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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 Ti;C, Ty 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 groznja tako zivalim kot rastlinam. Medtem ko virusi vsebujejo
genom nukleinske kisline (DNK ali RNK), obdan v beljakovinsko ovojnico, so viroidi
sestavljeni iz majhne, krozne RNK brez beljakovinske ovojnice. Viroidi okuzijo samo
rastline in njihova uni¢ujoca narava lahko povzroci hude agroekonomske izgube. Nasprotno
pa virusi okuzijo zivali, rastline in bakterije ter so v prvi vrsti odgovorni za svetovne
pandemije in z njimi povezane ¢loveske smrti.

Viruse in viroide obic¢ajno zaznavamo s konvencionalnimi tehnikami molekularne
biologije. Ceprav so te metode zanesljive, zahtevajo sofisticirano laboratorijsko
infrastrukturo. Druga moznost je, da elektrokemijski biosenzorji, kot so imunosenzorji za
taréno zaznavanje antigenov in genosenzorji za tar¢no zaznavanje nukleinskih kislin,
ponujajo potencial za hitro, obc¢utljivo in selektivno odkrivanje na kraju potrebe. V tej
doktorski disertaciji so predstavljene inovativne strategije za razvoj in optimizacijo
obcutljivih in selektivnih elektrokemijskih imunosenzorjev za detekcijo bodicastega
proteina SARS-CoV-2 in elektrokemijskega genosenzorja za detekcijo viroida razpokanosti
skorje agrumov (CBCVd). Te naprave temeljijo na afinitetnem pristopu in merijo specifi¢ne
interakcije med bioloskim prepoznavnim elementom, imobiliziranim na podporni elektrodi,
in ciljnim antigenom ali nukleinsko kislino v preiskovanih vzorcih z uporabo
elektrokemijske impedancne spektroskopije.

Prvi imunosenzor, predstavljen v tej disertaciji, temelji na z zelatino modificiranih
elektrodah za enkratno uporabo s pravilno usmerjeno imobilizacijo protiteles proti SARS-
CoV-2, ki delujejo kot biolosko prepoznavni elementi. Drugi imunosenzor temelji na
ojacanju signala z vezavo protiteles na povrsinske 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 povprasevanje zaradi
velikih gospodarskih izgub, ki jih je ta viroid povzrocil v Sloveniji, Neméiji in na Ceskem.
Kompozit TisC.Tx MXene-streptavidin-agaroza je bil uporabljen za stabilno imobilizacijo
biotinilirane sonde za zajemanje enoverizne DNK kot biolosko-prepoznavnega elementa.
Impedimetriéni genosenzor je pokazal potencial za zgodnjo diagnozo rastlinskih bolezni
zaradi svoje odli¢ne analitske ucinkovitosti v vzorcih celokupne RNK, ekstrahirane iz
okuzenih in neokuzenih rastlin hmelja.

Predstavljeni pristopi poudarjajo pomen funkcionalnih (nano)materialov v biosenzorjih,
pravilne imobilizacije elementov bioloskega prepoznavanja ter hitrega in nedvoumnega
elektrokemijskega signaliziranja. Rezultati so zelo obetavni in kazejo velik potencial za
pretvorbo v robustna diagnosti¢na orodja na kraju potrebe za cloveske in rastlinske
patogene zunaj laboratorija.
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Chapter 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].



2 Chapter 1. Introduction

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].

’ LH ) {oorenrionan -
— potentiostat

potentiostat

controlled

reference electrode (RE) potential

counter electrode (CE)

working electrode (WE)

ammeter (A RE
. t
gy |
WE CE
electrochemical cell electrochemical cell

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 Ilatter 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].
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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 (R.), 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 (Z,), 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
CPEF 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).
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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
(SWYV) 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 (V, and Vs) at a
fixed rate. Once the potential reaches Vs, the scan reverses, sweeping back to Vi. The scan
rate (v="V, =V, /t, —t;) 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 (DPYV) 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 (SWYV) 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(Il)/(IlI)  [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) /(IIT), 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].
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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].

A B
spike glycoprotein (S)

membrane protein (M)

genomic RNA
Fe R
nucleoprotein (N) \

envelope small membrane protein (E)

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].



10 Chapter 1. Introduction

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.
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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].
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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 wusually 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) MXsTy, M3X.Tx,
MoXTx 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 (MWCNTSs), 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 sp?
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 M, 1 X, Ty, 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 Ti;Co T,
where Ty 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 wvirus; 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, (i) 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 of glucose in blood, whereas SARS-CoV-2 biosensors
must operate within 0.001-10 pg mL"! 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
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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Chapter 2. Goals and Hypotheses

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 Clitrus 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;

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

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,

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,
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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Chapter 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* (2.2 pM) in PBS and 90
pg mL* (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 V,CTx
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™* (45 {M).

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. Ti;CoTx 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 pL* (5.5 fM).

In all three manuscripts, the detection signal was obtained through EIS, and the redox
probe used was potassium hexacyanoferrate(II)/(IlI) in KCI.
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The persistent nature of the SARS-CoV-2 virus, characterized by its large-scale periodical recurrence and high
infectivity, has imposed an increasing demand for rapid and frequent tests. This paper presents a simple,
disposable, sensitive, and selective label-ft ric detection of the virus Spike S1 protein. We
modified a screen-printed carbon electrode with gelatin as the biocompatible support to deposit a protein A
layer, acting as the structure-directing agent for subsequent site-induced binding of antibodies. We thoroughly
investigated the main design factors, such as gelatin deposition, protein A and antibody concentrations, incu-
bation time, BSA blocking time, followed by the analytical performance studies using the Spike S1 protein in
phosphate-buffered saline (PBS) and artificial nasopharyngeal fluid (ANF). The immunosensor exhibited an
excellent linear impedimetric response for Spike S1 in the clinically-relevant range of 0.001 - 10 pg mL~* (13 pM
- 130 nM), along with very low limits of detection of 169 pg mL ! (2.2 pM) in PBS and 90 pg mL ™! (1.2 pM) in
ANF. Together with favorable stability, repeatability, and selectivity, the newly developed immunosensor can be

sensor for i

designated for its point-of-need application.

1. Introduction

During the past two and a half years, humanity has witnessed a large
socio-economical catastrophe due to the SARS-CoV-2 pandemic. The
significant infectivity of the novel virus strains, accompanied by the
incoherency of the proposed preventive and vaccination strategies, and
flexible abidance to the imposed measures, has led to the omnipresence
of the virus and increased demand for the testings. This is additionally
emphasized by the growing concerns about the adverse effects of the
virus on the organs, especially the respiratory system [1]. Thus far, over
half a billion people have been infected with a variant of COVID-19,
resulting in more than 6.8 million deaths.

As the most viable alternative to conventional molecular and sero-
logical tests, which dominate in practical applications, various types of
electrochemical immunosensors have recently emerged [2]. With
propetly chosen and optimized protocols for the fabrication and modi-
fication of the supporting electrode materials with stable, functional
biorecognition elements and by employing different sensing strategies,

clinically relevant limits of detection could be achieved in a relatively
short time [3]. Moreover, taking into account significant breakthroughs
toward miniaturized instrumentation, mobility, and facile data acqui-
sition, the electrochemical sensors seem promising for point-of-need
applications [4]. The existing literature recognizes voltammetric
detection methods as the most frequently utilized for the detection of
both specific antibodies and antigens [5-10], followed by devices based
on impedimetric measurements [11-17].

Most state-of-art electrochemical sensing platforms for detecting
SARS-CoV-2 are based on the supporting electrodes modified with
functional (nano)materials exploiting their advantages such as the
enhanced charge transfer, electrocatalytic effect, surface roughness, and
typically large electroactive surface area [18]. Recently, Adeel et al.
synthesized flexible graphitic carbon foil for covalent immobilization of
anti-SARS-CoV-2 antibodies via ethylenediamine functionalization and
EDC/NHS cross-linking for the voltammetric detection of the Spike S1
protein in PBS (pH=7.4) and diluted blood serum [19]. Similarly, they
prepared AuNPs-coated carbon cloth electrodes, modified with a
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thiol-functionalized DNA aptamer for the detection of Spike S1 protein
in PBS (pH=7.4) and diluted human saliva [20]. Another way to detect
SARS-CoV-2 via impedimetric and amperometric quantification of its
nucleic acid was demonstrated by the glassy carbon electrode modified
with multi-walled carbon nanotubes (MWCNTSs) non-covalently func-
tionalized with avidin as affinity support for the biotinylated-DNA
capture probes [21]. Obviously, the choices for electrode modification
materials are quite diverse in order to provide selective and sensitive
platforms for the detection of SARS-CoV-2, which is in-details reviewed
elsewhere [18,22].

On the other hand, our strategy is based on utilizing a biocompatible
gelatin polymeric support for the successful incorporation of the bio-
recognition element while providing a reproducible, stable, and selec-
tive electrochemical signal. Gelatin is a three-dimensional biopolymer
obtained by acidic or alkaline processing of collagen, a protein that
originates from the connective tissues of various animals. It is a suitable
medium for ionic transport owing to its hydrophilicity and good
immobilization or entrapment capability for enzymes, cells, tissues, and
aptamers [23-25]. Apart from its functional versatility, gelatin also
complies with the contemporary demands for environmentally friendly
and biodegradable agents [26]. However, to the best of our knowledge,
its usage in electrochemical bio-affinity sensors for antigen detection is
surprisingly scarce and limited only to entrapment purposes. In one of a
few publications on gelatin-based electrochemical sensors, gelatin was
used to entrap the HRP-labelled hepatitis B antibodies previously
attached to the Nafion-modified platinum disk electrode; quantification
of the antigens was carried out potentiometrically [27]. In another
study, gelatin was mixed with colloidal silver particles and anti-AFP
antibodies on the platinum disk electrode to form a sensing membrane
for potentiometric detection of a-fetoprotein [28].

Herein, we present a novel approach in which gelatin serves as a
biocompatible surface modifier for the screen-printed carbon electrode,
acting as the supporting building block incorporating biorecognition
elements via site-directed binding. The latter was achieved by inte-
grating a protein A layer as the linker prior to the immobilization of
specific antibodies. Our research involves several optimization steps to
enhance the electroanalytical characteristics of a newly developed label-
free disposable sensor. The sensor exhibited good performance for
highly sensitive and selective detection of COVID-19 Spike S1 protein in
phosphate-buffered saline (PBS) and in the artificial nasopharyngeal
fluid (ANF).

2. Experimental
2.1. Chemicals

All commercial reagents were of analytical grade and were used
without further purification. All aqueous solutions were prepared using
ultrapure water with resistivity not less than 18.2 MQ cm at 298 K (Milli-
Q, Millipore, Corp., Marlborough, USA).

Gelatin from porcine skin (gel strength 300, Type A), 4-morpholinee-
thanesulfonic acid monohydrate (MES), Sodium azide (NaN3), 1-ethyl-
3-(3"-dimethyl aminopropyl)carbodiimide, HCl (EDC),
N—Hydroxysuccinimide, 89% (NHS) and Bovine Serum Albumin (BSA)
were purchased from Sigma Aldrich (St. Louis, USA). Sodium phosphate
dibasic (NapHPO4-2H,0) and glycerol (CsHgO3, redistilled, pro analysis)
were purchased from Kemika, Pliva (Zagreb, Croatia). Sodium hydrox-
ide (NaOH) and sodium chloride (NaCl) were purchased from Merck
(Darmstadt, Germany). N,N-dimethylformamide, potassium phosphate
monobasic (KHzPO4), and potassium hexacyanoferrate (III) (K3[Fe
(CN)g]) were purchased from Fluka (Buchs, Switzerland). Potassium
chloride (KCI) and potassium hexacyanoferrate (II) (K4[Fe(CN)¢]) were
purchased from Riedel-de Haén (Seelze, Germany). Protein A
(ab71456), human monoclonal anti-SARS-CoV-2 Spike glycoprotein S1
antibodies (ab286179), and recombinant human coronavirus SARS-
CoV-2 Spike glycoprotein S1 (ab273068) were purchased from Abcam
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(Cambridge, UK). Artificial nasopharyngeal fluid (ANF) was purchased
from BioCHEMAZONE (Hamilton, ON, Canada).

2.2. Preparation of buffers

MES buffer was prepared by dissolving 5.33 g of MES monohydrate
in 250.0 mL of purified H2O. Phosphate-buffered saline (PBS, pH=7.4)
was prepared by dissolving 8.00 g of NaCl, 200.0 mg of KC, 1.81 g of
NayHPO4-2H>0, and 240.0 mg of KHyPO4 in 1.0 L of purified H,O. When
the PBS was used to dilute proteins, 0.001% of NaNs was added to the
solution as a preservative.

2.3. Modification of the working electrode and sensor fabrication

The screen-printed carbon electrodes (SPCEs) were modified using
an optimized procedure as follows: 0.10 g of gelatin was dissolved in 9.5
mL of purified H20 at 50 °C, followed by the addition of 500 uL of 100%
glycerol. After thorough and vigorous homogenization using a magnetic
stirrer, 12 pL of the suspension (cooled down to room temperature) was
carefully drop-casted onto the working electrode of the SPCE unit. Af-
terward, the deposited layer was left to dry on air in a model atmosphere
(22-23 °C) for at least 36 h before use.

Bare and gelatin-modified SPCEs were subjected to optical inspection
using profilometry (Zegage PRO HR, Zygo Corporation, PA). 3D infor-
mation was obtained using a 50x magnification lens with a lateral
resolution of 0.52 mm, and a surface topography repeatability of <3.5
nm.

After the completion of the drying step, which was visually charac-
terized by the noticeable formation of a thick transparent layer, the
electrodes were left for one hour at 4 °C in the solution containing 400.0
mM EDC and 100.0 mM NHS in MES (pH=5.5). After that, the electrodes
were rinsed in PBS and then in purified H20 to remove the unreacted
species, followed by drying under a mild stream of nitrogen at 0.2 bar.
After introducing the cross-linkers, the working electrodes were incu-
bated with protein A solution (20-100 ug mL™!) in MES (pH=5.5) for
one hour, followed by rinsing with purified H,O and drying under the
nitrogen stream. In the next step, 10 pL of the anti-SARS-CoV-2 Spike
glycoprotein S1 antibodies, with concentrations ranging from 5 to 50 ug
mL~! in PBS, was carefully cast onto the working electrode and left for
up to one hour, incubating at room temperature. After rinsing off the
unbound antibodies with PBS, the non-active antibody sites were
blocked with the addition of BSA (10 pg mL ™! in PBS) and subsequently
rinsed and dried. Incubation with Spike S1 protein was performed at
room temperature for 15-120 min, and its electrochemical detection
was conducted by electrochemical impedance spectroscopy (EIS) mea-
surements in the presence of 1.0 mM [Fe(CN)6]®>7/*~ redox couple in 0.1
M KCL

2.4. Electrochemical measurements

All electrochemical measurements were performed using a portable
PalmSens 4 electrochemical system operated by the software PSTrace
5.9 (PalmSens BV, Netherlands). EIS spectra (Nyquist plots) were
recorded in the frequency range of 10°-10~! Hz at the formal potential
of +0.14 V vs. integrated silver quasi-reference electrode (at the SPCE)
and an amplitude of 20 mV, using 1.0 mM [Fe(CN)s]®~/*~ in 0.1 M KCl
as a redox probe. The experiments were carried out using the supporting
screen-printed carbon electrodes (SPCEs, DropSens, DRP-C110) pur-
chased from Metrohm (Herisau, Switzerland) with a 4 mm diameter of
the working electrode. For each measurement, the working, reference,
and counter electrodes were covered with a 50 pL drop of the redox
probe solution.

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. Results and discussion
3.1. Fabrication of the immunosensor

Deposition of the gelatin onto the SPCE was performed by drop-
casting the gelatin solution containing glycerol as the rheological
agent that assures uniform distribution and satisfactory thickness ho-
mogeneity of the coating. The latter was investigated by 3D profilom-
etry, and the corresponding results are presented in Fig. 1. As can be
seen, the bare SPCE exhibits a relatively rough surface profile (Fig. 1a
and b), resembling the structure of a well with an outer ring of approx.
400 um wide, irregular base with a diameter of approx. 3.0 mm and
roughness of 1.36+0.04 ym (n = 3).

Upon the deposition of gelatin and subsequent drying, the surface
roughness was reduced to 0.85+0.06 pm (n = 3), with an average gelatin
coating height of 11.2 um (Fig. 1b). The significant reduction of
roughness (~38%) suggests that the gelatin layer is efficiently thick and
homogenous enough to compensate for both the roughness and irregular
3D nanostructure of the supporting electrode surface, as depicted in
Fig. lc.

In addition, randomly selected bare SPCEs (n = 20) were subjected to
FIS measurements in 1.0 mM [Fe(CN)s]>7*~ before and after modifi-
cation with gelatin. The relative standard deviation (RSD) of the charge
transfer resistance (Rcr) obtained by fitting the raw EIS data of un-
modified SPCEs was 23.8% (1291.6 + 68.9 Q), whereas the Rcr of
gelatine-modified SPCEs exhibited an RSD of 16.6% (1285.6 + 47.6 Q).
Importantly, the attenuation of RSD implies that the deposition of
gelatin also reduced the intrinsic electrochemical irreproducibility of
the SPCEs, making them more applicable for (bio)sensor fabrication.
The corresponding measurements, along with fitting parameters, are
summarized in Figure S1 and Table S1, respectively.

Multi-step construction of the immunosensor was monitored by EIS
measurements in 1.0 mM [Fe(CN)]*7*~ with the corresponding results
presented in Fig. 2, whereas the extracted fitting parameters are listed in
Table 1. The deposition of gelatin was characterized by a significant
change in the Nyquist spectrum and the occurrence of a small semicircle,
which was attributed to the charge transfer within the deposited gelatin
coating (Fig. 2b). The raw impedance data were fitted using the equiv-
alent circuit Rs-(RgelIQ1)-((RctW)IICy). Herein, R corresponds to the
solution resistance, Ry, reflects the low resistance of the heterogeneous
gelatin layer, Q; is the non-ideal capacitance of the gelatin layer (non-
ideal due to the typical presence of some sequestered water molecules
and/or ions, non-ideal surface, pinholes, etc.), Rcr is the charge transfer
resistance of the upper sensing layer (related to the antibody-antigen
interaction), W is the Warburg element that models the diffusion phe-
nomena, and C; is the double-layer capacitance of the upper sensing
layer.

The first modification step was the introduction of the EDC/NHS
cross-linking pair via its reaction with the gelatin COOH groups to
ensure proper chemical binding of proteins. By taking into account the
heterogeneous structure of gelatin originating from the porcine skin,
there are two possibilities for the protein binding, i.e., one via the
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proposed chemical route involving gelatin carboxyl groups (78 COOH
groups per 100 amino acids) for binding with protein A using EDC/NHS
protocol, and an alternative one based on the direct random adsorption
of the proteins. The chemical route leads to the preferentially oriented
antibodies in a stable arrangement, in which protein A binds to the Fc
domain of the antibody while leaving the antibody Fab domains exposed
for the binding with the target antigen. On the other hand, random
adsorption of antibodies would result in an unstable sensing surface,
prone to protein reorientation, denaturation, and low binding capacity
towards the target antigen. Thus, to promote the chemical route, we
soaked the gelatin-modified SPCEs in a solution containing 400.0 mM
EDC and 100.0 mM NHS in MES (pH=5.5) followed by the gelatin
carboxyl groups cross-linking with protein A that binds with the Fc re-
gion of the anti-SARS-CoV-2 antibodies. The intermediate ester (gelatin-
COO-EDC) and the amine-reactive sulfo-HNS ester (product of the re-
action between gelatin-COO-EDC and NHS) both react with the protein
A to form stable conjugates via the amide bond. Simultaneously, the
unstable gelatin-COO-EDC intermediate can hydrolyze and liberate
carboxylic groups of the gelatin. This effect can be minimized with the
appropriate pH of the reaction solution and temperature. A certain
quantity of isourea is produced as the byproduct related to the NHS
reaction path. It must be noted that the existing EDC/NHS protocols vary
a lot in terms of reaction conditions, i.e., the molar ratio between the
reagents and their overall concentrations, choice of the solvents, treat-
ment temperature, and duration. In this study, the procedure was car-
ried out at 4 °C, to ensure the stability of the reagents, which were
introduced in MES buffer of specific pH of 5.5 (NHS : EDC = 0.25),
aiming for prolonged durability of the formed NHS ester intermediate,
and to avoid side-reactions, such as the spontaneous hydrolysis [29,30].

The introduction of the EDC/NHC pair in the sensor’s architecture
resulted in a relatively large Rcr amplification (1062.73 — 3612.33 Q),
suggesting that significant cross-linking density was achieved (Fig. 2c).
This was followed by a small drop of Rcr upon the introduction of
protein A (3612.33 — 2886.33 Q), as shown in Fig. 2d. This decrease of
the Rcr upon introduction of protein A and rinsing suggests that only the
chemically bonded protein A remains in the sensing structure and that
the excess of EDC and NHS, previously added in a 4:1 ratio, and
byproducts, are washed from the gelatin, thus leaving more active sites
for the redox probe signaling.

The introduction of protein A induced a site-directed End-on Fab-up
immobilization of the anti-SARS-CoV-2 Spike glycoprotein S1 antibodies
via their Fe fragments, which enhances antigen binding efficiency and
consequently results in improved immunosensor sensitivity [31]. Such
an approach is an alternative to the random adsorption of antibody
molecules [32] or conventional, by far the most utilized antibody
immobilization protocol, with thiol-based self-assembled monolayers
deposited onto various types of supporting electrodes [33-36].
Compared to random adsorption, the latter approach enables better
stability and potential reusability owing to the covalent bonds but still
suffers from the decreased availability of active antibody sites due to
their arbitrary orientation [37].

Furthermore, the addition of antibodies (5 yg mL ™!, incubation of 60

 ShEela
ol _
-
e
SPCE/gelatin

0 2000 4000 6000 8000 10000

Distance, ym

Fig. 1. 3D profilometry imaging (a), thickness profile (b), and morphology (c) of the SPCE before and after modification with gelatin.
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Fig. 2. Step-by-step fabrication of the immunosensor monitored by EIS (Niquist plots) in the presence of 1.0 mmol L ~ ! [Fe(CN)s]*/*~ in 0.1 mol L ~ ! KCl at bare

SPCE (a), (a)+gelatin (b), (b)+EDC/NHS (c), (c)-+protein A (d), (d)+anti-SARS-CoV-2 Spike glycoprotein S1 antibody and BSA (e), (e)+Spike S1 protein (f).

Table 1
Fitted parameters of the obtained raw impedance data presented in Fig. 2.

Step/parameter R, Q Re, @ Qi, 1T n¢ Rer, @ W, ko C1, mF

Gelatin 150.83 41.09 22117 0.66 1062.73 1.42 0.266
& & &= = e ] & &=
2.03 1.45 42.87 0.04 65.10 0.07 0.011

EDC/NHS 160.37 113.03 560.77 0.56 3612.33 1.98 0.229
+ + + + + + +
3.03 7.02 46.77 0.01 199.00 0.05 0.015

Protein A 165.03 88.97 532.23 0.57 2886.33 2.25 0.201
+ % £ = =3 % &
3.19 10.37 145.30 0.03 116.91 0.11 0.013

Antibody 156.77 122.10 595.90 0.57 4236.33 2.38 0.198
& + & = &= # &
5.82 5.02 77.02 0.02 377.27 0.23 0.002

BSA 158.57 108.64 499.20 0.64 4425.00 2.22 0.196
& = &= 2= - E -
4.43 4.07 105.04 0.04 472.25 0.18 0.011

Spike S1 157.93 346.63 160.10 0.96 6153.33 3.17 0.199
E- = E- == % & &
4.79 27.36 5.94 0.01 91.67 0.13 0.003

min) resulted in a typical increase of the Rcr (2886.33 — 4236.33 Q)
demonstrated in Fig. 2e. This increase is associated with the formation of
a biorecognition layer which suppresses the charge transfer between the
redox-active probe molecules and the supporting electrode surface.
Blocking of the unoccupied sites with BSA (10 pg mL™}, incubation of 30
min) was characterized by a discrete rise of the impedance (4236.33 —
4425.00 Q), whereas the 60 min incubation with the analyte, i.e., Spike
S1 protein (10 pg mL™?), yielded a rise in both Rey (4425.00 — 6153.33
Q), and Rgpy, (108.64 — 346.63 Q), suggesting strong affinity of the
sensing surface towards binding the antigen (Fig. 2f). Alternatively, the
build-up process of the sensor was characterized by the square-wave
voltammetric (SWV) measurements, with the corresponding data pre-
sented in Figure S2. The obtained voltammetric results showed peak
current changes consistent with the impedimetric measurements.

3.2. Optimization studies

Aimed at improving the electroanalytical response of the immuno-
sensor, we carried out studies of several key parameters related to the
sensor’s fabrication, including protein A concentration, antibody con-
centration, BSA blocking time, and Spike S1 protein incubation time.

The relative increase of the sensor’s charge transfer resistance (Rct)
upon the incubation with 10 ug mL~" Spike S1 protein was used as the
feedback signal (AR) to determine the optimal parameters for sensor
design. To obtain the R¢r values, the recorded raw impedance spectra
were fitted using the appropriate Randles-type equivalent circuit, i.e.,
Rg-(Rgrrl1Q1)-((RerW)IIC)), explained in Section 3.1. All measurements
during the optimization experiments were carried out in triplicates.

As expected, the largest change in the analytical signal was detected
by altering the Spike S1 incubation time. A gradual increase of the AR
was observed in the range of 30-60 min, followed by a mildly rising
trend up to 120 min of incubation, indicating the commencement of
saturation (Fig. 3a). Since the reproducibility of the signal for the last
examined point at 120 min was rather low, i.e., implying the intrinsic
rearrangements within the protein layer [38], we adopted 60 min as the
optimal incubation time for further investigation. In the next study, we
tackled the effect of BSA blocking time on the immunosensor response.
‘We observed that the prolonged blocking time in the range of 0-45 min
resulted in a somewhat decreased immunosensor response, as depicted
in Fig. 3b, with 30 min being the most optimal blocking time considering
the signal reproducibility and signal height. When increasing the
anti-SARS-CoV-2 antibody concentration, the sensor revealed the
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Fig. 3. EIS response of the immunosensor upon changing: incubation time t;,. ([Antibody]=15 g mL~!, [protein A]=20 pg mL~!, [BSA]=10 pg mL™", tpsa=30 min)
(a), BSA blocking time tgsa ([BSA]1=10 pg mL™?, [Antibody]=15 pg mL", [protein A]=20 ug mL~}, t;nc=60 min) (b), antibody concentration ([protein A]=20 ug
mL™!, [BSA]=10 ug mL ™", tzsa=30 min, tine=60 min) (c), and protein A concentration ([Antibody]=5 pg mL ™), tine=60 min, [BSA]=10 ug mL™), tgsa=30 min) (d).
The signals were obtained upon incubation with 10 yg mL™" of Spike S1 protein in PBS (pH=7.4) using the fully fabricated sensor.

highest response for the concentration of 25 pg mL™}, as shown in
Fig. 3¢; however, the highest signals were at the same time less repro-
ducible. Considering the most favorable compromise between the
reproducibility and signal height, we choose the antibody concentration
of 5 ug mL ™! as an optimum. A similar trend was observed in examining
the effect of protein A concentration on the immunosensor response
(Fig. 3d). In this case, the concentration of 100 pg mL ! of protein A
exhibited the optimal ratio between the signal height and reproduc-
ibility. It is evident that the examined parameters are interdependent;
thus, the preparation of the immunosensor requires thorough optimi-
zation of each parameter to provide improved sensitivity and repro-
ducibility. The corresponding data related to the EIS measurements of
this optimization study are summarized in Tables $2-S5 in the Sup-
porting Information.

3.3. Analytical performance and sample analysis

The electroanalytical performance of the immunosensor was inves-
tigated in PBS samples and in simulated real samples of ANF, both
spiked with protein S1, and the corresponding EIS measurements are
presented in Fig. 4.

The raw impedance data were fitted using the equivalent circuit Rg-
(RgeLIIQ1)-((ReTW)IIC)), and the related fitting parameters are sum-
marized in Tables $6-S7. Diffusion contribution was elucidated by
plotting the frequency-related admittance Cole-Cole plots, presented in
Figure S3. The small semicircle, i.e., the high-frequency semicircle
described by Rgr111Q loop, can be assigned to the gelatin itself (inset of
Fig. 4a and c). The structural complexity of gelatin can result in a small
portion of its structure remaining unmodified, thus being exposed as the

charge transfer membrane that is characterized by a small resistance
pattern at high frequencies, which is essentially constant throughout the
biosensor’s fabrication procedure and its sensing operation. However,
only at the highest antigen concentration in PBS, i.e., 10 pg mL~', the
contribution of the high-frequency semicircle becomes noticeable and is
excellently fitted by the proposed loop. Nevertheless, this adsorption-
based phenomenon does not compromise the analytical loop of the
proposed equivalent circuit, i.e., (ReyW)IIC;. When tested in PBS solu-
tion (Fig. 4a and 4b), the new immunosensor exhibited an excellent
linear operation in the examined concentration range of 0.001-10 pg
mL~! Spike S1 protein with r? of 0.99 and a favorably low limit of
detection of 169 pg mL ™! (2.2 pM).

A good intraday repeatability value of 6.2% was obtained for the
impedimetric measurements carried out in a PBS solution containing
0.01 pg mL ! of Spike S1 protein (n = 5, Rcy=4996.8 + 138.9 Q). In
spiked ANF solution (Fig. 4c and 4d), the immunosensor also revealed
satisfactory linear operation in the same examined concentration range
of 0.001-10 pg mL ™! with a slightly lower r? of 0.98 along with an even
lower limit of detection of 90 pg mL~" (1.2 pM). An intraday repeat-
ability value of 9.5% was calculated for the measurements performed in
an ANF solution containing 1.0 ug mL ™" of Spike S1 protein (n =5, Rt =
3004.4 £ 116.7 Q).

To obtain additional insights into the electroanalytical performance
of the immunosensor, we investigated its operation in the presence of
model interferents, such as protein N (MW = 49.5 kDa) and BSA (MW =
68 kDa). The latter was chosen as an interferent because of its structural
similarity to Spike S1 protein in terms of molecular weight, although it
cannot be found in real samples, whereas the former was selected as
potentially present interference as a constituent of the SARS-COV-2
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Fig. 4. EIS responses for increasing concentrations of Spike S1 protein in PBS (pH=7.4) (a) together with calibration curve (b), and in simulated real samples (ANF
spiked with Spike S1 protein) (c) together with calibration curve (d); the inset in Fig. 4b depicts the equivalent circuit model. Measurements were carried out in

triplicates using the optimized sensor fabrication parameters.

virus. For this purpose, PBS solutions containing 10 ug mL ™! of each
analyte were used in combination with 60 min incubation time. The
selectivity factor («) was calculated by dividing the analytical (impedi-
metric) signal corresponding to the interferent by the signal of Spike S1
protein; the obtained results for « are depicted in Fig. 5 as a column
chart.

As can be seen, responses for protein N and BSA, i.e., 20% increase
and 32% decrease of the signal, respectively, compared to the signal of
Spike S1 protein, suggest certain level of interactions between the
sensing structure and chosen interfering proteins, meaning that their
presence in the sample could somewhat compromise the virus quanti-
fication. This is mainly attributed to the high affinity of the bio-
recognition antibody moieties, i.e., anti-SARS-CoV-2 Spike glycoprotein

3.0
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2.0

= o
o

Re-Rpjank: K2

S
o

protein N BSA s1
Analyte

Fig. 5. EIS response of the i (AR) in the of interferents

with corresponding « values.

S1 antibodies, and the insusceptibility of the sensing surface toward
interactions with the chosen interferents.

Additionally, we investigated the short-term stability of our sensor
by performing measurements of 0.1 pg mL~" Spike S1 protein in ANF,
after three and seven days of sensor storage in the refrigerator at 4 °C (n
= 2). On day 3, the EIS measurements revealed 106.2% of the Rct signal
measured on day 1, whereas on day 7, the immunosensor exhibited
102.2% of the signal measured on day 1. Interestingly, at the same time,
the relative standard deviation of the EIS measurements decreased from
the initial 6.0% on day 1 to 1.0% on day 7; such good stability and
overall electroanalytical performance can be primarily attributed to the
obviously absent denaturation of the antibodies due to the chosen
storage conditions, and more importantly, due to the immunosensor’s
surface integrity assured by the gelatine-based sensing platform,
retaining antibody orientation, and BSA blocking functionality.

As a final note, we have provided a short review of the proposed
impedimetric, label-free, Faradaic sensors for the detection of SARS-
CoV-2 in Table 2, showing their diverse characters through the
complexity of their structures and operating mechanisms. The reported
sensing platforms include molecularly-imprinted polymer detection [14,
16] and more common antibody-antigen-affinity sensors; some of them
also involving functional nanoparticles such as reduced graphene oxide
[12], graphene [11], or metal-organic frameworks [17]. In the context
of the biorecognition element immobilization, several protocols are re-
ported, including Au-thiol [13], biotin-streptavidin [15], cys-
teamine/glutaraldehyde [17], and EDC/NHS [12]. Some of the
proposed sensors even demonstrate limits of detection, which were
beyond belief just a decade ago [11]. Comparatively, we have proposed
a sensitive, simple, gelatin-based, and yet stable sensing platform,
combined with a label-free operation and excellent immunosensing
performances encompassing favorably low limits of detection, favorable
selectivity, and high linearity in the clinically-relevant concentration
range.
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Table 2
A brief overview of impedimetric Faradaic platforms for detection of SARS-CoV-
2.

Electrode material ~ Modifier and target analyte LOD
Au- -imprinted ortho- 0.7 (and 40)
SPE [16] phenylenediamine: virus (and RBD) as target ~ pg mL '
SPCE [14] CNTs/WO; - molecularly-imprinted 3-ami- 57 pg mL™"
nophenol: virus as target
GCE [12] GO - EDC/NHS — Ab: RBD as target 150ng mL !
Graphene/carbon  PBASE - Protein A - IgG as biorecognition 0.25 fg
SPE [11] element: RBD as target mL~!
SPCE [17] $i0,@Ui0-66 nanocomposite - cysteamine 100 fg mL™!
and glutaraldehyde: S1 as target
TTO [13] AuNPs - thiol - EDC/NHS - anti-RBD as 0.577 fg

biorecognition element: RBD as target mL~?

Au electrode [15]  thiol - EDG/NHS, streptavidin, biotin, 1. 0.05 - 10
peptide as a biorecognition element: S1 as pgmL !
target

SPCE [this study]  gelatin - EDC/NHS - protein A — Ab: 81 as 90 pgmL ™!
target

Au-SPE - screen-printed gold electrode, CNTs - carbon nanotubes, r-GO - reduced
graphene oxide, RBD - receptor binding domain, GCE - glassy carbon electrode,
PBASE - 1-p b vic acid inimidyl ester, UiO-66 - metal organic
framework, ITO - Indium-doped tin oxide, AuNPs - gold nanoparticles. r - range.

4. Conclusions

We have developed a disposable and label-free impedimetric sensor
for sensitive detection of the SARS-CoV2 Spike S1 protein. This was
achieved by the introduction of a gelatin-based sensing platform in
combination with the supporting screen-printed carbon electrode
(SPCE), resulting in an improved electrochemical reproducibility of the
SPCE itself and excellent suitability for further surface modifications
with protein A and corresponding antibodies. Thorough optimization of
the design parameters revealed that a relatively low concentration of the
anti-SARS-CoV-2 Spike glycoprotein S1 antibodies (5 pg mL ') was
efficient in achieving a high and stable impedimetric signal. A good
linear response was demonstrated in the clinically-relevant concentra-
tion range of 0.001-10 pg mL ™! Spike S1 protein in PBS, accompanied
by a fairly low detection limit of 169 pg mL ! (2.2 pM). The immuno-
sensor disclosed a favorable functioning in the simulated real sample, i.
e., in spiked ANF, with an excellent limit of detection of 90 pg mL ™" (1.2
pM). We can conclude that a gelatin-based sensing platform imparts
efficient integrity of the sensing layers and, together with diligently
optimized design and operational parameters, provides excellent
analytical performances that can compete favorably or even surpass the
existing immunosensing schemes.
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ABSTRACT: Rapid and reliable immunosensing is undoubtedly
one of the priorities in the efficient management and combat
against a pandemic, as society has experienced with the SARS-
CoV-2 outbreak; simple and cost-effective sensing strategies are at
the forefront of these efforts. In this regard, 2D-layered MXenes
hold great potential for electrochemical biosensing due to their m‘""‘}

attractive physicochemical properties. Herein, we present a V,CT, q . ?
MXene-based sensing layer as an integral part of a label-free I N
immunosensor for sensitive and selective detection of the SARS- L ))) j
CoV-2 spike protein. The sensor was fabricated on a supporting vieTxene L:\
screen-printed carbon electrode using Nafion as an immobilizing e
agent for MXene and glutaraldehyde, the latter enabling effective

binding of protein A for further site-oriented immobilization of
anti-SARS-CoV-2 antibodies. A thorough structural analysis of the sensor architecture was carried out, and several key parameters
affecting the fabrication and analytical performance of the immunosensor were investigated and optimized. The immunosensor
showed excellent electroanalytical performance in combination with an impedimetric approach and exhibited a low detection limit of
only 45 fM SARS-CoV-2 spike protein. Its practical applicability was successfully demonstrated by measuring the spike protein in a
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spiked artificial nasopharyngeal fluid sample.

KEYWORDS: V,CT, MXene, SARS-CoV-2, spike protein, immunosensor, electrochemical, impedimetric

1. INTRODUCTION

The world has suffered a huge socioeconomic disaster in the
context of the SARS-CoV-2 pandemic. With the emergence of
potentially more transmissible variants and their possible
resistance to commercially available vaccines, societies
undoubtedly face the challenge of ensuring adequate
prevention and treatment strategies.”” Consequently, the
endeavors of the research teams to fabricate and validate
viable alternatives to the commercially available RT-PCR
(reverse transcription polymerase chain reaction) or widely
exploited serological tests are still underway.’

It is known that electrochemical immunosensors are capable
of detecting trace amounts of biological molecules in a highly
selective manner, with a rapid response, by making use of
miniaturized devices that nominates them for point-of-need
applications.”” The existing literature on electrochemical
detection of SARS-CoV-2 has already been reviewed else-
where, suggesting that significant progress in this field has been
made since the pandemic outbreak.””

The etching process of precursor MAX phases selectively
removes the ‘A’ element layers (usually Al), exposing the
MXene layers, which are laminated sheets of transition metal
carbides, nitrides, or carbonitrides.'” MXenes are state-of-the-

© XXXX The Authors. Published by
American Chemical Society

4 ACS Publications

art 2D-layered nanostructures characterized by high electrical
conductivity in both the in-plane and out-of-plane directions.
Their large surface-to-volume ratio, high adsorption capacity,
and thermal stability make them perfect candidates for smart
sensing applications."" These applications include the voltam-
metric detection of gaseous H,0,,"> humidity sensing,13 trace
metals analysis,'* chemiresistive sensing,'> and piezoresistive
sensors.'® However, as far as the development of sensing
devices for SARS-CoV-2 is concerned, reports on MXenes are
still very limited and restricted to biosensors based on field-
effect transistors (FET),’7 chemiresistive biosensors based on
DNA-functionalized Ti;C,T,,'® luminescent nanoprobes,'’
and electrochemiluminescent sensors.”’

On the other hand, V,CT, MXene has mainly been used in
energy storage applications due to the spontaneous inter-
calation of various cations between its layers.u Its potential in
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gas sensing has been demonstrated, owing to the surface
oxygen functional groups present on the surface of V,CT,
nanoflakes and rich surface chemistry.”” Only recently it has
been introduced into biosensing as conductive support for the
in situ formation of spindle-shaped gold nanoparticles, serving
as a metal tag for the antibodies and consequent detection of
interleukin 6 from breast cancer cells.”

In this work, we developed an impedimetric immunosensor
for SARS-CoV-2 spike protein based on V,CT, MXene
nanomaterial. We used a protocol for the chemical binding
of anti-SARS-CoV-2 antibodies with glutaraldehyde (GA) as a
cross-linker and protein A, facilitating the subsequent site-
oriented binding of the antibody. Several studies were carried
out encompassing the modification protocols and critical
operational key parameters. Finally, we demonstrated a
sensitive and selective detection of spike protein in PBS and

nasopharyngeal samples within the time frame of ca. 15 min,
making a step forward toward true point-of-need applications.

2. METHODS

2.1. Chemicals. All commercial reagents were of analytical grade
and were used without further purification. All aqueous solutions were
prepared using ultrapure water with a resistivity of 18.2 MQ cm at 298
K (Milli-Q, Millipore, Corp., Marlborough, MA). Potassium
hexacyanoferrate(III) (K;Fe(CN)4), Nafion perfluorinated resin
solution (5% in a mixture of lower aliphatic alcohols and water),
and glutaraldehyde (GA) solution (25% in water) were purchased
from Sigma-Aldrich. Sodium azide (NaN;) and bovine serum albumin
(BSA) were purchased from Fluka. Potassium hexacyanoferrate(II)
trihydrate (K,Fe(CN),3H,0) was purchased from Riedel de Haen.
Potassium chloride (KCl), sodium chloride (NaCl), sodium hydrogen
phosphate dihydrate (Na,HPO,2H,0), and potassium dihydrogen
phosphate (KH,PO,) were purchased from Merck. Absolute ethanol
(C,H;OH) was purchased from Carlo Erba. Protein A (ab71456) and
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human monoclonal anti-SARS-CoV-2 spike glycoprotein S1 antibod-
ies (ab286179) were purchased from Abcam. SARS-CoV-2 spike
protein (S1 subunit, nCoV-P001) and nucleocapsid protein (protein
N, nCoV-P003) were purchased from Bio Bench. HCoV-OC43 spike
S1 protein (40607-VO8H1), HCoV-HKU1 spike S1 protein (40021-
VO8H), HCoV-NL63 spike S1 protein (40600-VOSH), and HCoV-
229E spike protein (40605-V08B), and MERS spike protein (40069-
VO8B) were all purchased from Sino Biological Europe GmbH,
Eschborn, Germany. The artificial saliva was purchased from
BioChemazone. The chemicals used in the MAX phase etching
were all from Sigma-Aldrich, except when specified otherwise.

2.2. Preparation of Buffer Solutions. Phosphate-buffered saline
(PBS, pH = 7.4) was prepared by dissolving 8.00 g of NaCl, 200.0 mg
of KCJ, 1.81 g of Na,HPO,-2H,0, and 240.0 mg of KH,PO, in 1.0 L
of purified H,O. When the PBS was used to dilute proteins, 0.001%
NaNj; was added to the solution as a preservative.

2.3. Synthesis and Characterization of V,CT, MXene. The
synthesis of multilayered V,CT, MXene powder involved selectively
removing Al from V,AIC powder. Initially, 5.0 g of V,AIC MAX phase
material sourced from Jinzhou Haixin Metal Materials in China was
gradually added to a solution of 250.0 mL of 40.0% hydrofluoric acid
(HF). This mixture was continuously stirred for 48 h within a S00 mL
capacity Teflon-lined stainless-steel autoclave. Subsequently, the
sample was stirred for an additional 48 h in hydrochloric acid
(HCI) to a concentration of 6 mol L™". For the final etching step, the
sample was immersed in a mixture of lithium fluoride (LiF, >98.5 wt
%), 6 mol L™! HCI, and deionized water for 72 h. Following the
etching process, the sediment underwent multiple washes with
deionized water until the pH of the supernatant reached
approximately 6, followed by a wash with absolute ethanol. Finally,
the obtained powders were dried in a vacuum for 24 h at a
temperature of 60 °C.

2.4. Modification of the Supporting Electrode and Sensor
Preparation. The working electrode of the screen-printed carbon
electrode (SPCE, DropSens, DRP-110, Metrohm, Herisau, Switzer-
land, diameter of 4 mm) was first modified with V,CT, MXene by
drop casting 10 L of its 2 mg mL™" aqueous solution and left at ca.
35 °C to dry in the closed and light-protected dish. Prior to this, the
drop-casting solution was sonicated for 15 min (Elma Transsonic
Digital S ultrasound bath, frequency of 40 kHz, 100% applied
sonication power at 22—30 °C). In the next step, the working
electrode was covered with a Nafion protective/immobilization layer
by drop casting 2.2 uL of the 0.0025% Nafion solution in ethanol.
After drying at room temperature (23 °C, ca. 1 h), the working
electrode was modified with 10 yL of 2.5% GA solution in PBS (pH
7.4) for 2 h at 4 °C, in a light-protected dish. Then the electrode was
rinsed carefully by immersing it in purified water for ca. § s and dried
for ca. 10 s with nitrogen at 0.2 bar. In the following step, the
electrode was incubated using 10 4L of 2 g mL™" protein A solution
in PBS (pH 7.4) for 1 h, at room temperature, and then rinsed and
dried again in the same way as after the addition of GA. Afterward, the
working electrode was incubated with 10 #L of 2 ug mL™" anti-SARS-
CoV-2 antibody solution in PBS (pH 7.4) for 30 min. The electrodes
were then kept at 4 °C overnight to reach the conformational stability
of proteins. The remaining nonspecific binding sites were covered
with BSA by exposing the working electrode of the SPCE to 10 yL of
10 ug mL™" BSA solution in PBS for 30 min, at room temperature.
Finally, the electrodes were rinsed with purified water and dried with
nitrogen to eliminate liquid residues on the surface and were ready for
use. When not used, the immunosensors were stored in a closed vessel
in the refrigerator at 4 °C. A detailed scheme of the immunosensor
architecture and its detection principle is shown in Figure la.

2.5. Electrochemical Measurements. All electrochemical
measurements, ie., cyclic voltammetric (CV) and electrochemical
impedance spectroscopic (EIS), were performed using a portable
PalmSens 4 potentiostat/galvanostat controlled by the PSTrace 5.9
software (PalmSens BV, Netherlands). Electrochemical impedance
spectroscopy (EIS, Nyquist plots) measurements were performed in
the frequency range of 10*~107" Hz at the potential of +0.14 V vs
integrated silver quasi-reference electrode at the SPCE, with an

amplitude of 5 mV, using 1.0 mM [Fe(CN)4]*~*" in 0.1 M KCl as a
redox probe. As the analytical signal, the difference between the R
value extracted from the measurement of the incubated sensor (R;,.)
and the R, value of the nonincubated sensor (Ryjui), i-€4 Rine — Rpjanto
was used. These values were obtained by fitting the raw impedance
data using the equivalent electrical circuit Rg(Ryxene Quxene) ([ReZuy]
Cq). Herein, Ry corresponds to the solution resistance, Cy is the
double-layer capacitance, Ry is the charge transfer resistance of the
sensing layer/electrolyte interface, and Z\; is the Warburg element
that models the diffusion phenomenon; Ryyee and Qyxene correspond
to the resistance and the constant phase element of the nonideal
capacitance of the underlying V,CT, MXene layer, respectively.

2.6. Characterizations. The X-ray photoelectron spectroscopy
(XPS) measurements were performed using a Supra+ device (Kratos,
Manchester, UK) and an Al K, excitation source. The binding energy
(BE) scale was corrected based on the C—C/C—H peak in the C 1s
spectra. High-resolution spectra were acquired at a 90° takeoff angle.
Sputtering was performed with a S keV Aryy," gas cluster ion beam
rastering over 2 by 2 mm. During the depth profiling, spectra were
acquired in the center of the sputter crater on a 110-um spot size (in
diameter) at the pass energy of 40 eV. Spectra acquisition and
processing were performed using ESCApe 1.5 software (Kratos).

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurements were conducted using a M6 device (IONTOF,
Munster, Germany) and a 30 keV Bi* primary beam (target current
of 1.0 pA). Spectra acquisition and processing were performed with
SurfaceLab 7.3 software (IONTOEF). 3D depth profiles were obtained
using 2.5 keV Arj45," gas cluster ion beam rastering over 500 by 500
pm and the analysis of an area of 300 by 300 #m in the middle of the
sputter crater. Spectra calibration was performed with the signals at
known m/z.

The morphology of the exfoliated materials was observed by
Tescan Maia 3 with a field emission gun (Tescan, Czech Republic).
The measurements were performed at an acceleration voltage of 20
keV. An SDD detector (X-MaxN 80 TS) from Oxford Instruments
(England) was used to obtain the elemental maps and EDX spectra.
The materials were sonicated in an aqueous solution for 20 min in an
ultrasonic bath (T < 30 °C, 37 Hz, 100%) to guarantee a dispersion of
the MXene and drop-cast on a TEM grid (Cu; 200 mesh; Formvar/
carbon). The drop-cast samples were dried under a vacuum. Field-
emission scanning electron microscopy (FE-SEM) images and the
EDX analysis of V,CT, MXene deposited onto the SPCEs were
obtained with a high-resolution scanning electron microscope (Carl
Zeiss SUPRA 35 VP FE-SEM) equipped with an energy-dispersive X-
ray spectrometer (Oxford Instruments Inca 400 EDX).

3. RESULTS AND DISCUSSION

3.1. Characterization of V,CT, MXene Layer. MXenes
were introduced on the electrode surface by a drop-casting
technique. It has been shown that a relatively small quantity of
(nano)particles needs to be dispersed over the electrode
surface to harvest the electrocatalytic potential of MXenes;”*
thus, the concentration of the MXene suspensions in the initial
experiments was in the range of 1—10 mg mL ™, corresponding
to the final mass concentrations of 80—800 ug cm™ in the
deposited layer. In addition to a V,CT, MXene layer, we also
introduced a highly diluted Nafion coating (0.0025% in
absolute ethanol) to immobilize the MXene particles at the
electrode surface. The surface of the modified electrodes was
first investigated using 3D interferometry, and the correspond-
ing images are presented in Figure Sla—c. With MATLAB-
compiled software, we calculated the average thickness of the
V,CT, MXene coatings using the prerecorded interferograms
of the nonmodified and modified SPCEs as the source data. All
data sets consisted of approximately 4600 imaging points per
circular electrode area. The highest average thickness of the
modification coating was observed when using 10 L of 10 mg

https://doi.org/10.1021/acsami 404567
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Figure 2. (a) FE-SEM analysis of the synthesized V,CT, MXene and (b) EDX analysis of an accordion-like V,CT, MXene moiety.

mL™" MXene, i.e, ca. 1.5 um in height, and significantly lower
thicknesses for modifications with more diluted MZXene
solutions (see Figure Sla). The fluctuation of the thickness
within the same sample, commonly present in drop-cast films,
was elucidated by observing randomly chosen line sections
through the approximate geometrical center of the modified
electrode (see Figure Slc). Notably, the same trends in all
samples were observed regardless of the chosen line section.
The initial electrochemical study of the V,CT, MXene
deposits was conducted by EIS analysis in the presence of 1.0
mM [Fe(CN),J>* in 0.1 M KCl, and the corresponding
Nyquist spectra are shown in Figure 1b. The spectra
considerably changed by introducing the modification coatings
using 1 and 2 mg mL™" V,CT, MXene in the drop-casting
solutions compared to a nonmodified SPCE that exhibited a
relatively high charge transfer resistance. The EIS spectra
changed further with the increasing concentration of the

- ado

AN o P P .
a preaol

MXene to 5 and 10 mg mL™', sh
contribution of the diffusion of redox species. When using the
last two concentrations of V,CT, MXene, a somewhat higher
degree of irreproducibility for the impedimetric parameters was
observed, which was not the case at lower concentrations of 1
and 2 mg mL™" V,CT, MXene (results not shown). This lack
of reproducibility was manifested in larger standard deviations
of EIS-fitted parameters (>25%) across replicate measure-
ments. Additionally, the introduction of the highest examined
MXene concentration of 10 mg mL™" resulted in a certain
extent (although low) of undesired material leaching. For this
reason, we have decided to use electrodes modified with 2 mg

mL™! solution of V,CT, MXene in all further studies. In
addition, the electrodes modified with 2 mg mL™" solution of
V,CT, MXene were characterized by CV, and the obtained
voltammograms are presented in Figure Ic. Similarly to already
investigated titanium MXene, i.e., Ti;C,T,, the V,CT, MXene
is also susceptible to electrooxidation, in this case to the
stepwise electrooxidation in the anodic region at ca. +0.1 and
+0.6 V, with a decrease and merging of the related peaks with
further voltammetric cycles, implying the presence of metal
m{ide;25 likewise, a weak reduction signal at ca. +0.3 V still
persists after subsequent scans. The matter of the innate
MXene oxidation was already addressed in the case of
TisC,T,, """ suggesting that the oxidation results from the
anodization of metallic atoms at the defect sites and edges, and
the extent of this electrochemical instability is mainly governed
by pH of the electrolyte and thickness of the MXene flakes.
Although most of the vanadium sites are likely to remain intact
by the electrochemical process and do not transform into
oxide, from the application perspective, this instability might
be a favorable intrinsic property of the MXene-based materials.
For example, the electrochemically induced coexistence of
different vanadium valence states was successfully imple-
mented for high-performing Zn-ion batteries.”® More specif-
ically, a nanoscale vanadium oxide (VO,) coating effectively
served for multielectron reactions while the sublayers of V,CT,
remained structurally intact and formed “so-called” nano-
channels with intrinsically high conductivity, creating an
overall synergy between the existing structural features. We
also characterized the SPCE surfaces modified with the
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Figure 3. (a) Bright-field mode STEM/EDX analysis of the V,CT, MXene flake with EDX layered image, respective map of elements and electron
micrograph. (b) Detail of the area used for EDX 1D line scan analysis of the V,CT, MXene flake and respective profile of detected elements (wt
%). The scale bars represent 1 ym, and the length of the line scan is ca. 2.3 ym.

optimized amount of V,CT, MXene, ie, 2 mg mL7, after
sonication of as-synthesized material, and the corresponding
images are shown in Figures S1b, S2a, and S2b. A 15 min
sonication of the modification material resulted in almost
complete delamination of the V,CT, MXene particles, assuring
uniform coverage of the electrode surface with the
predominant existence of MXene-originating flakes and
irregular submicrometer particles.

In addition, we performed a morphology analysis of the
synthesized V,CT, MXene (Figure 2a). The etching process
during MXene synthesis caused the removal of metallic
interlayers from the precursor V,AIC MAX phase, resulting
in an irregular, accordion-like morphology of the multilayered
V,CT, moieties.

As previously reported, the etching process is the most
delicate step in MXene synthesis, where the removal of
metallic interlayers can lead to the presence of different MXene

structures, including MXene clay, intercalated MXene clay, and
delaminated clay, accompanied by the degradation of MX
layers to carbon and vanadium oxide.”” In other words, the
phase structure of V,CT, MXene, its structural integrity, and
particle size distribution are strongly dependent on the
synthesis of the precursor V,AIC MAX phase and the
subsequent etching protocols. Under the given experimental
conditions, we observed the coexistence of several features,
which were confirmed by the presence of clay laminated
moieties, delaminated clay, and irregular submicron oxide
particles decorating the scattered MXene-based particles.

We also carried out an EDX analysis of the material shown
in Figure 2b. The vanadium, oxygen, fluorine, and carbon were
detected in all sampled areas of the material, corresponding
mainly to MXene-based moieties and/or vanadium-based
oxides. In addition, low amounts of aluminum impurities
were detected, originating from the precursor MAX phase;

https://doi.org/10.1021/acsami.4c04567
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Figure 4. (a) Nyquist spectra of the V,CT,/Nafion SPCEs incubated for 1 h with 10 g mL™" protein A after modification with GA using different
modification times, and without GA; surface morphology (FE-SEM) of (b) electrodes incubated with protein A without GA as a cross-linker,
followed by incubation with protein A, and (c) electrodes modified with GA for 120 min, followed by incubation with protein A, and (d) effect of
the SARS-CoV-2 spike protein incubation time upon the signal. The incubation drop volume was 10 yL, and the concentration of spike protein in

PBS (pH = 7.4) was 107° yg mL™".

however, their presence is not expected to significantly affect
the functionality of the MXene-modified immunosensor.
Oxygen was mainly present on the exposed surfaces of the
as-synthesized material (see Figures S3a and S3b), and the
corresponding elemental compositions are listed in Table S1.
This is also supported by the STEM/EDX mapping of
elements on individual micrometer scale flakes after the
sonication (Figures 3, S4a, S4b). The midsection line scan
analysis of the flake indicates that the distribution of O wt % is
consistent across, while F wt % seems to be more abundant at
the edges of the flakes. The C wt % is overestimated due to the
evaporated carbon film characteristic of STEM grids. More-
over, V wt % has a noticeable increase within the region of the
flake, up to 58%, while the Al wt % is kept under 7 wt % level.
Oxygen can be attributed either to the terminal groups in the
remaining MXene nanoflakes or to the presence of vanadium-
based oxide nanoparticles. Finally, a significant amount of
fluorine was observed, originating from the exfoliation agent,
ie, HF. Its presence is assigned to fluoride or oxyfluoride
species and the terminal groups in MXene moieties.

3.2. Sensor Architecture Optimization Studies. GA is
widely used as a cross-linking agent due to its high reactivity
toward amino, hydroxyl, and carboxyl groups. In this study, GA
was used to form a stable cross-link between the V,CT,
MXene/Nafion layer and protein A, the latter supporting the

site-oriented immobilization of the anti-SARS-CoV-2 antibod-
ies. The existing literature contains several articles in which
proteins were directly adsorbed onto the composite layer of
various nanoparticles with Nafion, such as carbon nano-
dots,***! carbon nanotubes,** or multiwalled carbon nano-
tubes.> However, the adsorption approach inevitably leads to
protein denaturation, lower stability, and random alignment,
resulting in sensors’ poorer analytical performance.”’ Alter-
natively, the surface can be modified with different cross-
linkers, e.g, MPA (3-mercaptopropionic acid) or EDC-NHS
(carbodiimide 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide and N-hydroxysuccinimide),’>*® prior to the
immobilization of antibodies, providing improved stability.
Our approach exploits the reactivity of GA toward various end
groups at the Nafion-coated V,CT, MXene layer, such as
sulfonate groups in Nafion and OH terminal groups in V,CT,,
and its efficacy in immobilizing }:vr()teins}F39 Nonetheless, GA
protocols are designed empirically with respect to the binding
protein and require optimization of pH, concentration,
temperature, time, etc.*’ Moreover, based on our experience,
it is of utmost importance that the GA solutions are always
freshly prepared prior to the modification step and that the
subsequent reaction with the proteins is carried out instantly;*'
otherwise, cross-linking can be compromised due to the
intrinsic instability of GA. Our initial study (not shown)
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Figure S. High-resolution XPS spectra (a) of C 1s and K 2p, F 1s, V 2p, and O 1s for different samples, and (b) obtained during depth profiling
with the S keV Aryy00" of C 1s, S 2p, F 1s, V 2p, O 1s, and N 1s for the SPCE/MXene/Nafion/GA/protein A sample. The lowest spectra presented

in part b correspond to the measurements before sputtering.

revealed that the modification with GA should be performed at
2—8 °C and under reduced light conditions to prevent its
degradation. On the contrary, modifications performed under
ambient and daylight conditions resulted in a nonreproducible
electroanalytical behavior.

The efficiency of GA cross-linking was investigated by EIS in
the presence of 1.0 mM [Fe(CN)¢]*~/# in 0.1 M KCl after the
GA-modified electrode surface was incubated with 10 yg mL™"
protein A for 1 h. The experiments were carried out with
different GA modification times ranging from 30 up to 180
min. For comparison, we also included the sample without GA
as a cross-linker; Nyquist spectra show a depressed semicircle
related to charge transfer resistance at the surfaces of the
electrodes and diffusion tails related to the mass transfer of
redox species (Figure 4a). The Nyquist spectrum of the
electrode surface without GA exhibits a less resistive behavior
than surfaces with the GA (up to 120 min), indicating that the
direct adsorption approach without a cross-linker leads to
lower coverage of the electrode surface with protein A. On the
other hand, the extended modification time of 3 h for GA
exhibited lower resistance, indicating degradation of GA in
water-based solutions.”” In addition, we examined protein A-

modified SPCE by FE-SEM and observed abundant cross-
linked spherical protein A clusters of ca. 100 nm at the SPCE
surface modified with GA for 120 min (Figure 4c). On the
contrary, the electrode modified with protein A without a
cross-linking step exhibited a significantly different morphology
with fewer and randomly scattered protein A moieties (Figure
4b). Considering the results of this study, further optimization
steps were carried out using V,CT,/Nafion SPCEs modified in
a 2.5% GA solution for 120 min prior to protein A
immobilization.

Before testing the analytical performance, we conducted an
optimization study considering the incubation time of the
SARS-CoV-2 spike protein. The study was aimed at finding the
most intense signal, i.e., the difference between the R
determined from EIS measurements for the sensor incubated
at a relatively low spike protein concentration (10~ yg mL™",
ie, 67 fM) in PBS (R,,.) and the Ry, (Figure 4d). The
investigation of the spike protein incubation time showed that
S min of incubation was insufficient to obtain a signal 3-times
higher than the standard deviation of the Ry, whereas the
highest analytical signal was observed after 15 min of
incubation. It was observed that for times longer than 15

https://doi.org/10.1021/acsami 4c04567
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min, the analytical signal decreased and reached a plateau due
to the equilibrium state between the forward and reverse
reaction, i.e.,, binding and dissociation of antigen, respectively.
In solution, the antibody—antigen reaction occurs in a few
seconds,43 and to reach complete equilibrium, where a
significant proportion of antibodies are bound to the antigen,
more time is required, ranging from minutes to hours. On the
other hand, the forward reaction between the antibody and
antigen at the solid—liquid interfaces is constrained by both the
geometry and organization of the receptor molecules.** This
means the surface reactions are less pronounced and take
longer to reach equilibrium than those in solution. To tackle
this, the incubation solution was applied via a droplet of 10 uL,
which concentrated the antigen in the proximity of the
antibody-modified electrode, potentially leading to more
effective binding and faster equilibrium. However, since the
sharp increase of the forward reaction was observed already
after 15 min, characterized by a stable charge transfer signal,
we incorporated this incubation time for all further tests. Such
a short incubation time fulfills the requirements of rapid on-site
applications that match the performance of existing so-called
rapid commercial (qualitative only) serological and molecular
assays.”

The stepwise fabrication of the immunosensor described
above was monitored via CV and EIS, as shown in Figure SS.
The change of the vanadium- and iron-related signals in cyclic
voltammograms performed in 1.0 mM [Fe(CN)¢J** in 0.1
mol L™! KCI at the V,CT,/Nafion SPCEs was used to follow
the sequential addition of sensing layers, i.e, GA as a cross-
linker, protein A, anti-SARS-CoV-2 antibody, and BSA as a
blocking agent (see Figure SSa). As the electrode becomes
covered with mostly negatively charged components, the
diffusion of negatively charged redox probes toward available
electrode sites decreases. At the same time, the thicker sensing
layer decreases the ion exchange efficiency needed for the
successful operation of the vanadium redox activity. The
successful incorporation of proteins, i.e., protein A, antibodies,
and BSA, was confirmed by gradual increases in the size of the
Nyquist semicircles corresponding to the charge transfer
resistance at the sensor interface, indicating sequential changes
in the sensor architecture (Figure SSb).

3.3. XPS and ToF-SIMS Studies of the Sensor
Architecture. The sensor architecture during the fabrication
process was investigated using XPS and ToF-SIMS techniques.
Figure Sa shows high-resolution XPS spectra recorded at
different fabrication stages. Potassium (K 2p doublet) was
detected in some samples but not in all. It may originate from
the PBS residues and potassium hexacyanoferrate(II/III) used
to characterize the electrochemical behavior of SPCE when
obtained and before their modification. The main peak in the
C 1s spectra at a BE of 284.8 eV corresponds to the C—C/C—
H (present in all samples). The shoulder on the more positive
binding energy (BE) side of the main peak represents the C—
N signal originating from the amino acids that are the major
building blocks of protein A (blue spectrum in Figure Sa). The
peak at ca. 292 eV is attributed to the CF,/CFO in Nafion.
This peak is present for the Nafion-contained samples and
decreases as more layers are applied to the Nafion, i.e., GA and
protein A (see orange and dark green spectra in Figure Sa).*®
On the other hand, MXene-related features corresponding to
C=0 and O—C=O0 are located at ca. 287 and 289 eV,
respectively.”” These features are present in all samples
containing V,CT, MXenes. The F 1s spectra confirm the

presence of Nafion and MXene on the electrode surface. The
position at the dashed line 1 at ca. 689 eV correigonds to the
position of the Nafion-based fluorine signal,™ while the
fluorine terminal groups in MXene are described by a low-
intensity peak at more negative BE (at the position of dashed
line 2, approximately at 685 eV).*” As for the vanadium
features, a clear doublet of the V 2p spectra is observed. The
position of the V 2p;,, indicates that vanadium is present in
the V(I1), V(III), and V(IV).*”°**! In addition, the position at
the dashed line 1 at ca. 517 eV corresponds to V-0, while the
low-intensity shoulder at ca. 516 eV (line 2) can be associated
with V—C. Since oxygen is present in all components, the
corresponding O 1s spectra provide deeper information about
the architecture of our sensor and its stepwise fabrication. Bare
SPCE contains two features at ca. 532 and 534 ¢V, both of
which are due to oxygen originating from organic molecules or
bound water molecules on the SPCE surface (positions at
dashed lines 2 and 3). On the other hand, the signal from
oxygen belonging to the sulfonate groups in Nafion develops at
ca. 535 eV (dashed line 1), which was observed in the SPCE/
Nafion sample and other samples containing Nafion. In the
SPCE/MXene sample, the feature at the most negative BE at
ca. 530 eV (dashed line 4) belongs to O in V-=C—O and/or
V—C—OH originating from MXene.*’ In the case of protein A
adsorbed on the surface of SPCE, i.e., for the sample SPCE/
protein A (O 1s blue spectrum in Figure 5a), the O Is
spectrum is slightly different from that of the bare SPCE, likely
due to the contribution of the amino acids, i.e, C=0, C-0,
and O—C=0 with BE positions at ca. 532 eV. When the
SPCE is modified with both MXene and Nafion (O 1s gray
spectrum in Figure Sa), the spectrum is dominated by the
features belonging to the oxygen in MXene (the same as for
red spectrum in Figure Sa), while the oxygen from the
sulfonate groups of Nafion from SPCE/MXene/Nafion is
present at the same position (O 1s gray spectrum in Figure Sa)
as in the SPCE/Nafion sample (O 1s green spectrum in Figure
Sa, position at dashed line 1). Finally, an intense feature
appears at ca. 532 eV after the addition of protein A, which can
be assigned to its oxygen belonging to the hydroxyl, carbonyl,
or carboxyl groups of amino acids.

Additional XPS spectra are presented in the Supporting
Information. The peak in Al 2p spectra was detected for the
sample SPCE/MXene/Nafion/GA/protein A (Figure S6a). As
shown above, in the discussion concerning the EDX analysis,
about 1 wt % Al is randomly distributed on the surface of the
electrode and belongs to the parental MAX phase and/or
aluminum (oxo)fluoride particles; the contribution of alumi-
num in the XPS spectra is incidental with respect to the
acquisition site and was observed only in the complete
architecture of SPCE/MXene/Nafion/GA/protein A.

As the Al 2p peak was present, it suggests that the remaining
sparse Al moieties on the surface are exposed as inactive areas,
implying that they do not interact with additional functional
layers. Additionally, Cl 2p and Si 2p spectra shown in Figures
S6b and S6c belong to SPCEs originating from binders
commonly used for the preparation of screen-printing carbon
pastes. Therefore, the signals of these two elements were only
detected in samples not covered with MXene, where the
coating was thinner than the sampling depth of the XPS
technique (ca. S—10 nm), i.e., at the SPCE/GA, SPCE/Nafion,
and SPCE/protein A. As expected, the complete sensor
architecture has no Cl 2p and Si 2p signals. The N 1s spectra
are shown in Figure S6d. The nitrogen signal mainly comes
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from the amino groups, with a characteristic feature at about
400 eV, which is most intense for adsorbed protein A in sample
SPCE/protein A (blue spectrum in Figure S6d) and in
chemically bound protein A to GA (dark green spectrum in
Figure S6d). It is also observable in the sample SPCE/MXene
at the position of 402 eV (red spectrum in Figure S6d),
corresponding to the binder of the screen-printing paste, or
hexacyanoferrate from SPCE pretests explained above in the
manuscript.

In addition to the XPS analyses for each stage of the sensor
fabrication process, Figure Sb demonstrates spectra obtained
during depth profiling using a 5 keV Ar," for the SPCE/
MXene/Nafion/GA/protein A sample. The lowest spectra
represent the surface of the sample before sputtering, whereas
the upper spectra are stacked based on the sputtering progress
through the sample. In the C 1s and K 2p spectra, potassium

e

CHOCH,CH," CyuHz05

Figure 6. 3D ToF-SIMS images showing the distribution of main
constituents of sensor architecture. The signal representing V,CT,
MXene is shown in green, Nafion in red, GA in violet, and protein A
in blue.

signal was observed, originating from the potassium
hexacyanoferrate(II/III) residues during SPCE characteriza-
tion. The signal K 2p increases with sputtering and has a more
significant contribution closer to the surface of the SPCE, as
can be seen in the upper spectra (K 2p spectra in Figure Sb).
Also, increasing the sputtering time decreases the CF,/CFO
signal as the Nafion is gradually removed from the sensor
surface. In the S 2p spectra, the signal has low intensity and is
more pronounced closer to the SPCE surface, which can be
attributed to the Nafion layer. The analyzed spot size for XPS
measurements during depth profiling is smaller, ie., the
diameter of the analyzed area during depth profiling was 110
pum, whereas for the spectra acquisition shown in Figure Sa, a
larger area was analyzed, ie, 300 by 700 ym. Thus, the
intensity of species with low surface atomic concentrations is
less pronounced during depth profiling. This is most likely why
the S 2p signal corresponding to protein A, ie., from
methionine amino acids, was not developed (positioned at
dashed line 2). However, the N 1s signal originating from
protein A is present (described below). The F 1s spectra
shown in Figure Sb reveal a BE shift in the signal representing
Nafion (dashed line 1) to the underlying MXene (dashed line
2) as sputtering progresses. The environment of V does not
change significantly during sputtering, as seen in the V 2p
spectra in Figure Sb; however, it is noticeable that the low BE
side of the most intense peak is more pronounced for spectra
representing regions closer to the electrode surface, suggesting
that the upper part of the MXene layer consists of higher
valence V(IV) states. As sputtering progresses, the peak
corresponding to O in inorganic species, i.e,, V—C—O bond,
becomes more intense (position on dashed line 4), and the
high BE features of O in organic species associated with
protein A become less intense with sputtering (positions at
dashed lines 1-3), as the organic species are gradually
removed during the sputtering process. Finally, as expected,
the signal for N, originating from protein A (in particular from
amino groups), is more intense at the topmost position (lower
N 1s spectra) and decreases during the sputtering procedure.
The depth profiles (surface atomic concentration vs sputtering
time) of the main species for the SPCE/MXene/Nafion/GA/
protein A sample are shown in Figure S7.

The ToF-SIMS technique was used to determine the spatial
distribution of the constituents within our sensor architecture
before introducing the antibody. 3D ToF-SIMS profiles were
measured in positive (Figure 6) and negative (Figure S8)
polarity. VO* or VO, signals were used to represent V,CT,
MXene; CF* and CF;” signals were employed to determine

the spatial distribution of Nafion (C,HF;;0S-C,F,);
CHOCH,CH," signal represents a fragment ion from GA
(CsH40,); protein A was characterized by Cy3H,,0;" and
C3HO;™ fragments. The corresponding MXene signals, ie.,
both positive (VO*) in Figure 6 and negative (VO,") in Figure
S8, are evenly distributed in the observed region, which is in
agreement with the presented 3D profilometry, microscopy
analysis, and the elemental XPS depth profiling. The Nafion
membrane, which serves to immobilize the particles, appears to
be evenly distributed when the contributions of the negative
CF~ moieties are taken into account (Figure S8). The
contribution of GA is clearly visible and is based on the
coherent CHOCH,CH," signal; moreover, GA forms visibly
homogeneous cross-linking support for the upstream protein A
molecules. The latter are characterized by a signal deriving
from high carbon, hydrogen, and oxygen moiety C;3H,,0;".
Similar moieties have already been used for protein
identification by the means of ToF-SIMS.** The observed
distribution agrees well with the results of the FE-SEM
analysis, which showed protein A clusters on the top of the
modified electrode that typically form in the presence of the
GA cross-linker.

3.4. Analytical Performance of the Sensor. Due to the
well-known intrinsic irreproducibility, the SPCEs were first
subjected to the square-wave voltammetric characterization in
1.0 mmol L™ [Fe(CN)s]‘FM* in 0.1 mol L™ KCI, and only
those with the peak current falling into the range of 50—60 uA
were used for further modifications to prepare immunosensors;
this voltammetric technique offers improved sensitivity versus
cyclic voltammetry, particularly for electrochemically reversible
redox systems. The electroanalytical performance of the V,CT,
MXene-based immunosensor was investigated by increasing
the concentration of spike protein in the broad range of 107
pug mL™' — 0.1 pg mL™' (Figures 7a and 7b). The
immunosensor revealed a linear Ry, — Ry response (1% =
0.99) in the examined concentration range in combination
with a short incubation time of only 15 min. Using the 3¢
criteria, a very low limit of detection of 45 fM was obtained. In
addition, the intraday reproducibility calculated as the relative
standard deviations of 8% and 9% were observed for
nonincubated sensors and sensors incubated with 107 ug
mL™" of spike protein, respectively.

We tested the immunosensor in the presence of a model
interferent SARS-CoV-2 nucleocapsid protein, also known as
protein N, at three different concentrations, ie., 1075, 1073,
and 107! ug mL™". Surprisingly, negligible changes in the R,
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HCoV-HKU]I, and HCoV-OC43.

were observed upon incubation for all three investigated
protein N concentrations (Figure 8a). The R values were in
the range of a blank signal and significantly lower compared to
the signal obtained for a low concentration of the target spike
protein, indicating a favorable selectivity of the newly
developed immunosensor.

To thoroughly investigate the potential of our sensor, we
also performed a selectivity study including spike proteins of
several human coronaviruses of similar structures to SARS-
CoV-2, ie, HCoV-OC43, HCoV-HKU1, HCoV-NL63,
HCoV-229E, and MERS-CoV. All of these viruses commonly
cause mild to moderate upper respiratory tract illnesses in
humans. Their symptoms can overlap with the symptoms
caused by SARS-CoV-2. The results of this study are presented
in Figure 8b. It can be noted that MERS-CoV, HCoV-HKU],
and HCoV-OC43 did not cause any significant interference,
with observed selectivity factors of —13%, +5%, and +23%,
respectively. The selectivity factors were calculated as a ratio
between the EIS signal of interferent and SARS-CoV-2. On the
other hand, HCoV-NL63 showed a somewhat higher signal
contribution with a selectivity factor of +75%. Interestingly, a
substantial decrease in the analytical signal occurred upon
incubation with HCoV-229E with a selectivity factor of —81%.
Considering the latter results, it is rather challenging to
completely interpret the observed phenomenon; the higher
molecular weight of the HCoV-229E spike protein compared
to other investigated candidates, as well as its positive net

charge, may explain the unexpectedly low signal. On the
contrary, structural similarities to SARS-CoV-2 are notably the
most pronounced in the case of HCoV-NL63, resulting in the
highest positive selectivity factor observed.

Finally, we carried out measurements in the artificial
nasopharyngeal fluid (ANF) spiked with 100 yg mL™" spike
protein. Nasopharyngeal fluid, being rich in diverse compo-
nents, such as mucus, proteins, protein mimics, salts, ions, and
cells, can strongly influence the immunosensor’s operation.
Thus, the spiked nasopharyngeal samples present a big
challenge for the electrochemical immunosensing platforms.
To attenuate the matrix effect of the nasopharyngeal fluid, we
implemented dilutions of the sample with PBS (pH = 7.4), ie.,
10, 20, and SO times. A linear signal for three consecutive
dilutions (** = 099, n = 3) was obtained, along with a
sensitivity of 51.22 + 6.26 Q-mL-ug™", as shown in Figure
S9a,b. Notably, likely due to the matrix effect, the shape of the
obtained EIS spectra was affected so that the contribution from
the MXene-modification layer, characterized by determined R
when incubated with the spike protein samples in PBS, was not
observed and was excluded from the corresponding equivalent
circuit; this phenomenon is attributed to the sluggish ion
diffusion. Thus, to process the obtained data, an even simpler
Randles-type circuit was used, ie, Rg([R.Zw]Qa). The
obtained values for the analytical signal, ie., Ry, — Ry
were lower in comparison to the values obtained for the
samples in PBS, accounting for the idle kinetics of the
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antigen—antibody reactions in a complex matrix within the
incubation time frame of 15 min. Under the given conditions,
the reactivity of SARS-CoV-2 spike protein toward antibodies
immobilized on the surface can be reduced due to interactions
with other glycoproteins or entrapment by macrophages and
dendritic cells of ANF. Although the accuracy of the
measurements was slightly compromised, the sensor exhibited
high linearity and good sensitivity, demonstrating its potential
for reliable detection of SARS-CoV-2 spike protein.
Furthermore, due to potential pH fluctuations in real samples,
the operation of the immunosensor was tested in samples with
different pH values, ie., S, 6, 7.5, and 8. Interestingly, the
experiments revealed the highest response (Ry,. — Ryj) in the
sample with pH 7.5, and the samples with pH 5 and 6 showed
almost the same responses which were ca. 25% lower than that
at pH 7.5, whereas the measurement in the sample with pH 8
exhibited a signal ca. 14% lower compared to the signal
recorded at pH 7.5 (Figure S10).

Such electroanalytical performances can be attributed to
favorable interlayer synergies of the presented immunosensor’s
architecture. This includes, apart from the inherent sensitivity
of the EIS technique, a stable and (electro)catalytically active
layer of V,CT, MXene flakes immobilized in Nafion film,
which simultaneously serves as an effective support for
glutaraldehyde deposition, the latter enabling an efficient
binding of protein A for further site-oriented covalent
immobilization of anti-SARS-CoV-2 antibodies. At the same
time, the application of BSA as a blocking agent against
unspecific binding events still allowed a very sensitive
functioning of the immunosensor. In comparison with other
similar impedimetric immunosensors for the SARS-CoV-2
antigen listed in Table S2, we can conclude that our
immunosensor compares favorably or even Surpasses them,
considering the overall sensing performances.” ™!

4. CONCLUSIONS

An immunosensor based on V,CT, MXene exhibited excellent
sensitivity and satisfactory selectivity toward SARS-CoV-2
spike protein in combination with electrochemical impedance
spectroscopy. The electrocatalytic MXene was immobilized on
the supporting SPCE surface using a thin Nafion layer
additionally functionalized with the GA-cross-linked protein
A. The optimized immunosensor architecture showed a
favorable electrocatalytic capability of V,CT, MXene, enabling
sensitive, label-free, and rapid impedimetric detection of the
SARS-CoV-2 spike protein with a detection limit as low as 45
fM, in combination with only 1S min incubation. The practical
applicability of the immunosensor was demonstrated through
the successful detection of SARS-CoV-2 spike protein in
artificial nasopharyngeal fluid. Its electroanalytical performance
indicates a great potential of the MXene-based interfaces for
their broader immunosensing applications and suggests
another direction toward developing rapid and point-of-need
immunoassays.
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Keywords: Since the discovery of Citrus bark cracking viroid (CBCVd) in hops in 2007, affected hop-growing countries such as
CBC‘T Slovenia and Germany have been actively pursuing efficient and easily accessible diagnostic tools that could
Viroi

contribute to the early detection of CBCVd in the field. In the early stages of CBCVd infection, typical symptoms
A detaction or subtle signs of spread may not be evident. Detection becomes feasible only when the plant begins to display
Impedimetric genosensor symptoms. Unfortunately, there is currently no treatment available, which requires the removal of infected
MXene plants as the only viable solution. However, this approach leads to significant economic losses on a large scale.
This work demonstrates the development and study of a sensitive, selective, and label-free impedimetric geno-
sensor for the detection of CBCVd in total RNA hop samples. The genosensor is based on a supporting glassy
carbon electrode modified with streptavidin-agarose beads, which serve as an effective immobilization layer for a
biotinylated single-stranded DNA capture probe. The integration of a 2D-layered TizgC,Ty MXene into the sensing
architecture resulted in a significantly improved electroanalytical performance of the genosensor. Several
fabrication and operational parameters were optimized, such as the streptavidin-agarose beads deposition time,
capture probe immobilization time and concentration, and sample incubation time. The optimized genosensor
exhibited a limit of detection of only 0.5 fg uL-" (5.5 fmol L) in combination with a one-hour incubation with
the denatured total RNA hop extract, thus eliminating the need for an additional and laborious amplification
step.

Hop

1. Introduction by viroids, the smallest biological pathogens capable of replication using
host enzymes. Viroid infections can be highly aggressive, resulting in
The hop (Humulus lupulus L.) is an economically important crop due reduced plant growth, dwarfing, abnormal leaf shapes, yellowing, ne-

to the worldwide use of its secondary metabolites in breweries [1] and crosis, and leaf rolling [4]. The structure of viroids consists of
pharmaceutical companies [2]. Over the past three decades, global hop non-encapsulated, single-stranded, circular RNA molecules ranging in
production has surged, with the United States and Germany leading the size from 239 to 401 nucleotides, whose nucleotide sequence does not
way [3]. Hops are susceptible to many diseases, including those caused allow protein-coding [5]. Viroids spread through various ways,
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predominantly by mechanical contact with agricultural equipment, by
leaf-to-leaf contact, and by human handling, as well as by seeds, pollen,
and insect vectors [6].

The Citrus bark cracking viroid (CBCVd) was first discovered in citrus
fruits in 1988 and was classified as a mild pathogen for these plants [7,
8]. However, in 2007, CBCVd was discovered in Slovenian hop plants,
leading to the complete eradication of over 300 ha of hop fields due to
the viroid’s aggressive nature [9,10]. CBCVd is particularly devastating
for hop cultivation, causing severe symptoms such as plant stunting
(reduced growth and overall size compared to healthy plants), root dry
rot, and plant dieback three to five years after infection. Despite the
Slovenian national eradication program, CBCVd continues to threaten
farmers and hop production as an emerging highly aggressive pathogen.
In 2019, a CBCVd outbreak appeared in Germany, and the most recent
report comes from Brazil in 2023 [11], posing a threat to hop-growing
regions in Europe and worldwide [10].

The emergence of such pathogens underlines the urgent need for
rapid and straightforward viroid detection methods. Early identification
of plant diseases can prevent or limit the spread of emerging infections,
ultimately reducing costs and minimizing damage caused by contami-
nation [12]. The insidious nature of CBCVd, characterized by the
absence of typical symptoms or the presence of only atypical symptoms
during the early stages of infection, highlights the importance of simple
and reliable on-site detection for farmers [9].

Typically, the identification of pathogens such as viruses and viroids
relies on conventional or advanced molecular biology techniques [13].
These methods tend to be both costly and time-consuming. Examples of
such methods include polymerase chain reaction (PCR), reverse tran-
scription quantitative PCR (RT-qPCR), loop-mediated isothermal
amplification (LAMP), enzyme-linked immunosorbent assay (ELISA),
and CRISPR-Cas-based detection [14].

Alternatively, electrochemistry offers simple and cost-effective ap-
proaches for detecting microbial pathogens. Designing biosensors for
plant pathogens typically involves the modification of the electrode
surface to immobilize biological recognition elements for interaction
with the target [15]. While significant progress has been made in the
development of electrochemical biosensors for plant pathogens over the
past three decades [16], reports specifically addressing viroids remain
scarce. For example, a graphene/zinc oxide nanocomposite genosensing
platform capable of detecting a CCCVd (Coconut cadang-cadang viroid)
RNA oligonucleotide over a linear range of 1.0x107! M to 1.0x10™°® M
was presented [17]. The initial modification layer was functionalized
with 1-pyrenebutyric acid N-hydroxysuccinimide ester to enable
chemical binding of the single-stranded DNA capture probe. Subsequent
hybridization with the single-stranded RNA oligonucleotide target was
monitored by either electrochemical impedance spectroscopy (EIS) or
differential pulse voltammetry (DPV). More recently, a similar geno-
sensor for CCCVd detection was developed based on gold nanoparticles
decorated phosphorene nanohybrid with graphene, which achieved a
similar linear range of 1.0x107*! M to 1.0x107° M, with a limit of
detection of 2.8x10712 M [18]. In both studies, the detection target
consisted of artificially prepared single-stranded RNA corresponding to
a segment of the CCCVd sequence.

In this work, a sensitive and selective genosensor was demonstrated,
exploiting streptavidin-agarose beads as a biocompatible immobiliza-
tion matrix for a single-stranded DNA capture probe and the attractive
electrocatalytic properties of 2D-layered TizC,Tx MXene. The geno-
sensor successfully detected CBCVd in infected total RNA hop samples
obtained directly from the field, without the need for labeling or labo-
rious amplification steps.

2. Experimental
2.1. Chemicals and materials

All reagents were of analytical grade and were used without further
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purification. All aqueous solutions were prepared using ultrapure water
with resistivity not less than 18.2 MQ cm at 298 K (Milli-Q, Millipore,
Corp., Marlborough, USA). Titanium aluminum carbide (TizAlCy) was
acquired from Jinzhou Haixin Metal Materials (China).

Streptavidin-agarose beads (STR-AGAR beads) from Streptomyces
avidinii, sodium hydroxide (NaOH), and sodium chloride (NaCl) were
purchased from Merck (Darmstadt, Germany), sodium azide (NaNj3),
glycine, and bovine serum albumin (BSA) from Sigma Aldrich (St. Louis,
USA), disodium hydrogen phosphate dihydrate (NapHPO,4-2 H0) from
Kemika (Zagreb, Croatia), alumina (Al2Os, 0.3 pm) and polishing cloth
from Buehler (Lake Bluff, USA), potassium dihydrogen phosphate
(KH2PO4) and potassium hexacyanoferrate (III) (Ks[Fe(CN)g]) from
Fluka (Switzerland), and potassium chloride (KCl) and potassium hex-
acyanoferrate (II) (K4[Fe(CN)g]) from Riedel-de Haén (Seelze, Ger-
many). TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and nuclease-
free water were purchased from Integrated DNA Technologies (Coral-
ville, USA). The phosphate-buffered saline (PBS, pH=7.4) consisted of
8.00 g of NaCl, 200.0 mg of KCl, 1.81 g of Na;HPO4-2 H20, and 240.0 mg
of KHyPOy4 in 1.0 L purified H,0.

The capture probe sequence, 50 bp in length (5-AGAGTTGTATC-
CACCGGGTAGTTTCTTTCTCAGGTCGCGAAGGAAGAAGC-3), was syn-
thesized by Eurofins Genomics (Germany) with a biotin moiety attached
to the 5' end. This probe was designed based on the sequence of the
CBCVd isolate HI-1 (GenBank accession number KM211546.1). The
capture probe anneals perfectly to the region spanning nucleotides
182-231 of the CBCVd genome.

2.2. Total RNA isolation and CBCVd quantification

The viroid source was infected hop plants of the variety *Celeia’ from
the pathogen reference collection of the Diagnostic Laboratory for Plant
Protection at the Institute of Hop Research and Brewing, Zalec, Slovenia.
The plants were biolistically inoculated in 2013 with infectious cDNA
constructs (GenBank X07397, GenBank KM211546, GenBank X07405)
of single viroids (CBCVd, HLVd) and combinations (CBCVd+HLVd and
HSVd+HLVd) [19]. Viroid-free hop plants of the same variety and to-
mato (Solanum lycopersicum L.; cv. Heinz 1370) plants served as the
source of negative control plant samples. From each plant, three fully
developed leaves were sampled at phenological stage BBCH 38 for hops
and BBCH 29 for tomatoes, then stored at —80°C until being used for
RNA isolation. Total RNA was extracted from 100 mg of leaf tissue taken
from all three sampled leaves of each plant using a CTAB protocol
without DNase treatment [20]. The total RNA was eluted in 50 uL of a TE
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The RNA concentration
was measured using the Qubit® 3.0 Fluorometer (Thermo Fisher Sci-
entific, USA) and stored at —80°C (Table S1).

The High-Capacity ¢cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, USA) was used to produce ¢cDNA from total RNA hop samples
containing 500 ng RNA. The absolute quantification of CBCVd was
performed by 7500 Real-Time PCR System (Thermo Fisher Scientific,
USA) using a linearised plasmid containing CBCVd sequence as stan-
dards. The reaction was performed using SybrGreen chemistry and
primers CBCVd-PCR-F-q: 5’-TCACTGGCGTCCAGCACC-3" and CBCVd-
PCR-R-q: 5-AGGAAGAAGCGACGATCGG-3" [21].

2.3. Synthesis of TizC2Tyx MXene

The synthesis of Ti3C2Tx MXene followed the same protocol as pre-
viously published [22]. Briefly, the precursor TizAlC, MAX phase was
etched with 40 % HF for four days, followed by LiF/HCI for two days.
The product was then repeatedly washed and centrifuged with H20 until
approaching neutral pH, being dried at 50°C in a vacuum oven. The
resulting material was then stored in polar organic solvent at 4°C.
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2.4. Characterization of TizCyTy MXene

The morphology of the precursor and synthesized materials was
examined by scanning electron microscopy (SEM) with field emission
Tescan LYRA3; GM dual-beam microscope and Tescan MAIA; (Tescan,
Czech Republic) at an acceleration voltage of 5 kV. Elemental compo-
sition was investigated by energy-dispersive X-ray spectroscopy (EDX)
using an X-MaxN detector from Oxford Instruments at 20 kV accelera-
tion voltage. For both SEM and EDX analyses, the Ti;AlC, powder and
the colloidal suspension of TizC2Tx MXene were drop-cast on copper
tape. Scanning transmission electron microscopy (STEM) was performed
at Tescan MAIA3 electronic microscope with a STEM sample holder and
X-MaxN 150 EDX detector. The diluted suspension of MXene was drop-
cast on a 200 mesh Cu TEM grid (Ted Pella, USA), and then dried. STEM
measurements were carried out using a 30 kV electron beam. An InVia
Raman microscope (Renishaw, England) was used for Raman spectros-
copy measurements in backscattering geometry with a CCD detector. An
Nd:YAG laser (532 nm, 50 mW) with a 2400 line mm™ diffraction
grating, an applied power of 5 %, and a 20x objective were used for the
measurements. The Raman spectrum was collected with 100 accumu-
lations in the Raman range of 100-900 cm™! at room temperature. X-ray
diffraction (XRD) measurements were carried out using a Bruker D2
Phaser benchtop diffractometer (Bruker, Germany) with a Cu Ko radi-
ation source (A=1.54178 A). The diffraction patterns were acquired in
the range of 20 from 5 to 80° at room temperature. The data were
evaluated by HighScore Plus 4.9 software. Fourier transform-infrared
spectroscopy (FTIR) measurements were performed on a Nicolet iS50R
FTIR spectrometer (Thermo Scientific, USA). The measurement was
performed with a DLaTGS detector and a KBr beam splitter in the range
4000-400 cm ™ at a resolution of 4 cm™?, with a total of 265 scans. FTIR
spectra were measured in a KBr pellet made from 300 mg of KBr and
1 mg of materials. OMNIC software was used to acquire and process the
data. Baseline correction and data treatment were performed according
to recommendations by T. Parker et al. [23].

2.5. Genosensor fabrication

Before use, the GCE underwent mechanical polishing using 0.3 pm
alumina slurry. The GCE was then sonicated in ethanol for 2 min,
washed with ultrapure water, and dried using high-purity nitrogen gas
(0.2 bar). Next, 40 mg of commercial STR-AGAR beads were dissolved in
2 mL of phosphate-buffered saline (PBS, pH 7.4) containing 0.03 % so-
dium azide. 10 pL of the STR-AGAR beads solution was carefully drop-
casted onto the GCE surface and stored at 4 °C for 2 h.

Modification with Ti3C,Tyx MXene: the electrocatalytic 2D-layered
Ti3C2Ty MXene in ethanol was heated to approximately 30°C until the
solvent evaporated slowly. The remaining powder was then redispersed
in ultrapure water to obtain an aqueous solution with a concentration of
2 mg mL~. After vortexing for 1 min, the MXene suspension was mixed
with the STR-AGAR beads solution in a 1:1 ratio. The resulting TizCyTx-
STR-AGAR mixture was vortexed for 10 seconds before depositing 4.5 pL
of it onto the supporting GCE surface and stored at 4 °C for 2 h.

Between each modification step, the electrode surface was rinsed
with ultrapure water for 1 min and dried using a gentle stream of ni-
trogen gas (0.2 bar).

Next, 8 pL of the biotinylated capture probe solution (50 ng uL ™)
was drop-casted onto the modified electrode surface and incubated for
2 h at 4 °C. To prevent non-specific binding, 8 pL of glycine solution
(10 pg mL™!) was deposited onto the surface of the genosensor for
30 min at 4 °C.

2.6. EIS genosensing
Total RNA hop samples extracted from hop plants underwent dena-

turation in a 95°C water bath for 3 min, followed by rapid cooling on ice
for 1 min. Finally, 8 pL of the real sample solution was applied to the
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sensor surface and incubated for 60 min at room temperature. The
sensor was then quickly rinsed with ultrapure water, and electro-
chemical detection was conducted in the presence of 5 mM [Fe(CN)6]*”
4~ in 0.1 M KCL The fabrication of the genosensor and detection of
CBCVd are depicted in Fig. 1.

2.7. Electrochemical measurements

Cyclic voltammetric (CV) and electrochemical impedance spectro-
scopic (EIS) measurements were carried out with a portable PalmSens 4
electrochemical workstation (potentiostat/galvanostat) operated by the
PSTrace 5.9 software (PalmSens BV, Netherlands). In all experiments, a
glassy carbon supporting electrode (GCE, 3 mm) was used, in combi-
nation with a single junction Ag/AgCl/KCl(satd.) reference electrode,
and a Pt rod as the counter electrode. All electrodes were purchased
from Metrohm (Herisau, Switzerland). EIS spectra were recorded in the
frequency range of 10°-10! Hz, at the potential of +0.14 V, with an
amplitude of 5 mV, in a solution of 5 mM [Fe(CN)6]*”*~ in 0.1 M KCL.
CV measurements were performed in the potential range of —0.5-1.0 V
or —0.2-0.6 V, with a scan rate of 100 mV s L.

3. Results and discussion
3.1. Optimization of the genosensor fabrication and operation

The genosensor development protocol was optimized with respect to
several parameters. The increase in charge transfer resistance (R.y) of the
genosensor before and after incubation with a total RNA hop sample
infected with CBCVd was used as a feedback signal to determine the
optimal fabrication and measurement parameters, i.e., AR =Rjnc-Rplank-
All R values, i.e., Rinc (after sample incubation) and Rpjank (before
sample incubation), were determined by fitting the raw impedance
spectra with a Randles-type equivalent electrical circuit (Rs([RetZw]
Qa1)) representing the real physicochemical processes at the genosensor/
electrolyte interface. Herein, Rg corresponds to the solution resistance,
Qa1 is the constant phase element (CPE) accounting for the non-ideal
double-layer capacitance, R is the charge transfer resistance of the
genosensor/electrolyte interface, and Zy is the Warburg element that
models the diffusion phenomenon. Firstly, we optimized several key
parameters influencing the performances of the CBCVd genosensor, i.e.,
(i) STR-AGAR beads deposition time, (ii) capture probe immobilization
time, (iii) sample incubation time, and (iv) capture probe concentration.

The interaction between streptavidin, a tetrameric protein from
Streptomyces avidinii, and biotin, a water-soluble vitamin, is one of the
fundamental and widespread phenomena in molecular biology and
biotechnology [24,25]. This interaction has found numerous applica-
tions, including affinity purification [26], immunoassays [27], and
biosensing [28]. In addition to a strong immobilization of the bio-
tinylated single-stranded DNA capture probe, the STR-AGAR beads serve
as an effective adhesion agent to prevent leaching of the sensing layer
from the electrode surface and its dissolution during exposures to so-
lutions in the subsequent fabrication steps. The STR-AGAR beads were
introduced from the 20 mg mL~! PBS solution (pH 7.4) by a simple
drop-casting procedure at 4°C. As depicted in Fig. 2a, the highest
analytical signal of the genosensor for 720 fg uL ™! CBCVd was obtained
when STR-AGAR beads were left to deposit for two hours, whereas
shorter and longer deposition times resulted in lower signals. After the
optimization of the STR-AGAR beads deposition time, we investigated
the effect of the biotinylated capture probe immobilization time upon
the genosensor impedimetric response. It was observed (Fig. 2b) that the
two-hour immobilization exhibited the highest performance of the
genosensor, considering both the signal height and reproducibility when
compared to the shorter or longer exposure times to the biotinylated
capture probe. The binding event between the STR units confined to the
electrode surface and the biotinylated capture probe moieties is a dy-
namic process that also involves the reverse reaction; however, at the
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Fig. 1. Fabrication of the CBCVd genosensor and its impedimetric detection.

same time, the steric effects should be taken into consideration [25].
Consequently, a one-hour immobilization might be insufficient to sta-
bilize the sensing surface with the immobilized capture probe; in
contrast, longer immobilization times than two hours promote the
reverse reaction, i.e., detachment of the capture probe, and/or its
improper conformation that leads to poorer performance. Finally, we
optimized the time necessary for incubating the total RNA hop sample,
and the corresponding results are shown in Fig. 2c. As can be seen,
shorter incubation times of 15 and 30 min led to significantly lower
signals in comparison with incubation times of 60 and 90 min. Notably,
the incubation time of 60 min revealed the highest impedimetric signal
along with favorably improved reproducibility. In continuation, all ex-
periments in this study were carried out using the incubation time of one
hour.

The next study tackled the effect of capture probe concentration on
the genosensor performance, as shown in Fig. S1. Evidently, the
impedimetric response was the highest when the biotinylated capture
probe concentration was 50 ng pL~}, along with its favorable repro-
ducibility; this concentration was used for all subsequent studies.

3.2. Electrochemical characterization of the genosensor fabrication

Using previously optimized parameters, a step-by-step investigation
of the genosensor fabrication process was conducted in combination
with GV and EIS detection in 5mM [Fe(CN)e]>”*~ + 0.1 M KcCl,
including the final incubation step in total RNA hop samples. By
following the electrochemical signals, we gained insights and control
into gradual changes occurring at the genosensor surface upon each
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Fig. 2. The effect of (a) STR-AGAR beads deposition time (capture probe incubation time: 2 h, sample incubation time: 60 min), (b) capture probe incubation time
(STR-AGAR beads deposition time: 2 h, sample incubation time: 60 min), and (c) sample incubation time (STR-AGAR beads deposition time: 2 h, capture probe
incubation time: 2 h) upon the genosensor response. The concentration of CBCVd was 720 fg pL ™", and the concentration of the capture probe was 25 ng pL~'. The
error bars represent the relative standard d of three independ Relevant EIS datasets correspondi studies are pre-
sented in Table S2.
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modification step, attaining feedback to successfully fabricate a geno-
sensor with optimized sensitivity and reproducibility. Using a simple
Randles circuit Rg([ReiZw] Qa1), we quantified the impedimetric changes
occurring at the genosensor/electrolyte interface. The bare GCE
exhibited an impedimetric behavior with a negligible high-frequency
semicircle and a diffusion tail typical for conductive carbon surfaces
(Fig. 3a). After the introduction of STR-AGAR beads, the impedimetric
spectrum altered with the formation of a semicircle, corresponding to a
significant increase in the charge-transfer resistance due to the deposi-
tion of a less conductive coating. In addition, the incorporation of a
biotinylated capture probe further increased the size of the semicircle,
reflecting an increased Rc; similarly, the last modification layer,
including glycine, contributed to a significantly enlarged R, as shown
in Fig. 3a. Finally, the dark-green EIS spectrum shows the genosensor
response after incubation in a real total RNA hop sample solution of 250
fg pL’1 CBCVd, revealing a well-developed impedimetric signal. Simi-
larly, the cyclic voltammograms (Fig. 3b) showed a stepwise decrease of
the anodic and cathodic signals of [Fe(CN)]*/4~ accompanied by
increasing peak-to-peak separation that corresponds to the deposition of
genosensor building blocks, reflecting the changes of the interface
diffusion pattern. A small signal observed at bare GCE (at ca. —0.4 V)
can be attributed to the oxygen reduction reaction. At the same time,
Fig. 3 demonstrates a significantly enhanced sensitivity of the EIS vs. CV,
particularly considering the detection of the CBCVd viroid in the real
sample (dark-green curve).

To test both the potential influence of the supporting buffer and the
stability of the sensing layer, 8 pL of the TE buffer was drop-casted onto
the fully fabricated genosensor, followed by a one-hour incubation step.
As shown in Figure 52, the incubation for one hour in the TE buffer did
not affect the EIS response of the genosensor; this was also supported by
the fitting parameters, indicating negligible changes, as shown in
Table S4.

The incorporation of the TizCoTx MXene into the genosensor archi-
tecture unveiled a significant improvement in the electrochemical
communication between the upper genosensor interface, where hy-
bridization and detection take place, and the lower part, which includes
the STR-AGAR beads combined with TizC2Tx MXene and the supporting
GCE. MXenes are state-of-the-art 2D-layered materials composed of
transition metal carbides or nitrides, which exhibit remarkable versa-
tility in various application areas, such as catalysis [29,30], ion batteries
[31,32], gas sensors [22,33], and biosensors [34,35]. Upon introducing
TizCoTy, MXene, the preliminary measurements revealed a ca. 5-fold
increase in the sensitivity of the genosensor for detecting CBCVd in
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real total RNA hop samples. The step-by-step fabrication of the TisCyTy
MZXene-modified genosensor is shown in Figure S3, with the corre-
sponding fitting parameters listed in Table S5.

3.3. Structural and surface characterization of TizCoTy MXene

The MXene TizC,Tx was obtained by selective etching of the Al layer
of the precursor TizAlC; MAX phase, as described in the Experimental
section. The SEM and STEM micrographs of the observed flakes dis-
played the typical accordion-like morphology of the multilayer TisCaTy
MZXene, as shown in Fig. 4a and S4. The flakes exhibit tightly packed and
loosely packed features depending on the extension in which Al atoms
are replaced by surface functional groups such as oxygen (-O), hydroxyl
(-OH), or fluorine (-F) [36]. Subsequently, the interlayer forces become
weaker, making their delamination possible. The EDX mapping of ele-
ments of the detailed area of the selected Ti3C.T, flake with loosely
packed sheets is shown in Fig. 4b, which shows the abundant distribu-
tion of C, O, F, and Ti elements, while Al is scarcely detected. Another
example of SEM/EDX mapping for TizAlC; and TisCoTx is shown in
Figure S4. The averaged EDX spectra of TisAlC; and TisC,Ty, obtained
on multiple flakes at 20 kV, are shown in Fig. 4c, and the respective
quantification in Table S6. In both cases, the quantified at% of Ti/C
indicates a ratio of 1.3, close to the expected for TizC, stoichiometry of
1.5. One of the major differences between the EDX spectra of the ma-
terials is the significant decrease of the Al Kol line at 1.4 keV, from an
initial 17.3 at% to a considerably lower amount of 1.7 at%, also indi-
cating the successful etching of the precursor TizAlC; MAX phase.
Furthermore, for TizCyTy, a new peak is quantified at 0.68 keV corre-
sponding to the F Ka line at a level of 26.8 at% for F. The level of
quantified O also increased by 20 % for the TizCoTy after the etching of
the MAX phase. Both levels of F and O elements are related to the surface
functional groups mentioned before.

The Raman spectrum of the precursor MAX phase and MXene ob-
tained in the 100-900 cm ! range, are shown in Fig. 4d, providing in-
formation related to the bonds present in the structure by assessing
lattice vibrations. For the starting TisAlC, the peaks at 148, 244, and
434 cm™! correspond to the Ej & E1g and Ajg vibrational modes,
respectively [37]. The peak at 608 cm™* can be assigned to E; g vibration
modes corresponding to the in-plane vibration of the Ti-C bond [38]. In
comparison, for the TizC,Ty MXene, with the Al layer etching, surface
functional groups (=0, -OH, and -F terminations) are adsorbed and
intercalated within the interlayer spacing, causing variations in the local
environment of the atoms and affecting lattice vibrations of the unit cell.
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Fig. 3. Characterization of the step-by-step fabrication of the genosensor using (a) EIS and (b) CV measurements in 5 mM [Fe(CN)¢)]*/* + 0.1 M KCL. The cor-

responding fitting parameters are listed in Table S3.
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Thus, the TizC,Ty spectrum peaks have broadened and a blue shift to
higher Raman frequencies. The peak at 148 cm ™~ was initially intense
for Ti3AlCy, displaying in-plane vibration Ti atoms, with the major
contribution of Ti-Al vibrations, for the case of TisCoTy is greatly
decreased, broadened, and shifted to 201 em ™. The remaining peaks of
MXene have higher Raman shifts but peak intensities were sustained,
with the peak at 314 cm™! having contributions from out-of-plane

vibration of the Ti-C bond and H atoms of TizC2(OH)2 [39]. The peak
at 492 cm ™! has contributions of in-plane vibration of O atoms of OH
MZXene terminations [40].

X-ray diffraction (XRD) was used to analyze the crystal structure and
phase composition of both materials and further understanding of the
successful synthesis of TizC,T,, As shown in Figure S5a and Fig. 4e, there
is a good match of the diffraction pattern of the precursor TizAlC, and
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the ICDD card no. 04-14-5068 [41], displaying a well-crystallized
structure, corresponding to layered ternary 312 MAX phase, with a
hexagonal crystal system and P63/mmc space group. In Fig. 4e, for the
region 5°<20<21°, the MAX phase presents the typical diffraction peaks
mainly at 20=9.6° and 19.1° for (002) and (004) planes, respectively.
There was a shift to lower 20 values for peaks (002) and (004), 9.1° and
18.6° respectively for TigCaTy.. This is caused by the etching procedure
in the synthesis of TizC2Ty, removing the Al layers in the initial structure
of the MAX phase and induction of new surface terminations in TizCoT
(Tx =-F, -0, —OH) [37,42].

As shown in Figure S5b, the FTIR spectrum of the materials exhibits
two distinct regions: a 4000-1400 cm™ region dominated by peaks
associated with H,O and C bond vibrations, and a 1400-400 cm™" region
characterized by chemical fingerprint peaks, related to C-F, Ti-F, Ti-O,
and Ti-C vibrations [23]. For both materials, within the 4000-1400 cm™
region, the presence of adsorbed H,0 is evidenced by the O-H stretching
at 3600-3200 cm™. Additionally, the O-H bending at 1500-1300 cm™
indicates the presence of -OH surface terminations. The C- bond,
including C-H stretching, C=O stretching, C-O stretching, and C-H
bending, are also observed in this region. For Ti3CTx, in the
1400-400 cm™! region, the C-F stretching within 1400-1000 cm™ is
indicative of F surface terminations at defect sites and flake edges, and
Ti-C stretching at 464 cm™ was also observed in this region. Within the
fingerprint region, the Ti-O bending vibrations are the most intense at
560 cm™, typically at 650-550 cm™ range. The Ti-F bending, with a
typical position of 1000-850 cm™, is prominent at 856 cm™. Some
shifts seemed to occur due to the simultaneous presence of Ti, O, and F
on the surface of TizCyTy, and the presence of confined HO influencing
the vibration fingerprint. The C-O stretching exhibits a blue shift from its
regular position of 1300-1100 ecm™ to the 1622 cm™! range [23]. These
results are also consistent with previous XPS analysis of TizCoTy [22], in
which the Ti 2p core level was deconvoluted with Ti 2p3/2 and Ti 2p; /2
peaks assigned to the presence of Ti(IV), Ti(Ill), and Ti(I) oxidation
states. The peaks for the Ti(IV) oxidation state were more intense
compared to the other oxidation states, implying a relatively higher
surface atomic concentration of Ti(IV)-containing species.

The as-prepared Ti3C,Ty suspension contains inherent polydispersity
of the flakes, with a wide range of lateral sizes, as shown in Figures S4g
and S4h, which yields an average of 2.05 um. The Tyndall scattering
effect by irradiation of a green laser beam through the vial of diluted
0.5 mg mL~! MXene dispersion in water is clearly visible, as shown in
the inset of Figure S4h. The above results confirm the successful etching
of the MAX phase and synthesis of TizC, Ty that was subsequently used in
the genosensor application.

3.4. Andlytical performance of the genosensor in real samples

Once the genosensor was fully assembled, further studies were car-
ried out to assess its electroanalytical performance for detecting low
concentrations of CBCVd in real samples (Table S1). Notably, we
selected the concentration range of CBCVd, mirroring the actual ex-
pected concentrations of field-infected plants, by diluting a real total
RNA hop sample of a known high concentration of CBCVd.

The performance of the genosensor was investigated by following its
impedimetric response when increasing the concentration of CBCVd in a
very low concentration range of 0.78-100 fg uL ™! (Fig. 5). The geno-
sensor exhibited a highly linear operation in the examined concentration
range with an r? of 0.99; the calibration curve is characterized by small
standard errors for lower CBCVd concentrations and a somewhat large
error bar at the highest examined concentration. This can be attributed
to the saturation of the sensing surface with the analyte. In contrast, at
lower concentrations, the genosensor exhibited higher reproducibility
that can be attributed to the mitigated matrix effect due to dilutions of
total RNA hop samples, as the real samples utilized in this study
exhibited a high degree of CBCVd infection, necessitating their dilutions.

A very low limit of detection (3¢ criterium) was achieved, i.e., 0.5 fg
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uL’1 (5.5 fmol L™!) GCBCVd. Such electroanalytical characteristics can be
considered remarkable performance for a label-free sensing approach,
obviating the need for an additional and time-consuming amplification
step.

3.5. Reproducibility and selectivity studies

The genosensor showed good intra-day repeatability and satisfactory
inter-day reproducibility. For the intra-day repeatability (n = 3), a value
of 12% was obtained at a CBCVd concentration of 6.25 fg pL™'.
Regarding inter-day reproducibility (n = 5), a value of 14.9 % was
observed at a concentration of 1.56 fg pL ™.

Finally, the selectivity study was conducted by performing EIS
measurements with the newly developed genosensor incubated with
solutions of (i) total RNA hop sample infected with CBCVd, (ii) viroid-
free total RNA hop sample, (iii) viroid-free total RNA tomato sample,
and (iv) total RNA hop sample infected with Hop latent viroid (HLVd). All
samples had total RNA concentration of 5 ng uL !, while the GBCVd
concentration in the CBCVd-infected sample was 6.25 fg uL~L In addi-
tion to a very high sensitivity, the genosensor showed a favorable
selectivity, as depicted in Fig. 6.

When testing a non-infected total RNA tomato sample and a total
RNA hop sample infected with HLVd, both yielded low signals compared
to the CBCVd-infected hop sample with the same total RNA concentra-
tion. In contrast, a viroid-free total RNA hop sample exhibited even a
negative impedimetric response, which could be due to the undefined
matrix effect. Such genosensor characteristics hold great promise for its
real field application to effectively monitor and control CBCVd infection
in hop plants.

4. Conclusions

A sensitive and label-free genosensor for the impedimetric detection
of CBCVd with good selectivity was developed. The architecture of the
genosensor involves non-covalent immobilization of a biotinylated
single-stranded DNA capture probe on the supporting GCE modified
with a layer of streptavidin-agarose beads with incorporated 2D TisC2Tx
MZXene electrocatalytic material. The 2D-layered TizC,Ty was obtained
by etching the Al layer of TizAlC, by the HF method, with EDX spectra
indicating a significant reduction of Al at% and high levels of F at%.
Furthermore, XRD results indicated shifts in (002) and (004) peaks to
lower 20 values, caused by removing the Al layers in the initial structure
of the MAX phase and induction of new surface terminations in TizCpTy.
After optimizing the fabrication and operational parameters, the syn-
ergy of the electrocatalytic MXene with other building blocks of the
genosensor resulted in a low limit of detection of only 0.5 fg pL’l,
positioning this genosensor as a serious candidate for its on-site appli-
cations to monitor occurrence and progression of CBCVd directly in hop
fields.
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Chapter 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:

e 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.

e 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.

e 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.

e 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
Clitrus bark cracking viroid.

Integration of Ti;C,Tx 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.

e 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 V.CTx 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, Tiz;C,Tx 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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Deposition of the gelatin onto screen-printed carbon electrodes (SPCEs) was performed by drop-casting method, from the solution also
containing glycerol in a small percentage, which acts as the rheological agent to ensure complete distribution of the gelatin solution over the
electrode and satisfactory thickness homogeneity of the final layer. Apart from the functionality and biocompatibility reasons explained in the
manuscript, the modification of the SPCEs by depositing a gelatin layer also positively affected the innate irreproducibility of the SPECs. For the
sensing applications, which are usually performed on several replicates, only the supporting electrodes that exhibit comparable and
reproducible electrochemical signals obtained by simple heterogeneous electron transfer (HET) tests can be further employed for constructing
the biosensors. Unlike the solid-state polishable electrodes, which are easier to maintain via electrochemical and mechanical protocols in order
to assure satisfactory repeatability and reproducibility throughout their usage, printed electrodes are mostly limited to a single use in the as-
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received state. Conventional voltammetric cycling in acidic or alkaline solutions is limited to just a few cycles, owing to the typical instability of

the silver-printed pseudoreference electrode. For this reason, such electrochemical pretreatment is avoided or performed by connecting only

the working electrode of the SPCE in combination with conventional counter and reference electrodes. Alternatively, oxygen plasma treatment

might be a promising approach for stabiiizing screen-printed eiectrodes, aiso positively affecting protein moiecuie adsorption in further

applications. Here we show that the introduction of gelatin hydrogel is another viable approach.

Recorded EIS spectra and fitting parameters are presented in Figure S1 and Table S1, respectively. Results obtained using bare

SPCEs were fitted with the Randles equivalent circuit (x%average=7.45€-4), whereas an additional small high-frequency semicircle in the Nyquist

diagrams (XZaverage=6.42€-5), fitted by the resistor-constant phase element pair, has described the introduction of gelatin.

bare SPCEs

gelatin-modified SPCEs

s v van

Table S1. Fitting parameters obtained for EIS
measurements in 1.0 mM [Fe(CN)e]**" redox probe in
0.1 M KCI on bare SPCE and gelatin-modified SPCE.

Potential (V)

Figure S2. SWVs for each fabrication step of the immunosensor.
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N 3 R1 170.42 + 2.81 166.16 + 3.13
R2 4109+ 2.51
& Q1 539.52 + 64.18
n1 063 £ 0.01
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W1 1.34 £ 0.01 1.30 £ 0.04
C1 794.77 £+ 577 2.35E+05 + 5.92E+03
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Figure S1. EIS spectra recorded on bare SPCEs and gelatin-modified SPCEs.
The inset shows the equivalent electrical circuits used to fit data.
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Figure S3. Cole-Cole plots obtained for impedimetric measurements of low concentrations of Spike S1 in PBS and ANF, clearly exhibiting the
diffusion contribution.

Table S2. Fitting parameters obtained for the incubation time study. Raw impedance data were fitted using the equivalent circuit: Rs-(Rgelll Q1)-

(RaWM)IICy).
'"C:‘i:f'e""" Rs,Q Rgel,Q Q,yT nd Rct,Q W, ko c1,nF X2
13690 12827 65263 057 464933 264 22430000
b'“r':‘kif‘ 15 + + + + + + + 8.76E-05
639 653 15824 004 20558 025 421663
15130 20180 17903 002 5979.33 351  202100.00
15 min + E E E * & + 2.67E-04
623 i7.96 1248 001 53146 025 5359.73
14357 9742 45470 069 403267 283  227800.00
blarr:‘k; b E E E E E E + 2.72E-05
9.32 649 218 002 25371 010 734181
15090 25080 20420 088 558800 340 21606667
30 min + & E E + + + 1.97E-04
584 1420 1421 001 9133 008 10837.42
15513 10271 45917 069 372167 284 21136667
blanks 45 + + + + + + + 1.81E-04
min 1.96 167 2746 001 23216 045 9051.01
16623 37043 18417 094 737833 403 20716667
45 min + + + + + + + 1.67E-04
7.53 1313 2065 003 78504 032 5477.70
14037 10930 52030 065 424400 293  213500.00
b'“":‘kif' 50 + + + + + + + 6.71E-05
8.45 372 3204 000 31974 025 881564
14763 36813 17110 094 693267 372 20783333
60 min E E E E + & + 1.89E-04
8.15 2450 999 001 4491 027 6750.36
bianks 120 14777 10490 50703 066 426535 309 21913333
ok a ow s MR s s suecs
.64 200 2523 001 13080 014 4454.79
166.23 37043 18417 004 737833 403 20716667
120 min E E E E E + + 1.67E-04

7.53 13.13 20.65 0.03 785.04 0.32 5477.70
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Table S3. Fitting parameters obtained for the BSA blocking time study. Raw impedance data were fitted using the equivalent circuit: Rs-
(Roelll Q1)-((RaM)IIC).

BSA

(m Rs,Q Rgel,Q Q1,uT n,¢ Ret, Q. W, ko C1,nF X
13870 10538 48120 065 419167 289 21393333
b°|a':":("s + + + + + + + 6.50E-05
472 955 8602 003 27363 016 11579.42
15040 41053 16673 093 749567 364 20450000
omin . + + : + 3 2.00E-04
354 1477 803 001 91358 007 920241
14680 11863 43017 071 385067 285 226100.00
o + + + + + +  BOIE05
833 1106 9646 006  148.37 _ 0.17 _ 12823.50
17227 43657 16003 096 710467 358 21206667
10min + + + + + + 8.27E-05
1050 3148 1113 0.02 3640 _ 0.04 _ 13461.16
13567 11450 47733 070 430800 3.14  211766.67
e + + + o + +  956E-05
536 430 7381 002 22302 0.9 1338044
14887 40223 17753 093 702267 351 21210000
15min + + + + + + 1.19E-04
596 758 560 001 32457 017 11081.82
14037 10930 52030 065 424400 293  213500.00
‘;’)‘I’a':;: + " + + + + + 6.71E-05
845 372 3204 000 319.74 025 881564
13713 121.10 530.17 067 414233 325 19983333
30min + + + + + + 1.33E-04
242 991 5808 004 3091 016 2424.11
wsmin 14207 10574 50530 067 431633 286 20253333
blanks o - ] - o E - 6.11E-05
149 347 1462 001 6693 020 680561
14763 366.13 171.10 094 603267 372 20783333
45 min + + Ed & Ed * E 1.89E-04
815 2450 999 001 4491 027  6750.36

Table S4. Fitting parameters obtained for the anti-SARS-CoV-2 spike glycoprotein S1 antibodies concentration study. Raw impedance data
were fitted using the equivalent circuit: Rs-(Rgelll Q1)-((RaW)I1Cy).

Ab, pg/mL Rs,Q Rgel,Q Q1,uT n, ¢ Rect,Q W, ko C1, nF XZ
120.13 9842 660.83 0.58 443800 3.12 209333.33
5 blanks + + + + ey £ + 5.67E-05
2.30 5.22 12.58 0.01 8.38 0.08 3810.32
143.53 289.90 209.77 092 673333 3.29 213233.33
5 ES + ES ES ES E S 1.58E-04
6.75 9.09 29.10 0.03 286.43 0.09 1771.59
143.73 109.45 517.90 069 4216.00 292 205233.33
10 blanks + + + + + + 6.50E-05
2.00 8.62 69.16 0.05 244.90 0.25 10102.73
159.57 373.90 153.67 099 6596.00 3.55 199300.00
10 + + + + + E3 + 1.16E-04
4.98 12.12 3.59 0.01 393.57 0.15 6332.11
156.3 106.0633 496.6 0.681333 3806.333 2.685 205166.6667
25 blanks + + + + + + 1.04E-04
3.77 3.21 56.62 0.03 160.18 0.04 6143.17
173.23 34217 170.97 0.94 6486.33 3.50 189066.67
25 + + + + + + + 1.24-e4
1.81 53.36 8.33 0.01 424.51 0.27 4894.52
154.87 110.13 530.07 065 374367 2.50 210033.33
50 blanks £ 5 £ 5 £ + 6.72E-05
7.90 5.16 125.23 0.07 112.45 0.09 5236.06
157.37 326.33 165.60 093 5797.00 3.56 199866.67
50 £ & £ £ £ + 4.20E-05
12.05 4.99 7.71 0.01 183.63 0.09 5612.95
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Table S5. Fitting parameters obtained for the Protein A concentration study. Raw impedance data were fitted using the equivalent circuit: Rs-
(Rgelll Q1)-((RaW)I1Cy).

Protein A,

gimL Rs,0 Rgel,O Q1,uT n d Ret, O W, ko C1, nF w?
i

124.00 101.26 637.23 0.59 433267 3.13  208266.67

20 blanks + + + + 3 + + 6.21E-05
4.77 4.15 30.67 0.01 90.68 0.08 3491.68
143.53 289.90 209.77 092 673333 329 213233.33

20 + + + + 3 + + 1.60E-04
6.75 9.09 29.10 0.03 286.43 0.09 1771.59
132.07 108.40 477.10 068 3962.33 267 212733.33
50 blanks + + + + + + + 8.38E-05
5.56 7.28 6.98 0.03 428.05 0.20 3663.74
146.97 31220 185.33 094 6812.00 3.50 193066.67
50 + + + + 24 + + 1.60E-04
6.28 31.77 16.01 0.01 690.21 0.40 5034.62
148.33 103.57 493.53 069 3697.67 259 212066.67
100 blanks + + + + + + + 6.23E-05
3.79 0.50 28.98 0.02 77.33 0.19 2396.91
168.13 34547 159.33 096 6121.33 3.18 198766.67
100 + + + + + + + 9.20E-05
4.81 28.37 5.92 0.02 77.50 0.16 3389.64
Table S6. Calibration curve parameters for the spiked ANF samples.
ol Rs,Q Rgel,Q Q1,puT n, ¢ Ret, Q W, ko C1,nF 2
pug/mL ’ ’ ' ’ ’ ’ ' X
150.83 40.40 63267 0.69 2184.67 2.82 207033.33
0.001 + + + + 3 -] £ 1.21E-04
6.12 5.03 129.57 0.02 65.41 0.18 11418.93
14297 46.31 618.17 0.66 2552.00 2.83 194766.67
0.01 + + + + &3 + + 3.19E-04
2.13 4.11 156.43 0.03 110.53 0.02 3241.86
16517 60.45 581.17 0.63 2942.33 2.44 184566.67
0.1 E3 E3 E3 - 25 & =3 5.40E-05
3.58 3.75 142.98 0.02 85.87 0.18 9946.78
166.77 5259  523.87 061 3369.00 3.48 156700.00
1 + + + + + + + 5.74E-05
4.43 4.27 164.24 0.01 101.27 0.29 5603.17
160.97 84.76  381.83 0.75 4073.00 2.88 175100.00
10 + + + + + + + 6.45E-05
5.99 3.98 27.46 0.01 254.34 0.14 5619.21
143.53 40.83 47367 0.67 2138.00 2.66 179100.00
blanks + ES + + =5 + 1.13E-04

+
5.06 2.87 80.53 0.04 7217 0.07 4741.54
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Table S7. Calibration curve parameters for the spiked PBS samples.
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ugsl:r’\L Rs,Q Rgel,Q Q1, T n, ¢ Rct, Q W, ko C1,nF X2
14297 8121 422.87 074 423033 232 19526667
0.001 + + + + + + + 6.73E-05
10.37 3.60 88.15 0.05 136.81 0.19 11406.17
126.13  79.95 443.87 0.70  4766.00 243 213933.33
0.01 + + + + = + + 6.87E-05
1.70 2.85 63.48 0.03 95.26 0.12 1753.94
140.80  92.50 485.33 066  5177.00 227 198600.00
0.1 ES ES - + & & * 3.62E-05
4.90 3.51 9.78 0.01 116.42 0.03 4873.28
144.43 11597 271.00 0.80 5740.00 260 188733.33
1 t E3 + + E E E3 4.73E-05
5.92 5.52 24.16 0.01 122.61 0.13 966.48
157.93 346.63 160.10 096 6153.33 317 198966.67
10 + + + + + + + 8.64E-05
4.79 27.36 5.94 0.01 91.67 0.13 3458.43
127.97 77.47 536.40 0.65 4099.00 2.28 207366.67
blanks E3 + + + + + + 4.53E-05
0.59 5.23 71.39 0.04 13.10 0.07 3184.80
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Figure S1. (a) Average thickness of the coatings using different concentrations of V2CTx MXene for SPCE
modification, (b) 3D profiles of bare SPCE and SPCE modified with 2 mg mL-' V2CTx MXene + 0.0025% Nafion,
and (c) line sections of bare SPCE and SPCEs modified with different concentrations of V2CTxMXene.
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40
41 Figure S2. (a), (b) FE-SEM images of V2CTx MXene on SPCE after sonication of the drop-casting solution for

42 15 minutes at 22-30 °C. Both images correspond to the same sample recorded using different magnifications.

43

I

44
45 Figure S3. FE-SEM/EDX analysis of the as-synthesized V2CTx MXene drop-casted on SPCE (a, b). Scale bars
46 in the images on the right are identical to those on the left.

47
48 Table S1. The elemental composition (wt.%) of samples presented in Figure S3.
Element (03 \ (o] F Al Cl S
Upper site on 52.2 31.8 8.3 5.6 1.4 0.6 0.2
SPCE (a)
Magnified site 56.7 | 24.6 10.8 6.6 0.7 0.5 /
on SPCE (b)
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Figure S4. (a) Bright-field mode STEM/EDX analysis of the V2CTx MXene flake with EDX layered image,
respective map of elements and electron micrograph, (b) detail of the area used for EDX 1D line scan analysis
of the V2CTx MXene flake and respective profile of detected elements (wt. %). The scale bar represents 1 pm,
and the length of the line scan is ca. 1.9 pm.
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Figure S5. Step-by-step fabrication of the immunosensor followed by (a) cyclic voltammetry and (b) EIS (Nyquist
spectra) in the presence of 1.0 mmol L' [Fe(CN)s]*4~ in 0.1 mol L'* KCI.
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58
59 Figure S6. High-resolution XPS spectra of (a) Al 2p, (b) Cl 2p, (c) Si 2p, and (d) N 1s for different samples.
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61 Figure S7. XPS depth profiles showing (a) V, O, F, (b) C-based compounds, and (c) N and Al.
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62
63 Figure S8. 3D negative ion ToF-SIMS images depicting the distribution of main constituents of our sensing
64  architecture.
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Figure S9. (a) Calibration curve of the fully optimized sensor, obtained in the diluted SARS-CoV-2 Spike protein
sample in artificial nasopharyngeal fluid. The concentration of the sample was 100 ug mL", and the tested
dilutions of 1:10, 1:20, and 1:50 correspond to concentrations of 10, 5, and 2 pg mL"", respectively. The obtained
spectra were fitted using the equivalent circuit shown in the inset of Figure S9a, (b) Corresponding Nyquist
spectra for different sample dilutions.
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Figure $10. The effect of pH of the ANF on the signal of immunosensor.
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82
83 Table S2. Comparison of the existing impedimetric immunosensors for the detection of SARS-CoV-2 Spike
84  protein.
| Sensing base | Range LoD Ref.
f ™
f (s:g:_)/ Si02UI0-66 460 fg mL' to 10 ng mL" | 100 fg mL-* (1.27 M)* 53
| Au electrode 1 0.05 to 10 pg mL-! as low as 0.1 ug mL' (1.28 nM)* 54
| SPE/MWCNT 1 0.05 to 1 ug mL"! 20+1.8 ng mL' (0.255 nM)* 55
SPCE/gelatin 10.001 to 10 pg mL"' 90 pg mL-' (1.15 pM)* 56
AuSPE 700ngmL'to 7 ugmL' | as low as 38.99 ng mL"' (0.498 nM)* 57
SPCE/Cuz0 nanocubes |0.25fgmL"to 1 ugmL' | 0.04 fg mL"' (0.51 zM)* 58
is%%’:mwem"“ 1107 to 101" mol Lt 3.16 pM 59
"AuSPE 111.56 to 740 ng mL"! 5.65 pg mL'(72.2 M)* 60
|AuIDE | 250 to 8000 fM 189 M 61
|SPCE/V.CT, 1105 10 10! pg mL-* 45 M s't'l‘,':y
" SPCE - screen printed carbon electrode, MOF — metal organic framework, SPE — screen printed electrode,
AuIDE - gold interdigitated electrode. *Molar cor ions were calculated from the reported mass

85 concentrations, by using the molecular weight for Spike S1 protein of 78.3 kDa.
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Table S1. Samples from viroid-infected plants

Total RNA .
Sample no. concentration CBCYd contl:_intratlon Sample origin
(ng HL'1) (pg M )
CBCVd_1 595.9 1.35 Hop plant infected with CBCVd
CBCVd_2 275.5 0.81 Hop plant infected with CBCVd
CBCVd_3 112.5 0.52 Hop plant infected with CBCVd
CBCVvd_4 398.0 0.50 Hop plant infected with CBCVd
CBCVd_5 326.0 0.54 Hop plant infected with CBCVd
CBCVd_6 2155 0.18 Hop plant infected with CBCVd
HLVd_1 267.5 - Hop plant infected with HLVd*
VF_1 530.0 - Viroid-free hop Plant
VF_2 252.0 - Viroid-free hop plant
VF_3 304.0 - Viroid-free hop plant
TOM_1 480.5 - Viroid-free tomato
TOM_2 425.0 - Viroid-free tomato

*HLVd content was not quantified
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Figure S1. The effect of the capture probe concentration upon the genosensor’s response

(capture probe incubation time: 2h, sample incubation time: 60 min, CBCVd concentration: 250
fg uL™).
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Table S2. Fitting parameters obtained by EIS measurements in 5.0 mM [Fe(CN)g]**4"+ 0.1 M KClI

for the optimization steps of the genosensor build-up. CBCVd_1 sample was diluted to a

concentration of 250 fg uL™".

STR-AGAR deposition time

Analytical signal (Rinc — Rbiank)

1h
2h
4h

Capture probe incubation time

2780.7 £ 328.0
3279.3 +169.9

3153.0+128.8

Analytical signal (Rinc — Rbiank)

1h
2h

4h

Sample incubation time

3100.7 +243.8
3279.3+115.3

2305.0 £ 115.3

Analytical signal (Rinc = Rbiank)

15 min
30 min
60 min

90 min

Capture probe concentration

2409.3+212.3
2322.5+909.3
3279.3 +169.9

3271 +261.5

Analytical signal (Rinc — Ruiank)

25 ng L’
50 ng pL!
100 ng pL!

1840.3 + 162.9
3079.7 + 307.8

1635.7 + 141.4
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Table S3. Fitting parameters obtained by EIS measurements in 5.0 mM [Fe(CN)g]**"+ 0.1 M KClI
for fabrication steps of the genosensor build-up. CBCVd_1 sample was diluted to a concentration
of 250 fg pL-".

Step Rs, Q Ret, Q Qq, uT n ¢ Wi, ko
Bare GCE 111.3 14.62 0.75 1.00 2.39
STR-AGAR beads 221.3 319.30 9.15 0.79 2.67
Capture probe 169.9 1597.00 2.49 0.90 2.39
Glycine 171.6 2816.00 2.36 0.90 2.40
Sample (CBCVd_1) 167.1 4323.00 2.25 0.90 2.20
8
- Before TE Buffer
] TE Buffer
6 -
5 -
S
X 4
S~
N,
2
1 -
0 -
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Z'kQ

Figure S2. EIS spectra of the fully fabricated genosensor and after its incubation in TE buffer (pH
8.0). The corresponding fitting parameters are listed in Table S4.
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Table S4. Fitting parameters obtained by EIS measurements in 5.0 mM [Fe(CN)g]**#"+ 0.1 M KClI

using the fully fabricated genosensor and after its incubation in TE buffer (pH 8.0).

Step Rs, Q R, Q Qq, uT n, Wi, ko
Before TE buffer 142.9 2279 1.49 0.91 3.78
TE Buffer 149.8 2362 1.37 0.91 3.62
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Figure S3. Characterization of the step-by-step fabrication of the TisC2.Tx MXene-based
genosensor using (a) EIS and (b) CV measurements in 5mM [Fe(CN)e)]*** + 0.1 M KCI. The

corresponding fitting parameters are listed in Table S3.

Table S5. Fitting parameters obtained by EIS measurements in 5.0 mM [Fe(CN)e]*#~+ 0.1 M KClI
for all steps of the TisC.Tx MXene-based genosensor build-up. CBCVd_2 sample was diluted to

a concentration of 25 fg pL™.

Step Rs, Q Ret, Q Qi, UT n ¢ Wi, ko
Bare GCE 132.1 17.6 0.88 1.00 2.30
STR-AGAR beads 122.2 921.1 4.10 0.89 1.93
Capture probe 120.2 742.7 4.26 0.89 2.02
Glycine 117.1 1124.0 3.97 0.89 1.91
Sample (CBCVd_2)  116.1 1782.0 3.22 0.88 1.99
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Figure S4. SEM micrograph of a (a) Ti;AlIC2 multilayer flake and (b) respective EDX mapping of
detected elements, (c) individual EDX map of each element. SEM micrograph of a (d) TisC2Tx
multilayer flake and (e) respective EDX mapping of detected elements, (f) individual EDX map of
each element. (g) Dark mode STEM micrograph with selection of flakes used in the lateral size
distribution of TisAICz and (h) size distribution of TisC2T«flakes. Inset: Tyndall scattering effect of
the diluted colloidal solution.
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81

Table S6. Quantification of elements detected from EDX acquisition at 20 kV acceleration voltage

for TisAIC2 and TisCaTx.
Ti;AIC, TisCTx
Element at% (4 at% o

C 29.9 7.98 24.8 58

o 12.4 3.39 15.1 2.0

F 0 0 26.8 6.2

Al 17.3 4.19 1.7 0.7

Ti 40.3 8.75 31.6 6.9
| @) XRD | Ti;AIC, b) FTIR —_Ti,AIC, —TisC,T,

| )

confined H,O and C bonds —_—
fingerprint region)|
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Figure S5. (a) Wide spectra XRD patterns of TisAIC2 and TisC2Tx, and comparison with ICDD 04-
14-5068 spectra lines, and (b) FTIR spectrum in the 4000-400 cm' of TizAIC, and TisC2Tx with

assigned region of bond vibrations.
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