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Abstract 

Viruses and viroids are a major threat to both animals and plants. While viruses contain 
a nucleic acid genome (DNA or RNA) enclosed in a protein coat, viroids consist of a small, 
circular RNA without a protein coat. In particular, viroids only infect plants and their 
destructive nature can lead to severe agroeconomic losses. In contrast, viruses infect 
animals, plants and bacteria and are primarily responsible for global pandemics and 
associated human fatalities. 

Viruses and viroids are usually detected using conventional molecular biology 
techniques. Although these methods are reliable, they require sophisticated laboratory 
infrastructure. Alternatively, electrochemical biosensors, such as immunosensors targeting 
antigens, and genosensors targeting nucleic acids, offer the potential for rapid, sensitive, 
and selective on-site detection. In this doctoral dissertation, innovative strategies for the 
development and optimization of sensitive and selective electrochemical immunosensors for 
the detection of the SARS-CoV-2 spike protein and the electrochemical genosensor for the 
detection of the Citrus bark cracking viroid (CBCVd) are presented. These devices are 
based on the affinity approach and measure the specific interactions between the biological 
recognition element immobilized on the supporting electrode and the target antigen or 
nucleic acid in the investigated samples using electrochemical impedance spectroscopy.  

The first immunosensor presented in this dissertation is based on gelatin-modified 
disposable electrodes for the preferentially oriented immobilization of anti-SARS-CoV-2 
antibodies, which act as biological recognition elements. The second immunosensor relies 
on the signal amplification through abundant antibody binding via MXene surface groups 
and carefully chosen chemistry leading to refined electrochemical communication between 
antibody-containing upper sensing layer and the underlying supporting electrode. The 
sensor showed excellent selectivity against structurally similar coronaviruses. 

Finally, the choice of the CBCVd as an analyte was governed by the immense public 
demand due to the large economic losses caused by this viroid in Slovenia, Germany and 
the Czech Republic. A Ti3C2Tx MXene-streptavidin-agarose composite was used for stable 
immobilization of a biotinylated single-stranded DNA capture probe as a biological 
recognition element.  The impedimetric genosensor showed potential for early diagnosis of 
plant disease, due to its excellent analytical performance in total RNA samples extracted 
from infected and non-infected hop plants.  

The presented approaches highlight the importance of functional (nano)materials in 
biosensors, proper immobilization of biological recognition elements and fast and 
unambiguous electrochemical signaling. The results are very promising and show significant 
potential for translation into robust point-of-care diagnostic tools for human and plant 
pathogens outside of the laboratory. 
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Povzetek 

Virusi in viroidi so velika grožnja tako živalim kot rastlinam. Medtem ko virusi vsebujejo 
genom nukleinske kisline (DNK ali RNK), obdan v beljakovinsko ovojnico, so viroidi 
sestavljeni iz majhne, krožne RNK brez beljakovinske ovojnice. Viroidi okužijo samo 
rastline in njihova uničujoča narava lahko povzroči hude agroekonomske izgube. Nasprotno 
pa virusi okužijo živali, rastline in bakterije ter so v prvi vrsti odgovorni za svetovne 
pandemije in z njimi povezane človeške smrti. 

Viruse in viroide običajno zaznavamo s konvencionalnimi tehnikami molekularne 
biologije. Čeprav so te metode zanesljive, zahtevajo sofisticirano laboratorijsko 
infrastrukturo. Druga možnost je, da elektrokemijski biosenzorji, kot so imunosenzorji za 
tarčno zaznavanje antigenov in genosenzorji za tarčno zaznavanje nukleinskih kislin, 
ponujajo potencial za hitro, občutljivo in selektivno odkrivanje na kraju potrebe. V tej 
doktorski disertaciji so predstavljene inovativne strategije za razvoj in optimizacijo 
občutljivih in selektivnih elektrokemijskih imunosenzorjev za detekcijo bodičastega 
proteina SARS-CoV-2 in elektrokemijskega genosenzorja za detekcijo viroida razpokanosti 
skorje agrumov (CBCVd). Te naprave temeljijo na afinitetnem pristopu in merijo specifične 
interakcije med biološkim prepoznavnim elementom, imobiliziranim na podporni elektrodi, 
in ciljnim antigenom ali nukleinsko kislino v preiskovanih vzorcih z uporabo 
elektrokemijske impedančne spektroskopije. 

Prvi imunosenzor, predstavljen v tej disertaciji, temelji na z želatino modificiranih 
elektrodah za enkratno uporabo s pravilno usmerjeno imobilizacijo protiteles proti SARS-
CoV-2, ki delujejo kot biološko prepoznavni elementi. Drugi imunosenzor temelji na 
ojačanju signala z vezavo protiteles na površinske skupine MXena in skrbno izbrano kemijo, 
ki vodi do rafinirane elektrokemijske komunikacije med zgornjo zaznavno plastjo s 
protitelesi in spodnjo podporno elektrodo. Senzor je pokazal izjemno selektivnost za analit 
v prisotnosti strukturno podobnih koronavirusov. 

Nazadnje je k izbiri CBCVd kot analita vplivalo ogromno javno povpraševanje zaradi 
velikih gospodarskih izgub, ki jih je ta viroid povzročil v Sloveniji, Nemčiji in na Češkem. 
Kompozit Ti3C2Tx MXene-streptavidin-agaroza je bil uporabljen za stabilno imobilizacijo 
biotinilirane sonde za zajemanje enoverižne DNK kot biološko-prepoznavnega elementa. 
Impedimetrični genosenzor je pokazal potencial za zgodnjo diagnozo rastlinskih bolezni 
zaradi svoje odlične analitske učinkovitosti v vzorcih celokupne RNK, ekstrahirane iz 
okuženih in neokuženih rastlin hmelja. 

Predstavljeni pristopi poudarjajo pomen funkcionalnih (nano)materialov v biosenzorjih, 
pravilne imobilizacije elementov biološkega prepoznavanja ter hitrega in nedvoumnega 
elektrokemijskega signaliziranja. Rezultati so zelo obetavni in kažejo velik potencial za 
pretvorbo v robustna diagnostična orodja na kraju potrebe za človeške in rastlinske 
patogene zunaj laboratorija. 
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Chapter 1 

1 Introduction 

1.1 Relevance of Pathogenic Viruses and Viroids 
Viruses are small infectious agents consisting of a nucleic acid genome (i.e. DNA or RNA) 
enveloped in a protein capsid [1]. They are obligate intracellular parasites, meaning they 
can only replicate inside a host cell. Viruses can infect a wide range of hosts and rely 
heavily on the host's cellular machinery to reproduce and propagate [2]. In recent years, 
the coronavirus pandemic has brought global attention to the dangers of viral infections, 
which have caused millions of deaths worldwide [3]. The emergence of potentially 
transmissible and vaccine-resistant strains of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) continues complicating efforts to develop effective prevention 
and treatment strategies [4]. Unfortunately, this is not the first pandemic caused by a virus 
and is unlikely to be the last. Therefore, there is a need to detect viruses and viral infections 
quickly and efficiently. 

Viroids, though publicly less known, pose a high threat to agriculture. They are small, 
non-encapsulated circular RNA pathogens that can infect various plant crops [5]. Unlike 
viruses, viroids don’t have a protein shell and don’t carry any genes for making proteins. 
Still, they’re able to replicate inside plant cells, using mechanisms scientists are still 
working on to fully understand [6]. Viroids can remain unnoticed in their original host but 
cause severe damage in new hosts, leading to increased transmission, low crop yields, and 
significant economic losses [7]. One such viroid is the Citrus bark cracking viroid (CBCVd), 
which was first found in citrus in 1988 and classified as a mild pathogen for these plants 
[8]. However, in 2007, it was discovered in hop (Humulus lupulus L.), an important crop 
for the beer and pharmaceutical industries, and was classified as an aggressive pathogen, 
resulting in the complete eradication of over 300 ha of fields [9]. Because symptoms can 
take years to appear, and no cure exists, the only current solution is to destroy infected 
plants, making CBCVd a serious threat to hop growers around the world [10]. 

The emergence of such pathogens underlines the need to detect them quickly and 
accurately. Such pathogens can be detected using gold-standard methods such as 
polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA) [11]. 
Although these methods have great analytical competence, they are laborious, expensive, 
and time-consuming [12]. For this reason, simpler and more time-efficient methods for the 
detection of viruses have been and are still being developed, with electrochemical biosensors 
playing a special role in this scenario [13]. 
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1.2 Electroanalytical Methods 
Electrochemistry is the branch of chemistry concerned with the interaction of electrical 
and chemical effects [14]. Key applications of electrochemistry include corrosion studies, 
batteries, fuel cells, electroplating, electrophoresis, corrosion, sensors, etc. Importantly, 
electrochemistry is a valuable tool in analytical chemistry, as it enables the measurement 
of electrical properties such as current, potential or charge, which are generated in response 
to the relevant chemical reactions related to the investigated analyte. Electrochemical 
measurements occur at the electrode-solution interface and are classified based on the type 
of electrical signal used. The two main types are potentiometric, which measures the 
electrode potential without drawing current, and potentiostatic, which controls the 
electrode potential while measuring the resulting current.  

Both methods require at least two electrodes: the working electrode (WE), which 
responds to the analyte, and the reference electrode (RE), which maintains a stable 
potential. For potentiostatic techniques, a three-electrode cell configuration is more 
commonly used (Figure 1.1), consisting of a WE, a RE, and a counter (or auxiliary) 
electrode (CE). In this setup, current flows between the WE and CE, while the potential 
is measured against the RE [14], [15]. Additionally, electrochemical cells can be classified 
as electrolytic, where electricity is consumed, or galvanic, where electrical energy is 
generated [16]. 

 

Figure 1.1: Schematic representation of (A) an electrochemical cell setup and (B) the 
corresponding electrical circuit diagram. 

Potentiometric methods operate under static conditions with no current flow, 
determining a sample’s composition by measuring the potential developed across a 
membrane. In contrast, potentiostatic (controlled-potential) techniques focus on charge-
transfer processes at the electrode-solution interface. The latter involves dynamic 
conditions, where the electrode potential drives an electron-transfer reaction, and the 
resulting current is measured. These techniques can detect any electroactive species, which 
are capable of oxidation or reduction. Electrochemically inactive compounds can be 
detected with the assistance of a redox probe or through a derivatization reaction [14], [16]. 

Two types of processes occur at the electrode surface: faradaic and non-faradaic. 
Faradaic processes involve reactions where charge is transferred across the electrode-
solution interface, related to oxidation or reduction, and these reactions follow Faraday’s 
law (i.e., the amount of chemical reaction caused by current flow is proportional to the 
amount of electricity passed). Non-faradaic processes are electrochemical phenomena 
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that do not involve electron transfer or redox reactions at the electrode surface. Instead, 
they refer to the rearrangement of charges and ions at the electrode–electrolyte interface. 
In contrast to Faradaic processes, non-faradaic reactions are reversible and do not alter the 
chemical composition of the analyte. They are especially valuable in label-free sensing, 
sensitive detection without the consumption of the target species[14]. 

1.2.1 Electrochemical techniques for biosensing 
Electrochemical impedance spectroscopy (EIS) is a powerful and versatile technique 
used to investigate the behavior of various electrochemical systems. It works by applying 
a small-amplitude of alternating current (AC) voltage (or current) across a wide range of 
frequencies to a system at equilibrium or in a steady state. The resulting current (or 
voltage) response is then recorded. When the system behaves in a linear and time-invariant 
manner, the relationship between the input and output signals can be described using a 
transfer function. This function represents the system’s impedance across different 
frequencies and reveals important information about the underlying physical and chemical 
processes happening in the system [17]. 

Impedance (Z) itself is a complex quantity that combines both resistance and reactance. 
It reflects how much the system opposes the flow of electric current. In the context of 
electrochemical biosensors, changes in impedance are often caused by interactions occurring 
at the surface of the WE, such as the binding of biomolecules or changes in charge transfer 
kinetics. These interactions alter properties like capacitance and electron transfer resistance 
[18].EIS can be performed in two modes: faradaic and non-faradaic, depending on whether 
redox reactions occur at the electrode surface [19]. In faradaic EIS, impedance changes 
result from electron transfer reactions involving redox-active species. In non-faradaic EIS, 
no redox reactions occur; instead, impedance changes arise from alterations in the electrical 
double-layer, such as those caused by biomolecule adsorption at the electrode interface 
[20].EIS data is typically represented using either Nyquist or Bode plots. A typical Nyquist 
plot encountered in faradaic electrochemical biosensing (Figure 1.2A) shows the imaginary 
part of impedance (Z’’) plotted against the real part (Z’), with each point corresponding 
to a specific frequency.  The shape of the plot is interpreted using an equivalent electrical 
circuit model, such as the Randles circuit (Figure 1.3A), to identify and quantify the 
contributions of different ongoing physicochemical processes [21].  

 

Figure 1.2: Impedance spectra in the form of (A) Nyquist plot and (B) Bode plot. 

Bode plots (Figure 1.2B), on the other hand, display the magnitude of the impedance 
and the phase angle as functions of frequency; Bode plots are especially useful when 
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interpreting frequency-dependent responses [22]. Main contribution in the depicted spectra 
comes from the charge transfer resistance (Rct), characterized by the semicircle in the 
Nyquist plot, and a phase peak in the Bode plot. The semicircle originates at the charge 
transfer resistance value, corresponding to the solution resistance (Rs). Furthermore, at 
lower frequencies, the diffusion of molecules (e.g., redox-active species) can limit the current 
flow. This introduces a component known as Warburg impedance (Zw), which increases as 
the frequency decreases. In a Nyquist plot, diffusion is typically characterized by a 45° line 
extending from the charge transfer semicircle, indicating ion diffusion limitations at low 
frequencies.  

A major strength of EIS lies in its ability to simultaneously record and differentiate 
between several interfacial and bulk processes in a single measurement. As mentioned, 
these processes can be modeled using an equivalent electrical circuit, consisting of wide 
selection of specific circuit elements, including resistors, capacitors, constant phase 
elements (CPE), diffusion-related elements, etc. [17]. Because ideal capacitive behavior is 
rarely observed due to surface roughness or non-homogeneity, a constant phase element 
CPE is often used to more accurately model the double-layer behavior [21], [22].  

The shape and features of the impedimetric spectra guide the selection and fitting of 
the equivalent circuit model (Figure 1.3A). Since the impedance response depends heavily 
on the working electrode material, surface modification, and electrolyte composition, 
different sensor designs may produce distinctly shaped plots (Figure 1.3B). 

 

Figure 1.3: (A) Impedance spectra showing a simplified Randles equivalent circuit for an 
electrochemical system. (B) Examples of Nyquist plot curves and their equivalent circuits. 
Adapted from Magar, Hassan, and Mulchandani 2021 [22]. 

Due to its sensitivity, non-destructive nature, and ability to operate without labels or 
secondary reagents, EIS is widely employed in the development of electrochemical 
biosensors. A label refers to a molecule or material attached to the target analyte to 
facilitate its detection. Labels can enhance the sensitivity and specificity of the sensor by 
producing a measurable signal when the target analyte is present. Common labels include 
fluorescent dyes, enzymes, nanoparticles, and electroactive compounds. Therefore, EIS 
enables direct, real-time monitoring of biomolecular recognition events (e.g. antigen-
antibody interactions or nucleic acid hybridization) which makes it particularly valuable 
for sensitive and specific analysis [22]. 
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Figure 1.4: Schematic diagrams of the most common electrochemical techniques used in 
biosensing, including (A) chronoamperometry, (B) chronopotentiometry, (C) linear sweep 
voltammetry, (D) cyclic voltammetry, (E) square-wave voltammetry, (F) differential pulse  
voltammetry. Based on the images from the PSTrace 5.9 software manual [23]. 

Potentiometry is based on the measurement of a potential difference that develops 
at the WE interface due to the accumulation of ions. This potential is established between 
the WE and the RE and varies according to the ion concentration in solution, following 
the Nernst equation [24]. As previously stated, potentiometric methods operate under near-
zero current conditions, ensuring that the measured potential reflects the equilibrium state 
of the system [19]. Potentiometric biosensors primarily utilize membrane-based WEs 
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composed of selectively permeable ion-conducting materials, which facilitate the selective 
recognition of specific ions or biomolecules. The most common types of potentiometric 
electrodes include ion-selective electrodes (ISEs), which are designed to detect specific ions 
in solution, and ion-sensitive field-effect transistors (ISFETs), which integrate 
semiconductor technology for enhanced miniaturization and signal processing. These 
sensors are widely used in biomedical, environmental, and industrial applications due to 
their high selectivity, stability, and low power consumption [19]. Chronopotentiometry 
works by measuring the potential as a function of time in response to a constant or square-
wave current [25], and represents the most common potentiometry-based electroanalytical 
technique. 

Conductometry measures the electrical conductivity of a solution between two 
parallel electrodes, where conductivity is determined by the total concentration of dissolved 
ions in the analyte solution. In a conductometric biosensor, the interaction between the 
biological recognition element and the target analyte leads to changes in the ionic 
composition of the solution, altering its conductivity or current flow. This change results 
from the production or consumption of charged species during the biochemical reaction 
[26]. However, conductometric techniques require a significant alteration in the total ionic 
strength of the solution to ensure reliable measurements. If the change in ion concentration 
is too small relative to the background electrolyte, variations in ionic strength may 
introduce interference and measurement inconsistencies. As a result, conductometry 
generally has lower sensitivity compared to other electrochemical techniques, such as 
amperometry and potentiometry, which can offer more selective and precise detection [26]. 

Amperometry is a technique that measures the steady-state current generated by the 
oxidation or reduction of a species at a fixed potential between the WE and the RE. As 
the excitation potential starts the electron transfer function, the current is a direct measure 
of the electron transfer rate, therefore it is directly proportional to the analyte 
concentration [27]. In chronoamperometry, the current is recorded as a function of time 
after a square-wave potential is applied to the WE. Alterations in the current arise from 
the expansion or reduction of the diffusion layer at the electrode [25]. 

Voltammetry is a controlled-potential technique that encompasses various methods 
for electrochemical analysis. In voltammetric techniques, a time-dependent potential is 
applied to an electrochemical cell between the WE and the RE, and the resulting current 
is measured between the WE and the CE [15]. The potential is scanned within a defined 
window, and the corresponding current response, generated by electron transfer events 
between an electroactive species and the WE, is recorded. These electron transfer events 
produce a current signal, often characterized by a peak value proportional to the 
concentration of the analyte. Several voltammetric techniques have been developed with 
the intention of improving the selectivity and sensitivity of the measurements. Cyclic 
voltammetry (CV), differential pulse voltammetry (DPV) and square-wave voltammetry 
(SWV) are amongst the most commonly used. 

Cyclic voltammetry (CV) is one of the most widely used electrochemical techniques, 
providing valuable insight into the oxidation and reduction processes of molecular species. 
It is also essential for studying electron transfer-initiated chemical reactions, such as 
catalysis [25], [28]. In CV, the potential is swept between two set values (V1 and V2) at a 
fixed rate. Once the potential reaches V2, the scan reverses, sweeping back to V1. The scan 
rate (𝑣 = 𝑉ଶ − 𝑉ଵ 𝑡ଶ − 𝑡ଵ⁄ ) is a crucial parameter, as it controls how fast the applied 
potential is scanned and that can affect the diffusion layer and the observed current peak 
[28]. The resulting data is plotted as current vs. voltage, generating a voltammogram that 
reveals key electrochemical properties of the system. 

Differential pulse voltammetry (DPV) involves applying short pulses 
superimposed on a linearly increasing potential to the working electrode. The current is 
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sampled twice: before the pulse is applied and at the end of each pulse, and the difference 
between these values is calculated. The resulting current differences are plotted against the 
applied potential, generating a voltammogram with current peaks whose magnitude is 
directly proportional to the concentration of the analyte. DPV is widely used for trace 
analysis due to its enhanced sensitivity and resolution compared to conventional 
voltammetric techniques [16].  

Square-wave voltammetry (SWV) is a high-amplitude differential technique and 
a specialized form of DPV. In SWV, a symmetrical square-wave signal is superimposed on 
a staircase potential and applied to the working electrode. The current is measured twice 
per cycle: once at the end of the forward pulse and once at the end of the reverse pulse; 
and the difference between these measurements is plotted against the base staircase 
potential. This technique is one of the fastest and most sensitive pulse voltammetry 
methods, making it highly effective for trace analysis and electrochemical biosensing [16]. 

1.2.2 Supporting electrodes and electrolytes 
Two main classes of the supporting electrodes are mostly used in electrochemical 
biosensing, i.e., disposable and solid conventional electrodes. Disposable electrodes 
are designed for on-site, real-time analysis on portable potentiostats, while solid 
conventional electrodes are typically used in laboratory settings, offering higher precision 
for the systematic analytical, as well as fundamental electrochemical studies.  

Gold electrodes are commonly considered as benchmark for sensing applications, due 
to the existence of thiol-Au-based chemical protocols which facilitate immobilization of the 
biological recognition elements on the electrode surface in addition to the excellent 
conductive properties and biocompatibility of gold itself [29], [30].  

Carbon-based electrodes have been intensively investigated and utilized in 
biosensing due to their versatility and operational range, as well as high conductivity. The 
most exploited carbon electrodes in electrochemical biosensing are the glassy carbon 
electrode (GCE), graphite electrodes, and carbon paste electrodes [31], [32].  In recent 
years, many other types of electrodes emerged, including paper-based electrodes, 
aluminium-based electrodes, fluorine-doped tin oxide (FTO) or indium tin oxide (ITO) 
glass electrodes,3D-printed nanocarbon electrodes, pencil graphite electrodes, magneto-
actuated graphite-epoxy composite electrodes, etc. [33], [34], [35], [36]. 

Screen-printed electrodes (SPEs) are miniaturized devices consisting of a 
chemically inert ceramic (alumina) or plastic substrate on which three electrodes (WE, RE 
and CE) are screen-printed from pastes containing particular functional materials. The 
electrochemical reactions take place at the WE, while RE and CE close the circuit, as in 
conventional electrochemical cell. The WE of an SPE usually consists of carbon-based 
materials (screen-printed carbon electrode, SPCE), gold (screen-printed gold electrode, 
SPAuE), silver, platinum, copper, bismuth-based materials, nickel-based structures, or 
conducting polymer-based layers [37]. 

The choice of electrolyte in electrochemical biosensing depends on biocompatibility, 
electrochemical performance and compatibility with the utilized redox probes, if the sensor 
operates in the faradaic mode. Electrolytes such as phosphate-buffered saline (PBS), 
potassium chloride (KCl), sodium chloride (NaCl), acetate buffers, Tris-HCl buffers, or 
ionic liquids, are commonly used because they are biocompatible and provide a stable ionic 
environment for antibody-antigen or DNA hybridization reactions, as well as the 
appropriate ionic strength for the subsequent electrochemical measurements. 

In the faradaic operating mode, the electrolyte is usually accompanied by the redox 
probe, such as methylene blue [38], hexacyanoferrate(II)/(III) [39], 
hexaammineruthenium(II)/(III) [40], ferrocene and its derivates, hydroquinone or 
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benzoquinone, etc. Finally, a new class of SPEs with the integrated redox system have 
emerged, combining the advantages of SPEs, such as low cost and ease of functionalization, 
with the enhanced sensitivity provided by the embedded redox-active species, such as 
hexacyanoferrate(II)/(III), or ferrocene [41].   

1.3 Electrochemical Biosensors 
Electrochemical biosensors are devices comprising the biological recognition element 
immobilized on the supporting electrode that specifically reacts with the target (Figure 
1.5) [42]. The detection mechanism of electrochemical biosensors originates either through 
biocatalytic interaction or affinity interaction. Catalytic biosensors use biomolecules to 
generate electroactive species, while the affinity sensors are based on the selective binding 
interaction between the biological recognition element and the target analyte [42], [43]. 

 

Figure 1.5: Schematic of an electrochemical biosensor, including choice of the supporting 
electrode (solid conventional or disposable electrodes), sensor architecture with possible 
biorecognition elements, and generated electrochemical signals through CV, pulse 
voltammetric technique, chronoamperometry, or EIS (from top to bottom). 

The biological recognition elements in electrochemical biosensors can include (i) 
enzymes, (ii) antibodies, (iii) antigens, (iv) nucleic acids, and (vi) aptamers. Enzymes are 
biological catalysts that accelerate biochemical reactions by interacting with a substrate 
and converting it into different molecule; most enzymes are proteins by nature, but there 
are also RNA enzymes, i.e., ribozymes [44]. Antibodies, larger Y-shaped proteins, interact 
with a foreign molecules (antigens) to help the immune system recognize and respond to 
them. Antigens are molecules recognizes as foreign by the body, often originating from 
pathogenic microbes [45]. Nucleic acids are the fundamental biopolymers essential to life; 
they are composed of nucleotides, monomers consisting of the combination of a 5-carbon 
sugar, a phosphate group and a nitrogenous base. There are two types of nucleic acids, 
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). They differ in the 5-carbon sugar 
in their nucleotides: the former has deoxyribose, while the latter has ribose. Additionally, 
while DNA is double-stranded, RNA is typically single-stranded [44]. The size of common 
probes for genosensing also generally varies between fifteen and one hundred base pairs 
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(for double-stranded DNA) or nucleotides (for single-stranded DNA and RNA). Aptamers 
are synthetic nucleotides produced using a laboratory process called SELEX (systematic 
evolution of ligands by exponential enrichment), in which they are selected by repeated 
rounds of binding, separation and amplification [46]. As a rule, they consist of several dozen 
to hundreds of nucleotides. Aptamers are very stable, easy to modify and inexpensive to 
synthesize. They can bind to certain targets with high affinity and specificity and are 
therefore suitable as probes for the construction of biosensors [47]. 

1.3.1 Types of biosensors 
Biosensors can be categorized based on their transducer type, detection mechanism, target 
analyte, or biorecognition element. In this dissertation, they will be classified into two main 
types: immunosensors and genosensors. 

1.3.1.1 Electrochemical immunosensors 

Electrochemical immunosensors are a class of biosensors that utilize biomolecules produced 
by the natural immune response of animals, i.e., antibodies. Antibodies are large proteins 
that recognize foreign substances, known as antigens, which can be whole bacteria, viruses, 
or their fragments. They can be monoclonal, binding to a single site on the antigen, or 
polyclonal, binding to multiple sites. Both types are used in immunosensor development 
due to the highly specific interaction between an antibody (Figure 1.6A) and its 
corresponding antigen (Figure 1.6B) [48]. 

 

Figure 1.6: (A) Structure of a monoclonal IgG antibody, highlighting the two heavy chains 
and two light chains, with the antigen-binding fragments (Fab) and the crystallizable 
fragment (Fc) clearly labeled, (B) schematic representation of the SARS-CoV-2 virus, 
illustrating the spike proteins (antigens), envelope, membrane proteins, and RNA genome. 

The working principle of electrochemical immunosensors involves converting the 
immunochemical reaction into a measurable electrical signal proportional to the analyte 
concentration. Depending on the sensor design, the biological recognition element can be 
either an antibody or an antigen [42]. 
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Several electrochemical immunosensors have been developed for the detection of viral 
diseases such as Dengue [49], [50], Zika [51], [52], Hepatitis B [53] and C [54], and, more 
recently, SARS-CoV-2 [55], [56]. 

The immobilization method used in the development of an immunosensor should ensure 
the stability of the antibodies or antigens, maintaining their specificity and biological 
activity, through preferential alignment on the surface of the supporting electrode. 
Following the immobilization of the biological recognition element, it is important to 
prevent the non-specific binding through introduction of the “so-called” blocking agents, 
e.g., bovine serum albumin (BSA), glycine, and surfactants (e.g., Tween20, 
hexadecyltrimethylammonium bromide (CTAB) and sodium dodecyl sulphate (SDS), 
among others) [57]. These compounds will restrict the non-specific binding of target and 
interferent species that could reduce the sensitivity of the sensor, therefore allowing its 
usage in complex samples. 

According to their immunoassay setup, the electrochemical immunosensors can be 
categorized as: label-free, sandwich-type, and competitive. 

 

Figure 1.7: Schematic representation of (A) label-free, (B) sandwich, and (C) competitive 
electrochemical immunosensors. 
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Label-free electrochemical immunosensors (Figure 1.7A) take advantage of the 
electrochemical inactivity of most antibodies and antigens. By introducing a redox probe 
into the electrolyte solution, the immunochemical reaction will block the electron transfer 
between the electrode surface and the redox probe, changing the analytical signal. In 
voltammetric sensors, the peak current values decrease upon the addition of the analyte, 
while in impedimetric sensors, the charge transfer resistance increases [12]. 

In sandwich-type electrochemical immunosensors (Figure 1.7B), after the 
reaction between a primary antibody (biological recognition element) and an antigen (the 
analyte), a labelled secondary antibody is added. The measurable signal will be generated 
by the electroactive label in the secondary antibody and will be proportional to the amount 
of analyte in the sample. Several labels can be employed, such as electroactive compounds, 
enzymes and electrocatalysts. Sandwich-type sensors are generally more complex and 
expensive than label-free ones, but their analytical performance is better [12]. 

Competitive electrochemical immunosensors have labelled and free biomolecules 
compete for a limited number of binding sites immobilized on the surface of an electrode. 
As shown in Figure 1.7C, the immobilized antigen reacts preferentially with the labelled 
antibody in competition with the free antigens, with the analytical signal decreasing upon 
the increase in the concentration of the free antigen in the sample. The competitive 
approach is a good alternative for the detection of small molecules that do not produce 
relevant signal changes in label-free strategies or do not support sandwich assays [12]. 

1.3.1.2 Electrochemical genosensors 

Electrochemical genosensors use immobilized nucleic acid capture probes as a biological 
recognition element, allowing for specific hybridization reactions to occur via DNA-DNA 
or DNA-RNA molecular recognition [58]. The efficiency of electrochemical genosensors has 
been reported for the detection of several viruses such as Ebola [59], [60], Dengue [61], Zika 
[62], Avian Influenza [63], [64], among others. Since viroids typically have a secondary 
structure that is difficult to deal with in electrochemical sensing, the development of 
electrochemical genosensors to detect them is still in early stages, and it has only been 
reported for Coconut cadang-cadang viroid (CCCVd) [65]. 

The construction of an electrochemical genosensor involves the modification of the 
electrode surface for the immobilization of the capture probe, and the following detection 
of the target through nucleic acid hybridization [66]. 

The nucleic acid hybridization is based on Watson and Crick’s base pairing rules, 
wherein two complementary single strands of nucleic acids will form specific hydrogen 
bonds between their nucleobases; adenosine with thymine (DNA) or uracil (RNA), and 
guanine with cytosine [67]. The hybridization typically does not yield an electrochemical 
response by itself, so it is necessary to either label a “so-called” reporter probe that will 
generate a signal, use a redox probe or rely on the target’s or probe’s intrinsic 
electroactivity [68]. Therefore, akin to immunosensors, electrochemical genosensors can be 
divided into sandwich-type and label-free. 

In sandwich-type electrochemical genosensors, the hybridization reaction can be 
detected by the addition of a reporter probe labeled with a redox signal amplifier that 
exhibits a specific electrochemical response. The redox signal amplifier can be an enzyme 
or a nanomaterial that produces redox-active molecules. After hybridization of the target 
with the capture probe, the reporter probe is added to bind with the reporter probe and 
the amount of target is indirectly quantified by the signal response of the reporter probe 
(Figure 1.8) [67]. 
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Figure 1.8: A sandwich-type electrochemical genosensor. 

Label-free electrochemical genosensors can be fabricated in two ways. The first is 
similar to the label-free immunosensors, in which a redox probe is added to the electrolyte 
and its response will allow for the quantification of the target after hybridization (Figure 
1.9) [12]. The second takes advantage of the intrinsic electrochemical activity of some 
nucleobases, which has been exploited in many applications to detect DNA damage, DNA 
hybridization, DNA-protein interactions, among others [68]; in this particular case, the 
non-hybridized probe will allow for good electron transfer and when the hybridization 
happens the electron transfer resistance will increase significantly, allowing for target 
quantification [12]. 

 

Figure 1.9: A label-free electrochemical genosensor. 

Finally, the electrochemical aptasensors, which can be considered a subcategory of 
genosensors, utilize aptamers in place of a nucleic acids [69], and operate on the same 
principles as in the case of nucleic acid-based genosensors. Aptamers are short, single-
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stranded DNA or RNA molecules that can fold into unique three-dimensional structures, 
allowing them to bind specifically and tightly to a wide range of target molecules, such as 
proteins, small molecules, or even cells. Aptamers are frequently referred to as artificial 
antibodies because they can mimic the binding ability of antibodies. 

1.3.2 Electrochemical biosensor design and development 
The design of an efficient electrochemical biosensor involves, in simple terms, three steps, 
which are (i) the surface modification, (ii) the immobilization of the 
biorecognition element, and (iii) the electrochemical detection.  

The efficiency of a biosensor can be determined by its specificity and sensitivity, and 
both parameters need to be high enough to validate the sensor, by matching the clinically-
relevant ranges for antibodies or antigens, or disease severity thresholds for plant pathogens 
[70]. Specificity is the ability of a sensor to unmistakably recognize the analyte in a complex 
sample, i.e., a sample containing other components that can interfere with the measurement 
[71]. The sensitivity of a sensor is defined as the minimum change in parameter input that 
will create a detectable output change [72]. 

1.3.2.1 Surface modification 

The supporting electrode surface may need a modification (i) to facilitate the proper 
immobilization of the biorecognition element, (ii) to establish stable, reproducible 
electroanalytical signal, and (iii) to achieve high sensitivity of the operating biosensor.  

While electrochemical biosensors can yield analytical results in the simplest setup in 
which the biorecognition element is just physically adsorbed or chemically bound onto the 
unmodified surface of the supporting electrode, the need for signal enhancement to reach 
lower detection limits and more reproducible signals remains. Signal stabilization and 
amplification can be obtained via addition of the functional (polymeric) membranes, and/or 
introduction of the (electro)catalytic (nano)materials, and/or via antibody amplification 
or nucleic acid polymerization reactions [73], [74]. 

Polymeric materials from natural or artificial sources are widely used as 
immobilization membranes in the development of biosensors. The membranes serve to 
immobilize the biorecognition element and/or to support the nanomaterials, which due to 
their high surface area and usually high electrical conductivity, provide good 
electrochemical communication between the outer sensing layers and the underlying 
supporting electrode. Polymers can be either electrochemically deposited on the active 
electrode surface or drop-casted. Drop-casting is an easy and straightforward process 
consisting of dropping a polymeric solution on the working electrode surface followed by 
the evaporation of the solvent, resulting in the formation of a polymeric layer [75]. A 
common natural polymer used for above described purposes is chitosan due to its good 
biocompatibility and high density of positive charge, which, for instance, attracts 
negatively-charged DNA [58], [76]. Another biopolymer that has shown potential in the 
past years is gelatin, which is also biocompatible and non-immunogenic; like chitosan, it 
allows for the stable immobilization of the biorecognition element as well as to sequester 
the signal enhancement nanomaterials [77], [78]. On the other hand, the 
electropolymerization is typically conducted by applying a constant potential 
(amperometry) or a potential sweep (CV) in the precursor monomer solution, resulting in 
the deposition of a polymer film on the working electrode surface  [79], [80]. It can result 
in a highly uniform layer due to the possibility of controlling its thickness by adjusting the 
electrochemical parameters during the electrodeposition procedure [81].  
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Carbon-based materials are frequently used as signal enhancement materials in the 
development of electrochemical sensors, including the carbon black, carbon nanotubes 
(CNTs), carbon nanofibers, and two-dimensional (2D) materials such as graphene, 
(reduced) graphene oxide and MXenes [82], [83]. 

 

Figure 1.10: State-of-the-art nanomaterials used in electrochemical biosensing for signal 
enhancement purposes: (A) carbon nanotubes, (B) graphene, and (C) M4X3Tx, M3X2Tx, 
M2XTx MXenes (from top to bottom), adapted from Hong et al [84]. 

CNTs (Figure 1.10A) are carbon nanostructures that consist of rolled-up graphene 
sheets that form cylindrical tubes with diameters in the nanometer range. A distinction is 
made between single-walled (SWCNTs), which consist of a single graphene layer, and 
multi-walled (MWCNTs), which consist of several concentric layers. offer exceptional 
electrical conductivity, mechanical strength, and thermal stability, making them ideal for 
nanoelectronics, energy storage, and sensing applications [85]. Their high surface to volume 
ratio leads to the outstanding adsorption of biomolecules and facilitate efficient electron 
transfer in electrochemical biosensors. The functionalization, either covalent or non-
covalent, of CNTs enables the immobilization of enzymes, antibodies or nucleic acids, 
making them valuable for immunosensors, genosensors and enzymatic biosensors [86]. 

Graphene (Figure 1.10B) is a 2D nanomaterial composed of a single layer of sp²-
hybridized carbon atoms arranged in a honeycomb lattice. Since its isolation in 2004, it 
has gained significant attention due to its exceptional electrical, mechanical, and thermal 
properties, as well as its high surface area, flexibility, and chemical stability [87]. 
Functionalization of graphene, through oxidation (graphene oxide, GO) or reduction 
(reduced graphene oxide, rGO), allows for tunable surface chemistry, enhancing its 
biocompatibility, dispersibility, and interaction with biomolecules. These modifications 
expand its potential applications in electrochemical biosensors, where it serves as a highly 
conductive transducer for signal amplification [88]. 

MXenes (Figure 1.10C) are a promising class of 2D nanomaterials discovered in 2011, 
which have been rapidly explored due to their unique properties, including mechanical 
stability, hydrophilicity, biocompatibility, high electron transfer capability, large surface 
area, excellent electrocatalytic performance, and ease of surface functionalization and 
modification [89], [90]. Derived from three-dimensional (3D) MAX phases, MXenes have a 
general formula of Mn+1XnTx, where M represents an early transition metal (e.g., tantalum, 
tungsten, titanium, vanadium, chromium, zirconium, niobium, molybdenum, hafnium), X 
represents either carbon or nitrogen. One of the most commonly studied MXenes is Ti3C2Tx, 
where Tₓ denotes surface functional groups such as –O, –OH, and –F. The surface chemistry 
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of MXenes can vary depending on the abundance of these functional groups, influencing 
their properties and potential applications [91]. 

Non-carbon materials have also been employed; they include metallic nanomaterials, 
silica nanomaterials, ITO, organic polymers, etc. [92]. As mentioned before, AuNPs are 
extensively used for genosensing due to the gold-thiol chemistry; additionally, they possess 
exceptional electrochemical behavior due to their intrinsic metallic behavior and 
biocompatibility [93]. Nanomaterials such as copper, platinum and silver have also been 
extensively explored, with silver nanoparticles (AgNPs) at the forefront owing to the 
similar behavior compared to AuNPs [92], [94]. Finally, porous crystalline materials are 
interesting for improving the transport of electrons through rational design [92]; ITO is 
also extensively explored because of its unique optoelectronic characteristics, good 
conductivity, excellent transmittance, and cost-effectiveness [92].  

Conductive polymers are interesting due to the facile tailoring of their 
electrochemical properties and high synthesis yield. They can be used for the development 
of low-cost, miniaturized and flexible sensors. Additionally, the correlation of 
nanocomposites with conducting polymers has been explored to improve catalytic stability 
due to their combined electrochemical performances [95], [96]. 

Nucleic acid amplification in conjunction with the electrochemical sensor is a viable 
approach that provides signal amplification for improved sensor sensitivity. The most well-
known method for amplification of nucleic acids is the polymerase chain reaction, which 
consists of three steps (denaturation, annealing, and extension), each of which requires a 
different temperature, so the PCR protocol involves thermal cycling. An alternative to 
PCR is loop-mediated isothermal amplification (LAMP), a technique that allows DNA to 
be amplified at a constant temperature. It has been used in the construction of 
electrochemical biosensors for the detection of viruses such as hepatitis B virus (HBV) [97], 
SARS-CoV-2 [98], and others [99]. There is also recombinase polymerase amplification 
(RPA), a newer alternative technology that can operate at constant temperatures similar 
to LAMP to generate nucleic acid copies. Khater et al. proposed solid-phase RPA directly 
in the electrode for impedimetric detection of Citrus tristeza virus; the electrode surface 
was previously modified with AuNPs to which a thiolated forward primer was attached for 
in situ isothermal RPA [100]. Rolling circle amplification (RCA), another isothermal 
method, was used for an electrochemical genosensor to detect a synthetic DNA template 
of Ebola virus [101]. 

1.3.2.2 Immobilization of the biological recognition element 

The immobilization of the biological recognition element can be either direct or indirect. 
In the direct immobilization model, the biorecognition element is assembled on the 
electrode surface through physisorption (noncovalent binding), chemisorption, covalent 
binding, affinity binding [70]. Additionally, the supporting electrode surface can be 
modified with different means and materials that will either assist in immobilizing the 
biorecognition element to the working electrode or enhance the electrical signal. Either the 
electrode surface is coated with polymers or nanoparticles that can interact electrostatically 
with the probe, or a part of the biorecognition element is modified with an appropriate 
functional group to form a corresponding bond on the electrode surface for the 
immobilization [92]. 

In the indirect immobilization model, the biorecognition element is attached to a 
nanostructure platform that will subsequently be immobilized on the supporting electrode 
surface. The density and orientation of the element play a significant role in the efficiency 
of the sensor. With indirect immobilization, there are more possibilities for effective 
oriented dispersion of the probe. The choice of the best immobilization protocol depends 
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on the electrode material and the properties of the chosen analyte [70]. An efficient 
immobilization must guarantee that the target and the biological recognition element will 
be able to interact effectively, otherwise a poor immobilization can generate false and 
unreliable signals which could be due to substrate defects, aggregation of or non-specifically 
adsorbed material [18], [102].  

Physisorption relies on the electrostatic attraction between the probe and the 
electrode surface and does not require special nucleic acid modifications [58]. It is a well-
known and commonly used method due to its simplicity, however, it holds many drawbacks 
since the accessibility of the probe to the target analyte can be impaired due to the close 
contact of the length of the probe with the electrode surface, causing poor analytical 
performance of the sensor. One way to try to fight this disadvantage is to modify the 
electrode surface with a polymeric layer with desirable properties, e.g., biocompatibility, 
stability or protection of the electrode from nonspecific analyte adsorption [103]. 

Chemisorption, on the other hand, is when the interaction between the probe and 
the surface is held together by chemical bonds. The most explored method of this kind 
involves the usage of a self-assembled monolayer (SAM) of DNA probes, being formed 
through the chemisorption of the SAM on either gold electrodes or gold nanoparticles 
(AuNPs). This approach is frequently used for immobilization due to the binding of thiol-
modified nucleic acid and gold surface [18]. Besides, the Au-S bond is strong, stable and 
reproducible; thus, it is widely exploited in genosensing [76]. 

Covalent binding relies on anchoring the chemically modified end of the probe DNA 
on the activated surface of a support matrix through the formation of covalent bonds [18]. 
In contrast to physisorption, its sensing layer has higher stability, flexibility, and binding 
strength. Additionally, this method can provide a good vertical orientation of the probe 
DNA, allowing for higher efficiency of the DNA hybridization step. Pyrrole and its 
derivatives are common in covalent binding; they can be electropolymerized through cyclic 
voltammetry and generate polymeric films that form a covalent bond with the nucleic acid 
probe [81]. Additionally, the use of carbodiimide reagents is common in probe 
immobilization, most of the time N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), acting as carboxyl activators to assist the 
covalent attachment between carboxyl groups and amines [76]. Glutaraldehyde is also used 
in genosensing design as a cross-linking agent [104].  

Affinity binding is a non-covalent immobilization technique that occurs when 
molecules are bound to the electrode surface through a biorecognition event [44]. The most 
prominent example of affinity binding is the avidin-biotin system, wherein the DNA probe 
is biotinylated to bind with the avidin/streptavidin molecules anchored in the electrode 
[105], [106]. The advantages of this system are its stability and mechanical resistance [70]. 
Supramolecular interactions are also explored; Ortiz et al. fabricated a DNA sensor based 
on the interfacial complexation of a bifunctionalized carboxymethylcellulose (CMC) 
polymer backbone bearing ferrocene units and a DNA probe on a cyclodextrin-
functionalized surface [107]. 

Alternative to the previously mentioned methods, there are the indirect probe 
immobilization methods, which use structures such as DNA nanoobjects, one-dimensional 
arrays and 2D and 3D crystalline to attach the probe and provide interaction with the 
target analyte without necessarily being in contact with the electrode surface. These 
nanofabricated structures are varied and biocompatible and allow easy attachment of 
functional materials [70]. A DNA tetrahedron was designed to immobilize the probe to a 
gold surface via three thiol groups in each tetrahedron vertices, while the DNA probe was 
attached to the fourth vertex [108]. The 3D tetrahedron structure provided enhanced 
accessibility of the probe, maintaining the upright orientation of the probes, leading to 
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elevated efficiency of the target hybridization and consequently high sensitivity and 
selectivity of the sensor [70], [108]. 

1.3.2.3 Electrochemical detection and biosensor validation 

Although this is the final step in biosensor construction, it is a critical one. Selecting the 
appropriate electrochemical technique depends on several factors, including: (i) the 
inherent electrochemical properties of the target analyte, (ii) the most suitable electrolyte 
or redox probe for measurement, and (iii) the required sensitivity of the biosensor. 

The most relevant electrochemical techniques for immunosensors and genosensors are 
thoroughly discussed in section 1.2.1 of this dissertation. 

Regarding validation, an ideal electrochemical biosensor should exhibit the following 
key characteristics: 

Sensitivity: The biosensor must effectively detect the analyte within its relevant 
concentration range, which varies by target. For instance, glucose biosensors should detect 
concentrations between 1–10 mmol L-1 of glucose in blood, whereas SARS-CoV-2 biosensors 
must operate within 0.001–10 µg mL-1 of spike S1 protein in nasopharyngeal fluid. 

Selectivity: The biosensor should specifically recognize the target analyte with 
minimal or no cross-reactivity to other structurally similar molecules. 

Response linearity and calibration: It must maintain linearity over the measurable 
concentration range, ensuring accurate detection limits and calibration. 

Reproducibility: The biosensor should generate consistent analytical signals when 
measuring identical target concentrations under the same conditions. 

Dynamic and stable response: The signal must be precise, free from electrical noise, 
and suitable for real-time analysis. 

Environmental stability: The biosensor should resist variations in pH, temperature, 
and other physical conditions to ensure reliable performance. 

Operational lifespan: The biological recognition element should remain functional 
over an extended period to allow continuous monitoring. 

Additionally, an ideal biosensor should be cost-effective, biocompatible, miniaturized, 
and suitable for portable, on-site analysis [19]. 
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Chapter 2 

2 Goals and Hypotheses 

This dissertation focuses on developing innovative electrochemical devices to detect viruses 
and viroids, in particular, an immunosensor for SARS-CoV-2 and a genosensor for Citrus 
bark cracking viroid. The purpose of this dissertation is to provide a thorough and 
systematic study and selection of appropriate supporting electrodes and high-performance 
sensing interfaces that allow for the detection of specific analytes in the interference-free 
regime. The choice of the Citrus bark cracking viroid as an analyte was governed by the 
high public demand for the development of a sensing device for the detection of this 
insidious viroid, being responsible for large economic losses in Slovenia, Germany, and the 
Czech Republic. On the other hand, it goes without saying that the SARS-CoV-2 pandemic 
has brought profound socio-economic changes worldwide, and the emergence of potentially 
more transmissible variants or viruses that may resist commercially available vaccines 
continues to challenge societies in establishing effective prevention and treatment 
strategies. Such a situation motivates the competition among research teams to develop 
and validate viable alternatives to commercially available RT-PCR (reverse transcription 
polymerase chain reaction) and widely used serological tests.   

This dissertation showcases the use of conventional supporting electrodes and 
disposable screen-printed carbon electrodes. The former offers excellent conductivity and 
more consistent and reliable electrochemical readings. In contrast, the latter offers the 
possibility of developing devices for point-of-need applications in the field or clinical setting. 
In the scope of this work, gelatin is incorporated for the first time as a stable, biocompatible 
membrane for advanced sensing applications, being able to simultaneously contribute to 
the higher electrochemical reproducibility of the screen-printed carbon electrodes while 
serving as an excellent immobilization medium for the biological recognition element. Also, 
this dissertation presents one of the pioneering works concerning the application of the 
(electro)catalytic 2D-layered MXenes in electrochemical biosensing and harvesting their 
large surface-to-area ratio, high adsorption capability, thermal stability, and ease of 
functionalization. Another purpose of this dissertation is to showcase the direct detection 
of the target RNA sequence without the necessity for the amplification step by choosing a 
suitable modification membrane and optimizing the content of the (electro)catalytic 
component. Finally, this doctoral dissertation provides a comprehensive overview of the 
biological recognition interactions at the proposed sensing interfaces. 
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Goals of the dissertation: 
 
- Evaluate available supporting electrodes and select the most suitable for the sensor 

fabrication; 
- Investigate different protocols for direct or indirect binding of the biological 

recognition elements, such as antibodies and nucleic acid capture sequences; 
- Investigate gelatin as a suitable membrane material for use in electrochemical 

sensing; 
- Develop a one-shot electrochemical immunosensor for the detection of the SARS-

CoV-2 spike protein using a screen-printed electrode in combination with gelatin 
as a surface modifier; 

- Select suitable (electro)catalytic materials and improve the analytical performance 
of the sensor architecture, such as 2D and 3D nanomaterials or metal oxides; 

- Gain insights into the potential applications of such materials and interfaces in 
sensor technology by systematically characterizing their electrochemical and 
physicochemical properties; 

- Design a sensor interface with high performance (electro)catalytic materials and 
develop an electrochemical genosensor for Citrus bark cracking viroid without the 
conventional amplification step; 

- Detect the Citrus bark cracking viroid in real total RNA samples obtained from 
fields. 

 
Hypotheses: 
 
1. Screen-printed electrodes can serve as supporting electrodes for sensitive and 

reproducible biosensors after appropriate pre-treatment, despite their innate 
irreproducibility; the introduction of gelatin can improve the electrochemical 
reproducibility of screen-printed carbon electrodes; a stable and biocompatible 
modifying layer of gelatin will allow for the immobilization of biological recognition 
elements, such as anti-SARS-CoV-2 antibodies; 

2. Electrochemical immunosensors based on the stable gelatin membrane can 
sensitively and selectively detect the SARS-CoV-2 spike protein in artificial 
nasopharyngeal fluid;  

3. The streptavidin-agarose layer can serve as a suitable immobilization layer for the 
biological recognition element on the glassy carbon electrode. In addition, the 
streptavidin-biotin interaction can be used as a suitable way to immobilize a single-
stranded biotinylated DNA capture probe that is highly specific for the target 
sequence of Citrus bark cracking viroid;  

4. 2D-laminated (electro)catalytic MXenes can be used as a transducing surface in 
biosensing due to their easy functionalization and can enhance and/or stabilize the 
analytical signal of an electrochemical genosensor for Citrus bark cracking viroid; 

5. The proposed electrochemical genosensor containing a streptavidin-agarose layer 
and (electro)catalytic MXenes can be used for interference-free detection of Citrus 
bark cracking viroid in real total RNA samples. 
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3 Scientific Publications 

Three research articles were published in peer-reviewed journals as part of this dissertation. 
In manuscript 1, an immunosensor for the impedimetric detection of SARS-CoV-2 

was developed. Various supporting electrodes were investigated for the development of this 
sensor, but the SPCE was selected due to its versatility, miniaturization and practicality. 
To attach the biorecognition element and improve reproducibility, a gelatin layer was 
applied to the electrode, which was then further processed with EDC/NHS to effectively 
attach protein A, a protein that binds to the Fc domain of antibodies and leaves the Fab 
domains free to bind to the target. The SARS-CoV-2 antibody was then introduced, 
followed by BSA to block non-specific binding on the sensor surface. The gelatin 
modification of these SPCEs increased their electrochemical reproducibility and enabled 
the successful fabrication of the electrochemical immunosensor to detect the SARS-CoV-2 
spike protein in both standard samples and artificial nasopharyngeal fluid (ANF) with a 
good linear response and a low limit of detection of 169 pg mL-1 (2.2 pM) in PBS and 90 
pg mL-1 (1.2 pM) in ANF. 

In manuscript 2, an impedimetric sensor for SARS-CoV-2 based on SPCE was 
developed, with a higher sensitivity compared to the immunosensor presented in 
manuscript 1. For this second sensor, the supporting SPCE was modified with V2CTx 
MXene and an additional Nafion immobilization layer. Prior to incubation with the anti-
SARS-CoV-2 antibody solution, the SPCE was additionally modified with glutaraldehyde, 
as a cross-linker, and protein A, for the sake of proper orientation of the anti-SARS-CoV-
2 antibodies. The non-specific binding sites were covered with BSA. This immunosensor 
showed excellent sensitivity and selectivity against the SARS-CoV-2 spike protein with a 
detection limit of 3.4 pg mL-1 (45 fM).  

While manuscripts 1 and 2 targeted a virus (SARS-CoV-2), manuscript 3 shows the 
development of the first electrochemical sensor to date for the detection of a viroid – 
CBCVd. In manuscript 3, a GCE was used as the supporting electrode because it is reliable 
and reproducible when compared to the SPCE. The immobilization layer in this case 
consisted of streptavidin-agarose beads. Due to the well-known streptavidin-biotin 
interaction, this layer was ideal for attaching the biotinylated single-stranded DNA 
(ssDNA), which serves as a capture probe. After the capture probe was introduced into 
the system, glycine was added to prevent non-specific binding. Ti3C2Tx MXene was used 
in this genosensor to increase stability and sensitivity. It was mixed with the streptavidin-
agarose solution and drop-casted onto the electrode. The samples were total RNA obtained 
from infected and non-infected hop, and the limit of detection was 0.5 fg µL-1 (5.5 fM). 

In all three manuscripts, the detection signal was obtained through EIS, and the redox 
probe used was potassium hexacyanoferrate(II)/(III) in KCl.  
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3.1 Manuscript 1: “Development of a Simple Gelatin-Based 
Sensing Platform for the Sensitive Label-Free 
Impedimetric Detection of SARS-CoV-2” 
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3.2 Manuscript 2: “Study of V2CTx-MXene Based 
Immunosensor for Sensitive Label-Free Impedimetric 
Detection of SARS-CoV-2 Spike Protein” 
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4 Conclusions 

The aim of this dissertation was to investigate and develop innovative approaches for the 
electrochemical detection of viruses and viroids, with a particular focus on Severe Acute 
Respiratory Syndrome Coronavirus 2 and Citrus bark cracking viroid. As part of this work, 
new materials, immobilization strategies, and sensing platforms were investigated to 
develop sensitive, reproducible, and practical biosensors. The primary goals were 
successfully achieved, and all five hypotheses proposed were confirmed. Overall, three 
impedimetric biosensors were developed, each addressing specific challenges in 
electrochemical biosensing related to reproducibility, sensitivity, and real-sample 
application. 

4.1 Principal Advancements and Scientific Contributions  
This study advances the field of electrochemical biosensing by addressing critical challenges 
related to electrode reproducibility, biocompatibility and detection of real samples. A key 
contribution was demonstrating that SPCEs can be reproducible for biosensing applications 
by surface modification with biocompatible materials such as gelatin. The introduction of 
gelatin membranes stabilized the electrode surface and enabled efficient and oriented 
immobilization of antibodies, significantly improving the electrochemical performance of 
SPCE-based biosensors. 

Another important achievement was the development of a label-free electrochemical 
genosensor capable of detecting CBCVd directly from real total RNA samples without the 
need for nucleic acid amplification. This is the first reported use of an electrochemical 
sensor for viroid detection in real samples and a significant step forward in plant pathogen 
diagnostics. The research has also expanded the understanding of 2D MXenes as promising 
catalytic and signal-amplifying materials for electrochemical biosensing and provided 
insights into their capabilities and limitations in complex biological environments. 

Finally, by integrating strategies for surface modification, signal amplification and 
analysis of real samples, this dissertation lays the foundation for developing decentralized, 
rapid and reliable diagnostic tools that address urgent human health and agriculture needs. 

4.2 Experimental Insights and Hypothesis Validation 
The findings of this dissertation align closely with the hypotheses initially proposed: 
 

 Hypothesis 1: Screen-printed electrodes can serve as supporting electrodes for 
sensitive and reproducible biosensors after appropriate pre-treatment, despite their 
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innate irreproducibility; the introduction of gelatin can improve the electrochemical 
reproducibility of screen-printed carbon electrodes; a stable and biocompatible 
modifying layer of gelatin will allow for the immobilization of biological recognition 
elements, such as anti-SARS-CoV-2 antibodies. 

 
This hypothesis was confirmed through the application of gelatin on screen-printed carbon 
electrodes. Gelatin provided a uniform, biocompatible, and stabilizing environment for 
biomolecule immobilization, significantly improving the electrochemical reproducibility of 
the electrodes. Through careful pre-treatment and functionalization, SPCEs have proven 
to be reliable platforms for biosensor construction. 
 

 Hypothesis 2: Electrochemical immunosensors based on the stable gelatin 
membrane can sensitively and selectively detect the SARS-CoV-2 spike protein in 
artificial nasopharyngeal fluid. 

 
Experimental results confirmed this hypothesis. The gelatin-based electrochemical 
immunosensor achieved sensitive and selective detection of the SARS-CoV-2 spike protein 
in ANF. Detection limits were within clinically relevant ranges, and the sensor exhibited 
high specificity against non-target proteins, with minimal cross-reactivity, highlighting its 
potential for real-world applications. 
 

 Hypothesis 3: The streptavidin-agarose layer can serve as a suitable 
immobilization layer for the biological recognition element on the glassy carbon 
electrode. In addition, the streptavidin-biotin interaction can be used as a suitable 
way to immobilize a single-stranded biotinylated DNA capture probe that is highly 
specific for the target sequence of Citrus bark cracking viroid. 

 
This hypothesis was successfully confirmed. The streptavidin-agarose layer provided a 
stable and effective immobilization matrix for the biotinylated ssDNA capture probe on 
the GCE. The high affinity of the streptavidin-biotin interaction enabled robust 
attachment of the capture probe, facilitating successful hybridization with the 
complementary target sequence from CBCVd RNA. 
 

 Hypothesis 4: 2D-laminated (electro)catalytic MXenes can be used as a 
transducing surface in biosensing due to their easy functionalization and can 
enhance and/or stabilize the analytical signal of an electrochemical genosensor for 
Citrus bark cracking viroid. 

 
Integration of Ti3C2Tx MXenes into the sensing architecture validated this hypothesis. The 
MXene-modified sensors showed enhanced electrochemical communication between the 
electrode and the sensing layer, resulting in improved signal-to-noise ratios and a lower 
limit of detection for CBCVd RNA targets. The material's high conductivity and surface 
reactivity significantly contributed to sensor performance. 
 

 Hypothesis 5: The proposed electrochemical genosensor containing a streptavidin-
agarose layer and (electro)catalytic MXenes can be used for interference-free 
detection of Citrus bark cracking viroid in real total RNA samples. 

 
This hypothesis was also confirmed. Despite the complexity and potential interference 
associated with total RNA samples, the developed genosensor, through the combined use 
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of streptavidin-agarose and MXenes, enabled consistent, interference-free detection of 
CBCVd. 

In support of the validation of these hypotheses, several experimental insights were 
gained throughout the course of this work. 

The working electrodes available for sensor fabrication were carefully assessed. Carbon-
based electrodes, specifically GCEs and SPCEs, were selected because of their versatile 
electrochemical properties that are highly compatible with impedimetric measurements 
using redox probe. For the detection of SARS-CoV-2, SPCEs were ultimately favored. 
Their low cost, rapid response time, and portability made them particularly well suited for 
the development of on-site diagnostic tools. 

Strategies for immobilizing biological recognition elements were explored extensively. 
In the development of the first immunosensor, gelatin was successfully employed as a 
membrane for protein immobilization. Protein A was covalently bound to the gelatin 
membrane through carbodiimide crosslinking chemistry. This method enabled the oriented 
and stable immobilization of anti-SARS-CoV-2 antibodies, confirming that properly pre-
treated SPCEs could indeed serve as reliable and reproducible biosensor platforms, in 
accordance with the first hypothesis. 

In an alternative immunosensor design, Nafion was used as the immobilization matrix 
to embed V2CTx MXene material. Glutaraldehyde served as the crosslinking agent to 
stabilize Protein A on the electrode surface. This approach also enabled effective antibody 
immobilization, further supporting the concept that surface modification strategies can 
significantly improve biosensor performance. 

For the development of the genosensor for detecting Citrus bark cracking viroid, a 
glassy carbon electrode was selected. The GCE offered superior electrochemical stability 
and reproducibility, making it an excellent choice for pioneering an electrochemical sensor 
targeting a viroid. A streptavidin-agarose layer was applied onto the electrode, and the 
strong affinity between streptavidin and biotin was exploited to immobilize a biotinylated 
single-stranded DNA capture probe. This probe was specifically designed to hybridize with 
a complementary sequence within the CBCVd genome. The successful immobilization and 
hybridization process confirmed the third hypothesis regarding the effectiveness of the 
streptavidin-agarose system. 

To further enhance the performance of the genosensor, Ti3C2Tx MXene material was 
incorporated into the sensor design. The excellent electrical conductivity of MXenes 
facilitated efficient electron transfer between the sensing layer and the electrode surface, 
improving the sensitivity and signal stability of the device. This validated the fourth 
hypothesis, demonstrating the advantageous role of MXenes as transducing materials in 
biosensing applications. 

The proposed genosensor configuration, combining streptavidin-agarose layers and 
MXene nanomaterials, proved capable of detecting CBCVd in complex real samples of total 
RNA extracts. Despite the inherent challenges associated with biological sample 
complexity, careful standardization of RNA extraction and denaturation protocols enabled 
consistent and interference-free detection, thereby confirming the fifth hypothesis. 

Throughout all stages of sensor development and testing, quantitative results provided 
strong support for hypothesis validation. Calibration curves showed excellent linearity, 
detection limits were within acceptable thresholds for practical applications, and 
interference assays confirmed the high specificity of the biosensors against interferents. The 
data consistently demonstrated that the developed sensors were able to achieve the 
sensitivity, reproducibility, and practical applicability targeted at the onset of this research. 
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4.3 Study Limitations and Technical Challenges 
While this work's results are promising, there are still some limitations and technical 
challenges, both for this particular study and for the development of biosensors in general. 

One major problem is the long-term stability of MXene materials. Although MXenes 
have shown excellent electrical properties and catalytic behavior, their long-term stability 
under physiological and environmental conditions remains a concern. Their sensitivity to 
oxidation, especially under ambient or biological conditions, threatens the sensors' shelf life 
and operational reliability. Without effective strategies to improve their durability, the 
performance of MXene-based sensors can degrade over time, limiting their practical 
usability. 

Another significant challenge lies in the complexity of raw biological samples such as 
human serum or plant RNA extracts. In contrast to purified analytes tested under 
controlled conditions, these samples are subject to complications such as non-specific 
adsorption (biofouling), matrix interference and signal suppression. Even if sensors show 
excellent analytical performance under controlled laboratory conditions, transferring this 
performance to real samples is far from easy. Biofouling leads to unwanted deposition of 
proteins or other biomolecules on the sensor surface, which can obscure detection signals 
and reduce sensitivity and specificity. In addition, interfering substances and the intrinsic 
properties of analytes (such as their size, structural complexity or conformational 
instability) can affect the sensor's functionality due to steric hindrances or unfavorable 
binding interactions.  

Another challenge for electrochemical biosensors is their stability, reproducibility and 
scalability during production. Precise functionalization of electrode surfaces remains a 
persistent obstacle, as slight variations in surface chemistry or bioreceptor immobilization 
of bioreceptors can lead to inconsistent performance. To facilitate commercialization, 
standardized protocols and advanced characterization techniques are essential to ensure 
the reliability of production batches and research laboratories. 

In addition, developing electrochemical immuno- and genosensors often involves using 
expensive and sensitive biological recognition elements such as antibodies, enzymes or 
nucleic acids. Maintaining the activity and stability of these biomolecules over a long period 
of time and under different storage and operating conditions is a constant challenge. In 
contrast to simpler colorimetric devices, the setup and calibration of electrochemical 
biosensors can be relatively complex and requires precise control of experimental conditions 
such as temperature, ionic strength and pH. This added complexity can limit accessibility 
for end users without specialized training. 

Scalability and mass production also present technical obstacles. While many biosensors 
work great at the prototype level, scaling manufacturing without compromising sensitivity, 
specificity, and reliability is challenging. Factors such as batch-to-batch variability, cost-
effective integration of microfluidics, and miniaturization of supporting electronics must be 
considered for successful industrial implementation. 

Environmental robustness is another critical factor, as these sensors are susceptible to 
temperature fluctuations, humidity and physical stress, conditions common outside 
laboratories. Ensuring consistent performance under such variable conditions is critical for 
use in the field, from point-of-care diagnostics to environmental monitoring. These 
environmental factors can lead to a deviation in the electrochemical signal or degradation 
of the biological components, making storing and using these devices outside of controlled 
laboratory environments difficult. 
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Finally, regulatory approval and clinical validation pose further difficulty. Developing 
biosensors that meet stringent medical or agricultural diagnostics standards requires 
extensive testing and validation, which can be both time-consuming and costly. 

4.4 Opportunities for Development and Innovation 
The course of this dissertation opens up several promising opportunities for future research, 
technical refinement, and practical application. 

One important area for further development is to improve the oxidative stability and 
biocompatibility of MXene materials. Future studies could focus on developing protective 
surface coatings, the development of composites that combine MXenes with more stable 
polymers or nanomaterials, or doping MXene structures with specific elements to improve 
their chemical resistance. These measures can significantly extend the functional lifetime 
of MXene-based biosensors and improve their reliability when exposed to complex 
biological samples over a long period. 

Another promising direction is the integration of simplified, portable RNA extraction 
protocols into the developed genosensor systems, perhaps even in combination with 
microfluidic systems. While most current methods for nucleic acid extraction are effective, 
they often require laboratory infrastructure and skilled personnel, which limits the use of 
on-site biosensors. By integrating on-chip or cartridge-based RNA extraction solutions, it 
will be possible to develop stand-alone diagnostic systems that allow users to collect, 
process and analyze samples outside of laboratories. In parallel, coupling biosensors with 
portable, wireless, battery-powered electrochemical readers could provide a powerful 
platform for real-time monitoring of pathogens in various environments, from clinical 
facilities to agricultural fields. 

Another significant opportunity is the development of continuous monitoring platforms. 
In plant health monitoring, the implantation of biosensors in soil probes, irrigation systems, 
or plant tissue could allow real-time surveillance of the spread of viruses and viroids in 
agricultural areas. Developing such systems could help detect disease outbreaks early, 
improve disease control strategies, and protect food production from new biological threats. 

An important goal is further developing biosensor platforms that enable the 
simultaneous detection of multiple targets, i.e., multiplexed analysis. Rather than focusing 
on identifying a single pathogen per test, biosensors can be designed to detect many 
analytes simultaneously by integrating different elements of biological detection into a 
single sensor platform. Such an approach has already been tested in detecting viruses [109] 
and has been shown to provide comprehensive diagnostic information with minimal sample 
volume and processing time. This method increases efficiency and is particularly valuable 
for monitoring co-infections or conducting large-scale surveillance. Further research to 
develop robust and user-friendly multiplex electrochemical biosensors is essential for future 
diagnostic and biosafety requirements. 

One promising possibility is to extend the application of the developed strategies to 
viral and viroid threats other than SARS-CoV-2 and CBCVd. By designing and adapting 
biorecognition elements tailored to emerging human, animal or plant pathogens, the 
biosensor platforms developed in this dissertation can be adapted to respond effectively to 
future outbreaks. 

Portable electrochemical biosensor platforms show great commercial potential, and 
multiple companies are making progress in that field. However, for the technology to be 
viable, it is essential to understand regulatory requirements, optimize manufacturing and 
standardization processes, and design user-friendly devices that require minimal training. 
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The research conducted in this dissertation provides a solid foundation for scientific 
advances and practical applications that address pressing global needs. The opportunities 
for development and innovation are rich and diverse, providing clear pathways to enhance 
diagnostic capabilities in multiple areas and contributing meaningfully to public health, 
food security, and environmental sustainability. Future work needs to focus not only on 
improving analytical performance but also on improving robustness, reproducibility, ease 
of use, and scalability to ensure real-world impact. 

4.5 Final Remarks 
The findings of this dissertation demonstrate how electrochemical biosensors show great 
potential for fast and decentralized viral and viroid detection with high sensitivity. The 
innovations presented here contribute to a broader shift towards accessible, point-of-care 
diagnostic technologies. The biosensor platforms developed in this dissertation show 
promise, but their final success depends on solving several complex challenges. Current 
advancements in materials science, sensor design, and electrochemical detection methods 
assist in overcoming these impediments. 

Future research should balance fundamental advances with practical considerations, 
focusing on improving analytical performance, durability, and scalability. By systematically 
addressing these limitations, we can fully realize the potential of electrochemical biosensors 
and bridge the gap between laboratory research and practical applications. 

Ultimately, this work demonstrates that with careful design and appropriate material 
selection, electrochemical biosensors can indeed be powerful tools for infectious disease and 
plant health management that benefit public health and agricultural productivity. We hope 
that the knowledge and methods developed in this work will serve as a foundation for 
further research and innovation in the field of electrochemical biosensing. 
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