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Abstract 
Parkinson’s disease is the second most common neurodegenerative disorder and is expected to 

impose an increasing social and economic burden on societies as population age. In Europe, more 

than one million people live with Parkinson’s disease and this number is forecast to double by 2030. 

Current diagnosis of Parkinson disease remains a clinical exercise and thus the development of a 

laboratory test for diagnostic purpose is of great interest.  

α-synuclein is one of the most studied biomarkers for Parkinson’s disease and has a close 

relationship with the disease development. Thus, the aim of this study was to develop an 

electrochemical biosensor for α-synuclein detection. Electrochemical immunosensors are powerful 

tools for clinical analysis combining the sensitivity of electrochemical methods with the inherent 

specificity of immunoreactions.    

The developed biosensor is based on the modification of a glassy carbon electrode with single-wall 
carbon nanotubes and gold nanoparticles to improve the transducer performance and to provide a 
suitable immobilization platform for the α-synuclein antibody. In order to characterize and evaluate 
the immunosensor construction, electrochemical techniques such as cyclic voltammetry, square-
wave voltammetry and electrochemical impedance spectroscopy coupled with scanning electron 
microscopy were used. 
 
Using the proposed immunosensor, α-synuclein can be specifically detected over a concentration 
range of 88 to 400 ng.mL-1.  
 
 

 

Keywords: Parkinson disease, α-synuclein, electrochemical immunosensor, single wall carbon 

nanotubes, gold nanoparticles. 
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Chapter 1 – Background Motivation and Project Guideline 

1.1 Motivation of the work 
Neurological disorders and mental illness take a huge toll – in both human suffering and economic 

costs. Parkinson’s disease (PD) ranks second among the most common neurodegenerative 

disorders, which has raised the need to advance neuroscience understanding and support actions 

to ease the disease burden. Parkinson’s disease is viewed as a slowly progressive neurodegenerative 

disorder that begins years before diagnosis can be made [1], [2]. Diagnosis of Parkinson’s disease 

remains a primarily clinical exercise and thus strategies to enable early diagnosis, even before the 

onset of motor symptoms are under investigation and urgently needed [3]. Electrochemical 

transducers coupled with biological recognition elements, i.e. electrochemical biosensors, are 

powerful tools with high specificity and sensitivity that present fascinating opportunities for 

diagnostic uses [4].  

1.2 Objectives 
The aim of this research is to develop a sensitive electrochemical immunosensor for detection of α-

synuclein, a biomarker, in order to facilitate early diagnosis of Parkinson’s disease. The biosensor 

construction was based on a glassy carbon electrode modified with two types of nanomaterials for 

the improvement of the sensitivity, biocompatibility and for immobilization of the α-synuclein 

antibody. The immunosensor construction comprises three main steps: 

1. Modification of the electrode surface with single-wall carbon nanotubes (SWCNTs) in order 

to enhance the electrochemical properties of the sensor. 

2. Electrodeposition of gold nanoparticles (AuNPs) to create an immobilization platform for 

the biological recognition element and further enhancement of the current signal.   

3. Immobilization of the antibody onto the gold nanoparticles/carbon nanotubes modified 

electrode for the specific recognition of α-synuclein. 

The electroanalytical behavior of the sensor was tested successfully in synthetic solutions of α-

synuclein.   

1.3 Thesis structure 
This work is divided in 5 chapters. In Chapter 1, the key issues are introduced along with the 

motivation and the main objectives of the work. 

In Chapter 2 the theoretical aspects concerning the main topics of this work are presented. The 

following subjects are discussed: Parkinson’s disease social and economic impact, biomarkers for 

the early diagnosis of the disease and the role of α-synuclein, the characteristics of biosensors, 

properties of nanomaterials and their importance in the development of biosensors, and also a 

general overview of the electrochemical processes. 

Chapter 3 describes the reagents, equipment and methods used in the performed experiments. 

In Chapter 4, the results attained are presented and discussed. The topics include the 

characterization of the glassy carbon electrode, the modification with SWCNTs, electrodeposition 

of AuNPs, antibody immobilization and finally detection of α-synuclein. 

Finally, in Chapter 5 the main conclusions and future perspectives for the work are referred.    
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Chapter 2 - Introduction 

2.1 Parkinson’s disease 

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder that as an age 

dependent prevalence, and is expected to impose an increasing social and economic burden on 

societies as population ages [2], [5]. Approximately 1% of the population is affected at 65 years, 

increasing to 4-5% in 85-years-old individuals [5]. In Europe more than one million people live with 

Parkinson’s disease and this number is forecast to double by 2030 [6]. The annual European cost of 

the disease is estimated at €13.9 billion (data from 2010) with expectations to increase as the 

number of people with PD in Europe continuous to grow [7].  

PD is generally considered a multifactorial disorder that arises owing to a combination of genetic 

and environmental factors [2], [5]. Clinically PD is characterized by motor dysfunction that manifests 

as resting tremor, bradykinesia, rigidity and postural instability. Moreover, non-motor features such 

as dysautonomia, sensory loss and sleep disturbance often manifest before motor disability and 

other impairments frequently developed including psychiatric problems such as depression and 

dementia [1], [8]. 

Clinical diagnosis of PD remains a primarily clinical exercise based on motor features, although there 

are no generally accepted standard pathological diagnostic criteria for PD [1], [9]. Only Queen 

Square Brain Bank clinical diagnosis criteria have been recommended as “probably effective” for 

clinical practice [9]. In general, diagnosis of PD depends on the presence of moderate-to-severe 

neuronal loss in the substantia nigra pars compacta and Lewy pathology. Lewy pathology consists 

of abnormal aggregates of α-synuclein protein, called Lewy bodies and Lewy neurites [1]. Strategies 

to enable diagnosis early in the disease course are under investigation, with a focus on biomarkers 

development.  

2.2 Biomarkers for Parkinson’s disease 
The Biomarkers Definition Working Group has defined a biomarker as “a characteristic that is 

objectively measured and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention.” [10]. The development of an 

effective PD biomarker assay would help to identify the onset of the disease earlier and allow to 

monitor the progress of therapeutic interventions that may slow or stop the course of the disease 

[3].  

Although there is no accepted definitive biomarker for PD, various efforts have been done to 

overcome this problem [3]. Four major projects are the BIOMARKER FOR PD, funded by the 

European Commission, the Parkinson’s Disease Biomarkers Program, supported by the United 

States of America, the Parkinson’s Progression Markers Initiative, which involves 33 centers around 

the world, and the BIOMARKAPD an EU joint program [11]–[14]. These projects are focused on the 

identification of biomarkers for PD and also on the development of standardize assays for 

biomarkers assessment. The designed PD biomarkers should have a diagnostic sensitivity and 

specificity of over 80% for differentiating the illness from its phenocopies (i.e., clinical ‘look-a-like’), 

and provide a strong positive and predictive values [15].   
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Proteins intimate associated with disease pathophysiology have been identified as candidate 

biomarkers for PD. However, a single biomarker is unlikely to correctly identify all forms of illness 

once PD remains a heterogeneous syndrome at the neuropathological level [16].    

To date α-synuclein is one of the most investigated biomarkers for PD, particularly cerebrospinal 

fluid (CSF) α-synuclein has received much attention [16]. The effort put into this protein is due to 

several reasons, namely, the relationship of α-synuclein with Lewy pathology, a hallmark of PD [17], 

and also, the mutation in the gene which α-synuclein is derived causes one of the monogenetic 

forms of PD [18].  

α-synuclein has been found in a variety of tissues including CSF, blood, urine, saliva, gastrointestinal 

tract, vagus nerve, sympathetic and stellate ganglia, cutaneous autonomic nerves and 

submandibular gland [3], [16], [19] and [20].A blood based biomarker would be ideal given the 

accessibility and minimal invasiveness, cost, acceptable and feasible for repeated measures [20].  

The future development of a α-synuclein based biomarker for PD seems promising. Still, further 

investigation and characterization of the disease itself needs to be done [3]. Moreover, it is 

necessary to continue the search for new biomarkers utilizing more global non-targeted strategies, 

such as omics (e.g. genomics, proteomics, metabolomics, etc.) [20].  

 

2.3 Biosensors 

A biosensor is an integrated receptor-transducer device, which is capable of providing selective 

quantitative or semi-quantitative analytical information using a biological recognition element. The 

biological recognition system translates information from the biochemical domain into a chemical 

or physical output with a defined sensitivity and a high degree of selectivity for the analyte to be 

measured. The transducer part of the sensor serves to transfer the signal from the output domain 

of the recognition system, mostly to the electrical domain [21].   

The first studies to develop the modern concept of a biosensor start with Leland C. Clark Jr. and co-

workers in 1962. They proposed that enzymes could be immobilized at electrochemical detectors 

to form “enzyme electrodes” which would expand the analyte range of the base sensor [22].  

A classification of the biosensor can be done based one of the following principles [21], [23]:  

 According to the principle of signal transduction, for example, electrochemical, optical, 

mass sensitive, among others.  

 Depending on the biological recognition element, for example, whole cells, membrane 

receptors, plant and animal tissue, protein receptors and channels, antibodies, etc. 

 Classified based on the sensed analyte, for example, glucose, DNA, enzymes, toxins, certain 

drugs, etc. 
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Biosensor development has been driven by analytical demands, but it was the technological 
progress in related fields, such as communication and optics, as well as in manufacturing, which 
enabled the state development of the current devices [24]. Given its ability to efficiently detect 
analytes, biosensor finds use in a broad range of end-use industries including medical diagnostics, 
general healthcare, environmental monitoring, and food and agriculture, among others. According 
to the 2014 report “Biosensors – A Global Strategic Business Report” by Global Industry Analysts 
Inc. (GIA), global market for biosensors is projected to reach €18.3 billion by 2020. One of the key 
applications of biosensors is in diabetes monitoring and management, a classic example of a 
commercial electrochemical sensor, which quickly evolved to lead the market.   
 

2.3.1 Electrochemical biosensors 
Electrochemical biosensors are typically supplied as electrodes setups. With regard to the 

transduction principle, electrochemical biosensors are generally divided into three major categories 

depending on the underlying measurable parameter. These are current for amperometric 

biosensors, potential or charge accumulation for potentiometric biosensors, and conductive or 

resistive properties for conductometric or impedimetric biosensors [24]. Electrochemical biosensors 

are now comparatively easy to miniaturize, which is one of the reasons for their widespread 

availability. 

2.3.1.1 Biosensor test formats 

According to the assay formats applied in biosensor measurements, four categories of test formats 

are available [24]: 

 Direct detection (Figure 1(a)). 

 Sandwich assay (Figure 1(b)). 

 Competitive assay (Figure 1(c)). 

 Binding inhibition assay (Figure 1(d)). 

Biosensors, unlike immunoassay ELISA, have an “active” transducer on which the biorecognition 

element is immobilized. Hence, biosensors permit an additional test format, i.e., the direct and 

label-free detection of the analyte (Figure 1(a)). This format is a one-step process, which allows real-

time monitoring, if required. The simplicity, speed, and the inexpensiveness of this approach are the 

major advantages of this procedure and are among the driving forces for the development of label-

free transduction principles. However, the performance in the detection of low concentrations or 

of small molecules (or both) may be limited. Furthermore, nonspecific binding of matrix compounds 

to the sensor surface may affect the measurement. Strategies to avoid nonspecific binding include 

a high surface density of the surface-bound biorecognition element and additional intermediate 

layers with nonstick properties as provided, e.g., by hydrogels. Furthermore, the use of blocking 

agents which contain surfactants, proteins (such as bovine serum albumin), or even analyte-free 

serum is recommended [24], [25]. 

In a sandwich-assay, Figure 1(b), a quantifiable response is obtained by binding of a secondary 

biorecognition element subsequent to analyte bioconjugation. This requires analyte molecules, 

which are large enough for two independent biorecognition elements to bind. Whether the second 

biorecognition element has to be labeled or not depends on the transduction principle. In a 

competitive assay, Figure 1(c), the analyte and a known concentration of the labeled analyte 
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(derivative) compete for a limited number of biorecognition elements. This test format including the 

corresponding transduction principles requires labels. In the binding inhibition assay, Figure 1(d), a 

pre-incubation step, in which the analyte and a known concentration of the unbound biorecognition 

element equilibrate, precedes the actual measurement. Again, whether the biorecognition element 

has to be labeled or not depends on the underlying transduction principle. After equilibrium has 

been attained, the binding sites of the remaining free biorecognition elements are detected with a 

biosensor providing an immobilized analyte (derivative), allowing one to derive the original analyte 

concentration in the sample [24].     

Figure 1 - Biosensor test formats: (a) Direct detection, label-free. (b) Sandwich assay, label optional. (c) Competitive 
assay, label required. (d) Binding inhibition assay, label optional [24]. 
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2.3.2 Electrochemical immunosensors 
To turn a transducer into a biosensor, it has to be coated with a biorecognition element. 

Electrochemical immunosensors are of great value on a demanding market for fast and simple 

analytical methods for the determination of many clinical, biochemical and environmental analytes. 

The general working principle of this sensor is based on the specific immunochemical recognition of 

antibodies (general immobilized onto the surface of the transducer) to antigen, which produce a 

response dependent on the concentration of the analyte. Electrochemical immunosensors combine 

the sensitivity of electrochemical methods with the inherent specificity of immunoreactions. 

Moreover, electrochemistry enables the use of very small volumes since the relevant reactions take 

place at the electrode-solution interface [4]. Figure 2 shows a schematic representation of an 

electrochemical immunosensor.    

Figure 2- Schematic representation of electrochemical immunosensor [26]. 

 

2.3.2.1 Antibody-antigen interaction     

Antibodies are a family of glycoproteins known as immunoglobulins, which are produced in 

response to a foreign substance (antigen). Antigens can be a variety of different molecules, from 

proteins to DNA, lipids, etc. Five antibody classes exist in (IgA, IgG, IgM, IgD, and IgE) with IgG being 

the most abundant class (approximately 70%) and the most often used in immunoanalytical 

techniques. A schematic illustration of the “Y”-shaped structure of an antibody is depicted in Figure 

3. The region between the heavy chain and the light chain is where antigen binding occurs. This 

open arm portion of the “Y” shape is generally denoted as F(ab)2, while the non-antigenic binding 

site in the base portion is referred to as Fc. In each IgG molecule, there are two light and two heavy 

chains held together by disulfide linkages. Monoclonal antibodies are particularly suitable for the 

use in immunosensors. These are antibodies produced by cloned cell line, and thus have the same 

epitopic specificity and affinity [4], [27].  
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Figure 3 - A schematic illustration the "Y"-shaped structure of an antibody [4]. 

2.3.2.2 Antibody immobilization techniques 

The manner in which a capture antibody is immobilized onto a solid phase is a critical aspect that 

requires careful consideration in the design of an immunosensor. Sensitivity, stability and longevity 

of an immunosensor depends on the amount of the immobilized immune molecules on the surface, 

their conformational stability, remaining activity after the immobilization procedure and their 

orientation on the transducer surface. Specially, when considering immunoglobulins, which are 

asymmetrical molecules, a desirable feature of the chosen method is that it results in an 

immobilized capture antibody that is oriented with minimal steric hindrance to interact favorably 

with its antigen. Although both antigen and antibody can be immobilized onto the transducer 

surface, in this work antibody immobilization will be the main focus [4], [28].  

Immobilized IgG can adopt four exemplary molecular orientations: side-on (one Fc and one Fab 

attached to the surface), tail-on (Fc attached to the surface), head-on (both F(ab)2 attached to the 

surface) or flat-on (all three fragments attached to the surface), as depicted on Figure 4. There are 

two main approaches that can be used in antibody-based sensor surface preparation: random and 

site-directed antibody immobilization. Controlling the orientation will therefore lead to better 

analyte binding, resulting in improved biosensor sensitivity [28], [29]. 

Figure 4 - Schematic representation of immobilized IgG molecular orientation [29]. 
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Various surfaces can be used as immobilization platforms for antibodies. A short list includes gold, 

quartz, silica, Sepharose, agarose, cellulose, dextran, polystyrene, polyacrylamide, magnetite, steel, 

hydroxyapatite, and niobium oxide [30].  

The simplest immobilization method of antibodies is adsorption via non-covalent interactions. 

Hydrogen bonds, hydrophobic interaction, and van der Waals are some of the forces involved with 

the adsorption of antibodies. This type of immobilization technique results in an unpredictable 

number of inaccessible antigen-binding sites, possible denaturation and very low stability. 

Therefore, immobilization protocols based on covalent coupling procedures are typically preferred.  

Antibodies bound in this manner will have more favorable orientation compared to those adsorbed 

on a surface and will be more resilient towards degradation. Even so, some covalent immobilization 

of antibodies still results in a significant amount of different binding orientations given the large 

number of similar amino acid residues, and thus binding sites [24], [28], [30].  

Covalent and noncovalent immobilization of antibodies has been extensively reviewed ([4], [24], 

[28], [29]), here only covalent immobilization via Traut’s reagent and EDC/NHS will be further 

discussed. These two methods will be reviewed based on the use of antibody primary amines as 

targets for immobilization. Primary amines (-NH2) occur on lysine residues and on the N-terminus of 

each polypeptide chain (domain at the tip of the arms of the “Y”).   

 EDC starts to react with carboxylic acid groups from the immobilization platform (e.g. from 

carbon nanotubes ends and surface defects) to form an intermediate that is easily displaced by 

nucleophilic attack from antibody primary amines. NHS is often included in EDC protocols to 

improve efficiency or create dry-stable (amine-reactive) intermediates [31]. Using this type of 

immobilization may lead to unfavorable binding orientation, given the distribution of primary 

amines on the antibody. Recently, Sara Puertas et al. [32] presented a method to overcome this 

problem (Figure 5). Prior to covalent binding, antibodies undergo ionic pre-adsorption. 

Orientation during ionic pre-adsorption depends on the surface pKa, isoelectric point of the 

antibody and the pH of the used immobilization buffer, by optimizing the conditions one 

orientation can be favored [32].    

 Traut’s reagent (2-iminothiolane) is a cyclic thioimidate compound for thiolation (sulfhydryl 

addition). Traut’s reagent reacts with amine groups in a ring-opening reaction to result in 

covalent modifications containing terminal sulfhydryl residues (Figure 6). Again, this method 

may lead to unfavorable binding orientation [33]. Antibodies modified with Traut’s reagent 

feature sulfhydryl groups, necessary for immobilization onto gold substrates via near-covalent 

gold-thiol bond [34], [35].   

Figure 5 - Immobilization process onto carbon nanotubes surface after physisorption orientation [32]. 
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2.3.2.3 Nanomaterials based immunosensors 

The contribution of nanomaterials has allowed powerful immunosensor assemblies, creating 

platforms with increasing performance. The most important aspect of nanomaterials is their special 

properties associated with nanoscale dimensions. The most fundamental characteristics of 

nanomaterials is the high surface-area-to-volume ratio, which results in a number of unusual 

physical and chemical properties such as high molecular adsorption, large surface tension force, 

enhanced chemical and biological activities, large catalytic effects and extreme mechanical strength. 

Nanomaterials based biosensors benefit from high sensitivity given the increase number of 

immobilized biomolecules or ration rate with target analytes [36], [37]. A wide variety of 

nanostructures has been actively investigated for their applications in biosensors, two of them are 

gold nanoparticles and carbon nanotubes that will be further discussed.  

Gold nanoparticles 

Among the nanomaterials used in biosensors, gold nanoparticles (AuNPs) find a wide range of 

applicability in biosensors development. The unique properties of AuNPs, such as high surface-to-

volume ratio and high surface energy provide a stable immobilization platform for a large number 

of biomolecules retaining their bioactivity. Moreover, AuNPs have an ability to permit fast electron 

transfer between a wide range of electroactive species and electrode materials [38].  

AuNPs can be prepared electrochemically or via chemical reduction methods, which often leads to 

colloidal gold. Preparation of AuNPs by the electrochemical reduction of Au(III) is one of the most 

efficient approaches to obtain gold nanomaterials. Electrodeposition of AuNPs onto the electrode 

surface is a facile technique and allows the control of the nanomaterial characteristics, such as size 

and crystallographic orientation by adjusting the operating conditions and bath chemistry [39], [40].  

Carbon nanotubes 

Carbon nanotubes (CNTs) have been incorporated in electrochemical sensors due to their unique 

advantages including enhanced electronic properties, a large edge plane/basal plane ratio, and rapid 

electrode kinetics. Therefore, CNT-based sensors generally have higher sensitivities, lower limits of 

detection, and faster electron transfer kinetics. The two main types of CNTs are single-walled CNTs 

(SWCNTs) and multi-walled CNTs (MWCNTs). SWCNTs are sp2 hybridized carbon in a hexagonal 

Figure 6 - Antibody immobilization with Traut's reagent [33]. 
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honeycomb structure that is rolled into a hallow tube morphology. MWCNTs are multiple concentric 

tubes encircling one another [41].  

As-produced CNTs for most applications need to undergo a purification process. Most commonly 

used purification method involves oxidative acid treatment steps which generates surface defects, 

tube shortening and also provide abundant carboxylated sites along the nanotube surface and 

shortened tube ends. These defects increase the reactivity of CNTs making it easier to introduce 

functional groups to the CNTs (both side wall and tube ends), which is essential for biosensor design 

in many cases [42], [43].   

Different deposition techniques of CNTs are reported, including drop casting, spraying, 

electrophoretic deposition and CNT composites [44]. In this work, drop casting will be the method 

adopted which consists on the coating of the electrode surface with CNTs dispersion followed by 

solvent evaporation. This strategy is simple and effective however, due to the strong van der Waals 

forces between nanotubes, CNTs tend to aggregate, thus leading to the poor solubility of CNTs in 

water and other solvents, which limits the preparation and application of CNT solutions [42]. Among 

other strategies, dispersion of CNTs in organic solvents, such as dimethylformamide (DMF), has been 

demonstrated to be effective and capable of produce a stable dispersion [45]    

 

2.3.2.4 Electrochemical immunosensors for α-synuclein 

After an extensive research on several platforms, six original research articles were found about 

biosensors for α-synuclein [46]–[51]; only two from the same team were about electrochemical 

immunosensors for this protein, [48], [50]. 

Yarui An et al. [50] utilized Au-doped TiO2 nanotube arrays to design a photoelectrochemical 

immunosensor for the detection of α-synuclein (Figure 7). This design first coupled a primary 

antibody to the surface of the Au-doped TiO2 nanotube array followed by the formation of the 

immunocomplex with α-synuclein. The attachment of Ab2-Au-GOx bioconjugates, featuring a 

secondary antibody, Ab2, improved the signal amplification and sensitivity of the method. This 

immunosensor exhibited a linear range from 50 pg.mL-1 to 100 ng.mL-1 and a limit of detection (LOD) 

of 34 pg.mL-1.  
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In the following year, a different design for an electrochemical immunosensor for α-synuclein was 

presented by Yarui An et al. [48] This strategy captured α-synuclein on the surface of the PAMAM-

Au nanocomposite, which in turn was immobilized on the surface of the electrode via covalent 

binding through the amino groups of PAMAM-Au and the carboxyl groups of the modified poly-o-

ABA glassy carbon electrode. Then, the formation of the immunocomplex took place using a dual 

signal amplification method. This immunosensor exhibited a linear range from 20 pg.mL-1 to 200 

pg.mL-1 and a LOD of 14.6 pg.mL-1. The scheme of the sensor is represented in Figure 8.  

 

Figure 8 - Scheme of the electrochemical immunosensor developed by Yarui et al. [48]. 

 

 

Figure 7 - Scheme of the photoelectrochemical immunosensor developed by Yarui et al. [50]. 
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2.4 Electrochemical overview 

The advantages of electrochemical methods in comparison to other chemical techniques are high 

sensitivity with a large useful linear concentration, short analysis times (seconds), wide range of 

temperatures, use of many solvents and electrolytes, simultaneous analysis (more than one 

component in the same time), simplicity, moderate cost, portability and providing information 

about kinetics and thermodynamics [52]. In the following sections, a general overview of electrode 

processes is covered. 

2.4.1 Electrochemical cell 
Electrochemical experiments can be performed under different methodologies depending on the 

conditions of the experiment. For this work a three electrode electrochemical cell was used (Figure 

9), composed by a working (or indicator) electrode, reference electrode and the auxiliary (or 

counter) electrode, and also a contacting solution (electrolyte). The three electrodes are connected 

to a potentiostat, an instrument which controls the potential of the working electrode and measures 

the resulting current. In this arrangement, we observe the current passing between the working 

electrode and the auxiliary electrode as we control the potential of the working electrode in respect 

to the reference [53], [54].        

 

2.4.2 Faradaic and Nonfaradaic Processes 
It should be noted that not all the current is faradaic current - that is the current flowing through 

the electrochemical cell causing chemical reactions to occur at the electrode surface. Also non-

faradaic, or capacitive current flows. This current does not involve in any chemical reaction, it only 

causes accumulation of electrical charge, because such reactions are thermodynamically 

unfavorable. Although the faradaic processes are of primary interest and will be the main focus of 

this work, the effects of the nonfaradaic processes must be taken into account [52].  

Figure 9 - Schematic representation of a three electrode cell – the 
working electrode (W. E.), reference electrode (R. E.) and counter 

electrode (C. E.) [72]. 
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2.4.3 Overall Electrode Reaction 
As mentioned above, a typical electrode reaction involves the transfer of charge between an 

electrode and a species in solution. Charge is transported through the working electrode by the 

movement of electrons and through the electrolyte phase by the movement of ions (such as H+, Na+, 

Cl-).  Thus the electronic conductor is the electrode and the ionic conductor is the electrolyte. 

Imposing a variation in potential, E, can produce a current flow by the movement of electrons that 

cross the electrode/solution interface as reactions occur, Figure 10, [52]. 

 

By driving the electrode to more negative potentials, the energy of the electrons is raised high 

enough to transfer into vacant electronic states on species in the electrolyte (reduction current). 

Similarly, the energy of the electrons can be lowered by imposing a more positive potential, and at 

some point electrons on solutes in the electrolyte will find a more favorable energy on the electrode 

and will transfer there (oxidation current) [52], [53].  

 

Figure 10 - Representation of (a) reduction and (b) oxidation processes of a 
species, A, in solution [52]. 
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Such electronic movement is related stoichiometrically to the extent of the overall electrode 

reaction 𝑂 + 𝑛𝑒 ⇋ 𝑅, were the reaction rate (or current) is governed by the rates of processes such 

as [52]: 

1. Mass transfer of the electroactive species to/from the electrode surface. 

2. Electron transfer at the electrode surface. 

3. Chemical reactions preceding or following the electron transfer. 

4. Other surface reactions, such as adsorption, desorption, or crystallization 

(electrodeposition). 

Figure 11 shows an overall electrode reaction were the main steps are depicted: 

2.4.4 Mass transfer 
To analyze an electrochemical process, it is convenient to consider the observed current as 

dependent upon the rate of the slowest process. The simplest of which are those were the rates of 

all associated chemical reactions are very rapid compared to those of mass transfer. Mass transfer 

plays an important role in most of the electrochemical experiments, being responsible for the 

movement of material from one location to another in solution [52], [55]. 

Under these conditions it is possible to express the electrode potential as a function of the activity 

of the electrochemical species in solution by an equation of the Nernst form (Equation 1) [53]: 

 

Ji(x)= − Di

∂Ci(x)

∂x
−

ziF

RT
DiCi

∂ϕ(x)

∂x
+CiV(x)                                               𝐸𝑞. 1   

The three terms on Equation 1 represent the contributions to the flux of species i, that is, diffusion, 

migration and convection respectively. Migration is concerned to the movement of charged 

particles under the influence of a gradient of electrical field; diffusion is the movement of species 

under the influence of a concentration gradient; and finally, convection is a hydrodynamic transport.  

Figure 11 - General electrode reaction [52]. 
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2.4.4.1 Diffusion 

Diffusion is particularly significant in an electrochemical experiment since the conversion reaction 

only occurs at the electrode surface. Consequently, there will be a lower reactant concentration at 

the electrode than in the bulk solution. Similarly, a higher concentration of product will exist near 

the electrode. 

Actually it is possible to neglect the contributions of migration and convection during an 

electrochemical experiment. If we conduct the experiment on a short time scale and in a stagnant 

solution, we are decreasing the convection contribution. Also, if we assure a good electrolyte 

conductivity, by the use of a supporting electrolyte or by an excess of inert electrolyte in the 

solution, a minimal amount of the electroactive species will be transported by migration [52], [55].  

The mathematical treatment of a diffusion controlled electrode reaction is relatively simple, making 
them particularly interesting system. Fick’s first law states that the rate of movement of material by 
diffusion, the diffusion flux Ji(x,t), at a time 𝑡 and position 𝑥 is proportional to the concentration 

gradient 
𝜕𝐶𝑖(𝑥, 𝑡)

𝜕𝑥
⁄  (Equation 2):  

Ji(x,t)= − Di

∂Ci(x,t)

∂x
                                                             𝐸𝑞. 2 

and depends on the diffusion constant Di. The negative sign simply signifies that material moves 

down a concentration gradient, from regions of high to low concentration [52]. 

Fick’s second (Equation 3) law gives the variation of concentration of different species as a function 

of time within the electrochemical cell [52]. 

∂Ci

∂t
= − Di

∂2Ci(x)

∂𝑥2
                                                              𝐸𝑞. 3 

2.4.4.2 Diffusion Layer 

Diffusion of electroactive species from the bulk solution to the electrode surface, or vice versa, takes 

place in a thin layer of stagnant solution close to the electrode/solution interface when a 

concentration gradient develops. The diffusion layer or Nernst layer, is a simplified model to analyze 

the diffusion process as a linear extrapolation of the concentration vs. distance curve, as shown in 

Figure 12. This approximate treatment predicts a diffusion layer that grows with the square root of 

time, contributing to the distinctive graphical shape of a diffusion controlled process, as will be 

discussed further [52], [56].  

Figure 12 - Diffusion layer (Nernst layer) [56]. 
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Throughout this work diffusional processes are of main importance, yet another type of mass 

transfer must be taken into account. Electrode modification with porous materials, such as carbon 

nanotubes give rise to a thin layer behavior, where “pockets” of the electroactive species are 

trapped in-between multiple layers of nanotubes (Figure 13). This kind of regime is imposed by large 

area/volume ratios, and must be taken into account when analyzing carbon nanotube modification 

[55], [57]. 

 

 

 

2.5 Electrochemical Techniques 

2.5.1 Cyclic voltammetry 
Cyclic voltammetry (CV) is one of the more commonly used electroanalytical techniques. Its main 

advantage is its ability to characterize an electrochemical system. The obtained voltammogram, in 

which the current is monitored as a function of applied potential, is informative concerning the 

oxidation and reduction reactions from which the required information can be acquired [53], [58].  

The measurement of peak currents in CV is imprecise because the correction for charging current 

(nonfaradaic current) is typically uncertain. Consequently, CV is not an ideal method for quantitative 

evaluation of system properties that must be derived from peak heights. The method's power lies 

in its diagnostic strength, which is derived from the ease of interpreting qualitative and semi-

quantitative behavior. Once a system is understood mechanistically, other methods are often better 

suited for the precise evaluation of parameters [52], [55]. In CV the potential is linearly scanned on 

the working electrode, forward and then backward, giving a triangular potential cycle Figure 14.  

Figure 13 - Schematic representation of the two types of diffusion at a highly porous CNT modified electrode [57]. 
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Figure 14- (a) Cyclic potential sweep. (b) Resulting cyclic voltammogram [52]. 

 

As potential decreases, the electrode becomes more strongly reducing originating a reduction 

current as the analyte gets reduced at the surface of the working electrode. When the potential 

increases, the electrode becomes more oxidizing originating an oxidation current as the reduced 

analyte is re-oxidize [55]. 

Two measured parameters of interest on this i-E curves are ratio of peak currents, 𝑖𝑝𝑎 𝑖𝑝𝑐⁄ , and the 

separation of peak potentials, 𝐸𝑝𝑎 − 𝐸𝑝𝑐. For a nernstian wave with stable product, 𝑖𝑝𝑎 𝑖𝑝𝑐⁄ = 1 

regardless of scan rate [52].  

The magnitude of the voltammetry current 𝐼𝑝 observed at a macroelectrode is governed by the 

following Randles-Ševćik equation (Equation 4) [55]: 

𝐼𝑝 = ± 0.446𝑛𝐹𝐴𝐶 (
𝑛𝐹𝐷𝜐

𝑅𝑇
)

1/2

                                                   𝐸𝑞. 4 

where the ± sign is used to indicate an oxidation or reduction process respectively though the 

equation is usually devoid of such sign.  

 

2.5.2 Square-wave voltammetry 

Square-wave voltammetry (SWV) is a powerful electrochemical technique that can be applied in 

electroanalytical measurements [59]. SWV is normally carried out at a stationary electrode and 

involves the waveform and measurements scheme shown in Figure 15. As in other forms of pulse 

voltammetry, the electrode is taken through a series of measurements cycles, however, there is no 

renewal of the diffusion layer between cycles. The staircase shifts by ∆𝐸𝑆 at the beginning of each 

cycle onto which the square wave can be regarded as having been superimposed [52]. 
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Figure 15 – Waveform and measurement scheme for square wave voltammetry [52].  

With this waveform, the current response is sampled twice per cycle, once on each forward pulse 

and once on each reverse pulse. Using this technique is possible to generate three possible current 

potentials plots – forward current versus potential (𝜓𝑓), reverse current versus potential (𝜓𝑟)or 

difference current versus potential (∆𝜓), Figure 16. For most analytical applications, it is used the 

difference plot, where the resulting voltammogram yields peaks for each electroactive species 

present, with the peak height being proportional to the concentration of the species in the bulk 

solution [54], [60].  

 

 

 

Figure 16 - Square wave voltammograms for the reversible reaction [52]. 
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2.5.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) has long been employed for studying 

electrochemical systems, including those involved in electrodeposition and interaction of modified 

electrodes with analytes. Impedance methods are quite powerful, in that they are capable of 

characterizing physicochemical processes of widely differing time constants, sampling electron 

transfer at high frequency and mass transfer at low frequency [61], [62].   

Impedance results are commonly fitted to equivalent circuits of resistors and capacitors, such as the 

Randles circuit shown in Figure 17, which is often used to interpret simple electrochemical systems.  

Figure 17- Randles equivalent circuit for a simple electrochemical system [61]. 

where the 𝑅𝑐𝑡  is the charge-transfer resistance, which is inversely proportional to the rate of 

electron transfer; 𝐶𝑑 is the double-layer capacitance; 𝑅𝑆 is the solution-phase resistance; and, 𝑍𝑤 is 

the Warburg impedance, which arises from mass-transfer limitations. 

This equivalent circuit yields the Nyquist plot, Figure 18, which provides visual insight into the 

systems dynamics. If an analyte affects one or more parameters of the equivalent circuit and these 

parameters are not affected by interfering species, then impedance methods can be used for 

analyte detection [52], [61].  

 

 

 

Figure 18- Nyquist plot arising from the Randles circuit [61]. 
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Chapter 3 – Materials and Methods 

3.1 Materials 
Alumina suspension 1.0 μm, 0.3 μm and 0.05 μm were purchased from Gravimetra (Spain). All other 

chemicals were of analytical grade. Sulfuric acid (H2SO4, 98%) and absolute ethanol were purchase 

from Panreac (Spain). Potassium ferrocyanide (K4[Fe(CN)6].3H2O), potassium ferricyanide 

(K3Fe(CN)6), potassium phosphate monobasic (KH2PO4) and sodium phosphate dibasic (Na2HPO4), 

sodium chloride (NaCl) and potassium chloride (KCl) were purchased from Riedel-de Haën 

(Germany). Gold(III) chloride solution, ethylenediaminetetraacetic acid (EDTA), 2-iminothiolane 

hydrochloride, SWCNTs and human antigen α-synuclein (S7820) were purchased from Sigma-Aldrich 

(Steinheim, Germany). Mouse monoclonal to α-Synuclein (1 mg.mL-1) IgG (ab27766) was purchase 

from Abcam (U.K.). Ultrapure water (18.2 MΩ.cm-1 resistivity) was produced by a Milli-Q Simplicity 

185 system. Nitrogen (99.999%) was obtained from LINDE (Portugal). Weight measurements were 

performed using an analytical balance (Mettler Toledo) with a 0.00001 g precision. Eight inches 

polishing microcloth (Buehler U.S.A.) was used to perform the mechanical cleaning of the working 

electrode. 

3.2 Electrochemical assay 
The voltammetric measurements were realized using an Autolab electrochemical system (Eco 

Chemie, The Netherlands) equipped with PGSTAT-30 and General Purpose Electrochemical system 

for Windows (GPES) software and NOVA Impedance spectroscopy (NOVA). The electrochemical cell 

was mounted using a conventional three-electrode cell which included a glassy carbon electrode 

(0.071 mm2, Metrohm, The Netherlands) as a working electrode, a platinum counter electrode and 

a Ag|AgCl|KClsat reference electrode. The electrolyte used for the electrochemical studies was a 

phosphate buffer solution prepared with NaCl, KCl, Na2HPO4.H2O, KH2PO4 (PBS, 0.1 mol.L-1, pH 7.4).  

Experiments were performed by CV, SWV and EIS using 5.0 mmol.L-1 K3[Fe(CN)6]/K4[Fe(CN)6] as 

electroactive indicator. CV measurements were performed by varying the potential from −0.4 to 

0.8 V using a scan rate of 0.1 V.s-1 while SWV assays were in the range from 0.0 to 0.8 V at the same 

scan rate. EIS measurements were performed using a set potential of 0.2 V and a frequency range 

from 10-1 to 105 Hz with an amplitude perturbation of 5 mV.   

3.3 Pre-treatment of the working electrode 
The pre-treatment of the classy carbon electrode consisted in: i) mechanical polishing with alumina 

solutions 1.0, 0.3 and 0.05 μm using microcloth pads; ii) cleaning with absolute ethanol in ultrasonic 

bath during 5 minutes; and iii) electrochemical activation by cycling the electrode from 0.0 to +1.6 

V in 0.5 mol.L-1 H2SO4 solution at 100 mV.s-1. Throughout all pre-treatment procedures, ultrapure 

water was used to rinsed the electrode.  

 

 

3.4 Drop cast of single wall carbon nanotubes 
A suspension of SWCNT 1 mg.ml-1 was prepared in DMF and then a suitable amount was drop-cast 

on the surface of the GC electrode and set to dry for approximately 15 minutes, in a 50 °C oven to 
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form a SWCNT film. The amount of SWCNT suspension to modify the electrode was optimized using 

three different amounts: 1.0; 2.0; and 5.0 µL.   

3.5 Electrodeposition of the gold nanoparticles 
The AuNPs were electrodeposited onto the surface of the modified SWCNTs/GC electrode. The 

modified SWCNTs/GC electrode was immersed in a 0.1 mol.L-1 KNO3 solution containing 3 mmol.L-1 

of HAuCl4. The electrochemical conditions for the electrodeposition were optimized, scanning the 

potentials from -0.3 to 1.0 V for the reduction process of Au(III) and consequent formation of 

metallic AuNPs and testing different electrodeposition periods (10, 50 and 100 seconds). 

3.6 Antibody immobilization 
Antibody against α-synuclein was immobilized on the AuNPs surface via near-covalent gold-thiol 

bond. A mixed solution containing: 1 µL of EDTA (2.8×10−1 mol.L-1); 82.6 µL of 2-iminothiolane 

(0.006 mM); 17 µL of phosphate-buffered saline (PBS, 0.1 M); and 10 µL of monoclonal antibody 

against α-synuclein (1 mg.mL-1) was prepared and left 50 minutes to react at room temperature. 

Then 389.4 µL of PBS were added to the solution in order to make up a volume of 500 µL needed 

for the next purification step. The clean-up of the antibody solution was made by passing it through 

a sephadex PD MiniTrap G-25 column (GE Healthcare), following the gravity protocol. Then the 

column was eluted with 1.0 mL of PBS and the eluate was collected yielding a final antibody solution 

of 10 µg.mL-1. The AuNPs/SWCNT/GC modified electrodes were immersed in 200 µL of the antibody 

solution, left to react for 2 hours at room temperature and then were incubated at 4 °C for 12 hours.    

3.7 α-Synuclein detection 
Lastly, after antibody immobilization, the Anti-α-Syn/AuNPs/SWCNTs modified electrode was 

immersed in 300 µL of α-Syn solution for 20 minutes at room temperature. The antigen solutions 

were prepared in PBS (0.1 mol.L-1, pH 7.4). In this study, five concentrations of α-Syn (50, 100, 200, 

300 and 400 ng.mL-1) were used. To analyze the results, inhibition percentages (IR, %) corresponding 

to the selected antigen concentration were calculated by the following Equation 5: 

%𝐼𝑅 = [1 − (
𝐼𝑝

𝐼𝑝
0)] ×100                                                               𝐸𝑞. 5 

where Ip
0 and Ip are the peak currents before and after the incubation of the immunosensor with 

the antigen solution. 

The limit of detection (LOD) was also determined (Equation 6). The LOD is the minimum 

concentration from which it is possible to detect the presence of the desired compound, with a 

certain statistical certainty, i.e., with a precision and accuracy that cannot be those obtained for 

greater concentrations.   

𝐿𝑂𝐷 =
3×𝑆𝑦/𝑥

𝑏
                                                                          𝐸𝑞. 6    

 

where b represents the intercept of the regression and Sy/x is the standard deviation in the y-

direction. 
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Chapter 4 - Results and Discussion 

4.1 Characterization of the GC electrode surface 
The electrode surface of the non-modified working electrode was qualitatively evaluated by cyclic 

voltammetry to ensure that it was properly cleaned and could be used in the next stages. The GC 

electrode was scanned 10 times through CV from 0.0 V to +1.6 V vs. Ag/AgCl reference electrode in 

0.5 M H2SO4, Figure 19 shows the last of the 10 scans. The region to 1.2 V shows no evidence of 

Faradaic processes, which is typical of a “clean” surface as the current only causes accumulation of 

electrical charge. The increase in current at potentials higher than 1.2 V is due to the dissociation of 

water [63], [64].  

Figure 19 - Cyclic voltammogram of the bare GC electrode in 0.5 M H2SO4 aqueous solution at 0.1 V.s-1 scan rate. 

 

4.2 Modification of the GC electrode with carbon nanotubes 
In order to improve the response of the system, the surface of the GC electrode was modified with 

single wall carbon nanotubes (SWCNT). According to literature data, the GC electrode provides a 

hydrophobic surface which stabilizes the SWCNTs film [65]. At this stage, three different amounts 

of SWCNT solution were tested. Cyclic voltammograms were recorded and the increase (%) of 

cathodic and anodic peak current was calculated for each modification as shown in Figure 20. As the 

thickness of the SWCNT layer grows the response of the voltammograms continuous to grow 

approximately in the same way for the cathodic and anodic peak currents [57]. Figure 20(a) shows 

an GC electrode modified with 1.0 µL of SWCNT solution which proved to be less reproducible. 

Although higher responses were attained using 5.0 µL of SWCNTs solution, Figure 20(c), this amount 

seemed too much to fit on the electrode surface and was difficult to prepare in a reproducible way. 

Therefore, the selected amount was 2.0 µL of SWCNT solution (Figure 20(b)) since it proved to be 

enough to cover the electrode surface without overload and exhibited a low standard deviation.     
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Figure 20 - Increase (%) of the peak current when compared with the bare electrode at a GC electrode modified with: (a) 
1.0 µL (b) 2.0 µL and (c) 5.0 µL of SWCNTs suspension 1.0 mg.mL-1. Profiles obtained in a 0.1 mol.L-1 PBS solution pH=7.4 

containing 5.0 mM Fe(CN)6
3-/4- at 0.1 V.s-1 scan rate. 

 

Cyclic voltammetric responses of modified SWCNTs/GC electrode and bare GC electrode are 

presented in Figure 21. Modification with SWCNTs proved to have a positive effect on the electrode 

by reducing the peak potentials and increasing the peak currents. In these voltammograms, one pair 

of redox peaks can be observed with a separation of anodic and cathodic peak potential (ΔEp) of 

3.1×10−1 for the bare GC electrode and 1.6×10−1 for the modified SWCNTs/GC electrode. The 

reduction of peak potentials indicates a more reversible process. Moreover, the peak current was 

enhanced by a factor of approximately 28 at the SWCNTs/GC electrode compared to that at the bare 

GC electrode. These advantages can be associated with the nanometric dimensions and high surface 

area, electronic structure and topological defects SWCNTs surface [66]. Also, a mixture of diffusional 

and thin-layer regimes contributes to the improvement in the voltammetric peak current and the 

reduction in the potentials to lower values [55], [57]. 

Figure 21 - Overlaid cyclic voltammograms for bare GC electrode (blue) and SWCNTs/GC modified electrode (orange) 
with 2.0 µL SWCNTs solution 1.0 mg.mL-1. Profiles obtained in a 0.1 mol.L-1 PBS solution pH=7.4 containing 5.0 mM 

Fe(CN)6
3-/4- at 0.1 V.s-1 scan rate 
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Figure 22 displays a SEM image of bare GC surface and modified with 2.0 µL of SWCNTs solution 1.0 

mg.mL-1 dispersed in DMF. The surface of the modified SWCNTs/GC electrode is completely covered 

with SWCNTs, which reveal the effectiveness of the dispersing solvent to produce a very uniform 

distribution of the deposit over the electrode surface.  

 

4.3 Electrodeposition of gold nanoparticles onto the SWCNTs/GC electrode 
The electrode modification with AuNPs was performed through electrodeposition which enables 

the simultaneous synthesis and deposition. The SWCNTs/GC electrode was scanned from -0.3 to 1.0 

V using CV on a 3.0 mM HAuCl4 solution in order to choose the parameters for AuNPs 

electrodeposition (Figure 23). On the first forward scan (Figure 23, blue line) one single reduction 

peak was noticed, which is related to the three-electron reduction process of Au(III) and leads to 

the formation of metallic AuNPs on the electrode surface (Equation 7) [67], [68]: 

AuCl4
− + 3e− → Au + 4Cl−                                                            𝐸𝑞. 7 

On the second forward scan (Figure 23, orange line), the peak was shifted to higher potentials 

values, in accordance with thermodynamics, which predicts an easier growth of previously formed 

AuNPs than nucleation of new AuNPs on SWCTNs/GC electrode. In this work, AuNPs where 

electrodeposited using a conditioning of −0.3 V. Literature data report that high overpotentials 

favor the instantaneous nucleation [68].     

Figure 22 - SEM image of bare GC electrode (left) and modified SWCNTs/GC electrode (right) prepared with a 2.0 µL 
aliquot drop casted on the electrode surface. 
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The electrodeposition time of AuNPs was studied using SWV. Two different GC electrodes were 

tested for each electrodeposition time and representative results are exhibited in Figure 24. Assays 

were performed using 10, 50 and 100 seconds and a conditional potential of −0.3 V in a 3.0 mM 

HAuCl4 solution. The most efficient electrodeposition was achieved under a 50 seconds period. As 

reported on literature, increasing the electrodeposition time led to slightly bigger AuNPs which 

affect the surface area of the modified electrode, resulting in a decrease of the voltammetric 

response [39], [69].        

 

 

 

Figure 23 - Cyclic voltammograms recorded on a SWCNTs/GC electrode in a 3.0 mM HAuCl4 solution: first scan 
(blue) and second scan (orange). Scan rate: 0.1 V.s-1. 

Figure 24 - Increase (%) of the peak current with different electrochemical deposition times of AuNPs 
onto SWCNTs/GC electrode: (a) 10 seconds; (b) 50 seconds; and (c) 100 seconds electrodeposition time. 
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The AuNPs deposit onto the SWCNTs/GC electrode was first characterized by CV in 0.5 M H2SO4. 

Figure 25 presents the last of the 15 consecutive scans where two phenomena were observed: i) 

the multiple overlapping oxidation peaks in the range of 1.1 – 1.6 V during the forward scan and ii) 

the sharp gold oxide reduction peak located at about 0.9 V. These observations are consistent with 

a typical cyclic voltammogram for a gold electrode surface [39], [69] proving the successful 

modification.  

 

The surface of the modified AuNPs/SWCNTs/GC electrode was also characterized by SEM analysis, 

and the energy-dispersive X-ray spectroscopy proved the presence of gold material on the surface 

of the electrode (Figure 26). The AuNPs were relatively small (≈ 20 nm) and round-shaped, and 

covered homogeneously the entire surface of the electrode. Better SEM images could not be 

obtained given the electrode size and equipment limitations, thus it was not possible to calculate 

the AuNPs distribution.     

Figure 25 - Last of the 15 consecutive scans recorded by cyclic voltammetry in a 0.5 M H2SO4 aqueous solution 
on AuNPs/SWCNTs/GC electrode prepared by electrochemical deposition of AuNPs at 0.1 V.s-1 scan rate. 

Figure 26 - On the left the SEM image of modified AuNPs/SWCNTs/GC electrode and on the right respective energy-
dispersive X-ray spectroscopy diagram. 
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The modified AuNPs/SWCNTs/GC (Figure 27, green line) electrode was evaluated through CV and 

plotted over SWCNTs/GC and bare GC electrode to study the influence of the electrodeposit AuNPs 

on the current signal. The improvement in the voltammetric peak current after AuNPs 

electrodeposition was expected and is supported by literature data [70]. In addition, the 

electrodeposition method constitutes a simple and fast process. 

4.4 Antibody immobilization onto the AuNPs/SWCNTs/GC electrode 
The successful antibody immobilization was demonstrated by SWV analysis (Figure 28). The thiol 

modified antibodies were immobilized onto AuNPs/SWCNTs/GC electrode via near-covalent gold-

thiol bond, using a concentration of 10.0 µg.mL-1 of antibody solution. Traut’s reagent (2-

iminothiolane) was used to modified the antibody with terminal sulfhydryl residues and EDTA was 

added to prevent the re-oxidation of the sulfhydryls groups by metal catalysis [33]. It can be 

observed that the antibody immobilization led to a signal reduction for the Fe(CN)6
3-/4- redox couple. 

This peak diminution is caused by the partial blockage of the immunosensor surface by the 

antibodies making the electron transfer process more difficult.  

Figure 28 - Overlaid square wave voltammograms of modified AuNPs/SWCNTs/GC electrode (blue) and Anti-α-
Syn/AuNPs/SWCNTs/GC electrode (orange). Profiles obtained in a 0.1 mol.L-1 PBS solution pH=7.4 containing 5.0 mM 

Fe(CN)6
3-/4- at 0.1 V.s-1 scan rate 

Figure 27 - Overlaid cyclic voltammograms for bare GC electrode (blue) SWCNT/GC electrode (orange) 
and AuNPs/SWCNTs/GC electrode (green). Profiles obtained in a 0.1 mol.L-1 PBS solution pH=7.4 

containing 5.0 mM Fe(CN)6
3-/4- at 0.1 V.s-1 scan rate 
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The interface properties of the stepwise construction of the modified immunosensor were studied 

by EIS. The obtained Nyquist diagrams are presented in Figure 29 (a) and (b), and the equivalent 

electrical circuit used to fit the electrochemical impedance data is presented in Figure 29 (c). The 

semicircle diameter observed in the Nyquist diagram equals the charge transfer resistance (Rct) 

which controls the electron transfer kinetics at the electrode surface [61]. The bare GC electrode 

displayed higher Rct (1.7 kΩ) when compared to those modified with SWCNTs (36.5 Ω) and even 

more when compared to those modified with AuNPs/SWCNTs (23.4 Ω), corroborating the prior 

information concerning charge transfer obtained by voltammetric experiments. The further 

increment in the Rct after antibody immobilization, to 32.6 Ω, proved the successful immobilization 

onto the AuNPs/SWCNTs/GC electrode. The modified electrode exhibited a linear relation between 

real (𝑍’) and imaginary (−𝑍’’) impedance, suggesting a diffusion controlled process, as well as 

confirming the high electrical conductivity of the nanomaterials used in the modification processes 

[71].  

 

 

 

Figure 29 - (a) Nyquist plot of EIS for the bare GC (blue), SWCNTs/GC (black), AuNPs/SWCNTs/GC (red) and Anti-α-
Syn/AuNPs/SWCNTs/GC (green) electrodes. (b) Enlarge image of the Nyquist plot of EIS for modified SWCNTs/GC (black), 
AuNPs/SWCNTs/GC (red) and Anti-α-Syn/AuNPs/SWCNTs/GC (green) electrodes. Profiles obtained in a 5.0 mM Fe(CN)6

3-

/4- solution by applying a frequency range from 10-1 to 105 Hz with an amplitude perturbation of 5 mV. (c) Equivalent 
electrical circuit comprising the resistance of the electrolyte (Rs/Ω), the polarization resistance (Rct/Ω), the Warburg 

impedance (Zw/Ω), and the capacitance of the system (Cd/F) [61]. 

(a) (b) 

(c) 
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4.5 α-synuclein detection 
The different steps involved in the preparation of the immunosensor are schematically illustrated in 

Figure 30.  

The electroanalytical performance of the immunosensor to detect α-Syn was assessed by ranging 

the concentration of the analyte from 50 to 400 ng.mL-1 and by registering the inhibition percentage 

(IR, %) by square-wave voltammetry (Figure 31 (a)). Owing to the formation of antibody-antigen 

immunocomplex onto the Anti-α-Syn/AuNPs/SWCNTs/GC electrode surface, the peak current 

decreased, which was proportional to the antigen concentration. The analytical curve obtained 

(Figure 31(b)), 𝐼𝑅 [%] = 12.7×10−1 ± 2.0×10−4[αSyn ng. mL−1] − 38.9×10−1 ± 4.9×10−3, n=5, 

is linear in a characterized concentration range, with a linear correlation coefficient of 0.97. The limit 

of detection (LOD) for α-Syn was 88 ng.mL-1 at a signal-to-noise ratio of 3. Still, more assays need to 

be performed in order to fully validate the electroanalytical performance of the developed 

immunosensor.  

In
h

ib
itio

n
 

(1) 

(6) 

Figure 31 - (a) Square-wave voltammograms of the modified Anti-α-Syn/AuNPs/SWCNTs/GC electrode, in the absence of 
α-Syn (1), and with the following concentrations of α-Syn: (2) 50 ng.mL-1, (3) 100 ng.mL-1, (4) 200 ng.mL-1, (5) 300 ng.mL-1, 

(6) 400 ng.mL-1. (b) analytical curve of α-Syn obtained by inhibition of the peak current (inhibition percentage IR, %). 
Profiles obtained in a 0.1 mol.L-1 PBS solution pH=7.4 containing 5.0 mM Fe(CN)6

3-/4- at 0.1 V.s-1 scan rate. 

Figure 30 - The several steps for the immunosensor construction 
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Chapter 5 – Conclusion and Future Directions  
Parkinson’s disease incidence is increasing and current diagnostic procedures are inefficient, driving 

demand to the development of laboratory assays with high diagnostic accuracy and predictive value. 

So far, no definitive biomarker for PD is available and future developments points to a multi-

biomarker approach. Even so, α-synuclein is one of the most studied biomarkers for PD and has a 

close relationship with the disease development. Electrochemical immunosensors are powerful 

tools for the development of diagnostic instruments bringing together a series of advantages, such 

as high sensitivity and specificity, portability, simplicity and low cost of manufacturing.  

In this work, an electrochemical immunosensor for the PD biomarker α-synuclein is presented. The 

immunosensor construction started with the GC electrode modification with SWCTs. The optimized 

conditions were obtained by drop casting a 2.0 uL-1 of SWCNTs solution 1 mg.mL-1 onto the electrode 

surface. Modification with SWCNTs proved to have a positive effect on the transducer performance 

by reducing the peak potentials and increasing the peak currents. Further modification with AuNPs 

of the SWCNTs/GC electrode was performed by electrodeposition. This method proved to be simple 

and led to the homogeneous distribution of AuNPs on the entire electrode surface. The 

electrodeposition parameters were optimized by applying a conditional potential of −0.3 V for 50 

seconds. AuNPs formed an immobilization platform for the antibodies and improved the electrode 

peak current. The immobilization of the Anti-α-Syn onto the AuNPs/SWCNTs/GC electrode was 

achieved by near-covalent gold-thiol bond after antibody modification with terminal sulfhydryl 

residues. The quantification of α-synuclein was based on the %IR of the redox pair Fe(CN)6
3-/4- caused 

by the immunocomplex formation. This label free technique exhibited analytical relevance on a 

concentration range from 88 to 400 ng.mL-1.  

The developed biosensor offers interesting possibilities α-synuclein detection since it uses simple 

and relatively inexpensive instrumentation and the analysis can be done in approximately 20 

minutes. Its application is intended to be cheaper, easier and faster than other methodologies while 

being compatible for in situ determination.  

In future studies oriented immobilization of the antibody should be tested. Sensitivity of the 

immunosensor greatly benefit from the controlled orientation of the antibody on the transducer 

surface. EDC/NHS immobilization technique was here described as possible future improvement for 

the oriented antibody immobilization. Also, studies with blocking agents should be performed. 

Although in this work high surface density of the antibody was used, label-free techniques are 

sensitive for nonspecific binding and thus the use of blocking agents are recommended. Finally, the 

immunosensor reproducibility and stability should be fully characterized in order to allow real 

sample analysis.  
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