift 𝜃 between 

the applied sinusoidal signal and the resulting current response, offering a 

comprehensive description of the system’s dynamic behaviour across a wide 

frequency range [63]. 

The impedance spectrum is commonly represented using a Nyquist plot 

(Figure 4.14), which displays the imaginary component (Z'') versus the real 

component (Z'). In this two-dimensional complex plane, each point corresponds to 

the impedance measured at a specific frequency. The vector length from the origin 

to any given point represents the modulus |𝑍| while the angle between the vector 

and the real axis corresponds to the phase shift 𝜃, providing information about the 

capacitive or inductive nature of the system’s response. In many electrochemical 

systems, the Nyquist plot typically exhibits a semicircular shape in the high-to-mid-

frequency range, often followed by a linear tail at lower frequencies. The diameter 
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of the semicircle is associated with the charge transfer resistance (Rct), which is 

sensitive to interfacial processes such as molecular recognition or binding 

events [61]. 

 

Figure 4.14 Nyquist plot and Randles equivalent electrical circuit over a wide 

frequency range. Picture reproduced from [61]. 

The impedance response can also be visualized through a Bode plot, in which both 

the magnitude 𝑍|(𝜔)| and the phase angle 𝜃 are plotted as functions of the 

logarithm of frequency. The Bode representation offers a complementary 

perspective, particularly useful for identifying characteristic time constants and 

evaluating the frequency-dependent behaviour of the system [61]. 

The experimental data are typically interpreted using an equivalent electrical circuit 

model, in which each element represents a specific electrical component, such as 

resistors, capacitors and inductors [62]. A commonly used equivalent electrical 

circuit is the Randles circuit (Figure 4.11), which consists of the solution resistance 

(Rs) in series with a parallel combination of a double-layer capacitance (Cdl) and a 

Rct. In cases where mass transport limitations are significant, a Warburg element  

(Zw) accounting for diffusion processes is also included [64]. In the context of 

electrochemical sensors, EIS offers several advantages, foremost among them being 

its ability to provide label-free and highly sensitive detection of interfacial events. 
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The technique is non-destructive and operates under mild perturbation conditions, 

allowing real-time in situ monitoring of electrochemical systems without 

significantly disturbing their native state. All these characteristics make EIS an 

indispensable transduction technique for the qualitative and quantitative 

characterization of sensor interfaces and electrochemical systems [ 65, 66]. 

  



87 
 

References 

[1] Berne, B. J., & Pecora, R. (2000). Dynamic light scattering: with applications to 

chemistry, biology, and physics. Courier Corporation. 

[2] Hassan, P. A., Rana, S., & Verma, G. (2015). Making sense of Brownian motion: colloid 

characterization by dynamic light scattering. Langmuir, 31(1), 3-12. 

[3] Technical Committee ISO/TC 24, Particle characterization including sieving. 

Subcommittee SC 4, Particle characterization. (2017). Particle Size Analysis: Dynamic 

Light Scattering (DLS). ISO. 

[4] Lavalette, D., Hink, M. A., Tourbez, M., Tétreau, C., & Visser, A. J. (2006). Proteins as 

micro viscosimeters: Brownian motion revisited. European Biophysics Journal, 35(6), 

517-522. 

[5] Pusey, P. N. (1974). Macromolecular diffusion. In Photon correlation and light beating 

spectroscopy (pp. 387-428). Boston, MA: Springer US. 

[6] Choudhary, R. C., Kumaraswamy, R. V., Kumari, S., Pal, A., Raliya, R., Biswas, P., & 

Saharan, V. (2017). Synthesis, characterization, and application of chitosan nanomaterials 

loaded with zinc and copper for plant growth and protection. In Nanotechnology: an 

agricultural paradigm (pp. 227-247). Singapore: Springer Singapore. 

[7] Misono, T. (2019). Dynamic light scattering (DLS). In Measurement techniques and 

practices of colloid and interface phenomena (pp. 65-69). Singapore: Springer Singapore. 

[8] Malvern Instruments Ltd (2004). Zetasizer Nano Series: User manual, England. 

[9] Maguire, C. M., Rösslein, M., Wick, P., & Prina-Mello, A. (2018). Characterisation of 

particles in solution–a perspective on light scattering and comparative 

technologies. Science and technology of advanced materials, 19(1), 732-745. 

[10] Stetefeld, J., McKenna, S. A., & Patel, T. R. (2016). Dynamic light scattering: a 

practical guide and applications in biomedical sciences. Biophysical reviews, 8(4), 409-

427. 

[11] Song, C., Zhang, S., & Huang, H. (2015). Choosing a suitable method for the 

identification of replication origins in microbial genomes. Frontiers in microbiology, 6, 

1049. 

[12] Wiseman, T., Williston, S., Brandts, J. F., & Lin, L. N. (1989). Rapid measurement of 

binding constants and heats of binding using a new titration calorimeter. Analytical 

biochemistry, 179(1), 131-137. 

[13] Freire, E., Mayorga, O. L., & Straume, M. (1990). Isothermal titration 

calorimetry. Analytical chemistry, 62(18), 950A-959A. 



88 
 

[14] Saponaro, A. (2018). Isothermal titration calorimetry: a biophysical method to 

characterize the interaction between label-free biomolecules in solution. Bio-

protocol, 8(15), e2957-e2957. 

[15] Pierce, M. M., Raman, C. S., & Nall, B. T. (1999). Isothermal titration calorimetry of 

protein–protein interactions. Methods, 19(2), 213-221. 

[16] Turnbull, W. B., & Daranas, A. H. (2003). On the value of c: can low affinity systems 

be studied by isothermal titration calorimetry?. Journal of the American Chemical 

Society, 125(48), 14859-14866. 

[17] Sevilla III, F., & Narayanaswamy, R. (2003). Optical chemical sensors and biosensors. 

In Comprehensive Analytical Chemistry (Vol. 39, pp. 413-435). Elsevier. 

[18] Wolfbeis, O. S. (2005). Materials for fluorescence-based optical chemical 

sensors. Journal of Materials Chemistry, 15(27-28), 2657-2669. 

[19] Narayanaswamy, R. (1993). Tutorial review—Optical chemical sensors: transduction 

and signal processing. Analyst, 118(4), 317-322. 

[20] Nilapwar, S. M., Nardelli, M., Westerhoff, H. V., & Verma, M. (2011). Absorption 

spectroscopy. In Methods in enzymology (Vol. 500, pp. 59-75). Academic Press. 

[21] Valeur, B., & Berberan-Santos, M. N. (2013). Molecular fluorescence: principles and 

applications. John Wiley & Sons. 

[22] Lekner, J. (2013). Theory of reflection of electromagnetic and particle waves (Vol. 3). 

Springer Science & Business Media. 

[23] Lakowicz, J. R. (Ed.). (2006). Principles of fluorescence spectroscopy. Boston, MA: 

springer US. 

[24] Jabłoński, A. (1935). Über den mechanismus der photolumineszenz von 

farbstoffphosphoren. Zeitschrift für Physik, 94(1), 38-46. 

[25] Schweizer, T., Kubach, H., & Koch, T. (2021). Investigations to characterize the 

interactions of light radiation, engine operating media and fluorescence tracers for the use 

of qualitative light-induced fluorescence in engine systems. Automotive and engine 

technology, 6(3), 275-287. 

[26] Moggi, L., Juris, A., & Gandolfi, M. T. (2006). Manuale del Fotochimico-Tecniche e 

Medodologie. 

[27] Schulman, S. G. (2017). Fluorescence and phosphorescence spectroscopy: 

physicochemical principles and practice. Elsevier. 

[28] Chroma Technology Corp. (2025). Fluorochrome spectra. US. 

[29] Zacharioudaki, D. E., Fitilis, I., & Kotti, M. (2022). Review of fluorescence 

spectroscopy in environmental quality applications. Molecules, 27(15), 4801. 



89 
 

[30] Baker, A. (2005). Thermal fluorescence quenching properties of dissolved organic 

matter. Water research, 39(18), 4405-4412. 

[31] Ghosh, K., & Schnitzer, M. (1980). Macromolecular structures of humic 

substances. Soil science, 129(5), 266-276. 

[32] Mikalauskaite, K., Ziaunys, M., Sneideris, T., & Smirnovas, V. (2020). Effect of ionic 

strength on thioflavin-T affinity to amyloid fibrils and its fluorescence 

intensity. International Journal of Molecular Sciences, 21(23), 8916. 

[33] Gemeda, F. T. (2017). A review on effect of solvents on fluorescent spectra.  Chem. 

Sci. Int. J, 18, 1-12. 

[34] Medintz, I. L., & Hildebrandt, N. (Eds.). (2013). FRET-Förster resonance energy 

transfer: from theory to applications. John Wiley & Sons. 

[35] De Silva, A. P., Gunaratne, H. N., Gunnlaugsson, T., Huxley, A. J., McCoy, C. P., 

Rademacher, J. T., & Rice, T. E. (1997). Signaling recognition events with fluorescent 

sensors and switches. Chemical reviews, 97(5), 1515-1566.  

[36] Hercules, D. M. (1966). Fluorescence and phosphorescence analysis: principles and 

applications. Fluorescence and Phosphorescence Analysis: Principles and 

Applications/Ed. David M. Hercules. New York. 

[37] Berezin, M. Y., & Achilefu, S. (2010). Fluorescence lifetime measurements and 

biological imaging. Chemical reviews, 110(5), 2641-2684. 

[38] PicoQuant GmbH. (n.d.). Time-resolved fluorescence: Life science applications.  

Germany. 

[39] Jones, C., Mulloy, B., & Thomas, A. H. (2008). Microscopy, optical spectroscopy, and 

macroscopic techniques (Vol. 22). Springer Science & Business Media. 

[40] O'Connor, D. (2012). Time-correlated single photon counting. Academic press. 

[41] O'Connor, D. V., Ware, W. R., & Andre, J. C. (1979). Deconvolution of fluorescence 

decay curves. A critical comparison of techniques. Journal of Physical Chemistry, 83(10), 

1333-1343. 

[42] Otto, A. (1968). Excitation of nonradiative surface plasma waves in silver by the 

method of frustrated total reflection. Zeitschrift für Physik A Hadrons and nuclei, 216(4), 

398-410. 

[43] Raether, H. (2006). Surface plasmons on gratings. In Surface plasmons on smooth and 

rough surfaces and on gratings (pp. 91-116). Berlin, Heidelberg: Springer Berlin 

Heidelberg. 



90 
 

[44] Kumari, A., Yadav, A., Singh, O. P., & Sharan, P. (2024). A review of surface plasmon 

resonance (SPR) technology in biosensing: innovations, applications and future 

trends. Journal of Optics, 1-9. 

[45] Homola, J. (2003). Present and future of surface plasmon resonance 

biosensors. Analytical and bioanalytical chemistry, 377(3), 528-539. 

[46] Song, C., Zhang, S., & Huang, H. (2015). Choosing a suitable method for the 

identification of replication origins in microbial genomes. Frontiers in microbiology, 6, 

1049. 

[47] Homola, J., Čtyroký, J., Skalský, M., Hradilova, J., & Kolářová, P. (1997). A surface 

plasmon resonance based integrated optical sensor. Sensors and Actuators B: 

Chemical, 39(1-3), 286-290. 

[48] Klantsataya, E., Jia, P., Ebendorff-Heidepriem, H., Monro, T. M., & François, A. 

(2016). Plasmonic fiber optic refractometric sensors: From conventional architectures to 

recent design trends. Sensors, 17(1), 12. 

[49] Caucheteur, C., Guo, T., & Albert, J. (2015). Review of plasmonic fiber optic 

biochemical sensors: improving the limit of detection. Analytical and bioanalytical 

chemistry, 407(14), 3883-3897. 

[50] Yu, H., Chong, Y., Zhang, P., Ma, J., & Li, D. (2020). A D-shaped fiber SPR sensor 

with a composite nanostructure of MoS2-graphene for glucose detection. Talanta, 219, 

121324. 

[51] Shukla, G. M., Punjabi, N., Kundu, T., & Mukherji, S. (2019). Optimization of 

plasmonic U-shaped optical fiber sensor for mercury ions detection using glucose capped 

silver nanoparticles. IEEE sensors journal, 19(9), 3224-3231. 

[52] Grieshaber, D., MacKenzie, R., Vörös, J., & Reimhult, E. (2008). Electrochemical 

biosensors-sensor principles and architectures. Sensors, 8(3), 1400-1458. 

[53] Damiati, S., & Schuster, B. (2020). Electrochemical biosensors based on S-layer 

proteins. Sensors, 20(6), 1721. 

[54] Baranwal, J., Barse, B., Gatto, G., Broncova, G., & Kumar, A. (2022). Electrochemical 

sensors and their applications: A review. Chemosensors, 10(9), 363. 

[55] Bard, A. J., Faulkner, L. R., & White, H. S. (2022).  Electrochemical methods: 

fundamentals and applications. John Wiley & Sons. 

[56] Chaubey, A., & Malhotra, B. (2002). Mediated biosensors. Biosensors and 

bioelectronics, 17(6-7), 441-456. 



91 
 

[57] Shanbhag, M. M., Manasa, G., Mascarenhas, R. J., Mondal, K., & Shetti, N. P. (2023). 

Fundamentals of bio-electrochemical sensing. Chemical Engineering Journal 

Advances, 16, 100516. 

[58] Kissinger, P. T., & Heineman, W. R. (1983). Cyclic voltammetry. Journal of chemical 

education, 60(9), 702. 

[59] Mirceski, V., Skrzypek, S., & Stojanov, L. (2018). Square-wave 

voltammetry. ChemTexts, 4(4), 17. 

[60] Savéant, J. M. (2006). Coupling of electrode electron transfers with homogeneous 

chemical reactions. Elements of Molecular and Biomolecular Electrochemistry, 78-181. 

[61] Lazanas, A. C., & Prodromidis, M. I. (2023). Electrochemical impedance 

spectroscopy─ a tutorial. ACS measurement science au, 3(3), 162-193. 

[62] Lasia, A. (2002). Electrochemical impedance spectroscopy and its applications. 

In Modern aspects of electrochemistry (pp. 143-248). Boston, MA: Springer US. 

[63] Orazem, M. E., & Tribollet, B. (2008). Electrochemical impedance spectroscopy. New 

Jersey, 1(906), 383-389. 

[64] Randles, J. E. B. (1947). Kinetics of rapid electrode reactions.  Discussions of the 

faraday society, 1, 11-19. 

[65] Park, S. M., & Yoo, J. S. (2003). Peer reviewed: electrochemical impedance 

spectroscopy for better electrochemical measurements. 

[66] Magar, H. S., Hassan, R. Y., & Mulchandani, A. (2021). Electrochemical impedance 

spectroscopy (EIS): Principles, construction, and biosensing applications. Sensors, 21(19), 

6578. 

  



92 
 

Scope of the thesis 

The aim of this PhD thesis was to exploit the potential of MIPs for the development 

of highly sensitive and selective sensors. MIPs, due to their intrinsic molecular 

recognition capability, chemical stability and cost-effectiveness, represent 

promising alternatives to biological receptors. The primary objective of this work 

was to design and synthesize MIP-based sensors with enhanced sensitivity, capable 

of detecting extremely low analyte concentrations across various application fields, 

including food safety and control, environmental monitoring and medical 

diagnostics. 

To reach this goal, several strategies were implemented and experimentally 

validated through the research studies and publications included in this thesis. Each 

study represents a specific approach aimed at improving the sensor performance, 

mainly by optimizing the synthesis of the MIP materials and by tailoring their 

integration with suitable optical or electrochemical transduction methods. 

One of the strategies pursued in this thesis focused on controlling the morphology 

and dimensions of the MIPs to obtain nanostructured spherical materials with high 

surface area and improved diffusion kinetics, thereby increasing the accessibility of 

the recognition sites. In addition to tuning MIP size and morphology, further work 

was carried out to introduce additional functionalities into the MIP nanostructures, 

in particular, fluorescent features aimed at enabling optical detection. Within this 

framework, the strategy focused on modulating the fluorescence properties of the 

MIPs by optimizing the ratio between the fluorescent probe and the template 

molecule, in order to achieve an efficient and stable signal response. 

Building on this optical design, the work further explored the potential of time-

resolved fluorescence spectroscopy, introducing fluorescence lifetime 

measurements as a transduction method for nanoMIP-based sensors. Although 

rarely applied to MIP technology, this approach proved particularly suitable for 

developing ultra-sensitive detection. 
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Another key aspect of this PhD thesis was the evaluation how the quality and 

homogeneity of the binding sites influence the sensing response. The study aimed 

to verify whether improving the uniformity of the recognition sites within the MIP 

structure could effectively enhance the sensor's sensitivity. To this end, different 

MIP architectures were compared, from conventional imprinted polymer layers to 

conductive matrices incorporating nanoMIPs, confirming that the development of 

more homogeneous binding sites leads to a more efficient and reproducible signal, 

ultimately improving the overall sensor performance. 

The work also explored the design of stimuli-responsive hydrogel and nanogel 

MIPs, capable of undergoing shrinking or swelling upon analyte binding. This 

deformable behaviour was exploited as a mean to amplify the transduction signal, 

particularly in plasmonic configurations. 

Finally, special emphasis was placed on the use of green and sustainable monomers 

for the synthesis of nanoMIPs. An innovative green monomer was used with the 

aim to prepare homogeneous and stable “green” nanoMIPs, combining 

environmental sustainability with selective recognition. The resulting nanoMIPs 

were tested using different transduction approaches to assess their versatility across 

sensing platforms. 
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Chapter V – Scientific Contributions 
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Paper I 

 

Time-Resolved Fluorescence Spectroscopy of Molecularly 

Imprinted Nanoprobes as an Ultralow Detection Nanosensing 

Tool for Protein Contaminants 

Summary 

This work focuses on the development of fluorescent molecularly imprinted 

polymer nanoparticles (Fluo-nanoMIPs) designed to act as synthetic recognition 

elements in optical sensing systems for ultralow detection of protein contaminants, 

using human serum albumin (HSA) as a proof-of-concept, through time-resolved 

fluorescence spectroscopy. 

The Fluo-nanoMIPs were synthesized using fluorescein O-methacrylate 

(FluorMAA) as a fluorescent reporter co-monomer and HSA as the template 

protein. To investigate how the amount of incorporated fluorophore influences the 

optical properties and sensing performance, the synthesis was optimized by varying 

the molar ratio between the FluorMAA and the template molecule. Specifically, 

three different formulations were prepared by incorporating 1.3, 13, or 130 nmol of 

FluorMAA per 15 nmol of HSA, corresponding to approximate molar ratios of 

1:0.1, 1:1, and 1:10 (template:fluorescent monomer). The resulting Fluo-nanoMIPs, 

called 0.1×, 1× and 10×, were spherical and monodisperse, with an average 

hydrodynamic diameter of about 120 nm and a low PDI, indicating a homogeneous 

size distribution, as confirmed by DLS, Scanning Electron Microscopy (SEM) and 

Atomic Force Microscopy (AFM) analyses. 

The functional characterization of the Fluo-nanoMIPs was carried out using steady-

state fluorescence spectroscopy by titrating the nanoparticle suspension with 

increasing concentrations of the HSA. The fluorescence intensity was monitored to 

evaluate how the incorporated amount of fluorophore influences the optical 

response upon protein binding. For the 0.1× and 1× formulations, a clear decrease 

in fluorescence intensity was observed upon analyte addition, indicating a 

quenching effect associated with the interaction between the Fluo-nanoMIPs and 
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the target protein. In contrast, the fluorescence signal of the 10× formulation 

displayed a lower initial fluorescence intensity compared to the other samples, and 

its signal remained essentially unchanged upon binding to HSA. These findings 

supported the hypothesis that when the FluorMAA is added in molar excess with 

respect to the template, multiple fluorescent units are randomly distributed within 

the polymeric matrix. This configuration likely leads to the inclusion of 

fluorophores outside the specific binding sites, promoting self-quenching 

phenomena and resulting in an overall fluorescence response that is insensitive to 

analyte binding events. 

To further investigate the optical transduction behaviour of the optimized Fluo-

nanoMIPs, time-resolved fluorescence spectroscopy measurements were 

performed. This technique allows monitoring of changes in the fluorescence 

lifetime of the embedded fluorophore upon analyte binding, providing information 

that is independent of probe concentration or light scattering effects. The 

fluorescence decay profiles were analyzed using a bi-exponential fitting model, 

which offered an acceptable approximation to discriminate between the 

contributions of fluorophores randomly distributed along the polymer backbone and 

those effectively located within or near the imprinted binding cavities. In this 

model, the shorter lifetime component (τ₁) was considered a global descriptor of 

non-specific decays occurring outside the recognition sites, whereas the longer 

component (τ₂) reflected fluorophores involved in binding-related interactions 

within the cavities. The fluorescence lifetime of the Fluo-nanoMIPs was recorded 

before and after exposure to increasing concentrations of HSA. For the 0.1× and 1× 

nanoparticles, a clear decrease in fluorescence lifetime was observed as a function 

of HSA concentration, demonstrating a direct correlation between the binding event 

and the excited-state deactivation of the fluorophore. In contrast, the 10× Fluo-

nanoMIPs, containing a higher amount of fluorophore, exhibited shorter 

fluorescence lifetimes compared to the other formulations. This effect can be 

attributed to the excess of fluorescent units randomly distributed within the polymer 

matrix, where a significant fraction of the fluorophores is located outside the 

specific binding cavities and others are exposed to the solvent environment . As a 

result, these reporters experience a microenvironment similar to that of free 
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FluorMAA in solution, resulting in a lower lifetime value. Importantly, the 

fluorescence lifetime of the 10× formulation remained unchanged upon addition of 

HSA, confirming that the exposed fluorophores do not participate in specific 

recognition events and that the material is non-responsive to target binding. 

Among the tested formulations, the 1× Fluo-nanoMIPs was identified as the most 

suitable for sensing applications based on the fitting parameters obtained from the 

calibration data. In particular, the empirical parameter n, which in this system 

correlates with the number of optically active binding sites, increased from 0.86 for 

the 0.1× to 1.89 for the 1× Fluo-nanoMIPs, indicating a higher proportion of 

binding sites effectively contributing to the optical response. The optimized 1× 

formulation exhibited an Kapp of 18 pM, a LOD of 1.26 pM, a sensitivity at low 

concentration of 7.14 × 10⁹, and a linear dynamic range extending from 3 to 83.5 

pM. 

The selectivity of the 1× Fluo-nanoMIPs was assessed by exposing the sensor to 

non-target proteins, including bovine serum albumin (BSA), human transferrin 

(HTR), ovalbumin and lysozyme under identical experimental conditions and no 

variations in fluorescence lifetime were observed in the presence of these 

interferents, confirming the specificity of the imprinted sites for HSA and the 

absence of significant cross-reactivity. 

To evaluate the applicability in real matrices, the 1× Fluo-nanoMIPs sensor was 

tested using wine samples spiked with known concentrations of both HSA (1.5 nM) 

or HTR (1.3 nM). A clear decrease in fluorescence lifetime was observed only in 

the presence of HSA, confirming that the nanosensor remains responsive even in 

complex matrices and that its signal is exclusively associated with the specific 

recognition of the target protein. 

Overall, this study contributes to the general aim of the thesis by demonstrating an 

effective strategy to enhance the performance of MIP-based sensors through the 

optimization of fluorophore incorporation. The results highlight the critical 

importance of adjusting the fluorophore-to-template ratio during the polymerization 

stage to achieve an optimal spatial positioning of the fluorescent reporter within or 

near the imprinted cavities, which in turn enhances the responsiveness of the 

nanoMIPs upon analyte binding. Furthermore, this work confirms the feasibility of 
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coupling MIP-based recognition systems with time-resolved fluorescence 

spectroscopy as a transduction method, a combination that is still rarely explored in 

the literature, thereby expanding the range of strategies available for developing 

highly sensitive and selective MIP-based optical sensors. 
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Paper II 

 

Molecularly Imprinted Polymers Electrochemical Sensing: The 

Effect of Inhomogeneous Binding Sites on the Measurements 

and Comparison between Imprinted Polyaniline versus 

nanoMIP-Doped Polyaniline Electrodes for the EIS Detection of 

17β-Estradiol 

Summary 

This work aims to evaluate the effects of inhomogeneous versus homogeneous 

imprinted binding sites on electrochemical sensing measurements and to determine 

whether binding site heterogeneity influences the sensor's sensitivity and overall 

performance. To simulate these two different structural scenarios, two types of 

electrochemical MIP-based sensors were designed and compared. The first 

configuration, referred to as the Imprinted PANI layer, consisted of an 

electropolymerized molecularly imprinted thin layer of polyaniline (PANI) and was 

considered representative of an inhomogeneous binding site distribution. The 

second configuration, the NanoMIP-doped PANI, comprised an electropolymerized 

thin film of PANI doped with pre-synthesized nanoMIPs, which act as discrete and 

uniform three-dimensional recognition sites, representing a homogeneous binding 

site distribution. The 17β-estradiol (E2), a hormone that is classified as an endocrine 

disruptor at certain concentration levels, was selected as the target analyte to 

compare the electrochemical behaviour of the two sensing architectures through 

EIS, thereby explaining how the organization of the recognition sites affects the 

analytical response. 

Both sensing architectures were fabricated on gold screen-printed electrodes (SPEs) 

using PANI as the conductive polymer matrix. The Imprinted PANI layer was 

prepared by surface electropolymerization of aniline in the presence of E2 as the 

template molecule, leading to the formation of a thin imprinted film directly onto 

the electrode surface. In contrast, the NanoMIP-doped PANI electrode was 



120 
 

fabricated by dispersing pre-synthesized nanoMIPs, previously optimized for E2 

recognition, into the aniline monomer solution prior to the electropolymerization 

step. This approach allowed the incorporation of discrete and uniform imprinted 

nanostructures within the conductive PANI network, combining the high electrical 

conductivity of the polymer with the molecular selectivity and structural 

homogeneity of the nanoMIPs. The electrochemical deposition process was 

monitored by CV to ensure the successful growth of the PANI layer, whose 

morphology and structural features were further examined by SEM and Fourier-

transform infrared spectroscopy (FT-IR) analyses. These complementary 

characterizations confirmed the uniform coverage of the electrode surface by the 

PANI layer and the successful incorporation of nanoMIPs within the PANI matrix. 

The sensing behaviour of the two architectures was evaluated using EIS by 

recording the variation in Rct upon incubation with increasing concentrations of 

E2, ranging from 0.01 to 100 ng/mL. For both sensing configurations, a gradual 

increase in Rct was observed as the E2 concentration increased, indicating a 

reduction in electron transfer efficiency due to the formation of the analyte-polymer 

complex. In contrast, the corresponding control electrodes, prepared either as a non-

imprinted PANI layer or as a PANI layer doped with non-imprinted polymer 

nanoparticles, showed no significant change in impedance, confirming that the 

observed response originated from specific molecular recognition rather than 

nonspecific adsorption phenomena. To further compare the binding performance 

and site distribution homogeneity of the two systems, the calibration data were 

fitted using both the Langmuir model, which is intended to describe monomodal 

binding sites (n=1), and the Hill equation model, which extends the binding site 

degree of freedom to n. For the Imprinted PANI layer, the Langmuir model provided 

a poor fit (R²=0.8863), suggesting that the electropolymerization of PANI in the 

presence of the soluble E2 template generated a heterogeneous distribution of 

binding sites. In contrast, the Hill model yielded a significantly better correlation 

(R²=0.9934), but with an n value of 0.34. Considering n as an indicator related to 

the degree of surface heterogeneity, where n=1 represents full homogeneity, these 

results confirmed the inhomogeneous nature of the binding cavities in the Imprinted 

PANI layer. Conversely, the NanoMIP-doped PANI electrode exhibited excellent 
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fitting to both models (Langmuir R²=0.9690 and Hill R²=0.9955), with a Hill model 

n value of 0.79, much closer to unity than that of the Imprinted PANI layer 

(n = 0.34). This finding demonstrates that the NanoMIP-doped PANI system 

possesses a more homogeneous population of binding sites, consistent with the 

discrete and uniform nature of the nanoMIPs. Furthermore, the linearization 

parameters derived from the binding curves indicated that the slope of the 

NanoMIP-doped PANI sensor was almost twice that of the Imprinted PANI layer, 

revealing a markedly higher sensitivity and confirming that the incorporation of 

nanoMIPs significantly enhances the recognition efficiency and electrochemical 

response of the sensor. The superior sensing performance of the NanoMIP-doped 

PANI electrode was further confirmed by comparing the analytical parameters of 

the two sensors. In particular, the LOD achieved with the NanoMIP-doped PANI 

sensor was 2.86 pg/mL, which is lower than that obtained with the Imprinted PANI 

layer (65 pg/mL), confirming its enhanced capability for trace-level detection of 

E2. 

The selectivity of both sensing architectures was evaluated by exposing the 

electrodes to structurally related compounds, namely progesterone (P) and 

bisphenol A (BPA), under the same experimental conditions used for E2 detection. 

Both the Imprinted PANI and the NanoMIP-doped PANI sensors exhibited 

negligible variations in charge transfer resistance in the presence of these potential 

interferents, confirming the high molecular specificity of the imprinted sites toward 

the target analyte. 

Finally, to evaluate the applicability in complex matrices, the optimized NanoMIP-

doped PANI sensor was tested in spiked wastewater samples containing known 

concentrations of E2 (0.1, 1, and 10 ng/mL). The measured recovery values were 

98.7%, 96.9%, and 68.7%, respectively, demonstrating that the sensor maintained 

its selectivity and sensitivity even in complex environmental matrices. 

Overall, this study directly contributes to the general aim of the thesis by 

demonstrating how the homogeneity of imprinted binding sites critically affects the 

analytical performance of MIP-based sensors. The comparison between the 

electropolymerized Imprinted PANI layer and the nanoMIP-doped PANI 

configuration highlights that the incorporation of pre-synthesized, structurally 
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uniform nanoMIPs provides a more controlled recognition environment, resulting 

in enhanced sensitivity and lower detection limits. These findings confirm the 

effectiveness of using homogeneous and nanostructured MIP systems as a key 

strategy to develop high-performance sensing platforms. 
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Paper III 

 

Castor oil-based molecularly imprinted nanoparticles for the 

detection of cardiac troponin I: Towards green molecularly 

imprinted nanoreceptors 

Summary 

This study investigates the development of green molecularly imprinted polymer 

nanoparticles (GreenNanoMIPs) as biocompatible and sustainable synthetic 

receptors for detecting cardiac troponin I (cTnI), a clinically relevant biomarker for 

myocardial infarction. The work aims to demonstrate that renewable castor oil-

derived materials can be successfully employed as functional monomers in MIP 

synthesis, providing an environmentally friendly alternative to conventional 

monomers. 

The synthesis of the green nanoMIPs was carried out using an epitope-imprinting 

approach, employing a C-terminal peptide fragment of cTnI, specifically NR10, as 

the template molecule. The polymerization was performed by combining acrylated 

methyl ricinoleate (AMR), a hydrophobic sustainable monomer derived from castor 

oil, with ethylene glycol methyl ether acrylate (EGMEA), a hydrophilic monomer, 

together with N, N′-Methylenebis(acrylamide) (MBA) as the crosslinker. To 

identify the most suitable formulation for GreenNanoMIP synthesis, several 

polymerization formulations were initially performed by varying the monomers and 

cross-linker composition and also the concentration of the photoinitiator 

LAP (Table 4.1). Among all the formulations investigated, two compositions 

emerged as the most promising based on their hydrodynamic size and PDI, as 

assessed by DLS analysis. These two formulations were designated as 

GreenNanoMIP I, when AMR accounted for 45% of the total monomer content, 

and GreenNanoMIP II, when the AMR content was reduced to 25%. In both cases, 

non-imprinted nanoparticles were also synthesized under identical conditions to 

serve as a control (Control NPs). Both GreenNanoMIP formulations and their 

corresponding Control NPs exhibited average hydrodynamic sizes below 100 nm, 
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confirming the successful formation of nanosized materials. However, a clear 

difference in PDI was observed between the two formulations: GreenNanoMIP I 

showed a PDI of approximately 0.06, while GreenNanoMIP II displayed a higher 

value of around 0.20. This difference can be attributed to the distinct hydrophobic-

hydrophilic balance of the monomer mixtures, as the higher hydrophobic content in 

GreenNanoMIP I promoted more uniform particle growth, whereas the equal 

proportion of hydrophobic and hydrophilic monomers in GreenNanoMIP II likely 

resulted in less controlled growth and greater polydispersity. The nanoparticles 

were also analyzed by FT-IR spectroscopy, which confirmed a uniform chemical 

composition across the GreenNanoMIPs, and by SEM, which revealed well-

defined, nanosized spherical particles. Moreover, the GreenNanoMIPs also 

exhibited remarkable long-term stability as they show no significant changes in 

particle size distribution and PDI even after one year of storage. 

The binding properties of the GreenNanoMIPs were investigated through 

fluorescence lifetime measurements using the NR10 peptide labelled with 

fluorescein (NR10-FITC) as the fluorescent probe. The NR10-FITC solution 

(10 nM) was incubated with increasing concentrations of nanoparticles, ranging 

from 0.5 ng/mL to 5000 ng/mL, including GreenNanoMIP I, GreenNanoMIP II and 

their respective Control NPs. The fluorescence decay profiles were analyzed using 

a bi-exponential fitting model, in which the shorter lifetime component (τ₁) was 

fixed as a global descriptor of non-specific decays occurring outside the imprinted 

cavities, while the longer component (τ₂) reflected fluorophores engaged in 

binding-related interactions within or near the specific recognition sites. A decrease 

in fluorescence lifetime of NR10-FITC was observed upon addition of both 

imprinted GreenNanoMIP formulations, confirming that the nanoparticles 

effectively interact with the target peptide through specific recognition 

mechanisms. In contrast, no significant variation in fluorescence lifetime was 

detected for the non-imprinted Control NPs, indicating the absence of specific 

binding. The binding data obtained for GreenNanoMIP I were fitted using the Hill 

equation model, yielding a measurable lifetime variation (Δτ) of about 200 ps and 

an EC₅₀ value of 3.31 ng/mL, confirming a strong affinity for the NR10 target 

sequence. In contrast, GreenNanoMIP II exhibited a higher degree of uncertainty 
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and variability in the lifetime measurements, likely due to its greater tendency to 

form aggregates, as supported by its higher PDI values and standard errors. Based 

on these observations, GreenNanoMIP I emerged as the most reliable and promising 

formulation for nanosensing applications. 

The selectivity of GreenNanoMIP I was evaluated through a competitive binding 

assay using the fluorescently labeled peptide NR10-FITC as the reporter. In this 

experiment, GreenNanoMIP I (25 ng/mL) was incubated with a fixed concentration 

of NR10-FITC (10 nM), corresponding to a condition that saturates the available 

binding sites. Subsequently, increasing concentrations of potential competitors 

were added, including the non-fluorescent target peptide NR10 and two unrelated 

peptides, NR11 and FN11, at molar ratios of 1:1, 10:1, 100:1, and 1000:1 with 

respect to NR10-FITC. Only the addition of the non-fluorescent NR10 induced a 

decrease in fluorescence lifetime, consistent with the displacement of the bound 

NR10-FITC from the imprinted sites. In contrast, incubation with the non-template 

peptides (NR11 and FN11) produced no significant changes in lifetime, 

demonstrating the high molecular selectivity of GreenNanoMIP I toward its target 

peptide sequence. To further assess the applicability of the GreenNanoMIPs for the 

recognition of the full target protein, additional competitive binding experiments 

were performed using cTnI and HSA as analytes. Upon incubation with increasing 

concentrations of cTnI, a clear decrease in fluorescence lifetime was observed, 

confirming the displacement of the bound NR10-FITC and thus the ability of the 

GreenNanoMIPs to recognize the native protein containing the imprinted epitope. 

In contrast, HSA did not produce a dose-dependent displacement, showing only a 

negligible and non-specific adsorption effect. 

Finally, the applicability of GreenNanoMIP I for detection in complex biological 

matrices was evaluated using human serum samples diluted 50 times. The 

fluorescence lifetime of the serum containing only the NR10-FITC probe 

represented the 100% reference signal, while the addition of GreenNanoMIP I 

(25 ng/mL) led to an almost complete quenching of the fluorescence response, as a 

consequence of the probe binding to the imprinted sites on the nanoparticles. When 

cTnI was subsequently introduced at a 1:1 molar ratio with NR10-FITC, a slight 

increase in the fluorescence lifetime was observed, indicating the partial 
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displacement of the bound probe from the nanoparticle surface due to the specific 

interaction between the imprinted cavities and the target protein. Although further 

optimization would be required to achieve lower detection limits, these results 

clearly confirm the feasibility of using GreenNanoMIPs for sensing applications. 

Overall, this study contributes to the general aim of the thesis by introducing a green 

and sustainable design strategy for MIP-based sensors. The use of castor oil-derived 

monomers enabled the synthesis of structurally homogeneous, stable and 

biocompatible nanoMIPs, demonstrating that environmentally friendly materials 

can achieve high recognition performance. 

Table 4.1 GreenNanoMIP formulations for synthesis optimization. 

Code of the 

polymer 

AMR 

(%) 

EGMEA 

(%) 

MBA 

(%) 

LAP 

(%) 

Appearance and size (nm) 

 

Pol1 45 5 50 1 Polydisperse, not reliable results 

Pol2 25 25 50 1 Polydisperse, not reliable results 

Pol3 90 10 / 1 Polydisperse, not reliable results 

Pol4 50 50 / 1 Polydisperse, not reliable results 

Pol5 45 5 50 10 80.9 nm 

Pol6 25 25 50 10 76.3 nm 

Pol7 90 10 / 10 Polydisperse, not reliable results 

Pol8 50 50 / 10 Polydisperse, not reliable results 
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Paper IV 

 

Highly Sensitive Biosensor for the Detection of Cardiac 

Troponin I in Serum via Surface Plasmon Resonance on 

Polymeric Optical Fiber Functionalized with Castor Oil-derived 

Molecularly Imprinted Nanoparticles 

Summary 

This work focuses on the development of a high-sensitivity optical sensor for the 

detection of cTnI, using castor oil-derived molecularly imprinted nanoparticles 

(GreenNanoMIPs), synthetized in the previous work, as synthetic recognition 

elements integrated into a miniaturized plastic optical fiber-based surface plasmon 

resonance (POF-SPR) transducer. The aim of this work was to evaluate whether 

these sustainable, highly stable and homogeneous nanoreceptors, originally 

designed for fluorescence-based sensing, could be successfully implemented into a 

plasmonic configuration to achieve ultrasensitive, selective, and rapid cTnI 

detection, thereby advancing toward point-of-care (POC) diagnostic applications. 

To achieve the goal of this work, the GreenNanoMIPs were covalently immobilized 

to the gold surface of the POF-SPR transducer through a classical EDC/NHS 

activation strategy, following the formation of a SAM of α-lipoic acid on the gold 

surface. The effectiveness of the functionalization was monitored in real time by 

evaluating the plasmonic spectral shifts at each modification step (bare gold 

surface, SAM formation, and GreenNanoMIP immobilization). A progressive red 

shift of the resonance wavelength, from 601.88 to 611.89 nm, confirmed the 

successful deposition of the nanoparticles. This result was further supported by X-

ray photoelectron spectroscopy (XPS) analysis, which revealed the expected 

increase in the surface atomic percentages of carbon, oxygen, and nitrogen 

following the functionalization steps, providing independent evidence of the 

GreenNanoMIPs grafting onto the gold-coated POF surface. 

The binding performance of the cTnI_nanoMIP-SPR-sensor was evaluated using 

the cTnI epitope peptide NR10 over a concentration range from 1 pM to 100 nM. 
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A clear concentration-dependent blue shift of the plasmonic resonance wavelength 

was observed, with a maximum shift of approximately 3 nm, indicating variations 

in the local refractive index near the gold surface upon NR10 binding to the 

GreenNanoMIP layer. The occurrence of a blue shift, rather than the typical red 

shift commonly associated with molecular adsorption on rigid plasmonic interfaces, 

can be attributed to the soft hydrogel nature of the GreenNanoMIP matrix, which 

can undergo local swelling or shrinking in response to analyte interaction. To assess 

the selectivity of the sensing system, the non-imprinted peptide NR11 was tested 

under the same conditions. In this case, no significant shift in the plasmonic 

resonance wavelength was observed, confirming the specific molecular recognition 

of the imprinted NR10 epitope by the cTnI_nanoMIP-SPR-sensor. 

The sensing capability of the cTnI_nanoMIP-SPR-sensor was further evaluated 

using the full cTnI protein over a concentration range of 100 fM to 10 nM. 

Similarly, in this case, a progressive blue shift of the plasmonic resonance 

wavelength was observed, with a maximum shift of approximately 2 nm, 

confirming that the recognition mechanism for the NR10 peptide is preserved for 

the entire protein. To further evaluate the selectivity of the system, cytochrome c 

(Cyt c) and HSA were tested as non-target competitive proteins under the same 

experimental conditions and, in both cases, no significant resonance wavelength 

shifts were observed, confirming that the sensor response is exclusively associated 

with the specific recognition of cTnI by the GreenNanoMIPs. 

The binding curve data were fitted using the Hill equation model, and the 

operational parameters of the sensor were calculated, yielding a LOD of 3.53×10-

15 M, a LOQ of 1.17×10-14 M, and a sensitivity at low concentration of 8.49×1013. 

The applicability of the cTnI_nanoMIP-SPR-sensor in complex biological matrices 

was further assessed using model and real serum samples. The model serum was 

prepared by dissolving HSA at a concentration of 1 mg/mL, while real human serum 

was diluted 1:50 prior to analysis. To minimize nonspecific interactions arising 

from the complex matrix, Tween-20 (0.1% v/v) was added to both sample types 

before incubation. Both matrices were spiked with known concentrations of cTnI, 

and in all cases, the sensor provided clear spectral responses, consistent with the 

trends observed in buffer. Importantly, the cTnI_nanoMIP-SPR-sensor was able to 



162 
 

detect cTnI concentrations well below the clinical threshold (160 pM), confirming 

its strong potential for early-stage diagnosis of myocardial injury and its suitability 

for POC applications. 

Overall, this study contributes to the general aim of the thesis by demonstrating an 

effective strategy to enhance the performance of MIP-based sensors through the use 

of sustainable and responsive polymeric materials. The employment of the castor-

oil-derived green monomer enabled the synthesis of highly stable hydrogel-based 

GreenNanoMIPs, capable of retaining their recognition properties across different 

transduction modes (i.e. time-resolved fluorescence spectroscopy or SPR). 
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Conclusions 

The research presented in this PhD thesis demonstrates the versatility, robustness 

and high potential of MIPs as synthetic receptors for the development of advanced 

sensing systems, showing how a rational design of their structure, obtained through 

a careful control of size and chemical composition, combined with high sensitivity 

transduction strategies, can substantially enhance the performance of analytical 

recognition of the sensor platforms. 

A major outcome of this work is the demonstration that controlling the morphology 

and homogeneity of the recognition sites is crucial for achieving high-performance 

sensing. The use of nanostructured MIPs, particularly spherical nanoMIPs, has 

proven effective in increasing the accessibility of binding sites and enhancing mass 

transfer, ultimately enabling the detection of analytes at ultra-low concentrations. 

A complementary outcome of this thesis is the demonstration that the homogeneity 

of the imprinted binding sites plays a decisive role in determining the quality of the 

sensing response. By comparing a conventional electropolymerized MIP layer, 

characterized by an intrinsically heterogeneous distribution of recognition sites, 

with architectures incorporating pre-synthesized homogeneous nanoMIPs within 

the conductive layer, it became evident that uniformity in site structure directly 

influences both sensitivity and reproducibility. Sensors based on homogeneous 

nanoMIPs exhibited more defined binding behaviour, improved signal-to-noise 

ratios and lower detection limits, confirming that minimizing site heterogeneity is 

essential for achieving robust and analytically reliable MIP-based sensors. 

Another significant contribution of this thesis is the advancement of optical 

transduction methods applied to MIP-based sensors. By incorporating fluorescent 

probes into the polymer matrix and optimizing their interaction with the template 

molecule, it was possible to tailor the photophysical behaviour of the resulting 

nanoMIPs and achieve enhanced signal responsiveness. The introduction of time-

resolved fluorescence spectroscopy as a detection method further expands the 

potential of MIP-based sensors, demonstrating that fluorescence lifetime 
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measurements, which are still barely explored in MIP-based sensor field, offer a 

powerful and highly sensitive readout for monitoring binding events.  

The thesis also contributes to the growing interest in innovative materials for 

imprinting by demonstrating that eco-friendly monomers derived from renewable 

resources can be successfully employed in MIP synthesis. The GreenNanoMIPs 

developed exhibited excellent recognition properties and stability, confirming that 

environmentally friendly approaches can be pursued without compromising 

analytical performance. Their successful implementation in both fluorescence- and 

plasmonic-based sensors further highlights their versatility and applicability across 

different platforms. 

Overall, the results of this thesis confirm the strong potential of MIPs as reliable 

synthetic receptors for sensing applications, and illustrate how different approaches 

can contribute to the development of more sensitive, selective and robust MIP-

based platforms. The present work is foreground to the translations of MIP-sensors 

into real-world applications, including for determining analytes in complex 

matrices. From this work, it emerges that the next research challenges to face 

encompasses ensuring the MIP’s recognition homogeneity beyond the current result 

of the thesis, including testing synthetic strategies based on solid phase approaches;   

inspecting matrix effects, so to optimize the sensing response; actuating chemical 

strategies to fine-manipulating the placement of fluorescent tags, particularly by 

taking advantages of high-wavelength emissions and longer lifetimes inorganic 

fluorescent dyes, such as lanthanide-based dyes, as a resource for high 

photostability, long emission lifetimes, sharp emission spectra, and excellent 

sensitivity in a variety of different samples, including biologicals. 

 

 

 


