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ABSTRACT I

ABSTRACT

An adaptive reaction known as inflammation is typically brought on by unpleasant stimuli and diseases
such as widespread infection and/or tissue damage. The immune system launches an inflammatory
reaction as a defensive strategy, producing cells and cytokines to combat these invaders, which may cause
discomfort, redness, swelling, and bruising. In particular, the liver produces the biomolecule C-Reactive
Protein (CRP) in reaction to cytokines that are generated during inflammatory and infectious processes.
In this situation, the creation of straightforward, affordable, and user-friendly diagnostic instruments to
check for inflammatory biomarkers at the point of treatment might be very beneficial for therapeutic
purposes.

The goal of this research is to create an electrochemical biosensor with exceptional sensitivity that can
monitor CRP. The molecularly imprinted polymer (MIP), which serves as the biorecognition component
of the biosensor, is formed by electrochemically polymerizing a combination of aniline and chitosan in
the presence of the target protein, CRP. Here, adding chitosan to the monomer mixture significantly
improves the biosensor's stability and repeatability. The bulk technique, which offers a straightforward,
quick, one-step procedure for altering and assessing various variables, was used to assemble the
polymeric film by means of electropolymerization. It is feasible to model and control the thickness and
porosity of the produced polymeric film by changing and adjusting electropolymerization process
parameters including the scanning rate and the number of cycles. The scanning speed chosen for the
studies was 0.5 Vs and the number of electropolymerization cycles optimised was 5 cycles.

After electrochemical synthesis, CRP was successfully removed from the polymeric network using acid-
organic combinations, allowing cavities that are complementary in size and shape to the target molecule
to develop. Electrochemical impedance spectroscopy (EIS) was used to assess the electrochemical
performance while the biosensor assembly was being optimized.

The imprinting effect was subsequently demonstrated by examining the electrochemical detection
properties, and the improved biosensor showed a linear electrochemical response in the concentration
range of 0.001 ng mL-1to 0.01 pg mL ! and a LOD of 2.22 pg mL-!. Furthermore, surface alterations
on the gold electrode were validated by chemical and morphological characterizations like Scanning
Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR) and Raman techniques.
In terms of sensitivity, stability, and repeatability, the final biosensor device showed significant promise,

making it a more convenient and affordable alternative for monitoring chronic wounds progression.

KEYWORDS

Biosensor; Molecularly imprinted polymer; Gold-based electrodes; Electrochemical detection; C-
Reactive Protein.
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RESUMO

A inflama¢do é normalmente provocada por estimulos desagradaveis e doencas como a infecdo
generalizada e/ou danos nos tecidos. O sistema imunitirio desencadeia uma reacio inflamatéria como
estratégia de defesa, produzindo células e citocinas para combater estes invasores, o que pode causar
desconforto, vermelhidao, inchaco e hematomas. Em particular, o figado produz a biomolécula Proteina
C-Reativa (CRP) em reacio as citocinas que sdao geradas durante os processos inflamatorios e infeciosos.
Nesta situagdo, o desenvolvimento de instrumentos de diagnéstico simples, econdémicos e faceis de
utilizar para verificar a presenca de biomarcadores inflamatérios no local do tratamento pode ser muito
benéfico do ponto de vista terapéutico.

O objetivo deste trabalho é desenvolver um biossensor eletroquimico com uma boa sensibilidade que
possa monitorizar a CRP. O polimero de impressao molecular (MIP), que serve como componente de
biorreconhecimento do biossensor, é formado pela polimeriza¢ao eletroquimica de uma combinac¢ao de
anilina e quitosano na presenga da proteina alvo, a CRP. Neste caso, a introdu¢io de quitosano na mistura
de monémeros melhora significativamente a estabilidade e a reprodutibilidade do biossensor.

A técnica bulk, oferece um procedimento simples, rapido num sé passo para alterar e avaliar diversas
variaveis, permitindo o fabrico do material polimérico através da utilizagdio da técnica de
electropolimerizagio. E possivel modelar e controlar a espessura e a porosidade da pelicula polimérica
produzida, alterando e ajustando os parametros do processo de electropolimerizacio, incluindo a
velocidade de varrimento e o numero de ciclos. A velocidade de varrimento escolhida para a realizagiao
dos estudos foi de 0.5 Vs e o numero de ciclos de electropolimeriza¢io otimizado foi de 5 ciclos.

Apbs a sintese eletroquimica, a CRP foi removida com sucesso da rede polimérica utilizando
combinag¢bes 4acido-organicas, permitindo o desenvolvimento de cavidades complementares em
tamanho e forma a molécula alvo. A espetroscopia de impedancia eletroquimica (EIS) foi utilizada para

avaliar o desempenho eletroquimico enquanto a constru¢io do biossensor estava a ser otimizado.

O resultado da impressio molecular foi subsequentemente demonstrado através da avaliagdo das
propriedades de detecio eletroquimica e o biossensor otimizado apresentou uma resposta eletroquimica
linear no intervalo de concentra¢io de 0.001 ng mI.-'a 0.01 pg mL - e um LOD de 2.22 pg mL-1. Além
disso, as alteragbes estruturais na superficie do eléctrodo de ouro foram validadas por caracterizacoes
quimicas e morfologicas como Microscopia eletrénica de varrimento (SEM), espetroscopia de
infravermelhos com transformada de Fourier (FTIR) e técnicas Raman. Em termos de sensibilidade,
estabilidade e repetibilidade, o dispositivo biossensor final mostrou-se significativamente promissor,
tornando-o uma conveniente e acessivel ferramenta para a monitorizacio remota da progressio de
feridas cronicas.

PALAVRAS-CHAVE

Biossensor; Polimero de impressio molecular; Elétrodos de ouro; Detecio eletroquimica; Proteina C-
Reativa.
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1. INTRODUCTION

This chapter provides a brief introduction to the problem being addressed in this thesis. It highlights the
main objectives of the study, discusses the selection of the used methodology, and supplies some
information regarding the research center where the investigation was developed. In addition, an outline
of the work is also included.

1.1. Problem Statement

Typically, inflammation is a responsive mechanism that the body employs when exposed to harmful
stimuli or conditions, such as tissue damage or/ and infection [1]. When the body is confronted with
external threats like bacteria, viruses, or toxins, inflammation can arise. As a consequence, the immune
system releases cytokines and inflammatory cells to combat these invaders. Pain, swelling, bruising, or
redness may be some of the outcomes of inflammation event [2]. Discomfort is usually temporary and
disappears when the inflammatory response has done its job. But in some instances, inflaimmation can

persist and cause harm [3], evolving to a severe chronic state.

During inflammation, white blood cells accumulate at the site of injury, primarily phagocytes that ingest
bacteria and foreign particles to clean up cellular debris. Neutrophils, a type of phagocyte, are involved
in acute inflaimmation and contain cell-destroying enzymes and proteins. If tissue damage is minor, an
adequate supply of neutrophils is obtained from circulating blood. However, in severe damage, immature
neutrophils are released from the bone marrow [3]. Under this context, two types of inflaimmation can
occur: acute (short lived) inflaimmation and chronic (long-lasting) inflammation [4].

Acute inflaimmation begins after a specific injury that will cause soluble mediators such as cytokines,
acute phase proteins, and chemokines to promote the migration of neutrophils and macrophages to the
area of inflammation. These cells are part of a natural innate immunity that can play an active role in
acute inflammation [4].

In chronic infection the body continues to send out inflammatory cells, even when there is no longer
any danger. The stimulus may be low virulence infectious agents or alterations in host tissue due to
responses to endogenous components (e.g., metabolites and autoimmune alterations). In contrast to
acute inflammatory where responses are characterized primarily by the recruitment of neutrophils from
the blood, chronic inflaimmation is characterized by the continued recruitment of circulating
mononuclear leukocytes, including monocytes and populations of T lymphocytes [5]. Common
symptoms of chronic inflammation include fatigue; body pain; depression or anxiety; gastrointestinal
complications (diarrhea or constipation); weight gain; weight loss; persistent infections. These symptoms
can range from mild to severe and last for several months or years [6], [7], which constitute a significant
impact in health and quality of life of patients.

Currently, the development of innovative, quick, and easy-to-use methodologies for inflammation
monitoring are still needed. In this context, C-reactive protein (CRP) is an acute inflammatory protein
that increases up to 1,000-fold at sites of infection or inflammation. CRP is produced as a
homopentameric protein, termed native CRP, which can irreversibly dissociate at sites of inflammation
and infection into five separate monomers, termed monomeric CRP [8]. CRP is synthesized primarily in
liver hepatocytes but also by smooth muscle cells, macrophages, endothelial cells, lymphocytes, and
adipocytes [8]. Thus, tracking in-situ the levels of CRP biomarker can be highly valuable from a
therapeutic point-of-view.
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The detection of inflammation events remains a challenge for healthcare providers as there are limited
quick, practical, and cost-effective methods available. This creates a burden on laboratories and
healthcare systems, leading to delayed diagnosis and treatment of patients. To address this challenge,
there is an urgent need to explore innovative solutions that can enable rapid and accurate monitorization
of inflammation, patticularly in point-of-care (POC) settings. These solutions should not only be
affordable but also easy to implement, enabling healthcare providers to diagnose locally quickly and
efficiently inflammation in patients.

In the last decades, biosensors have experienced important applications in medical diagnostics,
personalized medicine, food industry, and substance testing laboratories [9]. One of the main advantages
of using biosensing technology is the ability to detect low concentrations of a target analyte in a complex
biological sample. Moreover, biosensor devices are becoming increasingly advanced, sophisticated,
inexpensive, and miniaturized [9]. However, there is still an acute need for simple and sensitive
biosensing approaches that can be employed in a POC context. Particularly, this work aims to develop
and study an innovative electrochemical biosensing platform to detect and quantify CRP presence in
POC, with particular emphasis in wound applications.

1.2. Objectives and Research questions

The main objective of this thesis is to develop a sensitive and selective electrochemical biosensor using
molecularly imprinted polymers (MIPs) as the biorecognition element for the detection of CRP protein.

This work was developed keeping in mind the research question, "How best to develop a selective, stable
and reproducible biosensor?"

To pursue the general objective of this research, the following specific objectives were formulated:
- To achieve a linear response higher than 98%;
- To reach an electrochemical response with high reproducibility and selectivity;

- To fabricate a biosensor holding elevated stability and robustness.

1.3. Methodological options

For the development of this thesis some methodological decisions were made such as:

- The use of chitosan biopolymer in the implementation of the monomer mixture since it is
expected to provide great stability and reproducibility to the biosensor assembly.

- The use of electrochemical polymerization due to its simplicity, robustness, and possibility of
working over a wide range of solvents, temperature and mild conditions.

- The use of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) as
electrochemical techniques, since these are widely used and recognized for their good sensitivity
performance.

1.4. Biomark presentation

This thesis was developed by framing the research group BioMark Sensor Research. This research group,
integrated in the School of Engineering - Polytechnic of Porto (ISEP), aims the development,
modification, and characterization of novel (bio)materials with their own functionalities and application
in the Medical and Industrial context, in transversal domains such as Bioengineering, Materials Science,
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Electrical Engineering, Mechanical Engineering and Chemical Engineering [10]. Furthermore, BioMark
research team gathers solid expetience in the design and optimization of innovative (electrochemical and
optical) biosensors for biomarker detection with biological relevance, mostly targeted for
therapeutics/diagnosis applications.

1.5. Outline

This work presents 4 chapters in addition to the Introduction.

Chapter 2 focuses exclusively on addressing the theoretical part of the dissertation topic, with a special
emphasis on Inflaimmation and Biosensors, with a description of their components and the various
(bio)recognition elements and transducers available. This chapter also presents the state of the art of the
existing studies regarding the subject.

Chapter 3 presents the work developed as well as the methodology employed.
Chapter 4 concentrates on the presentation and discussion of the results obtained.

Finally, chapter 5 presents a summary of the developed work as well as future perspectives.
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2. LITERATURE REVIEW

This chapter will review the literature to frame the developed work, addressing the topic of Inflammation

and Biosensors, and present the state of the art regarding the existing biosensor technology.

2.1. Inflammation

Inflammation is generally defined as a response to stimulation by invading pathogens or endogenous
signals such as damaged cells that results in tissue repair or sometimes pathology when the response goes
unchecked. However, understanding the mechanisms, context, and role of inflammation during
physiological immune responses and pathology is a complex phenomenon, constantly evolving [11].
Inflammation is therefore a defense mechanism that is vital to health maintenance. Usually, during acute
inflammatory responses, cellular and molecular events and interactions efficiently minimize, impending
injury or infection. This mitigation process contributes to restoration of tissue homeostasis and
resolution of the acute inflaimmation. However, uncontrolled acute inflammation may become chronic,
contributing to a variety of chronic inflammatory diseases [12]. The inflammatory response is the
coordinate activation of signaling pathways that regulate inflammatory mediator levels in resident tissue
cells and inflammatory cells recruited from the blood. Inflammation is a common pathogenesis of many
chronic diseases, including cardiovascular and bowel diseases, diabetes, arthritis, and cancer [12]. To
prevent progression from acute inflammation to persistent, chronic inflammation, the inflaimmatory

response must be suppressed to prevent additional tissue damage [12].

Recent studies state that chronic inflammation is related to several chronic diseases such as type 2
diabetes mellitus [13], cancer [14], and cardiovascular diseases [15]. Inflammation was also linked to other
diseases, such as asthma, cardiac arrhythmia, and depression [16]. Particularly, metabolic diseases are
driven by chronic low-grade inflammation characterized by elevated serum levels of proinflammatory
cytokines such as Interleukin-1(IL-1), Interleukin-6 (IL-6), Interleukin-12 (IL-12), and Tumor Necrosis
Factor (TNF-a); chemokines, including CXCL8, CCL2, CCL3, and CCL5; acute phase reactants such as
C-reactive proteins (CRP), serum amyloid A, and ferritin; insulin resistance-associated adipokines such
as retinol-binding protein 4 and resistin; and procoagulant factors, including plasminogen activator
inhibitor [5]. Furthermore, several risk factors promote a low-level inflammatory response, such as age,

obesity, diet, smoking, low sex hormones, stress, and sleep disorders [17].

2.1.1. Types of Chronic Inflammation

Special emphasis will be given herein to chronic inflammation due to the severe consequences in terms
of health cost and quality of life that are associated to this type of pathology [6].
There are two types of chronic inflammation:

- Nonspecific proliferative - It is characterized by the presence of non-specific granulation
tissue formed by infiltration of mononuclear cells (lymphocytes, macrophages, plasma cells) and
proliferation of fibroblasts, connective tissue, vessels, and epithelial cells [6].

- Granulomatous inflammation - This is a specific type of chronic inflammation characterized
by the presence of distinct nodular lesions or granulomas formed with an aggregation of
activated macrophages or their derived cell called epithelioid cells usually surrounded by
lymphocytes. The macrophages or epithelioid cells within the granulomas often coalesce to form
Langhans or giant cells such as foreign body, Aschoff, Reed-Sternberg, and Tumor giant cells.
There are two types:
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o Granuloma formed due to foreign body or T-cell mediated immune response is termed
as foreign body granuloma, for example silicosis [0].

o Granuloma formed due to chronic infection is called infectious granuloma, for example
tuberculosis [6].

2.1.2. Inflammatory markers

Inflammatory markers are commonly assessed through blood tests used by healthcare personnel to
detect inflammation in the body, caused by many diseases. This can include infections, auto-immune
conditions, and cancers. Nowadays, the three most used inflammatory markers are CRP, erythrocyte
sedimentation rate (ESR) and plasma viscosity (PV) [18].

- Blood test for CRP - When the body responds to infection or inflammation, it generates
specific proteins. One such protein is CRP, which is produced by the liver and tends to increase
during inflammation. Normally, a CRP value of less than 3 mg L' is considered normal.
However, a value above this may indicate an increased risk of cardiovascular disease, though
inflammation in the body can also cause CRP levels to rise to 100 mg L1 or higher. A CRP assay
is often used to detect or monitor inflammation in acute or chronic conditions, such as,
infections caused by bacteria or viruses, inflammatory bowel disease, autoimmune disorders like
lupus, rheumatoid arthritis, and vasculitis, as well as lung diseases like asthma [19)].

- Red cell sedimentation rate (sed rate or ESR) - This test measures how quickly red blood
cells settle to the bottom of a vertical tube of blood. When there is inflammation, red blood cells
fall faster, because greater amounts of protein in the blood cause these cells to clump together.
Although ranges vary by laboratory, a normal result is usually 20 mm hr! or less for men and 0-
29 mm hr! for women, while a value over 100 mm hr! is quite high [20].

- Plasma Viscosity — This test measures the viscosity, or the ‘thicknesses of the plasma (the
liquid part of the blood). Plasma viscosity is affected by the number of proteins in the blood.
Protein levels in the blood can increase as part of the normal response to infection or
inflaimmation. Plasma viscosity also increases in certain diseases where proteins (called
‘paraproteins’) are produced abnormally. Measuring the viscosity of blood may be used to detect
and monitor inflammation [21]. The normal range for adults is 1.50-1.72 mPA [22].

2.1.2.1. C- Reactive Protein (CRP)

CRP was identified from patients with acute pneumococcal pneumonia, a name that reflects its reaction
with the C-polysaccharide of Pneumococcus. This native protein has five non-covalently bonded and
non-glycosylated identical subunits of 206 amino acids each (monomeric) to form a disk-shaped
pentagon, or pentameric form [23] (Figure 1).

CRP is a biomarker of inflammation that is extensively used in clinical practice. This protein is an acute-
phase protein synthesized by hepatocytes in response to pro-inflammatory cytokines during
inflammatory/infectious processes. CRP exists in conformationally distinct forms such as the native
pentameric CRP and monomeric CRP and may bind to distinct receptors and lipid rafts and exhibit
different functional properties [24].

Higher CRP concentrations may be indicative of an acute infection or inflammation. Higher CRP
concentration over time, rather than spikes in CRP, may result in cardiovascular diseases and problems
leading to atherosclerosis. Furthermore, some chronic inflammatory diseases like hemorrhagic stroke,
Alzheimer’s disease, and Parkinson’s disease are also associated with CRP formation [24].

Some basic research shows that the inflammatory response plays a central role in various phases of
atherosclerosis. From the initial recruitment of circulating leukocytes to the arterial wall to the rupture

BIOINSPIRED ELECTROCHEMICAL PLATFORM FOR DETECTION OF INFLAMMATION-RELATED BIOMARKERS



24 2. LITERATURE REVIEW

of unstable plaques, thereby resulting in the clinical manifestations of the disease. CRP may be critically
involved in each of these stages by directly influencing processes, including complement activation,
apoptosis, endothelial nitric oxide synthase inhibition, vascular cell activation, monocyte recruitment,
lipid accumulation and thrombosis, and pro-inflaimmatory cytokine formation [24], [25].

CRP plays a vital role in the monitoring of bacterial infection, inflammation, neurodegeneration, tissue
injury, and recovery. CRP levels are observed to be increased during acute-phase inflammation as well
as chronic inflammatory diseases [24]. The concentration of CRP is measured in milligrams per liter (mg
L. If the level of CRP is less than 10 mg L it is considered normal whereas if it is equal to or greater
than 10 mg L' the person is, then considered to be at higher risk [26].

) \

Figure 1- Molecular structure of CRP [27].

2.2. Biosensor

Medicine, biology, and biotechnology all rely heavily on biological and biochemical processes.
According to IUPAC definition, “A biosensor is a self-contained integrated device which can provide
specific quantitative or semi-quantitative analytical information using a biological recognition element
(biochemical receptor) which is in direct spatial contact with a transducer element. A biosensor should
be clearly distinguished from a bioanalytical system, which requires additional processing steps, such as,
reagent addition. Furthermore, a biosensor should be distinguished from a bioprobe which is either
disposable after one measurement, i.c., single use, or unable to continuously monitor the analyte
concentration” [28], [29].

Biosensors are analytical devices for the investigation of bio-material samples to achieve an
understanding of their bio-composition, layout, and principle by transforming a biological response into
a measurable signal. Figure 2 shows the major areas of applications concerning biosensors.
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Figure 2 - Major areas of applications for biosensors [30].

2.2.1. Biosensor Structure

A biosensor consists of an analyte, bioreceptor, transducer, electronics, and display [30], [31]. Figure 3

shows a diagram of the components of a biosensor that includes:

Analyte: An analyte is a substance whose concentration needs to be determined.

Bioreceptor: A molecule that specifically recognizes the analyte is known as a bioreceptor.
Enzymes, cells, aptamers, deoxyribonucleic acid (DNA), MIPs and antibodies are some
examples of bioreceptors.

Transducer: The transducer is the element that converts one form of energy into another. In
a biosensor the role of the transducer is to convert the bio-recognition event into a measurable
signal. This process of energy conversion is known as signalization. Most transducers produce
either optical or electrical signals that are usually proportional to the amount of analyte—
bioreceptor interactions.

Electronics: The main work of this part of a biosensor is to process the transduced signal and
make it ready for display. It consists of intricate electronic circuitry that performs signal
conditioning such as amplification and translation of signals into the digital form. The processed
signals are then evaluated by the display unit of the biosensor.

Display (Detector): The display consists of a user interpretation system such as the liquid
crystal display of a computer or a direct printer that generates numbers or curves understandable
by the user. This part often consists of a combination of hardware and software that generates
results of the biosensor in a user-friendly way. The output signal on the display can be numeric,
graphic, tabular or an image, depending on the requirements of the end user.
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Figure 3 - Diagram of the components of a biosensor.

Biosensors can be categorized according to the basic principles of their transduction signal and
biorecognition elements [28].
A few advantages of biosensors are listed below:

e They can measure nonpolar molecules that do not respond to most measurement devices.

e Biosensors are specific due to the immobilized system used in them.

e Rapid and continuous control is possible with biosensors.

e Response time is short (typically less than a minute).

e DPractical and easy to use.

Every biosensor possesses a certain set of static and dynamic properties. The performance of the
biosensor is affected by the optimization of these features.

Perhaps one of the most crucial components of a biosensor is selectivity. A bioreceptor’s selectivity
refers to its capacity to identify a particular analyte in a sample that contains various admixtures and
pollutants. For instance, the interaction of an antigen and an antibody is the best illustration of selectivity.
[30].

The biosensor's reproducibility refers to its capacity to produce the same results under identical testing
conditions. When a sample is tested more than once, accuracy refers to the sensot's capability to offer a
mean value that is close to the true value while precision refers to the sensot's ability to produce identical
findings every time [30].

The stability of a biosensing platform refers to how susceptible it is to environmental disturbances inside
and outside of it. A biosensor under measurement may experience a drift in its output signals because
of these disruptions. This could skew the concentration being measured and compromise the biosensot's
precision and accuracy. In applications where a biosensor needs lengthy incubation periods or ongoing
monitoring, stability is the most important component. The reaction of electronics and transducers may
be temperature-sensitive, which could affect a biosensor's stability. To achieve a steady response from
the sensor, proper tuning of the electronics is necessary. The degree to which the analyte attaches to the
bioreceptor—the affinity of the bioreceptor—can also have an impact on stability. High affinity
bioreceptors promote the analyte's covalent or strong electrostatic connection, which strengthens a
biosensor's stability. The degradation of the bioreceptor over time is another element that has an impact
on a measurement's stability [30]. One petfect example of this criteria concerns enzymatic biosensors
where the stability and activity of the enzyme element along the time is a crucial factor that affects
biosensor performance.
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The limit of detection (LOD) or sensitivity of a biosensor is the lowest concentration of analyte that it
can detect. A biosensor is necessaty in several medical and environmental monitoring applications to
confirm the existence of traces of analytes in a sample at analyte concentrations as low as ng ml-! or even
fg ml! [30].

In a mathematical equation, y=mc, where c is the analyte concentration, y is the output signal, and m is
the sensitivity of the biosensor, linearity is the property that demonstrates the accuracy of the measured
response to a straight line for a set of measurements with various analyte concentrations. The resolution
of the biosensor and the range of analyte concentrations under test can both affect the biosensot's
linearity. The smallest change in an analyte's concentration necessary to cause a change in the biosensot's
response is known. Depending on the application, a good resolution is required as most biosensor
applications require not only analyte detection but also measurement of concentrations of analyte over

a wide working range [30].

2.2.1.1. Bioreceptor

The primary purpose of a biorecognition element is to provide analyte specificity to a biosensor. The
bio-recognition element (e.g., enzyme, antibody, nucleic acid, hormone, organelle, or whole cell), or
bioreceptor, is allowed to interact with a specific analyte (e.g., glucose, urea, drug, pesticide, protein) to
get a measurable response [31], [32]. Specificity requires a strong and selective affinity between the
biorecognition element and target bioanalyte. Several classes of biorecognition elements exist, giving rise
to distinct structures that uniquely influence biosensor performance characteristics. As previously
mentioned, some examples of bioreceptors include enzymes, cells, aptamers, DNA, MIPs, and
antibodies. The advantages and disadvantages of each type of biorecognition element are described in
the Figure 4 [31].

Biorecognition Elements

Natural Synthetic
T T T
Antibody Nucleic Acids Molecularly Imprinted
Enzyme Aptamers Polymers (MIPs)
@
a0 * Selectivity * Sensitivity * Reproducibility
- * Reusability * Detection Limit
E * Reproducibility
<
* Reproducibility + Cost * Selectivity
* Batchvariations * Non-specificbinding

* Processing stability

Disadvantages

Figure 4- Advantages and disadvantages of each biorecognition element [31].

Antibodies and enzymes are examples of naturally occurring biorecognition components. These
biologically derived constructions use physiological interactions that have evolved naturally to produce
analyte specificity. Artificially created structures with the ability to replicate physiologically specified
interactions are known as synthetic biorecognition elements [31]. Several of these synthetic
(bio)molecules have been evaluated from the principles of host-guest chemistry, including the use of
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aptamers (aptasensors), MIPs, crown ethers or cyclodextrins; and more recently, the use of metal-organic
frameworks (MOFs) or covalent organic frameworks (COFs) has also attracted significant attention as
artificial receptors. Among the above list, aptamers and MIPs have clearly demonstrated a high potential
and performance, from a commercial point-of-view, but with MIPs still being a cheaper and more
versatile option in terms of operation conditions given its higher stability and facile fabrication [33].

2.2.1.1.1. Molecularly Imprinted Polymers (MIPs)

MIPs are best described as synthetic analogues to the natural, biological antibody—antigen systems. As
such, they operate by a “lock and key” mechanism to selectively bind the molecule with which they were
templated during production [34]. The development of synthetic receptors with comparable specificity
and sensitivity to the natural antibody-antigen behavior is a focus of modern sensor research. This
molecular recognition holds the possibility of selective, sensitive sensors capable of detecting and
monitoring targets in a noninvasive manner, especially when combined with contemporary methods to

monitor changes in the recognition elements [34].

Since their beginnings in the 1970s, MIPs have provided the focus for scientists and engineers involved
with the development of chromatographic adsorbents, membranes, and sensors [35].

MIPs can be produced for almost any target molecule, which contrasts with the biological systems where
the target must match an available antibody, or an antibody must be specifically produced for that target.
Moreover, antibodies are more easily produced for macromolecules rather than smaller, molecular
targets [34].

The design of MIPs and their use as artificial recognition elements have shown to be successful for
targeting both glycans and other molecules. The target molecule, the template, can in fact be a protein,
peptide, lipid, amino acid, vitrus, a cell, nucleic acid, or even more complex glycan structures (Figure 5)

[36].
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Figure 5- The molecule templates used for imprinting.

Molecular imprinting includes the design and synthesis of the molecular recognition polymers. The
imprinting technique is based on (1) the formation and arrangement of the pre-polymerization complex
between the template and the functional monomer(s), followed by (2) the synthesis of the polymer matrix
on its surroundings, and finally, (3) the template removal. When the template molecule is removed from
the imprinted material after polymerization, it leaves behind specific cavities that are complementary to

the template in size, shape, and chemical functionality (Figure 6). Some common functional monomers
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are acrylamide, methyl methacrylate, methacrylic acid, aniline, pyrrole, among others [34]. MIPs have
been used successfully in many applications, including purification [37], isolation [38], chiral separation
[39], catalysis [40] and biosensors [41]. Non-imprinted polymers (NIPs) are synthesized in the same

manner, but without the presence of the template molecule for comparison purposes [33].

The challenge of designing and synthesizing a MIP is mostly due to the sheer number of experimental
variables involved, like the nature and concentration levels of template, functional monomer(s), cross-
linker(s), solvent(s) and initiator, the method of initiation and the duration of polymerization [42].

The advantages of working with artificial receptors are not only due to its accessibility, but also to the
possibility of working in a wide range of conditions (pH, temperature, solvents, etc.) or outside strict
physiological conditions [33]. MIPs represent a promising alternative due to its simple synthesis,
comparable performance to affinity bioreceptors, tunability, high stability and low-cost [33]. However,
the MIPs have still some limitations, such as time-consuming during optimization stage and complicated

preparation process. [35].

MIPs have been used as materials of molecular recognition in many scientific and technical fields, such

TEM PLATEI

as solid-phase extraction, chromatograph separation, membrane separations, sensors, drug releases,
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Figure 6- Schematic representation of the synthesis of biomimetic artificial receptors: a) molecularly imprinted
polymer (MIP) and b) non-imprinted polymer (NIP) [33].
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For the imprinting of molecules on biosensor devices, there are different types of molecular imprinting
techniques. The most effective and common methods for developing these materials are bulk imprinting

and surface imprinting [43].

In a bulk imprinting strategy, a template molecule is printed on the polymer matrix with a rapid synthetic
approach that produces a monolith and, after polymerization, needs to be completely removed from the
molecularly imprinted material. This monolith material is usually ground and spliced to obtain polymer
fractions with a controllable particle size. In this way, easily accessible model-specific 3D interaction sites
within the selective printed polymeric material are obtained [44], [45].

Due to its simplicity, robustness, and the possibility to work over a wide range of solvents, pressure and
temperature, this approach is widely used in chromatographic applications, for example for use as
column stationary phases in high performance liquid chromatography (HPLC) or in solid phase
extraction cartridges [45].

BIOINSPIRED ELECTROCHEMICAL PLATFORM FOR DETECTION OF INFLAMMATION-RELATED BIOMARKERS



30 2. LITERATURE REVIEW

Bulk printing is generally preferred for printing small molecules since, at least in theory, adsorption and
release of the template molecule are faster and more reversible, which is an advantage for the reusability
of the printed medium for several rounds of analysis [43], [44].

The main drawback stems from the monolithic treatment. On the one hand, these phases are time
consuming and there is a loss of polymer during grinding and sieving to a controlled patticle size. On
the other hand, given the possible damage to its structure during mechanical grinding, there is a risk of
altering the print. In addition, the pores are not as accessible as in other approaches, which can also
hinder the transport and diffusion of the mass. For this reason, mold removal is more problematic,
which is reflected in very poor mold recovery after polymerization [43]—[45].

High affinity recognition sites are formed on the surface of a substrate in surface imprinting. Because of
this, recognition sites are more easily accessible with favorable binding kinetics. In other words,
template/polymer interactions are not limited to diffusion to the same extent as was a general problem
encountered in bulk printing. Therefore, the technique is popular and more applicable especially for the
imprinting of biomolecules, including proteins. In surface imprinting, fewer mold molecules are used
compared to what is used in conventional imprinting techniques because the mold is only used in the
surface coating step in the technique. The main disadvantage of the method in sensor design is the
possibility of lower sensitivity compared to bulk imprinting due to the reduced number of imprinted
sites. Surface-printed polymers have been widely used for different types of analytes, including proteins,
microorganisms, and cells [44].

To summarize, in biosensors, bulk polymerization involves mixing all the required components in a
solution, which is then introduced onto the sensor surface to initiate the polymerization process. This
technique is simpler and faster. On the other hand, surface polymerization involves adding the
components layer by layer onto the sensor surface, making it a more intricate and time-consuming
technique.

An important consideration concerns the variety of initiators that can be used to trigger the
polymerization reaction, such as, UV light, temperature, or electrical stimulus. Thus,
electropolymerization, ultraviolet and thermal polymerization are some of the most common
methodologies employed to enable the formation of a polymeric matrix that surrounds a template
protein [46], [47].

In particular, electropolymerization has been widely used due to its simplicity, low cost and easy to use
technique. Electropolymerization involves the application of a potential or a range of potentials to a
solution containing electroactive monomer molecules and/or biomolecules. During this straightforward
procedure, the monomer undergoes reduction or oxidation at the electrode surface, generating reactive

radical species that subsequently merge to create a polymer [40].

This straightforward method proves to be valuable as it allows for precise control of the polymer
thickness by manipulating the electrochemical conditions such as the potential range, number of cycles,
and scan rate. Additionally, employing conductive materials of different shapes and sizes further
enhances the ability to achieve close control over the polymer thickness [47].

2.2.1.2. Transducer

The transducer is another constituent element of the biosensor, responsible for converting the
(bio)recognition event into a measurable signal. The transducer part of the sensor setves to transfer the
signal from the output domain of the recognition system, mostly to an optical or electrical domain [48].
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Chemical sensors may be classified into three general categories such as optical, piezoelectric, and
electrochemical, based on their transduction. Of this, electrochemical transducers become very popular
due to ease of measuring and the availability of instrumentation. Moreover, they are found to be effective

in offering good LOD, at low cost with the possibility of easy miniaturization and automation [49].

Electrochemical sensors can be classified into several categories including, voltametric, amperometric,
potentiometric, impedimetric, photoelectrochemical, and electrogenerated chemiluminescence [50].
Herein, special emphasis will be given to voltametric and impedimetric sensors because these were the

electrochemical techniques employed in this Thesis.

Voltametric sensots

e Cyclic Voltammetry (C

CV is a routine electrochemical technique used for the determination of electric properties of super
capacitors or energy storage devices [51]. This technique is a powerful and popular electrochemical
technique commonly employed to investigate the reduction and oxidation processes of molecular
species. CV is also valuable to study electron transfer-initiated chemical reactions, which includes
catalysis [52]. The x-axis represents a parameter that is imposed on the system, here the applied potential
(Voltage), while the y-axis is the response, here the resulting current (Current) passed [52]. The Figure 7
shows a cyclic voltammogram, that is a graphical representation of the current response as a function of
the applied potential, where two peaks corresponding to the oxidation and reduction of the chemical

species is observed.
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Figure 7 - Cyclic voltammogram acquired by CV [53].

e Square Wave Voltametry (SWV)

Square wave voltammetry (SWV) is one of the fastest and most sensitive techniques, that allows a kinetic
and mechanistic evaluation of electrochemical process. In terms of how the technique works, it consists
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of defining a potential scale that is modified into square-shaped pulses. Each stage of the potential ramp
consists of two opposing potentials, but equal in height. The junction of both potentials gives rise to a
SWYV cycle, which is repeated several times until generating the typical voltammogram obtained by this
technique [52], [54]. The voltammogram obtained results from the relationship between the difference
of the two currents and the ramp potential that was applied as can be observed in the Figure 8.

A

Current

W

Voltage

Figure 8 - Representation of square wave voltammogram [55].

Impedimetric Sensors

Electrochemical impedance spectroscopy (EIS) is a powerful technique used for the analysis of
interfacial properties related to bio-recognition events occurring at the electrode surface, such as
antibody—antigen recognition, substrate—enzyme interaction, or whole cell capturing. EIS offers several
advantages reliant on the fact that it is a steady-state technique, that it utilizes small signal analysis, and
that it can probe signal relaxations over a very wide range of applied frequency, from less than 1 mHz
to greater than 1 MHz, using commercially available electrochemical working stations (potentiostat) [56].
In a conventional electrochemical cell, matter— (redox species)—electrode interactions include the
concentration of electroactive species, charge-transfer, and mass-transfer from the bulk solution to the
electrode surface in addition to the resistance of the electrolyte. Each of these features is characterized
by an electrical circuit that consists of resistances, capacitors, or constant phase elements that are
connected in parallel or in a series to form an equivalent circuit. Accordingly, the EIS can study intrinsic
material properties or specific processes that could influence conductance, resistance, or capacitance of
an electrochemical system. The impedance differs from the resistance, since the resistance observed in
DC circuits obeys Ohm’s Law directly [50], [57]. The impedance expression is divided into a real part
and an imaginary part. When the real part (Zc) is plotted on the X-axis and the imaginary part (Zimag) is
plotted on the Y-axis, a “Nyquist Plot” is formed. Each point on the Nyquist plot is an impedance value
at a frequency point, while the Zim, is negative. At the X-axis, impedance at the right side of the plot is
conducted with low frequency, while, at the higher frequencies, their generated impedances are exerted
on the left [56], [58]. Figure 9 shows the schematic of a typical Nyquist plot.
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Figure 9 - Typical Nyquist plot [59].

2.2.2. Screen Printed Electrode (SPE)

There is a growing interest in the fabrication of biosensors with high sensitivity, selectivity and efficiency.
Biosensors have recently found extensive applications in diverse industries. Currently, many analytical
instruments used in environmental, food, pharmaceutical or clinical laboratories and most of the
commercial POC devices, can operate using electrochemical sensing technology [60]. In order to
perform an electrochemical measurement, it is required an electrochemical cell that combines 2 or 3
electrodes in electrical contact through the same solution interface. In particular, screen-printed
technology can be employed to perform layer-by-layer depositions of ink upon a solid substrate, using a
screen or mesh. This technology holds great advantages like different geometries and design, flexibility,
process automation, good reproducibility and a wide choice of materials available. Screen-printed
electrodes (SPEs) present a three-electrode configuration: working (WE), counter (CE) and reference
(RE) electrodes printed on the vatious types of plastic or ceramic substrates, which is easily modifiable
with a great variety of commercial or self-made inks [60] (Figure 10).

The WE is the one where the reduction-oxidation reaction takes place and, thus their potential is
monitored against the RE potential. Moreover, the RE is kept at a certain distance from the WE so that
a stable, known and constant potential is maintained, so that it is possible to determine the potential
difference in the system of interest. Finally, the CE is introduced into the electrochemical cell to ensure
that the current produced in the system does not interfere with the constant potential of the reference
electrode, and by connecting with the electrolytic solution so that the potential can be applied to the
WE, thus having to be constituted of a conductive and chemically stable material [61], [62].

There is a wide variety of conductive materials that can be employed as WE, RE and CE, being the most
widely used gold (Au), silver (Ag), platinum (Pt) and carbon (C) materials. One of the advantages of
electrochemical biosensors is that numerous types of electrodes are available, which can be coupled with
a simple, portable electronic system for monitoring [63].
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Figure 10 - Constitution of a SPE.

2.3. State of the Art for CRP biosensors

Up to now, there are already some biosensing systems proposed for the detection and quantification of
CRP. In Table 1 are described some of the most recent biosensors. Most of the sensors described in the
literature use antibodies as the biorecognition element. However, it is possible to observe that some
aptamers and MIPs are already being developed.

In this work, Resende et al, [64] developed an immunosensor for the assessment of cardiovascular
process using anti-reactive protein antibodies immobilized on a gold screen printed electrode. The
authors obtained a linear range from 6.25 to 50 pg mL-! and a detection limit of 0.78 ug mL-1. The
immunosensor developed for the detection of CRP using gold electrode showed efficacy and a potential
use for the diagnosis and monitoring of cardiovascular disease progression.

In another study, Bryan et al, [65] presented a sensitive, label-free, non-amplified and reusable
biochemical biosensor for the detection of CRP in blood serum, based on controlled and optimized
immobilization of antibody coating on standard polycrystalline gold electrodes. The biosensor enabled

a linear response over the concentration range of 0.5-50 nM and a LOD of 176 pM.

From a different perspective, Jarczewska et al. 2018, [66] applied an aptamer immobilization method on
the gold surface and the content of the receptor layer was optimized to ensure efficient binding to the
target protein. The quality of the monolayer was verified by applying chronocoulometry and atomic force
microscopy (AFM). A linear response of the aptamer towards CRP was observed in the range of 1 to
100 pM.

In a different direction, Kumar et al,[67] developed a MIP with the biomimicking principle by
incorporating 2-acryl amidoethyldihydrogen phosphate monomer that acts as if the natural phosphotidic
choline binder in the synthesis of a novel printed polymer of CRP. The LOD was found to be 0.04 pg
mL -1,
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In a recent research, Cui et al. 2022, [68] developed a highly sensitive protein MIP biosensor, in which
conductive and biocompatible, antifouling nanosheets and specific MIPs were combined to achieve
highly sensitive and selective recognition of human CRP. The authors used dopamine as a functional
monomer to form a stable complex with the model molecule through hydrogen bonding and multipoint
electrostatic attraction. The developed biosensor has a linear detection range of 10-5 to 10° ng mI-! and
the LOD was found to be 0.41 X 10-> ng mL-1. The biosensor showed excellent selectivity, reversibility
and reusability and long-term stability.

Table 1 - Some electrochemical biosensors reported in the literature.

Biorecognition Eletrochemical Linear Detection

Element Detection Range LOD Reference
Antibody EIS 0.5 to 50 nM 176 pM [65]
Antibody CV/EIS i?Lﬂg mLAOS U g0 M or~11 ng ml! [69]
Antibody EIS jfg_fg ml" o fg 1 fg mlL" [70]
Antibody Amperometry 2 to 100 pg mL! 0.80 pg mL! [71]
Antibody Amperometry 1 t0100 pg mlL-! 0.54 ug mL! [72]
Antibody EIS 6251050 pgmL"t  0.78 pg mL"! [64]
Antibody EIS 1 to 1000 ng mL! 0.08 ng mL-! [73]
Antibody EIS/CV 10 to 160 nM 37 nM [74]
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Aptamer CV 1 to 100 pM L 25.9 pMI L [75]
Aptamer SWvV 1 to 100 pM 1pM [66]
MIP CV 0.18 to 8.51 ygmL'  0.04 ug mL-! [67]
MIP EIS 10-5to 103 ng mL! 10 ng mL! [68]
MIP SWv 0.1 nM to 500 nM 0.1 nM [70]
MIP CV 0.01 pM to 1 uM 0.01 pM [77]

Although great achievements have been accomplished regarding innovative biosensing platforms for
CRP detection, the introduction of chitosan biopolymeric material into the assembly of the biosensor is
herein proposed to improve biocompatibility and stability performance. Choosing the appropriate
monomer is crucial as its functional groups will interact with specific sites on the protein, facilitating a
more tailored molecular imprinting process. Therefore, aniline was selected as the electropolymerizable
monomer for the construction of the MIP onto Au-SPE. Aniline contains amino groups that can interact
with gold surfaces through chemisorption or the formation of self-assembled monolayers, ensuring a
strong and stable attachment to the electrode. Furthermore, aniline exhibits excellent electrochemical
properties, making it suitable for the electropolymerizing process and ensuring the generation of a
durable and efficient biosensor for the detection of analytes [78]. Innovation at this level can be
accomplished by the integration of chitosan, a biocompatible and biodegradable matetial derived from
natural sources, such as shellfish shells. It possesses antimicrobial properties, is non-toxic, and has low
immunogenicity, making it suitable for biomedical applications. Chitosan has been widely investigated
for various medical purposes, including wound healing, drug delivery systems, and tissue engineering,
due to its favorable properties [79]. In most of the cases, chitosan has been incorporated in the assembly
of biosensors as a suitable substrate for immobilizing biomolecules or as a protective coating, however,
herein this adhesive and biocompatible material will be integrated in the polymeric matrix of the sensing
device [80].
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3. METHODS

In this chapter, a comprehensive description is provided regarding the reagents, materials, equipment’s,
and experimental procedures employed for the development and optimization process of the CRP

electrochemical biosensor.

3.1. Reagents, Materials and Equipments

For the preparation of solutions, adjustable volume micropipettes from the Eppendorf brand were used
(2-20 ul, 20-200 pl, 100-1000 ul, and 1000-5000 pl). Regarding the weighing of reagents, a Mettler Toledo
balance (model MS105DU with a precision of = 0.0001g) was employed. Solutions were prepared in
Class A volumetric flasks with capacities of 10 mL and 500 mL. Additionally, for solutions that were
difficult to dissolve, a low surface tension liquid agitator from Fisherbrand was used. Along the
experiments, the pH meter was the GLP 21 model from CRISON, and the SELECTA ultrasonic device
was employed for the homogenization of various solutions.

Table 2 details all reagents used in the development of this work, as well as their commercial origin.

Table 2 - List of reagents used.

Reagent Commercial Origin
Acetic Acid (CH3;COOH) Carlo Erba
Aniline (CsH7N) Sigma Aldrich
Chitosan (Degree of deacetylation = 75%) Thermo Scientific
C-Reactive Protein Merck

Glucose monohydrate (CsH1206H20) Alfa Aesar
Immunoglobulin G (IgG) Sigma Aldrich
Methanol (CH;0H) Riedel-de-Haen
Potassium hexacyanoferrate (II) (K4[Fe(CN)s¢]) Riedel-de-Haen
Potassium hexacyanoferrate (IIT) (Ks[Fe(CN)s¢]) Riedel-de-Haen
Protein IL-6 abcam

Sodium Acetate (CH;COONa.;H0) Riedel-de-Haen
Sulphuric Acid (H2SOq) Sigma Aldrich

Electrochemical measurements were applied using a Metrohm Autolab potentiostat (Figure 11),
controlled by Nova 1.11 software, and a Metrohm DropSens connector box (DRP-DSC) (Figure 12),
interfaced with the Autolab device.

The conductive gold SPEs used were acquired from Metrohm DropSens and consisted of:
e  Ceramic substrate
e Dimensions: 3.4 x 1.0 x 0.05 cm

e Electrical contacts: Gold working electrode (4 mm diameter), gold/ platinum counter electrode,
and silver reference electrode.
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Figure 11 - Metrohm Autolab potentiostat.
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Figure 12 - Metrohm DropSens connector box (DRP-DSC).

3.1.1. Solution preparation

In the experimental procedures, ultrapure water obtained from the Milli-Q system was utilized for the
preparation of solutions, ensuring high purity, and minimizing potential contaminants. Specifically,
Acetate Buffer solution was prepared with a final concentration of 0.25 mM and maintained at a pH of

approximately 6.

To perform the electrochemical measurements, a redox standard solution was employed, comprising
potassium hexacyanoferrate (II) and potassium hexacyanoferrate (I11) at concentrations of 5.0 mM each.
These standard solutions were prepared in Acetate Buffer to maintain stability and provide a suitable
environment for the electrochemical reactions. The sulfuric acid and acetic acid solutions were prepared

in ultrapure water, with a concentration of 0.5 M and 0.1 M, respectively.

The 1% chitosan solution was prepatred in 0.1 M acetic acid. Aniline was diluted in Acetate buffer to a
final concentration of 5 mM.

CRP was diluted in Acetate buffer solution to achieve a concentration of 100 pg mL" (stock). In order
to construct the calibration curve, a series of standard solutions were prepared by successive dilutions,
starting with the CRP stock solution to a concentration of 0.001 ng mIL-! and using the same buffer. This
resulted in the generation of seven standard solutions. The schematic representation of this procedure
is depicted in Figure 13.

BIOINSPIRED ELECTROCHEMICAL PLATFORM FOR DETECTION OF INFLAMMATION-RELATED BIOMARKERS



4. RESULTS AND DISCUSSION 39

20 L
: 20 pL 20 pL 20 uL
100 Hg mL! H /—\
— 20pL CRP + 180uL W N AN N N
buffer solution T '|— — — —
] 7 7 - = et
0.01pgmL"  0.001pgmL’  0.0007 pgmL’ 0.00001 pgmL" 0.000001 pg mL"

Figure 13- Illustrative scheme for the preparation of different standards by consecutive dilutions of the
concentrated CRP stock solution.

3.2. Sensor fabrication

In order to assembly a MIP-based sensor for CRP molecule, a mixture containing chitosan and aniline
was prepared, in the presence of CRP. The preparation and construction of the biosensor involved three
essential steps: (i) electrochemical treatment of the gold surface, (ii) electropolymerization process, and
(iii) removal of the protein to create the specific cavities. The response of the biosensor was assessed
through a series of repeated incubations with the target protein, evaluating its re-binding capabilities.
The construction process of the MIP in this study is illustrated in Figure 14.

Cleaning with H,SO, Electropolymerization

Gl:-“}[ | —

Template Rem
Methanol and

R e
’I}\?u' C-Reative Protein &
o ~ {

52
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Figure 14- Schematic illustrating the different steps in the construction of a MIP-based electrochemical biosensor
for the detection of CRP.

The modifications made to the electrodes were assessed after each step using the redox probe solution
(90 pL) and the EIS electrochemical techniques. EIS readings were obtained at an open-circuit potential
after 60 seconds, covering a frequency range from 1 to 100000 kHz, with 50 frequency values and an
amplitude of 0.01 V.

Following the electropolymerization technique, where the MIP was synthesized, measurements with the
redox probe solution were exclusively carried out using the EIS technique. This decision was based on
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the stability of the aniline and involved a frequency range of 0.1 to 100000 kHz to capture the complete
charge transfer resistance.

3.2.1. Electrochemical treatment

Along the biosensor construction, the initial step involves performing electrochemical cleaning/
treatment to the electrode surface, which plays a crucial role in eliminating any potential impurities and
contaminants present on the surface of the Au-SPE. This process is considered essential to ensure a
clean substrate for subsequent modifications, as well as for reproducibility issues.

Additionally, the electrochemical cleaning step promotes the activation of functional groups on the
surface of the WE, facilitating the formation of a polymeric matrix. This activated surface enables the
binding and interaction of the protein with the surface, facilitating the desired biosensing capabilities of
the device. For the cleaning process, a 0.5 mM solution of HSO4 was employed. CV was employed as
the electrochemical technique, with measurements conducted by scanning the potential range from -0.2
V to +1.2 V. The scan was repeated for 5 cycles at a scan rate of 0.05 V s-1.

3.2.2. Electropolymerization conditions

Electropolymerization plays a crucial role in MIP synthesis of this study. It is a pivotal step in creating a
polymeric matrix, which forms an ultra-thin film on the surface of the WE. This matrix serves to interact
with and bind the target compound, leading to the creation of cavities that mimic the shape and
properties of the target molecule once the target molecule is removed.

Regarding the electrochemical polymerization, some experimental parameters were studied:
e The effect of chitosan presence during aniline electropolymerization (1:1 mixture)

A study was conducted to test the stability of the biosensor without the addition of chitosan.
e  Scan-rate during electropolymerization

In this study, one of the factors investigated was the scanning speed employed during the
electropolymerization process. This parameter plays a significant role in determining the growth
characteristics of the polymer on the electrode surface, potentially resulting in either denser or more
porous polymeric structures. To explore the effect of different scan-rates, a mixture of chitosan-aniline
was used. Specifically, 90 pL of the solution was applied to the electrodes and subjected to CV over a
potential range of -0.6 V to +1.0 V for 5 cycles. Three different scanning speeds were tested: 0.020 V s-
1.0.050 V s1 and 0.1 V s,

e Number of cycles during electropolymerization

The electrodes were covered with a solution containing aniline and chitosan, which underwent
polymerization through CV within a potential range of -0.6 V to +1.0 V, utilizing a scan rate of 0.05 V
s'1. Lastly, the study assessed the influence of varying polymerization cycles, specifically analyzing the
outcomes of 3, 4, and 5 cycles, respectively.

e CRP concentration

The CRP concentration plays a vital role in determining the biosensot's response during MIP
preparation. It influences the abundance of (bio)recognition points, thereby affecting the overall
outcome. To investigate this, a study was conducted using a concentration ten times lower than the one
employed for analyzing the sensot's response (5 pg mL-1and 0.5 ug mL1).
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3.2.3. Template Removal

After electropolymerization, the challenging task of protein removal is undertaken, which is a crucial
step in the molecular imprinting technique. The primary objective of this step is to remove the template
protein from the previously formed polymer matrix. However, the challenge lies in the fact that the
removal agent inevitably affects the polymer matrix. Hence, it becomes imperative to compare NIP with
the MIP since the goal is to minimize or avoid any alterations caused by the removal agent on the NIP.
Any changes observed on the surface of NIP can be attributed either to the adsorption of the removal
agent on the sensor surface or to potential damage induced to the polymer matrix itself.

To undergo this study, the effect of different removal agents was tested, like (1) a mixture of acetic acid
with methanol, (2) an ethanolic diluted solution, and acetone.

Table 3 shows the procedure performed with the different removal agents.

Table 3 - List of removal reagents used and their practical procedure.

Removal agent Description of the procedure

Incubation of the 4:1 mixture for 5 min, followed by

Methanol and Acetic acid . . .
incubation for 30 min in acetate buffer

Incubation of acetone for 10 min, followed by

Acetone . . .
incubation for 30 min in acetate buffer

Incubation of the 1:1 mixture for 3 hours, followed

Ethanol diluted in ultrapure water by incubation for 30 min in acetate buffer

Incubation of the 1:1 mixture overnight, followed by

Ethanol diluted in ultrapure water . : L.
b incubation for 30 min in acetate buffer

Following the careful selection of the removal method, a subsequent investigation was conducted to
determine the optimal removal time. Specifically, using the removal agent consisting of methanol with
acetic acid, removal times of 5 and 15, minutes were systematically tested and evaluated.

3.2.4. Calibration curve

After optimizing the biosensor construction process, the subsequent phase focused on evaluating its
capability to detect the target protein, CRP. This assessment involved determining the biosensot's
capacity to interact with and reestablish connections with the protein through the mold cavities created
during its removal.

In order to construct the calibration curves, the biosensor underwent an incubation process in buffer
solution. This involved successive incubations of 5 pl of the blank solution (Acetate Buffer) on the WE
surface for 30 minutes, followed by a reading with the redox probe solution after each incubation. Once
the signal was stabilized, incubations with standards (as listed in Table 4) were performed. Each standard,
with a volume of 5 pl, was incubated on the WE surface for 30 minutes, followed by a reading of EIS
with the redox solution after each incubation.

In summary, the calibration curves were generated using the electrochemical EIS technique. A series of
data points obtained through readings with the redox solution, varying according to the concentration
of the analyte, were utilized to construct these curves. This approach facilitated the establishment of a
relationship between the signal intensity and the concentration of the CRP.
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Table 4 - Set of CRP standard solutions diluted in Acetate Buffer and their concentration.

Standard Solution CRP concentration (ug mL™)
0.000001

0.00001

0.0001

0.001

0.01

0.1

1

~N S| LN

3.2.5. Selectivity Study

During the assessment of the analytical performance of a biosensor, it is crucial to not only evaluate its
ability to detect the target analyte across various concentrations but also to ensure its selectivity towards
the biomolecule. This is particularly significant when considering the potential application of the
biosensor in clinical tests, where it will encounter complex fluid samples such as cell extracts, blood,
urine, wound fluids and serum. Thus, one of the primary objectives of biosensors is to accurately identify
the analyte within such a complex environment, highlighting the importance of its selective response to
the specific analyte of interest.

In this phase of the research, a selectivity study was conducted using IL-6 protein (C=0.0001 pg mL-),
immunoglobulin G (IgG) antibody (C=0.0001 pg mI!) and Glucose (C=0.0001 pg mL-") as interferent
molecules. To prepare the interferent solutions, IgG and Glucose were accurately weighed and diluted
in acetate buffer to achieve the desired final concentration. For 11.-6, successive dilutions were cartied
out in acetate buffer until a final concentration of 0.0001 ug mL- was attained. Following this, each
interferent solution was mixed with a CRP solution (0.0001 pg mL-1).

To carry out the experimental procedure, the selectivity study was performed only with MIP-based
sensors. Before incubation with the mixture CRP+Intetferent, each sensor underwent stabilization in
Acetate buffer for 30 minutes. Subsequently, a reading using the EIS technique was taken using the
redox probe solution to evaluate the response. All experiments were performed in triplicated.

3.3. Characterisation Study

In order to follow each modification occurring on the surface of the Au-SPEs, Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR) and Raman techniques were
employed.

SEM analysis was conducted using FEI Quanta 400FEG ESEM/EDAX PEGASUS X4M equipment.
SEM analysis was performed externally by CEMUP group, University of Porto and was performed at an
accelerating voltage of 25 kV. For the SEM analysis, the polymeric films were grown on Au-SPE for 5
CV cycles.

FTIR was performed using a Thermo Scientific {TR Nicolet iS100 spectrometer coupled to an attenuated
total reflectance (ATR) sensor with germanium (GE) contact crystal. Both sample and background
spectra were acquired under the control of room temperature and humidity with 90 scans and a
resolution of 16 cm™! in the spectral range from 700 to 4000 cm™.

The Raman spectra were obtained using a Thermo Scientific DXR Raman microscope system. A 785
nm excitation laser was utilized, and the specific parameters employed can be found in Table 5.
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Due to the small amount of polymeric material available on the top of the electrodes for the FITR and
Raman analysis, polymeric films were grown on Au-SPE for 10 CV cycles. Before measurement, the
samples were left to dry at room temperature for at least one day.

Table 5 - List of parameters and their configuration for obtaining Raman spectra.

Parameters Configuration
Potential 785 nm
Aperture 50 pum slit
Photo-bleach 1 min
Exposure time 5 seg
Enlargement 50 x

BIOINSPIRED ELECTROCHEMICAL PLATFORM FOR DETECTION OF INFLAMMATION-RELATED BIOMARKERS



44 4. RESULTS AND DISCUSSION

4. RESULTS AND DISCUSSION

In the development process of the electrochemical biosensor for the detection of CRP, several
optimizations were performed along the different construction steps previously mentioned in chapter 3.
Thus, the aim of chapter 4 is to describe, present and discuss the different optimization results that led
to the final design of the proposed biosensor.

4.1. Construction and optimization of the biosensor

As previously mentioned, the mixture selected for the development of this biosensor is composed of the
monomer aniline (Figure 15 a) with the polymer chitosan (Figure 15 b). Aniline monomers are
transformed into a polymer called polyaniline by the process of aniline polymerization. Aniline can be
polymerized in a variety of ways like chemical oxidative polymerization [81], electrochemical
polymerization [82], enzymatic polymerization [83] and photochemical polymetization [84]), although
chemical oxidation is the most typical process [85], [86]. The process of polymerizing aniline typically
involves oxidative coupling, in which the monomers of aniline are subjected to a series of oxidation and
coupling reactions to create a long-chain polymer with repeating units [85], [87]. The electrochemical
technique known as CV is frequently used to examine the redox behavior of the produced conductive
polymer polyaniline. As aniline polymerizes, the redox characteristics of the polymer change as a result,
producing distinctive peaks in the cyclic voltammogram. The redox reactions that take place during the
electrochemical oxidation and reduction of the polymer can be identified by the different peaks obtained
during the CV of aniline polymerization [85], [80].
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Figure 15 - Structure of a) aniline [88] and b) chitosan [89].

NH,

~o
HO

In this work, the biopolymer chitosan was incorporated in the matrix during the electropolymerization
of aniline monomer. Chitosan is a naturally occurring biopolymer obtained from chitin deacetylation,
which is present in the cell walls of fungus and the exoskeletons of crustaceans [79]. When mixed with
aniline and electropolymerized, the resultant co-polymer has special characteristics and functions that
are advantageous for many applications, such as biomedical applications, biosensors, and wound healing
[80], [90]. Biopolymer chitosan is an intriguing option for sustainable chemistry and engineering since it
also promotes sustainability and lessens environmental effect [79], [80]. More specifically the adhesive
properties of chitosan make it very appealing for application in wound healing. Its composition includes
amine groups, which makes it even more interesting because they give chitosan its cationic polymeric
character [91]. When utilized in biomedical applications, this positive charge enhances interaction with
biological tissues, cells, and proteins, making it biocompatible and minimizing unfavorable effects.
Because the amine functional groups are reactive, chitosan can take part in a variety of chemical
processes. Chitosan is extremely changeable due to its activity, making it feasible to add other groups or
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molecules to its structure to get specific functional qualities. Chitosan can be used in the creation of
controlled medication release systems in order to preserve pharmaceuticals from acidic conditions and
release them at specified locations inside the body [91]. Chitosan is still widely used for functionalizing
and modifying surfaces however there are still very few works on the construction of MIPs.

Taking account all the aforementioned advantages of chitosan, it was essential to evaluate the different
behavior of the polymer sensor matrix with and without the presence of chitosan during the
development of the biosensor.

Figure 16 shows (a) the cyclic voltammograms regarding the electrochemical polymerization reaction as
well as (b) the Nyquist plots obtained after the electropolymerization of aniline alone and in the presence

of chitosan.
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Figure 16 — a) Cyclic voltammograms during electropolymerization of aniline with and without the addition of

chitosan; b) Nyquist plots obtained after electropolymerization of aniline alone and with chitosan.

As can be seen from Figure 16 a), the peaks obtained during the electropolymerization of aniline alone
and with chitosan are very similar. The peak shown at +0.8 V represents the aniline oxidation peak [92].

Along this investigation, the construction of NIP and MIP sensors was followed in-situ by EIS
measurements in 5 mM [Fe(CN)¢]>/+ solution, prepared in 0.25 M acetate buffer as the supporting
electrolyte. EIS was employed as a non-invasive technique since it holds the advantage of not causing
any damage or disturbance to the modified surface of the electrochemical system. Looking to Figure 16
b), it can be seen that poly(aniline) alone exhibits a greater Rct in comparison to the polymeric film with
chitosan, as can be observed from the Nyquist plots and, as expected, it was necessary to conduct more
electrochemical readings until it becomes stabilized.

4.1.1. Optimization of electropolymerization parameters

Various methods can be explored during the production of MIP-based materials to achieve optimal
detection features such as sensitivity, reproducibility, and detection limits.

In this study, the bulk imprinting approach was selected which enabled one-single step of
electropolymetrization in the presence of the target molecule. One of the main issues that should be taken
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in consideration during this type of imprinting concerns the affinity between the monomers and the
molecule to be imprinted.

Finding the ideal pH for dealing with a specific protein is a crucial consideration before moving further
with the imprinting process. The pH of 6.0 was used for the experiment. Firstly, this pH was chosen due
to chitosan’s insolubility in neutral and alkaline environments. Moreover, above their isoelectric point
(Ip), (CRP Ip is about 5.2) [93], proteins deprotonate and are mostly negatively, making them more
favorable to interact with the positively charged amine groups present in chitosan.
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Figure 17 - Schematic of charge distribution for CRP structure according to pH variation.

The first study to be performed was the optimization of the scanning rate. The scanning speed during
the electropolymerization step directly influences the growth and porosity of the polymeric matrix, i.e.,
the higher the scanning speed, the greater the porosity of the formed polymeric film [94], [95]. Three
different scanning speeds (0.02 Vs, 0.05 Vs, 0.1 Vs) were tested. Figure 18 a), b), ¢) shows the EIS
results of the electrochemical measurements with the redox probe solution after each polymerization
regarding the NIP and MIP sensors for the different scanning speeds.
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Figure 18- Nyquist plots obtained for NIP and MIP fabrication with a scan rate of a) 0.02 Vs'; b) 0.05 Vs; ¢)
0.1 Vs,

From the profiles obtained, for the scanning speed at 0.02 Vs-! (Figure 18 a)) there is a significant increase
in the resistance to the passage of current in comparison to the other higher scanning speeds. This is
explained by the porosity of the polymer matrix, i.e., the higher the scanning speed, the larger the
diameter of the pores formed by electropolymerisation and the lower the Ret observed. Higher scanning
speeds produce polymers less crosslinked, which can make molecular imprinting challenging because
their potes can be larger than the biomolecules' diameter. Additionally, because the polymer layer is too
large, the molecules may not have enough force for release and leave their cavities during the
template removal step. Furthermore, the Ret between MIP and NIP was shown to differ significantly
more at the scan rate of 0.05Vs! than for the other scan rates examined. This may be a strong indication
that more protein was entrapped at this scan-rate condition. Thus, Figure 19 shows the calibration curves
obtained regarding the MIPs fabricated at the different scan-rates tested.
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Figure 19 - Calibration curves obtained for MIP sensors fabricated at different scan rates (0.02 Vs, 0.05 Vs-1, 0.1
Vs,

Having said that, analyzing the graphs of the calibration curves (Figure 19) it is possible to see that the
scanning speed of 0.05 Vs-! was undoubtedly the one that led to the best performance of the biosensor,
presenting a good linearity correlation (R2=0.981). In the case of 0.1 Vs! there is no linear correlation,
since it presented a completely random result in the calibration, without linearity (R2=0.782). This may
be due to the fact that higher scan rates lead to faster reactions, less polymer crosslinking, potentially
resulting in less uniform and stabilized cavities. This can affect the reproducibility and quality of the
resulting polymer [96].

Furthermore, in the case of the 0.02 Vs scan rate, it is possible to draw a straight line (R2=0.866)
however it is not a linear response as in the 0.05 Vs scan rate. Therefore, it is concluded that at 0.02
Vs molecular imprinting may not have occurred due to the matrix being a very dense polymer, or since
the polymer matrix is so dense, protein removal may not have been effective.

Figure 20 shows the CVs of MIP and NIP electropolymerization at the best condition obtained with
scanning speed of 0.05Vs-.
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Figure 20 - Cyclic voltammograms regarding NIP and MIP sensors obtained after electropolymerization at a
scanning speed of 0.05 Vs

From the graph presented, it can be analyzed that there are no significant differences between the cyclic
voltammograms of the MIP and the NIP. Both show a very prominent aniline oxidation peak (+0.8 V).
They also present two peaks at +0.2 V and +0.3 V which are believed to be oxidation and reduction of
traces of the redox probe solution from previous readings, since the signal attenuates with increasing
cycles.

After selecting the most suitable scanning speed for electropolymerization, the effect of the number of
cycles during electropolymerization was investigated. When growing the polymer around the protein
template, precise control of the film thickness is crucial, particulatly for MIPs based on bulk imprinting,
to avoid complete entrapment of the protein.

Figure 21 shows the results of the electrochemical readings obtained after electropolymerization of NIPs
performed at different numbers of cycles.
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Figure 21 - Nyquist plots after 3, 4 and 5 cycles of NIP electropolymerization.

All the electrodes used in the investigation showed unambiguously noticeable increases in Rct values
following the electropolymerization procedure.

It was observed that increasing the polymerization cycles from 3 until 5 resulted in lower Rct values
which can be explained due to the conductivity behaviour of poly(aniline) in acidic conditions [97].
Poly(aniline) is conductive in an acidic medium, so when it is electropolymerised for more cycles, the
formed poly(aniline) can become more conductive and present a lower Rect than when
electropolymerisation occurs with fewer cycles [67], [77] . Moreover, a higher number than 5 cycles was
not tested since it could entrap the CRP protein and buried deep within the polymeric film.

4.1.2. Effect of removal agents on the polymer matrix

One important issue that will define biosensor’s performance regards the type of removal agent because
it will be responsible to create MIP sensors with well-defined and complementary cavities, without
causing harm to the polymer matrix.

Therefore, under ideal circumstances, the removal agent should encourage a change in the MIP signal
and should essentially maintain the NIP signal intact, indicating that the protein has been removed
without risk of adsorption to the surface or damage to the polymer matrix. Thus, different removal
agents such as methanol with acetic acid, acetone, ethanol with ultrapure water were tested.

In order to evaluate the effect of the different removal agents, incubation assays were performed in the
sensor area and afterwards, electrochemical readings were conducted to assess the alterations of the
surface during the removal treatment. Figure 22 concerns the MIP data corresponding to the percentage
variation regarding Rct values for each of the different removal agents.
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Figure 22 - Bar chat corresponding to the percentage removal of the MIPs: 1)- 4:1 Misture of methanol with
acetic acid; 2)- 1:1 Mixture of ethanol with ultrapure water for 3h; 3)- 1:!1 Mixture of ethanol with ultrapure
water overnight; 4)- Acetone.

The complete eradication of the imprinted protein from MIPs would be the primary goal of the removal.
Unfortunately, even after numerous wash cycles, it is still challenging to completely remove the mold.
This is primarily because highly crosslinked sections are difficult to reach by solvents or the mold is not
soluble enough in the solvent to disrupt interactions with the printed cavities [98].

As can be seen in Figure 22, employing ethanol combined with ultrapure water as the removal agent,
caused an increase of the Ret value, as opposed to the other removal agents (mixture of methanol with
acetic acid and acetone). As mentioned before, the use of different removal agents can alter the
morphology of the MIP, which could explain this change in polymer shape. In addition, the
microstructure and organization of the polymer can be impacted by the presence of the mold during
polymetrization, which can change the polymet's electrical characteristics. This well-organized structutre
may be disturbed by mold removal, which could hold a great impact in its resistance [98].

Furthermore, it can be seen that the mixture of methanol and acetic acid was the removal approach that
enabled a higher variation in the imprinted sensor (96% removal percentage), with a substantial Ret
decrease of the MIP film, as the result of the formation of imprinted cavities that

facilitate the diffusion of Fe(CN)¢>/+ through the polymer network Afterwards, the best removal time
was also optimized. As a result, two different removal times - 5 minutes and 15 minutes - were
investigated. Figure 23 shows the Nyquist plots obtained for the MIPs treated with different time of
removal incubation before and after model removal and the corresponding calibration curves.
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Figure 23 - a) Nyquist plots for MIP before and after template removal for 5 min; b) MIP calibration
curves with 5 min of template removal; a) Nyquist plots for MIP before and after template removal for
15 min; b) MIP calibration curves with 15 min of template removal.

Although EIS data did not display substantial differences for 5 (removal percentage of approximately
90%) and 15 min (removal percentage of approximately 80%) of removal, the calibration curves showed
that 5 minutes yields the greatest result in terms of linearity and reproducibility.

Less removal time may have produced better results because when the polymer is in contact with the
removal agent for an extended period, the polymeric film may begin to deteriorate or change rather than
leaving the imprint sites open for analyte identification [98].

Excellent linearity was seen during the calibration of the MIP at a 5-minute removal condition.
Additionally, compared to the MIP with 15 min removal (R? of 0.965), the MIP with 5 min removal
showed good sensitivity and higher linear correlation (R? of 0.993).

In sum, after the previously discussed optimization conditions, the EIS results regarding the NIP and
MIP assembly are shown in Figure 24.
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Figure 24 - Nyquist plots for MIP and NIP before and after template removal for 5 min.

Looking at Figure 24, it is noticeable that MIP presents a much higher Rct value after
electropolymerization in comparison with the NIP one, which can be a strong indication of the presence
of CRP entrapped inside the polymeric matrix, constituting a block to the electron charge transference.
Afterwards, a higher removal percentage was observed on the MIP against the NIP which can prove the
elution of the protein from the polymeric structure. Furthermore, the results after the removal step
showed that the Rct values of NIP and MIP became very similar, meaning that the protein was
successfully removed from the MIP structure.

4.1.3. Study of CRP concentration during the imprinting

Another important factor to be studied during the assembly of a MIP sensor is the concentration of
template molecule used during the imprinting phase. It is important to emphasize that the protein
concentration is fundamental for molecular imprinting, since the higher the concentration, the higher
the number of protein imprints on the surface of the polymer matrix [99]. On the other hand, using a
concentration too high may lead to saturation of the network [100].

Therefore, two different concentrations of CRP were tested during the electropolymerization step, 5 pg
mL!and 0.5 pg mL1. Afterwards, the biosensot's performance was investigated by conducting the
rebinding of CRP at different concentrations.

Figure 25 presents the Nyquist plots for MIP before and after template removal for CRP concentration
of 5 ug mI-1 and 0.5 pg mIs! and the respective calibration curves.
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Figure 25 - a) Nyquist plots for MIP before and after template removal for CRP concentration 5 pg mL!; b) MIP
calibration curve for CRP concentration 5 pg mL; ¢) Nyquist plots for MIP before and after template removal
for CRP concentration 0.5 pg mL!; d) MIP calibration curve for CRP concentration 0.5 pg mL-".

Inferring from the Nyquist plots that the presence of the protein serves as a barrier to the passage of
passing electrons, it can be said that higher concentrations of CRP resulted in higher values of Rct (before
template removal).

The MIP with 5 pg mL! of protein demonstrated greater sensitivity (slope of 1.94) and a higher R?
(0.993) than the MIP with 0.5 pg mIL-! of protein (slope of 0.107 and R? of 0.924), according to the results
obtained. These results were expected since the higher the concentration, the higher the number of
impressions of it on the surface of the polymer matrix [99] .

Thus, it is reasonable to draw the conclusion that the MIP with 5 ug ml-! of imprinted protein is the
biosensor with the best outcomes, i.e., with the maximum linearity, reproducibility, and sensitivity.

4.2. Characterization study

4.2.1. FTIR analysis

Along the assembly process of the biosensor platform, each modification was verified by FTIR analysis.
Thus, the following samples were analyzed: bare gold electrode cleaned with HoSO4 and MIP and NIP
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sensors set up with 10 electropolymerization cycles. Thus, Figure 26 shows the graphs resulting from
the FTIR analysis for different sensor materials.
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Figure 26 - FTIR analysis of the cleaned gold electrode, NIP and MIP electrodes.

As expected, both the MIP and NIP polymeric materials' FTIR spectra showed several comparable
peaks, demonstrating their identical chemical compositions.

The functional groups contained in the polymer matrices were often disclosed by the largest peaks
between the spectra. The formation of polymer was confirmed by the presence of some peals like at
nearly 3000 cm! the aromatic C-H stretching, aromatic C=C stretching (benzene ring) at roughly 1600
and 1500 cm, 1400 cm™ of C-H deformation, 1250 cm of C-N stretching, and 1000 cm™! of C-O
deformation were all observed [101], [102].

In addition, a band was found about 1500 cm!, which is predominantly present in MIP and can be
ascribed to C-H stretching vibrations, demonstrating the existence of the protein, CRP, could be found
in the FTIR spectra of MIP materials.

4.2.2. Raman analysis

During the last decade, Raman spectroscopy has matured into one of the most powerful techniques in
analytical science due to its molecular sensitivity, its ease of application and the fact that, unlike infrared
absorption spectroscopy, the presence of water does not impede its applicability [103].
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Samples from each stage were examined: the bare electrode sample washed with H2SOs, the MIP stage
and the NIP stage. Ten electropolymerization cycles were used for the MIP and NIP samples.

Thus, Figure 27 shows the graphs resulting from the Raman analysis for different sensor materials.
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Figure 27- Resulting graphs of Raman analysis for different sensor materials.

The presence of peaks at ~1400 cm™ was associated with the C-N stretching vibration, having an
intermediate single/double bond order, and being associated with quinoid/benzene type rings present
in the aniline constitution and therefore present in the MIP, NIP [101], [104]. In the region around 1650
cm!, the Raman peak spectrum was assigned to the carbon-carbon stretching vibrations of
quinoid/benzene type rings [101].

The Raman spectra of the clean electrode showed 2 bands at 500, 550 cm ! which can be attributed to
carbon compounds present in the manufacture of the gold paint paste [105]. Comparison between the
Au-SPE spectra and those modified with electropolymerization showed a substantial reduction in the
intensity of the 550 cm! peak as a result of the polymer assembly, thus covering the gold surface [105].

By analyzing the Raman spectra, it is possible to confirm the surface modifications, since the intensity
of the peaks decreases due to the formation of polymer. However, regarding the presence of CRP in the
MIP, no major conclusions can be drawn since the MIP and NIP results are quite similar, probably due
to the aromatic ring present in poly(aniline).
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4.2.3. SEM analysis

All the different biosensor stages were morphologically characterized using SEM, one of the most
popular ways to study the surface morphology. A low-energy electron beam is fired into the substance,
then it travels across the sample's surface. Numerous interactions take place when the beam approaches
and enters the material, leading to the emission of photons and electrons from or close to the sample's
surface [1006].

Each phase's samples were examined: the bate electrode sample washed with HzSOs, the sample
polymerized with aniline alone, the MIP step, and the NIP step.

The different materials were analyzed to investigate the different modifications on the sensor surface. In
this sense, Figure 28 shows the images obtained by SEM with an amplification of 1 000, 25 000, 50 000
and 100 000 X.

Figure 28 - SEM analysis results of different sensor materials at different magnifications (1 000, 25 000, 50 000
and 100 000 X).

BIOINSPIRED ELECTROCHEMICAL PLATFORM FOR DETECTION OF INFLAMMATION-RELATED BIOMARKERS



4. RESULTS AND DISCUSSION 59

According to the Figure 28, it is feasible to notice that following electropolymerization, a more
homogeneous morphological layer is detected from the image of the bare gold electrodes.

Additionally, when comparing the electropolymerization with and without chitosan, it can be seen that
the presence of chitosan (MIP and NIP) results in a more outlined look with less stringency, which
demonstrates the avoidance of chitosan in the matrix.

An obvious morphological alteration is seen when comparing the differences between MIP and NIP. By
looking to the MIP data (1 000 X amplification), it is easy to see that the surface is rougher with small
islets that can be assigned to the presence of the entrapped protein.

4.3. Performance of the MIP sensor

4.3.1. Calibration Curve

The analytical performance of the CRP biosensing materials obtained by using aniline and chitosan
mixture was assessed by recording calibration curves with the EIS technique after optimizing the most
suitable experimental parameters regarding the electropolymerization process. First, the impact of a
variable cycle count and scan rate was investigated. A thin, consistent, and homogeneous polymer
covering must be created.

The procedure selected to the removal of the imprinted protein was a 4:1 dilution of methanol with

acetic acid for 5 min, followed by a 30 min incubation in acetate buffer to stabilize the pH environment.

Then, seven consecutive concentrations of CRP were incubated during the sensor's development.
However, it was discovered that the biosensor became saturated at 0.1 pg mIL-! of concentration. Since

then, calibrations have only been carried out up to a concentration of 0.01 ug mL-! (Figure 29).
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Figure 29 - a) EIS recordings for each standard concentration of a MIP; b) MIP and NIP calibration curve with
error bars (triplicate experiments).

Thus, Figure 29 depicts the final MIP and NIP calibrations following the biosensor's assembly under
optimal conditions. Because the protein target occupies the cavity locations in the MIP film, the Ret rises
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as the concentration of CRP protein does, as expected. The error bars for each concentration constitute
a strong indication of good reproducibility because they were carried out in triplicate. In contrast, the
NIP control did not present a linear correlation. The limit of detection (LOD) was calculated using
TUPAC protocol (LOD=30/slope) and it turned out to be 2.22 pg mL-!, where o concerns the standard
deviation of blank measurements.

In order to evaluate the specificity performance of the assembled biosensors, the value of the imprinting
factor (IF = [template rebound by MIP]/[template rebound by NIP]) can be also used as a comparative
tool. From the ratio of sensitivity of the MIP sensor to CRP and to the NIP one, the IF was determined
to be ~ 4.

4.3.2. Selectivity Study

One important requirement in the development and optimization of a biosensing platform is its ability
to recognize and quantify a specific target molecule in a complex mixture containing other compounds
(or interferents). Herein, the main purpose of this biosensor is to be used for inflaimmation assessment
for chronic wound application. Like mentioned before, chronic wounds are commonly defined as
wounds that have not reduced in size by more than 40% to 50% or healed within one month. The global
prevalence of chronic wounds is estimated at 1.51 to 2.21 per 1000 population, and the incidence is
expected to rise with ageing populations worldwide [107]. Some of the elements in chronic wound fluid
are shown in Table 6.

Table 6 - Some constituents of chronic wound fluid.

Constituent Description Reference
CRP Infection and inflammation [108], [109]
markers ate produced in response
to the presence of invasive agents.
IgG, IgA, IgM, IgD, IgE Antibody that represents the [109]
body's defense against bacteria
found in the wound.

IL-6, IL-1, TNF-a, TNF-3 Cytokine that promotes healing [109]
and controls the inflammatory
response.
Glucose Simple sugar that may be present [108], [109]

in wounds with infection.

Proteolytic Enzymes Examples include Matrix [108]
Metalloproteinases (MMPs), which
are involved in the breakdown of
the extracellular matrix.

Fibrin Protein that is involved in the [108]
temporary clot development to
cover the wound.

Inflammatory Cells Leukocytes, such as neutrophils [108]
and macrophages, which atre
engaged in tissue defense and
repair, are one example.

Creatinine, Urea Utilized as indicators of renal [109]
health in clinical settings to
evaluate kidney function

Subsequently, the selectivity of the biosensor was investigated in order to understand its ability to
distinguish CRP in a medium with potential interferents.
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Thus, three of the most important elements present in these wound fluids were chosen from the
components displayed. IL-6 is a critical marker of infection and inflammation in the wound. Additionally,
the presence of IgG represents the immune system's reaction to the presence of germs, wheteas glucose
is a crucial substance that might affect the wound's metabolic balance. Therefore, to verify the selectivity
of the sensory device, 1L-6, IgG and glucose were herein selected as interfering species.

Figure 30 shows the EIS data regarding the three interferents incubated in the MIP sensors.
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Figure 30 - Graph representing the results of the selectivity test performed for different interfering species.

All the tested molecules presented less than 15% of interference and, with a 14% difference from the
CRP signal, I1.-6 was the interferent with the largest influence on the biosensor response, according to
the study of Figure 30.

There was no statistically significant difference between the groups, according to a one-way Anova test
(P=0.05) that was also cartied out.

Opverall, these findings give a strong indication that the biosensor can deliver a specific response for CRP
detection.
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5. CONCLUSION

In this chapter, the final conclusions of the work as well as its considerations and future research are
presented.

5.1. Final conclusions

An adaptive reaction known as inflammation is typically brought on by unpleasant stimuli and diseases
such widespread infection and/or tissue damage. The incidence of chronic wounds is predicted to rise
as the world's population ages, with an estimated 1.51 to 2.21 per 1000 people globally.

Currently, new, quick, and simple methods for tracking inflammation still need to be developed. In this
work, electrochemical biosensors—which have recently attracted special attention in the widest range of
application fields—are put up as an alternative to more traditional and evasive detection techniques.
Several drawbacks of more traditional approaches, including sensitivity, repeatability, detection limit, and
stability, have been solved through its development.

The major goal of this research was to create an electrochemical biosensor for monitoring chronic
wounds that had strong stability and repeatability features. The target molecule was specifically chosen
to be CRP, an inflammatory biomarker. The recognition component was created using molecular
imprinting technology, which over natural antibodies offers several benefits in terms of chemical
stability, general manufacturing simplicity, and cheap production costs.

In order to create a polymeric matrix with functional groups that would increase the affinity between the
polymer and the protein, various optimizations were carried out in the experimental development of this
dissertation, including electrode functionalization (number of scan-rates and cycles) and type of
monomers for electropolymerization were investigated.

It is important to pick the right monomer since its functional groups will engage with certain protein
locations and enable a more customized molecular imprinting process. Thus, to build the MIP in Au-
SPE platform, aniline was used as the electropolymerizable monomer. The addition of chitosan enhances
the biosensor's stability and toughness for the detection of target analytes, suggesting improvements in
environmental and health monitoring.

The optimal electropolymerization conditions accomplished were a potential range of [-0.6; +1.0] V, for
5 cycles at 0.05 Vs scan rate. The ideal CRP concentration for imprinting was also researched. The
optimized response was obtained with a CRP concentration of 5 pg mL !, demonstrating good sensitivity
and linearity. An acid-organic mixtutre that shouldn't significantly alter or degrade the NIP material was
used to maximize the removal of CRP from the polymeric matrix. Methanol and acetic acid were used

to conduct the removal, and then the WE surface was incubated in a buffer to regulate the pH.

In addition, methods including SEM, Raman spectroscopy, and FTIR were used to analyze the
biosensot's surface.

These methods were utilized to keep track of and validate the changes made at each stage of the
biosensor manufacturing process. All methods revealed minute variations between the NIP and MIP
sensors, which is proof that the protein was present throughout MIP development.

It was feasible to demonstrate the effectiveness of the various alterations made to the surface of the

sensor material with the help of these additional chemical methods and analyses of material structure.
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Overall, the MIP-based sensor demonstrated strong electrochemical response, good repeatability, quick
reaction time (30 min of incubation), selectivity, and stability in the CRP concentration range of 0.001
ng pg mL -1 to 0.01 ug mL 1. The LOD obtained in this work shows lower values when compared to

other sensors in the same area (Table 1).

This innovative method opens the door to reliable, timely, and least invasive identification of biomarkers
linked to inflammation.

5.2.  Future perspetives

Future research should focus on the incorporation of the developed sensing construction into a flexible
platform that is suitable for wearable application and biocompatible to come into contact with human
skin.

Furthermore, as the optimal CRP concentration range in biological samples is in the range of milligrams,
the detection concentration range of the biosensor can be tuned in order to be used as an in-situ tool
for assessment of inflammation events.
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