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ABBREVIATIONS

aa — amino acids

Ab — antibody

AC — alternating current

ACE2 — angiotensin-converting enzyme 2
anti-rS — antibodies against SARS-CoV-2
spike protein

AuNS — gold nanostructures

BAU - binding antibody unit

CA — chronoamperometry

CE — counter electrode

CHO - Chinese hamster ovary

CLIA — chemiluminescence immunoassay
COVID-19 — coronavirus disease 2019
CPE — constant phase element

CV — cyclic voltammetry

DPV - differential pulse voltammetry
E-protein — SARS-CoV-2 envelope
protein

EA — ethanolamine

EASA — electrochemically active surface
area

EDC — N - (3-dimethylaminopropyl)-N’-
ethyl-carbodiimide hydrochloride

EIS — electrochemical impedance

spectroscopy
ELISA — enzyme-linked immunosorbent
assay

ER — endoplasmic reticulum

ET — exposition time

EtOH — ethanol

FIA — fluorescent immunoassay

GA — glutaraldehyde

IgG — immunoglobulin G

IgM — immunoglobulin M

LFIA — lateral flow immunoassay
LOD - limit of detection

LOQ - limit of quantification
M-protein — SARS-CoV-2 membrane
protein

MIP — molecularly imprinted polymer

N-protein — SARS-CoV-2 nucleocapsid
protein

NHS — N-hydroxysuccinimide

NIP — non-imprinted polymer

PA — phytic acid

PAD - pulsed amperometric detection
PANI — polyaniline

PB — phosphate buffer

PBS — phosphate-buffered saline

POC - point-of-care

Ppy — polypyrrole

PtNS — platinum nanostructures

Py — pyrrole

RE - reference electrode

rN — recombinant SARS-CoV-2
nucleocapsid protein

RNA - ribonucleic acid

RPA - recombinase polymerase
amplification

rS — recombinant SARS-CoV-2 spike
protein

RT — room temperature

RT-LAMP - reverse transcription loop-
mediated Isothermal amplification
RT-PCR — reverse transcription-
polymerase chain reaction

S-protein — SARS-CoV-2 spike protein
Saccharomyces cerevisiae — S. cerevisiae
SAM - self-assembled monolayer
SARS-CoV-2 — severe acute respiratory
syndrome coronavirus 2

SDS — sodium dodecyl sulfate

SEM - scanning electron microscope
SPCE - screen-printed carbon electrode
SPE — screen-printed electrode

ssRNA — single-stranded RNA

SWYV — square-wave voltammetry

WE — working electrode

peptone dextrose
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INTRODUCTION

Chemical sensors, an integral part of numerous scientific and industrial
projects, play a vital role in converting chemical information into readable
signals. These devices, consisting of a chemical sensing system and a
physicochemical converter, are used in various applications. Among them,
biosensors represent a significant subgroup that uses biochemical recognition
mechanisms [1]. A biological sensing system works by translating
biochemical information, usually the concentration of an analyte, into a
specific chemical or physical output signal characterized by a certain
sensitivity. An electrochemical biosensor is defined by its utilization of an
electrochemical transducer. This type of biosensor is classified as a chemically
modified electrode — this designation is associated with the use of an
electrically conductive, semiconducting, or ionically conductive material
coated with a biochemical film [2,3]. Biological receptors, including tissues,
cells, enzymes, antibodies, and other highly active proteins, can be effectively
immobilized in a thin layer on the surface of the transducer using various
methods. These methods include the use of bilayer lipid membranes,
polymeric matrices, self-assembled monolayers (SAMs), bifunctional groups
or spacers and others [4]. Biosensors can be classified according to the
mechanism conferring biological specificity, encompassing biocatalytic or
bioaffinity sensing components. The latter type includes the registration of
specific interactions between antibodies and antigens or detection using
molecularly imprinted polymer (MIP)-based methods.

Recent years have seen a surge in the development of electrochemical
biosensors aimed at detecting pathogens [5]. This trend has become
particularly pronounced with the advent of the coronavirus disease 2019
(COVID-19) pandemic, where the need for rapid and accurate diagnosis has
led to extensive research into biosensor technologies. These biosensors
designed to detect COVID-19 have been extensively studied, focusing on their
transduction elements, biorecognition components, and electrochemical
methodologies [6,7]. Three primary approaches are employed to detect severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and diagnose
COVID-19. These approaches encompass molecular tests, which detect viral
ribonucleic acid (RNA); antigen tests, which identify viral proteins; and
antibody tests, which target specific antibodies against viral proteins. The first
two methods enable the detection of an ongoing infection within the organism,
whereas the third method facilitates the assessment of the immune status post-
recovery or vaccination [6,7]. Electrochemical biosensors can be used for all



three strategies, offering a number of advantages such as rapidity, simplicity,
cost-effectiveness, and portability in the diagnosis of COVID-19 [8].

Major goal
Explore the application of biosensing strategies, including SAM, conductive
polymers, and MIP-based techniques, for the electrochemical detection of
SARS-CoV-2-related biomolecules. The specific aim is to select the most
promising approach based on the rate and sensitivity of detection, as well as
the necessity of employing additional redox labels.

Tasks

1. Evaluate the effectiveness of biosensor design strategies using SAM,
conductive polymers, and MIP for COVID-19 diagnosis.

2. Determine the applicability of cyclic voltammetry (CV), differential
pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS),
and pulsed amperometric detection (PAD) for the detection of SARS-CoV-2-
related biomolecules.

3. Assess the suitability of SARS-CoV-2 spike (S), nucleocapsid (N)
proteins, and antibodies against SARS-CoV-2 for electrochemical biosensor
applications.

4. Choose the most promising approach for COVID-19 diagnosis based
on the rate and sensitivity of detection, as well as the necessity of employing
additional redox mediators.

Statements of defense

1. The modification of screen-printed carbon electrode (SPCE) with gold
nanostructures (AuNS) increases electrochemically active surface area
(EASA) and heterogeneous electron transfer rate constant (k) of working
electrode.

2. The SPCE modified with SAM accompanied by CV and DPV methods
can be used for the detection of antibodies against SARS-CoV-2 from real
serum samples with limits of detection (LODs) of 0.27 and 0.14 nM
correspondingly.

3. The SPCE modified with polyaniline (PANI) film accompanied by EIS
method can be used for the detection of antibodies against SARS-CoV-2 from
real serum samples with LOD of 0.42 nM.

4. The SPCE modified by molecularly imprinted polypyrrole (Ppy) can
be used for the detection of SARS-CoV-2 N-protein with LOD of 1.02 pM.



5. The MIP applied on the SPCE pretreated with AuNS shows a lower
contribution of non-specific binding compared to the SPCE pretreated with
platinum nanostructures (PtNS) or without pretreatment.

Novelty and relevance
The SPCE modified with conductive PANI film was used for the detection of
antibodies against SARS-CoV-2 from real serum samples by EIS. The
combination of disposable, compact, and affordable SPCE with a conductive
PANI film eliminates the need for extra redox mediators. This advancement
makes it suitable for point-of-care (POC) assessment of immune status post-
COVID-19 recovery or vaccination.

The SPCE modified by the implementation of Ppy for molecular
imprinting was used for the detection of SARS-CoV-2 N-protein by PAD. The
combination of used SPCE working electrode, PAD method, and MIP
technique was used for the first time for SARS-CoV-2 N-protein detection and
allowed the avoidance not only additional redox mediators but also
minimizing the usage of expensive biomolecules as biorecognition elements.
The developed biosensing system can be used for POC detection of COVID-
19.



1. LITERATURE OVERVIEW
1.1 Electrochemical biosensors

Biosensors are analytical tools designed to convert biological reactions into
measurable signals. The development of biosensors, including the selection of
materials, transducing devices, and immobilization methods, requires
interdisciplinary research spanning chemistry, biology, physics, and
engineering. Materials used in biosensors are divided into three groups
depending on their mechanism of action: a biocatalytic group, including
enzymes; a bioaffinity group consisting of antibodies and nucleic acids; and a
microbial-based group which contains microorganisms. Biosensors find
applications in various fields such as food and medicine industries, offering
superior stability and sensitivity compared to traditional methods [9].

An electrochemical biosensor is an analytical device that converts
biochemical events, such as enzyme-substrate reactions and antigen-antibody
interactions, into electrical signals such as current, voltage, or impedance
[10,11]. Electrochemical biosensors offer numerous advantages, including
simplicity, low cost, rapid measurement, the need to use small volumes of
analyte and reagents, and high selectivity and sensitivity [12]. In this type of
biosensor, the electrode plays a crucial role as a strong support for
immobilizing biomolecules such as enzymes, antibodies and nucleic acids,
facilitating the movement of electrons [13]. Electrochemical measurements
rely on the natural interaction between electrical energy and a chemical
reaction, usually a redox reaction, that generates an electrical current, or vice
versa. Interactions between immobilized biomaterials and analytes result in
the production or consumption of ions or electrons, affecting the electrical
current, potential, or other electrical properties of the solution. These reactions
occur at the interface between an electrode and an electrolyte [14—16].
Therefore, successful detection depends on reactions occurring in the
immediate vicinity of the electrode surface. Therefore, electrodes play a
critical role in determining the performance of an electrochemical biosensor.
When selecting a suitable electrode, several factors must be considered,
including its material, dimensions and suitability for surface modification
[12]. Typically, electrochemical cells consist of three electrodes, namely, a
reference electrode (RE) providing a stable potential for comparison in
electrochemical measurements; a counter electrode (CE) supplying the current
required for the electrochemical reaction; and a working electrode (WE). The
latter one is the primary electrode where the electrochemical reaction of
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interest occurs, serving as the transduction element [12]. The CE and WE must
be conductive and chemically stable. Therefore, electrode materials such as
gold, silver, platinum, silicon, carbon and graphene are commonly used,
depending on the analyte and reaction type.

Some electrochemical biosensors may require additional components
such as redox mediators. Redox mediators include compounds that can engage
in reversible oxidation and reduction reactions. Their main function is to
facilitate electron transfer between the analyte and the electrode surface in
electrochemical biosensors [17]. Conversely, in biosensors that use
conducting polymers, the use of redox mediators is usually not required.
Conducting polymers have intrinsic electrical conductivity, allowing direct
exchange of electrons with the analyte without the need for additional redox
mediators [17]. The elimination of the need to add additional compounds
facilitates the application of biosensors in POC conditions.

1.1.1. Screen-printed electrodes (SPEs)

An innovative approach to conventional electrochemical cells involves screen
printing three electrodes onto an insulating substrate, resulting in SPEs. The
SPEs have several advantages, such as simplicity, ease of mass production,
low manufacturing cost, and minimal usage of analytes/reagents, making them
highly appealing for biosensing applications, particularly in the context of
POC applications [18-21]. Among the common types of SPEs are the SPCEs,
in that chemically inert carbon ink along with organic solvents, additives, and
binders are applied to one end of the conductive tracks to create the WE and
CE. Typically, silver electroactive paths are used as a RE [22,23].

The SPCEs modified by nanomaterial are widely used to improve the
sensitivity of detector devices. For example, the incorporation of AuNS into
SPCE can increase the EASA, thereby facilitating electron transfer between
the electrode and the analyte. This modification allows the modified electrode
to perform rapid, accurate, and reproducible measurements with high
sensitivity and selectivity [24].

1.1.2. SAMs in biosensor design

In biosensor design, in addition to improving the electrochemical properties
of the WE, it is important to functionalize the electrode to make it a
biocompatible sensing platform. The utilization of a SAM offers a
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straightforward method for functionalizing electrode surfaces with organic
molecules [25]. The SAMs are molecular layers that assemble on a surface
through adsorption, typically from a solution. They form due to the interaction
of specific functional groups with particular surfaces. Various SAMs have
been developed for a wide range of materials, including medically relevant
metals like titanium [26]. However, the most extensively studied SAMs
involve alkane thiolates and gold [27-29]. When a gold surface is submerged
in a solution of alkane thiolates, the sulfur atoms form coordination bonds with
the gold surface in a densely packed arrangement. The alkane portion extends
outward from the surface, providing opportunities for a wide range of
chemical modifications, either before or after assembly, to create surfaces with
specific chemistries. The SAMs offer beneficial properties such as optical
transparency when applied to thin gold layers and electrical conductivity,
making them suitable for electrochemical modulation of surface properties
[27].

The SAMs have many attractive properties for biosensor design, making
them very advantageous for various reasons [30]. Their minimal resource
consumption facilitates easy miniaturization. In addition, the highly ordered
and densely packed nature of long-chain alkanethiols in the SAM closely
resembles the cellular microenvironment of lipid bilayer structures, providing
innovative substrates for immobilized biomolecules or biological systems.
Moreover, the simple SAM formation procedure and compatibility with metal
substrates for electrochemical measurements offer significant advantages for
biosensing applications involving current or potential measurements. Finally,
the chemical stability of the monolayer and the associated specificity for
transducer-integrated biological sensing make the SAMs highly effective for
biosensors [25].

1.1.3. Conducting polymers in biosensor design

Another highly promising avenue in electrode modification for biosensing
design involves the utilization of conducting polymers [31]. The enhancement
of sensing performance in analytical and bioanalytical systems necessitates
conducting polymers possessing key properties such as electrochemical
activity, electrical conductivity, mechanical elasticity, biocompatibility, and
environmental stability [32]. Among the various conducting polymers Ppy,
PANI, polythiophene, and poly(3,4-ethylenedioxythiophene) are
predominantly utilized due to their significant technological potential, which
has been extensively leveraged in sensor applications [33—37]. Conducting
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polymers can be synthesized through various methods, including
electrochemical [37,38], chemical [39], and biotechnological approaches [40].
Following synthesis or deposition, conducting polymer-based layers can be
readily doped and de-doped using electrochemical techniques. The doping
procedure allows for the customization of the properties of the conducting
polymer-based sensing layer. Electrochemical deposition, in particular,
proves highly advantageous for depositing conducting polymer-based layers
directly onto electrodes and other conducting surfaces. By adjusting
electrochemical parameters such as potential, current, potential sweep rate,
and duration, one can finely tune the analytical characteristics of the resulting
polymeric layers [37,41]. Furthermore, the electrical conductivity and certain
electrochemical properties of conducting polymers can be precisely tailored
and controlled by adjusting parameters such as polymerizable monomer
concentrations, pH of the polymerization bulk solution, and employing
various dopant concentrations [42,43]. In biosensors, conducting polymers
find application as immobilization matrices [37], signal transduction systems
[37,44], and even as analyte recognition structures based on molecular
imprints formed within deposited layers of conducting polymers [45—438].

Molecularly imprinted polymer (MIP)-based sensors
MIP-based sensors hold significant promise as they primarily rely on
polymeric matrices and eliminate the need for costly biological recognition
materials [49-51]. MIPs are polymers with artificially engineered specific
molecular recognition sites that precisely match the structure of the imprinted
target molecule. As a result, MIPs replicate the functionality of receptors and
antibodies. Both electrochemical and chemical polymerization methods are
viable for creating MIPs using conducting polymers. The oxidative
polymerization process is notably straightforward and cost-effective, enabling
the production of large quantities of MIPs using this method [52,53].
Electrochemical polymerization offers advantages over oxidative
polymerization. This method enables the creation of a MIP layer over
electrodes or other conducting surfaces and can be conducted in various
solvents depending on the requirements of the polymerizable monomer and/or
imprinted analyte. Moreover, electrochemical polymerization allows for the
adjustment of the morphology, homogeneity, conductivity, and thickness, of
the resulting polymer layer with molecular imprints. While various techniques
exist for MIP formation, they typically involve several common stages. Most
monomers, featuring functional groups necessary for recognizing the target
molecule, are copolymerized with cross-linking monomers lacking
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recognition properties in the presence of the target molecule. Following this,
the target molecule is extracted from the formed MIP in the subsequent stage
[54].

1.1.4.Electrochemical methods for analytical signal registration

Another crucial aspect in the design of electrochemical biosensors is the
selection of an appropriate signal registration method. Commonly used
electrochemical methods in biosensing design include CV, DPV, EIS, and
PAD. The underlying principles of electrochemical detection involve
measuring the physicochemical properties of the bioreactor and target analyte
to generate a readable signal, such as electrical current, voltage, or resistance.
When a chemical reaction occurs between the target analyte and the
bioreactors (electrode), it leads to changes in the electrical properties of the
solution due to the production of ions or electrons [4,55]. Broadly,
electrochemical detection techniques can be categorized as amperometric-
based, impedimetric-based, potentiometric-based, and conductometric-based.

Voltammetric methods

Voltammetry encompasses a range of measurement techniques wherein the
applied potential undergoes systematic variation across a defined range. The
resulting current response typically manifests as a peak or plateau, which
correlates with the analyte concentration [4]. Notable voltammetric methods
include CV, DPV, square-wave voltammetry (SWV), and linear sweep
voltammetry, among others. These techniques are known for their broad
dynamic range and are particularly valuable for quantifying analytes at low
levels [56].

At its most fundamental level, CV involves sweeping the potential
versus the RE in both forward and reverse directions, typically encompassing
the electroactive species. This enables the exploration of the resulting
electrochemical species generated at the electrode surface. The CV furnishes
both qualitative and quantitative insights into electrochemical systems and has
become firmly established as a rapid and dependable characterization tool. It
is frequently employed to investigate the kinetics of electron transfer
reactions, including catalysis, and has been extended for applications in
organic and inorganic synthesis, sensor and biological system assessment, as
well as the fundamental elucidation of physical mechanics underlying electron
transfer reactions, such as reversibility, formal potentials, and diffusion
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coefficient determination [57]. The Randles-Sevcik equation describes the
relationship between the peak current height observed in CV and experimental
parameters such as the scan rate and the concentration of the electroactive
species:

nFvD %
) (1),

| = 0.4463nFAC
p n ( RT

where i, — current maximum; n — number of electrons transferred in the
electrochemical reaction; A — electrode area; F — Faraday constant; D —
diffusion coefficient; C — concentration of the electroactive species; v — scan
rate; R — gas constant; T — temperature.

The DPV stands out as a technique with distinct advantages over a
common CV. In the DPV, the waveform comprises a series of pulses
incrementing along a linear baseline. This unique approach to current
measurement at each pulse helps minimize the detection of background
current [57]. Typically, pulse techniques like DPV exhibit higher sensitivity
compared to linear-sweep methods, with CV being the preferred technique for
exploratory purposes. Consequently, it is quite common in sensor
development to utilize both these methods. CV offers essential insights into
aspects like process reversibility and the nature of redox processes occurring
at the electrode-solution interface during analysis. On the other hand,
potential-pulse-based  techniques can sometimes simplify analyte
quantification [37]. Under normal conditions, the DPV peak height can be
determined using the equations [57]:

Si=i(r)—i(r) (2),
nF AE
o = o0 (57 ) ),

1
nFAD2C (1—-o0
- () ),

6imax -1
n2(r — 1)z 1+ o0

where di — difference in current; 7’ — time just before the application of
the potential pulse, T — time at the end of the pulse; 4F — pulse height.
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Amperometric methods

Chronoamperometry (CA) is an amperometric technique, where the variations
in current resulting from the electrochemical oxidation or reduction processes
are directly observed over time, while a constant, stepped, or pulsed potential
is maintained at the working electrode [58]. The changes in current occur due
to variations in the diffusion layer around the electrode. Nernst introduced the
concept of a diffusion layer, which refers to a stationary, thin layer of solution
in direct contact with the electrode surface. Within the diffusion layer, the
concentration of electroactive species diminishes to zero at the electrode
surface, and the migration of electroactive species from the bulk solution,
where the concentration is higher, is regulated by diffusion. As a result, a
concentration gradient forms away from the electrode surface, while the
concentration in the bulk solution remains constant due to convective transfer
[18].

The CA is a method closely linked to the Cottrell equation, which
characterizes the current-time relationship for linear diffusion control at a
planar electrode [59,60]. According to the Cottrell equation, the current is
determined by the rate at which the analyte diffuses to the electrode:

1
] nFAD2C
i(t) =—F+ (5),

T2t2

where ¢ — time.

Amperometric detection is frequently employed in biocatalytic and
affinity sensors due to its simplicity and low LOD [61-63]. Its fixed potential
during detection helps minimize background signal, particularly the charging
current, which can adversely affect the LOD.

Impedimetric methods

EIS involves assessing the resistive and capacitive characteristics of materials
when a system is perturbed by a small sinusoidal alternating current (AC)
signal [58,64,65]. The frequency of this signal is adjusted across a broad
spectrum to generate an impedance profile. By analyzing the in-phase and out-
of-phase current responses, the resistive and capacitive elements of impedance
are determined, respectively. The EIS is valuable as it can monitor both
electron transfer at high frequencies and mass transfer at low frequencies. The
EIS is commonly measured by applying an AC potential to an electrochemical
cell and subsequently gauging the current passing through the cell:
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E(t) = E, sin(wt) (6),

where E(t) — applied potential; Ey — potential sine wave amplitude; ¢ —
time; @ — angular frequency; wt —the phase of the waveform.

i(t) = iy sin(wt + @) (7)),

where i(?) — output current; iy — current sine wave amplitude; ¢ — phase
angle.

The equation describing the amplitude of impedance (|Z|) is akin to
Ohm's law:

2] = £o) @),

io(w)

where E(w) — frequency-dependent potential; i(w) — frequency-
dependent current.

A periodic or sinusoidal signal can be represented as a complex number,
which can also be expressed in terms of its magnitude:

Z(w) = |Z|(cosp + jsing) =Z' + jZ" 9),

where Z' — real part of the impedance; Z"" — imaginary part of the
impedance; j — imaginary number v/—1. In EIS, one method of data
representation is the Nyquist plot, where the Z’ is plotted on the X-axis and
the Z" is plotted on the Y-axis of a chart.

The EIS is a valuable tool for analyzing complex electrochemical systems
by modeling different components with known circuit elements, each
characterized by specific impedance properties. The Randles circuit is a
widely used equivalent electrical circuit model consisting of a resistor (R), a
capacitor (C), and optionally a Warburg impedance (W) representing the
diffusion process, often employed in the EIS to characterize electrochemical
systems:
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Figure 1. Randles circuit. R, — solution resistance, R., — charge transfer
resistance, Cy — electrochemical double-layer capacitance [57].

The equations describing the corresponding impedances of equivalent
circuit elements:

Zr =R (10),
—J

=—, 11

c=oC (11)

where Zr — impedance of the resistor; R — resistance; Z¢ — impedance of
the capacitor; C — capacitance.

After rearrangement and simplification, the impedance of the
electrochemical system can be described by the following equation:

Z(w) = R, + _ Ree (12)
ST 1+ R,Cy

Based on equation 12, at high frequencies, the impedance across the
capacitor decreases, allowing current to flow through the capacitor (Cu).
Conversely, at low frequencies, the impedance of the capacitor increases,
causing current to pass through the resistor (Rc;).

Impedance techniques are valuable in electrochemical sensing to track
alterations in electrical properties stemming from biorecognition events
occurring at modified electrode surfaces. This includes measuring shifts in
electrode conductance resulting from protein immobilization and antibody-
antigen reactions on the electrode surface [66—71].

1.2 Diagnosis of COVID-19

The global pandemic of COVID-19, caused by SARS-CoV-2, was declared in
March 2020. Efforts to reduce the transmission rate, particularly through
tracking infected individuals and their contacts, were crucial in combating the
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spread of the infection. Hence, there was and remains a pressing need for the
development of rapid, reliable, and sensitive diagnostic methods for COVID-
19. Electrochemical biosensors offer a promising solution, leveraging various
detection methods and markers to generate analytical signals tailored to meet
these urgent requirements.

1.2.1 SARS-CoV-2 virus

Structure of SARS-CoV-2 virus

The SARS-CoV-2 virus, approximately 130 nm in diameter, features a spike-
covered spherical structure resembling the sun's corona, typical of
coronaviruses [72—74]. Its genetic material, single-stranded RNA (ssRNA),
housed within a helically symmetrical nucleocapsid, shares similarities with
other coronaviruses such as SARS-CoV and middle east respiratory syndrome
coronavirus [75]. The genome encompasses ten open reading frames,
encoding vital structural proteins including S-, N-, envelope (E), and
membrane (M) proteins [75]. The S-protein, a trimer composed of S1 and S2
subunits, facilitates viral attachment, fusion, and infection by binding to host
cell receptors [76—81]. The E-protein contributes to viral envelope formation
and maturation, while the N-protein binds to viral ssSRNA, aiding in virion
formation [82—86]. The M-protein shapes the viral envelope and collaborates
with other proteins for virion assembly and stabilization [87-90].

Life cycle of SARS-CoV-2 virus
The SARS-CoV-2 primarily infects the respiratory system, replicating in the
alveoli and potentially spreading to organs expressing high levels of
angiotensin-converting enzyme 2 (ACE2) receptors, such as enterocytes,
cholangiocytes, myocardial cells, and kidney proximal tubule cells [91-94].
The virus attaches to host cells via the receptor binding domain within the S1
subunit of the S-protein and the ACE2 receptor, leading to membrane fusion
and injection of the viral genome into the cytoplasm [75]. Translation of the
replicase gene and cleavage of polyproteins by coronavirus-encoded proteases
form the replicase-transcriptase complex for RNA synthesis, producing
genomic and subgenomic RNAs for structural and accessory genes [95,96].
The S-, E-, and M-proteins are translated and placed into the endoplasmic
reticulum (ER) and then transferred through the secretory pathway into the
ER-Golgi intermediate compartment [95,96]. There, the N-protein forms the
nucleocapsid, which buds into the membrane to form the virus, facilitated by
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interactions managed by the M-protein [84]. Vesicles transport virions to the
cellular surface for exocytosis [75].

Immune response towards SARS-CoV-2 virus infection
Upon entry into the host, SARS-CoV-2 triggers an immune response, initially
involving innate immune cells like macrophages [97]. This response leads to
the activation of humoral immunity, resulting in the production of antigen-
specific antibodies, primarily immunoglobulin M (IgM) and immunoglobulin
G (IgG), that serve as markers for coronavirus presence [98]. The IgM levels
peak around 2-5 weeks after onset of symptoms, while the IgG levels peak
later, around 3-7 weeks, and remain relatively stable for up to 105 days
[99,100]. Structural proteins of SARS-CoV-2, particularly the S- and N-
proteins, serve as antigens for specific antibody binding [101]. However, there
has been a significant rise in mutations, raising concerns about their potential
effects on the virus's infectivity and pathogenicity levels. A noteworthy
observation is that most of these mutations are centered around the S-protein
[102]. In contrast, the N-protein exhibits a lower incidence of mutations,
suggesting its relative conservation throughout the evolutionary process [103].

1.2.2 COVID-19 diagnostic strategies

Three main diagnostic strategies are employed for detecting SARS-CoV-2 and
diagnosing COVID-19: molecular tests to detect viral RNA, antigen tests to
detect viral proteins, and antibody tests to detect specific antibodies against
viral proteins.

Detection of SARS-CoV-2 virus RNA

Molecular-based methods, such as reverse transcription-polymerase chain
reaction (RT-PCR) [104—106], reverse transcription loop-mediated isothermal
amplification (RT-LAMP) [106-108], and recombinase polymerase
amplification (RPA) [109,110] are utilized for detecting SARS-CoV-2 RNA.
The RT-PCR, considered the gold standard, offers high sensitivity but requires
expensive equipment and skilled personnel. The RT-LAMP offers faster
results with simplified protocols, albeit with primer design complexities. The
RT-RPA provides rapid detection within 20 min, while clustered regularly
interspaced short palindromic repeats-based assays offer promising
alternatives with quick detection times and low LODs [111-115]. Despite
their advantages, all methods face challenges related to complexity and the
need for specialized resources.
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Detection of antibodies against SARS-CoV-2 virus proteins
Antibody tests, categorized under serological methods, confirm past SARS-
CoV-2 infections, aiding in disease stage monitoring and immunity
identification. Common methods include lateral flow immunoassay (LFIA),
enzyme-linked immunosorbent assay (ELISA), and chemiluminescence
immunoassay (CLIA). The LFIA combines IgG and IgM detection within
15 min [116], while the ELISA requires 2—5 hours for completion [117]. The
CLIA offers rapid testing (20 min) with specificity ranging from 92.3% to
97.5% [118]. While serological assays are cost-effective and scalable,
challenges include variations in individual immune responses and
seroconversion delays, leading to potential false results.

Detection of SARS-CoV-2 proteins

The SARS-CoV-2 structural proteins detection methods, akin to both
molecular and antibody tests, identify current viral infections by detecting
specific antigen-antibody complexes. The LFIA and fluorescent immunoassay
(FIA) techniques are utilized to detect SARS-CoV-2 N-proteins, exemplified
by the ‘COVID-19 Ag respi-strip LFIA’ assay and the 'standard F COVID-19
Ag FIA' test. Additional methods such as half-strip lateral flow assay,
fluorescence immunochromatography, and the CLIA are also employed for
N-protein determination [119-123].

Electrochemical biosensors for the diagnosis of COVID-19
Electrochemical biosensors, encompassing CV [67,124—-129], SWV [130-
134], CA [124,135-138], EIS [67,127,139-143], DPV [124,144-147], and
PAD [62,148,149], offer a promising avenue for COVID-19 diagnosis [6,7].
These biosensors, based on electrochemical reactions, utilize various
mechanisms such as nucleic acid hybridization [139,144,150—152], antigen-
antibody interactions [67,127,129,131-133,140], and reactive oxygen species
[125] level changes. They have demonstrated high sensitivity and specificity,
with some achieving LOD and short testing times. Additionally,
electrochemical sensors are advantageous due to their simplicity, low cost,
and scalability, making them ideal for biomedical applications. While
significant progress has been made in utilizing electrochemical biosensors for
COVID-19 diagnosis, further research and innovation are needed to optimize
their performance and address any remaining challenges.
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2. METHODS USED IN THIS RESEARCH WORK
2.1. Materials and reagents
2.1.1. Chemicals

Tetrachloroauric acid trihydrate (HAuCls-3H,0) (99.0%, CAS# 16961-25-4),
hexachloroplatinic acid hexahydrate (H2PtCls-6H,O) (=37.5% Pt basis, CAS#
16941-12-1), KNOs (99.0%, CAS# 7757-79-1), KCI (299.0%, CAS# 7447-
40-7), ethanol (EtOH) (99.9%, CAS# 64-17-5), L-Cysteine (97.0%, CAS# 52-
90-4), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride
(EDC) (99.0%, CAS# 25952-53-8), ethanolamine (EA) (98.0%, CAS# 141-
43-5), Ks3[Fe(CN)s] (99.0%, CAS# 13746-66-2), K4[Fe(CN)s]-3H,0 (99.0%,
CAS# 14459-95-1), phosphate-buffered saline (PBS) tablets (pH 7.4), aniline
(98.0%, CAS# 62-53-3), phytic acid (PA) (50.0% w/w H,O, CAS# 83-86-3),
Na;HPO4 (>99.0%, CAS# 7558-79-4) and NaH,PO4 (>99.0%, CAS# 7558-
80-7) for preparing phosphate buffer (PB) solution, glutaraldehyde (GA)
(50.0% w/w H,O, CAS# 111-30-8) were obtained from Sigma—Aldrich
(Steinheim, Germany). N-hydroxysuccinimide (NHS) (98.0%, CAS# 6066-
82-6) and pyrrole (Py) (>98.0%, CAS# 109-97-7) were purchased from Alfa
Aesar (Karlsruhe, Germany). H.SOs (>96.0%, CAS# 7664-93-9) was
purchased from Lachner (Neratovice, Czech Republic). All reagents were
analytical grade and were used without additional purification. All aqueous
solutions were prepared in deionized water.

2.1.2. SARS-CoV-2 virus proteins

The recombinant SARS-CoV-2 spike protein (rS) (1 mg/mL) and recombinant
SARS-CoV-2 nucleocapsid protein (rN) (1 mg/mL) were purchased from
Baltymas (Vilnius, Lithuania).

Yeast extract peptone dextrose (YEPD): yeast extract 1.0% (CAS# 8013-
01-2, Acros), peptone 2.0% (CAS# 91079-46-8, Fluka), dextrose 2.0%
(>299.5%, CAS# 50-99-7, Fisher Scientific), 4 mM formaldehyde (>37.0%,
CAS# 50-00-0, Carl Roth), yeast extract peptone dextrose glucose (YEPG):
yeast extract 1.0%, peptone 2.0%, galactose 2.5% (>98.0%, CAS# 59-23-4,
Applichem), 4 mM formaldehyde. Lysis buffer: 50 mM NaH,POs (>98.0%,
CAS# 13472-35-0, Carl Roth) (pH 8.0), 2 M NaCl (>99.8%, CAS# 7647-14-
5, Carl Roth), 1.0% Tween20 (CAS# 9005-64-5, Carl Roth), 10 mM
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imidazole (>99.0%, CAS# 288-32-4, Acros), 1 mM phenylmethylsulfonyl
fluoride (299.0%, CAS# 329-98-6, Carl Roth). PBS buffer: 10 mM Na,HPO,
(>98.0%, CAS# 7558-79-4, Carl Roth), 1.8 mM KH,HPO4 (>98.0%, CAS#
7778-77-0, Carl Roth), 137 mM NacCl, 2.7 mM KCI (=99.0%, CAS# 7447-40-
7, Carl Roth), (pH 7.4).

Preparation and purification of the SARS-CoV-2 rS protein

The rS protein was synthesized as a trimeric, secreted protein within
mammalian Chinese hamster ovary (CHO) cells. To achieve a native
conformation locked in a prefusion state, the gene encoding the SARS-CoV-
2 spike ectodomain, spanning amino acids (aa) 1-1208 (UniProtKB sequence
accession number: PODTC2 (SPIKE SARS2)), underwent chemical synthesis
at General Biosystems (USA). Subsequently, the synthetically derived gene
was integrated into the mammalian expression vector pCAGGS (Creative
Biogene, cat. no. VET1375) via Notl and Xhol restriction sites strategically
introduced at the 5" and 3" ends of the gene, respectively. The comprehensive
expression construct encompassed the full-length SARS-CoV-2 spike
ectodomain (aa 1-1208), excluding transmembrane and cytoplasmic aa. It
featured a furin cleavage site mutation from “RRAR” to “GSAS,” a C-
terminal GSN4 trimerization motif fused to the protein sequence, succeeded
by the thrombin cleavage site, Strep-tag II, and His6-tag. Additionally, two
mutations (K986P and V987P) were incorporated into the SARS-CoV-2 spike
sequence to enhance trimer stability in the pre-fusion conformation [153].

The expression of the rS protein was conducted in CHO cells using the
ExpiCHO Expression System (Thermo Fisher Scientific, cat. no. A29133).
Transfection procedures and expression conditions adhered to the Max Titer
Protocol provided by Thermo Fisher Scientific. On the 9th day post-
transfection, the cultivation media were harvested and subjected to
centrifugation at 5,000xg for 30 min in a refrigerated centrifuge, and the
resulting supernatant was filtered through a 0.22 um filter. Subsequent to
microfiltration, proteins were concentrated and transferred to a binding buffer
(50 mM NaH,PO4, (pH 8.0), 300 mM NaCl, 10 mM imidazole) through
tangential ultrafiltration, utilizing a tangential flow filtration cassette with
100 kDa cut-off membranes (SartoriusStedim Biotech, cat. no. VF20P). The
protein solution was applied to nickel-nitrilotriacetic acid-modified
SuperFlow (Qiagen, USA) resin. Non-specifically bound proteins were
eliminated through column washing with a lysis buffer containing 75 mM
imidazole. Tightly bound proteins were eluted using a 75-250 mM imidazole
gradient. Fractions containing the purified rS were consolidated, dialyzed
against PBS (10 mM Na,HPOs, 1.8 mM KH>PO4, 137 mM NaCl, 2.7 mM
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KCl, (pH 7.4)), adjusted to a concentration of 1.0 mg/mL, filter-sterilized,
aliquoted, and cryopreserved for storage. The purity of the produced rS protein
was approximately 90.0%, as determined by sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis.

Preparation and purification of the SARS-CoV-2 rN protein

The rN expressed in the yeast Saccharomyces cerevisiae (S. cerevisiae) was
produced following a systematic protocol. The gene encoding the SARS-
CoV-2 N-protein (Uniprot accession no. PODTC9) was optimized for yeast
expression and chemically synthesized by General Biosystems, Inc. (USA). A
C-terminal histidine tag, consisting of six histidine amino acids, was
introduced through polymerase chain reaction using specific primers. The
resultant SARS-CoV-2N-6HIS gene was then cloned into the S. cerevisiae
episomal expression vector pFGAL7, under the control of the galactose-
inducible yeast GAL7 promoter, resulting in the creation of the pFGAL7-
SARS-CoV-2_N-6HIS plasmid. This plasmid was utilized to transform the S.
cerevisiae AH22 (MATa leu2 his4) (ATCC 38626) strain. Yeast biomass
intended for the purification of the rN was generated by cultivating yeast
transformants in the YEPD medium and inducing rN synthesis by transferring
cells into the YEPG medium. The resulting yeast biomass was suspended in
the lysis buffer and subjected to disruption by vortexing with glass beads.
Subsequently, the yeast lysate underwent centrifugation for 30 min at
10,000xg. The soluble fraction obtained was filtered through 0.45 pm filter
and applied to Ni-NTA SuperFlow resin (Qiagen, USA). Nonspecifically
bound proteins were removed by washing the column with a lysis buffer
containing 30 mM imidazole. The tightly bound proteins were then eluted
using 20-250 mM imidazole gradient. Fractions containing the rN were
pooled and dialyzed against PBS buffer (pH 7.4). Following dialysis, the
solution underwent centrifugation for 30 min at 10,000xg. The soluble
fraction obtained was filtered through 0.45 pm filter and loaded onto SP
FastFlow resin (Cytiva, USA). Bound proteins were eluted using 137—
500 mM NaCl gradient. Fractions containing pure rN were pooled and
subjected to dialysis against PBS.

2.1.3. Serum sample collection

A volunteer inoculated with a single dose of the Vaxzevria vaccine (formerly
known as AstraZeneca), was selected for analysis two weeks after contracting
COVID-19. Blood was drawn one month post-confirmation of the volunteer's
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positive status, as determined by SARS-CoV-2 virus detection through RT-
PCR, leading to a COVID-19 diagnosis. Whole blood was collected using a
vacuum tube containing 3.5 mL of CAT serum sep clot activator (Greiner Bio-
One GmbH, Austria) at the laboratory of Tavo Klinika, LtD. (Vilnius,
Lithuania). After centrifugation at 5,000xg for 15 min, the serum was
separated. The initial quantification of binding antibodies against SARS-CoV-
2 in the serum sample was conducted using a chemiluminescent microparticle
immunoassay, yielding a stock concentration of ~5860 binding antibody units
(BAU)/mL. The antibody concentration in the sample was then converted
from BAU/mL to nM concentration, employing a conversion ratio of
1 BAU/mL:20 ng/mL (considering the molecular weight of immunoglobulin
to be approximately 150kDa) [154-156]. The serum sample was
subsequently stored at —20°C until analysis. The collection of the sample
adhered to the Lithuanian ethics law and the study was determined not to
require approval from the ethics committee, as confirmed by the Vilnius
Regional Biomedical Research Ethics Committee.

2.2. Electrochemical biosensing systems

The DRP-110 SPCEs were obtained from Metrohm DropSens (Oviedo,
Spain). Metrohm DropSens SPCEs, designed for use with microvolumes or
immersion in solutions, serve as optimal platforms for the development of
biosensors. The electrochemical cell configuration includes carbon WE
(4 mm diameter), carbon CE, and silver RE (Fig. 2) [157]. In the presence of
a chloride-containing solution, a reaction occurs on the silver RE, leading to
the formation of a layer of silver chloride. This process results in the well-
established Ag/AgCl reference system commonly used in electrochemical
experiments.

Counter
Working Electrode : A

Electrode

CE.
connection

Reference
Electrode

WE.
connection
R.E.

connection

S pm
Figure 2. DRP-110 SPCE (A). Scanning electron microscope (SEM)
image of carbon working electrode (B) [157].
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2.2.1. Working electrode modifications

Electrodeposition of AuNS on SPCE
The SPCE was coated with a 100 uL solution consisting of 0.1 M KNO; and
5mM HAuCly (Fig. 3 Step 1). Electrodeposition was executed under a
potential of -0.4 V for a duration of 60 s or 120 s. Subsequent to the deposition
of AuNS on the SPCE, the electrode underwent rinsing with deionized water
and was subsequently dried using a flow of Na.

1. AuNS electrodeposition: 2. SAM formation: 3. SAM activation: 4.8 immobilization:
5mM HAuCl +0.IM KNO3 5mM L-cysteine (EtOH) 0.02M EDC +0.005M NHS (PBS pH 7.4) [ 0.3 M S (PBS pH 7.4)
04V 60s 4h 10min 20min

7. Electrochemical detection: 6. anti-rS coupling: 5. SAM remains inactivation:
CV & DPV 0-3.5nM anti-rS ImM EA (aq)
PBS, pH 7.4 + 2 mM [Fe(CNg)*"* 10min 10min

Figure 3. Schematic representations of the SAM-based biosensor design
stages.

Electrodeposition of PtNS on SPCE
The protocol involved coating the SPCE with a 100 uL solution containing
5mM HPtCls and 0.1 M KCI, following a methodology similar to that
outlined in [ 148]. Electrodeposition occurred for 120 s at a potential of -0.4 V.
After the deposition of PtNS, the electrodes were subjected to thorough rinsing
with deionized water and subsequent drying using a flow of Na.

Deposition of polyaniline (PANI) layer on SPCE surface

To modify the working electrode with a PA-doped PANI film, the electrode
surface was coated with a 100 uL aqueous solution composed of 5% aniline
and 5% PA, following the method described in [158] (Fig.4 Step 1).
Subsequently, a current of 10 pA was applied for various exposition times
(ETs) ranging from 1 to 20 min. Following the electrochemical treatment, the
PANI-modified SPCE underwent a thorough rinsing with a substantial amount
of deionized water.
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3 .

1. Aniline polymerization: 2. 1S immobilization:
5% aniline + 5% PA (aq) 0.06 uM 1S (PBS pH 7.4) 3. Crosslinking:
10pA 20min 30min 25% GA vapor

15min
<«
5. Electrochemical detection: 4. anti-rS coupling:
EIS 0-60nM anti-rS
0.IMPB 10min

Figure 4. Schematic representations of the PANI-based biosensor design
stages.

Deposition of polypyrrole (Ppy) layer on SPCE surface

To achieve this, 100 uL of 0.25 M Py in PBS solution (pH 7.4) was introduced,
and the deposition process involved two potential pulses of +0.9 V each for
1s. During the intervals between these pulses, a potential of 0V was
maintained for 10 s (Fig. 5 Step 1). After SPCE was pre-modified with an
underlying polymer layer, 100 pL of PBS solution containing 0.25 M Py and
1 uM of rN was applied atop the electrode. Subsequently, a sequence of four
potential pulses, each lasting 1 s at +0.9 V, was applied, with intervals of 0 V
potential maintained for 10 s between these pulses (Fig. 5 Step 2).

L P S, oS

1. Pyrrole polymerization: 2. 1N integration:
0.25M Py (PBS pH 7.4) 0.25M Py + IpM 1N 3. 1N extraction:
2 pulses: 0.9V - s, OV - 10s 4 pulses: +0.9V - 1s, 0V - 10s 0.05M H,SOy4 Smin

SmM SDS 20s

SN

5. Electrochemical detection: 4.1N coupling:
PAD 0-0.2nM 1N
10 pulses: +0.6 V - 2s,0V - 2s Smin
PBS (pH 7.4)

Figure 5. Schematic representations of the MIP-based biosensor design
stages.

2.2.2. Sensing element formation

SAM-based immobilization of SARS-CoV-2 virus proteins
The AuNS-modified SPCE underwent an incubation period at room
temperature (RT) for 4 hours in a 5 mM L-cysteine EtOH solution, facilitating
the formation of a SAM on the working surface (Fig. 3 Step 2). Following the
incubation, the electrode underwent a thorough rinsing with deionized water
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and subsequent drying under a flow of N». The established SAM was activated
with 10 pL of a mixture containing 0.02 M EDC and 0.005 M NHS in PBS
(pH 7.4) for 10 min (Fig. 3 Step 3). Subsequent to activation, the WE was
incubated with 10 uL of 0.3 uM 1S in PBS (pH 7.4) atop, at RT for 20 min
(Fig. 3 Step 4). The immobilization of rS was accomplished through the
covalent coupling of the protein's primary amine functional groups with the
activated carboxylic groups of the SAM. Any remaining reactive esters were
rendered inactive by incubating the electrode with a 1 mM aqueous solution
of EA for 10 min (Fig. 3 Step 5).

Glutaraldehyde-based immobilization of SARS-CoV-2 virus proteins
The SPCE modified with PANI was coated with 6 uL. of a 0.06 uM PBS
(pH 7.4) solution of rS and incubated for 30 min at RT. Following the
complete coverage, the electrode was transferred to a beaker containing a 25%
GA solution and incubated in vapor for 15 min. Subsequently, the modified
SPCE was immersed in a PB solution and kept overnight at 4°C to get rid of
the GA remains.

Formation of molecularly imprinted polymer (MIP)-based layers
The SPCE modified with Ppy film incorporating rN underwent an extraction
procedure. Initially, the Ppy-modified SPCE was incubated in a 0.05 M H»SO4
solution for 5 min at RT and subsequently rinsed with water and PBS solution
(pH 7.4). Subsequent to this, the SPCE was immersed ina 5 mM SDS solution
for approximately 20 s and then rinsed with PBS solution (pH 7.4) resulting
in the formation of molecularly imprinted polypyrrole-based rN templates
(Fig. 5 Step 3):

MIP1 — SPCE/AuNS modified with Ppy/rN;

MIP2 — SPCE/PtNS modified with Ppy/rN;

MIP3 — SPCE modified with Ppy/rN.

Non-imprinted polymer (NIP) systems were also tested in parallel to
evaluate the contribution of non-specific binding and assess the affinity
sensor’s efficiency:

NIP1 — SPCE/AuNS modified with Ppy;

NIP2 — SPCE/PtNS modified with Ppy;

NIP3 — SPCE modified with Ppy.
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2.2.3. Determination of SARS-CoV-2 virus related analytes

Detection of antibodies against SARS-CoV-2 spike protein (anti-rS)
The SPCE with immobilized rS was subjected to incubation with 6-10 uL of
anti-rS spanning a concentration range for 10 min at RT. After each incubation
step, the electrodes were rinsed with either PBS or PB solution (Fig. 3 Step 6,
Fig. 4 Step 4).

Detection of SARS-CoV-2 recombinant nucleocapsid protein (rN)
with MIP-based sensor
The SPCE modified with MIP was subjected to incubation in PBS (pH 7.4),
containing rN at various concentrations. These incubations were performed
for 5 min at RT. Between each round of incubation in different concentrations
of N and subsequent measurements, the electrodes were thoroughly rinsed
with PBS (pH 7.4) (Fig. 5 Step 4).

2.3. Electrochemical measurements
2.3.1. Electrochemical equipment

A potentiostat controlled by the DStat interface software from Wheeler
Microfluidics Lab (University of Toronto, Toronto, ON, Canada). The DRP-
110 SPCEs were connected via a specialized 'box-connector' designed for
SPEs (DRP-DSC, DropSens, Oviedo, Spain). Metrohm DropSens uStat400
potentiostat (Asturias, Spain) equipped with DropView 8400 software.
LAUTOLAB TYPE III potentiostat (Metrohm, Netherlands) controlled by
FRA2-EIS software from ECO-Chemie (Utrecht, Netherlands).

2.3.2. Electrochemical methods

Cyclic voltammetry (CV)
The CV was recorded within the potential range of -0.4 to +0.6 V versus
Ag/AgCl, employing a scan rate of 0.05 V/s in PBS (pH 7.4) with 2 mM
potassium ferricyanide/ferrocyanide ([Fe(CN)s]*"*) solution served as the
redox probe.
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Differential pulse voltammetry (DPV)
The DPV experiments were carried out within the potential range of -0.4 to
+0.6 V versus Ag/AgCl, utilizing a scan rate of 0.04 V/s in PBS (pH 7.4) with
2 mM Fe(CN)g]*”* solution served as the redox probe.

Electrochemical impedance spectroscopy (EIS)
The EIS signal was recorded across a frequency range spanning from 0.1 Hz
to 100 kHz, utilizing a perturbation amplitude of 0.01 V and a potential of
0.1 V versus an Ag/AgCl reference electrode.

Pulsed amperometric detection (PAD)
The PAD was carried out under the following conditions: 10 potential pulses
of +0.6 V versus Ag/AgCl reference electrode for 2 s, with intervals between
these pulses set at 0 V for 2 s. The experiment was performed at a sampling
rate of 200 datapoints/s in a PBS solution (pH 7.4), as per the methodology
outlined by Ratautaite et al [ 148].

2.4. Calculations
2.4.1. Electrochemical characterization of electrodes

The EASA was determined using the Randles-Sevcik equation at 25 °C:
3 1.1
i, = (2.69-10°)n2AD2Cv?2 (13),

where i, — current maximum; n — number of electrons transferred in the
electrochemical reaction (n=1); 4 — electrode area; D — diffusion coefficient
(6.40-107% cm?/s for [Fe(CN)s]*); C — concentration of the electroactive
species (2-107° mol/cm?); v — scan rate.

The heterogeneous electron transfer rate constant (k") was determined
using the improved Nicholson approach [159,160], where the dimensionless
kinetic parameter ¥ was calculated based on the empirical equation:

(—0.6288 + 0.0021nAE, )
- 1—0.017nAE,

(14),
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where ¥ — dimensionless kinetic parameter; D — diffusion coefficient
(6.40-107¢ cm?/s for [Fe(CN)s]*); n — number of electrons transferred in the
electrochemical reaction (n=1); v — scan rate; F' — Faraday constant; R — gas
constant; 7 — temperature.

2.4.2. Signal normalization

For PAD method, calibration curves were plotted using a normalized
difference in current density, 4j, (Fig. 6).

36 F
1 L K
0F Aj

-36 |+

j (mA/cm?)

3‘(\ 3‘9 4‘2 415 48
Time (s)
Figure 6. The principle of the analytical signal calculation for the PAD
method.
The normalization of the A4j signals was performed by taking 4j at 0 nM

of rN as zero:

Normalized signal = Aj, — Aj (16),

where 4jy— signal at 0 nM of rN.

2.4.3. Limit of detection (LOD) and limit of quantification (LOQ)
calculation

To analyze the performance of the biosensors, the LOD and LOQ were
determined:
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3.330

LOD = 17
Slope an,

L0Q = =27 (18)
¢= Slope ’

where o — is the standard deviation of the blank and Slope — the slope of
the linear part of the calibration curve.

2.4.4. Evaluation of molecularly imprinted polymer (MIP)-based
Sensors

The MIP affinity was evaluated by the calculation of the Langmuir constant
based on the isotherm equation adapted for the MIP-based electrochemical
measurements [161]:

K[rN]

max T4 KN (19),

Norm.signal = Normal. signal

where K — adapted Langmuir constant; /#N] — concentration of rN.
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3. RESULTS AND DISCUSSION

3.1. Detection of anti-rS antibodies with SPCE modified by
electrodeposited AuNS

To enhance the surface area for immobilizing the rS and to facilitate better
electron transfer kinetics, electrochemical deposition of AuNS was performed
on the working electrode of the SPCE.

In addition, the effectiveness of the AuNS deposition was confirmed
using CV in 10 mM H,SOs solution (Fig. 7). During the experiment, the
reproducibility of the data was ensured by testing three electrodes. The
presence of characteristic gold reduction and oxidation peaks within the
potential window from 0 to +1.0 V [162] was observed, while no oxidation or
reduction peaks were evident on the unmodified SPCE surface (Fig. 7, inset).
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Figure 7. Cyclic voltammogram of SPCE/AuNS in 10 mM H,SOs. Inset:
cyclic voltammogram of SPCE. Potential scan range was from —0.4 to +1.0 V
vs. Ag/AgCl, at a scan rate of 0.1 V/s. The figure presents the average of 3
measurements.

Based on the data obtained from CV at scan rates ranging from 0.01 to
0.15V/s (Fig.8), and utilizing the Randles—Sevcik equation (Eq. 13)
(Fig. 9A), the EASAs were calculated as 13.80+0.15-10"2 cm? for SPCE and
23.50+0.12-10"2 cm? for SPCE/AuNS (Table 1). Since charge transfer in the
cathodic region is slower than in the anodic region [67], the values of peak
anodic current were used for EASA and further calculations.
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Figure 8. Cyclic voltammograms for SPCE (A) and SPCE/AuNS (B) at
scan rates of 0.01, 0.025, 0.05, 0.075, 0.1 and 0.15 V/s vs. Ag/AgCl in PBS
(pH 7.4), containing 2 mM [Fe(CNe)]* . The figure represents the average

of 3 measurements.
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Figure 9. Plot for EASA calculation (A); plot for kg calculation (B). Error

bars are calculated as a standard deviation (n=3).

Table 1. Calculated EASA and ky values for SPCE and SPCE/AuNS.
Error bars are calculated as a standard deviation (n=3).

SPCE SPCE/AuNS
EASA-102, cm? 13.80+0.15 23.50+0.12
ko 10 9.23+0.16 48.70+0.90

The difference between the values can be explained by the increase in
surface roughness (Fig. 10), thus improving the working substrate properties
for subsequent immobilization of the biorecognition element.
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Figure 10. SEM micrograph of SPCE/AuNS.

Furthermore, ky was assessed by means of the improved Nicholson’s
approach for quasi-reversible electrochemical reactions (Eq. 13-14) (Fig. 9B),
utilizing data obtained from CV at different scan rates (Fig. 8). The value for
SPCE was found to be 9.23+0.16-10*, while for SPCE/AuNS, it was
48.70+0.90-10* (Table 1). Thus, it can be concluded that the electrodeposition
of AuNS contributes not only to an increase in the electrode's active area but
also to the rate of heterogeneous electron transfer.

The CV and DPV measurements were performed in PBS (pH 7.4), using
2mM [Fe(CNg)]** as a redox probe to evaluate SPCE/AuNS,
SPCE/AuNS/SAM, and SPCE/AuNS/SAM/1S (Fig. 11).

f——SPCE/AuNS 600 |
A |- —spceaunssam B
(= - = SPCE/AUNS/SAM/S,

= AuNS/SPCE
— = AuNS/SPCE/SAM
— = = AuNS/SPCE/SAM/rS

04 -0.2 0.0 0.2 04 0.6 -04 -0.2 0.0 0.2
E (V) vs Ag/AgCl E (V) vs Ag/AgCl

Figure 11. Cyclic voltammograms (A) and differential pulse
voltammograms (B) of SPCE/AuNS (—), after SPCE/AuNS/SAM formation
(- - -), and for SPCE/AuNS/SAM/rS protein immobilization (---). Potential
range was from —0.4 to +0.6 V, with a CV scan rate of 0.05 V/s, DPV scan
rate of 0.04 V/s in PBS (pH 7.4), containing 2 mM [Fe(CNg)]**". Signal
normalized to the geometrical area of the working electrode (0.126 cm?).
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The CV analysis of SPCE/AuNS revealed voltammograms (Fig. 11A)
characterized by sharp oxidative peaks, with a j,. value of
536.30+0.42 nA/cm?. Subsequent formation of SPCE/AuNS/SAM led to a
decrease in jp, to 436.96+0.18 pA/cm?. CV following antigen immobilization
with SPCE/AuNS/SAM/rS formation and blocking revealed a further
decrease in current density to 361.83+0.28 pA/cm?.

The DPV measurements for the aforementioned biosensing element
formation stages exhibited a similar trend (Fig. 11B), with a stepwise decrease
in current density: 632.53+0.83, 363.52+0.28, and 185.26+1.17 uA/cm? for
SPCE/AuNS, SPCE/AuNS/SAM, and SPCE/AuNS/SAM/1S, respectively.

The decrease in current density observed through both CV and DPV
methods can be attributed to the increasing layer thickness on the working
electrode surface, hindering electron transfer. The stepwise broadening of
DPV peaks may be associated with a reduced electron exchange rate.

In the CV measurements (Fig. 11A), the potential values for jp. shifted
within the +0.1 —+0.2 V window, possibly due to alterations in the electron
transfer process and/or changes in the reference Ag/AgCl electrode, which is
sensitive to experimental conditions such as the presence of CI” in PBS
(pH 7.4), during AuNS electrodeposition. Meanwhile, DPV exhibited
(Fig. 11B) relatively stable potential values, experiencing only slight changes
reflecting differences in the principles of electrochemical signal recording and
assessment between CV and DPV techniques.

The subsequent phase of the experiment aimed to evaluate the biosensor's
capability to detect anti-rS. CV measurements (Fig. 12A) demonstrate a
gradual 'flattening' of the voltammograms in the anodic region, accompanied
by a decrease in jj, values. This trend initiates at 361.83+0.28 pA/cm? for the
solution containing 0 nM of anti-rS and declines to 270.04+0.63 pA/cm? for
the solution with 3.5 nM of anti-rS (Table 2), within the potential range of
+0.2 to +0.4 V. The observed 'flattening' of the voltammograms and the shifts
in potential signify increasing insulation of the working surface, which further
impedes electron access and alters the redox reaction potential.
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Figure 12. Cyclic voltammograms (A) and differential pulse
voltammograms (B) after interaction with anti-rS antibodies of different
concentrations (0—3.5 nM). Potential range was from —0.4 to +0.6 V, with a
CV scan rate of 0.05 V/s, DPV scan rate of 0.04 V/s in PBS (pH 7.4),
containing 2 mM [Fe(CNq)]**". Signal normalized to the geometrical area of
the working electrode (0.126 cm?).

Table 2. Analytical parameters obtained from CV and DPV. Errors are
calculated as a standard deviation (n=3).

Anti-rS, Ccv DPV
nM Jpa, WA/cm? Jp, WA/cm?

0 361.83 +£1.38 185.26 £1.10
0.5 323.11 £ 0.80 148.86 +4.60
1.0 303.18 £2.90 12425 £3.11
1.5 297.42 £3.36 105.86 +£4.63
2.5 276.91 £2.43 82.23+1.53
3.5 270.04 +2.86 66.93 +£3.90

Similarly, DPV experiments corroborate this effect (Fig. 12B),
displaying a consecutive decrease in j,, i.e., 185.26=1.17, 148.86+1.02,
124.25+0.32, 105.86+0.32, 82.2340.59, and 66.93+ 0.2 pA/cm? for 0, 0.5, 1.0,
1.5, 2.5, and 3.5 nM anti-rS concentrations, respectively (Table 2). Unlike
CV-based experiments, the peaks in the differential pulse voltammograms for
solutions with varying concentrations of anti-rS exhibit higher resolution and
more consistent potential values, correlating with the applied anti-rS
concentrations.

The data obtained from the electrochemical measurements were utilized
to assess the LOD and LOQ (Eq. 17-18) for the developed biosensor,
employing both CV and DPV methods. Calibration curves are depicted in
figure 13.
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It was determined that the LOD and LOQ values for the CV-based
method were 0.27 nM and 0.81 nM, respectively. In contrast, calculations
from DPV data yielded lower values of 0.14 nM for LOD and 0.42 nM for
LOQ.
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Figure 13. Calibration curves obtained from CV (A) and DPV (B) vs.
anti-rS antibody concentration. Error bars are calculated as a standard
deviation (n=3).
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3.2. Detection of anti-rS antibodies with SPCE modified by PANI film

To achieve the formation of a conductive film atop the SPCE, a mixture of PA
and aniline was employed for electropolymerization. The process was
conducted at a fixed current (10 pA) while varying the ET, ranging from 1 to
20 min. The ET, selected as a variable, influences the permeability of the
polymer for charge transfer, as established by previous studies [163]. This
assertion was substantiated by EIS measured immediately after
electropolymerization on five SPCEs with varying ET durations (Fig. 14).
Notably, the stability of the PANI film doped with PA was evaluated in the
previous study [158], which exhibited fluctuations of <2% for 7 h, following
the initial stabilization period of 30 min.

As it can be seen in figure 14, with the prolonged ET, a noticeable
enhancement in the prominence of the semicircles establishment observed on
the Nyquist plots was visible, particularly evident from the 5-min mark
onward. This observation implies that the effective formation of the PANI
film on the WE of the SPCE necessitates a minimum duration of 5 min of
electropolymerization.

38



120 1 min
100 2 min
5 min

& g0l - 10 min
£ 20 min
a 60t
&<
N

20—__;:";',,#\ )

o
0 20 40 60 80 100 120

Z' (kQ-cm?)

Figure 14. Nyquist plots of the SPCE modified with PANI for the
electrodes with ET of polymerization from 1 to 20 min. Measurements were
performed in a frequency range from 100 kHz to 0.1 Hz, at 0.01 V amplitude
and applied potential 0.1 V vs. Ag/AgCl reference electrode in 0.1 M PB
solution, signal normalized to the area of the electrode (0.126 cm?).

Following the electropolymerization process, the immobilization of rS
was performed on the surface of all the SPCEs, accompanied by the use of
GA as a cross-linker [158]. Subsequently, EIS measurements were recorded
for all five electrodes under identical conditions, serving as blank (0 nM). As
depicted in figure 15, alterations in the behavior of the electrochemical system
were observed with an increase in ET, evident through the emergence of
clearer semicircle shapes in Nyquist plots (Fig. 15). The data obtained for ET
durations of 10 and 20 min facilitated data fitting based on the assumptions of
the corresponding equivalent circuit (Fig. 15D-E insets). This assumed circuit
comprised Rct, Rs, and a constant phase element (CPE). The CPE was
selected for the equivalent circuit due to its ability to account for non-ideal
capacitive behavior, providing a more accurate representation of the electrode
impedance response, especially in the presence of irregularities or
discontinuities on the electrode surface. Subsequently, the maximum values
of semicircles in the Nyquist plots (Fig. 15D-E) for ET durations of 10 and
20 min were considered, yielding corresponding -Z’’max values of
11.34 £ 0.23 kQ-cm? and 9.59+0.22 kQ-cm? (Table 3).
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Figure 15. EIS measurements of anti-rS in the range of concentrations
from 0 to 60 nM. Nyquist plots for different ET of electropolymerization: A-
1 min; B-2min; C-5min; D-10 min;
performed in a frequency range from 100 kHz to 0.1 Hz, at 0.01 V amplitude
and applied potential 0.1 V vs. Ag/AgCl reference in 0.1 M PB solution,
signal normalized to the area of the electrode (0.126 cm?).
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Table 3. Analytical parameters were obtained from EIS values for the
electrodes with ET of 10 and 20 min. Errors are calculated as a standard

deviation (n=3).

AntirsS, ET 10 min ET 20 min
oM Z’’max, Z’’max,
kQ-cm? kQ-cm?

0 11.3440.61 9.5940.58

0.6 24.82+1.75 24.76%1.80

1.2 34.32+2.28 38.11+£2.88

41.2242.80 45.7612.43

6 49.6913.04 55.1944.00

12 55.69+4.37 61.67+3.97

30 62.88+3.70 74.50+5.21

60 74.98+5.74 85.30£6.06

The subsequent step involved electrochemically registering the
interaction between immobilized rS and anti-rS across a range of
concentrations from 0 to 60 nM on the WE surface. Following incubation with
each concentration, EIS signals were recorded (Table 3, Fig. 15).

The models indicate that akin to the blank concentration, Nyquist plots
for low ET durations (1-2 min) (Fig. I5A-B) did not form complete
semicircles and lacked clear resolutions for signals associated with higher
concentrations (3-60 nM), thus impeding data interpretation. Nyquist plots for
electrodes subjected to electropolymerization for 5 min (Fig. 15C) still
exhibited incomplete semicircles, albeit with noticeable improvements in
signal resolutions.

For an ET duration of 10 min, the Nyquist plot (Fig. 15D) displayed
relatively well-shaped semicircles with a significant tendency of radii growth,
consistent with concentration increase. The corresponding maximum values
of -Z” increased from 11.34+0.23 kQ-cm? to 74.98+2.17 kQ-cm? with the
corresponding increase in concentrations from 0.6 to 60 nM.

Subsequently, the electrode subjected to the maximal ET duration of
20 min followed and improved upon the trend established by the electrode
with an ET duration of 10 min. The Nyquist plot (Fig. 15E) exhibited quite
well-resolved signals with nearly complete semicircles and significant
stepwise increases in radii, with -Z’’max values ranging from
24.7640.68 kQ-cm? to 85.30+2.29 kQ-cm?.
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The clearer and more pronounced semicircles observed in the Nyquist
plot with increasing concentration of applied anti-rS for SPCEs coated with
PANI film formed for a longer time (10 and 20 min) compared to films formed
for 1-5 min can be attributed to several reasons. First, the PANI film formed
over a longer ET is expected to be thicker, resulting in more significant
changes in the impedance response. This increased thickness provides a
greater barrier to charge transport paths, resulting in more visible semicircles
in the Nyquist plot. Moreover, longer ET allows the PANI film to be more
fully formed and cross-linked, resulting in a denser and more uniform film
structure. This improved polymerization increases the film's effectiveness in
blocking charge transfer, further contributing to the sharper observed EIS
response. In addition, longer ET may also result in a higher density of
functional groups on the surface of the PANI film. These additional functional
groups provide more binding sites for anti-rS. Consequently, this increased
anti-rS binding results in larger impedance changes and more pronounced
semicircles in the Nyquist plot.

The LOD and LOQ were calculated for the electrodes with ET from 10
to 20 min to assess and compare the analytical properties of the impedimetric
systems. For this purpose, calibration curves, were plotted (Fig. 16). The
lowest LOD and LOQ values 0f 0.42+0.01 and 1.27+0.03 nM correspondingly
belonged to the biosensor designed with ET of 20 min.

90

-Z" (kQ-em?)

Figure 16. Calibration curves for the electrodes with ET of
electropolymerization for 10 and 20 min. The concentration range is from 0
to 60 nM. Error bars are calculated as a standard deviation (n=3).
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3.3. Detection of rN protein with SPCE modified by rN imprinted
polypyrrole (Ppy)

A pattern was revealed in all tested MIP and NIP systems through the
performed PAD measurements. An increase in rN concentration was
commonly associated with a decrease in 4j signals (the increase of Normalized
signal), a trend that might be linked to changes in charge transfer processes
occurring at the surfaces of the working electrodes covered with the
conductive Ppy layer. The binding of rN to both the Ppy-imprints and the rest
of the polymer surface resulted in a significant decline in the available EASE,
consequently leading to a noticeable decrease in the recorded signal.

In figure 17, PAD chronoamperograms for the detection of rN by NIP1
(Fig. 17A-B) and MIP1 (Fig. 17C-D) are displayed. For NIP1, no clear
stepwise tendency in signal changes was observed with increasing rN
concentration. Initially, the signal exhibited a slight increase, rising from
62.4+0.06 mA/cm? at 0 nM of rN to 62.7+0.06 mA/cm? at 0.01 nM of N
(Table 4). Subsequently, the 4j value experienced a decline, reaching
61.2+0.1 mA/cm?> at 0.02nM. However, it rebounded, reaching
62.3+£0.06 mA/cm? at 0.2 nM. The values of registered A4; signals can be found
in Table 4.
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+ 0.0l nM
4 0.02nM
* 0.05nM
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Figure 17. Chronoamperograms registered during the rN detection in the
concentration range from 0 to 0.2 nM. By the NIP1: 10 potential pulses (A)
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and the last three pulses (B). By the MIP1, there are 10 potential pulses (C)
and the last three pulses (D). PAD: 10 potential pulses of +0.6 V vs. Ag/AgCl
for 2 s, between these pulses 0 V vs. Ag/AgCl for 2 s. Measurements were
performed in PBS solution (pH 7.4). The signal normalized to the geometrical
area of the working electrode (0.126 cm?).

Table 4. Experimental data were obtained from PAD for the detection of
rN in the range of concentration. Errors are calculated as a standard deviation

(n=3).
N, NIP1 MIP1 NIP2 MIP2 NIP3 MIP3
oM Aj, Aj, Aj, Aj, Aj, Aj,

mA/cm? mA/cm? mA/cm? mA/cm? mA/cm? mA/cm?
0 62.4+0.06  69.5+0.06 | 73.3+£0.06 71.9+0.01 67.5+0.1 72.240.1

0.01  62.7£0.06 67.0+£0.06 | 72.4+0.06 69.9+0.01 66.9+0.06 69.7+0.01
0.02 = 61.2+0.1 | 65.6+£0.06 | 71.5+0.06 @ 68.4+0.01 66.4+0.01 69.5+0.01
0.05  61.3£0.01 | 65.840.06 | 71.5+0.01 @ 68.0+0.06 65.5+0.01 @ 67.6+0.06

0.1  61.840.06 64.9+£0.01 71.2+0.01 67.8£0.06 65.0+0.01 67.3£0.10
0.2  62.3+0.06 64.9+0.01 71.2+0.01 68.3£0.01 65.2+0.01 67.6=0.01

Moreover, the character of the response can be tracked in the calibration
curve plotted using normalized 4j vs. concentrations (Fig. 18A). The obtained
correlation in figure 18A didn’t follow any clear linear or exponential pattern.
On the other hand, data obtained from the detection of rN with MIP1
(Fig. 17C-D) showed more significant changes in the signal response from
69.5+0.06 mA/cm® to 64.90+0.01 mA/cm?® with an increase of the
concentrations from 0 to 0.2 nM (Table 4, Fig. 18A). When comparing the
detection of rN using NIP1 and MIP1, some assumptions can be made. In the
case of NIP1, a weak non-specific interaction between the polymer surface
and the analyte is observed. The observed response is related to the presence
of non-specific binding sites on the polymer. As the concentration of rN
increases, the signal decreases. This decrease in the signal can be explained
by the non-specific binding sites becoming oversaturated.
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Figure 18. Calibration curves (Normalized signal vs. concentration of
rN) obtained using NIP1/MIP1 (A), NIP2/MIP2 (B), and NIP3/MIP3 (C) for
the detection of rN in the range of concentration from 0 to 0.2 nM. Error bars
were calculated as standard deviations (n=3).

Looking at the results of the NIP2 and MIP2 measurements (Fig. 19), it
is observed that both NIP2 and MIP2 show a signal change with the increasing
N concentration (Table 4). The 4; values decreased from 73.3+0.06 mA/cm?
to  71.20+0.01 mA/cm?> for NIP2 and from 71.90+0.01 mA/cm?
68.3+0.01 mA/cm? for MIP2, correspondingly. Similar to NIP1, NIP2 also
shows a tendency towards non-specific binding. However, when comparing
the calibration curves of MIP2 and NIP2, a significant difference in the
intensity of the responses is observed (Fig. 18B).
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Figure 19. Chronoamperograms registered during the rN detection in the
concentration range from 0 to 0.2 nM. By the NIP2: 10 potential pulses (A)
and the last three pulses (B). By the MIP2, there are 10 potential pulses (C)
and the last three pulses (D). PAD: 10 potential pulses of +0.6 V vs. Ag/AgCl
for 2 s, between these pulses 0 V vs. Ag/AgCl for 2 s. Measurements were
performed in PBS solution (pH 7.4). The signal normalized to the geometrical

area of the working electrode (0.126 cm?).

Figure 20 displays the chronoamperograms depicting the detection of IN
using NIP3 and MIP3. Both systems show a noticeable stepwise change in the
signal as the concentration of rN increases from 0 to 0.2 nM. Namely, by NIP3
generated signal decreased from 67.5+0.1 mA/cm? to 65.2+0.01 mA/cm?
while the generated signal decreased from 72.2+0.1 mA/cm? to
67.6:0.01 mA/cm?. This indicates that non-specific interactions between rN
and the working surface still play a significant role, as further evidenced by
the results presented in figure 18C.
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Figure 20. Chronoamperograms registered during the rN detection in the
concentration range from 0 to 0.2 nM. By the NIP3: 10 potential pulses (A)
and the last three pulses (B). By the MIP3, there are 10 potential pulses (C)
and the last three pulses (D). PAD: 10 potential pulses of +0.6 V vs. Ag/AgCl
for 2 s, between these pulses 0 V vs. Ag/AgCl for 2 s. Measurements were
performed in PBS solution (pH 7.4). The signal normalized to the geometrical
area of the working electrode (0.126 cm?).

Further, biosensor performance was evaluated by the analysis of the
calibration curves obtained for all three NIP and MIP systems (Fig. 18). For
this purpose, the calibration curves were fitted using the Langmuir isotherm
equation adapted for the MIP-based electrochemical measurements by the
given equation (Eq. 19). Comparing the values of adapted Langmuir constants
(K) allows assessing binding affinity, specificity, efficiency, and imprinting
effect of the reported sensing systems. A higher constant value indicates
stronger binding affinity, greater specificity of MIPs for the template
molecule, higher adsorption capacity, and a more pronounced imprinting
effect. As evidenced by the results presented in figure 18A, NIP1 did not show
any clear pattern, indicating that it did not exhibit a specific dependence and
could not be fitted. On the other hand, MIP1 had a K value of 135+39 nM .
When comparing NIP/MIP2 and NIP/MIP3, the K values for the non-
imprinted systems were approximately 1.4 and 2 times lower, respectively, in
comparison with their corresponding imprinted systems (Table 5). This
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suggests that the imprinted systems had higher binding affinities.
Additionally, the highest R* value of 0.97 belonged to MIP1, indicating a
relatively good fit for the data.

Table 5. Normalized signalmx, K, R’ values for MIPs and NIPs.

Electrode qumahzed K, nM"! R?
signalmax
MIP1 4.79+0.26 135+39 0.97
PCE/AuN
SPCE/AuNS NP1 . . .
MIP2 4.18+0.33 138+59 0.94
SPCE/PINS NIP2 2.23+0.15 96+31 0.96
+ +
SPCE MIP3 5.25+0.37 78+24 0.96
NIP3 2.94+0.28 35+11 0.96

Figure 18 reveals that non-specific detection made a significant
contribution in the SPCE/PtNS-based (Fig. 18B) and SPCE-based (Fig. 18C)
systems, while the distinction between NIP1 and MIP1 curves was most
noticeable. Considering these observations, MIP1 was selected as the more
reliable and specific system for further analysis.

The LOD and LOQ (Eq. 17-18) were calculated for MIP1, resulting in
LOD and LOQ values of 1.02+0.01 pM and 3.08+0.03 pM, respectively.
Thus, when comparing the responses of MIP and NIP to different
concentrations of rN (Fig. 18), it becomes apparent that the MIP1 system
using the SPCE/AuNS (Fig. 18A) exhibited less non-specific binding
compared to the SPCE/PtNS (Fig. 18B) and the unmodified SPCE (Fig. 18C).
This improvement may be attributed to the electrodeposition process, wherein
the surface of SPCE is coated with AuNS, resulting in increased surface
coverage and a higher density of specific binding sites for the target analyte.
Consequently, this reduces the availability of binding sites for non-specific
interactions. Additionally, the carried-out analysis of the biosensor based on
MIP1 demonstrated its potential for sensitive and specific detection of the
target analyte, rN. These findings underscore the advantages of incorporating
SPCE/AuNS in MIP design, offering enhanced selectivity and reliability in
detecting the target molecules.

Comparative analysis shows that the biosensors reported in previous
parts have lower sensitivity compared to some previously published analogs
(Table 6). However, it is important to recognize that sensitivity is a
multifaceted parameter that is influenced by various experimental factors.
Further improvements to the experimental setup, such as optimization of
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electrode configurations and assay conditions, could potentially mitigate this
limitation. Additionally, performing stringent specificity tests can reveal the
selectivity of a biosensor towards target analytes, thereby enhancing its overall
performance and applicability.

Table 6. Some of the previously reported SPCE-based electrochemical
biosensors for the detection of SARS-CoV-2-related biotargets.

Sensin, SARS-
S.P CE. e CoV-2 Method Redox probe LOD
modification | element
target
Nleﬁ?l S. Ab -
hydroxide . . DPV [Fe(CN)e]* ™" 0.3 aM [164]
. protein | (antibody)
nanoparticles
Nitrocellulose N-. Ab CA 13 pM [165]
membrane protein
AuNS Ab N-protein SWV [Fe(CN)g]* " 52 fM [166]
Au/graphene MIP N-protein DPV [Fe(CN)s]* " 3.0fM | [167]
51026@6U‘O' Ab S-protein |  EIS [Fe(CN)J*" 18aM | [168]
nar?(;lczl(i)es Ab S-protein EIS [Fe(CN)s]* " 0.25aM | [169]
AuNS Aptamer | S-protein EIS [Fe(CN)s]* 1.30pM | [170]
AuNS Ab S-protein EIS [Fe(CN)s]* " 3.16pM | [171]
Magnetic .
beads, AuNS ACE2 S-protein DPV 2zM [172]
- Ab S-protein CA 09pM | [173]
AuNS Ab S-protein PAD 12.5nM | [129]
4-
CusSi-Au MIP | Soprotein | ppy | Mereaptophenylboronic |y S
acid, 3-aminophenyl
boronic acid
This work
S- Cv, PR 0.27 nM,
AuNS protein Ab DPV [Fe(CNl 0.14 1M
S-
PANI . Ab EIS 0.42 nM
protein
AuNS MIP N-protein PAD 1.02 pM

In examining earlier publications within the realm of SPCE-based
biosensors for COVID-19 diagnosis, the prevalent utilization of AuNS
modification in conjunction with voltammetric methods emerges as a common
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trend. Despite adhering to conventional construction and detection
methodologies, our biosensor showcases efficacy in directly detecting
antibodies against SARS-CoV-2 from real patient serum samples.

The limited utilization of conducting polymers atop SPCEs, as indicated
in the revised literature (Table 6), highlights the novelty and potential of our
PANI-based impedimetric biosensor. The intrinsic properties of conducting
polymers confer several advantages, including the elimination of additional
redox mediators and dual functionality as both substrate and mediator for
immobilizing biorecognition elements. This unique feature not only simplifies
the biosensing process but also enhances sensitivity and signal amplification,
thereby positioning our biosensor as a frontrunner in the field.

Another promising application of conducting polymers not particularly
represented in other publications lies in the construction of MIP-based
detection systems, offering a cost-effective alternative to traditional sensing
elements. The absence of expensive biomolecules in MIP systems not only
reduces operational costs but also enhances the biosensor's stability and
reproducibility. Moreover, the relatively low LOD observed in our developed
biosensor underscores its sensitivity and suitability for detecting target
biomolecules with precision and reliability.

The implementation of the PAD method represents a unique feature of
our biosensor, further enhancing its performance and practical utility. The
PAD offers a simple and sensitive approach to detection by minimizing
background currents, thereby improving the signal-to-noise ratio and
increasing detection limits. This method has great potential for various
biosensing applications, especially in scenarios requiring rapid and accurate
detection of analytes.

Although this study yielded promising results, there are opportunities for
future research and optimization. Continued efforts to improve experimental
protocols, explore new surface modification strategies, and integrate advanced
signal processing algorithms can further improve the sensitivity, specificity,
and practical applicability of our biosensor platform.
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CONCLUSIONS

1. The modification of SPCE with AuNS by electrodeposition increases
EASA by ~1.7 times and &’ by ~5.3 times.

2. CV and DPV methods enable detecting antibodies against SARS-CoV-
2 from real serum samples. The lowest LOD of 0.14 nM belongs to DPV.

3. SPCE modified with PANI conductive film formed in 20 min of
electropolymerization enables redox mediator-free detecting of antibodies
against SARS-CoV-2 from real serum samples by EIS with LOD of 0.42 nM.

4. SPCE modified with AuNS can be used as an effective platform for
the deposition of molecularly imprinted polypyrrole. The SPCE pretreated
with AuNS and modified with MIP enables redox mediator-free detecting of
SARS-CoV-2 N-protein by PAD with LOD of 1.02 pM.
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SANTRAUKA

Ivadas

Cheminiai jutikliai yra neatsiejama daugelio moksliniy ir pramoniniy
jrenginiy dalis, kurie atlicka svarby vaidmenj paver¢iant cheming informacija
atitinkamais analiziniais signalais. Sie prietaisai, sudaryti i§ cheminio jutiklio
sistemos ir fizikinio-cheminio keitiklio yra placiai naudojami jvairiose
technologijy srityse. Ypa¢ svarbus S$iy analizniy sistemy pogrupis yra
biologiniai jutikliai, kuriuose yra naudojami biocheminiai anali¢iy atpaZinimo
mechanizmai [1]. Biologiniais jutikliais matuojamos biocheminiuose
procesuose dalyvaujan¢iy medziagy koncentracijos,. Elektrocheminiose
biologiniuose jutikliuose naudojami elektrocheminiai signalo vertekliai.
Siuose jutikliuvose daZniausia naudojami biomolekulémis modifikuoti
elektrodai, kurie papildomai gali biiti padengti elektrai laidziais polimerais,
puslaidininkinémis medziagomis arba jvairiomis jonams laidziomis
membranomis [2,3]. Biologiniai receptoriai, jskaitant audinius, Iasteles,
fermentus, antiktinus ir kitas atpazinimo savybémis pasizyminc¢ias medziagas,
yraimobilizuojami ant keitikliy pavirSiaus, taikant jvairius imobilizavimo
metodus. Dazniausiai naudojamosdaugiasluoksnés lipidinés membranos,
polimerinés matricos, savitvarkiai monosluoksniai (SAM), bifunkcinés
medziagos bei kovalentinio imobilizavimo metodai [4]. Biologiniai jutikliai
taip pat yra pagal biologinio specifiSkumo mechanizmus, kurie gali biti
biokataliziniai arba afinininiai. PavyzdZiui, afinininio jutiklio elemento
veikimas gali biiti gristas specifinés antikiiny ir antigeny tarpusavio sgveikos
registravimu arba molekuliy jspaudais modifikuoty polimery (MIP) sgveikos
su jspaustomis analités molekulémis registravimu.

Pastaraisiais metais sparciai kuriami elektrocheminiai biologiniai
jutikliai, skirti jvairiems patogenams aptikti [5]. Si tendencija ypa¢ isryskéjo
kilus COVID-19 pandemijai, kurios metu greitos ir tikslios diagnostikos
poreikis paskatino intensyvy biologiniy jutikliy technologijy vystymasj.
COVID-19 diagnozei skirti biologiniai jutikliai buvo kuriami ir tirami, daug
démesio buvo skiriama jy signalo vertikliy tobulinimui, biologinio atpaZinimo
komponenty paieskai ir elektrocheminiy metodiky vystymui [6,7]. SARS-
CoV-2 viruso komponentams aptikti ir COVID-19 diagnozuoti yra taikomos
trys pagrindinés metodiky kryptys: a (1) molekulinia tyrimai, kuriais
nustatoma viruso RNR, (2) antigeny tyrimai, kuriais nustatomi viruso
baltymai, ir (3) antikiiny tyrimai, kuriais nustatomi specifiniai antikiinai pries
viruso baltymus. Pirmieji du metodai leidzia nustatyti infekcija organizme, o
treCiasis metodas igalina imuninés buklés jvertinimg ligos metu, po
pasveikimo ar vakcinacijos [6,7]. Elektrocheminiai biologiniai jutikliai gali
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biti taikomi visoms Sioms strategijoms, suteikdami daug privalumy, tokiy
kaip nustatymo greitumas, paprastumas, ekonomiskumas ir mobilumas
diagnozuojant COVID-19[8].

Pagrindinis tikslas
Istirti biologiniy jutikliy kiirimo strategijytaikymg su SARS-CoV-2 viruso
infekcija susijusiy biologiniy molekuliy elektrocheminiam aptikimui.
Konkretus tikslas — pasirinkti tinkamiausius metodus, atsizvelgiant j analités
aptikimo greit] ir jautruma, taip pat j papildomy redokso zymiy taikymo
aspektus.

UZzdaviniai

1. Jvertinti biologiniy jutikliy ktirimo strategijy, naudojant SAM, laidzius
polimerus ir MIP, efektyvuma COVID-19 diagnostikai

2. Nustatyti ciklinés voltamperometrijos (CV), diferencinés impulsinés
voltamperometrijos (DPV), elektrocheminés impedanso spektroskopijos
(EIS) ir impulsinés amperometrinés detekcijos (PAD) pritaikomuma su
SARS-CoV-2 viruso infekcija susijusioms biomolekuléms nustatyti.

3. Ivertinti SARS-CoV-2 smaigalio (S), nukleokapsidés (N) baltymy ir
antiking prie§ Siuos baltymus tinkamumg taikymui elektrocheminiuose
biologiniuose jutikliuose.

4. Pasirinkti perspektyviausiag COVID-19 diagnostikos metoda jvertinant
analités aptikimo greitj ir jautruma, taip pat biitinumg naudoti papildomus
redoks Zymenis.

Ginamieji teiginiai

1. Spausdinto montazo biidu pagaminto anglies elektrodo (angl.: screen
printed electrode (SPCE)) modifikavimas aukso nanostrukttiromis (AuNS)
padidina elektrochemiSkai aktyvaus pavirSiaus plota (EASA) darbiniame
elektrode ir heterogeninio elektrony perdavimo greicio konstanta (kO0).

2. SPCE elektrodas, modifikuotas savitvarkiais monosluoksniais, taikant
ciklinés voltamperometrijos (CV) ir diferencinés pulsinés voltamperoemtrijos
(DPV) metodus gali biiti naudojamas antikiinams prie§ SARS-CoV-2 viruso
baltymus realiuose serumo méginiuose aptikti, nustatytos §iy antikiny
aptikimo ribos (LOD) yra atitinkamai 0,27 ir 0,14 nM.

3. SPCE elektroda, modifikuota polianilino (PANI) plévele, taikant
elektrocheminio impedanso spektroskopijos (EIS) metodu galima naudoti
antiktinams prie§ SARS-CoV-2 viruso baltymus realiuose serumo meéginiuose
aptikti, nustatyta §iy antikiiny aptikimo riba(LOD) yra 0,42 nM.
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4. SPCE elektrodas, padengtas molekuliy jspaudais modifikuotu
polipirolu, gali buti naudojamas SARS-CoV-2 viruso N baltymui aptikti,
nustatyta $iy antikiiny aptikimo riba (LOD) yra 1,02 pM.

5. SPCE elektrodas modifikuotas AuNS ir MIP sluoksniu pasizymi
mazesniu nespecifinio suriSimo jtakotu signalu palyginus su nemodifikuotais
SPCE elektrodais, bei SPCE elektrodais modifikuotais platinos
nanostruktiromis (PtNS).

Darbo naujumas ir aktualumas
PANI sluoksniu modifikuotas SPCE elektrodas buvo naudojamas antiktinams
prie§ SARS-CoV-2 realiuose serumo méginiuose aptikti taikant EIS metoda.
Vienkartinio, kompaktisko ir nebrangaus SPCE padengto PANI sluoksniu
igalina iS§vengti papildomy redoks tarpininky taikymo. Todél tokie elektrodai
tinka vertinti imuning biikle pasveikus po COVID-19 arba po atitinkamo
skiepijimo.

SPCE elektrodas, padengtas polipirolo (Ppy) modifikuoto molekulinias
ispaudais sluoksniu, buvo pritaikytas SARS-CoV-2 N-baltymui aptikti PAD
metodu. Darbinio SPCE elektrodo, PAD metodo ir MIP technologijos derinys
pirma karta buvo panaudotas SARS-CoV-2 N-baltymui aptikti ir jgalino ne
tik iSvengti papildomy redoks tarpininky taikymo , bet ir iki minimumo
sumazinti santykinai brangiy biomolekuliy (specifiniy antikiiny) naudojima
jutikliy biologinio atpazinimo sistemose. Sukurtg biojutikliy sistemg galima
naudoti SARS-CoV-2 N-baltymy aptikimui.

Metodika
SARS-CoV-2 baltymy paruoSimas: buvo jsigyti ir paruosti rekombinantiniai
SARS-CoV-2 smaigalio ir nukleokapsidés (rN) baltymai. Sie baltymai buvo
susintetinti ir iSgryninti pagal parengtus protokolus. Rekombinantiniy
baltymy sintezé buvo atlikta jmonéje — UAB "Baltymas" (Vilnius, Lietuva).

Serumo méginiy rinkimas: Surinkti ir apdoroti savanorio, kuriam
patvirtinta COVID-19 diagnozé, serumo méginiai. Antikiinai prie§ SARS-
CoV-2 serume buvo kiekybiskai istirti. Antiking koncentracija serumo
meéginiuose  buvo  nustatyta  chemiliuminescencinés  mikrodaleliy
imunoanalizés metodu, Siuos tyrimus uzsaké ir finansavo UAB ,,Tavo
klinika“. (Vilnius, Lietuva).

Elektrocheminés biologiniy jutikliy sistemos: kaip biologiniy jutikliy
kiirimo platforma buvo naudojami spausdinto montazo anglies elektrodai
(SPCE). Siekiant sukurti skirtingus biologinio atpazinimo elementus, darbinis
elektrodas buvo jvairiai modifikuojamas: aukso nanostruktiiromis (AuNS),
taikant elektronusodinima; platinos nanostruktiromis (PtNS), taikant
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elektronusodinimg; elektrai laidZiais polimerais, taikant anilino polimerizacija
ir pirolo polimerizacija.

Biologinio atpazinimo elementy formavimui buvo taikomi: savitvarkiai
monosluoksniai (SAM), biomolekuliy suri§imas glutaro aldehidu (GA) ir
molekuliy jspaudy technologija.

Tiksliniy biologiniy junginiy aptikimas: sukurti biojutikliai buvo taikomi
tiksliniams biologiniams junginiams, tokiems kaip antik@inai prie§ smaigalio
baltyma (anti-rS) ir rN baltymai, nustatyti.

Elektrocheminiai matavimai: buvo naudojami jvairiis elektrocheminiai
metodai, jskaitant cikling voltamperometrija (CV), diferencing impulsing
voltamperometrijg (DPV), elektrochemin¢ impedanso spektroskopija (EIS) ir
impulsing amperometring detekcija (PAD).

Skaiciavimai: buvo atliktas elektrocheminis elektrody charakterizavimas
ir apskaiciuoti tokie parametrai kaip elektrochemiskai aktyvus elektrodo
pavirsiaus plotas (EASA); buvo apskai¢iuojamos heterogeninio elektrony
pernaSos grei¢io konstanta (ky), adaptuota Langmuiro konstanta, aptikimo
ribos (LOD), kiekybinio nustatymo ribos (LOQ) ir kitos elektrocheminiy
sistemy charakteristikos.

Diskusija ir rezultatai

Lyginamoji analizé rodo, kad masy biologiniy jutikliy jautrumas yra
mazesnis, palyginti su kai kuriais anks¢iau mokslin¢je literatiiroje aprasytais
analogais (6 lentelé). Taciau svarbu pripazinti, kad jautrumas yra daugialypis
parametras, kuriam jtakos turi jvairiis eksperimentiniai veiksniai. Tolesnis
eksperimentinés sarangos tobulinimas, pavyzdziui, elektrody konfigiiracijos
ir tyrimo salygy optimizavimas, potencialiai galéty pagerinti $iy analiziniy
sistemy charakteristikas. Be to, atliekant specifiSkumo bandymus buvo
nustatytas biologiniy jutikliy selektyvumas tikslinéms analitéms, taip buvo
padidinantas jy bendras efektyvumas ir pritaikomumas.

Nagrin¢jant ankstesnes publikacijas apie SPCE elektrody taikyma
biologiniuose jutikliuose, skirtuse COVID-19 diagnostikai, iSry§kéja bendra
tendencija —AuNS modifikuoti elektrodai dazniausiai naudojami
voltamperinése analizinése sistemose. Nepaisant to, kad Siame darbe aprasyti
biologiniai jutikliai sukurti laikantis jprastiniy konstrukcijos ir aptikimo
metodiky, jie yra veiksmingi tiesiogiai nustatant antikiinus prie§ SARS-CoV-
2 viruso baltymus realiose pacienty serumo méginiuose.

SPCE elektrodo modifikavimo polianilinu (PANI) privalumai
atsiskleidzia lyginant juos su kitais mokslinéje literatiiroje (6 lentele)
apraSytais panasiais elektrodais. Buidingos elektrai laidziyjy polimery savybés
suteikia keleta privalumy, elektrai laidiis polimerai gali atlikti redoks
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tarpininko imobilizacinés matricos funkcijas. Sios unikalios savybés ne tik
supaprastina biojutikliy nustatymo procesa, bet ir padidina jautrumg bei
signalo stiprinima.

Kita perspektyvi elektrai laidZiyjy polimery pritaikymo sritis, kuri kol kas
dar néra itin placiai taikoma, yra MIP pagrindu sukurtos analizinés sistemos,
kurios yra ekonomiSkai efektyvios ir yra alternatyvios tradiciniams
biologiniams jutikliams. Kadangi MIP sistemose galima apsieti be brangiy
biomolekuliy taikymo, todél zenkliai sumazéja veiklos sgnaudos bei padidéja
biologiniy jutikliy stabilumas. Be to, miisy sukurtiems biologiniamsjutikliams
buvo nustatytas palyginti mazas LOD, kuris pabrézia jo jautrumg ir
tinkamuma nustatyti tikslines biomolekules.

PAD metodo taikymas jgalina dar labiau padidinanti sukurty biologiniy
jutikliy efektyvuma ir praktinio taikymo galimybes. PAD jgalina sumazinant
fonines sroves, taip pagerinant signalo ir triukSmo santykj ir padidinant
aptikimo ribas. Sis metodas turi didelj potencialg jvairiems biologiniy jutikliy
taikymams, ypac tais atvejais, kai reikia greitai ir tiksliai aptikti analites.

Pazymétina, kad tesiant Siame darbe apraSytus tyrimus, toliau reikalingos
nuolatinés pastangos tobulinant eksperimentines salygas, tiriant naujas
pavirSiaus modifikavimo strategijas ir integruojant pazangius signaly
apdorojimo algoritmus, kurie gali dar labiau pagerinti miisy biologiniy jutikliy
platformos jautruma, specifiSkuma ir praktinj pritaikomuma.

ISvados:

1. SPCE elektrody modifikavimas AuNS elektrolitiniu bidu padidina
elektrochemiskai aktyvaus elektrodo pavirSiaus plota ~1.7 karto, o kO ~5.3
karto.

2. Taikant modifikuotus SPCE elektrodus ir CV bei DPV metodus galima
nustatyti antikiinus prie§ SARS-CoV-2 viruso baltymus realiuose serumo
méginiuose. Maziausias LOD (0.14 nM) buvo nustatytas taikant DPV metoda.

3. SPCE elektrodas, modifikuotas PANI sluoksniu, suformuotu
elektrocheminés polimerizacijos metodu, jgalina nustatyti antikiiny pries
SARS-CoV-2 viruso baltymus realiuose serumo meéginiuose be redoks
mediatoriy taikant EIS metoda, tokios analizés LOD yra 0.42 nM.

4. SPCE elektrodai, modifikuoti AuNS, gali biiti naudojami kaip
platforma molekuliy jspaudais modifikuoty polimery sluoksniy formavimui.
SPCE elektrodai, modifikuoti AuNS, ir modifikuoti MIP, jgalina nustatyti
SARS-CoV-2 N-baltyma netaikant redoks tarpininky PAD metodu, tokios
sistemos LOD yra 1.02 pM.
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Abstract: The coronavirus disease 2019 (COVID-19) outbreak caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was proclaimed a global pandemic in March 2020. Reducing
the dissemination rate, in particular by tracking the infected people and their contacts, is the main
instrument against infection spreading. Therefore, the creation and implementation of fast, reliable
and responsive methods suitable for the diagnosis of COVID-19 are required. These needs can
be fulfilled using affinity sensors, which differ in applied detection methods and markers that are
generating analytical signals. Recently, nucleic acid hybridization, antigen-antibody interaction,
and change of reactive oxygen species (ROS) level are mostly used for the generation of analytical
signals, which can be accurately measured by electrochemical, optical, surface plasmon resonance,
field-effect transistors, and some other methods and transducers. Electrochemical biosensors are the
most consistent with the general trend towards, acceleration, and simplification of the bioanalytical
process. These biosensors mostly are based on the determination of antigen-antibody interaction and
are robust, sensitive, accurate, and sometimes enable label-free detection of an analyte. Along with
the specification of biosensors, we also provide a brief overview of generally used testing techniques,
and the description of the structure, life cycle and immune host response to SARS-CoV-2, and some
deeper details of analytical signal detection principles.

Keywords: COVID-19; SARS-CoV-2 virus; RNA analysis; bioelectrochemistry; biosensors; electro-
chemical immunosensors; antigen-antibody interaction; immune complex; molecularly imprinted
polymers (MIPs); surface modification by immobilization of biomolecules

1. Introduction

The spreading of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which is causing coronavirus disease 2019 (COVID-19) was declared as a global pandemic
in March 2020. The main threat of the pandemic is the overloading of the health systems.
The key tool against infection spreading is decreasing its distribution rate, in particular
by monitoring the infected people and their contacts. For the successful control, the
primary step is the detection of SARS-CoV-2 in an organism. Hence, the development and
introduction of rapid, precise, and sensitive detection methods are required. For a better
understanding of the existing detection method principles, it is worth dwelling in more
detail on the structure of SARS-CoV-2, its life cycle and the induced host response.

2. The Structure of SARS-CoV-2 Virus

The coronavirus SARS-CoV-2 is a spherical structure with a diameter of about
130 nm [1-3], its surface is riddled by spikes making the viral particle look like the ‘Sun’s
corona’, therefore, similarly looking viruses are named as coronaviruses. Inside the viral
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structure, a helically symmetrical nucleocapsid containing ssRNA, which is a genetic infor-
mation carrier of this virus, is located. The SARS-CoV-2 has a typical for the coronaviruses
(CoVs) genome, which is by about 80% and 50% similar to that of known SARS-CoV and
middle east respiratory syndrome coronavirus (MERS-CoV), respectively [4]. The genome
is including no less than ten open reading frames (ORFs). The virus replicase-transcriptase
complex, which is formed by two large polyproteins, is encoded on the 5/-terminal two-
thirds of the genome ORFla/b, while the entire part of the genome encodes four key
structural proteins, that are, spike (S), envelope (E), nucleocapsid (N) and membrane (M)
proteins (Table 1). These proteins play a crucial role, primarily in the formation of viral
particles, and are taking part in other stages of the SARS-CoV-2 life cycle [4]. The S-protein,
a large transmembrane homo-trimer (~150 kDa), which consists of two subunits, namely,
S1 and S2 [4-6] and is responsible for the virus attaching to a host cell, followed by fusion
and infection [7,8]. An attachment to a host receptor performs through the receptor-binding
domain (RBD) in the S1 subunit and then fusion of the viral and host membranes takes
place through the S2 subunit [9-12]. The E-protein (~8-12 kDa) is a transmembrane and
also the smallest one. The smaller part of the E-protein, which is expressed in the infected
host cells, is forming the viral overall envelope, while the larger part of this protein is
involved in viral association and maturation [13,14]. The N-protein is bound with viral ss-
RNA, and it is responsible for virion formation [15]. The N-protein consists of a monomeric
N-terminal domain (NTD) with a mass value of about 15.4 kDa, and a dimeric C-terminal
domain (CTD) with a mass of ~28.7 kDa, in such a way that both are needed for the ssRNA
binding [15-17]. The M-protein (~25-30 kDa) is responsible for the shaping of the viral
envelope [18]. The M-protein is characterized by the cooperation with 3 other main proteins
of SARS-CoV-2. The interaction between S- and M-proteins helps to hold the S-protein in
the endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC)/Golgi complex
followed by its integration into novel virions [19]. The interplay of M- and N-proteins
leads to the stabilization of the N-protein/ssRNA complex (nucleocapsid) and the internal
core of virions [20]. The complex of M- and E-proteins is involved in the process of viral
envelope formation, and it is responsible for the creation and extrication of virus-like
particles (VLPs) [21].

Table 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) structural proteins location, structure, mass

and function.

Protein S-Protein E-Protein N-Protein M-Protein
Subunits S1and S2 - NTD and CTD -
~15.4 kDa (NTD) and
Mass ~150 kDa ~8-12 kDa ~28.7 kDa (CTD) ~25-30 kDa
. Formation of viral .
Function Attachment, fusion and envelope. Association and Virion formation. Shaping of the

infection of a host cell.

. . viral envelope.
maturation of the virus. P
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3. Life Cycle of SARS-CoV-2 Virus

Primarily SARS-CoV-2 infects the respiratory system with the following replication
of the virus in the alveoli, causing rupture of the alveolar vessels with the sub-sequent
virus leakage into the bloodstream [22]. Further SARS-CoV-2 might attack the cells of
other organs characterized by high expressing angiotensin-converting enzyme 2 (ACE2)
receptors, such as absorptive enterocytes from the ileum and colon [23], cholangiocytes [24],
myocardial cells, kidney proximal tubule cells, and bladder urothelial cells [25].

SARS-CoV-2 virus attaches to the host cell by the RBD within the S1 subunit of S-
protein and a cellular receptor. In the case of SARS-CoV-2, angiotensin-converting enzyme
2 acts as the host cell receptor [4,26]. Furthermore, the virus is entered into the host cell
cytosol through the acid-dependent proteolytic splitting of the S-protein, which leads to
the merging of the viral and host membranes with subsequent viral genome injection into
the cytoplasm [4]. The translation of the replicase gene from the virion genomic RNA is
the next stage. Proteases encoded by CoVs cleave the replicases polyproteins, and then
nonstructural proteins (nsps) form the replicase-transcriptase complex (RTC) for RNA
synthesis. During the viral RNA synthesis, genomic and subgenomic RNAs are produced,
the last one acts as mRNAs for the structural and accessory genes. Afterward, the S,
E, and M-proteins are translated and placed into ER, then the proteins are transferred
through the secretory pathway into the endoplasmic-reticulum-Golgi intermediate
compartment [27,28]. There, N-protein forms the nucleocapsid of the viral genome, which
further sprouts into the membrane with subsequent formation of the virus [15], whereas
the M-protein manages the protein-protein interactions necessary for the formation of the
viral particle. After formation, vesicles transfer the virions to the cellular surface, where
exocytosis takes place [4].

4. Humoral Immune Response towards SARS-CoV-2 Virus Infection

The entry of the SARS-CoV-2 into the host triggers an immune response to eliminate
the virus, which is initially represented by innate immune system cells, for example,
macrophages [29]. Sequential chain stimulation of the different immune cells leads to
the inducing of the humoral immune responses by expressing antigen-specific antibodies.
The antibodies expressed are mostly immunoglobulins M (IgM) and G (IgG), which are
a unique marker for the presence of coronavirus [30]. IgM peak appears approximately
after 2-5 weeks, while IgG peak appears later, approximately after 3-7 weeks from post-
symptom onset and remains relatively stable up to 105 days [31,32]. Structural proteins
of SARS-CoV-2, namely, the S- and N-proteins, act as antigens for specific binding to
antibodies [33].

5. Common Diagnostic Types

There are three general strategies currently used to detect SARS-CoV-2 and to diagnose
COVID-19, namely, molecular tests based on the determination of viral RNA, antigen tests
based on the determination of viral proteins, and antibody tests based on the determination
of specific antibodies against viral proteins (Figure 1).
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Figure 1. Coronavirus disease 2019 (COVID-19) diagnostic strategies.

5.1. Molecular Methods for the Detection of SARS-CoV-2 Virus

Molecular-based approaches enable determining whether SARS-CoV-2 infection is
currently present and active in the host organism. To date, the ‘gold standard’ is based on
the application of Reverse Transcription Polymerase Chain Reaction (RT-PCR) [34], which is
aimed at the detection of viral RNA. The method is based on the reverse transcription of the
RNA into complementary DNA (cDNA) followed by cDNA amplification and detection by
quantitative RT-PCR [35]. Signal registration might be performed by tracking the active and
ongoing status of the reaction (real-time) or through post-reaction analysis. Detection time
for quantitative RT-PCR is around 1 h with limit of detection (LOD) 0.689 copies/uL [36].
The main limitations of this approach are the requirement for expensive equipment and
the need for highly qualified personnel [37]. Another commonly used molecular method is
the Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP). LAMP
is an improved amplification method by employing DNA polymerase enzyme coupled
with several diverse primers, each recognizing dissimilar regions of the target DNA [38].
RT-LAMP assay enables performing transcription and amplification at the same time by
blend LAMP-approach based on enzyme-reverse transcriptase [37]. RT-LAMP requires
around 30 min per test with LOD 200 copies/reaction [39]. The advantages of RI-LAMP
methods are based on the cost reduction of the test by avoiding some steps, which usually
are required for the quantitative RT-PCR method and reducing the duration of analysis
and the probability of contamination. The disadvantage of this approach is the compli-
cated design of the required primers [37]. One more isothermal amplification method is
based on recombinase polymerase amplification (RPA), which involves two primers that
bind a double-stranded template using single-stranded binding proteins and recombinase,
followed by extension with DNA polymerase [40]. Recently, reverse transcription RPA
(RT-RPA) based assay for SARS-CoV-2 detection was reported characterized by test time
less than 20 min and LOD 5 copies/puL [41]. Consider also one of the most recent molecular
SARS-CoV-2 detection methods, which is based on the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-based approach. The key principle of this approach
is the use of Cas12/Cas13 enzymes, which initially were determined as components of
the ‘bacterial immune system’ coupled to RNAs with subsequent specific binding to cer-
tain regions of target DNA or RNA [42]. There are two commonly used CRISPR-based
SARS-CoV-2 detection techniques: DNA Endonuclease-Targeted CRISPR Trans Reporter
(DETECTR) and STOPCovid (SHERLOCK Testing in One Pot COVID). The first technique
is targeted to the E-gene and N-gene of SARS-CoV-2 and employs the Casl2a enzyme,
while the second one is aimed at the N gene and utilizes the Cas12b enzyme. The essence of
the approach is common: the first step is based on the employment of RT-LAMP, followed
by utilizing Cas12 enzymes for cleavage of target biomolecules and signal detection by the
lateral flow or fluorescent assay [42,43]. Detection times/LODs for DETECTR and SHER-
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LOCK for SARS-CoV-2 are ~30 min/10 copies/pL [44] and ~40 min/2 copies/pL [45]
correspondingly. A more detailed overview of action DNA-enzyme-based assays, in-
cluding those based on the action of CRISPR-Cas system, is presented in our previous
review article [46]. The simultaneous application of primer-specific amplification and guide
RNA-directed detection significantly improved the specificity of the method, however,
the limitations of amplification techniques and the activity of the employed Cas enzymes
might affect the test results [42].

Hence, based on the description of the listed techniques, it can be concluded that the
fastest and at the same time the most sensitive method is RT-RPA. Nevertheless, all of the
above mentioned methods have similar limitations that are the laboriousness and time-
consuming of the process that requires complex equipment and highly qualified personnel.

5.2. The Determination of Specific Antibodies against SARS-CoV-2

The determination of antibodies belongs to serological methods and in contrast to
molecular-based approaches, antibody tests enable confirming that the patient was infected
by SARS-CoV-2 in the past, thus allowing for monitoring the stages of the disease, and
identifying people who already have immunity to this virus. These tests are based on
the detection of a host response, namely, the production of antibodies against the SARS-
CoV-2 proteins. Lateral Flow Immunoassay (LFIA) is one of the conventional methods
for coronaviruses-related diseases, which represents a paper-like membrane strip that
contains a sample well, a conjugate pad (contains SARS-CoV-2 antigen-gold conjugates
and rabbit antibody-gold conjugates), a test lines (coated with anti-human IgG and IgM
antibodies correspondingly), a control line (coated with anti-rabbit IgG antibodies). After
the sample addition, specific IgG and IgM antibodies flow by capillary action toward the
lines going through the conjugate pad where specific immunoglobulins bind with SARS-
CoV-2 gold conjugated antigens. The formed immune complexes bind with immobilized
anti-human IgG and IgM antibodies at the test lines, whereas rabbit gold conjugated
antibodies bind to the control line while interacting with immobilized anti-rabbit IgG
antibodies. The presented serological method has the main advantage of being suitable to
diagnose COVID-19 at the different infection stages due to the combined determination
of IgG and IgM. Moreover, IgG-IgM LFIA was reported as an accurate assay with a
sensitivity of 88.66% and specificity of 90.63% with test time less than 15 min [47]. One more
conventional antibody-based test is the Enzyme-Linked Immunosorbent Assay (ELISA).
For the analysis, the inner surface of multiwell polystyrene plates was coated with SARS-
CoV-2 antigen [48], afterward, the patient sample was added and incubated for an hour.
Furthermore, secondary antibodies conjugated with a reported enzyme were added. These
secondary antibodies are bound to specific antibodies present in the immune complex with
SARS-CoV-2 antigen [49]. After the addition of the ready-to-use substrate to the enzyme
bound to the secondary antibody (with 3,355 -tetramethylbenzidine as chromogen), the
specific antibodies present on the surface were detected from the color alterations [50,51].
ELISA showed a sensitivity of 77.3% and specificity of 100% for IgM while those were
83.3% and 95% respectively for IgG on the fourth day after the disease onset [52]. However,
this sensible approach requires 2-5 h for the test [53]. Conventional techniques also
include chemiluminescence immunoassay (CLIA), which is a label-based method that uses
chemiluminescent tags or enzymatic labels with subsequent addition of a luminol-based
substrate that induces a chemiluminescence-based signal, the intensity of which can be
registered by luminesce detecting system [54]. An example of CLIA assay, which is applied
for COVID-19 diagnosis, is rather rapid (takes just 20 min) and in this test magnetic bead-
conjugated recombinant N-proteins are used as the capture agents, alkaline phosphatase-
labeled anti-immunoglobulin antibodies-as the detection probes and lumigen APS-5-as the
chemiluminescent substrate. This method has revealed a sensitivity and specificity 60.76%
and 92.25% for IgM and 82.28% and 97.5% for IgG [55]. It should be noted, that magnetic
bead- conjugated recombinant S-protein or open reading frame 1la and 1b (ORFla/b)
proteins specific to SARS-CoV-2 might be used as the capture agents [56]. Common
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advantages of serological assays are: suitability for clinical application because of low costs,
short time-to-results, relative simplicity and ability to scale to very large throughput.

However, antibody tests have several drawbacks, including the individuality of
immune response for each patient, and seroconversion delay, which prevents immediate
testing of probable cases and increases the possibility of false results.

5.3. Methods for the Determination of SARS-CoV-2 Antigens

This type of diagnostic includes the properties of the above-mentioned molecular and
antibody tests. Like the molecular assay, the antigen detection method allows defining
the presence of a current viral infection, whereas the principle of the test procedure is
similar to that of the antibody test and is based on the detection of specific antigen-antibody
complexes. For the determination of SARS-CoV-2 N-proteins in nasopharyngeal secretions
LFIA and fluorescent immunoassay (FIA) are applied. ‘COVID-19 Ag Respi-Strip (CORIS)’
assay refers to LFIA-based type and it is based on a nitrocellulose membrane technology
with colloidal gold nanoparticles conjugated with monoclonal antibodies against SARS-
CoV-2 N-protein. The method allows determining the antigen in the sample within 15 min
with overall sensitivity of 30.2% and specificity of 100% [57]. In FIA, the evaluation
of analytical signal performs using fluorescence microscopy. An example of FIA-based
approach is ‘standard F COVID-19 Ag FIA' test dedicated to the determination of SARS-
CoV-2 N-proteins. It represents a test cassette on which a pre-extracted sample interacts
with a monoclonal anti-SARS-CoV-2 antibody and, after incubation, fluorescence analyzer
reads the intensity of fluorescence, which is induced by the antibody-antigen complex
formation. Test time is 30 min with sensitivity around 47% [58]. For the determination of
N-protein half-strip lateral flow assay (LFA) [59], fluorescence immunochromatography
(FIC) [60] and CLIA [61] are also used.

To summarize, conventional molecular and serological methods have some limitations.
In the case of molecular approaches, a long sample proceeding time is needed, which also
requires sophisticated and expensive facilities. Although serological assays bypass these
disadvantages, they are less sensitive and limited for the determination of COVID-19
infection. Biosensors have the potential to become a modern, portable and sensitive
alternative to the existing cumbersome and complicated methods. In this review, we
consider several types of affinity sensors, which are currently used or might be potentially
used for SARS-CoV-2 detection.

6. Affinity Biosensors for COVID-19 Diagnosis

SARS-CoV-2 infection can be identified using affinity biosensors [62]. Several different
types of signal transduction systems can be applied, which include electrochemical, optical,
piezoelectric and some others. Electrochemical affinity biosensors are the most prevalent in
biomedical applications due to their cheapness, ease and facility of mass manufacture [62].

6.1. Affinity Biosensors for the Determination of SARS-CoV-2 RNA

An electrochemical DNA /RNA biosensor employs the hybridization of single-stranded
nucleic acid (NA) with the complementary strand as a source of the electrochemical sig-
nal [63]. The affinity biosensor includes a biorecognition element consisting of the capture
NA specifically interacting with the target NA, and the signal transducer where the identifi-
cation event is transformed into an electrical signal [64] (Figure 2). The detection of specific
hybridization of two complementary strands of NA is the key of the affinity biosensor
working principle [65,66]. Sometimes additional reporter probes, which are marked with
signaling compounds, are used. The reaction of hybridization occurs on an electrode or in
a solution [67].
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Figure 2. The general principle of electrochemical affinity biosensors for the detection of specific
nucleic acid sequences.

In some electrochemical sensors, NA hybridization [63] includes an electrochemical
reaction, which is further used for the quantitation of the detected NA fragment concentra-
tion and thus to the concentration of SARS-CoV-2 virus. Electrochemical NA biosensors
are classified according to the types of reporter NA (label-free or labeled) and through the
signal generation principle (reagent-free or reagent-dependent) [68].

The selective identification of a low amount of DNA and/or RNA copies in specimens
is the most important task for electrochemical NA biosensors. The choice of the most
efficient signal amplification method is the key aspect that is used to resolve this task. The
molecular approaches are classified into (1) NA-based amplification methods (enzyme-
mediated isothermal amplification of NA), (2) nanomaterials-based methods (large surface
area for the loading of capture NA; nanomaterials as reporter probes), and (3) enzyme-
mediated signal amplification (enzymes are connected with NA hybridization system) [68].
Different electrochemical methods are employed for the quantitation of amplified signals,
namely, electrochemical impedance spectroscopy (EIS) [69,70], chronoamperometry [71],
pulsed amperometric detection [63,72], square wave voltammetry [73], differential pulse
voltammetry (DPV) [74], and cyclic voltammetry (CV) [75,76].

6.1.1. DPV-Based Affinity Biosensors

Some researchers presented ultrasensitive DPV-based detection technology using
calixarene functionalized graphene oxide for targeting RNA of SARS-CoV-2 [77]. It was
affirmed that the technology identifies RNA of SARS-CoV-2 avoiding amplification and re-
verse transcription stages by employing a portable electrochemical smartphone. The biosen-
sor consists of a capture probe, target sequence, label probe, and an auxiliary probe [78].
The capture probe is complementary to the 5'-terminal of the target sequence, while the
label probe is complementary to the 3'-terminal; two different label probe areas have
complementary sequences to 5'- and 3'-regions of the auxiliary probe [78,79]. Commonly,
each label probe was marked with only one signal compound that led to a low current
signal. Hence, it is assumed that transferring the label probe of signaling molecules to
other materials or compounds may help to increase the sensitivity [77]. The LOD in the
clinical sample is 200 copies/mL, from which it follows that only two copies (10 uL) of
all viral RNA copies are needed per analysis. The sensitivity for samples from confirmed
COVID-19 patients was 85.5%. [77].

It is worth noting that there are some investigations concerning the potential use of G-
quadruplex-based biosensors in COVID-19 diagnosis [80]. G-quadruplex (GQ) is a guanine-
rich DNA/RNA sequence, which is folded into four-stranded secondary structures. These
structures take part in crucial genome functions such as transcription, replication, and
genome stability [81]. Recently, 25 putative G-quadruplex-forming sequences (PQSs) in the
genome of SARS-CoV-2 virus were recognized [82]. The PQSs are situated in the ORFlab,
ORF3a, S-, M-, and N-genes of SARS-CoV-2 [80]. Some of the found PQSs are observed in a
wide range of coronaviruses, while the main two PQSs, which generate RNA G-quadruplex
structures, are strictly observed only in a limited range of viruses. Moreover, a straight
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interaction between G-quadruplex of coronavirus and viral helicase (nsp13) was obtained
by microscale thermophoresis. The results of molecular docking-based modeling suggest
that nsp13 alters the G-quadruplex structure. The helicase allows the guanine bases to go
out of the guanine quartet planes, therefore, simplifying their unfolding [82]. Thus, RNA
G-quadruplex sequences of SARS-CoV-2 could be used for the design of affinity-sensors,
which are based on the identification of the viral helicase protein, nsp13 [82].

Fluorescence quenching is a powerful technique for the design of affinity biosen-
sors [83]. One type of biosensor for the determination of enzymes based on fluorescence
quenching by G-quadruplex has been reported recently [84]. Guanine at a lower oxidation
state can act as the electron donor, while the fluorescence able group acts as an acceptor,
which further produces a signal [85].

6.1.2. Plasmonics-Based Affinity Biosensors

The primary concept of plasmonic biosensors is based on the distribution of surface
plasmons lengthwise the interface of the thin metallic layer (usually noble metals), and
dielectric [86]. This method consists of real-time monitoring changes of the refractive
index of the medium surrounding the sensor surface during the interactions between the
target biocompound and the immobilized biorecognition element [87-90]. Most plasmonic
biosensors are built on the basics of surface plasmon resonance (SPR) [86,91]. Interactions
occur on the surface that is suitable for observation SPR-based signals in two different
modes: (1) bulk SPR signal and (2) localized SPR (LSPR) signal. Both effects rely on
the refractive index of the ambient media to evoke spectral shifts. Nevertheless, the
distinction between SPR and LSPR is defined by the dimensions of applied plasmonic
nanomaterials [92].

It was reported that a dual-functional plasmonic biosensor incorporating the plas-
monic photothermal (PPT) effect and LSPR sensing transmission enables the development
of an alternative approach for SARS-CoV-2 virus detection, where the detection is provided
through the hybridization of complementary NA with one NA immobilized on the surface
of the gold nanoislands (AuNIs). The LSPR and PPT effects were utilized mutually to
increase the signal. The LOD of this assay for the RdRp gene was 0.22 pM. The specificity,
the discrimination between the RdRp gene of SARS-CoV and SARS-CoV-2, can be precisely
established by onsite PPT improvement on gold AuNIs-based chips [93].

Plasmonic biosensing has technological benefits including the possibility of a combi-
nation of SPR with electrochemical, and electroassisted chemiluminescence methods [94].
Moreover, some nanomaterials were applied to establish the optical aperture and reach very
sensitive virus identification by SPR method combined with colorimetric and fluorescence
determination based approaches [86]. Kinds of plasmonic nanomaterials can alter from
metallic nanoparticles and quantum dots to graphene nanostructures [95-98].

6.2. Immunosensors for Determination of SARS-CoV-2 Proteins
6.2.1. Field-Effect Transistor Based Immunosensors

It was reported that a Field-effect transistor (FET)-based biosensor enables the real-
time detection of SARS-CoV-2 in clinical specimens. The device was manufactured by
covering the graphene plates of the FET with an antibody produced as a response to
the SARS-CoV-2 S-protein. The antibody was fixed on the surface of the biosensor by
1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) (Figure 3). The cultured virus,
antigen protein, and nasopharyngeal swab samples from an infected person have been
utilized for the assessment of the efficiency of the immunosensor. It was determined
that the FET immunosensor enables the detection of the S-protein at a concentration of
1fg/mL in PBS and 100 fg/mL in the transport medium, whereas LOD for SARS-CoV-2 was
1.6 x 10! pfu/mL in culture medium and 2.42 x 102 copies/mL in clinical specimens [99].
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Figure 3. Schematic representation of field-effect transistor-based immunosensor for SARS-CoV-
2 detection.

6.2.2. Quartz Crystal Microbalance Based Biosensors

The quartz crystal microbalance (QCM) can be successfully applied for the devel-
opment of affinity biosensors [100]. In QCM-based approach, the binding with the viral
S-protein occurs on the engineered quartz crystal surface covered by self-assembled mono-
layer (SAM), and the detection is carried out by QCM. A very simple approach for the
determination of proteins is to exploit rather basic surface properties such as hydrophobic-
ity, which is one of the key properties of the working surface of such an analytical system
since the increasing the wettability of the surface leads to the increased surface concentra-
tion of proteins [101,102]. For this purpose, SAMs with a varied range of hydrophobicity,
which is controlled by surface functional groups, were investigated and developed [103].
The SAMs, which have terminal -COOH and —CH3 groups, have been shown as the most
suitable for the specific and strong binding of SARS-CoV-2 S-protein [104]. The main
working principle of the QCM is altering (decreasing) the frequency of the vibrating quartz
crystal with the increasing the adsorbed mass [105]. Therefore, QCM-based techniques
enable performing sensitive, rapid, and label-free tests [105,106].

One more type of affinity biosensor, which is very promising for the determination
of virus-induced diseases, is the ultrasound transducer-based immunosensors, e.g.: ca-
pacitive micromachined ultrasound transducer (cMUT) was applied in immunosensors
for the detection of specific antibodies against some virus proteins [107]. Moreover, the
ultrasound-based test allows performing the SARS-CoV-2 virus detection in the gas phase
(ultrasonator-produced viral aerosol) [108], while the vast majority of the assays are de-
signed for the solution.

6.2.3. Molecularly Imprinted Polymer Based Electrochemical Affinity Sensors

In affinity sensors, the target protein is detected on the surface of the device, thus the
design of the surface with appropriate protein recognition properties is required for the
development of such sensors. For this purpose, molecularly imprinted polymers (MIPs) can
be very efficiently applied [70,109-112]. The advantage of molecularly imprinted sensors
is that they are cheaper and more stable, and can be based on protein-imprinted polymers
such as polypyrrole [113] and some other electrochemically deposited polymers [114-116].
Various signal determination methods can be applied in the design of MIP-based sensors,
but mostly potentiodynamic electrochemical techniques [113] or QCM-based [100,117]
approaches are used for this purpose.

Development and application of MIPs in sensor design is reasonable because MIPs
can be developed for small and low molecular weight molecules [75,118]. The efficiency of
MIPs for the determination of some virus proteins was also demonstrated [113] and this
technology recently was applied for the development of a molecularly imprinted poly-m-

90



LVARCT VIO Vit iy UIU

U UL 1

phenylenediamine based electrochemical sensors for the detection of SARS-CoV-2 proteins,
namely, N-protein [119]. The sensor represented a disposable MIP-modified thin film
electrode possessing selectivity to N-protein. Electrochemical signal was observed by DPV
and a linear response to N-protein was up to 111 fM with a detection and quantification
limit of 15 fM and 50 fM [119].

It should be noted that even some short DNA-based oligomers can be determined by
MIP-based sensors [110], which makes MIP-based sensors attractive for DNA and probably
for RNA fragment determination. Due to the rather low price of MIPs in comparison
to that of antibodies, MIP-related research area is of particular interest and, therefore,
MIPs potentially can replace antibodies during the design of various bioanalytical systems
and immunosensors.

6.3. Ellipsometry and SPR Based Immunosensors

Optical ellipsometry-based techniques have great potential to be applied in the design
of various immunosensors [120]. Comparing with other existing methods (ELISA, RT-PCR,
indirect fluorescent, western blot) of SARS-CoV detection, the imaging ellipsometry-based
approach has established itself as a direct, nondestructive, quick, label-free, simple, and
low-cost technique [121].

Recently, spectroscopic ellipsometry (SE) in total internal reflection mode (TIRE) was
applied for the monitoring the kinetic of interactions between on SAM-modified gold disk
immobilized SARS-CoV-2 N-protein and antibodies against it [122]. TIRE allowed detecting
biomolecules mass changes at solid-liquid interface by phase shift measurement. The high
sensitivity of SE TIRE was attained with the support of SPR, what enabled the registration
of two kinetic curves ¥ (t) and A(t) simultaneously [123,124]. It was reported, that antigen-
antibody complex is strongly bound and the complex formation has very strict orientation
requirements, which was established by meaning of mathematical model building [122].
The main working element of the sensor is the piezoelectric resonator, on which an antigen
or antibody is immobilized using SAM-based technology. Incidentally, the application
of antibody fragments seems to be a very promising approach for the development of
sensors for the determination of virus proteins because it enables increasing the surface
concertation of sites that are selective to virus proteins [125,126]

There are some other researches dedicated to the development of biosensors with
the potential application for the determination of SARS-CoV-2 infection, based on the
antigen-antibody interactions. In order to exploit such interactions, an electrochemical
biosensor based on electrode covered with a SAM and specific-antibodies against SARS-
CoV-2 proteins, was designed [127].

6.4. Photoluminescence-Based Immunosensors

Photoluminescence is a very sensitive technique that can be applied in the design
of various affinity biosensors for the determination of pathological cells [128] and virus-
induced diseases [129-131]. Some researchers designed a split luciferase (spLUC) based
antibody test that is showing itself as simple (not need ‘washing’, two-stage of reagent
addition, rapid (less than 5 min), reliable (>98%), low-volume specimen (1 uL for 1 reac-
tion), inexpensive and solution-based quantitative approach to identify antibodies against
S- and N- proteins of SARS-CoV-2 [132]. The biosensor was designed by merging small
BiT (SmBiT) and large BiT (LgBiT) fragments [133] of Nanoluciferase (NanoLuc) to viral
protein antigens. The immunoglobulin has two antigen-binding sites, thus the outcome of
incubating 1:1 mixture of SmBiT and LgBiT with serum will be the coupling of one antigen-
binding site with LgBiT and another site with SmBiT. The fixing of LgBiT and SmBiT
fragments leads to the reduction of NanoLuc enzyme for the following luminescence-based
identification (Figure 4).
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Figure 4. Scheme of the general working principle of split luciferase based immunosensor.

Sensors based on S- and N-proteins of the SARS-CoV-2 were designed because SARS-
CoV-2 infected patients contain antibodies, which are primarily addressed to S- and N-
protein epitopes [134,135]. The sensor-based on genetically engineered S-protein containing
merged RBD with NanoLuc fragments, whereas for the creation of N-protein-based sensor
N-terminal sequence was utilized. The ordinary differential equation modeling was exe-
cuted to describe the ratio between signal intensity and immunoglobulin concentration and
it was shown that there was a linear correlation between the specific antibody concentration
and luciferase signal. The sensor showed sensitivity of 89% towards S-protein and 98%
towards N-protein [132].

While the existing ELISA-based analysis possesses such disadvantages as laborious-
ness with numerous washing stages, which complicates point-of-care diagnostics and
implementation in regions with limited analytical hardware and reagent sources, the
spLUC approach has critical properties that are compliant with all these usages [126]. The
reagents used for the spLUC assay were demonstrated to be quite stable to lyophilization
for storage and simple transport and rapidly identify immunoglobulins straight from the
clinical specimens. The kit containing common pipettes and a portable luminometer is
enough for readily setting of the spLUC assay at any care centers despite the infrastructure.
The modularity is another benefit of the assay, which can allow accommodating the test to
the immune response against almost any infection with known antigens [132].

6.5. Determination of Reactive Oxygen Species

It was reported that coronaviruses induce mitochondrial reactive oxygen species (ROS)
promotes viral replications in lung host cells [136]. ROS concentrations were significantly
enlarged in SARS-CoV°! proexpressing cells [137]. This phenomenon can be explained
by the high level of ROS for the activation of SARS-CoV 3a-induced NLRP3 inflamma-
some [138] because virus infection activates nod-like pyrin domain-containing 3 (NLRP3)
family, which is activating the release of ROS from damaged mitochondria [139].

The detector of reactive oxygen species stimulated by COVID-19 is an electrochemical
ROS/H,0; system [140]. This device includes an integrated portable automatic real-time
electrochemical readout board and a sensor, which was made from the multiwall carbon
nanotube (MWCNT) on the tip of steel needles. The basic operating principle is the
immersion of the electrode into sputum and the latching signals of reactive oxygen species.
The intensity of ROS levels, which were released from viral-infected epithelium, were
determined by CV.

Unlike other ROS detection approaches, the electrochemical method is rapid (less
than 30 s) and can be performed in vivo, without any additional specimen preparation.
Electrochemical ROS detection assay was shown as the system operating with lower than
500 uL volumes of aliquots with a rather high accuracy of over 97% [139].

7. Conclusions

To date, the scientific community has done a great deal of work studying the proper-
ties of the SARS-CoV-2 virus, its spreading, and the effects of the infection on the human
body. The most hazardous feature of the virus is the probability of asymptomatic dis-
ease, which leads to difficulties in monitoring the spread of the infection as well as an
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increased probability of fatality due to the late detection of the already developed severe
respiratory syndrome. Hence, it is important to have the capacity to diagnose such dis-
eases rapidly to help reduce the distribution of destructive pathogens. Inaccuracies in the
time-consuming process of sample preparation and analysis. At the same time, affinity
biosensors with similar operating principles can negotiate some of the shortcomings of
common approaches.

In this review, we have considered some affinity biosensors used for COVID-19
diagnosis (Table 2). As an analytical signal source, NA hybridization, antigen-antibody
interactions, monitoring surface alterations, and changes of ROS levels are employed. The
biosensors based on NA hybridization as the signal source were shown as precise, but
they still have limitations based on the demand of amplification step and application of
specific labels. Among the overviewed sensors, the lowest detection limit is determined
for MIP based electrochemical sensor (15 fM). Moreover, MIP-based sensors are more
stable in comparison to protein based sensors. ROS detection method is another promising
label-free diagnostic method and it is characterized by high sensitivity despite rather low
sample volume. Regardless of the unidentified sensitivity, the SE/SPR based technique
made it possible to draw important conclusions about the structure of the antigen-antibody
complex, as well as to study the kinetics of its formation, which is valuable for the design
of new immunosensors. Photoluminescence-based immunosensor is shown as the most
sensitive (98% for N-sensor), however it still requires labeling reagents and additional
sample preparation steps. The main advantage of QCM and FET based techniques is the
ability of real-time tracking of bio-interactions on the working surface.

The commonly used signal registration methods are electrochemical and optical. The
examples of affinity sensors reviewed show a clear tendency to design analytical systems
that are simple to use due to the elimination of additional steps in probe preparation and
the use of auxiliary labeling reagents. These conditions are best met by electrochemical
sensors, which detect the interaction of target biomolecules with complementary com-
pounds immobilized on the working surface. Besides, electrochemical biosensors are the
most widely used for biomedical purposes due to their cheapness, simplicity, and mass
production capability.

It is important to note that, while much work has been done to study the properties of
the SARS-CoV-2 and its detection techniques, there is a need to continue to develop and
refine diagnostic methods avoiding the shortcomings of these methods, which are already
in place, and by exploiting the most significant advantages, which already were achieved
by these methods.
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Abstract: In this research, we assessed the applicability of electrochemical sensing techniques for
detecting specific antibodies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike proteins in the blood serum of patient samples following coronavirus disease 2019 (COVID-19).
Herein, screen-printed carbon electrodes (SPCE) with electrodeposited gold nanostructures (AuNS)
were modified with L-Cysteine for further covalent immobilization of recombinant SARS-CoV-2
spike proteins (rSpike). The affinity interactions of the rSpike protein with specific antibodies
against this protein (anti-rSpike) were assessed using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) methods. It was revealed that the SPCE electroactive surface area increased
from 1.49 + 0.02 cm? to 1.82 + 0.01 cm? when AuNS were electrodeposited, and the value of the
heterogeneous electron transfer rate constant (k9) changed from 6.30 x 1075 to 14.56 x 107°. The
performance of the developed electrochemical immunosensor was evaluated by calculating the limit
of detection and limit of quantification, giving values of 0.27 nM and 0.81 nM for CV and 0.14 nM
and 0.42 nM for DPV. Furthermore, a specificity test was performed with a solution of antibodies
against bovine serum albumin as the control aliquot, which was used to assess nonspecific binding,
and this evaluation revealed that the developed rSpike-based sensor exhibits low nonspecific binding
towards anti-rSpike antibodies.

Keywords: COVID-19; SARS-CoV-2 virus; electrochemical immunosensor; differential pulse voltammetry
(DPV); cyclic voltammetry (CV); electrochemical impedance spectroscopy (EIS); self-assembled monolayer
(SAM); antigen-antibody complex; spike protein (Spike); gold nanostructures (AuNS)

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmis-
sible and pathogenic coronavirus that first appeared in late 2019 and has since created a
pandemic of acute respiratory sickness known as ‘coronavirus disease 2019’ (COVID-19),
which poses a threat to human health since human-to-human transmission has grown
significantly [1]. The progression of the COVID-19 pandemic has shown that there is a
crucial need to develop quick and accurate tests to better control the spread of the disease
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and monitor illness progression. Immunosensors are the most suitable type of sensors
for this purpose since they can be used to detect the SARS-CoV-2 virus, confirming the
presence of the disease in the individual, or to monitor antibodies against the virus to check
for past illness or immunity [2].

The application of electrochemical immunosensors [3,4] and other affinity sensors [5,6]
has additional advantages such as cost-effectiveness, ease of use, point-of-care detection,
and reduced sample analysis time, which can significantly help in the early diagnosis of
COVID-19 disease [7]. The electrochemical transducer element may be directly coupled
to an electrochemical biosensor to provide analytical information about the target species
via the biochemical or chemical receptor [8]. Several novel systems for the detection of
SARS-CoV-2 spike protein have been proposed. Although most of the sensors have been
proven to be successful in detecting SARS-CoV-2, several of them lack sensitivity and/or
selectivity, have a low sampling rate, and are designed to use a complicated electrode
manufacturing technique [9]. In this regard, nanoparticles may offer a viable solution to
the sensitivity and selectivity issues [10,11]. Furthermore, some qualitative SARS-CoV-2
antibodies against spike protein methods have been created, allowing for confirmation
of antibodies present in the blood; however, immunosensors for quantitative detection of
antibodies have been less reported [12].

Carbon is an excellent platform for antibody immobilization features such as large
surface area, good conductivity, and high stability [13]. Nonetheless, covalently attach-
ing biomolecules to carbon remains difficult, whereas physisorption does not typically
generate permanent coatings and does not allow for control of antibody orientation.
The linkage of biomolecules through self-assembled monolayers (SAMs) on a gold sub-
strate has been widely reported in the biosensorics-related literature [14]. However, gold
electrodes (or gold screen-printed electrodes (SPCE)) have scarcely been used, due to
high cost of gold [15]. Nanostructured metals such as Au nanostructures (AuNS) re-
sult in stronger, more defined binding, e.g., amine/carboxy terminated alkanethiols for
N-hydroxysuccinimide/N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride
(NHS/EDC) coupling. Furthermore, AuNS can boost the rate of heterogeneous electron
transfer, resulting in increased detection sensitivity [16].

For the development of electrochemical immunosensors for the determination of
proteins, the surface of the working electrode must be modified by the protein-recognizing
antibodies, receptors, or some artificial structures [5,9]. A SAM is often employed for
electrode surface modification purposes, and SAMs terminated by -COOH groups are
the most suitable for selective and stable rSpike protein immobilization [17]. In this work,
L-Cysteine was used for the presence of functional groups such as thiol (-SH), which
has a high affinity towards metallic gold and attaches strongly to the gold surface due to
the gold-sulphur interaction. This is useful for well-oriented protein immobilization on
gold-based transducers [18].

Total internal reflection ellipsometry [7], scanning electrochemical microscopy, sur-
face plasmon resonance [19], quartz crystal microbalance methods, colorimetry [20], elec-
trochemiluminescence [21-24], electrochemical techniques [25], and other methods [26]
are among those that can be used to determine analytical signals generated by affin-
ity sensors. When using the techniques of differential pulse voltammetry (DPV) and
cyclic voltammetry (CV), the current response is proportional to the analyte concentra-
tion [27]. In our previous work [21], the affinity interaction of recombinant spike protein
(rSpike) with antibodies against rSpike (anti-rSpike) was detected using two electrochem-
ical methods: CV and electrochemical impedance spectroscopy (EIS). EIS is frequently
used to analyse films produced on electrodes because the EIS method is able to discrimi-
nate between various conductivity-/capacitance-related processes that occur on the elec-
trode/solution interface. EIS results are frequently assessed using the corresponding
electrical circuit, in which factors such as electrolyte resistance, ionic conductivity, electrical
double-layer capacitance, and electron transfer resistance may be distinguished and cal-
culated. Regardless of the fact that EIS is rarely used for analytical purposes, the redox
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process or analyte-related CV features can be utilized for quantitative findings; however,
due to its limitations, EIS is more typically used for exploratory purposes such as assessing
the redox process for diverse analytes [28]. In general, pulse techniques such as DPV are
more sensitive than linear-sweep-based methods, since CV is the technique most frequently
employed for exploratory purposes. Thus, it is rather common in sensor development to
employ both these techniques, because CV provides critical information on aspects such
as process reversibility and the types of redox processes occurring during the analysis
at the interface between the electrode and the solution, whereas potential-pulse-based
techniques sometimes enable simplification of the quantification of the analyte [29]. The
miniaturization of electrochemical systems enables the determination of protein-based
analytes in rather small volumes of aliquots [30].

Therefore, in our present work we compare the applicability of both these two volta-
metric sensing methods (namely, DPV and CV), taking into account the advantages of their
durability and low detection limits in small volumes of aliquots.

To achieve this goal, a label-free electrochemical immunosensor based on SPCE
modified with AuNS (SPCE/AuNS) and rSpike protein was designed. The function-
alization of SPCE by rSpike was accomplished by the formation of a SAM, L-cysteine
(SPCE/AuNS/SAM/1Spike). The affinity reaction was monitored by measuring the de-
crease in the DPV and CV responses of an [Fe(CN)g]3~/4~ redox probe recorded upon the
addition of an anti-rSpike-containing sample (SPCE/AuNS/SAM/rSpike/anti-rSpike).
The created immunoplatform met the sensitivity, selectivity, and repeatability criteria and
was successfully used to detect anti-rSpike.

2. Experimental
2.1. Materials

Tetrachloroauric acid trihydrate (HAuCly-3H,0) (99%, CAS# 16961-25-4), KNO3
(>99.0%, CAS# 7757-79-1), ethanol (EtOH) (99.9%, CAS# 64-17-5), L-Cysteine (97%,
CAS# 52-90-4), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC)
(>99.0%, CAS# 25952-53-8), ethanolamine (EA) (>98%, CAS# 141-43-5), KsFe(CN)g (>99.0%,
CASH# 13746-66-2), K4Fe(CN)g (>99.0%, CAS# 14459-95-1), and phosphate-buffered
saline (PBS) tablets, pH 7.4, were obtained from Sigma—Aldrich (Steinheim, Germany).
N-hydroxysuccinimide (NHS) (98.0%, CAS# 6066-82-6) was purchased from Alfa Aesar
(Karlsruhe, Germany). Anti-bovine albumin (BSA) antibodies (anti-BSA) were obtained
from Biotecha, Lithuania. All reagents were analytical grade and were used without
additional purification. All aqueous solutions were prepared in deionized water.

The SARS-CoV-2 recombinant spike protein of SARS-CoV-2 (rSpike) was produced
by Baltymas (Vilnius, Lithuania) [31]. Serum samples containing antibodies (anti-rSpike)
of volunteers vaccinated with a single dose of the Vaxzevria vaccine who had COVID-19
after two weeks were collected [10] according to Lithuanian ethics law. The ethics commit-
tee’s permission was not required for this project (as confirmed by the Vilnius Regional
Biomedical Research Ethics Committee).

2.2. Electrochemical Measurements

Electrochemical characterization of the working surface was performed using a po-
tentiostat controlled by the DStat interface software from Wheeler Microfluidics Lab
(University of Toronto, Toronto, ON, Canada). DRP-110 screen-printed carbon electrode
systems (SPCEs), which are based on a working electrode (geometric area of 0.126 cm?),
a carbon counter, and Ag/AgCl reference electrodes, were purchased from Metrohm
DropSens (Oviedo, Spain). SPCEs were connected through a specialized ‘box-connector’
for screen-printed electrodes (DRP-DSC, DropSens, Oviedo, Spain).

All electrochemical measurements were performed in 0.1 M PBS, pH 7.4 solution,
adding 2 mM K3Fe(CN)s/K4Fe(CN)g ([Fe(CNg)>~/4-) solution as a redox probe. Electro-
chemical characterization of the working electrode at different modification stages was
carried out using DPV and CV. DPV experiments were measured in the potential range from
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—0.4to +0.6 V vs. Ag/AgCl, with a step size of 0.004 V. CV was registered in the potential
window from —0.4 to +0.6 V vs. Ag/AgCl, at a scan rate of 0.05 V/s. All experiments were
performed at room temperature (20 °C).

Scanning electron microscope (SEM) images were acquired with a scanning electron
microscope (Hitachi-70 $3400 N VP-SEM).

2.3. Au Deposition on SPCE

The SPCE was covered with 100 uL of the solution containing 0.1 M KNO3 and
5 mM HAuCly. Electrodeposition was performed at a potential of -0.4 V for 60 s. Then, after
AuNS deposition on the SPCE (SPCE/AuNS), the electrode was rinsed with deionized
water and dried under a Ny (%) flow (Figure 1, step 1).

‘
+EDC/NHS
+rSpike @

\}
1
L]
]
1
]
Ll
L]
1]
+ Ethanolamine

+ Anti-rSpike Jl

Figure 1. Schematic representation of experimental stages occurring on the SPCE. (1): The forma-
tion of SPCE/AuNS by electrodeposition; (2): SPCE/AuNS/SAM formation; (3): the activation
of the SPCE/ AuNS/SAM by EDC-NHS mixture following SPCE/ AuNS/SAM/rSpike formation;
(4): ethanolamine blocking of remaining active functional groups and SPCE/AuNS/SAM //rSpike/
anti-rSpike immunocomplex formation via the interaction between immobilized rSpike protein and
the anti-rSpike antibodies present in the aliquot.

2.4. Immobilisation of rSpike and Anti-rSpike

The SPCE/AuNS were incubated at 20 °C for 4 h in 5 mM L-Cysteine ethanolic solution
to form a self-assembled monolayer (SAM) on the working surface (SPCE/AuNS/SAM)
(Figure 1, step 2). After incubation, the SPCE/AuNS/SAM electrode was rinsed with
deionized water and then dried under a N, flow. SPCE/AuNS/SAM was activated with
10 uL of a mixture of 0.02 M EDC and 0.005 M NHS in PBS, pH 7.4, for 10 min. After the
activation, the electrode was incubated with 10 pL of 50 pg/mL rSpike in PBS, pH 7.4, at
20 °C for 20 min. Immobilization of rSpike was performed through covalent coupling of the
protein’s primary amine functional groups and the activated carboxylic groups of the SAM
(SPCE/AuNS/SAM/rSpike) (Figure 1, step 3). The remaining reactive esters were deacti-
vated by incubating with a 1 mM water solution of ethanolamine for 10 min. Afterwards,
SPCE/AuNS/SAM/rSpike was incubated with 10 uL of anti-rSpike in PBS, pH 7.4, with a
concentration range from 0.5 to 3.5 nM, at 20 °C for 10 min (SPCE/AuNS/SAM/rSpike/
anti-rSpike) (Figure 1, step 4). After each stage of incubation, the system was rinsed with
deionized water and used for further electrochemical measurements.
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2.5. Calibration of Anti-rSpike

The initial number of binding antibody units (BAU) per mL against the spike protein
of SARS-CoV-2 in the serum sample was 5860 BAU/mL. The concentration was defined
by a chemiluminescent microparticle immunoassay performed in the laboratory of Tavo
Klinika, Ltd. (Vilnius, Lithuania). The target antibodies in the sample were recalculated
from BAU/mL to nM using the ratio 1 BAU/mL: 20 ng/mL (considering the molecular
weight of immunoglobulin G as ~150 kDa) [32-34].

Calibration curves were obtained by the incubation of SPCE/AuNS/SAM/rSpike
in serum samples containing 0.5, 1.0, 1.5, 2.5, and 3.5 nM of anti-rSpike, for 10 min for
each concentration. DPV and CV data were used to plot the calibration curves. The
relative response (RR%) used for the evaluation of the method specificity was calculated
using the equation RR% = ((Xi — 1tXpjank)/ Xpiank)) X 100%, where X; is the response for
concentration i and Xpj,n is the response for a blank.

3. Results and Discussion
3.1. Electrochemical Characterisation of SPCE and SPCE/AuNS

In order to improve the surface area for rSpike immobilization and to facilitate better
electron transfer kinetics, electrochemical deposition of AuNS was performed on the SPCE
working electrode. The CV and DPV results are provided in Figure 2. In addition, the
electroactive surface area for SPCE/AuNS was determined using CV in 10 mM H,SO4
(Figure 3). The characteristic gold reduction and oxidation peaks are present in the potential
window from 0 to +1.0 V [35], while the measurements for the unmodified SPCE surface
reveal no oxidation or reduction peaks (Figure 3, inset).

With the aim of evaluating the electrochemical performance of the sensor, it is critical
to quantify the electrochemically active surface area of the substrate material [36], as well
as to define the heterogeneous electron transfer rate constant (k%) [37]. For this purpose,
CV at a range of scan rates from 0.01 to 0.15 V/s was performed in PBS, pH 7.4, containing
2 mM [Fe(CNg)]>~/4~ for both SPCE and SPCE/AuNS (Figure 4, Table 1).

Table 1. Experimental data obtained from CV at different scan rates for SPCE and SPCE/AuNS. Error
bars were calculated as a percentage of standard error.

SPCE SPCE/AuNS
Scan Rate, V/s
Ip, A AE,V Ip, A AE,V
0.01 224 x 1075 + 0.73% 0.14 £ 0.91% 2.63 x 107° + 1.05% 0.10 £ 0.44%
0.025 3.38 x 1075 £ 0.65% 0.17 £ 0.15% 413 x 1075 + 0.56% 0.12 + 0.80%
0.05 459 x 1075 £ 0.17% 0.21 +0.31% 5.78 x 1075 + 0.10% 0.14 + 0.21%
0.075 5.55 x 1075 + 0.01% 0.24 4 0.45% 7.10 x 1075 + 0.00% 0.16 % 0.66%
0.10 6.34 x 1072 + 0.20% 0.25 + 0.66% 8.09 x 102 + 0.28% 0.17 £0.37%
0.15 7.57 x 1075 £ 0.33% 0.29 + 0.16% 9.69 x 1075 £ 0.38% 0.20 + 0.25%

Using the Randles-Sevcik equation, the electrochemically active surface areas were
calculated as 1.49 + 0.02 cm? for SPCE and 1.82 + 0.01 cm? for SPCE/AuNS (Figure 5A).
The difference between the values can be explained by the increase in the surface roughness
(Figure 6), thus improving the working substrate properties for the subsequent immobiliza-
tion of the biorecognition element. Furthermore, the data obtained from CV at different
scan rates allowed us to assess k? by means of the improved Nicholson’s approach for the
quasi-reversible electrochemical reaction [38,39]. The value for SPCE was 6.30 & 0.13 x 1073,
while that for SPCE/ AuNS was 14.56 + 0.20 x 10~ (Figure 5B), which is more than twice as
high. Thus, it can be concluded that the electrodeposition of AuNS contributes not only to an
increase in the electrode active area but also to the rate of heterogeneous electron transfer.
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Figure 2. Cyclic voltammograms (A) and differential pulse voltammograms (B) for SPCE (—) and
SPCE/AuNS (- - -). Potential range was from —0.4 to +0.6 V, with a CV scan rate of 0.05 V/s,
DPV step size of 0.004 V, pulse height of 0.05 V, pulse period of 100 ms, and pulse width of 50 ms, in
10 mM PBS, pH 7.4, containing 2 mM [Fe(CNg)]>~/4~. Signal normalized to the geometrical area of
the working electrode (0.126 cm?).
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Figure 3. Cyclic voltammogram of SPCE/AuNS in 10 mM H,SOj. Inset: cyclic voltammogram of
SPCE. Potential scan range was from —0.4 to +1.0 V vs. Ag/AgCl, at a scan rate of 0.1 V/s.

Figure 4. Cyclic voltammograms for SPCE (A) and SPCE/AuNS (B) at scan rates of 0.01, 0.025, 0.05,

0.075, 0.1, and 0.15 V/s in PBS, pH 7.4, containing 2 mM [Fe(CN(,)]3’/4"
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Figure 5. (A) Plot of Av'/2 vs. v!/2 showing calculated electrochemically active surface areas of
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Figure 6. SEM micrograph of SPCE/AuNS.

For further investigations of the electrochemical surface properties, CV and DPV
measurements in 10 mM PBS, pH 7.4, containing 2 mM [Fe(CNg)>~/*~ were performed
for SPCE and SPCE/AuNS in the potential range from —0.4 to +0.6 V (Figure 2).

DPV is known to be a potentiostatic method, suggesting some advantages over con-
ventional methods such as CV. In the waveform, DPV is a series of pulses, while for CV
the potential is ramped linearly with time. Due to the minimization of the capacitive
current, pulse methods, including DPV, are considered to be more sensitive than linear
sweep methods. On the other hand, CV is the method most frequently used for research
purposes. Hence, it is quite a common practice in sensor development to use both types
of electrochemical methods. While CV reveals key electrochemical characteristics such
as process reversibility and reflects the redox processes that occur in the system, DPV is
employed for quantitative analysis [40].

Since the obtained cyclic voltammograms were quasi-reversible [41], the character of
the correlation between the current peak intensity and the surface modification step was
not the same for cathodic and anodic peaks. For instance, in Figure 2, the resolution of the
current density signals in the anodic region was higher than in cathodic region. This trend
increased with further surface modification, leading to the overlapping of the cathodic
peaks (Figure 7). Hence, to facilitate quantitative data analysis, we used the values of the
anodic current density (jpa) as the analytical parameter gained from the CV experiments.

As shown in Figure 2, cyclic and differential pulse voltammograms revealed the
same trend of increasing current densities after the working surface modification. Specifi-
cally, the values increased from 394.71 + 0.69 to 536.30 £ 0.42 and from 274.89 £ 0.17 to
632.53 4 0.83 pA/cm? for CV and DPV, respectively. Potential values were also changed, mov-
ing left along the axis. This indicates a substrate material change with increasing the conductivity.

3.2. Electrochemical Characterisation of the Biosensing Element

CV and DPV in 10 mM PBS, pH 7.4, with 2 mM [Fe(CNg)[>~/4~ as a redox probe were per-
formed and evaluated for SPCE/AuNS, SPCE/AuNS/SAM, and SPCE/AuNS/SAM/1Spike
(Figure 7, Table 2). The CV oxidation peaks were compared after each of the above-
mentioned stages of the biosensing element formation.
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Figure 7. Cyclic voltammograms (A) and differential pulse voltammograms (B) of SPCE/AuNS (—),
after SPCE/AuNS/SAM formation (- - -), and for SPCE/AuNS/SAM/rSpike protein immobilization
(--). Potential range was from —0.4 to +0.6 V, with a CV scan rate of 0.05 V/s, DPV step size of
0.004 V, pulse height of 0.05 V, pulse period of 100 ms, and pulse width of 50 ms, in 10 mM PBS,
pH 7.4, containing 2 mM [Fe(CNg)]>~/4~. Signal normalized to the geometrical area of the working
electrode (0.126 cm?).
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Table 2. Analytical parameters obtained from CV and DPV. Error bars are calculated as a percentage
standard error.

cv DPV RRforCV  RR for DPV
jpas nAJem? jpr nA/cm? % %
Au-modified SPCE  536.30 £ 042%  632.53 +0.83%
SAM 43696 +0.18%  363.52 £ 0.28%
1Spike (blank) 361.83+0.28% 18526 +1.17% 0 0

Anti-rSpike 0.5 nM 323.11 £ 0.13% 148.86 + 1.02% 10.70 £ 0.13 19.65 £ 1.02
Anti-rSpike 1.0 nM 303.18 £ 0.10% 124.25 + 0.32% 16.21 £ 0.10 3293 £0.32
Anti-rSpike 1.5 nM 297.42 £ 0.07% 105.86 + 0.32% 17.80 & 0.07 42.86 £0.32
Anti-rSpike 2.5 nM 276.91 + 0.49% 82.23 + 0.59% 2347 +£0.49 55.61 £0.59
Anti-rSpike 3.5 nM 270.04 £ 0.63% 66.93 + 0.20% 25,370.63 63.87 £0.20

As considered in the previous section, CV for SPCE/ AuNS was characterized by a voltam-
mogram with sharp oxidative/reductive peaks and with a jpa value of 536.30 & 0.42 pA/cm?.
After SPCE/AuNS/SAM formation, a decrease in jpa to 436.96 & 0.18 pA/ cm? was observed.
Then, the activation of the terminal -COOH group of the L-Cysteine took place without accom-
panying electrochemical measurements, to ensure subsequent effective rSpike immobilization.
Afterwards, the remainder of the activated functional groups of the SAM were blocked by
1 mM ethanol amine, to avoid nonspecific interactions during the anti-rSpike coupling stages.
CV after antigen immobilization with SPCE/AuNS/SAM/rSpike formation and blocking
revealed a further current density decrease to 361.83 & 0.28 pA /cm?.

DPV measurements for the above-mentioned stages of biosensing element formation
showed the same tendency toward a stepwise decrease in the current density to 632.53 + 0.83,
363.52 + 0.28, and 185.26 + 1.17 pA/cm? for SPCE/AuNS, SPCE/AuNS/SAM, and
SPCE/AuNS/SAM/rSpike. These results are summarized in Table 1.

The decrease in current density according to both CV and DPV methods can be ex-
plained by the increasing layer thickness on the working electrode surface, thus hampering
electron transfer. The stepwise broadening of the DPV peaks could be related to a reduced
electron exchange rate.

For CV measurements, the potential values for j,o moved within the 0.1-0.2 V window.
Again, this could be related to alterations in the electron transfer process and/or to changes
in the reference Ag/AgCl electrode, which is quite sensitive to experimental conditions
such as the presence of C1~ in PBS, pH 7.4, during AuNS electrodeposition. At the same
time, the DPV is characterized by rather stable potential value, changing only slightly in
the range of 0.0 to 0.1 V, which is observed due to different nature of the electrochemical
signal recording /assessment principles in the CV and DPV techniques.

3.3. Electrochemical Characterisation of the Anti-rSpike Detection

The next step of the experiment was to test the ability of the biosensor to detect anti-
rSpike. For this purpose, SPCE/AuNS/SAM/rSpike was sequentially incubated with 10 uL
of anti-rSpike in a concentration range from 0.5 to 3.5 nM. Each subsequent incubation was
accompanied by CV and DPV measurements (Figure 8) in 10 mM PBS, pH 7.4, containing
2 mM [Fe(CNg)>~/4-.

CV measurements (Figure 8A) illustrate that stepwise ‘flattening’ of the voltammo-
grams in the anodic region is observed, with a corresponding decrease in jpa values, starting
from 361.83 & 0.28 for the solution containing 0 nM of anti-Spike antibodies and decreasing
to 270.04 £ 0.63 for the solution with 3.5 nM of anti-Spike antibodies, in the potential
window of 0.2 to 0.4 V. The ‘flattening’ of the voltammograms and the potential shifts
indicate increasing insulation of the working surface, further hindering access for electrons
and changing the value of the redox reaction potential.
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Figure 8. Cyclic voltammograms (A) and differential pulse voltammograms (B) after interaction
with anti-rSpike antibodies of different concentrations (0-3.5 nM). Potential range was from —0.4 to
+0.6 V, with a CV scan rate of 0.05 V/s, DPV step size of 0.004 V, pulse height of 0.05 V, pulse period
of 100 ms, and pulse width of 50 ms, in 10 mM PBS, pH 7.4, containing 2 mM [Fe(CNg)P~/4. Signal
normalised to the geometrical area of the working electrode (0.126 cm?). Data are represented as

means of three independent experiments.
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DPV experiments revealed the same effect, with a sequential decrease in jp, ie., 18526 +1.17,
148.86 + 1.02, 124.25 £ 0.32, 105.86 & 0.32, 82.23 £ 0.59, and 66.93 £ 0.2 pA/cm? for 0, 0.5,
1.0, 1.5, 2.5, and 3.5 nM, respectively. In contrast to CV-based experiments, the peaks of the
differential pulse voltammograms for solutions with different concentrations of anti-Spike
antibodies are characterized by higher resolution and more stable potential values, which
correspond to particular concentrations of anti-Spike antibodjies.

3.4. Limit of Detection and Limit of Quantification

Data gained from the performed electrochemical measurements were used to eval-
uate the limit of detection (LOD) and limit of quantification (LOQ) for the developed
immunosensor, using both the CV and DPV methods. The jp, and jj, values were used as
analytical signals for CV and DPV, respectively. Figure 9 shows the calibration curves.
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Figure 9. Calibration curves for jpa and j,, obtained from CV and DPV peak values, respectively,
vs. anti-rSpike antibody concentration. Error bars are calculated as a percentage of standard error.

The LOD was calculated as 3.330/s and LOQ was calculated as 100/s, where o is the
standard deviation for the blank response and s is the slope of the calibration curve [42].
It was revealed that the LOD and LOQ values for the CV-based method were 0.27 nM
and 0.81 nM, respectively, while the values calculated from DPV data were 0.14 nM and
0.42 nM, respectively.

3.5. Specificity Test

The experiment for nonspecific binding on SPCE/ AuNS/SAM/rSpike was performed
by comparison of the relative electrochemical signal responses (initial values from Table 2)
after incubation of the electrode in 10 mM PBS, pH 7.4, with solutions of 1.5 nM anti-rSpike
and 15 nM anti-BSA, (Figure 10). The comparison of the relative responses revealed that for
CV, the RR(%) values were 17.80 £ 0.07% and 3.24 + 0.46% for anti-rSpike and anti-BSA,
respectively. Similarly, the RR(%) values for the DPV method were 42.86 + 0.32% for
anti-rSpike and 7.57 £ 0.09% for anti-BSA.
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Figure 10. Comparison of the relative responses after 10 min of incubation with 1.5 nM anti-rSpike and
15 nM anti-BSA, for DPV and CV methods. Error bars are calculated as a percentage standard error.

4. Conclusions

In this work, electrochemical characterization of SPCE/rSpike and SPCE/AuNS/SAM/
rSpike was performed. The electroactive surface area and the heterogeneous electron
transfer rate constants were determined and were 22% and 131% higher for SPCE with
electrodeposited AuNS, making the SPCE/AuNS surface more suitable for electrochemical
measurements. The formation of the SPCE/ AuNS/SAM/rSpike biosensing element, as
well as the interaction between immobilized rSpike and anti-rSpike, were accompanied
by CV and DPV measurements after key stages. For both detection methods, a stepwise
decrease in current density was measured after each modification stage, including that ap-
plied for the detection of anti-rSpike occurring due to increasingly prohibited access of the
[Fe(CN)g]>~/4~ redox probe to the working electrode. The DPV method was more reliable
and more sensitive compared to CV, resulting in 48% lower LOD and LOQ values, making
the DPV method more suitable for quantitative analysis. Specificity tests with anti-BSA
showed low nonspecific binding for this antibody type. In conclusion, it is expected that
the electrochemical immunosensor designed in this research will prove suitable for the
diagnosis of the immunological response generated during the course of COVID-19 disease
or after vaccination.
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