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INTRODUCTION

Electrochemical sensor technologies have evolved in recent decades,
revolutionising various fields such as food safety and healthcare. As the
complexity and scale of these applications increase, so does the demand for
analytical systems that are precise, dependable, cost-effective, and capable of
providing real-time data. This growing need for better sensors requires the
development of new materials and innovative techniques that can enhance the
sensitivity, stability, and selectivity of the analysis. Among the materials
explored, conductive polymers and their composites have emerged as critical
components in next-generation sensor design, offering unique electrochemical
properties that are well-suited to address these challenges.

The development of sensors, which meet the increasingly strict
requirements of modern applications, is a complex task beyond simply
selecting the suitable materials. It also involves integrating these materials into
composite systems that deliver enhanced performance. For example, it is
possible to create composite structures with superior characteristics by
combining conductive polymers with other functional materials, such as
underlayers, self-assembled monolayers (SAM) or aptamers.

Electrochemical methods such as electrochemical impedance
spectroscopy (EIS), square wave voltammetry (SWV), and pulsed
amperometric detection (PAD) have become indispensable tools in the
advancement of sensor technologies. EIS is a versatile technique used to
analyse the electrical properties of sensor surfaces. By measuring the
electrochemical impedance of a system over a range of frequencies, EIS
provides detailed information about the changes on the electrode surface,
allowing the analysis of the formation of SAM or molecularly imprinted
polymer (MIP). This technique is particularly valuable for assessing the
stability of these modifications, as well as for detecting changes at the sensor
interface when an analyte is present. SWV is another advanced technique used
in sensor development and is known for its high sensitivity and resolution,
making it ideal for detecting low concentrations of analytes. PAD plays a
crucial role in the electropolymerisation of polymers on the sensor surface by
using controlled pulses to form the conductive polymer layer. Additionally,
PAD is used for the detailed characterisation of the electrode, assessing its
response to analytes and optimising sensor functionality.

These electrochemical techniques — EIS, SWV, and PAD — are robust and
reliable methods for analysing and quantifying surface modifications and
target analytes. Integrating these methods enables the development of highly
sensitive and selective diagnostic tools.
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The aim of the study is to apply advanced conducting polymer composite
production techniques for the development of molecularly imprinted polymer-
based sensors and immunosensors.

The objectives of the study:

1. To design a sensor based on screen-printed carbon electrode modified by
molecularly imprinted polypyrrole for the detection of Listeria
monocytogenes bacteria.

2. To apply gold electrodes modified with different self-assembled
monolayers for the development of an immunosensor for the detection of
antibodies against the SARS-CoV-2 spike protein.

3. To develop a sensor for the detection of SARS-CoV-2 nucleocapsid
protein using a composite made from a self-assembled monolayer-based
underlayer and a molecularly imprinted polypyrrole-based upper-layer.

4. To develop a sensor designed to detect vascular endothelial growth factor
(VEGF) using aptamers embedded in a conductive polypyrrole matrix.

Scientific novelty

The research presented in the dissertation is based on the application of
polypyrrole, a conducting polymer known for its high conductivity,
electrocatalytic activity, and biocompatibility. The study advances the field by
incorporating three distinct materials to enhance sensor performance:
underlayers, SAMs, and embedded aptamers.

The research presented in the dissertation employs MIPs, which are
synthesised by polymerising monomers around a target molecule. This creates
specific binding sites within the polymer matrix, enabling highly selective and
sensitive detection of analytes. Firstly, the dissertation explores creating an
underlayer beneath the MIP layer during sensor formation in order to address
challenges related to analyte diffusion and adsorption to the electrode surface.
Secondly, SAMs were used to reduce non-specific interactions and improve
biomolecule immobilisation efficiency. Specifically, combining SAM and
polypyrrole MIP composites could achieve improvements in the sensitivity
and selectivity of the sensor. This layer formation-based methodology ensures
the design of a more sensitive structure, while the MIP provides specific
binding sites for the target analytes. Lastly, the incorporation of aptamers into
the polymer matrix was explored. This allowed the creation of a polymer-
stabilised sensing surface.

In this dissertation, the presented techniques were successfully employed
for the development of MIP-based sensors to detect Listeria monocytogenes
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bacteria, a leading cause of foodborne illness-related deaths. These sensors
were designed by using the molecular imprinting technique to create specific
binding sites for the target bacteria, enabling rapid and precise detection.
Similarly, for infectious disease diagnostics, conductive polymer composites
have been employed to create electrochemical immunosensors for detecting
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Overall, this research contributes to advancing sensor technologies by
demonstrating how developed conductive polymer composites can perform in
the design of selective and sensitive sensors. The continued innovation in this
area is expected to drive further progress in sensor technologies, addressing
the growing demand for efficient and reliable analytical devices across various
fields.

Statements for defence:

1. A polypyrrole-based underlayer formed by using the pulsed
amperometric technique can be incorporated in the design of a
molecularly imprinted sensor employed for the detection of Listeria
monocytogenes bacteria.

2. A gold electrode modified with a mixed self-assembled monolayer can
be applied for the development of a label-free immunosensor used to
detect antibodies against the SARS-CoV-2 spike protein.

3. A composite made of a self-assembled monolayer underlayer and
molecularly imprinted polypyrrole upper-layer can be used for the
development of SARS-CoV-2 nucleocapsid protein sensor.

4. Conductive polypyrrole matrix with embedded DNA aptamers can be
employed for the development of a sensor used to detect VEGF.

14



1. LITERATURE REVIEW
1.1. Conducting polymers

Conducting polymers have received a lot of attention due to their unique
combination of organic polymer properties and semiconductor-like electronic
characteristics. The synthesis of these polymers dates back to 1862 when the
English chemist H. Letheby performed the first known anodic oxidation of
aniline in a dilute sulphuric acid solution and obtained dark blue/black colour,
water-insoluble particles [ 1]. The modern development of conducting polymer
research began with the discovery of electrical conductivity by Shirakawa et
al. in 1977 [2]. Since then, these materials have been extensively studied for
their unique electrical properties.

Conducting polymers are m-m conjugated polymers that can conduct
electricity by means of doping [3]. n-m conjugated polymers are organic
macromolecules with a backbone chain composed of alternating double and
single bonds. Spatial -t conjugation in their chains allows electrons to
delocalise throughout the molecule, allowing multiple atoms to share them.
Delocalised electrons can move throughout the molecule and become charge
carriers, making it conductive. However, because the polymers are covalently
bonded, the material must be doped for the continuous electron flow to occur.
Doping involves the addition or removal of electrons from a polymer structure
[4]. After the doping, m-orbital electrons can freely move through the polymer
chain, creating an electrical current. Furthermore, the chemical and physical
properties of polymers can be tailored by combining different monomers,
changing polymerisation conditions, and creating polymeric composites.
Polymers and their composites are increasingly being used in the development
of sensing devices. Because of their distinct electronic, magnetic, and optical
properties, conducting polymers are extremely important in scientific and
technological applications [5-7]. The most frequently used conducting
polymers are polyaniline, polypyrrole, polyacetylene,
poly(3.,4-ethylenedioxythiophene), and polythiophene.

1.1.1. The mechanism of polypyrrole synthesis

Among the various conducting polymers, polypyrrole (Ppy) is notable
for its ease of synthesis, environmental stability, and promising electrical
properties. Polypyrrole, derived from the pyrrole monomer, a five-membered
heterocyclic ring containing a nitrogen atom, was discovered to be a
conducting polymer in 1968. Ppy was initially synthesised chemically [8], but
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later research demonstrated that it can also be developed electrochemically.
While both chemical and electrochemical synthesis methods rely on oxidative
polymerisation, alternative techniques such as photochemically initiated [9]
and enzyme-catalysed polymerisation [10] exist but will not be discussed
further.

Electrochemical synthesis of conducting polymers has advantages, such
as the targeted formation of a polymer layer at the anode and the elimination
of oxidising agents. This direct electrochemical oxidation process simplifies
the synthesis pathway, enhances the purity of the resulting polymer, and
allows more precise control over the polymerisation conditions. Furthermore,
the polypyrrole is deposited on the electrode, allowing for additional
electrochemical analysis to be performed. Given its widespread use in
theoretical and practical contexts, the following discussion will concentrate
on the principles of electrochemical synthesis. Some properties of
electrochemically obtained conducting polymers are determined by the
employed electrochemical polymerisation technique. These techniques are
generally divided into two categories: galvanostatic and potentiostatic.

The galvanostatic technique creates a conducting polymer by
maintaining a constant current density during polymerisation. The resulting
polymer film is doped and conductive because dopant ions from the
electrolyte are incorporated into the polymer matrix as it forms [11]. This
technique allows to control the thickness of the polymer film by adjusting the
duration of the polymerisation process [12]. Because of its simplicity, the
galvanostatic technique is common for practical applications [13]. However,
choosing the appropriate polymerisation current density is critical because the
potential of the electrode increases during polymerisation as the polymer film
grows due to an increase in resistance. This rise in potential can promote side
reactions, lowering polymerisation efficiency [14]. Thus, this method is not
chosen in certain applications because managing the increasing resistance and
the potential side reactions is difficult, which can compromise the overall
efficiency of the polymerisation process.

The potentiostatic polymerisation technique, which applies a constant
positive potential for oxidative polymerisation, ensures the production of a
high-quality polymer film. Maintaining a potential that is sufficiently high for
effective polymerisation yet low enough to prevent undesirable secondary
reactions and polymer over-oxidation is crucial for achieving this quality
[15,16]. The modified pulse potentiostatic technique further improves the
film's properties by alternating between anodic pulses (+950 mV vs. Ag/AgCl
for 1 s) and cathodic pulses (0 mV for 30 s). This method initiates the reaction
and then allows time for the pyrrole concentration near the electrode to
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replenish, reducing the likelihood of side reactions. By applying at least 10
potential pulses with a rectangular profile, this approach minimises side
reactions and significantly enhances the uniformity, stability, and overall
quality of the polymer film [15] making it a promising method for further
study in this dissertation.

Understanding how the synthesis techniques lead to polypyrrole
formation is a complex but essential aspect. To delve into this, it is crucial to
first examine the underlying electrochemical polymerisation mechanism. This
process, which begins with the formation of the primary radical cation, is
illustrated in Figure 1.

H
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Figure 1. Mechanism of polypyrrole electrochemical synthesis. Reprinted

with permission from [16].

The unpaired electron and positive charge are delocalized, and quantum
mechanical calculations indicate that the electron spin density is highest at the
ortho positions. As a result, radical coupling occurs primarily at these
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positions [16—18]. When two primary radical cations combine, a positively
charged dimer is produced. The presence of two protons in this dimer distorts
the conjugation, causing rearomatisation via deprotonation and the formation
of a more energetically favourable neutral dimer. In the following steps, the
neutral dimer is oxidised at the anode, producing a new radical cation. This
oxidation process occurs at a lower potential than for the neutral pyrrole. The
next steps involve the coupling of dimer radical cations (and later oligomer
radical cations) with primary radical cations, followed by proton release and
rearomatisation. This cycle of oxidation, coupling, and rearomatisation
continues, resulting in the formation of polypyrrole. Although electron spin
density is highest at the ortho-position, as conjugation length increases, the
spin density spreads throughout the conjugated system. This can lead to
radicals coupling at different positions, disrupting linearity and causing
branching [19].

1.2.  The formation and application of molecularly imprinted polymers

Having discussed the fundamentals of polypyrrole synthesis, the focus
will shift to molecularly imprinted polymers (MIP). This next chapter will
examine how molecular imprinting techniques are applied using polypyrrole
to create polymers with specific molecular recognition properties, enhancing
their functionality and application.

MIPs are formed through molecular imprinting, where molecular
recognition sites are formed within a polymer matrix by synthesising the
polymer in the presence of a target template. During polymerisation, the
complementary interactions between the functional monomers and the
template molecule are maintained in their spatial arrangement [20]. Molecular
imprinting involves several key steps, illustrated in Figure 2. First, a target
molecule, known as the template, is selected. This template is the specific
molecule or analyte that the polymer will be designed to recognise. Second,
the functional monomers, which have a chemical affinity for the template are
mixed with the template molecules, allowing them to interact through various
forces such as hydrogen bonding or ionic interactions. Third, the
polymerisation process is initiated, linking the functional monomers and
forming a polymer network around the template. Finally, after polymerisation,
the template molecule is removed, typically by washing with a solvent,
leaving behind specific cavities or imprints in the polymer that are
complementary in shape and chemical functionality to the original
template [21].
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Figure 2. Molecular imprinting process for MIP formation: template
selection, polymerisation and template removal.

The resulting MIP has these imprinted sites that allow it to selectively
recognise and bind the target molecule. Thus, MIPs offer significant potential
in various fields, including biotechnology and environmental monitoring. A
notable application of MIPs is in protein-based affinity sensors, where they
are used to imprint target proteins within polymer matrices. These sensors
selectively recognise target analytes, such as specific proteins or polypeptides,
and generate measurable signals through integrated transducers [22].
Molecular imprinting enhances selectivity by creating binding sites that are
complementary to the imprinted analytes [23,24]. Protein-imprinted MIPs
offer a promising alternative to traditional sensors, which employ antibodies
and receptors and often face long-term stability challenges [25,26]. Although
achieving proper protein orientation within the polymer matrix and
maintaining correct protein conformation is challenging [27,28], the
development of protein-imprinted MIPs represents a significant advancement
in bioanalytical chemistry [29-31]. Additionally, MIP technology can be
extended to imprint larger entities, such as bacteria and viruses, for diagnostic
applications [32,33].

Understanding the interaction of analytes with electrochemical sensor
surfaces is crucial in the development of MIP-based sensors. Accurate control
over these interactions is key to enhancing the sensitivity, selectivity, and
overall analytical performance of the sensor. If not properly managed, analytes
may adsorb non-specifically on the surface rather than binding to the intended
imprints, leading to compromised results. Several strategies have been
systematically investigated to address the challenges posed by unwanted
analyte-surface interactions. One prominent approach involves the sequential
deposition of a non-imprinted polymer (NIP) underlayer, effectively
insulating the electrode surface from the effects of analyte adsorption. Another
approach of considerable interest is the integration of a self-assembled
monolayer (SAM) as an interfacial layer between the gold substrate and the
electrochemically deposited MIP. This SAM underlayer mitigates non-
specific interactions, thereby enhancing the specificity of the sensor.
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Additionally, an alternative strategy employs aptamers embedded within the
polymer matrix to function as selective recognition elements instead of the
MIP itself. These polymers with integrated aptamers are engineered to
selectively bind target proteins, thereby illustrating the adaptability and
potential of this approach in a wide array of biosensing applications. Further
details on these methodologies will be discussed in the following sections.

1.2.1. The formation of polymer underlayer

This approach involves the formation of a thin NIP underlayer, which
serves as a foundational layer before the synthesis of the MIP layer is
performed. This methodology has been effectively demonstrated for the
detection of flumequine using a surface acoustic wave (SAW) signal
transduction system [34]. According to experimental data and density
functional theory (DFT) calculations, flumequine molecules tend to interact
with the gold surface, thereby obstructing its electrochemical activity. A thin
NIP underlayer is deposited to mitigate this interference and improve the
adhesion of the MIP layer. This approach not only alleviates potential
interference but also enhances the overall efficacy of the MIP layer formation.
In this dissertation, a similar technique was employed, where incorporating an
NIP underlayer was crucial in improving the performance and reliability of
the MIP layer.

1.2.2. The formation of a self-assembled monolayer on the gold surface

Another strategy involves using SAM as an interfacial layer in sensor
development. It offers a convenient, adaptable, and straightforward method to
customise the surface properties of metals, metal oxides, and semiconductors.
SAMs are organic layers formed by the absorption of molecular components
from either solution or the gas phase onto solid surfaces or in organised arrays
on the surface of liquids. These adsorbed molecules spontaneously arrange,
sometimes epitaxially, into crystalline or semicrystalline structures [35].

The molecules or ligands constituting SAMs possess a chemical
functional group, often called the "headgroup," which exhibits a specific
affinity for the substrate. The headgroup usually demonstrates a strong affinity
for the surface, displacing previously adsorbed organic materials. Various
headgroups selectively bind to metals, metal oxides, and semiconductors.
SAM is typically formed on a metal surface, where they establish chemical
bonds [36].
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The process by which n-alkanethiols form SAMs on gold has been
extensively studied, particularly on single crystals of Au(111) in ultra-high
vacuum (UHV) [37,38]. However, the most accessible and common method
involves the adsorption of alkanethiols from an ethanolic solution onto
polycrystalline gold surfaces prepared by vapour phase deposition (Figure 3).
When gold films are transferred from an evaporator to a solution without
maintaining a vacuum, atmospheric contaminants quickly adsorb onto the
gold surface. The thiols must then displace these adsorbed materials and any
solvent from the surface.
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Figure 3. Sequential stages of self-assembled monolayer (SAM) formation on
gold substrate.

Initially, most of the thiols that form the SAM adsorb quickly, creating a
low mass coverage striped layer followed by a denser, upright layer within 5-
6 minutes, covering approximately 90% of the surface (Figure 3, Step 1) [39].
The chemisorption of the thiol onto the gold substrate causes two main effects:
(a) it induces local strain on the gold surface, which is relieved by releasing
gold atoms to form pits or "vacancy islands," and (b) it increases the mobility
of the gold-thiolate complex on the surface. During SAM formation, vacancy
islands coalesce, and gold adatoms move to the step edges, resulting in a
surface rougher than the original gold surface [37,38].

The alkanethiolate-gold complexes nucleate small crystalline regions of
the monolayer, which grow as additional thiols adsorb (Figure 3, Step 2). The
next phase involves the unfolding of alkane chains into their all-trans
configuration, a process 3-4 times slower than the initial coverage phase
(Figure 3, Step 3). This reordering maximises van der Waals interactions
between molecules. Further adsorption of alkanethiols completes the well-
packed monolayer (Figure 3, Step 4). Over a period of up to 7 hours, most
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gauche defects in tail groups disappear, leaving a surface with steps in the
gold, various grain boundaries, and other defects, but with the majority of
alkanethiolate molecules present in the crystalline grains [40].

The formation of such monolayers is based on the strong adsorption of
disulfides (R-S-S-R), sulphides (R-S-R), and thiols (R-SH) onto the Au
surface. The sulphur donor atoms coordinate strongly with the gold surface,
while van der Waals forces between the methylene groups orient and stabilise
the monolayer into an orderly structure [41]. Voltammetric studies have
shown that during adsorption, thiol groups undergo deprotonation [42]. The
assumed equation for the formation of SAM is:

R—S—H+Aud > R—S"Au* - Au + 1/, H, (1)

Porter et al. demonstrated that alkanethiols with long chains (consisting
of more than 10 methylene groups) assemble in a manner reminiscent of
crystalline structures. Shortening the chain length results in less organised
structures [43]. However, alkanethiols such as 11-mercaptoundecanoic acid
(11-MUA) or 11-(1H-pyrrol-1-yl)-undecane-1-thiol (PUT) form dense and
stable films, which facilitate the observation of mediated electron transfer
kinetics. SAMs can create a chemical environment that attracts or binds
specific molecules by functionalising the end groups of alkanethiols (e.g., with
carboxyl, amine, or pyrrole groups). These bound molecules might participate
in electron transfer processes, effectively acting as intermediaries between the
analyte and the electrode.

When dealing with o-functionalized thiols, various chemical moieties
can be strongly bound at the solid-liquid interface, enabling the design of
materials with new surface properties for biomolecule binding [44,45]. Mixed
SAMs, formed by the co-adsorption of two thiols, have been shown to prevent
denaturation and improve the bioactivity of immobilised proteins compared
to pure SAMs [46—48]. Typically, mixed SAMs consist of one thiolate with a
desired functional group (e.g., a carboxylic acid) at a low fraction and another
"diluting" thiolate containing inert functional groups at a high fraction. This
configuration reduces the surface concentration of functional groups,
minimising steric hindrance, partial protein denaturation [46] and non-specific
interactions that can cause interference signals [47].

The nature of functional groups on thiols plays a crucial role in their
interactions with biomolecules. Grazing incidence infrared spectroscopy
reveals that alkane thiols with functional groups like NH, or OH are tightly
packed, highly oriented, and well-ordered. The monolayer's orientation
remains unaffected when these end groups are small (less than 5 A). However,
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larger groups like COOH reduce packing density and order [49]. In mixed
monolayers of w-substituted thiols and shorter alkanethiols, the thiols adsorb
in the same proportion as in solution without phase separation, indicating
random ordering [50,51]. This allows for blending w-substituted alkanethiols
with shorter non-substituted thiols to ensure anchor groups are available for
immobilisation, potentially reducing steric hindrance [52,53]. The SAM
mixture (SAMmix) presented in this dissertation, consisting of 6-mercapto-1-
hexanol (6-MCOH) and 11-MUA, provides a precise method for surface
modification with desired functional groups in order to facilitate covalent
biomolecule immobilisation. It also reduces non-specific protein adsorption
on the working electrode surface [54].

For example, during the development of MIP-based glyphosate sensors,
Balciunas et al. [55] investigated the dispersion of glyphosate and its direct
adsorption on the gold surface of the electrochemical surface plasmon
resonance (ESPR) sensor. They suggested a method involving the creation of
a SAM underlayer between the gold and the electrochemically produced MIP
layer in response to the template molecule's strong interaction with the gold
electrode. However, it's noteworthy that the insulating properties of SAM-
based underlayers can negatively affect the electrodeposition rate of Ppy,
necessitating careful consideration during sensor development.

1.2.3. The formation of MIPs-aptamer

The use of MIPs as recognition elements has attracted a lot of attention
among the different approaches used in biosensor design with specially
designed binding sites that can precisely and selectively bind target molecules
of interest. You et al. [56] have introduced a novel approach to biosensor
development, demonstrating the preparation of MIP on a glassy carbon
electrode (GCE). In this innovative method, the MIP layer is formed in the
presence of an amyloid-p oligomers (APO) template molecule, which acts as
an artificial antibody with high specificity for sample matrices. ABO
molecules within the samples can be selectively captured, and non-
specifically bound entities can be eliminated by forming a sandwich structure
in conjunction with aptamers. This MIPs-aptamer sandwich biosensor, under
optimal conditions, exhibits exceptional specificity and sensitivity. With the
use of appropriate MIPs and aptamers, this technique can be extended to detect
additional protein biomarkers, thereby presenting a new perspective on MIPs
and aptamers as alternatives to antibodies in biomarker detection [57].

Another innovative approach to biosensor development involves
embedding aptamers in the polymer matrix to act as selective recognition
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elements. These polymers with embedded aptamers are specifically
formulated to capture target proteins not by the MIP but rather by the aptamer
embedded in the polymer structure, demonstrating the adaptability and
versatility of this methodology in diverse biosensing applications. This
dissertation also examines such an approach.

1.3. The selected analytes

The formation of MIPs using Ppy has led to the development of advanced
biosensor systems that combine the conductive properties of Ppy with the
selective recognition capabilities of MIPs. This enhances biosensor
performance, allowing for more sensitive and selective detection of various
analytes. The following subsections provide information about the analytes
studied in the dissertation. The analyte properties and the electrochemical
detection methods are reviewed.

1.3.1. Listeria monocytogenes bacteria

Listeria monocytogenes is a Gram-positive, rod-shaped bacterium that
thrives at an optimum temperature of 37°C [58], and is a leading cause of
foodborne illness-related mortality [59]. This bacterium is primarily an
environmental contaminant found in soil and can be carried by various
animals, including ruminants, birds, marine life, insects, ticks, and
crustaceans [60]. Listeria monocytogenes can infiltrate the food supply chain,
contaminating a wide range of products, such as meat, raw and unpasteurised
milk and cheeses, ice cream, raw or processed vegetables and fruits,
undercooked poultry, sausages, hot dogs, deli meats, and raw or smoked fish
and seafood [61].

One severe form of illness caused by Listeria monocytogenes can lead to
septicaemia and meningitis, with a case-fatality rate of 20-30% [62]. Another
form is a non-invasive gastrointestinal illness that typically does not have
severe consequences. Despite the relatively low incidence of listeriosis in the
general population, it remains a significant and deadly foodborne disease, with
a hospitalisation rate exceeding 95% [63]. The primary concern is that Listeria
monocytogenes disproportionately affect vulnerable groups, including the
elderly, pregnant women, unborn babies, and immunocompromised
individuals (such as those with cancer or AIDS or those who have undergone
organ transplants) [64]. Pregnant women, for example, have a 17-fold
increased risk of contracting invasive listeriosis [65], and the infection
accounts for 22% of fatalities among immunocompromised adults [61].
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Detecting Listeria monocytogenes is critical for healthcare and the food
industry [66]. The minimal infectious dose for listeriosis is 100 colony-
forming units per gram (CFU/g) of food. Most countries enforce a zero-
tolerance policy for the presence of Listeria monocytogenes in food.
According to the European Regulation on Microbiological Criteria for
Foodstuffs, the presence of Listeria monocytogenes is not permitted in foods
intended for infants and certain medical purposes [67]. However, other foods
are allowed to contain up to 100 CFU/g of the bacterium during their shelf
life [68].

The application of MIPs for detecting Listeria monocytogenes bacteria
has shown potential benefits. However, it is noteworthy that only a few studies
have explored the use of electrochemical techniques for this purpose,
suggesting that the field of MIP-based sensors for Listeria monocytogenes
detection is still relatively underdeveloped. For instance, a gold disk electrode
combined with recombinase-assisted amplification-based CRISPR/Casl2a
(RAA-based E-CRISPR) used square wave voltammetry (SWV), achieving a
limit of detection (LOD) of 26 CFU/mL and a linear range from 2.6 x 10! to
2.6 x 10° CFU/mL [69]. Another study employed a gold electrode with a
sandwich assay using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), achieving a linear range from 10* to
10° CFU/mL [70]. Multiwalled carbon nanotube electrodes used in an
immunoassay with CV realised a LOD of 1.07 x 10> CFU/mL and a linear
range from 10 to 10° CFU/mL [71]. Additionally, an aluminium disc
electrode used in an immunoassay with EIS had a 1.3 log CFU/mL LOD and
a linear range from 1.3 to 4.3 log CFU/mL [72]. Typically, lysozyme was used
as the enzyme for template extraction during MIP-based sensor development.

1.3.2. Severe acute respiratory syndrome coronavirus 2

The global health crisis caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has necessitated an urgent response from public
health authorities. The World Health Organization (WHO) officially declared
COVID-19 a pandemic on March 12, 2020, following its initial outbreak in
Wuhan, China [73,74]. Since then, numerous virus variants have emerged,
complicating disease management strategies.

SARS-CoV-2 is a linear, single-stranded, positive-sense RNA virus with
a genome of approximately 29.9 kb, making it one of the longest among RNA
viruses [75]. The virus is characterised by its crown-like spikes on the outer
surface, which are crucial for its ability to infect host cells [76]. The genome
of SARS-CoV-2 encodes four structural proteins: spike (rS), envelope (E),
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membrane (M), and nucleocapsid (rN) proteins [75]. The E-protein, the
smallest structural protein, is involved in virus formation and maturation. The
M-protein maintains the shape of the viral shell and connects with other
structural proteins [77]. The rN protein is essential for viral replication and
immune modulation, playing a significant role in the virus's life cycle [78]. It
is expressed abundantly in host cells and is less frequently mutated than other
structural proteins, making it a reliable marker for diagnosis and a target for
understanding COVID-19-related inflammation due to its immunogenicity
and role in cytokine storms [79]. The rS protein, a homotrimer, facilitates viral
entry into host cells by binding to angiotensin-converting enzyme 2 (ACE2)
receptors via its S1 subunit and mediating membrane fusion through its S2
subunit. The S protein is a primary focus for diagnostic tools and vaccine
development because of its essential role in viral entry and its high mutation
rate in new variants [80—83].

Initially, the detection of SARS-CoV-2 focused on identifying antibodies
against the rS protein, as the immune response to infection leads to the
production of specific antibodies [84]. Most patients do not develop an
antibody response until the second week following the onset of symptoms,
often allowing for diagnosis based on antibody detection only during the
recovery phase [85]. The 1S protein can act as a biorecognition element in
immunosensors by triggering an immune response that leads to the production
of specific antibodies. These antibodies can then be targeted and detected by
the immunosensor, making the rS protein a valuable component for this
purpose [84]. Currently, serologic tests for the presence of antibodies against
SARS-CoV-2 virus proteins are mainly based on standard approaches such as
the enzyme-linked immunosorbent assay (ELISA) [85] and the lateral flow
immunoassay (LFIA) [86]. Despite their widespread use, immunoanalytical
methods like ELISA and LFIA have notable drawbacks: ELISA is time-
consuming, and LFIA is not fully automated. As a result, there is a clear need
for rapid, easy-to-use, and precise testing methods that also allow for
quantitative analysis. Various physical techniques can detect analytical signals
from affinity sensors, including surface plasmon resonance [87], scanning
electrochemical microscopy [88], quartz crystal microbalance [89] and total
internal reflection ellipsometry [90]. Among these, -electrochemical
immunosensors stand out due to their advantages of low cost, robustness, and
simplicity in both detection procedures and data interpretation [91]. These
sensors enable the detection of both antibodies against SARS-CoV-2 and the
nucleocapsid (rN) protein, which plays a crucial role in virus identification.
As SARS-CoV-2 began to mutate, the spike (rS) protein underwent significant
changes, complicating the detection of antibodies due to variations in protein
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affinity. In response, the focus can shift to the detection of the rN protein,
which is more abundantly expressed in host cells and less prone to mutations
compared to the rS protein [92,93].

Immunosensors, which had already proven vital due to their sensitivity,
selectivity, and cost-effectiveness, were adapted to detect the rN protein. This
shift enhanced the reliability of viral diagnostics despite the ongoing
mutations of SARS-CoV-2.

1.3.3. The vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) is a protein activated in
response to low oxygen levels (hypoxia). It is critical for blood vessel
development during embryogenesis (vasculogenesis) and for the formation of
new blood vessels from existing ones (angiogenesis), processes often
associated with cancer [94]. In mammals, the VEGF family includes five
members: A, B, C, D [95] and placenta growth factor (PLGF) [96]. The most
studied member, VEGFA (commonly referred to as VEGF), has nine
proangiogenic isoforms produced by alternative exon splicing [97], with
VEGF¢s being the most common and associated with the growth and
metastasis of various human cancers [98].

Identifying and quantifying disease-related proteins like VEGF are
essential for clinical diagnosis, biological applications, and medical research.
Early detection of VEGF protein biomarkers significantly simplifies cancer
diagnosis and is vital for monitoring the effectiveness of treatment
interventions [99]. Additionally, VEGF has been linked to several human
disorders through blood biomarker analysis, including rheumatoid arthritis
[100], psoriasis [101], and Alzheimer's disease [102]. VEGF detection has
been achieved using various methods, each employing different electrode
materials, polymers, and detection techniques. One approach involves flexible
silk protein matrices combined with a conducting ink containing poly(3,4-
ethylenedioxythiophene) and polystyrene sulfonate, creating a biocompatible
platform suitable for antibody immobilisation. This method demonstrates a
moderate LOD of 1.03 pg/mL and a wide linear range from 1 pg/mL to
1 pg/mL [103]. Another method uses a gold screen-printed electrode (SPE)
functionalised with a MIP, synthesised with acrylamide and N,N'-
methylenebis (acrylamide) as the monomer and crosslinker, polymerised
around EGFR and VEGF templates. This technique shows a LOD of
0.005 pg/mL and a wide linear range from 0.01 pg/mL to 7000 pg/mL [104].
Additionally, this biosensor underscores the value of multidisciplinary
approaches in protein detection by combining MIP technology, antibody-
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conjugated nanoliposomes, and electrochemical detection for the sensitive and
selective determination of VEGF. Another method employs poly(o-
phenylenediamine) as the polymer matrix on a glassy carbon electrode
modified with graphene nanoribbons (GNRs) and gold nanoparticles
(AuNPs). Using differential pulse voltammetry (DPV), this approach achieves
a linear range from 0.5 ng/mL to 500 ng/mL and an LOD of 300 pg/mL [105].
Accurate detection of VEGF is crucial for understanding its role in disease
progression and developing targeted therapeutic strategies, offering
significant implications for improving clinical outcomes across various
conditions, including cancer and chronic inflammatory diseases.
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2. EXPERIMENTAL SECTION

This section details the methodologies employed in developing four
distinct biosensors: (i) a MIP-based biosensor for Listeria monocytogenes
bacteria sensing; (ii) a SAM-based biosensor for detecting antibodies against
the S protein; (iii) a biosensor integrating SAM-supported MIP for rN protein
detection; and (iv) an DNR-aptamer biosensor for the detection of VEGF
protein. Each biosensor employs a unique strategy for target detection, using
electrochemical techniques to achieve precise and reliable measurements.

2.1.  The analytical system used in MIP-based biosensors dedicated to
bacteria sensing

A potential cycling strategy was used to clean the screen-printed carbon
electrodes (SPCE) electrochemically. The electrodes were cleaned in 0.5 M
sulphuric acid using 20 potential cycles in a potential range from —0.1 V to
+1.2V vs. Ag/AgCl with a potential sweep rate of 0.1 V's”. Bacteria —
Listeria monocytogenes — were acquired from Sumy State University's
Bacteria Collection (Sumy, Ukraine). To eradicate virulence while
maintaining the antigenic structure on the Listeria monocytogenes membrane,
10° CFU/mL of the bacteria were submerged in 70% ethanol and exposed to
UV light for a full day. This process makes it possible to destroy bacterial
DNA while having little effect on the shape and cell wall, both of which are
essential for the development of MIP.

For the MIP deposition, several steps were followed: (i)
electrochemically depositing the Ppy underlayer from a polymerisation
solution with 0.5 M pyrrole using a sequence of 5 potential pulses (+950 mV
for 1 s and 0 V for 30 s), (ii) adding 10° CFU/mL of Listeria monocytogenes
bacteria into the same polymerisation bulk solution during the deposition of
the second layer and repeating the pulse sequence, and (iii) incubating the
electrodes in different extraction solutions (0.05 M sulphuric acid, 10% acetic
acid, 0.1% L-lysine, 10 U/mL trypsin) at 37°C for 30 minutes to remove
imprinted bacteria and form the MIP. The NIP-based layer was formed
similarly to MIP without the addition of bacteria, acting as a control surface.
Pulsed amperometric detection was then employed, using a sequence of 10
potential pulses of +600 mV vs. Ag/AgCl for 2s, followed by 0V wvs.
Ag/AgCl for 2 s, to assess the MIP and NIP-modified electrodes.
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Figure 4. Schematic representation of electrode modification for MIP-based
biosensor.

The limit of detection (LOD) and limit of quantification (LOQ) were
calculated according to Equations (2) and (3):

33-5D
LoD = 2)
slope
_ 10-SD (3)
~ slope

where SD is the standard deviation of the linear relationship on the calibration
plot.

2.2. The analytical system used for the development of SAM-based
biosensor for the detection of antibodies against rS protein

Developing a SAM-based biosensor for detecting antibodies against the
SARS-CoV-2 1S protein necessitates the use of well-prepared electrode
surfaces. The two primary types of electrodes used in this study, the square
gold electrode (Au(s)) and gold-coated microscope glass slides (Au(MS)), are
prepared with specific procedures to ensure their optimal performance for
biosensor applications. The following subsections provide detailed
methodologies of the preparation, functionalisation, and electrochemical
characterisation of these electrodes. This includes the formation of SAMs, the
activation of surface groups for protein immobilisation, and the assessment of
electrode performance using electrochemical techniques.
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Figure 5. Schematic representation of experimental stages for the SAM-based
biosensor.

2.2.1. The preparation and modification of square gold electrode — Au(s)

The square gold electrode (Au(s)), made of 99.9% chemically pure gold,
had a geometrical area of 2 cm?. To prepare the Au(s) surface, it was first
mechanically polished using an alumina suspension. After polishing, the
electrode was cleaned in an ultrasonic bath (EMAG Emmi-40 HC, Germany)
for 10 min. Following this, the electrode was treated in a 0.5 M NaBH.4
solution (H.O/MeOH, v/v, 1:1) [106] for 10 minutes. The Au(s) electrode was
reused after each experiment by repeating this same preparation procedure.
The Au(s) electrode was then used for the formation of an 11-MUA monolayer
(Figure 5, Step 1). The electrode was incubated at 24°C in a 1 mM ethanolic
solution of 11-MUA for 18 hours, then rinsed with ethanol and dried under a
nitrogen flow to create the Au(s)/11-MUA layer. To activate the 11-MUA
monolayer on the Au(s)/11MUA surface, the electrode was treated with a
mixture of 0.04 M N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride (EDC) and 0.01 M N-hydroxysuccinimide (NHS) in 10 mM
PBS solution for 15 minutes, forming the Au(s)/11-MUA/EDC-NHS layer.
Next, the electrodes were incubated with 1 mL of a 50 pg/mL solution of the
1S protein in 10 mM PBS solution at room temperature for 45 minutes. This
prolonged exposure allowed the rS protein to covalently bind to the activated
Au(s)/11-MUA/EDC-NHS layer through its primary amine groups, forming
the Au(s)/11-MUA/EDC-NHS/tS structure (Figure 5, Step 2). The higher
volume and concentration of the protein solution used on the Au(s) electrode
with 11-MUA were chosen to ensure thorough and effective protein binding
to the surface-modified layer.
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2.2.2. The preparation and modification of microscope glass slides coated
with gold (Au(MS))

The 20 x 30 mm microscope slides were cleaned with 2-propanol and
then ultrasonically cleaned using an ultrasonic bath. After ultrasonic cleaning,
the slides were submerged in H>SO4 solution for 30 min. Once removed from
the acid, the slides were dried with a stream of N, gas (99.99% purity). The
dried slides were placed inside a vacuum magnetron chamber manufactured
by VST Services Ltd. (Israel). Film deposition did not commence until a
vacuum of at least 7-10® Torr was achieved. A thin layer of titanium,
approximately 10 nm, was first applied to enhance the adhesion of gold to the
glass surface. This was followed by the application of a 100 nm layer of gold
(Au(MS)). The working electrode geometric area was 0.179 cm?.

Au(MS) electrodes were incubated at 24°C for 4 hours in a 1 mM
solution of 6-mercapto-1-hexanol (6-MCOH) and 11-mercaptoundecanoic
acid (11-MUA) in ethanol, using a molar ratio of 9:1, respectively, to form a
mixed self-assembled monolayer (SAMmix) (Figure S, Step 3). After
incubation, the electrodes were rinsed with ethanol to remove any excess of
SAMmix and then dried with a flow of nitrogen gas, forming the
Au(MS)/SAMmix layer on the gold-coated slides. The SAMmix layer on
Au(MS) was activated using a mixture of 0.004 M EDC and 0.001 M NHS in
10 mM PBS solution at room temperature for 15 minutes, resulting in the
Au(MS)/SAMmix/EDC-NHS layer. Following the activation step, the
electrodes were treated with 70 pL of 100 pg/mL of rS protein in 10 mM PBS
solution at room temperature for 30 minutes, forming the
Au(MS)/SAMmix/EDC-NHS/tS structure (Figure 5, Step 4). The electrodes
were treated with a 0.5% bovine serum albumin (BSA) solution for 30 minutes
to deactivate any remaining reactive esters. Following this, 100 puL of an anti-
rS antibody solution in 10 mM PBS solution was added to the electrode at
concentrations ranging from 30 to 150 nM for 45 minutes at room
temperature, forming the Au(MS)/SAMmix/EDC-NHS/rS/anti-rS complex
(Figure 5, Step 5). After each step of the incubation process, the electrodes
were rinsed with 10 mM PBS solution to remove any unbound materials.

2.2.3. The electrochemical assessment of Au(s) and Au(MS) electrodes

Electrochemical characterisation of the Au(s) and Au(MS) electrodes
was conducted using the HAUTOLAB TYPE III potentiostat (Metrohm,
Netherlands), controlled by FRA2-EIS software from ECO-Chemie (Utrecht,
Netherlands). All experiments were performed in a three-electrode

32



electrochemical cell. All experiments, before and after each incubation step,
were carried out in 10 mM PBS, pH 7.4, with the addition of 2 mM [Fe3(CN)s]
and 2 mM [Fes(CN)g] as a redox probe ([Fe(CN)s]* 7). The three-electrode
system comprised the Au-based electrode (Au(s) or Au(MS)) as the working
electrode, platinum (Pt) wire as the counter eclectrode, and Ag/AgCl in
saturated KCI (Ag/AgClkcisay) microelectrode (ISAG/AGCL.AQ.RE) as the
reference electrode (ItalSens, The Netherlands).

Electrochemical characterisation of Au(s) and Au(MS) electrodes at
different modification steps was performed using CV and EIS methods. CV
measurements were conducted in the potential range from —0.2 to +0.6 V for
Au(MS) electrode and 0 to +0.4 V for Au(s) vs Ag/AgClkcisay at a scan rate
of 50 mV-s~!. EIS spectra were recorded over a frequency range from 0.1 Hz
to 100 kHz with a perturbation amplitude of 10 mV and a potential of 0.2 V
vs Ag/AgClkcisan for both electrodes. Randles equivalent circuit was applied
for the evaluation of EIS data, where R, represents the dynamic solution
resistance, Caq—represents the double layer capacitance measured between the
electrode and the electrolyte solution, R.—represents the charge transfer
resistance of the immobilised recognition layer and Z, representing the
Warburg diffusion element.

2.3.  The analytical system used for the development of SAM-supported
MIP biosensor for the detection of rN protein
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Figure 6. Schematic representation of electrode modification steps for SAM-
supported molecularly imprinted polymer (MIP) formation, including applied
electrical equivalent circuits.



2.3.1. The formation of a SAM

Screen-printed gold electrodes (Au(SPE)) were incubated at 20 °C for 2
hours in an ethanolic solution containing 10 mM of PUT to form a SAM
(Au(SPE)/SAM) on the working surface. Following incubation, the
Au(SPE)/SAM celectrodes were rinsed with deionised water and dried under a
nitrogen flow.

2.3.2. Electrochemical modification of SAM-modified electrodes by Ppy
and formation of MIP-based layer

Ppy was electrodeposited onto Au(SPE)/SAM electrodes using a
polymerisation solution containing 25 mM pyrrole and 25 pg-mL™' N
protein, following a sequence of ten potential pulses (at +950 mV for 1 s
followed by 0 V for 30 s). As described previously in Chapter 2.1., the MIP-
based biosensor for bacteria sensing used a higher concentration of Ppy
(0.5 M) to account for the larger size of bacteria, while a concentration of
25 mM was chosen to accommodate the smaller size of the rN protein. The
resulting polymer immediately after deposition is denoted as
Au(SPE)/SAM/(Ppy+rN) (Figure 6, Step 1), wherein the rN protein remains
embedded within the polypyrrole structure.

Subsequently, similar to the procedures used for the detecting bacteria,
the Au(SPE)/SAM/(Ppy+rN) electrodes underwent a washing step to remove
the rN protein, resulting in the formation of a MIP structure with
complementary cavities to the original template (Figure 6, Step 2). The
imprinted rN proteins were extracted from the Ppy layer by incubating the
electrodes in a 0.1 M H,SOj4 extraction solution for 10 minutes. The final MIP
structure containing the polymer is marked as Au(SPE)/SAM/MIP. Similarly,
a polymer layer was formed on Au(SPE)/SAM electrodes without the addition
of rN protein, marked as Au(SPE)/SAM/Ppy (Figure 6, Step 3). After
incubation of the SPE/SAM/Ppy electrodes in a 0.1 M H»>SOs4 extraction
solution for 10 minutes, the resulting non-imprinted polymer
Au(SPE)/SAM/NIP (Figure 6, Step 4) was used as a control surface.

2.3.3. The evaluation of electrodes covered by MIP layer

The following experimental protocol was conducted to evaluate the
biosensor ability to detect the rN protein: Au(SPE)/SAM/MIP electrodes were
exposed to rN protein concentrations ranging from 0 to 35 nM for 5 minutes.
The electrodes were immersed in a pH 7.4 PBS solution containing the rN
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protein and a redox probe throughout this incubation period. For
electrochemical measurements, 2.5 mM [Fe(CN)s]** was added to a 0.1 M
PBS solution at pH 7.4. The working electrode underwent electrochemical
characterisation using EIS and square wave voltammetry (SWV) at various
stages of modification. EIS measurements were recorded at open circuit
potential (OCP) with a 10 mV amplitude over a frequency range from
100 kHz to 0.1 Hz. Experiments with SWV were conducted with a step size
of 4 mV, square wave frequency of 20 Hz, and a pulse height of 50 mV in the
potential range from — 0.4 V to +0.6 V vs. Ag/AgCl. All experiments were
performed at room temperature (20 °C). Two different systems were
employed to evaluate the EIS data. Initially, the Randles equivalent circuit
was used with R, representing dynamic solution resistance, Ca representing
double layer capacitance between electrode and electrolyte solution, R
representing charge transfer resistance, and Z, representing the Warburg
diffusion element (Figure 6). The second system was employed using EEC (R
+ Cdl/R+ C2/R3), which is composed of three components connected in series
(Figure 6). The first component, R;, expresses electrolyte resistance. The
parallel elements Cq and R, associated with the first Nyquist semi-circle,
correspond to the constant phase element (CPE) and the charge transfer
resistance. For the second Nyquist semi-circle, the parallel elements C, and
Rs represent CPE and charge transfer resistance, respectively.

2.4. The analytical system used for the development of an aptamer-
based biosensor for the detection of VEGF protein

The hybridisation of oligonucleotides, specifically the anti-VEGF aptamer,
involves several steps to assemble the desired structure. The anti-VEGFA SL2B
aptamer sequence, highlighted in Table 1, is critical for this process. Additional
DNA sequences are designed to form a stem (stalk) structure following
oligonucleotide hybridisation (Figure 7). Initially, the thiol-modified
oligonucleotide (stalkGTG) undergoes reduction before aptamer assembly. This
reduction involves treating the disulfide bond of the 3’-thiol modifier using a
standard protocol. The thiol-modified oligonucleotide is first dissolved in 125 pL.
of dithiothreitol solution (100 mM DTT in 10 mM sodium phosphate buffer, pH
8.3) and incubated at room temperature for 1 hour. After incubation, any by-
products are removed using a Sephadex® G-25 column (NAP-10, 'Cytiva'). Once
reduced, hybridisation of the oligonucleotides occurs, assembling the aptamer by
mixing equal volumes of normalised oligonucleotide solutions (combSL2B,
stalkGTG, and r_stalkGTG) at a concentration of 30 pM/pL in PBS buffer. This
mixture is then boiled in a water bath for 5 minutes before being slowly cooled to
room temperature.
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Table 1. DNA nucleotides.

Oligomer Sequence (5°-3°) Modification Ln Mw
CAATTGGGCCCGT
combSI12B CCGTATGGTGGGT 38 11744
AAGCTTGAATTC
[ThiC6] - 3° Thiol
stalkGTG GTCGAC(.:TGCGTG/ modifier C6 S-S - 13 6763
[ThiC6] ,
on 3’ end
CACGCAGGTCGAC
r_stalkGTG GAATTCAAGCTT 25 7655

For the electrochemical modification and measurement, the experiments
were conducted using a potentiostat/galvanostat AUTOLAB TYPE III (ECO-
Chemie/Metrohm, Barendrecht, The Netherlands) controlled by FRA2-EIS
software (ECO-Chemie/Metrohm, Utrecht, The Netherlands). Before
modification with a polymer layer, the SPCE electrodes underwent
electrochemical cleaning through cyclic voltammetry. This involved
immersing the electrodes in a 0.5 M sulfuric acid solution and cycling the
potential for 20 cycles at a sweep rate of 0.1 V/s within a potential range of —
0.1 Vto+1.2 V vs. Ag/AgCl. The polymer layer was deposited using a two-
step electrochemical polymerisation procedure (Figure 8). In the first step, a
Ppy underlayer was electrochemically deposited from a solution containing
0.1 M pyrrole in 10 mM PBS, pH 7.4, by applying a sequence of 5 potential
pulses (+0.95 V for 1 s followed by 0 V for 30 s). In the second step, the anti-
VEGF aptamer was added to the same polymerisation solution, and the
sequence of 5 potential pulses was repeated. This process embeds the anti-
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VEGF aptamer within the Ppy structure, enhancing the stability and support
of the aptamer molecule. Pulsed Amperometric Detection (PAD) was
employed to evaluate the Ppy-modified DNR-aptamer electrodes. The
detection sequence consisted of 10 potential pulses of +600 mV vs Ag/AgCl
for 2 seconds, followed by 0 V vs Ag/AgCl for 2 seconds.

Adsorption
=

\/

SPCE +
Ppy underlayer
/-‘-—'N
V. Adsorption
s and affinity

— vascular endothelial

interaction
growth factor (VEGF)

&

Figure 8. Schematic representation of two experimental setups applied for
assessment of developed aptamer-based sensor.
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3. RESULTS AND DISCUSSION

The results and discussion section is divided into 4 main subsections.
Subsection 3.1., based on Paper 1, describes the electrodeposition process of
MIP and NIP layers on SPCE electrodes using potential pulses, emphasising
the crucial role of the Ppy-based underlayer in facilitating the formation of a
robust MIP sensing layer. This underlayer reduces direct interaction with
Listeria monocytogenes and allows precise entrapment of bacteria within the
polymer matrix, improving detection sensitivity. Subsection 3.2., based on
Paper 2, Paper 3 and Paper 4, presents the electrochemical characterisation
of SAM-modified gold electrodes, detailing the effects of different SAMs on
electron transfer properties and their impact on immunosensor performance.
Subsection 3.3, based on Paper 5, demonstrates the implementation of a
SAM-supported MIP detection method for SARS-CoV-2 nucleoprotein. This
approach combines the MIP technique introduced in Section 3.1 with the use
of a SAM underlayer discussed in Section 3.2, resulting in a composite
structure. The SAM underlayer played a pivotal role in enhancing the
formation and stability of the MIP sensing layer on electrodes, creating a
controlled and optimised surface. This composite methodology significantly
improved the sensor's performance, achieving enhanced sensitivity and
specificity in detecting the SARS-CoV-2 nucleoprotein when compared to
NIP-modified electrodes. Finally, Subsection 3.4, based on Paper 6, outlines
the electrodeposition of a Ppy/anti-VEGF aptamer-based sensing layer on
SPCE electrodes. The composite was formed by embedding the anti-VEGF
aptamer within the Ppy matrix, creating a robust and functional sensing layer.
Initially, a Ppy-based underlayer was deposited to ensure strong adhesion of
the sensing layer and to minimise direct interaction between VEGF and the
electrode surface.

3.1. The detection of Listeria Monocytogenes bacteria using MIP-based
electrochemical sensor

This section explores the application of MIPs for the electrochemical
detection of Listeria monocytogenes bacteria, detailing the process from
electrode modification to sensor evaluation. The methodology involves the
electrochemical deposition of Ppy and Ppy-+bacteria layers and the subsequent
extraction of imprinted bacteria, followed by detailed electrochemical
characterisation to assess the performance and sensitivity of the developed
MIP sensor.
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3.1.1. The electrodeposition of MIP and extraction of imprinted bacteria

The Ppy and Ppy-bacteria layers were electrochemically deposited onto
SPCE electrodes using a series of potential pulses (Figure 9). Figures 9 A
and D illustrate the potential pulse series profiles for the deposition of the Ppy
layer on SPCE electrodes. The electrochemical formation of the Ppy+bacteria
layer on SPCE electrodes was conducted in multiple steps, as detailed in the
experimental section (Figure 4). Initially, a Ppy-based underlayer was
electrodeposited to support and cover the electrode, reducing the direct
interaction of Listeria monocytogenes bacteria with the electrode surface
before forming the Ppy-+bacteria sensing layer. This thin Ppy underlayer
facilitated the subsequent formation of the Ppy+bacteria sensing layer. During
the second step, Listeria monocytogenes bacteria were entrapped as templates
within an upper Ppy layer (sensing layer), which, after bacteria removal,
constituted the MIP layer. The electrochemical deposition of Ppy enabled
precise control over the thickness of the formed layers and effective
entrapment of Listeria monocytogenes bacteria within the electropolymerised
matrix.

The entrapped bacteria were removed from the Ppytbacteria layer by
incubating the electrodes in various extraction solutions, resulting in the final
MIP imprint. The first extraction method involved incubating Ppy and
Ppy+bacteria electrodes with an acetic acid solution, as shown in Figures 10 A
and B. Scanning electron microscopy (SEM) images of this process reveal the
effectiveness of acetic acid in removing the bacteria. Acetic acid, a weak
organic acid toxic to most bacteria even at concentrations as low as 0.5 wt%,
disrupts bacterial cells by lowering intracellular pH and interfering with
metabolic processes through its anion [107]. The SEM images vividly
demonstrate the efficacy of acetic acid, which creates holes in the bacterial
cell membranes, allowing cytosol and organelles to leak out. This results in
rough, uneven pits on the cell surfaces, confirming the high effectiveness of
this method. In contrast, when Ppy and Ppytbacteria electrodes were
incubated in a sulfuric acid solution, the surfaces of the electrodes remained
unchanged, as depicted in Figures 10 C and D.

The third method investigated for extracting the Listeria monocytogenes
bacterial template from the Ppy-+bacteria involved using a trypsin enzyme
solution. Trypsin, a well-known pancreatic enzyme, functions by hydrolysing
peptide bonds, specifically at the C-terminal of arginine (Arg) and lysine (Lys)
residues, leading to the breakdown of proteins into peptides [108].
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In this study, trypsin effectively hydrolysed cell wall proteins, aiding in the
removal of bacterial cells from the Ppy-based matrices. Notably, trypsin only
targets specific areas of the cell wall and does not affect the Ppy layer, making
it an ideal candidate for the selective removal of bacteria without damaging
the underlying polymer structure. This characteristic is particularly useful for
developing MIP-based sensor platforms. Comparative results (Figure 10 F)
indicated that the trypsin-based extraction method was more efficient than
other methods tested. Previous studies have highlighted the role of proteolytic
enzymes like trypsin in bacterial lysis, with increased enzyme activity
observed in inflammatory sites. For example, Grenier demonstrated that
Gram-positive bacteria in the oral cavity exhibit greater resistance to lysis than
Gram-negative bacteria [109]. Zhou et al. further showed that a concentration
of 2 mg/mL trypsin had similar effects on both bacterial types, including
biofilm formation [110]. The research revealed that a 10 U/mL trypsin
solution is the most efficient method for removing Listeria monocytogenes
cells from the Ppy layer and forming MIP. Notably, trypsin only targets
specific areas of the cell wall and does not affect the Ppy layer, making it
particularly useful for eliminating bacteria-based templates and creating MIP-
based sensor platforms.

L-lysine, a zwitterionic amino acid, was also tested for its ability to
dissociate and remove bacteria from Ppy-based matrices. As an amino acid
and a zwitterion at pH = 7.0, L-lysine is expected to be more effective than
trypsin in dissociating or removing certain compounds from polymeric
structures. A comparison of the results (Figure 10 H) indicated that the
trypsin-based extraction method was more effective than the L-lysine
extraction method. Additionally, L-lysine plays a role in protein synthesis and
is found in the peptidoglycan layer of Gram-positive cell walls of bacteria,
aiding cell metabolism. This property highlights its significance in bacterial
structure and function, although, in this context, the trypsin method proved
superior for removing Listeria monocytogenes from the Ppy layer.
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Figure 10. SEM images of NIP (A, C, E, G) and MIP (B, D, F, H) electrodes
after incubation in different template extraction solutions: 10% acetic
acid (A, B), 0.05 M sulphuric acid (C, D), 10 U/mL trypsin (E, F) and 0.1%
L-lysine at 37°C for 30 min (G, H).
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3.1.2. Electrochemical characterisation for bacteria-imprinted MIP layer

The NIP and MIP sensors were evaluated using pulsed amperometric
detection, which measures current density in a series of 10 potential pulses of
+600 mV for 2s and 0 mV for 2s. Listeria monocytogenes bacteria at
concentrations ranging from 3.4 x 10° to 1.0 x 108 CFU/mL were incubated
in a pH 7.4 PBS solution using SPCE electrodes modified with MIP and NIP.
As the bacteria concentration increased, the amperometric response
decreased, a common trend for redox-inactive analytes [111].

The effectiveness of various extraction solutions was assessed, including
10% acetic acid (Figure 11 A), 0.05 M sulfuric acid (Figure 11 B), 10 U/mL
trypsin (Figure 11 C), and 0.1% L-lysine (Figure 11 D). For acetic acid, the
current density of MIP was at least 12 times higher than that of NIP, indicating
that it was highly effective, as shown in Figure 10. The current density barely
changed when using the sulfuric acid solution. However, Listeria
monocytogenes bacteria have an acid tolerance, a predicted molecular
response that keeps the cells alive in an unfavourable environment.
Morphological techniques confirmed the increased intracellular survival and
the development of acid-adapted Listeria monocytogenes cells in the
cytoplasm and vacuoles [112]. Various strategies were employed to address
the Listeria monocytogenes bacteria acid-tolerance response. One approach
involved using the enzyme trypsin to enhance the extraction process. Using
this technique, the Listeria monocytogenes bacteria were effectively removed
from the NIP and MIP layers (Figure 11 C). Finally, L-lysine (Figure 11 D)
solutions were also tested. Trypsin-treated MIP exhibited a current density
approximately three times higher than NIP, while L-lysine-treated MIP
showed no change in current density. Electrochemical results indicated that
electrical capacitance varied after removing the imprinted bacteria, with
trypsin and acetic acid proving to be the most effective solution for releasing
trapped Listeria monocytogenes bacteria and forming the MIP.
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Figure 11. The current density of electrodes of NIP (solid black lines) and
MIP (dashed red lines) was registered using PAD after incubation in solutions
containing varying concentrations of Listeria monocytogenes bacteria. The
bacteria were extracted using different solutions: 10% acetic acid (A), 0.05 M
H>S04 (B), 10 U/mL trypsin (C), and 0.1% L-lysine (D).

3.1.3. Determination of the limit of detection, the limit of quantification
and the imprinting factor

The efficiency of trypsin solution in extracting entrapped Listeria
monocytogenes bacteria from the Ppy-based layer to form MIP was
confirmed. Although both acetic acid and trypsin were effective extraction
solutions, trypsin was ultimately preferred due to the acid tolerance of Listeria
monocytogenes, which could diminish the effectiveness of acetic acid for
application in real world diagnostics, where acid tolerant bacteria can be
found. Electrochemical measurements based on PAD were performed to
determine the LOD and LOQ (Equations 2 and 3). Analytical signals were
represented by A/ values for NIP and MIP, respectively. Figure 12 illustrates
Listeria monocytogenes bacteria concentration calibration curves plotted
against Al (uA). The slope of the change in current (Al, pA) versus the
concentration of Listeria monocytogenes bacteria (expressed in CFU/mL)
recorded by the NIP electrode was 0.016 uA/(CFU/mL), with an R? value of
0.98. Conversely, the linear regression slope for the Listeria monocytogenes
bacteria-imprinted MIP was 0.063 pA/(CFU/mL), with an R? value of 0.97.
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line) vs. Listeria monocytogenes concentration. Error bars are expressed as the
standard deviation of the sample.

Molecular imprinting is ranked according to the relationship between the
MIP and the NIP, which is obtained according to Equation (4) [113,114]:
e

IF =2 )
NIP

Usually, /F is called an imprinting factor, whereas Ayerdurai et al. [115]
argued that an apparent imprinting factor is a more correct term for /F. The
results showed that, compared to the NIP electrode, the MIP had an apparent
imprinting factor towards the Listeria monocytogenes bacteria that was
roughly 3.93. If the value of IF exceeds 1, it indicates a high degree of
molecular imprinting and strong specificity for the target analyte [113]. The
LOD and the LOQ were calculated according to Equations (2) and (3). It was
evaluated that the LOD and LOQ for the MIP were 70 CFU/mL and
210 CFU/mL, respectively, in the linear range from 300 to 6700 CFU/mL.
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3.2. Detection of antibodies against SARS-CoV-2 1S using SAM-based
detection method

This section explores the use of SAM to modify gold electrodes in order
to enable the construction of a biosensor used for detecting antibodies against
the SARS-CoV-2 rS protein. The study builds on the principles of EIS and CV
to evaluate the performance of these SAM-based systems. The approach
involves understanding how SAMSs, particularly mixed SAMs (SAMmix),
influence the surface properties and electron transfer characteristics of
electrode surfaces.

The section is divided into two main parts. First, subsection 3.2.1
discusses the evaluation of SAM layers using EIS, including the use of
tethered bilayer lipid membranes (tBLMs) as model systems to assess SAM
stability, defect density, and electron transfer properties. This foundational
analysis provides insights into how SAM and mixed SAM systems behave in
terms of surface modification and electrochemical performance.

In subsection 3.2.2, the focus shifts to the direct functionalisation and
electrochemical characterisation of modified gold electrode surfaces. Gold
electrodes, including square gold electrodes (Au(s)) and gold-coated
microscopic slides (Au(MS)), are modified with SAMs and SAMmix systems.
The electrochemical behaviour of these modified electrodes is characterised
before and after surface treatments, providing detailed insights into their role
in enhancing sensor detection capabilities.

3.2.1. Electrochemical impedance spectroscopy-based evaluation of SAM
and tethered bilayer lipid membranes layers

While the formation and characteristics of these monolayers have been
widely studied on various substrates, including gold electrodes, the present
study also includes the use of SAMmix systems. These SAMmix systems,
when evaluated using tBLMs, demonstrate reduced defect density and
improved stabilisation of electron transfer. This indicates that such an
approach could enhance biosensing performance by ensuring better control
over the structural integrity of the modified electrode surface. The detailed
electrochemical analysis and impedance behaviour of both SAM and tBLM
layers provide a crucial foundation for understanding the surface
modifications that will be further explored in the following section for the
design of a biosensor.

The Au(MS) were incubated for 3 hours in an ethanolic solution
containing 0.1 mM p-mercaptoethanol (BME) and 20-tetradecyloxy-
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3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol (WC14) in a molar ratio of
65:35. This incubation allowed the formation of a Au(MS)/SAMmix,
composed of BME as a backfiller and synthetic thiolipid WC14 molecules.

Figure 13 A illustrates the typical changes in the EIS spectra following
the formation of a tBLM on an anchor SAMmix. Specifically, the semicircle
of the complex capacitance decreased by approximately tenfold, from
8 uF-cm? before vesicle fusion and membrane formation to 0.6-0.8 pF-cm?
after tBLM formation. This decrease is attributed to the creation of a dielectric
layer around 3 nm thick [116].

In this study, we examined two lipid compositions of tBLMs capable of
incorporating chlorophyll-a. The EIS data enabled verification of tBLM
integrity across different lipid ratios. The base composition consisted of
DOPC and cholesterol (Chol) in a 6:4 molar ratio. Chl-a was introduced in
two stages: first, replacing some DOPC to achieve a 5:4:1 molar composition
of DOPC/Chol/Chl-a; then, cholesterol was replaced to create a 6:3:1 molar
ratio. Across the various DOPC, Chol, and Chl-a ratios—ranging from 6:4 to
5:4:1 and 6:3:1—only slight changes in tBLM capacitance were observed,
which were not statistically significant (Figure 13 C). However, if the
defectiveness is analysed, the inclusion of Chl-a into DOPC/Chol tBLMs was
found to be an important factor in determining the defect densities in tBLMs.
The algorithm described in [117], was used to estimate the defect densities in
tBLMs with and without Chl-a. The algorithm relates defect density in
membranes with the position of the phase minima in the negative of
impedance phase vs frequency plots. The Equation 5 was used to calculate
approximate densities is:

lgNger = 0.93lg finin — lgk — 0.2lgry — const (5)

where Ny the defect density in um™, f,.:, the frequency of the negative of
phase minimum, Hz, k = 1.6:107° cm?s !, 7y = 1 nm and const = 1.24, one
obtains the approximate values of defect densities in tBLMs of different
composition. The calculated according to Equation 5 defect densities are
0.87+0.09 um2  for DOPC/Chol (6:4), 0.73+0.08 um> for
DOPC/Chol/Chl-a (6:3:1) and 0.16 £0.08 um 2 for DOPC/Chol/Chl-a
tBLMs.

As shown in Figure 2D, the introduction of Chl-a significantly reduced
defectiveness, particularly in the 5:4:1 DOPC/Chol/Chl-a composition, where
defect density was six times lower than that of the base DOPC/Chol (6:4)
composition, and lower compared to the 6:3:1 mixture. This sharp reduction
in defects for the 5:4:1 composition may be due to the combined destabilising
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effects of cholesterol and Chl-a, as cholesterol’s conical shape destabilises
defects in highly curved bilayer fragments like transient pores, while Chl-a’s
inverted cone shape likely contributes to further destabilization. Together,
these effects enhance bilayer stiffness by forming complementary pairs with
cholesterol.

Interestingly, the defect density was lower in the DOPC/Chol/Chl-a
(6:3:1) mixture, underscoring the importance of the total concentration of
Chol and Chl-a in influencing membrane properties. Overall, Chl-a was found
to induce a significant decrease in tBLM capacitance, likely due to its lower
relative dielectric constant compared to the dioleoyl fragment in DOPC.
However, substituting cholesterol with Chl-a did not result in a similar
magnitude of decrease, suggesting that Chl-a and Chol have comparable
dielectric properties. Another key effect of Chl-a incorporation was a
significant reduction in membrane defectiveness, especially when the total
content of Chol and Chl-a reached 50% of the membrane lipid composition.
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Figure 13. Cole-Cole plot of EIS spectra (A), (B) of (*) a Au(MS)/SAMmix
and tBLM structure formed at different molar % ratios of various components:
(*) — DOPC, Chol and Chl-a at molar % ratio of 5:4:1, respectively, (A) —
DOPC, Chol and Chl-a at molar % ratio of 6:3:1, respectively, (¥) — DOPC
and Chol at molar % ratio of 6:4, respectively. Bode coordinates (C) —
frequency dependence on complex phase shift (frequency was applied until
phase minimum was reached), complex capacitance, and defect density of
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various components tBLM structures (D). Bias potential 0V vs
Ag/AgCl/NaClsat.

However, in the subsequent stages of this study, the focus shifts away from
the use of tBLMs as the investigation moves towards the application of
different SAM systems for direct functionalisation of gold electrodes. These
SAMs, particularly the SAMmix on Au(MS), will be evaluated independently
using electrochemical techniques, allowing for a more focused examination
of their role in enhancing detection capabilities in biosensing platforms. The
detailed characterisation of these SAM layers is key to understanding the
modifications and their direct impact on electrode performance, as presented
in the next section.

3.2.2. The electrochemical characterisation of a modified gold electrode
surface

Building upon these insights, the following study employs similar SAM-
based approaches, applying them to gold electrodes enabling the creation of
immunosensor used for the detection of antibodies against the SARS-CoV-2
1S protein. Electrochemical techniques, including CV and EIS, were used to
probe the modifications and their impact on the electrode surfaces. Both
square gold electrodes (Au(s)) and gold-coated microscopic slides (Au(MS))
were characterised before and after surface treatments.

Initially, the Au(s) electrode was modified with an 11-MUA, forming a
SAM. The [Fe(CN)q]* 7 redox couple was used to probe the influence of
these modifications on electrode conductivity through changes in oxidation
and reduction peaks in the cyclic voltammogram. The formation of the
11-MUA SAM resulted in a stable and well-organised monolayer, acting as
an ionic insulator on the gold electrode. This SAM, characterised by a low
defect rate and high fractional coverage, obstructed the electron transfer
pathway, leading to a substantial reduction in the current response, as shown
in Figure 14 A.
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Figure 14. Cyclic voltammograms of the Au(s) electrode (A) and Au(MS)
electrode (B). Potential scans range from 0 to +0.4 V (A) and from —0.2 to
+0.6 V (B) at 50 mV-s ! vs Ag/AgCI(KClsy).

For the Au(MS) electrode, a mixed SAM (SAMmix) consisting of
6-MCOH and 11-MUA was applied. The SAMmix was designed to maintain
stability while allowing redox mediator access to the electrode surface,
reducing pinholes and structural defects. The cyclic voltammogram for the
unmodified Au (MS) electrode (Figure 14 B) showed typical redox behaviour
with a peak current density of 712.4 £ 5.9 pA-cm 2. After the formation of the
SAMmix, the peak current density decreased to 504.6+ 19.3 pA-cm2,
indicating restricted electron transfer due to the mixed SAM layer. EDC-NHS
activation of the terminal carboxyl groups caused a slight increase in current
density to 513.1+6.6 pA-cm™, suggesting enhanced electron transfer.
However, the subsequent immobilisation of rS protein led to a further decrease
in current density to 459.6 = 9.3 pA-cm?, attributed to the additional barrier
formed by the protein layer.

EIS measurements provided detailed insight into the changes in charge
transfer resistance (R) associated with each modification step. As depicted in
Figure 15 A, the R« of the Au(s) electrode increased significantly with the
formation of the 11-MUA SAM, reaching 10.6 + 0.2 kQ-cm?. This increase is
attributed to the insulating nature of the SAM, which obstructs the movement
of [Fe(CN)g]*”* ions and hinders electron transfer at the electrode interface.
Activating the 11-MUA carboxyl groups with EDC and NHS resulted in a
reduced R of 5.67£0.09 kQ-cm?, likely due to the formation of an
electrochemically active ester, facilitating electron transfer. The subsequent
immobilisation of rS protein increased R to 12.3 +£0.27 kQ-cm?, as the
protein layer adds another barrier to electron transfer.

In contrast, the modifications of Au(MS) electrode showed a different
pattern of R changes, as illustrated in Figure 15B. The R for the unmodified
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Au(MS) electrode was 98.2 + 1.2 Q-cm?, which increased to 803 + 10 Q-cm?
with the formation of the SAMmix. This increase, although significant, is
lower than the R for the Au(s) with the 11-MUA SAM, likely due to the
different composition and properties of the SAMmix, which allows some
electron transfer while still providing a barrier. Following activation with
EDC and NHS, the R decreased, likely due to the formation of an
electrochemically active ester that facilitated electron transfer. However, the
subsequent immobilisation of the rS protein caused the R« to rise again to
1202 + 23 Q-cm?, as the protein layer added another barrier to electron
transfer (Table 2).

It was observed that the R. of the NHS and EDC-activated either
Au(s)/11-MUA or Au(MS)/SAMmix electrodes substantially decreased
compared to its value before activation. The activation process involving EDC
and NHS results in the formation of an intermediate electrochemically active
ester due to the interaction between the terminal carboxyl (-COOH) groups
and EDS and NHS. The increase in R following the binding of rS is attributed
to the poor electrical conductivity of most proteins at low frequencies, which
impedes charge transfer at the electrode-solution interface. These EIS data are
consistent with previous studies, which used Total Internal Reflection
Ellipsometry to evaluate the interactions between SARS-CoV-2 proteins and
their specific antibodies. Those studies demonstrated significant increases in
protein layer thickness and changes in dielectric properties occurring at the
electrode-solution interface [118].

The observed differences in R between the Au(s) and Au(MS) systems
are primarily due to the nature of the surface modifications and the specific
characteristics of the SAM layers. The 11-MUA SAM on the Au (s) electrode
forms a highly insulating layer with minimal defects, leading to a significant
increase in R In contrast, the SAMmix on the Au (MS) electrode, while still
increasing R, allows for electron transfer due to its composition and structure.

o Au(s) B | AuMS)
A I-MUA | o A SAMmix
v EDC-NHS| < 600 v EDC-NHS
O 1S E ¢ 1S
— it i 400 — it
G
“E
Nl'— 200
4.0k 8.0k 12.0k 0 400 800 1200
2 2
Z,(Q-cm”) Z (Q-cm”)

Figure 15. Nyquist plots of differently modified electrodes: Au (s) electrode
(A) and Au (MS) electrode (B). A — Au (s) electrode (0), electrode after 11-
MUA formation (A ), EDC-NHS electrode after activation of 11-MUA (V),

51



and rS electrode after immobilisation of SARS-CoV-2 1S protein (). (B) —
Au (MS) electrode (m), electrode after SAMmix formation (A ), EDC-NHS
electrode after activation of SAMmix (V), and rS electrode after
immobilisation of SARS-CoV-2 1S protein (#). EIS measurements were
performed in the PBS, pH 7.4, in the presence of 2 mM of [Fe(CN)g]*7* at
0.2V vs Ag/AgCI(KClsy), signal normalised to the area of the electrode,
A=2cm? for Au(s) electrode (A) and 4=0.179 cm?® for Au(MS)
electrode (B).

Table 2. Analytical parameters obtained from CV and EIS. Error bars are
expressed as the standard deviation of the sample.

Joas pA-em? | RO Q-em? Ret, Q-cm? Cai, nF n
Au(s) 410.4+9.6 | 14.45+0.07 96.2+1.2 80.1+0.4 0.92
11-MUA - 9.840.3 10600200 9.7+0.1 0.92
EDC-NHS = 9.8+0.2 5670+90 11.1£0.1 0.91
rS - 10.740.2 12300+270 11.4£0.1 0.92
Au (MS) 7124+5.9 32.1+0.3 98.8+1.2 84.1+0.3 0.83
SAMmix | 504.6+193 | 412405 80310 9.1+0.5 0.97
EDC-NHS | 513.1£6.6 48.4+0.7 239421 10.2+0.5 0.96
rS 459.6 £9.3 41.240.6 1202423 8.4+0.5 0.97

These findings demonstrate the stepwise impact of surface modifications
on the electrochemical properties of gold electrodes. The initial 11-MUA
SAM provided a stable and insulating layer, while the SAMmix, EDC-NHS
activation, and protein immobilisation introduced progressive changes in
electron transfer characteristics. This comprehensive characterisation
underscores the importance of each modification stage in tailoring the surface
properties of gold electrodes for specific electrochemical applications. In later
experiments targeting antibody detection against the rS protein, the 11-MUA
SAM was not used due to its high R and insulating properties, which hindered
electron transfer. Instead, the SAMmix system was adopted for its balanced
stability and efficient electron transmission, significantly enhancing the
sensitivity and effectiveness of the antibody detection process.

3.2.3. The analytical characterisation of immunosensor dedicated for anti-rS
detection

The affinity interaction between anti-rS antibodies and immobilised rS
proteins was studied by sequentially incubating the working electrode surface
with varying concentrations of anti-rS in a 10 mM PBS solution, starting at
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30 nM and increasing up to 150 nM through successive dilutions of a stock
solution (Figure 16). EIS measurements were performed in PBS, 7.4,
containing 2 mM [Fe(CN)¢]>”*, using previously detailed parameters. As
anti-rS interacts with immobilised rS, an immune complex forms,
progressively insulating the electrode surface. This reduces the flow of
[Fe(CN)s]*™ to the electrode, leading to a stepwise decrease in the redox
current. Notably, at lower anti-rS concentrations (0—90 nM), the current
densities decrease more rapidly, whereas at higher concentrations
(90—150 nM), the process approaches saturation. This is reflected in the
Nyquist plots, where the semicircle radius increases with anti-rS
concentration, indicating increased R... EIS data shows a significant increase
in the semicircle radius at lower concentrations (0—90 nM), which slows down
at higher concentrations (90—150 nM). As the concentration of anti-rS
increases, the number of unoccupied rS sites decreases, resulting in a plateau
effect in R values at higher concentrations. Table 3 summarises the signal
values obtained from EIS, showing the increase in R levels off at higher anti-
rS concentrations.

Table 3. Analytical parameters obtained from EIS. Error bars are expressed
as the standard deviation of the sample.

conf:r::f;:lfion Rs, Q-cm? R, Q-cm? Cai, nF n
0nM 41.4+2.7 1300+105 8.35+0.4 0.976
30 nM 37.9+2.5 1840+165 8.6+0.6 0.973
60 nM 44.1+2 .4 2600+212 9.1+£0.6 0.972
90 nM 40.5+£2.1 3360+286 9.45+0.7 0.975
120 nM 434422 3570+259 9.51+0.8 0.973
150 nM 39.4+2.3 3750+319 9.652+0.7 0.975

~Z,(Q - em?)

Tk 2k 3k 4k 0.0 40.0 80.0 1200 160.0
Z. (- cm?) Concentration (nM)

Figure 16. Nyquist plots of the modified Au(MS)/SAMmix/rS electrode (A)
after affinity interaction with anti-rS of different concentrations (0—150 nM).
Calibration curves for R obtained from EIS are shown in relation to anti-rS
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concentration (B). Error bars are expressed as the standard deviation of the
sample. EIS measurements were performed from 100 kHz to 0.1 Hz, at 10 mV
amplitude and applied potential 0.2 V vs Ag/AgClkcisary in PBS, pH 7.4, while
adding 2 mM of [Fe(CN)s]*7*, signal normalised to the area of the electrode,
A=0.179 cm?.

To evaluate the analytical characteristics of the electrochemical
immunosensor, LOD and LOQ for sensing anti-rS were calculated from data
gathered using EIS measurements (Equations 2 and 3). As a signal, the R
value was obtained from fitting EIS data using Randles equivalent circuit. As
a result, the immunosensor for anti-rS detection using EIS based on the R
value had a LOD of 2.78 nM and LOQ 0of 9.17 nM.

3.3. The detection of the SARS-CoV-2 nucleoprotein using the SAM-
supported MIP detection method

In the case of of Listeria monocytogenes sensor, a Ppy-based underlayer
was electrodeposited to minimise the direct interaction of electrode surface
with the bacteria (Chapter 3.1.). This thin Ppy underlayer facilitated the
subsequent formation of the MIP sensing layer. However, for this study the
SAM was adopted as an underlayer because it offers enhanced performance
and a more controlled surface for the sensor development. SAMs provide a
robust interface between the Au(SPE) surface and the polymer layers, which
is crucial for biosensor applications [119]. Particularly in biosensors, the
stability of the conducting polymer layer on the electrode is critical for long-
term performance. To improve the stability and interaction between the
Au(SPE) surface and the Ppy layer, pyrrolyl-terminated alkanethiol (PUT)
was introduced to form the SAM. Acting as a bridge, this SAM creates a
transition system between the SAM and the Ppy film. Previous studies have
shown that strong dipole-dipole interactions between the pyrrolyl end groups
contribute to the formation of the PUT SAM [55]. The polymerisation reaction
between the pyrrolyl-terminated alkanethiol in the SAM and the pyrrole
molecules in the polymerisation solution was expected to enhance the stability
of the Ppy film formed on the gold electrode.

3.3.1. Electrochemical characterisation of Au(SPE) surface modified by
SAMs

The SWV and EIS methods were used to characterise the Au(SPE) and
Au(SPE)/SAM electrodes using a [Fe(CN)s]**~ couple as a redox probe. The
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analysis of oxidation peaks in square wave voltammograms (Figure 17 A) led
to research into the impact of surface modifications on the electrical
conductivity of the working electrode. The Au(SPE)/SAM celectrode had a
significant decrease in peak current density from 2.63+0.21 to
1.06 = 0.09 mA-cm 2 compared to the bare Au(SPE) electrode. Furthermore,
the Nyquist plots were an efficient tool for monitoring impedimetric
characteristics and conducting theoretical analysis of impedance properties
(Figure 17 B). Using an analogous circuit provided insights into chemical
transformations and processes on the conductive -electrode surface.
Figure 17 B shows the redox probe's response regarding imaginary impedance
(—Zim) and real impedance (Z.). The Randles equivalent circuit was used to
evaluate EIS data (Figure 17 B). The studied frequency range was 100 kHz to
0.1 Hz. The development of the Au(SPE)/SAM resulted in a charge transfer
resistance (R.) increase almost tenfold from 5.48 = 0.07 to 47.5 + 0.9 Q-cm?.
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Figure 17. Square wave voltammograms (A) and Nyquist plot (B) of Au(SPE)
and Au(SPE)/SAM electrodes. SWV and EIS measurements were performed
in 10 mM PBS, pH 7.4, with 2.5 mM of [Fe(CN)s]*"*". SWV: step size of
4 mV, frequency of 20 Hz, and a pulse height of 50 mV vs. Ag/AgCl in the
potential range from —0.2 V to +0.6 V. EIS was registered at open circuit
potential (OCP) in the frequency range from 100 kHz to 0.1 Hz, with an
amplitude of 10 mV.

3.3.2. Electrodeposition of MIP- and NIP-based layers

SWV was wused to evaluate the Au(SPE)/SAM/Ppy and
Au(SPE)/SAM/(Ppy+rN) electrodes in the presence of [Fe(CN)s]* ™ as a
redox probe (Figure 18 A). The SWV analysis indicated electrode features
following Ppy electropolymerisation, most notably a drop in current intensity
associated with oxidation peak. The square wave voltammogram for the
Au(SPE)/SAM/Ppy electrode exhibited a higher peak current compared to the
SPE/SAM/(Ppy+rN) electrode. This increased current is attributed to the
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lower thickness of the Au(SPE)/SAM/Ppy electrode. After extracting the
template from SPE/SAM/(Ppy+rN), the redox peak increased significantly
(0.44 £ 0.03 mA-cm2), surpassing SPE/SAM/NIP (0.19 +0.06 mA-cm2),
showing the presence of imprinted cavities that enhance charge transfer.
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Figure 18. Square wave voltammograms (A) of Au(SPE)/SAM/Ppy (—),
Au(SPE)/SAM/NIP  (——-), Au(SPE)/SAM/(Ppy+rN) (—--) and
Au(SPE)//SAM/MIP (- - - —) electrodes, Nyquist plot (B) and Inset in (B):
enlarged view of the Nyquist plot for detailed analysis. SWV and EIS
measurements were performed in 10 mM PBS, pH 7.4, with 2.5 mM of
[Fe(CN)g]>*. SWV: step size of 4 mV, frequency of 20 Hz, and a pulse
height of 50 mV vs. Ag/AgCl in the potential range from 0 V to +0.6 V. EIS
was registered at open circuit potential (OCP) in the frequency range from
100 kHz to 0.1 Hz, with an amplitude of 10 mV.

EIS was used to further characterise the Au(SPE)/SAM/Ppy and
Au(SPE)/SAM/(Ppy+rN) electrodes, using the identical redox probe
([Fe(CN)s]* ™) (Figure 18 B). The EIS data were fitted using an equivalent
electrical circuit (EEC), and the best optimal fit was obtained with EEC (Rs +
Ca/Ret + Co/R3), which included three serial components. Rs represented
electrolyte resistance, while the first Nyquist semi-circle was determined by
parallel components Cq and R, which represented the constant phase element
(CPE) and charge transfer resistance, respectively. The second Nyquist semi-
circle included parallel parts C, and R3, which represented CPE and charge
transfer resistance, respectively. This circuit model successfully characterises
porous structures. Cyq and C; are viewed as non-ideal capacitances influenced
by surface features. The relation between these constant phase elements (CPE)
and the impedance (Z) is given by Equation 6:

56



1

Zcpg = G (6)

where j is the imaginary number, w is the angular frequency and # is the
correction factor (0 < n < 1). If the value n tends to 0, the CPE becomes less
capacitive [120,121]. The selection of the equivalent circuit depended upon
the fitting of the Nyquist plot to produce the lowest error.

Removing the nucleocapsid template from SPE/SAM/(Ppy+rN) resulted
in increased electron transport and lower impedance (Figure 14 B). This
resulted in a change in the EEC from the prior model (Rs + Ca/Ret + Co2/R3) to
the Randles equivalent circuit, which reflects enhanced electron transfer
dynamics due to altered surface morphology. While changes in the Nyquist
plot were not apparent after template removal, the Bode plot (Figure 19)
provided more insight into these dynamics. The shift to the Randles circuit
was more evident in the Bode plot, providing a better understanding of
electron transport variations caused by cavity introduction on the electrode
surface.
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Figure 19. Bode plot of EIS spectra of Au(SPE)/SAM (m),
Au(SPE)/SAM/NIP (A) and the Au(SPE)/SAM/MIP (¢) — frequency
dependence on complex phase shift (frequency was applied until phase
minimum was reached). EIS was registered at open circuit potential (OCP) in
the frequency range from 100 kHz to 0.1 Hz, with an amplitude of 10 mV.
Measurements were performed in 10 mM PBS, pH 7.4, with 2.5 mM of
[Fe(CN)g]* .
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Furthermore, comparing Au(SPE)/SAM/Ppy and
Au(SPE)/SAM/(Ppy+rN) post-template extraction found that the EEC for
Au(SPE)/SAM/NIP electrode remained consistent with the two-semicircle
model, indicating minor changes in electrochemical properties. This
emphasises the specificity of molecular imprinting in SPE/SAM/MIP and its
impact on sensor surface electrochemical behaviour and selectivity. After
template extraction, Au(SPE)/SAM/NIP had a greater charge transfer
resistance (Rt = 1975+ 9 Q-cm?) than Au(SPE)/SAM/MIP
(Ret = 879 £ 3 Q-cm?) due to imprinted cavities that promote electron transfer.

The SWV and EIS results were further confirmed by SEM micrographs
of the comparative surfaces of the Au(SPE) electrode and the modified
Au(SPE)/SAM electrode with Ppy (Figure 20). The SEM micrograph of the
bare Au(SPE) electrode (Figure 20 A) showed round bulges. In contrast, the
SEM micrograph of the Au(SPE)/SAM/NIP electrode (Figure 20 B) displayed
a distinctive asphalt-like appearance, indicating a transformation in surface
morphology. Furthermore, the SEM micrograph of the Au(SPE)/SAM/MIP
electrode (Figure 20 C) revealed the presence of cavities on the surface,
indicating the successful creation of MIP and contributing to a unique and
tailored topography.

10'}.‘1" > e 10pm

Figure 20. SEM micrographs of Au(SPE) electrode (A),
(B) and Au(SPE)/SAM/MIP (C) electrode surface.
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3.3.3. Electrochemical characterisation and detection of the rN protein

The ability of the biosensor to detect the rN protein was tested using a
series of electrochemical experiments. Au(SPE)/SAM/MIP electrodes were
incubated for 5 minutes with rN protein concentrations ranging from 0 to
35nM in a 10mM PBS, pH 7.4, solution containing [Fe(CN)s]*7*.
Impedance responses were investigated for Au(SPE)/SAM/NIP and
Au(SPE)/SAM/MIP modified electrodes. As the rN protein concentration
increased, the R. for Au(SPE)/SAM/MIP electrodes also increased. In
contrast, the R for Au(SPE)/SAM/NIP electrodes remained constant,
demonstrating the molecularly imprinted layer selectivity compared to its non-
imprinted counterpart. Additionally, SWV measurements were performed
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after the incubations. The voltammograms showed a gradual narrowing of the
potential window from 0.2 V to 0.5V, accompanied by a corresponding
decrease in current density. The current density values decreased from
0.44+0.03mA-cm? in the solution with O0nM of rN protein to
0.278 £ 0.063 mA-cm2 in the solution with 35 nM (Figure 18).

SWYV and EIS electrochemical measurements were used to determine the
LOD and LOQ (Figure 21). SPE/SAM/NIP and SPE/SAM/MIP electrodes
were analysed using Aj and R values, respectively. The SWV approach was
used to generate calibration curves that plot rN protein concentration against
Aj (mA-cm2). The Au(SPE)/SAM/MIP electrode showed a linear regression
slope of 7.75 mA-cm?2-nM™! (R? = 0.97), while the Au(SPE)/SAM/NIP
electrode had a slope of 0.57 mA-cm2-nM™"' (R? = 0.97). The slope of R
(Q-cm?) vs rN protein concentration for the Au(SPE)/SAM/MIP electrode was
37.52 Q-cm*nM~! (R? = 0.99), while for the Au(SPE)/SAM/NIP electrode it
was 4.77 Q-cm?>-nM! (R?=0.96). The sensitivity derived from the calibration
curves of the MIP-modified Au(SPE)/SAM celectrode for rN detection was
approximately 13.5 times higher for Aj measurements and 8 times higher for
R measurements compared to the NIP-modified Au(SPE)/SAM celectrode,
highlighting the superior performance of the MIP-modified electrodes. The
LOD and LOQ for the developed immunosensor were calculated using EIS
method (Equations 2 and 3).
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Figure 21. Calibration curves for Aj obtained from SWV (A) and R obtained
from EIS (B), respectively, vs. rN concentration. Error bars are expressed as
the standard deviation of the sample.

For the SWV-based method, the LOD and LOQ were not calculated, as
the data presented in Figure 21 suggest that the EIS-based method provided
more reliable results. For the EIS-based method, the LOD and LOQ were
determined to be 0.2 nM and 0.66 nM, respectively. These findings highlight
the high sensitivity and promising potential of the MIP-modified
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Au(SPE)/SAM celectrodes in designing biosensors for rN protein detection.
The formation of a SAM underlayer plays a crucial role in this design by
providing a well-organised, stable, and functional surface that enhances the
electrode's sensitivity. The SAM underlayer facilitates the effective formation
of the MIP layer, ensuring a uniform and controlled distribution of specific
binding sites. This not only improves the selective recognition of the rN
protein but also minimises nonspecific interactions, thereby contributing to
the overall performance and reliability of the biosensor.

3.3.4. Specificity test

The investigation of nonspecific binding on Au(SPE)/SAM/MIP
involved comparing the electrochemical signal responses, as shown in
Figure 22. These comparisons were based on the initial electrochemical signal
responses obtained after immersing the electrodes in a 10 mM PBS, pH 7.4,
solution containing a redox probe and either 35 nM S or 35 nM BSA protein.
The analysis showed that for Aj obtained from SWV, the relative response
(RR) percentages were 13.0 + 2.5% for BSA and 6.54 £ 0.86% for S protein.
Similarly, for R, obtained from the EIS method, the RR percentages were
15.1 £2.32% for BSA and 0.93 £ 0.09% for rS protein. Overall, the sensor
shows good specificity for rN protein.
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Figure 22. Comparison of the relative responses of 35 nM rS and 35 nM BSA,
for Aj obtained from SWV (blue) and R obtained from EIS (green). Error
bars are expressed as the standard deviation of the sample.
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3.4. The determination of the VEGF protein using a self-assembling
aptamer-based electrochemical sensor

As mentioned in previous sections, this research employed a thin Ppy
underlayer before developing the polymer-supported aptamer sensing layer.
This essential step enhanced the adhesion of the sensing layer and reduced
direct interaction between the target analyte and the electrode surface, thereby
improving the performance of the Ppy/anti-VEGF sensing layer. Moreover,
the thin Ppy-based underlayer played a crucial role in minimising direct
interaction between the anti-VEGF and the electrode surface during the
formation of the sensing layer, facilitating the effective creation of the
Ppy/anti-VEGF-based sensing layer.

3.4.1. The electrodeposition of polypyrrole-based VEGF aptamer

Using a series of potential pulses, polymer-based layers were
electrochemically deposited on the surface of SPCE. The profile of the
potential pulses during the application of the polypyrrole-based layer to SPCE
is illustrated in Figure 23 A. Following the experimental procedures outlined
in the experimental section, a polypyrrole-based VEGF aptamer (Ppy/anti-
VEGF) layer was formed on SPCEs through a two-step process (Figure 23 B,
C). A Ppy underlayer was electrochemically deposited in the initial step using
a solution containing 0.1 M pyrrole in 10 mM PBS, pH 7.4. This was achieved
by applying a series of 5 potential pulses (+0.95 V for 1 second followed by
0V for 30 seconds). The resulting thin Ppy underlayer was designed to
enhance the adhesion and performance of the sensing layer while reducing
direct interactions between the electrode and the target analyte. Specifically,
it minimised the direct interaction of VEGF aptamer with the electrode
surface, facilitating more effective Ppy/anti-VEGF layer formation.

In the subsequent step, the anti-VEGF was introduced to the same
polymerisation solution, and the sequence of 5 potential pulses was repeated.
This approach allowed the anti-VEGF to be embedded within the Ppy matrix,
enhancing the stability and support of the aptamer while also shielding the
electrode surface. This strategy is analogous to methods used in MIPs and
SAM systems. Overall, this two-step process is essential for optimising the
adhesion and functional performance of the sensing layer.
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3.4.2. Electrochemical characterisation of polypyrrole-based aptamer layer
and VEGF detection

Duration selection in the PAD method is essential for obtaining precise
and sensitive electrochemical measurements. In this study, 10 pulses of 0 V
and 10 pulses of +0.6 V, each lasting 2 seconds, were employed (Figure 24 A),
as previously used in my studies. The selection of +0.6 V for detection was
guided by its effectiveness in triggering the desired electrochemical reactions
and yielding an optimal signal response. Additionally, it has been reported that
at +0.65 V vs Ag/AgCl 3 mkan, unsubstituted Ppy starts to overoxidise [122].
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Figure 23. Electrochemical deposition of Ppy layers: (A) on SPCE electrodes,
showing the profile of the current registered during the formation of the Ppy
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layer from polymerisation solution without anti-VEGF. Ppy underlayers on
SPCE electrodes (B) and of the Ppy layers with anti-VEGF entrapped as a
sensing element of the system (C). Inset (D-F): Potential pulse sequence for
the signal analysis. Measurements were performed in 10 mM PBS solution,
pH 7.4.

During the evaluation of current variations induced by potential pulses,
careful analysis was conducted to monitor the current drop at specific points
or intervals within the pulses of +0.6 V and 0 V. These key intervals included
0.1s5,02s,04s,0.6s,0.8s,and 2.0 s (Figure 24 B). Examining current
changes at precise moments within the potential pulses enables the
characterisation of distinct electrochemical processes, allowing for the
identification of different redox reactions or species that exhibit varying
kinetics or affinities for the electrode surface. This method provides a detailed
understanding of the electrochemical system.

Figure 24 A shows a graphical representation of the PAD method, with
time on the x-axis and current on the y-axis. Figure 24 B shows the two pulses
applied to the electrode, one at +0.6 V and the other at 0 V. Specific time
points, marked on the x-axis at the aforementioned time points, indicate the
extracted current values for both potentials. These values were labelled as A/
0.1 s for 0.6 V and 0 V. Similarly, data points were collected at intervals of
0.1s,02s,04s, 0.6s, and 0.8 s, labelled as Al 0.1 s, Al 0.2s, Al 0.4s,
AI0.6 s, and Al 0.8 s, respectively. These time points correspond to different
moments within the pulse duration and were used for further analysis, as
detailed in the following discussion (Figure 25).
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Figure 24. Pulsed amperometry-based evaluation of Ppy/anti-VEGF modified
electrodes performed by the potential pulse sequence (0.6 V and 0V
potentials vs Ag/AgCl) (A). Inset (B): Potential pulse sequence for the signal
analysis. Measurements were performed in 10 mM PBS solution, pH 7.4.
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3.4.3. The evaluation of analytical parameters. Adapted Langmuir isotherm

Figure 24 illustrates the current response observed during various
intervals, emphasising the significance of pulse length in the PAD method. To
measure VEGF across concentrations ranging from 0 to 24 nM, potential pulse
values of +0.6 V and 0 V were applied. Different pulse durations were tested,
including 0.1s, 0.2s, 0.4s, 0.6 s and 0.8 s. Calibration curves were plotted
(Figure 25) using normalised responses (VR Al xs) from PAD measurements.
These measurements were conducted after incubating Ppy/anti-VEGF and
Ppy electrodes in a 10 mM PBS solution, pH 7.4, with VEGF at various
concentrations. The incubation lasted 15 minutes at room temperature. After
incubation, the electrodes were rinsed with PBS, pH 7.4, between different
VEGF concentrations. To normalise the Al signals, the response at 0 nM
VEGF was set to zero (Equation 7).

NR AIath = A[atxs(o nM VEGF) - A[ath (7)

Understanding how aptamers and proteins interact with binding sites can
be challenging when using electrochemical methods. Therefore, our
investigation relies significantly on mathematical analysis, specifically the
Langmuir adsorption isotherm model. This approach involves fitting
experimental data to the Langmuir isotherm to extract model parameters.

In a study by Gonzato et al. [123], cilostazol-extracted MIPs embedded
in a polymer film were used to measure analyte binding parameters. They
employed Freundlich, Langmuir, and Langmuir-Freundlich isotherms to
analyse their data. The Langmuir-Freundlich isotherm provided the best fit,
suggesting the presence of highly homogeneous and relatively homogeneous
binding sites within the polymer matrix. Similarly, Calik, Balci, and
Ozdamar [124] performed equilibrium binding analyses for recombinant
human growth hormone (rhGH) in both liquid-phase and immobilized-
aptamer phases using the Langmuir-type adsorption isotherm (Equation 8).
Building on this prior research, the Langmuir isotherm model was adapted for
the results illustrated in Figure 25.

[VEGF]

Al = Alygy X —————
max = g 5 [VEGF)

(®)

where Al is the maximal normalised value of current density, K — is the
adapted Langmuir constant, and [VEGF] — is the concentration of VEGF. K,
Al and R? values can be found in Table 4.
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Figure 25. Calibration curves (VR Al(at Xs) vs. VEGF protein concentration)
obtained using modified electrodes of Ppy and Ppy/anti-VEGF for specific
moments in the potential pulse at 0.1 s (A), 0.2 s (B), 0.4s (C), 0.6 s (D),
0.8 s (E). The error bars were expressed as the standard deviation of the
sample (n=4). The dependence of the adapted Langmuir constant of Ppy/anti-
VEGF and the corresponding Ppy-modified electrodes for specific moments
in potential pulse (n=4) (F).
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Table 4. K, Alma, and R? values were calculated for specific moments in the
potential pulse of +0.6 V and 0 V potential pulses at 0.1's,0.2s,04 s, 0.6 s,
and 0.8 s. Errors were calculated as a standard deviation.

Specific .
moments in Ppy Ppy/anti-VEGF
the potential
pulse, s K (nM) Almax (mA) R? K (nM) Almax (mA) R?
0.1 0.35+0.03 1.19+0.01 0.999 1.25+0.09 2.25+0.03 0.998
0.2 0.37£0.02 | 0.794£0.01 = 0.999 | 1.38+0.14 1.5740.03  0.998
0.4 0.41+0.03 0.46+0.01 0.999 1.67+0.24 0.94+0.03 0.995
0.6 0.43+0.04 = 0.33+0.01 | 0.999 | 2.03+0.33 = 0.64+£0.03 = 0.992
0.8 0.44+0.04 0.26+0.01 0.998 2.47+0.49 0.47+0.03 0.988

Table 4 presents a comprehensive summary of the K, Almax, and R? values
obtained from experiments conducted at specific moments during the potential
pulses of +0.6 V and 0 V. These moments include 0.1s,0.2s,0.4 s, 0.6 s, and
0.8 s (Figure 25 A-E), along with their corresponding standard deviation
errors. The high R? values, close to 1, across these different time points,
indicate a good fit of the experimental data to the adapted Langmuir model.
This suggests that the Langmuir model is well-suited for describing the
adsorption behaviour of VEGF on the sensing surface.

Figure 25 F shows how K varies with the specific moments in the
potential pulse for both Ppy/anti-VEGF and Ppy-modified electrodes.
Notably, K values tend to increase with longer specific moments, indicating a
positive correlation between the duration of the interaction and the affinity of
VEGF for the sensing material. This trend suggests that prolonged exposure
to VEGF enhances binding interactions, resulting in a higher equilibrium
constant. Longer specific moments likely facilitate greater adsorption of
VEGF molecules onto the surface, thereby improving the sensitivity and
specificity of the sensor.

The observed increase in K values from 1.25+ 0.09 nM to 2.47 + 0.49 nM
with longer specific moments underscores the importance of optimising
experimental conditions to achieve desired sensitivity and accuracy in VEGF
detection. Optimising the duration of these specific intervals could improve
VEGF binding while ensuring that the dynamic range and reliability of the
sensor are maintained. Additionally, careful calibration and testing during
these intervals may further enhance the accuracy and sensitivity of the sensor.
It is also worth noting that the K values for the Ppy layer remain relatively
consistent, indicating stable performance across different conditions.
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Consequently, Almax values for the Ppy/anti-VEGF layer are consistently
lower than those for the Ppy layer with longer specific moments in the
potential pulse. This suggests that fine-tuning the pulse duration could be a
crucial factor in balancing the sensitivity and stability of the sensor, as longer
intervals may allow for more controlled interactions but at the expense of peak
signal intensity.

3.4.4. Adaptation of integrated Cottrell equation

The integrated Cottrell equation (Anson plot) was employed to analyse
the results further and discuss them. The relation of the cumulative charge
passed and time in Ppy-based electrochemical sensors obeys the integrated
Cottrell equation (Equations 9-11):

Q =0Qr + Qar *+ Qaas. )
Qf = 2nFAC %\/E = kvt (10)
Qaas. = Fnl' (11)

where: O — total charge (C); n — number of electrons; ' — Faraday constant
(96,485 C/mol); A — area of the electrode (cm?); C — concentration (M);
D — diffusion coefficient (cm?/s); ¢ — time (s); Qa1. — the charge of the electrical
double layer; Q.. — charge induced by adsorbed ions.

Anson et al. [125] highlighted the effectiveness of the double potential
step chronocoulometric technique for accurately quantifying adsorbed
reactants. This approach provides valuable insights into electrochemical
processes without requiring complex models. In the context of the integrated
Cottrell equation, the total charge accumulation consists of three components:
Faradaic charges (Qy) resulting from redox activity, charges from the charging
and discharging of the electrode-electrolyte double-layer capacitance (Qa.),
and changes in charge due to adsorbed species (Quds.). A linear relationship is
observed when plotting the total charge (Q) against the square root of time
(t'?). The plot of Q versus t” shows a linear correlation where the slope
represents k and the intercept represents Quas. + Qai. The study noted that
maximum adsorption generally occurs at intermediate concentrations of
specific compounds, and variations in adsorption patterns indicate bonding
interactions between the reactants and the electrode surface. A previous
study [126] examined how electrode modifications affect the adsorption
behaviour of analytes and reaction products. Unlike earlier studies using plain
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electrodes, this study employed Pt electrodes modified with the conducting
polymer Ppy, which were further imprinted or non-imprinted with
glycoprotein. This modification added extra layers and functionalities to the
electrode surface, thereby altering the electrochemical behaviour of the
system. The Ppy layer could participate in charging and discharging processes
during electrochemical oxidation and reduction reactions by varying the
potential.

In the study presented in this dissertation, a polymer-supported aptamer
layer on the electrode was used. While this complexity adds challenges to
analysing amperograms, it is still possible to describe them using the
framework proposed by Anson.
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Figure 26. The Anson plots (Q vs. t%2) derived from the amperometric
response registered during the last (10%) potential pulse of the applied
potential pulse sequence (0.6 V and 0 V) for Ppy/anti-VEGF modified
electrode (A) and Ppy modified electrode (B). Slope (C) and intercept (D)
values represent the linear regression equation y = ax + b (from) vs. the
concentration of VEGF protein (nM).

Figure 26 provides a detailed analysis of the Anson plots for the
amperogram data shown in Figure 24. Figure 26 A presents the results for
Ppy/anti-VEGF, while Figure 26 B shows the results for Ppy. Linear
regression was employed to fit the relationship between the total charge (Q)
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and the square root of time (¢'?). The parameters of the corresponding
equations are listed in Table 5, which also shows the R? values indicating a
strong linear correlation in the O vs. 12 plots.

Table 5. Linear regression parameters of the Anson plot (O, mC vs. 2, s'2)
derived from the Ppy/anti-VEGF and Ppy for the last (10th) pulse of the
potential pulse sequence.

=ax+b Ppy/anti-VEGF | Ppy
C,nM a b R? a b R?
0 0.854 1.672 | 0993 | 0.1523 | 04314 = 0.992
1 0.6859 10719 0996  0.1242 = 0.0651  0.996
3 0.5226 | 0.77176 = 0.994  0.1152 | 0.0653  0.999
7 0.3078  0.35404  0.995  0.1088 = 0.0592  0.999
10 0.2384 | 0.1197 = 0994  0.1085 & 0.0524  0.999
20 0.1951  0.0782 0999  0.1017 = 0.0461  0.999

Figures 26 C and 26 D illustrate the exponential dependence of the slope
and intercept on VEGF concentration at +0.6 V. These plots reveal differences
in slope and intercept values between Ppy/anti-VEGF and Ppy-modified
electrodes under identical experimental conditions. Specifically, Figure 26 C
shows a notable decrease in the slope of the Anson equation, calculated using
equation 9, with increasing VEGF concentrations. The slope is influenced by
factors including the number of electrons (n) transferred during the
electrochemical reaction, the electrochemically active area (4), the material
concentration (C), and the diffusion coefficient (D). These results suggest that
the observed decrease in the slope with higher VEGF concentrations reflects
a reduction in the electrochemically active area, assuming that electrons and
D remain constant across all VEGF concentrations due to consistent solution
properties (e.g., density and viscosity). Notably, this effect is more
pronounced for the Ppy/anti-VEGF-modified electrode compared to the Ppy-
modified electrode.

In chronocoulometric  experiments, the charge accumulates
proportionally with #'* as additional reactants diffuse to the electrode surface.
When some of the reactant adsorbs onto the electrode/electrolyte interface at
0V, it will be reduced almost immediately upon switching to +0.6 V, resulting
in an additional charge burst. However, after this initial response, the
chronocoulometric behaviour is generally unaffected by the adsorbed reactant.
Consequently, the plots of Q vs. t'? will have intercepts exceeding Q by an
amount equivalent to Qai, with the slope remaining unchanged by the presence
of the adsorbed reactant. The values of Q.4 provide direct measures of the
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quantity of adsorbed reactant according to Faraday's Law (Equation 10),
where I represents the quantity of adsorbed reactant in moles. Figure 26 D
shows intercept values corresponding to VEGF protein concentration (nM),
where the intercept represents Qads + Qai. To determine Qags from the intercept
in a chronocoulometric plot of Q vs. 2, it is essential to measure or estimate
QOud . This measurement is straightforward if the adsorption of the reactant does
not significantly alter the interfacial capacitance, allowing the Qq value from
a blank experiment (0 nM VEGF) to be applied to measurements in the
presence of the adsorbing analyte [127].

3.4.5. The determination of the limit of detection

PAD-based electrochemical measurements were performed to determine
the LOD. Intercept values, representing (ags + Qa, were obtained from
Table 5. To evaluate Qags, blank experiments were conducted with 0 nM of
VEGF for both Ppy and Ppy/anti-VEGF electrodes, serving as the baseline
analytical signals. Figure 27 presents the linear calibration of VEGF protein
concentration plotted against AQ (mC). The slope for VEGF concentration
(nM) measured with the Ppy electrode was 0.001 mC/nM with an R? value of
0.96, whereas the slope for VEGF on the Ppy/anti-VEGF modified electrode
was 0.1 mC/nM with an R? value of 0.99. The LOD was calculated using
Equation 2. It was evaluated that the LOD for the modified electrode
Ppy/anti-VEGF was 0.21 nM.
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Figure 27. Calibration curve Qaqs registered by Ppy/anti-VEGF (black line)
and Ppy (red line) vs. VEGF concentration. Error bars are calculated as a
percentage of the standard deviation (n=4).
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CONCLUSIONS

Through the application of the pulsed amperometric deposition
technique, a polypyrrole-based underlayer was developed and integrated
into the design of a molecularly imprinted polymer-based sensor suitable
for the detection of Listeria monocytogenes bacteria. During the
preparation process, trypsin was used to efficiently extract and remove
the imprinted bacterial templates. The resulting sensor achieved a LOD
of 70 CFU/mL and a LOQ of 210 CFU/mL.

The electrochemical properties of various SAM-modified gold electrodes
were determined. The formation of an 11-mercaptoundecanoic acid self-
assembled monolayer on the Au(s) electrode created an insulating layer
that significantly increased charge transfer resistance. In contrast, the
Au(MS) electrode modified with a self-assembled monolayer mixture
(composed of 6-mercapto-1-hexanol and 11-mercaptoundecanoic
acid) exhibited a lower charge transfer resistance, making it suitable for
the development of a label-free immunosensor used to detect antibodies
against the SARS-CoV-2 spike protein, achieving a LOD of2.78 nM and
aLOQ 0of 9.17 nM.

Sensor for the determination of SARS-CoV-2 nucleocapsid protein was
designed by the formation of self-assembled monolayer under-layer on a
screen-printed electrode modified by gold nanostructures, followed by
deposition of molecularly imprinted polypyrrole layer. The selectivity
towards the target protein was confirmed by electrochemical analysis
methods. An increase in charge transfer resistance was observed with
increasing concentrations of the SARS-CoV-2 nucleocapsid protein. The
sensor exhibited a LOD and LOQ of 0.2 nM and 0.66 nM, respectively,
using electrochemical impedance spectroscopy.

A self-assembling DNA aptamer was incorporated into a conducting
polypyrrole matrix, supported by a polypyrrole underlayer, on a screen-
printed carbon electrode. The modified electrode was used for the
detection of VEGF protein, achieving a LOD of 0.21 nM. The use of the
pulsed amperometric technique allowed to simplify the detection process
by eliminating the application of redox mediators.
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FUTURE OUTLOOK

This dissertation opens several pathways for advancing electrochemical
sensor technologies. An immediate step involves transitioning from controlled
laboratory conditions to testing in more realistic settings, beginning with
spiked or artificially produced blood samples. Following successful
validation, the next stage would involve testing with actual clinical or
environmental samples to assess the sensors' robustness, reproducibility, and
practical utility. Simultaneously, the development of multiplexed sensors
capable of simultaneously detecting multiple analytes should be prioritised to
enhance diagnostic capabilities for complex systems. Additionally, integrating
these sensors into portable, real-time platforms would revolutionise point-of-
care diagnostics, particularly in resource-limited settings. Expanding the
application of molecularly imprinted polymers and aptamer-embedded
systems will further enable the detection of rare disease biomarkers and
foodborne pathogens. By addressing these future directions sequentially,
researchers can build on the advancements presented in this work to create
versatile, high-performance sensors that meet the evolving demands of
modern analytical technologies.
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SANTRAUKA

SANTRUMPOS
11-MUA 11-merkaptoundekano riigstis
6-MCOH 6-merckapto-1-heksanolis
Au(MS) Auksu dengti mikroskopiniai stikleliai
Au(s) Kvadratinis aukso elektrodas
Au(SPE) Spausdinto montazo aukso elektrodas
EIS Elektrocheminio impendanso spektroskopija
KBV Kvadratinés bangos voltamperometrija
MIP Molekuliniu biidu jspausti polimerai
NIP Nejspausti polimerai
PAD Impulsiné amperometrija
Ppy Polipirolas
PUT 11-(1H-pirol-1-yl)-undekano-1-tiolis
N SARS-CoV-2 nukleokapsidés baltymas
rS SARS-CoV-2 spyglio baltymas
SAM Savitvarkiai monosluoksniai
SAMmix Savivarkiy monosluoksniy misinys
SARS-CoV-2 Sunkaus timinio respiracinio sindromo
koronavirusas 2
SPCE Spausdinto montazo anglies elektrodai
SPE Spausdinto montazo elektrodas
VEGF Kraujagysliy endotelio augimo faktorius
IVADAS

Per pastaruosius deSimtmecius elektrocheminiy jutikliy technologijos
zenkliai patobuléjo ir yra taikomos tokiose srityse kaip maisto sauga ir
sveikatos priezitira. Pastoviai did¢ja $iy analiziniy technologijy sudétingumas
ir taitkymo mastai. Todél, siekiant pagerinti jutikliy jautruma, stabilumg ir
selektyvuma tenka kurti naujas Siose analizinése sistemose taikomas
medziagas ir novatoriSkus analizés metodus. Tarp jvairiy analizinése
sistemose taikomy medziagy yra ir unikaliomis elektrocheminémis savybémis
pasizymintys elektrai laidis polimerai bei jy kompozitai, kurie yra daznai
naudojami kaip svarbiis naujos kartos jutikliy komponentai. Sukurti jutiklius,
kurie atitikty vis grieztesnius Siuolaikiniy taikomyjy programy reikalavimus,
yra sudétinga uzduotis, apimanti ne tik tinkamy medziagy pasirinkima, bet ir
ju integravimg ] sudétingas sistemas, uztikrinancias didesnj analizés naSuma.
Siekiant $iy tiksly, derinant elektrai laidzius polimerus su kitomis funkcinémis
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medziagomis tokiomis kaip savitvarkiai monosluoksniai (SAM) arba DNR-
aptamerai, galima sukurti atrankesnes kompozitines struktiiras.

Elektrocheminiai metodai, tokie kaip elektrocheminé impedanso
spektroskopija (EIS), kvadratinés bangos voltamperometrija (KBV) ir
impulsiné amperometrija (PAD), tapo esminémis priemonémis tobulinant
jutikliy technologijas. EIS yra universalus metodas, skirtas analizuoti jutiklio
pavirSiaus elektrines savybes. Matuojant sistemos varza, sistemg Zadinant
jvairiy dazniy kintama elektros srove, taikant EIS metoda galima gauti i§samig
informacija apie elektrodo pavirSiaus pokycCius, tokius kaip SAM arba
molekuliniu biidu jspausty polimery (MIP) susiformavima. Sis metodas ypaé
naudingas vertinant jvairiy elektrodo modifikacijy stabilumg ir nustatant
jutiklio pavirSiaus pokycCius po sgveikos su analitémis. KBV yra pazangus
metodas, pasizymintis dideliu jautrumu ir skiriamgja geba, todél puikiai tinka
mazoms nustatomy medZziagy koncentracijoms aptikti. PAD yra daZnai
naudojamas elektrocheminés polimerizacijos metu ant jutiklio pavirSiaus
susidariusiy polimery sluoksniy storiui jvertinti. Keiciant elektrodui
uzduodamy impulsy potencialus bei trukme, galima suformuoti jvairios
struktiiros ir jvairaus storio polimery sluoksnius.. Be to, PAD taip pat gali buti
naudojamas analizinio signalo jvertinimui.

Visi minéti elektrocheminiai metodai (EIS, KBV ir PAD) jgalina jvairiais
aspektais jvertinti elektrodo pavir§iaus modifikavimo efektyvuma, bei atlikti
tiek kokybinj, tiek kiekybin] jvairiy anali¢iy nustatyma. Siuos metodus taikant
jutiklivose, kuriuose selektyvaus analités atpazinimo funkcijg atlieka
struktiiros gristos elektrai laidziy polimery panaudojimu, galima zenkliai
padidinti jy jautr] ir selektyvuma.

Darbo tikslas:
Pritaikyti pazangias laidziyjy polimery kompozity gamybos technologijas
molekuliniu btidu jspausty jutikliy ir imuniniy jutikliy kiirimui.

Darbo uZdaviniai:

1. Spausdinto montazo anglies elektroda, padengti polipirolo sluoksniu
modifikuotu bakterijy Listeria monocytogenes pavirsiniy struktiiry
Ispaudais, ir pritaikyti bakterijy Listeria monocytogenes aptikimui.

2. Skirtingais savitvarkiais monosluoksniais modifikuotus aukso elektrodus
pritaikyti imuninio jutiklio, skirto antikiinams pries SARS-CoV-2
spyglio baltyma aptikti, kiirimui.

3. Sukurti jutiklj, skirta SARS-CoV-2 nukleokapsidés baltymui aptikti,
suformuojant kompopziting struktirag sudaryta i§ savitvarkio
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monosluoksnio pasluoksnio ir SARS-CoV-2 nukleokapsidés baltymo
molekuliy jspaudais modifikuoto polipirolo sluoksnio.

4. Sukurti jutiklj, skirtg kraujagysliy endotelio augimo faktoriui (angl.
vascular endothelial growth factor VEGF) aptikti, panaudojant
aptamerus, jterptus j elektrai laidaus polipirolo matrica.

Mokslinis naujumas

Daugelyje disertacijoje aprasyty tyrimy yra taikomas elektrai laidus
polimeras — polipirolas. Sis elektrai laidus polimeras pasizymi geru biologiniu
suderinamumu. Disertacijoje aptariamos $io polimero pritaikymo jutikliuose
galimybés, panaudojant kelis skirtingus kompozitiniy strukttiry formavimo
metodus:(1) polipirolo sluoksnyje suformuojant molekuliy jspaudus, (2)
formuojant molekuliniu budu jspaustus polipirolo sluoksnius ant savitvarkiy
monosluoksniy (SAM) pasluoksniy, (3) i Ppy sluoksnj jterpiant DNR-
aptamerus.

Pirmuose tyrimo etapuose buvo formuojami MIP, kurie buvo suformuoti
polimerizuojant polipirolo sluoksnj su jterptomis lgstelémis arba SARS-CoV-
2 viruso baltymy molekulémis. Po jterptos lastelés arba baltymo molekulés
pasalinimo polimero matricoje susidaro jspaustai strukttirai komplementarios
ertmés, jgalinancios selektyviai ir jautriai aptikti jspaustajg struktira.
Disertacijoje aprasytuose tyrimuose buvo taikomas papildomas SAM
pasluoksnio formavimas, kuris buvo atlickamas prie§ MIP sluoksnio
formavimg. Tai jgalina orientuoti analités molekule, suformuoti plonesnj
polipirolo sluoksnj ant elektrodo, pagerinti analités difuzijg ir sgveikg su MIP.
Todél taikant SAM pasluoksnj galima pagerinti jutiklio jautrumg ir
selektyvuma. Dar viena tyrimu kryptis nagrinéjama Sioje disertacijoje buvo
skirta kompozity sudaryty i§ DNR-aptamery ir Ppy taikymui jutikliuose.
Aptamero jterpimas j polimero matrica, jgalina sukurti struktiira tinkama
aptamerui komplementarios analités nustatymui.

Sioje disertacijoje aprayti tyrimo metodai buvo pritaikyti jutikliuose,
kuriuose pritaikyti MIP sluoksniai. Viena i8 tirty tyrimams pasirinkty anali¢iy
yra Listeria monocytogenes bakterijos, kurios sukelia maistu plintancias ligas
ir yra viena pagrindiniy su Siy ligy komplikacijomis susijusiy mirciy
priezas¢iy. Siai analitei aptikti buvo kuriamas jutiklis, naudojant molekuliy
ispaudy technologija. Polimero matricoje buvo suformuotos specifinés vietos,
komplementarios bakterijos iSorinéms struktiiroms, taip uztikrinant greitg ir
tiksly Listeria monocytogenes bakterijy aptikimg. Kita tirty anali¢iy buvo
SARS-CoV-2 viruso nukleokapsidés baltymas. Sis baltymas buvo jterptas j
Ppy sluoksnj, suformuota ant SAM pasluoksnio. PaSalinus baltyma i§ Ppy
strukttros, susidaré ertmés, kurios yra komplementarios SARS-CoV-2 viruso
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nukleokapsidés baltymui, uztikrinant tiksly jo atpazinimg. Trecioji analité
buvo VEGF, kuris yra svarbus nustatant naviky augimg, metastazes ir
kraujagysliy susidarymo procesus. VEGF aptikimui buvo sukurtas jutiklis, 18
trijy atskiry DNR fragmenty suformuotg DNR-aptamers, jterpiant j polipirolo
sluoksnj, suformuota ant spausdinto montazo biidu pagaminto grafito
elektrodo modifikuoto papildomai suformuotu Ppy pasluoksniu.

Disertacijoje pateikiami tyrimai skirti jutikliy technologijy tobulinimui ir

skatina jutikliy technologijy pazanga.

Ginamieji teiginiai:

1.

Listeria monocytogenes bakterijy iSoriniy struktiry jspaudais
modifikuotas polipirolo sluoksnis gali buti suformuotas ant spausdinto
montazo biidu pagaminto grafito elektrodo, panaudojant elektrinio
potencialo impulsus. Taip modifikuotas elektrodas buvo tinkamas
bakterijy Listeria monocytogenes aptikimui.

Misriu savitvarkiu monosluoksniu modifikuotas aukso elektrodas gali
biti pritaikytas imuninio jutiklio, skirto antikiiny prie§ SARS-CoV-2
spyglio baltyma aptikimui netaikant elektrocheminiy Zymeny, kiirimui.
Kompozitas, sudarytas i§ savitvarkio monosluoksnio pasluoksnio ir
molekuliy jspaudais modifikuoto polipirolo sluoksnio, gali biti
panaudotas jutiklio kirimui, skirto SARS-CoV-2 nukleokapsidés
baltymui aptikti.

Elektrai laidaus polipirolo matrica modifikuota DNR aptamerais gali
buti panaudota kuriant jutiklj, skirta kraujagysliy endotelio augimo
faktoriaus aptikimui.
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LITERATUROS APZVALGA

Elektrai laidas polimerai

Elektrai laidziy polimery taikymo sritys sparciai plétési, dél unikaliy jy
puslaidininkiniy savybiy. Elektrai laidziy polimery tyrimai prasidéjo po to, kai
1977 m. Shirakawa ir kt. [2] pastebéjo §iy medZiagy elektrinj laiduma. Sie
elektrai laidGis polimerai yra m-m konjuguoti, o tai leidZia elektrony
delokalizacija, kuri suteikia jiems elektrinj laiduma, kai jie yra legiruojami
tinkamomis medziagomis. Sios medZiagos jveda arba pasalina elektronus j 7-
7 konjuguotg sistema, todél m-elektronai gali laisvai judéti polimero
grandingje, taip pagerinanant elektrinj laidumg. Elektrai laidiis polimerai yra
itin svarbiis dél savo unikaliy elektriniy, magnetiniy ir optiniy savybiy.
Dazniausiai praktiniams tikslams taikomi elektrai laidis polimerai yra
polianilinas, polipirolas ir politiofenas.

Polipirolo savybés ir sintezés metodai

Polipirolas (angl. polypyrrole, toliau — Ppy) yra laidus polimeras,
pasizymintis lengva sinteze, stabilumu ir daug Zadanciomis elektrinémis
savybémis. 1§ pradziy Ppy buvo gaunamas naudojant cheming sintezg [8],
taiau dabar jis taip pat gali buti susintetinamas elektrocheminiu biidu,
pasitelkiant oksidacinés polimerizacijos metoda. Elektrocheminé sinteze,
kurios metu monomeras tiesiogiai oksiduojamas prie anodo, turi keletg
privalumy: procesas yra paprastesnis, leidzia pasiekti didesnj galutinio
produkto grynuma ir tiksliau kontroliuoti polimerizacijos salygas. Siai sintezei
dazniausiai yra naudojami galvanostatinis (pastovios srovés) arba
potenciostatinis (nuolatinio potencialo) metodai.

Galvanostatinis metodas palaiko pastovy srovés stiprj, todél galima
tiksliai kontroliuoti susidarancio polimero sluoksnio storj. Taciau, didéjant
polimero sluoksniui, jo elektriné varza taip pat did¢ja, dél ko gali atsirasti
nepageidaujamy Salutiniy reakcijy [11, 12, 13, 14]. Potenciostatinis metodas
palaiko pastovy elektrinj potenciala (jtampa) per visg sintezés procesa. Tai
reiSkia, kad reakcija vyksta esant nustatytam jtampos lygiui, o ne pastoviai
srovei, kaip naudojant galvanostatinj metoda. Sis metodas leidzia tiksliau
kontroliuoti  polimerinio sluoksnio augima, todél galima iSvengti
nepageidaujamy Salutiniy reakcijy, kurios gali atsirasti, jei sintezés salygos
yra pernelyg agresyvios. Pastovaus potencialo palaikymas taip pat apsaugo
nuo per didelés monomery oksidacijos, uztikrindamas geresng polimero
sluoksnio kokybe [15, 16]. Be to, modifikuota impulsy potenciostatiné
technika, kuri keiCia anodinius ir katodinius impulsus, dar labiau pagerina
polimero sluoksnio kokybe. Si technika periodiskai keiGia srovés kryptj, dél
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ko keiciasi elektrodo pavirSiaus jkrova. Dél to monomerai gali lengviau
difunduoti link elektrodo pavirSiaus, nuolat pasipildydami Salia jo. Tai padeda
i8laikyti tolygy polimerizacijos procesg, sumazina Salutiniy reakcijy tikimybe
ir uztikrina vienodesnj bei kokybiskesnj polimero sluoksnj [17, 18].

Molekuliniu biidu jspausty polimery (MIP) kiirimas ir taikymas
Molekuliniy jspaudy technologija remiasi analités (Sablono) ir funkcinio
monomero sgveika. Polimerizacijos metu, esant dideliam monomero kiekiui,
susidaro trimatis polimero tinklelis su jterpta analite. Po polimerizacijos
analités Sablonas yra paSalinamas i§ polimero struktiiros ir jo vietoje licka
analitei specifinés ertmés, kurios atitinka Sablono forma, dydj ir cheminj
funkcionaluma. Sios ertmés yra skirtos tikslinei analitei nustatyti. Molekulinio
atpazinimo procesa lemia komplementarios sgveikos, tokios kaip
vandeniliniai ry$iai, dipolio-dipolio sgveikos ir joninés sgveikos tarp $ablono
molekulés ir polimero matricos funkciniy grupiy. Dél Siy sgveiky polimeras
tampa selektyvus ir specifiSkai atpaZjsta nustatoma molekulés Sablong [19].
Pagrindinis molekuliniy jspaudy polimery privalumas yra didelis jy
selektyvumas ir stiprus giminingumas jspaustai molekulei. Vis délto, vienas

Vv —

vV —

MIP turi didelj potencialg jvairiose biotechnologijy ir aplinkosaugos srityse
[21, 22]. MIP daznai naudojami afininése jutikliy sistemose, kai polimero
matrica leidzia selektyviai atpazinti konkrecias molekules, baltymus, virusus,
bakterijas ar cheminius junginius. Tokie jutikliai selektyviai atpazjsta tikslines
analites ir generuoja iSmatuojamus signalus [20]. Molekuliniu budu jspausti
polimerai yra perspektyvi alternatyva tradiciniams jutikliams, kurie naudoja
antiklinus ar receptorius, nes MIP daznai pasizymi geresniu stabilumu ir
patikimumu nei tradicinés sistemos [23, 24].

Norint efektyviai valdyti anali¢iy ir jutikliy pavirSiy saveika, svarbu
taikyti jvairius budus, kurie galéty padidinti specifiSkumg. Vienas i8$
sprendimy galéty biaiti polimery pasluoksnio naudojimas, kuris sumazinty
nepageidaujama adsorbcijg. Kitas panaudojimo biidas galéty buti savitvarkiy
monosluoksniy (SAM) pasluoksniy integravimas, siekiant sumazinti
nespecifiné sgveika tarp analités ir elektrodo pavirSiaus. Be to, j polimero
matricg galima jterpti DNR aptamerus, kurie buty panaudoti kaip selektyvis
atpazinimo elementai. Siy metody taikymas suteikia galimybe plésti MIP
naudojimg biologiniuose jutikliuose.
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Polimerinio pasluoksnio formavimas

Sis metodas apima plono polipirolo pasluoksnio formavima, kuris
sumazina sgveikg tarp analités ir elektrodo pavirSiaus. Ant §io pasluoksnio
galima suformuoti MIP sluoksnj, leidziant] jutikliui tiksliai atpazinti norima
analite. Pavyzdziui, Ktari ir kt. apra$é, kad flumekvinas gali biiti aptinkamas
naudojant pavirsiniy akustiniy bangy (angl. surface acoustic waves — SAW)
signaly perdavimo sistemg [32]. Tyrimuose buvo nurodyta, kad flumekvino
molekulés gali saveikauti su aukso pavirSiumi, sutrikdydamos jo
elektrocheminj aktyvuma, kas gali turéti neigiamos jtakos jutikliy veikimui.
Mano tyrime buvo pasirinktas polipirolo pasluoksnio formavimas, siekiant
sumazinti $iuos trukdZius. Sis metodas, neleidzia analitéms adsorbuotis ant
elektrodo pavirsiaus, taip sumazindamas galimus trukdzius ir uztikrindamas
patikimesnius matavimo rezultatus. Taigi, Siame darbe buvo taikyta panasi
technika, kur Ppy pasluoksnio suformavimas buvo itin svarbus MIP sluoksnio
formavimui ir jutiklio patikimumo gerinimui.

Savitvarkiu monosluoksniy struktiira, formavimeosi procesai ir taikymas
jutikliuy pavirSiy modifikavimui

Kita strategija apima SAM naudojimg jutikliy kiirimui. Tai patogus
biidas keisti metaly, metaly oksidy ir puslaidininkiy pavirSiaus savybes. SAM
—tai organiniai sluoksniai, susidarantys absorbuojant molekules i8 tirpalo arba
dujy fazés ant kiety pavirSiy. Adsorbuotos molekulés daznai iSsidésto i}
kristalines arba pusiau kristalines strukttras [33].

Savitvarkius monosluoksnius sudaranc¢ios molekulés turi tris pagrindines
dalis: galine grupe, prading grupg ir pagrinding grandine. Pagrindiné grandiné
jungia dvi grupes ir padeda sukurti tvarkingg struktiira. SAM formavimosi
metu molekulés su galine grupe (angl. head group), pasizymincia stipriu
afinitetu substratui, jungiasi prie pavirSiaus ir i§stumia anksciau adsorbuotas
organines medziagas. Skirtingos galinés grupés selektyviai jungiasi su
metalais, metaly oksidais ir puslaidininkiais, sudarydamos stiprius cheminius
rySius ant pavirSiaus [34]. DaZniausias metodas — alkanotioliy adsorbcija i$
etanolio tirpalo ant polikristalinio aukso pavirSiaus. Kai pradiné grupé (angl.
terminal group) atsiranda SAM pavirsiuje, ji lemia savitvarkio monosluoksnio
fizines ir chemines savybes, tokias kaip hidrofilinés ar hidrofobinés savybés.
Alkanotiolaty ir aukso kompleksai sudaro mazus kristalinius monosluoksnio
regionus, kurie toliau auga, adsorbuojantis papildomoms tiolio molekuléms.
Molekuliy persitvarkymas sustiprina van der Waals sgveika tarp jy, todél
susidaro tankus ir tvarkingas monosluoksnis [38].

SAM formavimas pagristas stipria disulfidy, sulfidy ir tioliy adsorbcija
ant aukso pavirSiaus, kurig stabilizuoja van der Waals jégos [39].
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Voltametriniai tyrimai parodé, kad adsorbcijos metu tiolio grupés
deprotonuojasi [40]. Naudojant w-funkcionalizuotus tiolius, prie SAM galima
stipriai prijungti jvairias chemines grupes, leidzian¢ias sukurti naujas
pavirsiaus savybes, reikalingas biomolekuliy suriSimui [42, 43]. Misrus SAM,
sudaryti 1§ dviejy skirtingy tioliy, gali sumazinti baltymy denatiiracijg ir
pagerinti imobilizuoty baltymy bioaktyvuma [44—46]. Tokie SAM paprastai
turi vieng tiolatg su funkcine grupe ir kitg — inertiska, taip sumazindami stering
klittj ir nespecifines saveikas [45]. Tioliy funkciniy grupiy pobitdis lemia jy
saveika su biomolekulémis. Mazos pradinés grupés, tokios kaip NH, ar OH,
padeda islaikyti glaudzig ir tvarkinga monosluoksnio struktiirg, o didesnés,
pavyzdziui, COOH, sumazina sluoksnio tankumag ir tvarkg [47]. MiSriuose
monosluoksniuose w-pakeisti tioliai ir trumpesni alkanotioliai adsorbuojasi
proporcingai jy kiekiui tirpale, o tai leidzia sumazinti stering klifitj ir pagerinti
pavirSiaus savybes [50,51]. SAM miSinys, sudarytas i§ 6-merkapto-1-
heksanolio (6-MCOH) ir 11-merkaptoundekano rtigstis (11-MUA), uztikrina
tiksly pavirSiaus modifikavimg, palengvina biomolekuliy imobilizavimg ir
sumazina nespecifing baltymy adsorbcija [52].

DNR aptamery jterpimas j polimero matrica

DNR aptamerai, veikiantys kaip selektyviis atpazinimo elementai, gali
biti efektyviai integruoti j polimero matrica, siekiant sukurti paZangius
biojutiklius. Sis procesas leidzia aptamerams islaikyti savo struktiirinj
stabilumg ir funkcionaluma, o polimero matrica uztikrina tinkamg aplinka,
kurioje aptamerai gali saveikauti su analitémis, tokiomis kaip baltymai ar
kitomis biologinémis molekulémis. You ir kt. [54] pristaté naujg biojutiklio
kiirimo metoda, kuriame MIP sluoksnis suformuojamas ant stiklinio anglies
elektrodo (angl. glassy carbon electrode — GCE) dalyvaujant amiloido-f3
oligomery (APO) Sabloninéms molekuléms, kurios veikia kaip dirbtiniai
antik@inai, pasizymintys dideliu specifiSkumu meéginiy matricoms. APO
molekulés gali buti selektyviai uzregistruotos meéginiuose, o nespecifiniai
junginiai paSalinami, formuojant ,,sumustinio struktiirg kartu su aptamerais.
Sis MIP-aptamero ,sumustinio tipo biojutiklis, optimaliomis salygomis,
pasizymi itin dideliu specifiSkumu ir jautrumu. Naudojant tinkamus MIP ir
aptamerus, §] metoda galima pritaikyti kity biologiniy baltymy zymeny
aptikimui, kas atveria naujas galimybes naudoti MIP ir aptamerus kaip
antik@iny alternatyvas [55]. Sie aptamerais pagrjsti polimerai yra sukurti taip,
kad selektyviai atpazinty tikslinius baltymus, kai aptameras yra integruotas i
polimero struktiira. Sioje disertacijoje taip pat nagrin¢jamas §io metodo
taikymas, kuriame aptamerai buvo integruoti j polimero matrica. Sie DNR
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aptamerais pagrjsti polimerai buvo sukurti taip, kad efektyviai atpazinty
kraujagysliy endotelio augimo faktoriy.

Listeria monocytogenes bakterijos

Listeria monocytogenes yra gramteigiamos lazdelés formos bakterijos,
kurios geriausiai vystosi 37°C temperatiiroje [56]. Sios bakterijos dazniausiai
aptinkamos dirvozemyje ir gali biiti perneSamos tokiy gyviiny kaip atrajotojai,
paukséiai, jlry gyvinai ir vabzdziai [58]. Jos gali uzkrésti jvairius maisto
produktus, iskaitant mésa, nepasterizuota pieng, darzoves ir juros gérybes
[59].

Sios bakterijos sukelta liga yra vadinama listerioze, ir ji gali sukelti
infekcijas bei kitas sunkias ligas, tokias kaip septicemija ir meningitas, kuriy
mirtingumas siekia 20-30% [60]. Ypac pazeidziamos yra rizikos grupés,
tokios kaip vyresni Zzmonés, nés¢ios moterys ir asmenys su silpnu imunitetu.
Nepaisant mazo bendro sergamumo, nés¢ioms moterims infekcijy rizika yra
17 karty didesné, o listeriozés hospitalizavimo daznis virSija 95% [61].
Listeria monocytogenes bakterijy aptikimas yra labai svarbus tiek sveikatos
apsaugai, tick maisto saugai, nes daugelis Saliy taiko grieztag nulinés
tolerancijos principg. Bakterijy buvimas kiidikiy maiste ir medicininés
paskirties produktuose yra visiskai neleistinas, o kituose maisto produktuose
galiojimo laikotarpiu leidZziama ne daugiau kaip 100 KFV/g [66].

Elektrocheminiai jutikliai, pagristi molekuliy jspaudy bidu, tampa
veiksminga priemone listeriozei aptikti. PavyzdZziui, naudojant auksinj
elektroda kartu su CRISPR/Casl2a sistema, buvo pasiekta 26 KFV/ml
aptikimo riba [67].

SARS-CoV-2 viruso struktairiniai baltymai

Sunkaus timinio respiracinio sindromo koronavirusas 2 (SARS-CoV-2)
sukélé pasauline sveikatos krize, todél Pasaulio sveikatos organizacija (PSO)
2020 m. kovo 12 d. paskelbée COVID-19 pandemija po pirminio protrukio
Uhane, Kinijoje [71, 72]. SARS-CoV-2 yra vienos grandinés RNR virusas,
kurio genomas yra apie 29,9 kb, todél jis yra vienas ilgiausiy tarp RNR
virusy [73]. Virusui buidingi kartinos formos spygliai, kurie yra baitini uzkrésti
Seimininko lagsteles [74]. Viruso genomas koduoja keturis struktiirinius
baltymus: spyglio (rS), apvalkalo (E), membranos (M) ir nukleokapsidés (rN)
baltymus [73]. I$ pradziy démesys buvo sutelktas j antikiiny pries rS baltyma
aptikimg, taciau antikiinai paprastai susiformuoja tik antraja infekcijos savaite
[82, 83]. Serologiniai tyrimai, tokie kaip imunofermentiné analizé (angl.
enzyme-linked immunosorbent assay — ELISA) ir Soninio srauto imunologinis
tyrimas (angl. lateral flow immunoassay — LFIA), turi tam tikry apribojimy —
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jie gali uztrukti ilgai arba biti nevisiSkai automatizuoti [83, 84].
Elektrocheminiai imuniniai jutikliai, dél savo mazy sgnaudy ir paprasto
naudojimo, suteikia prana$umy diagnostikoje [89]. Sie jutikliai leidZia
nustatyti tiek antikiinus prie§ SARS-CoV-2, tiek ir patj nukleokapsidés
baltyma, kuris yra svarbus viruso identifikavimui. Kadangi nukleokapsidés
baltymas maziau linkes mutacijoms nei spyglio baltymas, jo nustatymas gali
uztikrinti patikimesnius diagnostikos rezultatus [90, 91].

Kraujagysliu endotelio augimo faktorius

Kraujagysliy endotelio augimo faktorius (angl. vascular endothelial
growth factor, toliau — VEGF) yra baltymas, kuris suaktyvéja reaguodamas i
deguonies trukumg (hipoksijg). Jis bitinas kraujagysliy formavimuisi
(vaskulogenezei) ir naujy kraujagysliy augimui i§ esamy (angiogenezei), o ie
procesai daznai susij¢ su vézio vystymusi [92]. VEGF Seimg sudaro penki
nariai: VEGF-A, VEGF-B, VEGF-C, VEGF-D ir placentos augimo faktorius
(PLGF) [94], i$ kuriy VEGF-A yra tyrinétas i3samiausiai. Sis baltymas turi
devynias proangiogenines izoformas, o dazniausiai randama yra VEGF s,
kuri glaudziai siejama su vézio augimu ir metastaziy susidarymu [96].

VEGF aptikimas ir kiekybinis nustatymas yra itin svarbiis klinikinei
diagnostikai bei gydymo efektyvumo stebésenai. Ankstyvas Sio bioZymens
identifikavimas padeda diagnozuoti véZj ir yra susij¢s su jvairiomis ligomis,
tokiomis kaip reumatoidinis artritas [98], psoriazé [99] ir Alzheimerio
liga [100]. VEGF aptikimui buvo sukurta daugybé metody, pasitelkiant
skirtingas elektrody medziagas ir technologijas. Viena i§ metodiky apjungia
lankscias Silko baltymy matricas su laidZiais rasalais ir pasiekia aptikimo ribg
— 1,03 pg/mL, o tiesinis diapazonas svyruoja nuo 1 pg/mL iki 1 ug/mL [101].
Kitas metodas naudoja spausdinto montazo auksinj elektroda,
funkcionalizuotg molekuliniu biidu jspaustu polimeru, kuris pasiekia ypac
zema aptikimo ribg, kuri yra 0,005 pg/mL tiesininiame diapazone nuo
0,01 pg/mL iki 7000 pg/mL [102]. Sis metodas isryskina MIP technologijos
derinimo su antikiinais konjuguotomis nanoliposomomis veiksminguma,
leidziant] itin jautriai aptikti VEGF. Kita technika, naudojanti poli(o-
fenilendiaming) ant grafeno nanojuosty ir aukso nanodalelémis modifikuota
stiklinj anglies elektroda. Pasiektas tiesinis diapazonas buvo nuo 0,5 ng/mL
iki 500 ng/mL, su aptikimo riba — 300 pg/mL [103]. Tikslus VEGF aptikimas
yra labai svarbus siekiant geriau suprasti jo vaidmenj ligy progresavime ir
kuriant tikslines terapijas, kurios galéty reikSmingai pagerinti klinikinius
tyrimus, ypa¢ gydant vézj ir Iétines uzdegimines ligas.
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TYRIMO METODIKA

MIP pagrindu veikian¢iy jutikliy analiziné sistema bakterijoms aptikti

Jutikliams kurti buvo naudojami spausdinto montazo grafito elektrodai
(angl. screen-printed carbon electrodes, toliau — SPCE). Prie§ suformuojant
Ppy sluoksnj, elektrodai buvo elektrochemiskai valomi naudojant 0,5 M sieros
rugstj, atliekant 20 cikly, kuriy metu buvo suteiktas potencialas nuo —0,1 V iki
+1,2V, o skleidimo greitis buvo 0,1 V/s. Norint sumazinti Listeria
monocytogenes bakterijy virulentiSkumg ir i8laikyti jy struktiirg, 10° KFV/ml
bakterijy suspensija buvo paveikta 70% etanolio tirpalu ir 24 valandas
veikiama UV spinduliuote. Sis apdorojimo procesas sunaikino bakterijy DNR,
ta¢iau minimaliai paveiké jy forma ir lgstelés sieneles. ISlaikyta bakterijy
formos struktiira yra labai svarbi molekuliniu biidu jspausty polimery ktirimui.

MIP sluoksnio formavimas vyko keliais etapais. Visy pirma, polipirolo
pasluoksnis buvo suformuotas naudojant 0,5 M pirolo tirpala, suteikiant
sistemai penkiy pulsy seka (+950 mV 1 sekunde, 0 V 30 sekundziy). Tuomet
i ta patj pirolo tirpalg buvo pridéta 10° KFV/ml Listeria monocytogenes
bakterijy, ir ta pati pulsy seka buvo naudojama antrajam sluoksniui
suformuoti. Véliau, elektrodai buvo inkubuojami skirtinguose ekstrahavimo
tirpaluose: 0,05 M sieros rigstyje, 10% acto riigstyje, 0,1% L-lizino tirpale ir
10 V/ml tripsino tirpale, 37 °C temperattroje 30 minuciy, kad biity paSalintos
jspaustos bakterijos ir uzbaigtas MIP sluoksnio formavimas. Kontrolinis
nejspausto polimero (NIP) sluoksnis buvo formuojamas analogiskai, tik
nepridedant bakterijy j pirolo tirpalg. Po sluoksniy formavimo MIP ir NIP
modifikuoti  elektrodai buvo analizuojami  naudojant  impulsing
amperometrijg, suteikiant sistemai 10 pulsy sekg (+600 mV ir 0V (po
2 sekundes kiekvienam impulsui)).

SAM pagrindu veikianciy imuniniy jutikliy analiziné sistema
antikiiny prie§ rS baltyma aptikti

Siekiant sukurti SAM pagrindu veikian¢ius imuninius jutiklius, skirtus
aptikti antikiinus prie§ SARS-CoV-2 spyglio baltymg (rS), buvo bitina
kruopséiai paruosti elektrody pavirSius. Tam buvo pasirinkti du elektrody
tipai: kvadratinis aukso elektrodas (Au(s)) ir auksu dengti mikroskopiniai
stikleliai (Au(MS)). Abu pasirinkti elektrodai buvo specialiai apdoroti,
funkcionalizuoti ir apibiidinti naudojant elektrocheminius metodus.

Kvadratiniai aukso elektrodai (Au(s)), kuriy pavirSiaus plotas buvo 2 cm?
ir pagaminti i§ 99,9% gryno aukso, buvo poliruojami ir valomi NaBHj tirpalu.
Po kiekvieno eksperimento jie buvo pakartotinai naudojami, atliekant ta patj
paruos§imo procesa. Ant jy pavirSiaus buvo suformuotas 11-MUA
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monosluoksnis, pamerkiant elektrodg 18-ai valandy | 1 mM 11-MUA
metanolio tirpalg. Po to elektrodas buvo plaunamas dejonizuotu vandeniu.
Toliau elektrodas pamerkiamas j 20 mM 1-etil-3-(3-dimetilaminopropil)
karbodiimido (EDC) ir 5 mM N-hidroksisukcinimido (NHS) tirpaly miSinj, ir
laikomas 20 min. Elektrodas nuplaunamas dejonizuotu vandeniu,
pamerkiamas j 50 pg-mL™! rS tirpalg ir laikomas 45 min.

Mikroskopiniai, 20 x 30 mm dydzio stikleliai prie§ naudojima buvo
valomi 2-propanoliu ir panardinami j ultragarso vonelge 15 minuciy. Po Sio
proceso, stikleliai buvo panardinti j koncentruota H>SOj4 tirpalg 30 minuciy ir
véliau iSdziovinti naudojant N> dujy srautg (99,99% grynumo). 1Sdziovinti
stikleliai buvo patalpinti j vakuuming magnetrono kamera, kurioje dangos
nusodinimas buvo pradétas tik pasiekus bent 7-10® Torr vakuumg. Pirmiausia
ant stikleliy pavirSiaus buvo padengtas plonas, apie 10 nm storio titano
sluoksnis, kuris pagerino aukso sukibimg su stiklo pavirSiumi. Po to buvo
padengtas 100 nm storio aukso sluoksnis, suformuojant auksinj elektroda
(Au(MS)). Sio darbinio elektrodo geometrinis plotas — 0,179 cm?. Au(MS)
elektrodai buvo inkubuojami 4 valandas misraus 1 mM SAM tirpalu, sudarytu
i§ 6-MCOH ir 11-MUA (santykiu 9:1). Po to, kai Au(MS) elektrodai buvo
nuplauti ir nudziovinti, SAM sluoksnis buvo aktyvuotas EDC/NHS tirpalu. Po
aktyvacijos, Au(MS) elektrodai buvo inkubuojami 45 minutes rS baltymy
tirpalu. Like aktyviis esteriai buvo uzblokuoti 0,5% jaucio serumo albumino
tirpalu, o véliau ant pavirSiaus buvo imobilizuoti anti-rS antikiinai.

Au(s) ir Au(MS) elektrodai buvo elektrochemiskai charakterizuojami
naudojant cikling voltamperometrija (CV) ir elektrocheming impedanso
spektroskopija (EIS). Eksperimentai buvo atlikti trijy elektrody sistemoje,
naudojant redokso mediatoriy (2,5 mmol/L Ks[Fe(CN)s] ir 2,5 mmol/L
Ks[Fe(CN)s] 10 mmol/L PBS, 7,4 pH, tirpale), sickiant jvertinti elektrody
elektrocheminj atsakg skirtinguose modifikacijos etapuose ir patikrinti
elektrody tinkamumg imuniniy jutikliy taikyme.

Analizinés sistemos kiirimas SAM pagrindu sukurtiems MIP
jutikliams rN baltymo aptikimui

SAM sluoksnis buvo formuojamas ant spausdinto montazo aukso
elektrody (Au(SPE)), inkubuojant juos 20 °C temperatiroje 2 valandas
10 mmol/L 11-(1H-pirol-1-yl)-undekano-1-tiolio (PUT) etanolio tirpale. Po
inkubacijos elektrodai buvo nuplauti dejonizuotu vandeniu ir i§dZiovinti azoto
srautu. Po to ant SAM modifikuoty elektrody buvo elektrochemiskai
suformuotas polipirolo sluoksnis, naudojant polimerizacijos tirpala, sudaryta
i§ 25 mmol/L pirolo ir 25 pg/mL rN baltymo. Polimerizacija buvo vykdoma
naudojant deSimt potencialo pulsy (+950 mV 1 sekundg, po to 0V 30
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sekundziy), taip suformuojant struktiira Au(SPE)/SAM/(Ppy+rN), sudaryta
jterpiant rN baltyma j polipirolo sluoksnj. Norint pasalinti rN baltyma ir
sukurti molekuliniu biidu jspausta polimera, elektrodai buvo inkubuojami
10 minuéiy 0,1 mol/L sieros riigities tirpale. Sis procesas sukiré MIP
struktirg ~ su  ertmémis,  atitinkan¢iomis rN  baltymo  formg
(Au(SPE)/SAM/MIP). Kontroliniai elektrodai buvo paruosti tokiu paciu biidu,
taciau nenaudojant rN baltymo (Au(SPE)/SAM/NIP).

Jutiklio gebéjimas aptikti rN baltyma buvo jvertintas inkubuojant
5 minutes Au(SPE)/SAM/MIP elektrodus su skirtingomis rN baltymo
koncentracijomis (nuo 0 iki 35 nM) , naudojant redokso mediatoriy
(2,5 mmol/L K4[Fe(CN)s] ir 2,5 mmol/L Ki3[Fe(CN)s] 10 mmol/L PBS,
7,4 pH, tirpale). Elektrocheminiai matavimai buvo atlickami pasitelkiant EIS
ir KBV metodus. EIS matavimai buvo vykdomi esant atviros grandinés
potencialui (angl. open circuit potential, toliau — OCP), naudojant 10 mV
amplitude ir dazniy diapazong nuo 100 kHz iki 0,1 Hz. KBV eksperimentai
buvo atlickami 4 mV zingsniu, 20 Hz dazniu ir 50 mV impulsy dydziu
potencialy diapazone nuo -0,4V iki +0,6 V. EIS duomenys buvo
analizuojami naudojant Randles ir ekvivalentines schemas, siekiant jvertinti
elektrody elektrinj atsaka ir biologinio jutimo tinkamuma.

Aptamerais pagristo jutiklio analitinés sistemos kiirimas VEGF baltymo
aptikimui

Prie§ modifikavimg polimeriniu sluoksniu, SPCE elektrodai buvo valomi
elektrochemiskai, atliekant cikling voltamperometrija 0,5 M sieros riigsties
tirpale. Valymas vyko naudojant 20 cikly, suteikiant 0,1 V/s greit], potencialo
diapazone nuo —0,1 V iki +1,2 V. Polimero sluoksnio formavimas buvo
vykdomas naudojant dviejy etapy elektrocheming polimerizacijg. Pirmajame
etape naudojant 5 potencialy impulsy sekg (+0,95 V 1 s, po to 0 V 30 s) buvo
suformuotas Ppy pasluoksnis naudojant tirpala, sudaryta i§ 0,1 mol/L pirolo.
Antrajame etape | polimerizacijos tirpalg buvo pridétas anti-VEGF aptameras,
ir pakartota ta pati 5 pulsy seka. Sis metodas leido integruoti anti-VEGF
aptamera ] Ppy sluoksnj, taip uztikrinant jo stabilumg ir tvirtg susiri§ima
polimero struktiiroje. [terpti aptamerai | polimero matrica buvo
charakterizuojami naudojant impulsing amperometrijag. Matavimai buvo
vykdomi naudojant deSimt potencialo pulsy (+600 mV 2 sekundes, po to 0 V
2 sekundes).
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REZULTATUY APTARIMAS

MIP taikymas kuriant elektrocheminius jutiklius, skirtus aptikti Listeria
monocytogenes bakterijas

Siame tyrime nagringjamas MIP naudojimas elektrocheminiuose
jutikliuose, skirtuose aptikti Listeria monocytogenes bakterijas. Procesas
prasideda nuo MIP sluoksniy formavimo ant SPCE naudojant impulsing
amperometrijg.  Pirmiausia  elektrodo  pavirSiuje  elektrochemiskai
suformuojamas Ppy pasluoksnis, apsaugantis nuo tiesioginio bakterijy saly¢io
su elektrodu. Véliau jutimo sluoksnis formuojamas polipiroliu, i kurj kartu
integruojami Listeria monocytogenes bakterijy Sablonai. Pasalinus bakterijas,
lieka jy jspaudai, dél kuriy susidaro selektyvus MIP sluoksnis, gebantis tiksliai
atpazinti bakterijas.

Siekiant pasalinti bakterijy Sablonus i§ MIP sluoksniy ir uztikrinti jy
tiksly veikimg, buvo isbandyti keli ekstrakcijos metodai. Pirmasis Sablony
ekstrakcijos metodas buvo pagristas NIP ir MIP inkubavimu acto riigsties
tirpale. Acto rugstis yra silpna organiné rigstis, kenksminga daugumai
bakterijy net esant vos 0,5 % koncentracijai. Be kity neigiamy poveikiy, acto
rugsties anijonas sukelia vidulgstelinio pH sumazéjimg ir trikdo tam tikras
metabolines grandines [105]. Dél to lastelés membranoje susidaro skylés, pro
kurias iSteka citoplazma ir lasteliniai organoidai. Skenuojancios elektroninés
mikroskopijos (SEM) vaizdai parodé, kad bakterijy Igsteliy pavirSiuje atsirado
nelygios, SiurkS¢ios duobutés, kas patvirtino, jog ekstrakcija naudojant acto
rugsty buvo itin veiksminga (10 pav., 43 psl.). Vis délto, Listeria
monocytogenes bakterijy atsparumas rigstims yra nuspéjamas molekulinis
atsakas, uztikrinantis lasteliy iSlikima nepalankioje aplinkoje. Kity tyréjy
morfologiniai tyrimai parodé padidéjusj bakterijy vidulgstelinj i§likimg bei
rugstims prisitaikiusiy Listeria monocytogenes lasteliy vystymasi vakuolése
ir citoplazmoje [110]. Dél Sios priezasties tolimesniuose tyrimuose acto
rugsties nebuvo naudojama. Kitu ekstrakcijos reagentu buvo pasirinktas
fermentas tripsinas, kuris selektyviai hidrolizuoja Igsteliy sieneliy baltymus
[106] nepazeisdamas Ppy matricos. Naudojant tripsing, MIP jutikliai pasieké
didesnj srovés tankj nei NIP (11 pav., 45 psl.), o selektyvi ekstrakcija pagerino
jutiklio jautruma ir specifiSkumg, uztikrindama visiska bakterijy Sablony
pasalinima.

Elektrocheminis jutikliy charakterizavimas buvo atliktas naudojant
impulsing amperometrijg. MIP modifikuoti elektrodai rodé zymiai didesnj
atsakg i skirtingas Listeria monocytogenes koncentracijas, palyginti su NIP
elektrodais. Sie MIP jutikliai pasieké aptikimo riba — 70 KFV/mL, o
nustatymo riba buvo 210 KFV/mL (12 pav., 46 psl.). Molekulinio jspaudimo
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efektyvumas buvo jvertintas naudojant jspaudimo koeficienta (IF), kuris
apskaiciuojamas kaip MIP ir NIP jutikliy atsako kreivés polinkio
santykis [113]. Tyrimo rezultatai parodé, kad MIP jspaudimo koeficientas
buvo apie 3,93. Kadangi IF verté, didesné¢ nei 1, tai gali reikSti gera
molekulinio jspaudimo kokybe ir stipry specifiskumag tikslinei analitei [111].

Rezultatai patvirtina, kad MIP pagrjsti elektrocheminiai jutikliai turi
galimybe jautriai ir selektyviai aptikti Listeria monocytogenes bakterijas.
Naudojant tripsing kaip ekstrakcijos reagentg, padidéja jspausty bakterijy
pasalinimo efektyvumas, kas pagerina jutiklio veikima. Sie tyrimai rodo, jog
MIP pagristi jutikliai yra perspektyvis diagnostikos taikymams realiomis
sglygomis.

SAM modifikuoty aukso elektrodu taikymas kuriant imuninius jutiklius,
skirtus aptikti antikiinus prie§ SARS-CoV-2 spyglio baltymus

Siame tyrime analizuojamas aukso elektrody modifikavimas, naudojant
SAM, siekiant sukurti imuninj jutiklj, skirtg aptikti antikiinus prie§ SARS-
CoV-2 rS baltymus. Modifikavimui buvo naudojami tiek kvadratiniai aukso
elektrodai (Au(s)), tiek auksu padengti mikroskopiniai stikleliai (Au(MS)),
ant kuriy pavirSiaus buvo suformuotas SAM. Norint jvertinti S§iy SAM
modifikacijy poveikj elektrodo laidumui ir bendrajam jutiklio veikimui, buvo
taikomi elektrocheminiai metodai, tokie kaip cikliné voltamperometrija (CV)
ir elektrocheminio impedanso spektroskopija (EIS). IS pradziy Au(s)
elektrodai buvo modifikuoti 1 mM 11-merkaptoundekano rigstimi (11-
MUA), kad buty suformuotas SAM sluoksnis, o Au(MS) elektrodai buvo
modifikuojami 1 mM misriu SAM etanoliniu tirpalu (SAMmix), sudarytu i$
6-merkapto-1-heksanolio (6-MCOH) ir 11-MUA (moliniu santykiu 1 : 9).

Ant Au(s) elektrody susiformavegs 11-MUA SAM sluoksnis sukiiré
stabily ir gerai organizuota monosluoksnj. Dél to zZymiai sumazgjo sroves
atsakas (14 pav., 51 psl.), nes buvo blokuojamas elektrony perdavimas.
Kadangi 11-MUA modifikuoti elektrodai nebeuztikrino pakankamo elektrony
perdavimo, tolesniems tyrimams, taikant CV metoda, buvo pasirinkti
SAMmix modifikuoti Au(MS) elektrodai. SAMmix buvo naudojamas
siekiant i§laikyti stabilumg ir tuo paciu leisti redokso mediatoriams pasiekti
elektrodo pavir$iy, taip sumazinant struktiiriniy defekty kiekj. CV matavimai
parodé, kad SAMmix sumazino srovés tankj nuo 712,4 =59 pA-cm2 iki
504,6 + 19,3 pA-cm™, kas rodo ribotg, bet vis dar pakankamg elektrony
perdavimg (14 pav., 51 psl.). Véliau, aktyvinus 11-MUA karboksi grupes
naudojant EDC-NHS tirpala, srovés tankis Siek tiek padidéjo iki
513,1 + 6,6 pA-cm2, kas pagerino elektrony perdavimg prie§ imobilizuojant
rS baltymg. Baltymo sluoksnio imobilizacija dar labiau sumazino srovés tankj
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iki 459,6 = 9,3 pA-cm 2, nes baltymy sluoksnis sukiiré papildoma barjerg. EIS
matavimai suteiké i§samesnés informacijos apie kriivio pernasos varzg (Rc),
susijusig su kiekvienu modifikavimo etapu (15 pav., 52 psl.). Au(s) elektrody
atveju Ry padidéjo nuo 96,2 + 1,2 Q-cm? iki 10,6 0,2 kQ-cm? po SAM
sluoksnio susiformavimo, pabréZziant izoliacines 11-MUA sluoksnio savybes.
Aktyvinimas SAM karboksi grupiy, naudojant EDC-NHS, sumazino R iki
5,67 + 0,09 kQ-cm?, palengvindamas elektrony perdavimag, o rS baltymo
imobilizavimas vél padidino R iki 12,3 = 0,27 kQ-cm?. Priesingai, Au(MS)
elektrody R padidéjo nedaug — nuo 98,2 + 1,2 Q-cm? iki 803 + 10 Q-cm? po
SAMmix susidarymo ir iki 1202 + 23 Q-cm? po baltymy imobilizavimo, tai
rodo, kad buvo pasiektas stabilumo ir elektrony perdavimo galimybiy
balansas.

Imuninio jutiklio, skirto anti-rS aptikimui, analizé parodé, kad jo
aptikimo riba yra 2,78 nM, o nustatymo riba siekia 9,17 nM, remiantis EIS
matavimais (16 pav., 54 psl.). Sie rezultatai pabrézia SAMmix modifikuoty
Au(MS) elektrody efektyvuma, leidziantj tiksliai ir selektyviai aptikti
antiklinus prie§ SARS-CoV-2 spyglio baltymus. PavirSiaus modifikavimo
procesai — nuo SAM sluoksnio susiformavimo iki baltymy imobilizavimo —
buvo esminiai, tobulinant elektrody elektrochemines savybes ir gerinant
imuninio jutiklio veikima. Tyrimas iSrySkina pavirSiaus chemijos svarbg
optimizuojant elektrody funkcionalumg specifiniams elektrocheminiams
tikslams, ypa¢ kuriant patikimas diagnostikos priemones antikiiny pries
SARS-CoV-2 baltymy aptikimui.

SAM modifikuoty aukso elektrody taikymas kuriant MIP jutiklius,
siekiant aptikti SARS-CoV-2 nukleokapsidés baltyma

SARS-CoV-2 nukleokapsidés baltymo aptikimas, naudojant SAM
pagrindu veikianc¢iag MIP metodika, pagerino jutiklio veikimg, nes buvo
sukurta stabili sgsaja tarp spausdinto montazo auksinio elektrodo (Au(SPE))
ir polimero sluoksniy. Ant Au(SPE) elektrodo suformuotas SAM sluoksnis
(Au(SPE)/SAM) veiké kaip tarpinis sluoksnis tarp elektrodo ir jutimo
sluoksnio. Alkantiolis buvo sudarytas taip, kad jo pradiné grupé buvo
modifikuota pirolu (PUT). Sis SAM uztikrino stabily polipirolo jutimo
sluoksnio susidaryma, o kartu su MIP formavimu buvo sukurtas kompozitas,
kuris  uztikrino  komplementariy viety susidarymg SARS-CoV-2
nukleokapsidés baltymui atpazinti. Toks modifikavimas padidino jutiklio
stabilumg, veiksmingai pagerino sgveika su tikslinémis molekulémis ir
uztikrino didesnj jautruma bei specifiSkuma, kas yra itin svarbu jutikliy
veikimui.
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Elektrody Au(SPE)/SAM elektrocheminis tyrimas buvo atliktas
naudojant KBV ir EIS metodus. Rezultatai parodé, kad po SAM sluoksnio
susidarymo srovés tankis sumazéjo, o kriivio pernaSos varza (R«) padidéjo,
kas rodo pasikeitusias elektrodo pavirSiaus savybes. Nyquist diagramos
(18 pav., B dalis, 57 psl.) suteiké papildomy jzvalgy apie elektrodo pavirSiaus
pokyc¢ius. KBV analizé parodé, kad po Ppy elektropolimerizacijos
Au(SPE)/SAM/Ppy elektrodas pasizyméjo didesne srovés amplitude,
palyginti su Au(SPE)/SAM/(Ppy+rN) elektrodu (18 pav., A dalis, 57 psl.). Tai
sigjama su mazesniu Au(SPE)/SAM/Ppy elektrodo sluoksnio storiu. Po
Sablono ekstrahavimo i§ Au(SPE)/SAM/(Ppy+1N) elektrody, srovés tankis
padidéjo iki 0,44 £+ 0,03 mA-cm?, palyginus su Au(SPE)/SAM/NIP reik§me
(0,19 + 0,06 mA-cm?), kas rodo, jog susidaré jspaustos ertmes, pagerinancios
kriivio pernasa.

EIS tyrimas papildomai charakterizavo Au(SPE)/SAM/Ppy ir
Au(SPE)/SAM/(Ppy+rN) elektrodus, naudojant ta pati redokso mediatoriy
[Fe(CN)¢]* (18 pav., B dalis, 57 psl.). Pasalinus nukleokapsidés Sablong i$
Au(SPE)/SAM/(Ppy+rN), buvo pastebéta padidéjusi elektrony pernaSa ir
mazesné varza. Nors Nyquist diagrama neparodé ryskiy poky¢iy po $ablono
paSalinimo, Bode diagrama (19 pav., 58 psl.) leido geriau jzvelgti Siuos
dinamikos pokyc¢ius. SEM vaizdai (20 pav., 59 psl.) taip pat patvirtino
skirtumus tarp palyginty pavir$iy: Au(SPE) elektrodas (20 pav., A dalis)
apvalios struktiros, Au(SPE)/SAM/NIP elektrodas (20 pav., B dalis)
pasizyméjo asfalto tipo pavir§iumi, o Au(SPE)/SAM/MIP elektrodas (20 pav.,
C dalis) atskleidé ertmes pavirSiuje, patvirtinancias sékmingg MIP
susidaryma.

Jutiklio gebéjimas aptikti rN baltymg buvo istirtas naudojant jvairias
elektrochemines eksperimentines salygas. KBV ir EIS matavimai buvo
panaudoti siekiant nustatyti aptikimo ir nustatymo ribas. Nors KBV metodu
Sios ribos nebuvo apskai¢iuotos dél paskutinio tasko nejtraukimo j tiesing
lygti, EIS metodas atskleid¢ atitinkamas reikSmes — 0,2 nM ir 0,66 nM (21
pav., 60 psl.). Sie rezultatai rodo, kad SAM pagrindu veikianti MIP metodika
prisideda prie geresnio jutikliy jautrumo ir specifiskumo, leidziancio tiksliai
aptikti rN baltyma ir pasizymingio aukstu selektyvumu. Sie rezultatai pabréZia
MIP modifikuoty Au(SPE)/'SAM elektrody potencialg kuriant itin jautrius
jutiklius.

VEGF baltymo nustatymas, naudojant aptamery pagrindu veikiantj
elektrocheminj jutiklj

Siame tyrime buvo sukurtas elektrocheminis jutiklis kraujagysliy
endotelio augimo faktoriui aptikti, panaudojant aptamerus, integruotus |
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polipirolo matrica (Ppy/anti-VEGF). Sis integravimas leido sukurti
kompozita, jungiantj polipirolo laidZias savybes su aptamery specifine sgveika
su VEGF. Svarbi $io jutiklio konstrukcijos dalis buvo plono Ppy pasluoksnio
naudojimas, kuris padidino jutiklio stabilumg ir veikimo efektyvumg. Ppy
pasluoksnis pagerino aptamery sluoksnio sukibimg su elektrodo pavirSiumi ir
sumazino tiesioging saveikg tarp elektrodo ir aptamero. SumaZinus tokig
sgveika, Ppy sluoksnis prisidéjo prie stabilios ir atkuriamos kompozito
Ppy/anti-VEGF jutiklio sistemos, kas yra itin svarbu tiksliam VEGF
aptikimui.

Aptamerai jterpti i polipirolo matrica buvo suformuoti ant SPCE
elektrody, naudojant dviejy etapy elektrocheminio nusodinimo metoda.
Pirmame etape buvo nusodintas Ppy pasluoksnis, skirtas padengti ir apsaugoti
elektrodo pavirSiy. Antrame etape j Ppy matricg buvo jterpti anti-VEGF
aptamerai sukuriant jutiklio sluoksnj, galintj prisijungti VEGF baltyma.

Modifikuoty elektrody elektrocheminis charakterizavimas buvo atliktas
naudojant impulsing amperometrija. Tyrimo metu buvo registruojamos sroveés
pokyciy reiksmés 0,1s, 0,2s, 0,45, 0,6 s, 0,8 s ir 2,0s laiko intervalais
(24 pav., 64 psl.). Remiantis Siais matavimais, buvo sudarytos kalibracinés
kreivés, kurios atskleidé stiprig sgveikag tarp VEGF baltymo ir aptamerais
modifikuoto pavirSiaus (25 pav., 66 psl.). Langmiur adsorbcijos izoterminis
modelis leido toliau analizuoti adsorbcijos dinamika, o rezultatai parodé, kad
pusiausvyros konstanta (K) padidéjo nuo 1,25 + 0,09 nM iki 2,47 + 0,49 nM,
kas rodo ilgesnj sgveikos laikg ir jutiklio jautrumo padidéjimg esant
didesnéms VEGF koncentracijoms.

PAD matavimai atskleid¢, kad Ppy/anti-VEGF modifikuoti elektrodai
gali aptikti VEGF koncentracijas net iki 0,21 nM. Siekiant geriau suprasti
jutiklio veikimg, buvo analizuojamos Ansono diagramos, kurios padéjo
jvertinti kriivio ir laiko santykj elektrocheminiuose procesuose. Siuo tikslu
buvo pritaikyta integruota Cottrell lygtis, leidzianti detaliau interpretuoti
gautus rezultatus. Pasitelkiant $ig lygtj, buvo apskaiCiuotas adsorbuotos
medziagos kravis MIP ir NIP elektrodams, o rezultatai atskleidé afining
saveika tarp aptamero ir VEGF baltymo. Be to, buvo nustatyta aptikimo riba,
kuri sieké 0,21 nM, pabréziant jutiklio jautruma.
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ISVADOS

Naudojant elektrinio potencialo impulsus, buvo suformuotas polipirolo
pasluoksnis bei molekulinias jspaudais modifikuoto polipirolo sluoksnis,
kurie buvo integruoti j elektrocheminio jutiklio skirto aptikti Listeria
monocytogenes bakterijas konstrukcija. Sio jutiklio aptikimo riba buvo
70 KFV/mL, o nustatymo riba — 210 /KFU/mL.

Ivertintos savitvarkiais monosluoksniais modifikuoty aukso elektrody
elektrocheminés savybés, buvo nustatyta, kad 11-merkaptoundekano
rugsties savitvarkis monosluoksnis suformuotas ant Au(s) elektrodo
sudaro izoliacinj sluoksnj, kuris Zymiai padidina kriivio pernaSos varza.
Tuo tarpu ant Au(MS) elektrodo suformuotas misrus savitvarkis
monosluoksnis  (sudarytas 1§ 6-merkapto-1-heksanolio ir 11-
merkaptoundekano rtigsties), pasizymi mazesne kriivio pernasos varza,
todél yra tinkamas imuninio jutiklio, skirto aptikti antikiinus prie§ SARS-
CoV-2 spyglio baltymus nenaudojant elektrocheminiy Zymeny, kiirimui.
Sukurto jutiklio aptikimo riba — 2,78 nM ir nustatymo riba — 9,17 nM.
Spausdinto montazo aukso nanostruktiiromis modifikuoti elektrodai gali
biti modifikuojami savitvarkiy monosluoksniy pasluoksniais ir
molekuliy jspaudais modifikuoto polipirolo sluoksniais. Tokios
struktiiros yra tinkamos SARS-CoV-2 viruso nukleokapsidés baltymy
aptikimui. Elektrocheminiais analizés metodais buvo nustatytas kriivio
pernasos varzos didé¢jimas tiriamajame tirpale did¢jant SARS-CoV-2
viruso nukleokapsidés baltymo koncentracijai. Jutiklio aptikimo riba —
0,2 nM, naudojant elektrocheminio impedanso spektroskopija, o
nustatymo riba — 0,66 nM.

Spausdinto montaZo anglies elektrodai gali biiti modifikuojami polipirolo
pasluoksniu bei polipirolo sluoksniu su jterptais savaime susirenkanciais
DNR aptamerais, sudarytais i§ trijy atskiry DNR grandiniy. Buvo
nustatyta, kad taip modifikuoti elektrodai yra tinkami VEGF baltymo
aptikimui ir jy aptikimo riba yra 0,21 nM. Impulsinés amperometrijos
metodo panaudojimas tokiuose jutikliuose supaprastina analizg, kadangi
nereikia naudoti redoks tarpininky.
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Abstract: Detecting bacteria—Listeria monocytogenes—is an essential healthcare and food industry
issue. The objective of the current study was to apply platinum (Pt) and screen-printed carbon (SPCE)
electrodes modified by molecularly imprinted polymer (MIP) in the design of an electrochemical
sensor for the detection of Listeria monocytogenes. A sequence of potential pulses was used to
perform the electrochemical deposition of the non-imprinted polypyrrole (NIP-Ppy) layer and Listeria
monocytogenes-imprinted polypyrrole (MIP-Ppy) layer over SPCE and Pt electrodes. The bacteria
were removed by incubating Ppy-modified electrodes in different extraction solutions (sulphuric
acid, acetic acid, L-lysine, and trypsin) to determine the most efficient solution for extraction and
to obtain a more sensitive and repeatable design of the sensor. The performance of MIP-Ppy- and
NIP-Ppy-modified electrodes was evaluated by pulsed amperometric detection (PAD). According
to the results of this research, it can be assumed that the most effective MIP-Ppy /SPCE sensor can
be designed by removing bacteria with the proteolytic enzyme trypsin. The LOD and LOQ of the
MIP-Ppy /SPCE were 70 CFU/mL and 210 CFU/mL, respectively, with a linear range from 300 to
6700 CFU/mL.

Keywords: molecularly imprinted polymer; molecularly imprinted polypyrrole; Listeria monocytogenes;
whole-cell imprinting; pulsed amperometric detection; template extraction method; trypsin; L-lysine;
acetic acid; sulphuric acid

1. Introduction

Listeria monocytogenes infections with Gram-positive, rod-shaped bacteria with an
optimum growing temperature at 37 °C [1] are among the leading causes of foodborne
illness-related mortality [2]. Listeria monocytogenes is an environmental contaminant that
primarily inhabits soil. Various animals (ruminants, birds, marine life, insects, ticks, and
crustaceans) are carriers of bacteria [3]. Listeria monocytogenes can enter the food supply
chain and contaminate a wide variety of food products, including meat products; raw,
unpasteurised milk and cheeses; ice cream; raw or processed vegetables; raw or processed
fruits; raw or undercooked poultry, sausages, hot dogs, and deli meats; and raw or smoked
fish and other seafood [4].
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One type of sickness induced by Listeria monocytogenes is very dangerous and can
result in septicaemia and meningitis, with a case-fatality rate of 20-30% [5]. Another kind
of disease caused by Listeria monocytogenes is a non-invasive gastrointestinal ailment that
typically has no consequences. However, despite the low-level incidences of listeriosis
in the general population, it remains a significant and deadly food-borne disease with
a hospitalisation rate of over 95% [6]. The major problem is that Listeria monocytogenes
affects vulnerable segments of populations, including the elderly, pregnant women, unborn
babies, and immunocompromised people (patients with cancer or AIDS, or after organ
transplantations) [7]. Thus, pregnant women have a 17-fold increased risk of contracting
invasive listeriosis [8], and the mortality associated with Listeria monocytogenes infection is
responsible for 22% of fatalities in immunocompromised adults [4].

Detecting Listeria monocytogenes is an essential healthcare and food industry issue [9].
The minimal infection dose for listeriosis is 100 colony-forming units per gram (CFU/g)
of food. The majority of countries have zero tolerance towards the presence of Listeria
monocytogenes in food [10]. The European Regulation on Microbiological Criteria for
Foodstuffs does not allow the presence of Listeria monocytogenes in foods for infants and
particular medical purposes. However, all food can have 100 CFU/g of the organism
during its shelf life [11]. In this case, fast and precise detection of Listeria monocytogenes is
required both for the healthcare and food industries.

Among many methods for the identification of Listeria monocytogenes, colony plate
counting is accepted to be the ‘gold standard” procedure [12]. The detection of Listeria
monocytogenes has been proposed using several standard techniques, including surface plas-
mon resonance [13], quartz crystal microbalance [14], and enzyme-linked immunosorbent
assay (ELISA) [15,16]. These methods are crucial and can essentially meet the criteria for
Listeria monocytogenes detection. However, they often have shortcomings and are labour-
intensive, time-consuming, or complicated. In ELISA, secondary antibodies connected
to an enzyme are immobilised in a well to capture Listeria antigens. These tests are used
in food testing because they are straightforward, simple to interpret, and do not require
much sample handling. However, they produce results in roughly 30-50 h and are not as
sensitive as molecular methods. This technique has a sensitivity range of approximately
10°-10° CFU/mL [17]. The electrochemical approach, in comparison, is straightforward,
sensitive, time-saving, inexpensive, and simple to use, giving it several distinct benefits over
the other methods. Many excellent electrochemical systems have been successfully built
in recent years to detect Listeria monocytogenes [18-21], including antibody- or DNA-based
methods [1,12].

The exceptional selectivity of molecularly imprinted polymers towards molecularly
imprinted analytes makes them appealing. Molecular imprinting can create a binding
site uniquely suited to a specific molecule [22]. The molecular imprinting approach en-
ables the development of particular molecular recognition sites that work on the idea of
complementarity between the imprinted sites and the analyte due to its many distinctive
benefits, including simplicity in production, affordability, and excellent stability [23,24].
Therefore, MIPs can specifically bind the analytes of interest that serve as templates for
their development [25-29]. However, due to the size, imprinting the whole cell in the
polymers is exceptionally challenging [30,31]. Several studies have evaluated the suitability
of MIP-based sensors for detecting Listeria monocytogenes bacteria [32-34]. Mainly two
factors governing the recognition of Listeria monocytogenes bacteria should be taken into
account: (i) discrimination of the bacteria by their cell shape (e.g., round or rod-shaped
bacteria, namely Staphylococcus aureus or Escherichia coli) and (ii) chemical recognition due
to the interaction of functional groups present in polymers with functional groups that are
localised on the surface of the cell, e.g., cis-diol groups of the glycan chains [35]. Taking
into account the emerging problems, Piletsky et al. [30] raised some questions related to
the materials suitable for the modification of electrodes by MIP-based layers. The authors
of that study concluded that “success in this area will result in new paradigms for MIP
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applications that both complement existing therapeutic and disposal or reuse in field
diagnostic techniques”.

The current research sought to develop a MIP-based sensor for detecting Listeria
monocytogenes. Firstly, the goal was to test the performance of two electrodes. Pt and SPCE
were modified with a polypyrrole layer made from the polymerisation solution of Listeria
monocytogenes bacteria and pyrrole dissolved in phosphate-buffered saline (PBS), pH 7.4. A
novelty of this study or a second approach was to determine the most efficient solution
for extraction. Thus, Listeria monocytogenes bacteria from imprinted cavities were extracted
using trypsin and L-lysine and compared with more conventional extraction methods such
as sulphuric and acetic acids. Herein, the analytical performance of electrodes modified
by a non-imprinted polypyrrole (NIP-Ppy) layer and the electrodes modified with the
MIP-Ppy layer were compared. Thirdly, the sensitivity (LOD and LOQ) and repeatability
criteria were effectively employed to detect Listeria monocytogenes.

2. Materials and Methods
2.1. Materials and Electrochemical Measurements

Listeria monocytogenes were obtained from the Bacteria Collection of Sumy State Uni-
versity (Sumy, Ukraine). To preserve the antigenic structure on the Listeria monocytogenes
membrane but eliminate virulence, 10° CFU/mL bacteria were immersed in 70% ethanol
and placed under UV light for 24 h. This procedure allows the destruction of bacte-
rial DNA with minimal influence on the cell wall and shape, which are necessary for
MIP development.

Pyrrole 98% (CAS# 109-97-7, Alfa Aesar, Kandel, Germany), phosphate-buffered saline
(PBS) tablets, pH 7.4 (CAS# 7647-14-5, Sigma-Aldrich, Steinheim, Germany), sulphuric
acid (96%, CASH# 7664-93-9, Lachner, Neratovice, Czech Republic), acetic acid (99.8%, CAS#
64-19-7, 99.8%, Lachner, Czech Republic), trypsin 500 U/mL (TrypZean® Solution, Sigma-
Aldrich, SKU T3449-500 ML), and 0.1% (w/v) L-lysine solution in H,O (Sigma-Aldrich,
CAS# 25988-63-0) were used as received for bacteria removal from the Ppy-matrix to form
the MIP-Ppy layer. All reagents were of analytical grade and were used without additional
purification. All aqueous solutions were prepared in deionised water.

Electrochemical characterisation of the working surfaces was performed using two
systems. A potentiostat/galvanostat AUTOLAB TYPE III (ECO-Chemie, Utrecht, The
Netherlands) operated by FRA2-EIS ECO-Chemie software (ECO-Chemie, Utrecht, The
Netherlands) was used for the first electrochemical system. The first set of electrodes, DRP-
110 screen-printed carbon electrodes (SPCEs), which are based on a working electrode with
a geometric area of 0.126 cm?, a carbon-based counter electrode, and an Ag/AgCl-based
reference electrode, was purchased from Metrohm DropSens (Oviedo, Spain).

For the second electrochemical system, the second set of electrodes was based on (i) a
Pt disk with a 1 mm diameter sealed in glass as the working electrode, (ii) an Ag/AgCl
in 3 M KCl solution electrode as a reference electrode (Ag/AgCl), and (iii) a Pt disk of
2 mm diameter as a counter electrode. Measurements were done in a home-made cell
with a total volume of 300 pL, and electrochemical characterisation was performed using a
portable potentiostat controlled by DStat interface software from Wheeler Microfluidics
Lab (University of Toronto, Toronto, ON, Canada).

Scanning electron microscope (SEM) images were obtained with a scanning electron
microscope (Hitachi-70 53400 N VP-SEM).

2.2. Pre-Treatment of Working Electrodes

Pre-treatment of electrodes for the first electrochemical system: Before the electro-
chemical deposition of Ppy, the working electrodes underwent pre-treatment. A potential
cycling approach was used to electrochemically clean SPCEs. The cleaning was carried out
in 0.5 M sulphuric acid by 20 potential cycles in a potential range between —100 mV and
+1200 mV vs. Ag/AgCl at a potential sweep rate of 100 mV/s.
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Pre-treatment of electrodes for the second electrochemical system: The Pt electrode
was pre-treated before electrochemical deposition following the procedure described in
previous studies [36]. All solutions were thoroughly degassed just before use with a stream
of nitrogen (N3). According to this procedure, the Pt electrode was rinsed with concentrated
HNO;3 solution in an ultrasonic bath for 10 min, then rinsed with water and polished with
alumina paste. Later, it was rinsed with water again and then with a solution of 10 M NaOH,
then with a 5 M sulphuric acid solution in an ultrasonic bath for 5 min. Electrochemical
electrode cleaning was carried out in 0.5 M sulphuric acid by cycling the potential 20 times
in the range between —100 mV and +1200 mV vs. Ag/AgCl at a sweep rate of 100 mV/s.
The assessment of the bare electrode surface was performed by cyclic voltammogram. To
improve the adhesion of the Ppy layer to the electrode surface, a layer of ‘platinum black”
was formed over the working electrode. The deposition of ‘platinum black’ clusters was
performed in a solution of 5 mM H,PtClg containing 0.1 M of KCI by 10 potential cycles
in the range between +500 mV and —400 mV vs. Ag/AgCl at a potential sweep rate of
10 mV/s.

2.3. Electrochemical Modification of Electrodes by NIP-Ppy and MIP-Ppy Layers

The polymerisation solution contained 0.5 M of pyrrole in PBS and was used to
electrochemically deposit the NIP-Ppy layer [25]. The deposition of MIP-Ppy on Pt and
SPCE electrodes was performed in several steps: (i) during the first step, the Ppy under-
layer was electrochemically deposited from polymerisation solution containing a 0.5 M
solution of pyrrole, and a sequence of 5 potential pulses (of +950 mV for 1 s and 0V for
30 s) was applied [29,36]; (ii) during the deposition of the second layer, 10° CFU/mL of
Listeria monocytogenes bacteria was additionally added into the same polymerisation bulk
solution and again the sequence of 5 potential pulses (of +950 mV for 1 s and 0 V for 30 s)
was applied; (iii) the purpose of the third step was to remove imprinted bacteria from
the formed Ppy layer by incubating electrodes in different extraction solutions to form
the MIP-Ppy (0.05 M sulphuric acid, 10% acetic acid, 0.1% L-lysine, 10 U/mL trypsin for
at 37 °C for 30 min). The NIP-Ppy-based layer was formed similarly to MIP-Ppy (only
bacteria were not added), and the abovementioned extraction solutions similarly treated
the NIP-Ppy-modified electrode.

Pulsed amperometric detection was used to assess MIP-Ppy- and NIP-Ppy-modified
electrodes utilising a sequence of 10 potential pulses of +600 mV vs. Ag/AgCl lasting for
2s,and 0V vs. Ag/AgCl for 2 s.

The limit of detection (LOD) and limit of quantification (LOQ) were calculated accord-
ing to Equations (1) and (2):

LOD =330/S (6))

LOQ =100/S o))

where o is the standard deviation and S is the slope of the linear relationship on the
calibration plot. A schematic representation of electrode modification is presented in
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Scheme 1. Schematic representation of electrode modification.
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3. Results
3.1. Electrodeposition of Molecularly Imprinted Polypyrrole

MIP-Ppy and NIP-Ppy layers were electrochemically deposited on the surface of Pt
and SPCE electrodes using a series of potential pulses. Figure 1A,B depict the profile
of the potential pulse series during the deposition of the NIP-Ppy layer on Pt and SPCE
electrodes, respectively. The electrochemical formation of the MIP-Ppy layer on Pt and
SPCE electrodes was performed in several steps as described in the experimental section, re-
spectively (Figure 2A,B). The first step was based on the electrodeposition of the Ppy-based
under-layer to support and cover the electrode. This Ppy-based under-layer decreased the
direct interaction of Listeria monocytogenes with the electrode surface before forming the
MIP-Ppy sensing layer. The deposited thin Ppy under-layer effectively favoured the for-
mation of the MIP-Ppy-sensing layer during the second sensing-layer-formation step. The
entrapped Listeria monocytogenes bacteria acted as a template in an upper Ppy layer (sensing
layer), which, after the removal of bacteria, formed the MIP-Ppy layer. Electrochemical
Ppy deposition enabled control of the thickness of formed layers and entrap the Listeria
monocytogenes bacteria templates in the electropolymerised matrix. The entrapped Listeria
monocytogenes bacteria templates were removed from the MIP-Ppy layer by incubation in
several extraction solutions.
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Figure 1. Electrochemical deposition of NIP-Ppy layers: (A) on Pt electrodes (second electrochemical
system); (B) on SPCE electrodes (first electrochemical system), showing the profile of the current
registered during the formation of the NIP-Ppy layer from polymerisation solution without any
bacteria. Insets—extended profile of the current registered during the indicated potential pulse.
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Figure 2. Current profiles registered during the deposition of Ppy underlayers (A) on Pt electrodes
(second electrochemical system), and (B) on SPCE electrodes (first electrochemical system). Current
profiles registered during electrochemical deposition of the polypyrrole layers with entrapped Listeria
monocytogenes bacteria (C) on Pt electrodes (2nd electrochemical system), and (D) on SPCE electrodes
(1st electrochemical system).

3.2. Extraction of Imprinted Bacteria from the MIP-Ppy Layer

Several different extraction solutions were used to remove Listeria monocytogenes bac-
teria from the MIP-Ppy layer formed on the SPCE. The first template extraction method
was based on the incubation of NIP-Ppy/SPCE, and MIP-Ppy /SPCE acetic acid solution
was applied. Acetic acid is a weak organic acid harmful to most bacteria, even at con-
centrations as low as 0.5 wt%. Acetic acid, among other harmful effects, leads to a drop
in intracellular pH and the disruption of some metabolic chains by acetic acid anion [37].
Figure 3B represents the bacteria cells after incubation in acetic acid. As a result, the cell
membrane develops holes that allow the cytosol and cytoplasmic organelles to leak out.
The rough, uneven pits on the bacteria cell surface showed that the extraction by acetic
acid was highly effective. However, the incubation of NIP-Ppy/SPCE and MIP-Ppy/SPCE
in a sulphuric acid-containing solution revealed that the surface of formed NIP-Ppy and
MIP-Ppy (Figure 3C,D) seem identical.

The third template extraction solution used to remove the Listeria monocytogenes
bacteria template from MIP-Ppy/SPCE was an enzyme (trypsin) solution. Trypsin catalyses
the hydrolysis of cell wall proteins to form peptides. In addition, we tried to remove Listeria
monocytogenes bacteria from MIP-Ppy/SPCE by L-lysine, which is a zwitterion amino acid
and was expected to be efficient for the dissociation and removal of bacteria from the
Ppy-based matrix. However, registered results (Figure 3H) illustrate that the L-lysine-based
bacteria extraction procedure was not efficient compared to that based on trypsin. Moreover,
L-lysine is crucial for protein synthesis and is also present in the peptidoglycan layer on the
cell walls of Gram-positive bacteria; therefore, it supports cell metabolism. Additionally,
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it should be noted that trypsin has a specific target in the cell wall and does not affect
the Ppy layer; this effect would be an extra advantage for the removal of bacteria-based
templates and the development of MIP-Ppy-based sensor platforms. Trypsin is a well-
known pancreatic enzyme that digests proteins by specifically hydrolysed peptide bonds
C-terminal to the amino acid residues of lysine (Lys) and arginine (Arg) [38]. Some studies
have shown increased levels of proteolytic enzymes, including trypsin in inflammatory
sites, followed by bacterial lysis. For example, Grenier demonstrated that Gram-positive
bacteria from the oral cavity are more resistant to lysis than Gram-negative bacteria [39].
Meanwhile, Zhou et al. showed the same effect of the enzyme on both bacteria types
(including biofilm formation) in a concentration of 2 mg/mL [40].

Figure 3. SEM images of NIP-Ppy/SPCE (A,C,E,G) and MIP-Ppy/SPCE (B,D,F,H) electrodes after
incubation in different template extraction solutions: (A,B) 10% acetic acid, (C,D) 0.05 M sulphuric
acid, (E,F) 10 U/mL trypsin, (G,H) 0.1% L-lysine at 37 °C for 30 min.
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In contrast to trypsin, L-lysine is an amino acid that, at pH = 7.0, is a zwitterion;
therefore, we expected that it can act as an efficient agent for the dissociation/removal of
some compounds from polymeric structures. As demonstrated by this research, 10 U/mL
trypsin solution is the most efficient for Listeria monocytogenes cell removal from the Ppy
layer and to form MIP-Ppy.

3.3. Electrochemical Characterisation of Bacteria-Imprinted MIP-Ppy Layer

The formed NIP-Ppy and MIP-Ppy layers were assessed using pulsed amperometric
detection to assess the current density in a sequence of 10 potential pulses of +600 mV for
2sand 0 mV for 2 s. The determination of Listeria monocytogenes bacteria at several different
concentrations was performed using two different electrochemical systems (Figure 4).
MIP-Ppy- and NIP-Ppy-modified SPCE electrodes (Figure 4A) and MIP-Ppy- and NIP-
Ppy-modified Pt electrodes (Figure 4B) were incubated in a PBS solution, pH 7.4, in a
concentration range of 3.4 x 10°-1.0 x 108 CFU/mL Listeria monocytogenes bacteria. Figure 4
shows the dependence of the amperometric response. During the analysis, a decrease in the
current with increasing bacteria concentration was observed, as usual in the redox-inactive
analytes [41].

3.3.1. Assessment of first Electrochemical System

Assessment of MIP-based sensor towards imprinted Listeria monocytogenes bacteria was
performed in the concentration range from 0 to 108 CFU/mL. First, Listeria monocytogenes
bacteria were eliminated from imprinted cavities using several extraction solutions, namely
10% acetic acid (Figure 5A), 0.05 M of sulphuric acid (Figure 5B), 10 U/mL of trypsin
(Figure 5C), and 0.1% L-lysine (Figure 5D). As we can see from Figure 4, acetic acid was
highly effective, as the current density of MIP-Ppy/SPCE was at least 12 times higher
than that of NIP-Ppy/SPCE. While using the sulphuric acid solution, we observed only a
slight change in the current density. However, the acid tolerance of Listeria monocytogenes
bacteria is a predicted molecular response, which ensures cell survival in an unfavourable
environment. The increased intracellular survival and the development of acid-adapted
Listeria monocytogenes cells in the vacuoles and cytoplasm were confirmed by morphological
methods [42]. To avoid the acid tolerance response in Listeria monocytogenes bacteria, we
tried different approaches, one of which was based on applying the enzyme trypsin. Thus,
trypsin was utilised to remove the Listeria monocytogenes bacterium template from the
NIP-Ppy/SPCE and MIP-Ppy/SPCE. Accordingly, the electrodes were individually treated
with solutions containing trypsin (Figure 5C) and L-lysine (Figure 5D). The current density
for MIP-Ppy/SPCE, treated with trypsin, increased around three times compared with
that registered for NIP-Ppy/SPCE, while MIP-Ppy/SPCE treated with L-lysine showed no
changes in current density. Electrochemically registered results reveal that the electrical
capacitance changed after removing imprinted bacteria; acetic-acid- and trypsin-based
solutions were the most suitable for extracting entrapped Listeria monocytogenes bacteria
and the preparation of MIP-Ppy.

3.3.2. Assessment of MIP-Ppy /Pt- and NIP-Ppy/Pt-Based Electrodes

After preparation, NIP-Ppy/Pt and MIP-Ppy /Pt electrodes were incubated in solutions
of Listeria monocytogenes bacteria of different concentrations and evaluated using pulsed
amperometric detection based on 10 potential pulses of +600 mV for 2 s and 0 mV for
2's. Figure 6A-D depict the dependence of the amperometric response of the second
electrochemical system after the incubation of MIP-Ppy- and NIP-Ppy-modified platinum
electrodes in PBS, pH 7.4, with a different concentration of Listeria monocytogenes bacteria.
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Figure 4. Current density vs. time determined by NIP-Ppy/SPCE (a-d), MIP-Ppy/SPCE (e-h)
electrodes (A) and NIP-Ppy/Pt (a-d), MIP-Ppy/Pt (e-h) (B), with a concentration range of 3.4 x 10,
1.0 x 107, 2.3 x 107,4.0 x 107, 6.7 x 107, 1.0 x 108 CFU/mL Listeria monocytogenes bacteria, prepared
using different extraction solutions:10% acetic acid (a,e), 0.05 M sulphuric acid (b,f), 10 U/mL trypsin
(¢,g), and 1% L-lysine (d,h) to remove Listeria monocytogenes bacteria from imprinted cavities.
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Figure 5. The current density of NIP-Ppy/SPCE (solid black lines) and MIP-Ppy/SPCE (dashed
red lines) electrodes registered using pulsed amperometric detection after incubation in solutions
containing different Listeria monocytogenes bacteria concentrations; Listeria monocytogenes from MIP-
Ppy was extracted using different extraction solutions: (A) 10% acetic acid, (B) 0.05 M of sulphuric
acid, (C) 10 U/mL of trypsin, (D) 0.1% L-lysine.
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Figure 6. The current density of NIP-Ppy /Pt (solid black lines) and MIP-Ppy /Pt (dashed red lines)
electrodes registered using pulsed amperometric detection after incubation in solutions containing
different Listeria monocytogenes bacteria concentrations; Listeria monocytogenes from MIP-Ppy was
extracted using different extraction solutions: (A) 10% acetic acid, (B) 0.05 M of sulphuric acid,
(C) 10 U/mL of trypsin, (D) 0.1% L-lysine.

With different working electrodes, including platinum, different techniques can be
used to remove the imprinted material. Various solvents are often used to remove bacteria,
for instance, acetic acid, hydrochloric acid, other acids, methanol, and mixtures of those
solvents [32,34,43]. Although challenging, extraction of the bacteria from the polymer
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is essential for forming the MIPs [44]. During the formation of the MIP-Ppy structure
within Ppy, entrapped Listeria monocytogenes bacteria were removed, leaving imprinted
cavities using different extraction solutions, including 10% acetic acid (Figure 6A), 0.05 M
of sulphuric acid (Figure 6B), 10 U/mL trypsin (Figure 6C), and 0.1% L-lysine (Figure 6D).
Unlike the MIP-Ppy/SPCE electrode, a somewhat different situation was seen with the
MIP-Ppy /Pt electrode. Trypsin- and L-lysine-based solutions proved to be the best for
extracting Listeria monocytogenes bacteria from the Ppy layer. In the latter case, the current
density of the MIP-Ppy /Pt electrode was twice as high compared to that registered by
the NIP-Ppy /Pt electrode (Figure 6D). Trypsin proved to be effective in preparing the
MIP-Ppy /Pt electrode suitable for the determination of Listeria monocytogenes bacteria in a
broad concentration range.

3.4. Determination of Limit of Detection and Limit of Quantification

As discussed, acetic acid and trypsin-based solutions were the most suitable for
extracting Listeria monocytogenes bacteria entrapped within the Ppy-based layer and forming
MIP-Ppy/SPCE. To assess the limit of detection (LOD) and limit of quantification (LOQ),
pulsed amperometric detection-based electrochemical measurements were conducted. Al
values were employed, respectively, for NIP-Ppy/SPCE and MIP-Ppy/SPCE, as analytical
signals. Listeria monocytogenes bacteria concentration calibration logarithmic curves plotted
against Al (uA) are shown in Figure 7. The slope for the variations in the current (I, pA)
vs. concentration of Listeria monocytogenes bacteria (concentration expressed in CFU/mL)
registered by the NIP-Ppy/SPCE electrode was 0.016 pA/(CFU/mL), with R? = 0.98, while
the linear regression slope for the Listeria monocytogenes bacteria imprinted MIP-Ppy/SPCE
was 0.063 pA/(CFU/mL), with R? = 0.97.

600 T
] = MIP-Ppy/SPCE I
4 NIP-Ppy/SPCE T
500 4 /
400
Equation y=a+b*x
- —_Slope 0.06328 + 0.00749
< R- square 0.97272
3 Lan
«~ 00U
—
< 1
200 -4 A
1 ,A—"";—;*‘\
x
100 Equation y=atbix
Slope 0.01634 +0.00173
4 o 0.9781
0 T T

T T T T T T
0 1x10° 2x10* 3x10° 4x10° 5x10° 6x10° 7x10°
Figure 7. Calibration curve Al registered by MIP-Ppy/SPCE (black line) and NIP-Ppy/SPCE (red

line) vs. Listeria monocytogenes concentration. Error bars are calculated as a percentage standard error.

Molecular imprinting is ranked according to the relationship between the MIP and the
non-imprinted polymer (NIP), which is obtained according to Equation (3) [45,46]:

IF = Ivip/ Intp 3)
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Usually, IF is called an imprinting factor, whereas Ayerdurai et al. [47] argued that an
apparent imprinting factor is a more correct term for IF. According to the measurements, the
MIP-Ppy/SPCE had an apparent imprinting factor toward the Listeria monocytogenes bacte-
ria that was approximately four times higher than that registered by the NIP-Ppy/SPCE
electrode. The LOD and the LOQ were calculated according to Equations (1) and (2).
It was evaluated that the LOD and LOQ for the MIP-Ppy/SPCE were 70 CFU/mL and
210 CFU/mL, respectively, in the linear range from 300 to 6700 CFU/mL.

A comparison of electrochemical methods previously used to detect Listeria monocyto-
genes is shown in Table 1.

Table 1. Summary of the electrochemical methods previously used for the detection of Listeria
monocytogenes.

Electrode Detection Technique Method Used LOD, LOQ and LR Ref.
Square wa LOD 26 CFU/mL;
Gold disk RAA-based E-CRISPR ! Vgﬁm‘:ﬁe;e LR 2.6 x 10! to [48]
¥ 2.6 x 10° CFU/mL
Gold electrode Sandwich assay CV, EIS LR 102 to 10° CFU/ml [18]
Multiwalled carbon I cv LOD 1.07 x 102 CFU/mL; [49]
nanotube electrode mmunoassay LR 102 to 10° CFU/mL
S LOD 1.3 log CFU/mL
Aluminium disc Immunoassay EIS LR 13 to 43 log CFU/mL [50]

! RAA-based E-CRISPR—recombinase-assisted amplification-based CRISPR/Cas12a into an E-DNA biosensor
platform.

The investigation of the interaction between Listeria monocytogenes bacteria and the
MIP-Ppy-modified electrode has several advantages, but the one that stands out the most
is that just two of them use electrochemical techniques (Table 2). This suggests that there
were only a few studies on applying MIP-based sensors for detecting Listeria monocytogenes
bacteria. Additionally, Table 2 summarises other MIP-based sensors for certain bacterial
species, employing electrochemical and quartz crystal microbalance (QCM) approaches.
The electrode, the polymer used for MIP preparation, the bacteria extraction method, the
analytical method, and sensitivity (LOD and linear range) are included in Table 2. In most
cases, when an enzyme was used to extract the template from the polymer during MIP-
based sensor design, that enzyme was lysozyme. Meanwhile, a similar enzyme, trypsin,
was employed in this study.

Table 2. Summary of the MIP-based sensors for Listeria monocytogenes and other bacteria.

. Bacteria Extraction LOD, LOQ and Linear
Bacteria Electrode Polymer from the Polymer Method Used Range (LR) Ref.
Acryloyl-
Listeria functionalised 10% acetic acid, 1% SDS, Fluorescence 3
monocytogenes chitosan with CdTe water, and methanol microscope LOD 10" CFU/mL 1321
quantum dots
Listeria SDS/AA (w/v, 5%) LOD 6 CFU/mL;
monocytogenes GCE Poly(TPA) solution DPV LR 10 to 10° CFU/mL (53]
GCE with
Listeria MXenes . LOD 2 CFU/mL; ;
monocytogenes nanoribbon Poly(Th) with 05 MHCI DRV LR 10 to 108 CFU/mL (34]
(Ti3CoTxR)
Acrylamide-based
Kiebsiella polymer with 10% acetic acid for CVin PBS with a LOD of 0.012 CFU/ml. -
. SPE . and LOQ of [51]
pneumoniae carbon or gold 30 min redox probe
1.61 CFU/mL
or rGO
Kiebsiella ITO coated iliﬁz;f]:ct?al?sji?a,tihi DPV and CVin
! 1al oxicatly DI and ethanol PBS with a LODof1.352 CFU/mL  [52]
preumonia glass electrode polymerisation d b
process redox probe
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Table 2. Cont.

Bacteria Extraction LOD, LOQ and Linear

Bacteria Electrode Polymer from the Polymer Method Used Range (LR) Ref.
SDS/acetic acid (5%,
Salmonella GCE Ppy with MXene w/v) for 5 min and EIS LOD of 23 CFU/mL [53]
washed three times
With lysozyme
Pseudomonas . (10 mg/mL) for 2 h at 3 ;
aeruginosa QCM electrode Overoxidised Ppy 4°C and 10% Triton X QCM LOD 10° CFU/mL [54]
for 80 min
S Lysozyme (10 mg/mL)
Esche;t;}(lim coli containing 10% Triton X
Pseudomonas QCM electrode Overoxidised Ppy and EDTA (200 pg/mL) QCM - [55]
. for 1 day at
aeruginosa
room temperature
Escherichia coli Lysozyme (30 mg/mL)
(serotypes ysozy’ &
O157.H7 QCM sensor Overoxidised Ppy and 5% SDS for 48 h at QCM - [56]
and 026:H11) %0°¢
10 mM sodium
phosphate buffer
Polymer of MAH, (PSiZ}ﬁ S‘rr‘f ‘;fj{ed . Cap;“rlfrt‘f . LOD70CFU/mL,
Escherichia coli  Gold electrode HEMA, Iysoryme o i 10 et LR 1.0 x 10%- [57]
7
and EGDMA mM Tris-HCl buffer, pH flow system 10107 CFU/mL
8.0, with 1 mM EDTA)
for 30 min
2 h treated with 2 mg
P mL~! lysozyme enzyme
E“hflz’flhéf‘ coli GCE P"lyr’;rd"ii}fp BA i PBS (pH 1/:7.4), 10% DPV, EIS - [58]
Triton X, water, and
then overoxidised
Saccharomyces
cerevisiae QCM Polyurethane Hot water QCM LOD 1 x 10* cells/mL [59]
(Bakers’ yeast)
30 min with fructose (20
Staphylococeus 1 4 electrode Poly(3-APBA) mM), plenty of water, EIS LR10°-107 CFU/mL  [60]
epidermidis Y and phosphate solution
(pH 2.2) for 20 min
Bacillus subtilis polypyrrole/poly(3-  In DMSO for 10 min at
endospore GCE methylthiophene) room temperature CVand EIS . o1

SPE—screen-printed electrode; rGO—reduced graphene oxide; redox probe—Kjy[Fe(CN)s]/Ksz[Fe(CN)s];
ITO—indium tin oxide; DPV—differential pulse voltammetry; GCE—glassy carbon electrode; SDS—sodium
dodecyl sulphate; 3-APBA—3-aminophenylboronic acid; GCE—glassy carbon electrode; MAH—N-methacryloyl-
L-histidine methylester; HEMA—2-Hydroxyethyl methacrylate; EGDMA—ethyleneglycol dimethacrylate;
2-APBA—2-aminophenylboronic acid; ANI—aniline; TPA—3-thiopheneacetic acid; SDS—sodium dodecyl sul-
phate; AA—acetic acid; Th—thionine; GCE—glassy carbon electrode.

4. Conclusions

This study involved the electrochemical modification of two types of electrodes,
namely, SPCE and Pt, with different Ppy layers, i.e., not imprinted (NIP-Ppy) and bacteria
Listeria monocytogenes imprinted (MIP-Ppy). The pulsed amperometric detection method
was used to evaluate the performance of MIP-Ppy /SPCE and MIP-Ppy /Pt electrodes. MIP-
Ppy/SPCE electrodes were found to be more effective in detecting Listeria monocytogenes in
terms of the substantial changes in current density. Furthermore, the study analysed the
efficiency of various template extraction solutions on the sensor’s sensitivity. The results
showed that the acetic acid solution was highly effective in removing imprinted bacteria
from the MIP-Ppy layer. MIP-Ppy/SPCE exhibited at least 12 times higher current density
than NIP-Ppy/SPCE. The current density increased around 3 times for MIP-Ppy/SPCE
designed by extraction of Listeria monocytogenes bacteria with trypsin compared to changes
in the current density registered by similarly treated NIP-Ppy/SPCE. Based on these results,
it can be assumed that an efficient MIP-Ppy-based sensor can be designed by extracting
bacteria using acetic acid and the proteolytic enzyme trypsin. The results showed that the
limit of detection (LOD) and limit of quantification (LOQ) of the MIP-Ppy/SPCE prepared
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using trypsin were 70 CFU/mL and 210 CFU/mL, respectively, within the linear range of
300 to 6700 CFU/mL.
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This article reports electrochemical impedance spectroscopy-based evaluation of chlorophyll a (Chl-a) reconstitution within
tethered bilayer lipid membrane (tBLM), formed on a gold surface by vesicle fusion. The self-assembled monolayer (SAM)
consisting of a mixture of WC14 (20-tetradecyloxy-3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol) and (-mercaptoethanol
(SME) mixed in a molar % ratio of 35:65 served as a molecular anchor for tBLMs. The fluorescence microscopy (FM) allowed
direct observation of incorporation of Chl-a into membranes. The lipid composition consisting of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and cholesterol (Chol), was found to be highly compatible with the addition of Chl-a to the phospholipid
membranes at different molar ratios. Moreover, the addition of Chl-a to DOPC yielding DOPC (50%)/Chol (40%)/Chl-a (10%)
bilayers consistently decreased defect density in tBLMs, thus increasing dielectric integrity of the membranes. Also, we observed a
significant structural stabilization of tBLMs subject to bias potential variation in experiments involving Chl-a containing bilayers.
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Chlorophyll (Chl-a) a is a unique m—-conjugated system located
across their macrocyclic skeleton, and the diversity of side groups
around allows it to function as a major photoactive and structural
component of all photosynthetic organisms.' Since in the natural
environment Chl-a is able “to harvest light,” it is capable to capture
solar photons and convert their energy into chemical form, which is
well accessible to nearly all forms of life.>® The majority of
chlorophylls are situated in the thylakoid cell membrane, which
may be at the spatial distance between the outer and inner cell,
moreover, its composition and arrangement vary by cell type.*

Many different simplified biomimetic analogues of lipid mem-
branes were widely used to evaluate/model structural and permeability/
transport properties of more complex natural bio-membranes.® In
some recent biophysical and biochemical studies tethered phospholipid
bilayer membranes (tBLMs) attached to the gold surface are used as
the model systems, which are well-mimicking properties of natural
membranes. Therefore, these universal tBLM modeling platforms
recently are finding a niche in the investigation of proteins, toxins,
and membrane forming compounds.””” The tBLM is a surface
supporting structure attached to the surface of a solid substrate and
consists of self-assembled lipid-like molecules, which anchor a
phospholipid bilayer to the surface.'® The properties of tBLM structure
depend on a process, which usually starts from the formation of a self-
assembled monolayer (SAM) containing a “lipid anchor” with a longer
alkyl chain and short alkyl chain that forms the main part of the
SAM,'" followed by the formation of a phospholipid bilayer mem-
brane filled with unbound lipids. In the first stage, thiol—or disulfide-
groups of alkanethiols are exploited to attach synthetic lipid to the
metal surface,'> which in most cases is gold."*'* The second step
involves one of two well-established procedures: (i) a solvent exchange
procedure,]5 or (ii) a fusion of small liposomes.”’ The structure, nature,
composition, and distribution of the SAM lipid anchor molecule
on the substrate surface have a significant effect on the properties of
BLM."” Electrical impedance of tBLM, which contains the different
number of defects, is an important characteristic, therefore, the
concentration and the nature of defects, which are present in tBLMs,
can be efficiently determined and/or revealed by electrochemical

“E-mail: gintaras.valincius@gme.vu.lt; arunas.ramanavicius @chf.vu.lt

impedance spectroscopy (EIS), showing structural differences of
differently designed tBLMs.'"® The long-chain thiol compounds
WCl14 (20-tetradecyloxy-3,6,9,12,15,18,22-heptaoxahexatricontane-1-
thiol) can be used in SAM formation as “anchors,” which enable the
formation of stable and reproducible phospholipid bilayers." It is
recognized that tBLMs mimic to a certain extent the structure and
function of cell membranes.” Specific modifications of tBLMs are
suitable for the development of various biosensors by the incorporation
of lipid components such as 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and cholesterol (Chol), which provide additional sLability.ﬂ‘22
In our very recent research we have demonstrated the applicability of
such membranes for the modelling of cell-membrane treatment by
pulsed electric field localized by scanning electrochemical microscope.23
All this enables to apply these systems in the study of various properties
of biological membranes.

The aim of this work was to test the possibility to incorporate
photoactive compound Chl-a into tethered bilayer lipid membrane
(tBLM) to create a platform, which can be used in the future for the
development of tBLM photosensitive surface constructs, which
could be potentially used for the development of new biosensors
and biomimetic artificial leaves.

Experimental

Chemicals and other materials.—20-tetradecyloxy-3,6,9,12,
15,18,22-heptaoxahexatricontane-1-thiol was synthesized as de-
scribed in Ref. 11 [-mercaptoethanol (>99.0%, CAS Number
60-24-2), sulfuric acid (95.0%-98.0%, CAS Number 7664-93-9),
chloroform (299%, CAS Number 67-66-3), toluene (=99.5%,
CAS Number 108-88-3) methanol (99.9%, CAS Number 67-56-
—1) and silica gel (granules desiccant ~ 2 — 5 mm, CAS Number
112926-00-8) were purchased from Sigma-Aldrich (St. Louis,
MO). 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (CAS Number
4235-95-4) and cholesterol (=99%, CAS Number 57-88-5) were
received from Avanti Polar Lipids (Alabaster, USA). H,O was
purified in a Millipore (Billerica, MA) UHQ reagent-grade water
purification system. Salts: NaCl (299.5%, CAS Number 7647-14-
-5), NaH,PO, (>99.0%, CAS Number 7558-80-7), KCI (>99.0%,
CAS Number 7447-40-7), KH,PO,4 (>99.0%, CAS Number 7778—
77-0) were obtained from Reachem (Slovakia p. a.). Glass slides of
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2.5 x 7.5 x 1cm dimensions were received from ThermoFisher
(UK) and glass Petri dishes were purchased from Sigma-Aldrich
(St. Louis, MO).

Extraction of chlorophyll a.—7.2 grams of fresh spinach were
bundled using porcelain mortar with pestle adding 20 ml of a toluene
and methanol solution (molar ratio 8:2). The solution was filtered
through a Buchner funnel. For Chl-a extraction silica gel and toluene
were used to load the column up to 15cm and then adding the
filtrate. The column was washed with toluene until the yellow
fraction containing carotenes was collected. The green fraction
containing Chl-a was collected within 50 ml of a toluene-methanol
solution mixed at a molar ratio of 8:2. The toluene and methanol
solutions were separated from each other using a separator-funnel
and then toluene solution (containing dissolved Chl-a) was evapo-
rated. After the extraction Chl-a was dissolved in chloroform.

Gold film deposition.—Prior to the start of gold film deposition,
glass slides were: (i) washed in glass Petri dishes for 30 min in
sulfuric acid, then (ii) washed abundantly with deionized water after
pouring the solution. The slides were blotted dry with a stream of
nitrogen gas (99.99%) and placed in a PVD75 (Kurt J. Lesker Co.,
U.S.) vacuum magnetron chamber. Film depositions begin only
when a vacuum of 7 x 10-8 Torr and deeper was reached. The
plates were first coated with a thin (~ 7 nm) layer of chromium (Cr)
to improve the adhesion of gold (Au) to the surface of the glass. The
thickness of the coated gold film was controlled by real-time
monitoring with quartz crystal microbalance (QCM).

Formation of self- bled layer (SAM).—The glass
slides coated by 70 nm thick gold film (glass/Au) were incubated for
3hin 0.1 mM SME and WCI14 ethanolic solution, containing the
materials in a molar ratio of 65:35, respectively, to form a self-
assembled monolayer (SAM) consisting of backfiller SME and
synthetic thiolipid WC14 molecules. After the incubation, the plates
were washed with 20-30 ml of ethanol to remove excess thiols and
then dried under a stream of nitrogen gas and, after this, formed
glass/Au/SAMs tBLM were immediately used in all further experi-
ments and the formation of glass/Au/SAMs/tBLM.

Formation of tethered bilayer lipid membranes by vesicle fusion
method.—Bilayer lipid membranes were formed using the method of
vesicle fusion described in previously reported researches. 1321 yesicle
solutions were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) (Avanti Lipids Alabaster, USA) and cholesterol (Chol)
(Avanti Lipids Alabaster, USA) at a molar % ratio of 6:4 in phosphate
buffer solution (PBS) containing 0.1 M of NaCl (Reachem Slovakia
p. a.), 0.01 M NaH,PO, (Reachem Slovakia, p. a.), pH 4.6. In the
same manner vesicle solutions were prepared from DOPC, Chol, and
Chl-a at molar % ratio 5:4:1 and 6:3:1, respectively. Then, glass/Au/
SAM/tBLM was exposed to the solution of vesicle for 30 min and then
rinsed with phosphate buffer, pH 7.4, containing 0.137 M of NaCl,
0.01 M of NaH,PO,, 0.0027 M of KCI, and 0.0018 M of KH,PO,.

Electrochemical impedance spectroscopy-based measurement
setup.—Electrochemical studies were performed by electrochemical
impedance spectroscopy (EIS) method using the Zahner Zennium
(Kronach, Germany) electrochemical workstation, controlled by the
Thales z 2.0 software package. A perturbation amplitude of 10 mV was
applied for the registration of EIS spectra in the frequency range within
0.1 Hz-100kHz. A three-electrode system was used, in which the
working electrode was based on glass/Au/'SAM-tBLM, while the
reference electrode was a silver/(silver chloride) in saturated NaCl
[Ag/AgCl/NaClg,] microelectrode M-401F, Microelectrodes (Bedford,
NH) and the auxiliary electrode was a platinum wire (99.99% purity,
Aldrich) of 0.25 mm diameter. The reference electrode was wrapped
by a Pt-based auxiliary electrode. The surface area of the working
electrode in a cell was 0.16 cm?.

Measurement setup for spectrophotometric evaluation.—The
spectrophotometric evaluation was performed in cuvettes of a 1 cm
length optical path. Calculation of the concentration of Chl-a was
performed using Lambert-Buger-Ber law and molar extension at
optical absorbance maximum at Ay,x = 668 nm. The molar
extinction coefficient (¢) of Chl-a in chloroform at 665.6 nm is
equal to 90.411 x mol™" x em ™' >* It was determined that Chl-a
concentration was 10.8 mmol 1-",

Fluorescence  microscopy-based  measurement setup.—
Fluorescence microscopy (FM) was performed to examine the
optical homogeneity of tBLM.? Cholesterol modified by fluorescent
agent Cy5 (Cholesterol Cy5), which has replaced 0.5% of the Chol
involved into vesicle, was used for the visualization and assessment
of Chol concentration in the membrane. Microscopy was performed
in an aqueous medium because formed membranes are tending to
decompose in the air. Therefore, an immersion water lens was used
for fluorescence microscopy-based measurement. The sample was
illuminated with a mercury lamp light passed through a monochro-
matic filter with light permeability at only a wavelength of 570 nm,
which corresponds to green light. The energy of this light wave is
sufficient to excite the fluorescence of Cy5 molecules. Fluorescence
image was monitored in real-time by spectrometers Exi Aqua
Qimaging (Canada) and Qcapture Silicon Graphics (USA).

Results and Discussion

Spectrophotometric and fluorescence microscopy-based evalua-
tion of tBLMs.—The absorption spectrum of Chl-a in chloroform
solvent (Fig. 1A) was evaluated spectrophotometrically. Figure 1A
shows the maximum absorption of light with wavelengths of 415 nm
(blue) and 667 nm (red). These absorptlon peaks correspond well
with the works of other authors.**2

The incorporation of Chl-a into tBLMs was followed by
fluorescence microscopy (FM). For this purpose, 0.5% of cholesterol
was labelled with a Cy5 fluorescently labelled cholesterol. Its
excitation wavelength is 570 nm, while the emission occurs at
650-665 nm. It coincides with the absorption peak of chlorophyll.
The image of tBLMs containing only DOPC and cholesterol is
displayed in Fig. 1B. The average fluorescence intensity of the
image was 96 + 2 as measured in relative fluorescence units (RFU).
Figures 1C and 1D display images of tBLMs containing DOPC,
Chol, and Chl-a at molar % ratio of 5:4:1 and 6:3:1, respectively. In
the case of 5:4:1 composition, the average fluorescence intensity
was found to be 40 = 3 RFU (Fig. 1C) while 6:3:1 composition
exhibited a slightly higher average intensity of 49 + 3 RFU. In both
cases, an approximately two-fold decrease of the fluorescence
intensity was observed. Such decreases can be explained by the
absorption of Chl-a a light emitted Cy5 fluorophore. It is more likely
that at higher concentrations of Cy5 in the composition of 5:4:1,
self-quenching is more defined and more Cy5 dimers can be found
causing random binding to the protein (Chl-a) surface, due to its
hydrophobic interactions,”’” thus providing strong evidence of
incorporation of chlorophyll into tBLMs.

hemical i d,

Electr spectroscopy-based evaluation of
SAM and tBLM layers —The characteristic electrochemical im-
pedance spectroscopy (EIS) spectra of the phospholipid bilayer
membrane formation process are shown in Fig. 2. tBLMs were
formed at different molar % ratios of various components: DOPC,
Chol and Chl-a at molar % ratio of 5:4:1, respectively, DOPC, Chol
and Chl-a at molar % ratio of 6:3:1, respectively, DOPC and Chol at
molar % ratio of 6:4, respectively. The EIS spectra are presented in
the Cole-Cole plots (Fig. 2 A graph: imaginary complex capacitance
component /mC vs real complex capacitance component ReC).
These coordinates are well suited to represent the capacitive type of
impedance because of its semi-circular part of EIS spectra, which is
proportional to the electrical capacitance of tBLMs.'" Figure 2A
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Figure 1. A—Optical absorption spectra of Chl-a dissolved in chloroform; Fluorescence microscopy images obtained by observing tBLM of different
composition with cholesterol marked by fluorophore Cy5. B,—tBLM containing DOPC and Chol at molar % ratio of 6:4, respectively; C—tBLM containing
DOPC, Chol and Chl-a at molar % ratio of 5:4:1, respectively; D—tBLM containing DOPC, Chol and Chl-a at molar % ratio of 6:3:1, respectively.

shows typical changes in EIS spectra after the formation of tBLM on
anchor SAM. Specifically, the complex capacitance semicircle
decreased about 10 times, from 8 /JF%:m’2 (before the vesicle
fusion and membrane formation) to 0.6-0.8 pF~cm’2 (after the
formation of tBLM). This effect is explained by the formation of an
approximately 3 nm?' thick dielectric layer.

In this work, we tested two lipid compositions of tBLMs that can
accommodate a certain amount of Chl-a. The EIS variation allowed
verification of the integrity of tBLMs at various ratios of lipids. The
base composition was DOPC and Chol at a molar % ratio of 6:4. The
addition of Chl-a was performed in the following sequence: DOPC
was replaced with Chl-a resulting in a molar composition of 5:4:1
(DOPC/Chol/Chl-a) and then cholesterol was replaced with DOPC
resulting in a molar composition of 6:3:1, respectively.

We found that for different DOPC, Chol, and Chl-a ratios
(in molar %) from 6:4 to 5:4:1 and 6:3:1, only slight variation of
tBLM capacitance was observed, which in turn cannot be considered
as statistically significant (Fig. 2C). However, if the defectiveness is
analyzed, the inclusion of Chl-a into DOPC/Chol tBLMs was found
to be an important factor in determining the defect densities in
tBLMs. The algorithm described in*® was used to estimate the defect
densities in tBLMs with and without Chl-a. The algorithm relates
defect density in membranes with the position of the phase minima
in the negative of impedance phase vs frequency plots (Bode phase
plot). The formula to calculate approximate densities is as follows:

1gNger = 0.931gf; ;. — 1g k — 0.21grg — const [1]
where Nge; the defect density in um ™2, f, 16he frequency of the

negative of phase minimum, Hz, k = 1.6 10~ em® !, rp = 1nm
and const = 1.24, one obtains the approximate values of defect

densities in tBLMs of different composition. The calculated
according to Eq. 1 defect densities are 0.87 + 0.09 um 2 for
DOPC/Chol (6:4), 0.73 = 0.08 um ™2 for DOPC/Chol/Chl-a (6:3:1)
and 0.16 = 0.08 um 2 for DOPC/Chol/Chl-a tBLMs.

As seen from Fig. 2D, the introduction of Chl-a into DOPC/Chol
6:4 tBLMs lowers the defectiveness, even though the decrease was
found to occur in relatively narrow interval of compositions at 5:4:1
DOPC/Chol/Chl-a. In this case the defect density, Nger Was 6-fold
lower compared to basic composition DOPC/Chol (6:4) and
compared to DOPC/Chol/Chl-a (6:3:1) composition as well
(Fig. 2D).

Sharp decrease of Ny, in tBLM composition DOPC/Chol/Chl-a
(5:4:1) can be explained by the presence of two defect destabilizing
factors: the cholesterol, which due to its geometric shape (the cone)
tends to destabilize defects formed in highly curved bilayer
fragments such as transient pores. The second component, Chl-a,
which exhibits an effective shape of inverted cone likely destabilizes
membrane defects through the concerted action of both Chol and
Chl-a leading to increased stiffness of bilayer due to a formation of
complementary pairs with cholesterol.>’

The effect of defect density decrease is higher in DOPC/Chol/
Chl-a (6:3:1) composition indicating a critical role of a total
concentration of Chol and Chl-a.

Taken together we conclude that Chl-a induces a noticeable
decrease of tBLM capacitance that is consistent with lower relative
dielectric constant of the hydrophobic 3,7,11,15-tetramethyl-2-
hexadecen molecular fragment in Chl-a molecule compared to
dioleoyl fragment in DOPC. The substitution of cholesterol with
Chl-a does not induce the decrease of similar magnitude, thus
suggesting Chl-a and Chol exhibits similar dielectric properties.
Another important change of tBLM properties is related to a
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Figure 2. A, B—Cole-Cole plot of EIS spectra of (i) self-assembled monolayer curve 1 and (ii) tBLM structure curves 2—4 formed at different molar % ratios of
various components: curve 2—DOPC, Chol and Chl-a at molar % ratio of 5:4:1, respectively, curve 3—DOPC, Chol and Chl-a at molar % ratio of 6:3:1,
respectively, curve 4—DOPC and Chol at molar % ratio of 6:4, respectively. Bode coordinates: spectrum C—frequency dependence on complex phase shift
(frequency was applied until phase minimum was reached), D—complex capacitance, and defect density of various components tBLM structures. Bias potential

0V vs Ag/AgCl/NaClgy.

significant decrease of their defectiveness, especially when the total
number of Chol and Chl-a amounts to 50% of the lipid content of the
membranes.

7

The effect of applied electrode p
properties of tBLM.—The bias potential is an important physical
parameter potentially affecting both capacitance and defectiveness
of tBLMs. One of the key requirements in experiments with variable
bias potential is that the system should remain stable throughout the
experiment. Stability is necessary because the EIS spectra recording
experiments typically last between one and five minutes, depending
on the frequency range chosen during which the systems under
investigation must retain both functional and structural stability. In
this work tBLMs of compositions involving Chl-a were tested and
compared to compositions without Chl-a in the potential range
between —0.5 and 0V vs Ag/AgCl/NaCly, EIS variations with
potential are shown in Fig. 3.

The Cole-Cole plots (Figs. 3A-3B) indicate qualitatively similar
responses to bias potential change in both chlorophyll-free and
chlorophyll-loaded tBLMs. Specifically, the minimum point separ-
ating higher and lower frequency range semicircles in EIS spectra
move “north and west” as the bias potential becomes less positive.
Such spectral change as was shown in Kwak et al.*” signals about
increased defect densities, triggered by the shift of bias potential into
the negative range.

Also, the comparison of the capacitive semicircular feature in
Figs. 3A and 3B indicates some subtle differences. In particular, the

7 7
on etectr

semicircular EIS spectra of 6:4 DOPC and Chol tBLM tend to
increase with increasing negative bias potential (Fig. 3a), while,
exactly this part of the spectra in Fig. 3b remained noticeably more
stable for 5:3:1 DOPC, Chol, Chl-a tBLMs. These hints both at
increased defectiveness as well increased thickness of the submem-
brane space and the polarization of the Helmholtz layer at metal
support/submembrane interface.'*" Such features are consistent
with the idea of the bias potential induced membrane delamination
process observed by Lipkowski et al.®! Such delamination may
occur due to increased hydration of the submembrane layer
separating solid support and phospholipid bilayer, as well as
structural rearrangement in the anchor monolayer, for example,
the change of the structure from gosh to trans conformation of
(B-mercaptoethanol, which serves as a surface backfiller in anchor
monolayers.*> Trans conformation exhibits more loos association of
the OH— group with the gold support, therefore, allowing to form
more hydrogen bonds with the water molecules that are present in
the reservoir and in such way increase hydration level.

The Bode EIS spectra support our conclusion about the
decreased defectiveness of the Chl-a containing tBLMs. As seen
from Figs. 3C and 3D in both cases the phase minima position, f,,i,
which as it was shown earlier is a good indicator of a defect density
in membranes,”' shifts towards higher frequencies with negative
polarization of tBLMs. The comparison of Figs. 3C and 3D indicates
that the same extent of bias potential change (from 0 to —0.5V)
results in different minima shifts. In the case of 6:4, DOPC/Chol
tBLMs the polarization at —0.5 V shifts f,,;, towards approximately
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Figure 3. A and C—EIS spectra of the tBLM containing DOPC and Chol molar % ratio of 6:4, respectively in Cole-Cole complex capacitance and Bode
coordinates at different potentials in the range from —0.1 to —0.5 V vs Ag/AgCl/NaCly,. Curve 1 (squares)—at 0 V vs Ag/AgCIl/NaCly,, the curves 2-6 are
marked by changing the potential from —0.1 to —0.5 V vs Ag/AgCl//NaCly,,, respectively. B and D—tBLM containing DOPC, Chol and Chl-a molar % ratio
5:4:1, respectively, in Cole-Cole complex and Bode coordinates at different potentials in the range from —0.1 to —0.5 V vs Ag/AgCl/NaCly,,. Curve 1 (squares)
—at 0V vs Ag/AgCl/NaClg,, the curves 2-6 registered by changing the potential from —0.1 to —0.5 V vs Ag/AgCl/NaCly,, respectively.

400 Hz, while the addition of Chl-a to tBLMs reduced shift to
approximately 80 Hz.

These changes might suggest larger defect densities. In previous
studies®™** it was demonstrated that the structural properties and the
function of tethered bilayer lipid membranes (DOPC and Chol at
molar % ratio 6:4) critically depend on the molecular structure of
molecular anchor of the lipid bilayer. Negative electrode potential
facilitates the mobility of anchor molecules on the surface by
decreasing the strength of metal-adsorbate bonding. At the same
time, the hydrophobic interaction between water and polymethylene
chains may drive the clustering of hydrophobic molecules to
minimize the energy of the system. As previously shown, clustering
of molecular anchors has a detrimental effect on the integrity of
tBLMs, mcreamng defect densities impairing the electric insulation
of bllayer

However, the defect density is not the only factor responsible for
shifts of f,,;, position, as it may be without deeper analysis inferred
from Eq. 1. Equation 1 was derived for a condition of constancy of
both the specific resistance py,;, and thickness, dg,, of submembrane
space.*? If the delamination of the bilayer from the solid support
occurs, then the specific resistance pg,;, decrease or thickness, dgyu,
increase, or both would trigger f,,;, shifts seen in Fig. 3. It is quite
likely, that the extension of an aromatic chlorin ring structure into
the submembrane space in Chl-a containing tBLMs increases
hydrophobicity in this space, thus precluding the delamination and
increased hydration in contrast to tBLMs void of Chl-a.

Not being able to specify the exact reason for observed shifts of
Jumin in Figs. 3D and 3C, we still may conclude that introduction of
low (up to 10%, mol) amount of Chl-a into tBLMs stabilized the
structural and dielectric integrity of these model bilayers, which is
beneficial if light-sensitive bioelectronics devices are considered.

Conclusions

In this study, the effect of chlorophyll a immobilization into
tethered bilayer lipid membrane was evaluated. The integration of
Chl-a within tBLMs was followed by fluorescence microscopy and
electrochemical impedance spectroscopy. We showed that recon-
stitution of Chl-a is possible into tBLMs containing different
amounts of cholesterol. The replacement of cholesterol with Chl-a
does not cause significant changes in EIS response of tBLMs thus
indicating that Chl-a and Chol possess similar dielectric properties.
However, a significant decrease in membrane defectiveness was
consistently observed with the introduction of Chl-a into tBLMs.
We also, found that the detrimental to dielectric properties of tBLMs
effects of bias negative polarization is reduced by introduction of
Chl-a into tBLMs. While the exact nature of such beneficial action
of Chl-a is not clear, it is rather likely that the interaction of chlorine
aromatic ring with the submembrane structural elements of tBLMs
may be responsible for increased hydrophobicity and consequently
stability of the studied tBLM constructs. The EIS and FM data
confirm the suitability of vesicular fusion and Chl-a transfer into
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tBLMs thus allowing to predict the applicability of such surface
constructs in the design of bioelectronic devices such as biosensors,
biofuel cells, and “artificial leaves” aiming at developing light-
harvesting systems.
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Abstract: The serologic diagnosis of coronavirus disease 2019 (COVID-19) and the evaluation of vac-
cination effectiveness are identified by the presence of antibodies specific to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). In this paper, we present the electrochemical-based biosens-
ing technique for the detection of antibodies specific to the SARS-CoV-2 proteins. Recombinant
SARS-CoV-2 spike proteins (rSpike) were immobilised on the surface of a gold electrode modified
by a self-assembled monolayer (SAM). This modified electrode was used as a sensitive element
for the detection of polyclonal mouse antibodies against the rSpike (anti-rSpike). Electrochemical
impedance spectroscopy (EIS) was used to observe the formation of immunocomplexes while cyclic
voltammetry (CV) was used for additional analysis of the surface modifications. It was revealed that
the impedimetric method and the elaborate experimental conditions are appropriate for the further
development of electrochemical biosensors for the serological diagnosis of COVID-19 and/or the
confirmation of successful vaccination against SARS-CoV-2.

Keywords: COVID-19; SARS-CoV-2 coronavirus; electrochemical immunosensor; electrochemical
impedance spectroscopy (EIS); cyclic voltammetry (CV); self-assembled monolayer (SAM);
antigen-antibody complex; spike proteins (rSpike); specific antibodies; serological diagnosis

1. Introduction

Biosensors have piqued the interest of many researchers in recent years, particularly in
the realm of healthcare. They are distinguished by their rapid response time, ultrasensitive
detection of biomolecules, and the ability to be miniaturized for a portable application
while needing minimal sample processing when compared to conventional analytical
procedures. The primary principle underlying biosensing devices is the conversion of
biotarget detection into an analytical signal for further analysis. A variety of molecules
including enzymes [1,2], proteins [3,4], antibodies [5,6], and nucleic acids [7,8] can be
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used as target biomolecules, with electrochemical [5,9,10], optical [11], piezoelectric [12],
surface plasmon resonance [13], and other methods being commonly used for the analytical
signal registration.

Coronavirus disease 2019 (COVID-19) diagnostic techniques based on biosensors are
generally classified into two categories depending on the target compounds: molecular
and serological [14]. The serological type is based on the detection of the affinity interaction
between antigens and specific antibodies. The determination of specific antibodies allows
one to define the stage of the disease and evaluate the immune response toward severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. The spike (S) protein is
commonly used as the antigen in serological tests [15]. The SARS-CoV-2 structural S-protein
is a transmembrane homotrimer that is required for viral adherence and penetration of a
host cell [16,17].

Due to their low cost, simplicity, and availability for mass production, electrochemical
biosensors are widely investigated in the biomedical applications [18-21].

However, electrochemical-based biosensors for the diagnosis of COVID-19 are still
facing some challenges in order to be commercialised and further research is in high
demand [22].

Recently, for electrochemical detection of SARS-CoV-2-related proteins, various elec-
trochemical methods to evaluate analytical signals were reported [23-29]. The antibodies
against SARS-CoV-2 were detected using differential pulse voltammetry [30], chronoam-
perometry [31], pulsed amperometric detection [4,7], square wave voltammetry [10], cyclic
voltammetry (CV) [32,33], and electrochemical impedance spectroscopy (EIS) [5,9,34].

In this paper, we investigate an electrochemical-based approach for the detection
of polyclonal mouse antibodies against the recombinant SARS-CoV-2 S-protein (rSpike).
EIS and CV were chosen as the analytical methods for evaluating the antigen-antibody
interaction taking place on the working gold electrode surface since they were both simple
and straightforward. It is believed that the antigen-antibody complex produces a blocking
layer in the biosensing system, which causes the electron transfer resistance to increase.

Due to the low amplitude of perturbation from steady-state, the EIS-based system
allows non-destructive direct sensing of target biomolecules without employing enzyme
labels [35]. CV is used for the evaluation of electrochemical properties of analyte solutions
as well as the blockage of the electrode surface [36].

Because the target rSpike is detected on the working electrode’s surface, it is necessary
to design the surface with proper protein recognition characteristics. For this purpose, a
self-assembled monolayer (SAM) is commonly used; among these, -COOH terminated
SAM was shown as one of the most appropriate for specific and stable SARS-CoV-2 S-
protein immobilisation [37]. 11-mercaptoundecanoic acid (11-MUA), based on alkanethiols,
forms a firm and dense film and makes it possible to observe the kinetics of mediated
electron passage [38]. In our previous work [29], covalent immobilization of the SARS-
CoV-2 S-protein and its affinity interaction with specific antibodies against SARS-CoV-2
virus proteins in blood serum patient samples after coronavirus disease 2019 (COVID-19)
(anti-rSpike) were evaluated. The anti-rSpike was quantified using CV and EIS methods,
giving the limit of detection values of 2.53 nM and 1.99 nM, respectively. This research
aimed to investigate the event of antigen-antibody complex formation occurring on the
working electrode surface by EIS with an additional assessment of the examined surface
blockage by CV. The findings of this study will serve as the foundation for the design of a
biosensor powered by other electrochemical technologies.

2. Experimental
2.1. Chemicals and Other Materials

11-mercaptoundecanoic acid (11-MUA) (98%, CAS# 71310-21-9) and methanol (MeOH)
(>99%, CAS# 67-56-1) were obtained from Sigma-Aldrich (Steinheim, Germany),
N-hydroxysuccinimide (NHS) (98%, CAS# 6066-82-6) and N-(3-dimethylaminopropyl)-
N’-ethyl-carbodiimide hydrochloride (EDC) (>99.0%, CAS# 25952-53-8) were purchased
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from Alfa Aesar (Karlsruhe, Germany), alumina suspension (grain diameter 0.3 um) was
received from Buehler (Lake Bluff, IL, USA). Baltymas (Vilnius, Lithuania) developed the
recombinant SARS-CoV-2 spike protein (rSpike). In accordance with the protocol outlined
hereunder, polyclonal antibodies against rSpike (anti-rSpike) were produced. Complete
Freund’s adjuvant (CFA) and Incomplete Freund’s adjuvant (IFA) were purchased from
Thermo Fisher Scientific (USA). Ammonium sulfate (CAS# 7783-20-2, purity >99.5%) was
obtained from Carl Roth (Germany). K3Fe(CN)g (>99.0%, CAS# 13746-66-2), K4Fe(CN)s
(>99.0%, CAS# 14459-95-1), NaBHy (>98.0%, CAS# 16940-66-2), NaCl (>99.0%, CAS#
7647-14-5), KC1 (>99.0%, CAS# 7447-40-7), NaH, PO, (>99.0%, CAS# 7558-80-7), Ko,HPO,
(>98.0%, CAS# 7758-11-4). Deionized water was used to prepare all aqueous solutions. All
reagents were of analytical-reagent grade and were used as received from the producers
unless otherwise noted.

All electrochemical measurements were carried out in 0.1 M phosphate buffer saline
solution (PBS), pH 7.4 with the presence of 2 mM K4Fe(CN)g/K3Fe(CN)g ([Fe(CN)gP~7%).
PBS was prepared by dissolving 0.137 M NaCl, 0.01 M NaH,PO,, 0.0027 M KCl, and
0.0018 M of KH, POy, in deionized water.

2.2. Protocol of Protein Purification

Hamster CHO cells obtained from Thermo Fisher Scientific (Waltham, MA, USA) (cat.
no. A29127) were used for the secretion of rSpike protein. The gene, which encodes the
SARS-CoV-2 Spike ectodomain including amino acids (aa) 1-1208, (UniProtKB sequence
accession number: PODTC2 (SPIKE_SARS?2)) was obtained from General Biosystems (USA).
This gene was integrated into the expression vector pPCAGGS (Creative Biogene, cat. no.
VET1375) through the restriction sites Notl and Xhol, which are added at 5" and 3’ ends
of this gene, correspondingly. These expression constructs contain these parts: (i) full-
length rSpike ectodomain (aa 1-1208) without transmembrane and cytoplasmic aa, (ii) furin
cleavage site ‘RRAR" mutated to “GSAS”, (iii) C-terminal GSN4 trimerisation motif fused
to protein sequence, (iv) thrombin cleavage site, and (v) Strep-tag I and His6-tag. Two
mutations (K986P and V987P) were introduced into the rSpike sequence to stabilize the
trimer in the pre-fusion conformation [39]. The rSpike protein was generated in CHO cells
(cat. no. A29133) grown in ExpiCHO Expression System purchased from Thermo Fisher
Scientific’s (Vilnius, Lithuania). The Max Titer protocol was developed by Thermo Fisher
Scientific (Vilnius, Lithuania) and was applied for protein transfection and expression
procedures. Transfection lasted nine days, then cells were harvested from cultivation media
and under refrigeration were centrifuged at 5000 g for 30 min. Then, supernatant was
filtered using a filter that contained cavities of 0.22-um diameter. The supernatant was
condensed and then dissolved in 50 mM PBS, pH 8.0, containing 10 mM imidazole and
300 mM NaCl through tangential ultrafiltration by TFF cassette, which was supported with
100 kDa cutoff membranes (cat. no. VF20P) from Sartorius Stedim Biotech (Gottingen,
Germany). The protein solution was deposited onto Ni-NTA resin from Super Flow (Qiagen,
Germantown, MD, USA). Next, non-specifically bound proteins were removed using the
chromatography column using a ‘Lysis’ buffer with 75 mM imidazole. More tightly bound
proteins were eluted by a ‘gradient solution’ containing 75-250 mM imidazole. The fractions
containing purified rSpike glycoprotein were pooled and dialyzed against 10 mM PBS,
pH 7.4, containing 3 mM of KCl and 140 mM of NaCl. Then, the solution was diluted
down to 1.0 mg/mL, filtered, and separated into small samples that were stored in a
frozen state before use in the experiments. SDS-PAGE electrophoresis was applied for
the determination of rSpike protein purity, which was ~90%. Anti-rSpike protein was
produced by BALB/c mice. Female mice were subcutaneously immunised four times (at
intervals of 28 days) with 50 ug of rSpike protein. The antigen was emulsified by complete
Freund’s adjuvant during the first injection and/or incomplete adjuvant during the second
injection, respectively. The third and fourth immunisations were performed via antigen
diluted in PBS. The mouse was sacrificed by applying cervical dislocation four days after
the final immunisation. Then, whole blood samples were collected from the chest cavity.
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The collected blood was centrifuged at 300 x g for 10 min, and the resulting supernatant was
diluted by saturated ammonium sulfate solution at a ratio of 1:1. This solution containing
polyclonal antibodies was incubated at 4 °C for 16 h. The fraction of immunoglobulin G
was separated by centrifugation at 12,000x g for 10 min. The collected precipitate was
re-dissolved in 10 mM PBS, pH 7.4, and the solution was then mixed with a similar volume
of saturated ammonium sulfate solution. In this solution, total protein concentration was
determined spectrophotometrically. Mice used for the immunisation experiments were
obtained from the breeding colony of Life Sciences Center of Vilnius University (Vilnius,
Lithuania). Animal maintenance and experimental protocols were performed in accordance
with FELASA guidelines and Lithuanian and European legislation. Permission No. G2-117
for the generation of polyclonal and monoclonal antibodies was issued by the State Food
and Veterinary Service, Vilnius, Lithuania.

2.3. Preparation of Gold Electrode Surface

The geometrical area of the chemically pure (99.9%) square gold (Au) electrode was
1 ecm?. The surface of the Au electrode was mechanically polished using an alumina
suspension. After polishing, the Au surface was cleaned in an ultrasonic bath (EMAG
Emmi-40 HC) with water for 10 min. Subsequently, the electrode was kept in 0.5 M NaBH,4
solution for 10 min (H,O/MeOH, v/v, 1:1) [40]. The working Au electrode was reused
after each experiment, going through the same steps described in this manuscript.

2.4. The Activation of 11-MUA Based SAM and Covalent Immobilisation of the rSpike Protein

To achieve this goal, the Au electrode was incubated in 1 mM 11-MUA solution in
MeOH at 24 °C for 18 h (Figure 1, step 1). Following incubation, the electrode was rinsed
with MeOH to remove the remaining 11-MUA and dried with N;. SAM, which was formed
on the Au electrode surface (Au/SAM) and activated by the EDC-NHS mixture. The
reaction of 11-MUA carboxyl groups with a mixture of 0.04 M EDC and 0.01 M NHS in
water resulted in functionally active NHS-esters (Figure 1, step 2). The activation procedure
was performed in the dark for 20 min. After activating the carboxyl functional groups, the
electrode was incubated in 1 mL of 50 g/mL rSpike in PBS solution for 45 min at room
temperature. rSpike was covalently attached through primary amine functional groups
(Figure 1, step 3). The remains of the active esters were deactivated with 1 mM EA solution,
pH 8.5 for 10 min (Figure 1, step 4). Then, 1 mL of 50 ug/mL anti-rSpike solution was
added and the affinity interaction of antibodies specific to rSpike was performed at room
temperature for 1 h. After the incubation, the formed Au/SAM/rSpike/anti-rSpike struc-
ture was washed with PBS solution and utilised for further electrochemical measurements.
The formed Au/SAM, Au/SAM/EDC-NHS, and Au/SAM/rSpike electrodes were used
in all subsequent electrochemical experiments. Au/SAM/rSpike electrodes were used for
the detection of antibodies specific towards rSpike.

= 211 = = 331 =30

Au 1. SAM formation 2. SAM activation 3. rSpike immobilisation 4. anti-rSpike coupling

Figure 1. Schematic representation of experimental stages: (1) 11-MUA SAM layer formation on
the Au electrode (Au/SAM); (2) SAM activation by EDC-NHS mixture; (3) rSpike immobilisation
and formation of Au/SAM/rSpike sensing structure; (4) affinity interaction of anti-rSpike with
immobilised rSpike.

2.5. Electrochemical Measurements

The bare Au electrode, Au/SAM, Au/SAM/EDC-NHS, and Au/SAM/rSpike elec-
trodes were electrochemically characterised using the potentiostat/galvanostat AUTOLAB
TYPE III (Metrohm, Netherlands) operated by FRA2-EIS ECO-Chemie software (Utrecht,
Netherlands). Experiments before and after incubation stages were performed in PBS,
pH 7.4, with 2 mM of [Fe(CN)s]>~/4~ to eliminate the impact of the electrolyte composition.
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The experiments were carried out in the three-electrode electrochemical cell, which included
the Au-based electrode (Au, Au/SAM, Au/SAM/EDC-NHS, and Au/SAM/rSpike) work-
ing electrode, platinum (Pt) counter electrode, and as a reference electrode, Ag/AgClin
3M KCl (Ag/AgClam kcry) microelectrode (IS-AG/AGCL.AQ.RE) (ItalSens, Netherland)
was used. CV and EIS techniques were used to characterise the electrochemical properties
of bare Au, Au/SAM, Au/SAM/EDC-NHS, and Au/SAM/rSpike electrodes at diverse
steps of modification. At a scan rate of 50 mV /s, CV measurements were carried out in the
potential window of 0 to + 0.4 V vs Ag/AgClzm kcy)- A perturbation amplitude of 10 mV
was used to register the EIS in the frequency range between 0.1 Hz and 100 kHz.

3. Results and Discussion
Electrochemical Characterisation

CV and EIS measurements were used to characterise the Au electrode before and after
11-MUA SAM formation. Using a [Fe(CN)g]*~/4~ couple as a redox probe and analysing
the oxidation/reduction peaks of the resulting cyclic voltammogram, the influence of each
stage of the surface modification of the working electrode on conductivity was investigated.
Figure 2 shows the cyclic voltammogram of the Au electrode before and after the formation
of the 11-MUA monolayer. On the electrode surface, long-chain thiols (1 = 10) create a
very stable and well-organised monolayer, which thus acts as an ionic insulator on a gold
electrode. SAM has a lower defect rate and a higher fraction coverage rate [41]. As a result,
additional 11-MUA molecules can obstruct the electron transfer pathway, considerably
suppressing the current response (Figure 2b).

a) 400 =3

/ ~
300 Bare // N
2007 11-MUA Y -7 -
~ .
E 100 sam / g
2 - / /
< 0 . / y)
3 // /
o 4 /
= -100 /’/// /
20042 /
\\\ //
-3004 NS
\\ //
-400 T T T
0.0 0.1 0.2 0.3 0.4
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Figure 2. (a) Cyclic voltammograms of the bare Au electrode (dashed line) and Au/SAM electrode
after the formation of 11-MUA SAM (solid line). (b) Scaled cyclic voltammogram of the Au/SAM
electrode. Measurements were performed in PBS while adding 2 mM of [Fe(CN)g]>~/4~. Potential
scans range from 0 to +0.4 V vs Ag/AgClapm kcyy at 50 mV/s.
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EIS was utilized to monitor impedimetric qualities based on the applied equivalent
circuit, allowing chemical transformations and processes occurring on the conducting
electrode surface to be perceived [42]. Figure 3a shows the impedance responses of the
[Fe(CN)6]*~/4~ based redox probe in PBS on the Au electrode after the formation of the
Au/SAM structure based on 11-MUA (Figure 3a-1), activation of SAM with EDC and NHS
(Figure 3a-2), covalent immobilization of rSpike (Figure 3a-3), and affinity interaction with
anti-rSpike (Figure 3a-4) in the frequency range from 0.1 Hz to 100 kHz.
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Figure 3. (a) Bode plots of differently modified Au electrode: (1) Au/SAM, (2) Au/SAM/EDC-NHS,
(3) Au/SAM/rSpike, (4) Au/SAM/rSpike/anti-rSpike. The Randles equivalent circuit was applied
for the analysis of EIS data, where R represents the dynamic solution resistance, Cy is the double
layer capacitance measured between the Au electrode and the electrolyte solution, and Rt is the
charge transfer resistance of the immobilised recognition layer. (b) Nyquist plots of differently
modified electrodes: Au electrodes: (1') Au/SAM, (2') Au/SAM/EDC-NHS, (3') Au/SAM/rSpike,
@) Au/SAM/ rSpike/anti-rSpike. EIS measurements were performed in the PBS, pH 7.4, in presence
of 2 mM of [Fe(CN)s]*~/4~ and 0.1 M KCl at 0.2 V vs Ag/AgClam k-

No significant difference between spectra 1, 2, 3, and 4 is observed (Figure 3a) at
frequencies greater than 100 Hz, suggesting that the formation of SAM based on 11-MUA,
the immobilisation of rSpike, and the formation of an immunocomplex between rSpike and
anti-rSpike (rSpike/anti-rSpike) on the electrode surface did not have any significant im-
pact on the Rs value. On the contrary, Cg and R are bound to the dielectric and insulating
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properties of the electrode/electrolyte interface; therefore, they are significantly affected
by the changes of the Au-electrode surface. When the frequency of the EIS perturbation
decreases, an imaginary component Zi, = 1/jC4; becomes important and significantly
contributes to the Cyj value of the equivalent circuit [43]. The double-layer capacitance (Cg;)
has greater impedance at lower frequencies; as a result of this effect, the current mainly
passes through Ret and Rs. The impedance value of 10.6 kQ2-cm? at a given frequency
(0.1 Hz) increased with the formation of the thiol monolayer (Figure 3a-1), the immobilisa-
tion of the rSpike (12.6 kQ-cm?) (Figure 3a-3), and the formation of the rSpike/anti-rSpike
immunocomplex (14.5 kQ-cm?) (Figure 3a-4) on the surface of the Au electrode, compared
to NHS and EDS, the activated Au/SAM/EDC-NHS electrode (6.2 kQ-cm?) (Figure 3a-2).
It was observed that the Re; of the Au electrode after the formation of the SAM layer
increased and had very low electron transfer efficiency. However, the R.; of the NHS and
EDS activated Au/SAM/EDC-NHS electrode considerably decreased compared to that de-
termined before the activation process. The EDC-NHS response involving the development
of an intermediate electrochemically active ester was the result of the terminal-COOH
interaction with EDS and NHS. The rise in Rt following rSpike and anti-rSpike binding
is due to the fact that most proteins have poor electrical conductivity at low frequencies,
preventing charge transfer at the electrode-solution interface. These EIS-based data fit well
with data presented in our previous investigations, which were based on the evaluation of
interactions between SARS-CoV-2 proteins and specific antibodies against these proteins
by Total Internal Reflection Ellipsometry, which clearly illustrate that at the interfacial
electrode-solution boundary, a significant increase in protein layer thickness and changes
of dielectric properties have been observed [6,44].

Despite the fact that it provides the same information as Bode graphs, Nyquist co-
ordinates are ideally suited to depict the electrochemical impedance, especially in the
‘semi-circular area’ of EIS spectra (Figure 3b). As seen in the Figure 3b, the diameter of
the semi-circle rises following the formation of SAM based on 11-MUA 4.58 £ 0.22 kQcm?
(Figure 3b-1"), activation of 11-MUA carboxyl groups by EDC and NHS 2.38 % 0.17 kQcm?
(Figure 3b-2’). Progressive immobilisation of rSpike protein 5.45 4 0.32 kQcm? (Figure 3b-3")
and affinity with anti-rSpike 6.41 %+ 0.36 kQcm? (Figure 3b-4’) cause the interphase be-
tween the Au electrode and solution to become more insulating, obstructing the passage of
charged [Fe(CN)¢]*~/4 ions and electron exchange between them. As a result, the electron
transfer resistance R increased as the Au surface was changed step by step, as shown
in Figure 3a. The R¢; component of different modified electrodes tends to exhibit visible
fluctuations, which provide the high sensitivity necessary for the EIS-based approach to
detect antigen-antibody complex formation.

4. Conclusions

The covalent immobilisation of rSpike and affinity interaction with anti-rSpike were
investigated in this work. Cyclic voltammograms revealed that 11-MUA SAM molecules
bound and blocked the surface of the Au electrode required for further electron transfer.
EIS showed that the charge transfer resistance of the Au/SAM electrode after activation
with EDC and NHS decreased when compared with the electrode before activation. The
EIS spectra in Nyquist coordinates show distinct changes in each phase of Au electrode
modification: the semicircle grows after rSpike immobilisation and the antigen-antibody
complex forms after anti-rSpike interaction. This enables the use of impedimetric techniques
to detect the antigen-antibody complexes and, as a result, the creation of an immunosensor
for the serologic diagnosis of COVID-19 and/or the assessment of vaccination success
against the SARS-CoV-2 virus.

Author Contributions: Conceptualization, AR. (Almira Ramanaviciene) and A.R. (Arunas Ramanavicius);
Data curation, V.L., A.B., R.V. and U.S.-B.; Formal analysis, M.D., V.L., A.B., A.R. (Alma Rucinskiene),
AR. (Almira Ramanaviciene) and A.R. (Arunas Ramanavicius); Investigation, M.D., V.L. and A.R.
(Alma Rucinskiene); Methodology, M.D., C.-EC., LP, R.S., M.S. and 1.K.-K.; Project administration,
V.L.,, A.B. and A.R. (Alma Rucinskiene); Resources, RS, E.C., A.Z. and A.R. (Arunas Ramanavicius);

140



Int. J. Mol. Sci. 2022, 23, 6768 80f 10

Supervision, A.R. (Arunas Ramanavicius); Visualization, M.D.; Writing—original draft, V.L,;
Writing—review & editing, M.D., A.B., A.R. (Almira Ramanaviciene), VR, R.V,, C-EC,, ILP, US.-B.
and A.R. (Arunas Ramanavicius). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was finantialy supported by Lithuania-Latvian-China (Taiwan) project
and it has received funding according to agreement No S-LLT-21-3 with the Research Council
of Lithuania (LMTLT).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This research was conducted under the Lithuania-Latvian-China (Taiwan)
project and it has received funding according to agreement No S-LLT-21-3 with the Research Council
of Lithuania (LMTLT). Schematic illustrations were created with BioRender (https:/ /biorender.com).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. German, N.; Ramanavicius, A.; Voronovic, J.; Ramanaviciene, A. Glucose biosensor based on glucose oxidase and gold nanoparti-
cles of different sizes covered by polypyrrole layer. Colloids Surf. A Physicochem. Eng. Asp. 2012, 413, 224-230. [CrossRef]

2. Morkvenaite-Vilkonciene, I.; Ramanaviciene, A.; Kisieliute, A.; Bucinskas, V.; Ramanavicius, A. Scanning electrochemical
microscopy in the development of enzymatic sensors and immunosensors. Biosens. Bioelectron. 2019, 141, 111411. [CrossRef]
[PubMed]

3. Baradoke, A.; Hein, R; Li, X,; Davis, J.J. Reagentless Redox Capacitive Assaying of C-Reactive Protein at a Polyaniline Interface.
Anal. Chem. 2020, 92, 3508-3511. [CrossRef] [PubMed]

4. Ramanavicius, A.; Oztekin, Y.; Ramanaviciene, A. Electrochemical formation of polypyrrole-based layer for immunosensor
design. Sens. Actuators B Chem. 2014, 197, 237-243. [CrossRef]

5. Ramanavicius, A.; Finkelsteinas, A.; Cesiulis, H.; Ramanaviciene, A. Electrochemical impedance spectroscopy of polypyrrole
based electrochemical immunosensor. Bioelectrochemistry 2010, 79, 11-16. [CrossRef]

6.  Plikusiene, I; Maciulis, V.; Ramanaviciene, A.; Balevicius, Z.; Buzavaite-Verteliene, E.; Ciplys, E.; Slibinskas, R.; Simanavicius, M.;
Zvirbliene, A.; Ramanavicius, A. Evaluation of kinetics and thermodynamics of interaction between immobilized SARS-CoV-2
nucleoprotein and specific antibodies by total internal reflection ellipsometry. . Colloid Interface Sci. 2021, 594, 195-203. [CrossRef]

7. Ramanaviciene, A.; Ramanavicius, A. Pulsed amperometric detection of DNA with an ssDNA/polypyrrole-modified electrode.
Anal. Bioanal. Chem. 2004, 379, 287-293. [CrossRef]

8. Dronina, J.; Samukaite-Bubniene, U.; Ramanavicius, A. Towards application of CRISPR-Cas12a in the design of modern viral
DNA detection tools (Review). J. Nanobiotechnol. 2022, 20, 41. [CrossRef]

9.  Ratautaite, V.; Janssens, 5.D.; Haenen, K.; Nesladek, M.; Ramanaviciene, A.; Baleviciute, I.; Ramanavicius, A. Molecularly
imprinted polypyrrole based impedimentric sensor for theophylline determination. Electrochim. Acta 2014, 130, 361-367.
[CrossRef]

10.  Oztekin, Y.; Yazicigil, Z.; Ramanaviciene, A.; Ramanavicius, A. Square wave voltammetry based on determination of copper (II)
ions by polyluteolin- and polykaempferol-modified electrodes. Talanta 2011, 85, 1020-1027. [CrossRef]

11. Plikusiene, I.; Balevicius, Z.; Ramanaviciene, A.; Talbot, ].; Mickiene, G.; Balevicius, S.; Stirke, A.; Tereshchenko, A.; Tamosaitis, L.;
Zvirblis, G.; et al. Evaluation of affinity sensor response kinetics towards dimeric ligands linked with spacers of different rigidity:
Immobilized recombinant granulocyte colony-stimulating factor based synthetic receptor binding with genetically engineered
dimeric analyte d. Biosens. Bioelectron. 2020, 156, 112112. [CrossRef]

12.  Zuo, B.; Li, S.; Guo, Z.; Zhang, ].; Chen, C. Piezoelectric immunosensor for SARS-associated coronavirus in sputum. Anal. Chem.
2004, 76, 3536-3540. [CrossRef]

13.  Balciunas, D.; Plausinaitis, D.; Ratautaite, V.; Ramanaviciene, A.; Ramanavicius, A. Towards electrochemical surface plasmon
resonance sensor based on the molecularly imprinted polypyrrole for glyphosate sensing. Talanta 2022, 241, 123252. [CrossRef]

14. Drobysh, M.; Ramanaviciene, A.; Viter, R.; Chen, C.E; Samukaite-Bubniene, U.; Ratautaite, V.; Ramanavicius, A. Biosensors for
the Determination of SARS-CoV-2 Virus and Diagnosis of COVID-19 Infection. Int. J. Mol. Sci. 2022, 23, 666. [CrossRef]

15.  Pecora, N.D.; Zand, M.S. Measuring the Serologic Response to Severe Acute Respiratory Syndrome Coronavirus 2: Methods and
Meaning. Clin. Lab. Med. 2020, 40, 603-614. [CrossRef]

16. Song, H.C.; Seo, M.-Y.; Stadler, K.; Yoo, B.J.; Choo, Q.-L.; Coates, S.R.; Uematsu, Y.; Harada, T.; Greer, C.E.; Polo, ].M.; et al.
Synthesis and Characterization of a Native, Oligomeric Form of Recombinant Severe Acute Respiratory Syndrome Coronavirus
Spike Glycoprotein. J. Virol. 2004, 78, 10328-10335. [CrossRef]

17.  Kirchdoerfer, RN.; Cottrell, C.A.; Wang, N.; Pallesen, J.; Yassine, H.M.; Turner, H.L.; Corbett, K.S.; Graham, B.S.; McLellan, J.S.;

Ward, A.B. Pre-fusion structure of a human coronavirus spike protein. Nature 2016, 531, 118-121. [CrossRef]

141



Int. ]. Mol. Sci. 2022, 23, 6768 90f10

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cui, F; Zhou, H.S. Diagnostic methods and potential portable biosensors for coronavirus disease 2019. Biosens. Bioelectron. 2020,
165, 112349. [CrossRef]

Ramanaviciene, A.; Ramanavicius, A. Molecularly imprinted polypyrrole-based synthetic receptor for direct detection of bovine
leukemia virus glycoproteins. Biosens. Bioelectron. 2004, 20, 1076-1082. [CrossRef]

Mayall, RM.; Smith, C.A; Hyla, A.S; Lee, D.S.; Crudden, C.M.; Birss, V.I. Ultrasensitive and Label-Free Detection of the Measles
Virus Using an N-Heterocyclic Carbene-Based Electrochemical Biosensor. ACS Sens. 2020, 5, 2747-2752. [CrossRef]

Kaya, S.I; Karadurmus, L.; Ozcelikay, G.; Bakirhan, N.K.; Ozkan, S.A. Electrochemical Virus Detections with Nanobiosensors. In
Nanosensors for Smart Cities; Elsevier: Amsterdam, The Netherlands, 2020; pp. 303-326. ISBN 9780128198704.

Drobysh, M.; Ramanaviciene, A.; Viter, R.; Ramanavicius, A. Affinity sensors for the diagnosis of covid-19. Micromachines 2021,
12,390. [CrossRef]

Yakoh, A.; Pimpitak, U.; Rengpipat, S.; Hirankarn, N.; Chailapakul, O.; Chaiyo, S. Paper-based electrochemical biosensor for
diagnosing COVID-19: Detection of SARS-CoV-2 antibodies and antigen. Biosens. Bioelectron. 2021, 176, 112912. [CrossRef]

Ali, M.A;; Hu, C; Jahan, S.; Yuan, B.; Saleh, M.S; Ju, E.; Gao, S.J.; Panat, R. Sensing of COVID-19 Antibodies in Seconds via
Aerosol Jet Nanoprinted Reduced-Graphene-Oxide-Coated 3D Electrodes. Adv. Mater. 2021, 33, 2006647. [CrossRef]

Raziq, A.; Kidakova, A.; Boroznjak, R.; Reut, J.; Opik, A,; Syritski, V. Development of a portable MIP-based electrochemical sensor
for detection of SARS-CoV-2 antigen. Biosens. Bioelectron. 2021, 178, 113029. [CrossRef]

Ayankojo, A.G.; Boroznjak, R.; Reut, J.; Opik, A; Syritski, V. Molecularly imprinted polymer based electrochemical sensor for
quantitative detection of SARS-CoV-2 spike protein. Sens. Actuators B Chem. 2022, 353, 131160. [CrossRef]

Ratautaite, V.; Boguzaite, R.; Brazys, E.; Ramanaviciene, A.; Ciplys, E.; Juozapaitis, M.; Slibinskas, R.; Bechelany, M.;
Ramanavicius, A. Molecularly Imprinted Polypyrrole based Sensor for the Detection of SARS-CoV-2 Spike Glycoprotein.
Electrochim. Acta 2021, 403, 139581. [CrossRef]

Eissa, S.; Zourob, M. Development of a low-cost cotton-tipped electrochemical immunosensor for the detection of SARS-CoV-2.
Anal. Chem. 2021, 93, 1826-1833. [CrossRef]

Liustrovaite, V.; Drobysh, M.; Rucinskiene, A.; Baradoke, A.; Ramanaviciene, A.; Plikusiene, I.; Samukaite-Bubniene, U.; Viter, R.;
Chen, C.-F,; Ramanavicius, A. Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2
Spike Protein. ]. Electrochem. Soc. 2022, 169, 037523. [CrossRef]

Deshmukh, M.A.; Patil, HK.; Bodkhe, G.A.; Yasuzawa, M.; Koinkar, P.; Ramanaviciene, A.; Shirsat, M.D.; Ramanavicius, A.
EDTA-modified PANI/SWNTs nanocomposite for differential pulse voltammetry based determination of Cu(II) ions. Sens.
Actuators B Chem. 2018, 260, 331-338. [CrossRef]

German, N.; Ramanavicius, A.; Ramanaviciene, A. Electrochemical deposition of gold nanoparticles on graphite rod for glucose
biosensing. Sens. Actuators B Chem. 2014, 203, 25-34. [CrossRef]

Ramanavicius, S.; Ramanavicius, A. Conducting polymers in the design of biosensors and biofuel cells. Polymers 2021, 13, 49.
[CrossRef] [PubMed]

Samukaite-Bubniene, U.; Valitiniené, A.; Bucinskas, V.; Genys, P.; Ratautaite, V.; Ramanaviciene, A.; Aksun, E.; Tereshchenko, A.;
Zeybek, B.; Ramanavicius, A. Towards supercapacitors: Cyclic voltammetry and fast Fourier transform electrochemical impedance
spectroscopy based evaluation of polypyrrole electrochemically deposited on the pencil graphite electrode. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 610, 125750. [CrossRef]

Liustrovaite, V.; Valitiniené, A.; Valin¢ius, G.; Ramanavicius, A. Electrochemical Impedance Spectroscopy Based Evaluation of
Chlorophyll a Reconstitution within Tethered Bilayer Lipid Membrane. J. Electrochem. Soc. 2021, 168, 066506. [CrossRef]
Bahadir, E.B.; Sezgintiirk, M.K. A review on impedimetric biosensors. Artif. Cells Nanomed. Biotechnol. 2016, 44, 248-262.
[CrossRef]

Ganesh, V,; Pal, S.K.; Kumar, S.; Lakshminarayanan, V. Self-assembled monolayers (SAMs) of alkoxycyanobiphenyl thiols on
gold—A study of electron transfer reaction using cyclic voltammetry and electrochemical impedance spectroscopy. J. Colloid
Interface Sci. 2006, 296, 195-203. [CrossRef]

Pandey, L.M. Design of engineered surfaces for prospective detection of SARS-CoV-2 using quartz crystal microbalance based
techniques. Expert Rev. Proteom. 2020, 17, 425-432. [CrossRef]

Cecchet, F,; Marcaccio, M.; Margotti, M.; Paolucci, E; Rapino, S.; Rudolf, P. Redox mediation at 11-mercaptoundecanoic acid
self-assembled monolayers on gold. J. Phys. Chem. B 2006, 110, 2241-2248. [CrossRef]

Loganathan, S.K. Schleicher, K; Malik, A.; Quevedo, R.; Langille, E.; Teng, K; Oh, RH. Rathod, B, Tsai, R;
Samavarchi-Tehrani, P; etal. Rare driver mutations in head and neck squamous cell carcinomas converge on NOTCH
signaling. Science 2020, 367, 1264-1269. [CrossRef]

Yuan, M.; Zhan, S.; Zhou, X; Liu, Y.; Feng, L.; Lin, Y.; Zhang, Z.; Hu, ]. A method for removing self-assembled monolayers on
gold. Langmuir 2008, 24, 8707-8710. [CrossRef]

Ahmad, A.; Pui Kee, L.; Sheryna Jusoh, N. A comparative study of thiols self-assembled monolayers on gold electrode. Middle-East
J. Sci. Res. 2016, 24, 2152-2158. [CrossRef]

Patolsky, E; Filanovsky, B.; Katz, E.; Willner, I. Photoswitchabk antigen-antibody interactions studied by impedance spectroscopy.
J. Phys. Chem. B 1998, 102, 10359-10367. [CrossRef]

142



Int. J. Mol. Sci. 2022, 23, 6768 10 of 10

43. Kim, T.; Kang, J.; Lee, ].H.; Yoon, J. Influence of attached bacteria and biofilm on double-layer capacitance during biofilm
monitoring by electrochemical impedance spectroscopy. Water Res. 2011, 45, 4615-4622. [CrossRef]

44. Plikusiene, I.; Maciulis, V.; Juciute, S.; Maciuleviciene, R.; Balevicius, S.; Ramanavicius, A.; Ramanaviciene, A. Investigation and
Comparison of Specific Antibodies Affinity Interaction with SARS-CoV-2 Wild-Type, B.1.1.7, and B.1.351 Spike Protein by Total
Internal Reflection Ellipsometry. Biosensors 2022, 12, 351. [CrossRef]

143



Paper 4

Towards an electrochemical immunosensor for the
detection of antibodies against SARS-CoV-2 Spike protein

V. Liustrovaite, M. Drobysh, A. Rucinskiene, A. Baradoke,
A. Ramanaviciene, 1. Plikusiene, U. Samukaite-Bubniene, R. Viter,
C.F. Chen, A Ramanavicius

Journal of The Electrochemical Society, 2022, 169(3), 037523
doi.org/10.1149/1945-7111/ac5d91

144



Journal of The Electrochemical Society, 2022 169 037523

CrossMark

Towards an Electrochemical Immunosensor for the Detection of

Antibodies against SARS-CoV-2 Spike Protein

Viktorija Liustrovaite,"~ Maryia Drobysh,"~ Alma Rucinskiene,"”> Ausra Baradoke,’

Almira Ramanaviciene,' Ieva Plikusiene,"” Urte Samukaite-Bubniene,' Roman Viter,® Chien-

Fu Chen,” and Arunas Ramanavicius'>*

! NanoTechnas—Center of Nanotechnology and Materials Science, Faculty of Chemistry and Geosciences, Vilnius
University, Naugarduko str. 24, 03225 Vilnius, Lithuania

2State Research Institute Center for Physical and Technological Sciences, Sauletekio ave. 3, Vilnius, Lithuania

3 Institute of Atomic Physics and Spectroscopy, University of Latvia, Jelgavas Street 3, Riga, LV-1004, Latvia

?Institute of Applied Mechanics, National Taiwan University, 1, Sec. 4, Roosevelt Rd., Da’an Dist., Taipei City 106, Taiwan

Herein we report the electrochemical system for the detection of specific antibodies against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) proteins in blood serum patient samples after coronavirus disease 2019 (COVID-19). For this
purpose, the recombinant SARS-CoV-2 spike protein (SCoV2-rS) was covalently immobilised on the surface of the gold electrode
pre-modified with mixed self-assembled monolayer (SAMmix) consisting of 11-mercaptoundecanoic acid and 6-mercapto-1-
hexanol. The affinity interaction of SCoV2-rS with specific antibodies against this protein (anti-rS) was detected using two
electrochemical methods: cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The anti-rS was detected
with a detection limit of 2.53 nM and 1.99 nM using CV and EIS methods, respectively. The developed electrochemical
immunosensor is suitable for the confirmation of COVID-19 infection or immune response in humans after vaccination.

© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/

by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 1

1945-7111/ac5d91]

0.1149/

Manuscript submitted January 21, 2022; revised manuscript received February 16, 2022. Published March 25, 2022. This paper is
part of the JES Focus Issue on Biosensors and Nanoscale Measurements: In Honor of Nongjian Tao and Stuart Lindsay.

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) induced coronavirus disease 2019 (COVID-19), is still
continuously spreading worldwide. Therefore, the need for rapid
and accurate detection methods, including immunosensors, remains
relevant to maintain the spread of this infectious disease.' The
application of immunosensors>* and other affinity sensors'* are of
great interest in various clinical diagnostics due to their sensitivity,
selectivity, and reliable cost. Antigens, which are recognised by the
immune system, and antibodies expressed as the immune system
response to the antigen can act as a biorecognition layer or target
element in immunosensors suitable for the diagnosis of viral
infections.>®

SARS-CoV-2 contains a linear, single-stranded, positive-sense
RNA with a length of approximately 29903 nucleotides’. The virus
has crown-like spikes on the outer surface with a diameter of nearly
130 nm.® The genome size is 29.8-29.9 kb and its one-third consists of
genes that encode structural proteins including sgike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins.” The E-protein is the
smallest one, and it plays a role in the formation and maturation of the
virus. The M-protein can connect with other structural proteins, and its
function is to keep the shape of the virus shell.'” The N-protein is the
main structural element of the virion and it participates in viral
replication and immune adjustment, it is an inherent attribute in the
life cycle of the virus.'' The S-protein is a homotrimer protein that
protrudes from the lipid bilayer surrounding SARS-CoV-2'*'* and
consists of two subunits, namely, S1 and S2. SI is responsible for
binding to the host cell receptor, while S2 mediates viral fusion with the
host cell membrane. The S-protein binds to the host cell via the
angiotensin-converting enzyme 2 receptors.“‘*lx

The S-protein can serve as a biorecognition element of the
immunosensor. SARS-CoV-2 infection induces an immune response
and the release of specific antibodies,'® which might be used as a
target for immunosensors. Currently, serologic tests for the presence
of antibodies against SARS-CoV-2 virus proteins are mainly based
on common approaches such as the enzyme-linked immunosorbent
assay (ELISA)® and the lateral flow immunoassay (LFIA).?!

These authors contributed equally to this work.
“E-mail: Arunas.Ramanavicius@chf.vu.lt

Nonetheless, some widely used immunoanalytical methods possess
several disadvantages, namely, they are time-consuming (ELISA)
and/or not fully automated (LFIA). Therefore, it is necessary to
develop rapid, non-laborious, and precise tests with the potential for
quantitative analysis. Wherein various physical methods can be used
for the determination of analytical signals generated by affinity
sensors, including surface plasmon resonance,”” scanning electro-
chemical microscopy,” electrochemical methods,** quartz crystal
microbalance,? total internal reflection ellipsometry,” etc. Among
all these analytical methods, electrochemical immunosensors are
characterised by some advantages such as low cost, robustness, and
simplicity of detection procedure and data interpretation.”*?”

Only several recent studies are dedicated to the electrochemical
technique-based diagnosis of COVID-19.7° Specifically, electro-
chemical impedance spectroscopy (EIS)™*'*? and cyclic voltam-
metry (CV)™ are appropriate analytical methods. The EIS is a
reliable method for examining the interfacial features of events
occurring on transformed surfaces. The small amplitude perturbation
from the steady-state is one of the benefits of EIS, which makes it a
non-destructive technique.>* CV is used to acquire data concerning
the redox potential and other electrochemical characteristics of
analyte solutions. However, CV is also commonly used for obser-
ving the processes occurring on the surface of the sensing electrode
itself.* In particular, this method is a helpful tool to assess blockage
of the coated electrode surface.*

Immobilisation of the biorecognition element on the conductive
surfaces of the electrode is a challenging task during the develop-
ment of electrochemical affinity sensors.>” One of the approaches
employed for the immobilisation of biomolecules on the surface is
the self-assembled monolayer (SAM) technique. Alkanethiol-based
monolayers are considered as well-organised and stable interfaces
with the necessary thickness and function.*® Therefore, the applica-
tion of SAM mixture (SAMmix) consisting of 6-mercapto-1-hexanol
(6-MCOH) and 11-mercaptoundecanoic acid (11-MUA) was used to
offer an accurate approach for surface modification with desired
functional groups and covalent biomolecules immobilisation.
Additionally, it minimizes the adsorption of nonspecific proteins
on the surface of the working electrode.*

The objectives of this study were (i) to explore the possibility to
develop an immunosensor for the serologic diagnosis of COVID-19
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Figure 1. Schematic representation of experimental stages: (1) SAMmix
layer formation on Au electrode (Au/SAMmix); (2) SAMmix activation by
EDC-NHS mixture (Au/SAMmix/EDC-NHS); (3) SCoV2-rS immobilisation
and formation of Au/SAMmix/SCoV2-rS sensing structure; (4) BSA binding
of remaining activated carboxyl groups; (5) affinity interaction of anti-rS
with immobilised SCoV2-rS (Au/SAMmix/SCoV2-rS/anti-rS).

based on the formation of the recombinant SARS-CoV-2 S-protein
(SCoV2-rS) and specific antibodies (anti-rS) immune complex using
electrochemical methods; (ii) to improve the measurement condi-
tions and technique for effective immobilisation of SCoV2-rS on the
surface of the working electrode for further use in research on other
electrochemical methods.

Experimental

Chemicals and other materials.—Microscope slides were ob-
tained from Thermo Fisher Scientific (USA), 2-propanol (2-PrOH),
(299.5%, CAS# 67-63-0), H,SO4 (96%, CAS# 7664-93-9), 11-
mercaptoundecanoic acid (11-MUA) (98%, CAS# 71310-21-9), 6-
mercapto-1-hexanol (6-MCOH) (97%, CAS# 1633-78-9), ethanol
(EtOH) (99.9%, CAS# 64-17-5), N-(3-dimethylaminopropyl)-N’-
ethyl-carbodiimide hydrochloride (EDC) (>99.0%, CAS# 25952—
53-8), bovine serum albumin (BSA) (>98.0%, CAS# 90604-29-8),
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). SARS-CoV-2 recombinant spike protein
(SCoV2-r1S) was developed by Baltymas (Vilnius, Lithuania).
K;3Fe(CN)g (299.0%, CAS# 13746-66-2), K4;Fe(CN)g (299.0%,
CAS# 14459-95-1) were obtained from Sigma—Aldrich (Steinheim,
Germany). All aqueous solutions were prepared using deionised
water. All chemicals were of analytical-reagent grade and were used
as received from the producers unless otherwise stated. All electro-
chemical measurements were performed in 0.1 M PBS solution
adding 2 mM K3Fe(CN)¢/K4Fe(CN)g solution ([Fe(CN)g]> 7).

Preparation and/or purification of the SCoV2-rS protein.—The
SCoV2-1S protein was generated as a secreted trimeric protein in
mammalian Chinese hamster ovary (CHO) cells. To match a native
conformation locked in a prefusion state, the gene encoding the
SARS-CoV-2 Spike (SCoV2-S) ectodomain including amino acids
(aa) 1-1208, (UniProtKB sequence accession number: PODTC2
(SPIKE_SARS2)) was chemically synthesised at General
Biosystems (USA). The synthesised gene then was cloned into the
mammalian expression vector pPCAGGS (Creative Biogene, cat. no.
VET1375) via Notl and Xhol restriction sites that were introduced
on 5" and 3” gene ends, respectively. The whole expression
construct included: full-length SCoV2-S ectodomain (aa 1-1208)
w/o transmembrane and cytoplasmic aa, furin cleavage site “RRAR”
mutated to “GSAS,” C-terminal GSN4 trimerization motif fused to
protein sequence, then follows the thrombin cleavage site, Strep-tag
II and His6-tag. Two mutations (K986P and V987P) were intro-
duced into the SCoV2-S sequence as well, to stabilize the trimer in
the pre-fusion conformation.'® SCoV2-rS was produced in CHO
cells using ExpiCHO Expression System (Thermo Fisher Scientific,
cat. no. A29133). For expression, the transfection procedures and
expression conditions were applied as described in the Max Titer
Protocol provided by Thermo Fisher Scientific. Following the 9th-
day post-transfection, the cultivation media was harvested and
centrifuged at 5000x g for 30 min in a refrigerated centrifuge.
Then the supernatant was filtered through a 0.22 um filter. After
microfiltration, proteins were concentrated and transferred to the
binding buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl, 10 mM
imidazole) through tangential ultrafiltration using tangential flow
filtration cassette with 100 kDa cut-off membranes (SartoriusStedim
Biotech, cat. no. VF20P). The protein solution was loaded onto
nickel-nitrilotriacetic acid modified SuperFlow (Qiagen, USA) resin.
Non-specifically bound proteins were removed by washing the
column with a Lysis buffer containing 75 mM imidazole. Tightly
bound proteins were eluted using 75 mM-250 mM imidazole
gradient. Fractions containing purified SCoV2-S were pooled and
dialysed against PBS (10 mM Na,HPO,, 1.8 mM KH,PO,, 137 mM
NaCl, 2.7 mM KCI, pH 7.4), adjusted to 1.0 mg ml~' concentration,
filter-sterilised, aliquoted, and frozen for storage. The purity of
produced SCoV2-rS was ~90%, as determined by sodium dodecyl-
sulphate polyacrylamide gel electrophoresis.

Serum sample collection.—A volunteer vaccinated with a single
dose of the Vaxzevria (previously known as the AstraZeneca)
vaccine and who after two weeks had COVID-19 was selected for
the analysis. Blood was collected one month after the volunteer was
positive, which was determined by reverse transcription-polymerase
chain reaction for the SARS-CoV-2 virus and COVID-19 was
diagnosed. Whole blood was collected in a vacuette tube containing
3.5ml of CAT serum sep clot activator (Greiner Bio-One GmbH,
Austria) in the laboratory of Tavo Klinika, LtD. (Vilnius, Lithuania).
The serum was obtained after centrifugation at 5000 g for 15 min.
The stock amount of binding antibodies vs SCoV2-S in the serum
sample (4666 BAU ml') was defined using chemiluminescent
microparticle immunoassay. The antibody concentration in the
sample was converted from BAU ml™' units to nM concentration
by using the ratio as 1 BAU mI™": 20 ng ml~" (the molecular weight
of immunoglobulin G ~150 kDa).**** Serum sample was stored at
— 20 °C until analysis. The sample was collected in accordance with
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Figure 2. (a)-Cyclic voltammograms of the Au electrode (1), Au/SAMmix electrode after formation of SAMmix (2), Au/SAMmix/EDC-NHS electrode after
activation of SAMmix (3), and Au/SAMmix/SCoV2-rS electrode after immobilisation of SCoV2-rS (4). Potential scans range from —0.2 to +0.6 V vs
Ag/AgCI(KClg,) at 50 mV s~ (b) - Nyquist plots of the Au electrode (1), Au/SAMmix electrode after SAMmix formation (2), Au/SAMmix/EDC-NHS
electrode after activation of SAMmix (3), and Au/SAMmix/SCoV2-rS electrode after immobilisation of SCoV2-rS (4), measured from 100 kHz to 0.1 Hz, at
10 mV amplitude and applied potential 0.2 V vs Ag/AgCI(KCl,,). Randles equivalent circuit, which was applied for the evaluation of electrochemical impedance
spectroscopy data, where R, represents the dynamic solution resistance, Cq—represents the double layer capacitance measured between the Au electrode and the
electrolyte solution, and R.—represents the charge transfer resistance of the immobilised recognition layer. CV and EIS measurements were performed in PBS
pH 7.4 while adding 2 mM of [Fe(CN)e> ™", signal normalised to the area of the electrode, A = 0.179 cm?.

the Lithuania ethics law. This study does not need the approval of
the ethics committee (confirmed by the Vilnius Regional Biomedical
Research Ethics Committee).

Preparation of the gold electrode surface.—Microscope slides
20 x 30 mm were cleaned with 2-PrOH, ultrasonicated (ultrasonic
bath Emmi-40 HC, EMAG, Germany) firstly with 2-PrOH, then with
water and immersed in H,SO, for 30 min. The slides were dried with
a stream of nitrogen (N,) gas (99.99%) and placed in a vacuum
magnetron, VST services Ltd. (Israel), chamber. Film depositions
begin only when a vacuum of 7 x 10®Torr and deeper was
reached. The plates were first coated with a thin (10 nm) layer of
titanium (Ti) to improve the adhesion of gold (Au) to the surface of
the glass and then coated with a (100 nm) layer of Au.

The activation of the SAMmix layer and covalent immobilisa-
tion of the SCoV2-rS protein.—The glass slides coated with 100 nm
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thick Au film were incubated at 24 °C for 4 h in 1 mM 6-MCOH and
11-MUA ethanolic solution, containing the materials in a molar ratio
of 9:1, respectively, to form SAMmix (Fig. 1, step 1). After
incubation, the electrode was rinsed with EtOH to remove the
excess of SAMmix and then dried with N, flow. SAMmix formed on
the Au electrode (Au/SAMmix) was activated by EDC-NHS
mixture. During this procedure, functionally active NHS-esters
were obtained by the reaction of 11-MUA carboxyl groups with a
mixture of 0.004 M EDC and 0.001 M NHS in PBS (Fig. 1, step 2).
The activation step was carried out for 15 min in the dark (Au/
SAMmix/EDC-NHS). After activation of carboxyl functional
groups, the electrode was exposed to 70 ul of 100 g ml™'
SCoV2-rS in PBS at room temperature for 30 min (Au/SAMmix/
EDC-NHS/SCoV2-1S). Protein SCoV2-rS was coupled covalently
via primary amine functional groups (Fig. 1, step 3). The remaining
reactive esters were deactivated with 0.5% BSA, 30 min (Fig. 1, step
4). Then 100 gl of anti-rS in PBS was added in a concentration range

4000
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Figure 3. (a)—Cyclic voltammograms and (b)—Nyquist plots of the modified Au/SAMmix/SCoV2-rS electrode (1) after affinity interaction with anti-rS of
different concentrations (0-150 nM) (respectively, from 2 to 6). Potential scans range from —0.2 to +0.6 V vs Ag/AgCI(KCl,,) at 50 mV s~!. EIS
measurements were performed from 100 kHz to 0.1 Hz, at 10 mV amplitude and applied potential 0.2 V vs Ag/AgCI(KCly,). CV and EIS measurements were
performed in PBS pH 7.4, while adding 2 mM of [Fe(CN)o)>™+~, signal normalised to the area of the electrode, A = 0.179 cm?,
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Table I. Analytical parameters were obtained from CV and EIS. Error bars are calculated as a percentage standard error.

EIS
cv -
Concentration anti-rS, nM Epa, mV Jpa 1A cm 2 Epe, mV Jper 1A cm 2 R, Q-cm”
0 4626 + 1.7 460.8 = 1.6 127.0 £ 0.1 3679« 1.3 1300 = 105
30 506.6 = 19.0 382.1 %193 1953 6.9 299.8 +5.3 1840 = 165
60 561.5 = 10.4 3291+ 6.6 200.3 = 0.1 2587+ 1.6 2800 = 212
90 5994 + 1.7 3109 3.5 200.3 = 0.1 2457 + 1.1 3360 = 286
120 601.1 0.1 296.9 = 0.6 200.3 = 0.1 234.6 = 0.6 3570 + 259
150 601.1 0.1 287.0 + 0.8 200.3 = 0.1 2357+ 08 3750 = 319
v 0.0nM 90.0 nM 17501p) A v oo 90.0 nM
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Figure 4. Bode of Z’ (a) and Z’ (b) vs frequency plots, measured in a range of 0.1 Hz to 100 kHz at a perturbation amplitude of 10 mV and potential 0.2 V vs
Ag/AgCI(KCly,). EIS measurements were performed in PBS, pH 7.4, while adding 2 mM of [Fe(CN)e]*>~"*~, signal normalised to the area of the electrode, A =

0.179 cm?,

from 30 to 150 nM and the affinity interaction of specific antibodies
with SCoV2-rS immobilised on the electrode was carried out at
room temperature for 45 min (Au/SAMmix/EDC-NHS/SCoV2-rS/
anti-rS). After each step of incubation, the structure was rinsed with
PBS solution and used further for the electrochemical measure-
ments. The formed Au/SAMmix, Au/SAMmix/EDC-NHS, and Au/
SAMmix/SCoV2-1S electrodes were used in all further electroche-
mical experiments. The Au/SAMmix/SCoV2-1S electrodes were
used for the determination of specific antibodies against the
SCoV2-1S protein (Fig. 1, step 5).

Electrochemical —Electrochemical characterisa-
tion of the Au, Au/SAMmix, Au/SAMmix/EDC-NHS, and Au/
SAMmix/SCoV2-1S electrodes was performed using the potentiostat
HAUTOLAB TYPE III (Metrohm, Netherland) controlled by FRA2-
EIS software from ECO-Chemie (Utrecht, Netherlands). All experi-
ments were performed in the three-electrode electrochemical cell. To
bring the experiment closer to in vivo conditions, all experiments
prior and after all incubation steps were performed in PBS, pH 7.4
with the addition of 2 mM of [Fe(CN)e]> " as a redox probe. The
three-electrode system consisted of the Au-based electrode (Au, Au/
SAMmix, Au/SAMmix/EDC-NHS, and Au/SAMmix/SCoV2-1S) as
the working electrode, platinum (Pt) wire as the counter electrode,
and Ag/AgCl in saturated KCI (Ag/AgClkcisar)) microelectrode (IS-
AG/AGCL.AQ.RE) as the reference electrode (ItalSens, The
Netherlands). Electrochemical characterisation of bare Au, Au/
SAMmix, Au/SAMmix/EDC-NHS, and Au/SAMmix/SCoV2-rS
electrodes at different modification steps were performed using
CV and EIS methods. CV measurements were performed in the
potential range from —0.2 to +0.6 V vs Ag/AgClkcisap, at a scan
rate of 50mV s~'. For the registration of EIS spectra in the

frequency range between 0.1 Hz and 100kHz, a perturbation
amplitude of 10 mV and potential 0.2V vs Ag/AgCI(KCly,) were
applied.

Results and Discussion

Electrochemical characterisation of a modified Au surface.—
Characterisation of Au, Au/SAMmix, Au/SAMmix/EDC-NHS, and
Au/SAMmix/SCoV2-rS electrode has been carried out by CV and
EIS methods. The impact of each step of the modification of the
working electrode surface on the conductivity has been analysed
using a [Fe(CN)¢]> "~ couple as a redox probe while analysing the
oxidation/reduction peaks of the corresponding cyclic voltammo-
gram (Fig. 2a). The 11-MUA forms a stable and compact film, in
which the content of pinholes and structural defects in the monolayer
is reduced, thereby enabling to observe mediated electron passage
kinetics*. However, in order to facilitate access of the redox
mediator to the electrode surface SAMmix consisting of 6-MCOH
and 11-MUA was used**. The Au electrode shows a typical cyclic
voltammogram (Fig. 2a-1), reversible reaction, characteristic of the
redox couple, producing a current density peak of 712.4 + 5.9 uA
cm ™2 After modification of the Au electrode with the SAMmix
(Fig. 2a-2), the peak decreased to 504.6 + 19.3 uA cm ™2 The EDC-
NHS activation (Fig. 2a-3) of the terminal -COOH groups slightly
increased the current density to 513.1 + 6.6 A cm™ 7, nevertheless,
the immobilisation of SCoV2-rS (Fig. 2a-4) decreased it to 459.6 +
9.3 uA cm 2

EIS has been used as an efficient method for the monitoring of
impedimetric characteristics and theoretical analysis of impedance
properties based on the applied equivalent circuit, enabling the
perception of chemical transformation and processes associated with

the surface of the conductive electrode®. Figure 2b) shows the
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Figure 5. Calibration curves obtained from CV (a) and EIS spectra fitted R, (b) and EIS maximum of Z"(c). Error bars are calculated as a percentage standard
5

error. Signal normalised to the electrode area, A = 0.179 cm”.

impedance responses of the [Fe(CN)g] 4~ based redox probe in
PBS on the Au electrode (Fig. 2b-1), after the formation of the Au/
SAMmix structure based on 11-MUA and 6-MCOH, molar ratio 1:9,
respectively (Fig. 2b-2), activation of SAMmix with EDC and NHS
(Fig. 2b-3), the covalent immobilisation of SCoV2-rS (Fig. 2b-4) in
the frequency range from 100 kHz to 0.1 Hz.

The Nyquist coordinates are well suited to represent the electro-
chemical impedance, especially at the “semi-circular part” of the EIS
spectra represented in Fig. 2b). It is shown that after the formation of
SAMmix on the Au electrode, the diameter of the semicircle
increases. Therefore, when the Au surface was modified, the electron
transfer resistance R, has also increased from 141 + 34 Q-cm? to 884
+ 163 Q-cm?. Then, the activation of the terminal-COOH groups
with EDC-NHS forming an intermediate active ester was performed
and is led to the decrease of Au/SAMmix/EDC-NHS semicircle as
well R, value down to 300 + 46 (-cm?.*° This intermediate product
displayed tremendous electrochemical behaviour, the increase in R
up to 1280 = 237 Q-cm? after SCoV2-rS binding can be explained by
the fact that, at low frequencies, most biological molecules,
including proteins, have poor electrical conductivity and therefore
impede charge transfer at the interphase between the electrode and
solution. For differently modified electrodes, the R. component
tends to have apparent variations, which are providing the high
sensitivity required for the detection of antigen-antibody complex
formation by the EIS-based technique. Subsequently, after the
immobilisation of SCoV2-rS, the deactivation of the remaining

activated carboxyl groups and the blocking of the free surface to
avoid non-specific binding are performed using 0.5% solution of
BSA.

Electrochemical sensing of anti-rS.—The affinity interaction of
anti-rS with immobilised SCoV2-rS was performed by sequentially
incubating the working surface with 30 nM of anti-rS PBS solution
(the concentration range 30 nM-150 nM). CV and EIS measure-
ments are performed in the presence of 2 mM [Fe(CN)f,]S’M’ in a
PBS solution applying the parameters described in the previous part.
The concentration range is obtained by successive dilutions of the
stock solution.

The affinity interaction of anti-rS with immobilised SCoV2-rS
and immune complex formation (Fig. 3a-1) continues to insulate the
working electrode surface thereby reducing Fe[(CN)6]> ™~ flow
towards the electrode. Thus, the decrease in redox current is the
stepwise flattening of the cyclic voltammograms with increasing
anti-rS concentration (Fig. 3a). Partial coating of the electrode
surface with the increasing concentrations of anti-rS causes a
corresponding decrease of anodic (jpa) and cathodic (j,) current
density at the range of potentials from 460 mV to 600 mV and from
—130mV to —200 mV, respectively (Table I). The potential shift
with increasing concentration of anti-rS can be explained due to
hindered electron exchange at the Au electrode surface as a result
of biomolecules binding, thereby, affecting the value of the redox
reaction potential. Noteworthy, that for lower concentrations

149



Journal of The Electrochemical Society, 2022 169 037523

1001~ 0d=2.78, R2=0.982

A

+ 30.0nM i
4 60.0nM
801 % 90.0nMm

m 120.0nM

60 150.0 nM

401

Normalised% [Z']

20+

16 18 20 22
log[C], nM

100131~ 1od=2.53, R?=0.985 VL
—_ + 30.0nM ]
2 90{ # 60.0nM
‘\j * 90.0nM
=)
S anl ® 12000M_
8 801 . 1s0.0nmd
© .
S
Z 601
£
50 " . T T
1.6 1.8 2.0 2.2
log[C], nM
100/G— 1od=1.99, R?=0.992
— + 30.0nM
N | & 60.0nM
'E' 801 & g0.0nm
=)
5 ® 120.0nM
@ 601 150.0 M
©
£ 404
-
2
20+

1.6

1.8 2.0 22
log[C], nM

Figure 6. Calibration curves obtained from CV (a) and EIS fitted R, (b), EIS, maximum of Z” (c). Error bars are calculated as a percentage standard error.

Signal normalised to electrode area, A = 0.179 cm?.

(0—90 nM) of anti-rS, the values of maximum current densities
decrease faster, while for higher concentrations (90 — 150 nM) the
process reaches saturation point (Figs. 4 and 5).

The same effect is accompanied by a sequential growth of the
semicircle radius in the Nyquist plot (Fig. 3b). EIS reveals the broad
trend for radii growth toward lower concentrations (0 — 90 nM) and
a slowdown in the radii growth at high concentrations (90-150 nM).
The number of non-occupied SCoV2-rS decrease with the increase
of antibody concentration and obtained signal values from CV and
EIS are summarised in Table I, where the dependence of the
increased R, value vs concentration tends to plateau at high content
of anti-rS.

Analytical characterisation of the immunosensor developed for
the anti-rS detection.—To evaluate the analytical characteristics of
the electrochemical immunosensor, limits of detection (LODs) for
sensing anti-rS were calculated from CV and EIS measurements.
From CV, the highest value of the anodic current density (j,,) and
the lowest value of cathodic current density (j,.) was used as the
signal. From EIS, as a signal, the R, value (obtained as a maximum
value of Z') and maximum of Z” were used.

The values of data in Table I, were normalised using the
equation:

zi = (xi — min (x))/(max (x) — min (x)) x 100,

where zi - the value of Normalised%, xi - extracted electrochemical
parameter (ja, Z'maxs Z"max) at each concentration of anti-rS; min(x)

—the minimum value in the list of each extracted electrochemical
parameter; max(x)—the maximum value of each extracted electro-
chemical parameter. Obtained values of the normalised signal
(Normalised%) vs the concentration of anti-rS were plotted and
shown in the Figs. 5 and 6.

The Langmuir fit was obtained by fitting the Normalised signal
(as y-value) and concentration data (as x-value) to equation:

Y = Buax X x/(Kq + x),

where By,,x—maximum value obtained during specific binding and
K, equilibrium dissociation constant, a concentration needed to
achieve a half-maximum binding at equilibrium. K; values of 37 nM
and 39 nM were obtained from parameters extracted in CV data.
Similar values (19-33 nM) were reported in a previous work, where
C-reactive protein was investigated.*’

The equation:

LOD = 3c/slope,

where o is the standard deviation of the y-intercept of the standard plot
((Normalised%) vs target concentration) was used for LODs
calculation.*® As a result, immunosensor for anti-rS detection by the
CV using j,, is characterised by LOD of 2.53 nM and it was defined
from the standard plot shown in Fig. 6a. For comparison, the LOD
obtained from CV in the cathodic area was twice higher, giving the
value of 5.85 nM, which could be explained by slower electron charge
transfer in the cathodic region. LODs for EIS based method (Figs. 6b

150



Journal of The Electrochemical Society, 2022 169 037523

and 6c) were calculated and compared for several methodologies of data
analysis. When a plot of Normalised% calculated using the R, value vs
concentration was used, the LOD with a value of 2.78 nM was obtained.
For comparison, the LOD value obtained from the maximum of the Z"
peak was 1.99 nM, which is 38% lower.

Conclusions

In this study, the covalent immobilisation of SCoV2-rS and its
affinity interaction with anti-rS were evaluated. The surface of the Au
electrode was characterised by CV and EIS methods after each
modification step. CVs revealed that the peak current density measured
with the addition of 2 mM [Fe(CN)s]> " decreased after the formation
of the SAMmix on the electrode surface. EIS spectra represented in
Nyquist coordinates indicate evident changes in every step of Au
electrode modification. The charge transfer resistance of the Au/
SAMmix electrode after activation with EDC and NHS decreased
compared to the electrode before activation, while the semicircle
increases after immobilisation of SCoV2-rS and affinity interaction
with anti-rS. The anti-rS antibodies were quantified using CV and EIS
methods, giving the lowest LOD values of 2.53nM and 1.99 nM,
respectively. This allows the application of impedimetric methods to
detect the formation of antigen-antibody complexes and the subsequent
development of an immunosensor for the serologic diagnosis of
COVID-19 and/or the determination of the success of vaccination
against the SARS-CoV-2 virus.
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electrochemical biosensor is promising for in vitro applications in early cancer diagnostics and treatment
monitoring, enabling rapid screening of patient samples.

1. Introduction

Vascular endothelial growth factor protein (VEGF) is a key signaling
protein that is unregulated in response to hypoxic conditions and plays a
crucial role in both physiological and pathological processes, particu-
larly in angiogenesis and vasculogenesis. During embryogenesis, VEGF
is essential for the formation of vascular system, facilitating the differ-
entiation of endothelial cells and the development of new blood vessels.
In adult organisms, the dysregulation of VEGF expression is often
associated with various diseases, including cancer, where it promotes
tumor growth and metastasis by enhancing blood supply to the tumor
microenvironment (Rodriguez et al., 2021). The ability to accurately
identify and quantify VEGF as a biomarker has significant implications
for cancer diagnosis and prognosis, as it not only aids in the early
identification of tumors but also serves as a critical indicator of treat-
ment efficacy and disease progression (Kwon et al., 2021). Therefore,
the development of robust and sensitive detection methods for VEGF is
essential for advancing personalised medicine and improving clinical
outcomes in oncology.

The VEGF protein family in mammals comprises five distinct mem-
bers: VEGF-A, VEGF-B, VEGF-C, and VEGF-D (Goel and Mercurio, 2013),
and placenta growth factor (PLGF) (Simons et al., 2016). VEGF-A is the
most researched component and is often referred to simply as VEGF. It
plays a central role in angiogenesis, especially in tumor growth and
metastasis (Guyot and Pages, 2015). VEGF-B is primarily involved in the
maintaining blood vessels but does not significantly induce angiogenesis
(Angelescu et al., 2013). VEGF-C and VEGF-D are key regulators of
lymphangiogenesis (the formation of lymphatic vessels) and are
involved in cancer metastasis to lymph nodes (Zhang et al., 2022). The
most common isoform of VEGF is VEGF; 65, which refers to the isoform of
VEGF-A containing 165 amino acids. This isoform is associated with the
growth and metastasis of numerous forms of human malignancies
(Ferrara et al., 2003). Additionally, human disorders, such as malig-
nancies (Xie et al., 2018), rheumatoid arthritis (Di Stasi et al., 2023),
psoriasis (Mao et al., 2023), and Alzheimer’s disease (Shamsipour et al.,
2021), have been linked to VEGF by blood biomarker analysis. Due to its
numerous physiological and pathological functions, VEGF has attracted
interest as a biomarker for analytical sensing platforms for sensing and
detection.

Biosensors are generally classified according to the type of trans-
ducer or bioreceptor employed in their design, providing insights into
their functionality and applications (Lu et al., 2023; Zeng et al., 2023).
Bioreceptors are essential components of biosensors, as they are
responsible for ensuring the specificity and sensitivity of detection
methods (Qiu et al., 2019a), natural and synthetic antibodies (Yu et al.,
2023a), and enzymes (Yu et al., 2023b), each offering distinct advan-
tages for various applications. For instance, a study demonstrated the
use of aptamers in a dual-channel photoelectrochemical ratiometric
aptasensor that utilises up-converting nanocrystals in a custom-made
3D-printed device (Qiu et al., 2019b), which demonstrates the versa-
tility and effectiveness of aptamers in complex detection scenarios. In
contrast, the role of antibodies is highlighted in a micro-
electromechanical microsystem-supported photothermal immunoassay
designed for point-of-care testing of aflatoxin B1 in food products,
showcasing the potential of antibodies in food safety applications (Yu
et al., 2023a). Lastly, the use of enzymes is demonstrated through
enzyme-encapsulated  protein  trap-engineered  metal-organic
framework-derived biomineral probes for non-invasive prostate cancer
monitoring, highlighting the effectiveness of enzymatic activity in
improving detection capabilities (Yu et al., 2023b). These works
collectively highlight the diverse functions of aptamers, antibodies, and

enzymes as bio-receptors in advancing biosensing technologies across
various fields. While antibodies have historically served as effective bio-
receptors, they have limitations such as high cost, complex purification
procedures, and batch-to-batch variations (Crivianu-Gaita and Thomp-
son, 2016). Aptamers have emerged as promising alternatives due to
their DNA or RNA-based structure, which allows them to bind to specific
target molecules. Two notable examples that exemplify innovative
biosensing approaches are the cation exchange reaction-mediated pho-
tothermal and polarity-switchable photoelectrochemical dual-readout
biosensor (Lu et al., 2023) and the photocurrent-polarity-switching
photoelectrochemical biosensor for switching spatial distance electro-
active tags (Zeng et al., 2023). The former utilises a cation exchange
reaction to mediate photothermal effects while employing a dual-
readout mechanism, enhancing sensitivity and specificity for various
applications. Conversely, the latter biosensor leverages photocurrent
polarity-switching techniques to detect electroactive tags based on their
spatial distance, allowing for improved selectivity and control in sensing
applications (Zeng et al., 2023). These examples illustrate the diversity
within the biosensor field and the ongoing advancements in transducer
technologies and bioreceptor designs, highlighting the potential for
more sensitive and selective detection methods across various biomed-
ical applications. Cai et al. study developed a competitive-displacement
reaction strategy for sensitive photoelectrochemical aptasensing of
prostate-specific antigen (PSA) using target-induced dissociation of gold
nanoparticle-coated graphene nanosheets from CdS quantum dot-
functionalized mesoporous titanium dioxide (Cai et al., 2018). Xu
et al. study presents an ultrasensitive photoelectrochemical aptasensor
for detecting 8-hydroxy-2'-deoxyguanosine (8-OHAG) using hemin/G-
quadruplex photocurrent polarity switching on ultrathin ZnInySs4
nanosheets, achieving a detection limit of 0.3 pM while demonstrating
high sensitivity, stability, selectivity, and accuracy in complex biological
matrices (Xu et al., 2022). Aptamers, selected through the systematic
evolution of ligands by the exponential enrichment (SELEX) method,
exhibit high affinity and selectivity, binding non-covalently to analytes
via various interactions (Qureshi et al., 2015). These characteristics
enable aptamers to provide several advantages over antibodies,
including higher affinity, specificity, thermal stability, and lower cost
(Nourizad et al., 2023). For example, RNA aptamers isolated using
SELEX demonstrated superior discrimination against similar molecules
such as caffeine and theobromine compared to theophylline, with
binding affinities up to 10,000 times higher (Huang and Liu, 2022).
Similarly, aptamers selected for L-arginine showed a 12,000-fold pref-
erence for the target over its enantiomer (Geiger et al., 1996). Further-
more, anti-VEGF RNA aptamers strongly bind to VEGFies5/164,
distinguishing them from structurally similar proteins such as VEGF;2;
(Ruckman et al., 1998). In addition, aptamers have shown the ability to
differentiate target cells, even between highly similar cell types (Xie
et al., 2023).

The sensor designed for VEGF detection employs a self-assembling
DNA aptamer as the bioreceptor, and its electrochemical detection
mechanism can be compared to the dual-readout capabilities of cation
exchange reaction-mediated biosensors. This comparison highlights the
capacity of the sensor to achieve high specificity and sensitivity through
innovative design, akin to the methodologies used in dual-readout bio-
sensors. Additionally, the photocurrent-polarity-switching biosensor il-
lustrates the significance of dynamic response mechanisms in
biosensing, which is relevant to the operational efficiency of the VEGF
sensor. The adaptability and precision of the self-assembling DNA
aptamer structure suggest a potential for enhanced interaction with the
target protein, similar to the use of spatial distance and electroactive
tags in other biosensors to improve detection capabilities.
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Various methods have been proposed for the quantitative detection
of VEGF. These include enzyme-linked immunosorbent assay (ELISA)
(Hsu et al., 2016), fluorescent analysis (Al-Ameen et al., 2015), surface-
enhanced Raman scattering (SERS) (Zhao et al., 2015), enzyme-linked
chemiluminescence immunoassay (Wang et al., 2021), electrochemical
detection (Ni et al., 2020). However, many of these techniques require
intricate procedures, advanced instrumentation, and highly trained
personnel. Consequently, there is considerable interest in developing
VEGF sensors with high sensitivity, simple operation, and low cost. The
pulsed amperometric detection (PAD) method is a rapid voltammetric
detection technique used in biosensors (Ratautaite et al., 2023). Its
primary advantage over other voltammetric approaches is its ability to
conduct analyses without a redox probe. This greatly simplifies the
experimental setup, streamlining the procedure and allowing measure-
ments to be taken directly in the phosphate buffer solution. This capa-
bility improves efficiency and makes the method more versatile and
accessible in various analytical settings. It should be noted that we
specifically chose this method for our experiments because of its speed
and suitability for biosensing applications.

This work focuses on developing an electrochemical sensor based on
a self-assembling aptamer structure supported by electrochemically
polymerised polypyrrole (Ppy), specifically designed to determine
VEGF. The self-assembling aptamer structure, comprising three distinct
parts of single-stranded DNA, is immobilised onto the Ppy-modified
SPCE through a two-step process. Initially, the Ppy layer is electro-
chemically deposited onto the SPCE, providing a conductive matrix that
facilitates the subsequent immobilisation of the aptamer. Following the
deposition, the self-assembled DNA aptamer structure is introduced to
the Ppy matrix, allowing for efficient entrapment and stabilisation of the
aptamer. The pulsed amperometric detection (PAD) method was then
applied to generate analytical signals in response to VEGF binding. The
interaction behaviour between VEGF in solution and the immobilised
DNA aptamer/Ppy structure was analysed using the Langmuir isotherm
model. Overall, the developed electrochemical biosensor shows signifi-
cant promise for in vitro applications in early cancer diagnostics and
treatment monitoring, enabling rapid screening of patient samples.

2. Materials and methods
2.1. Materials

Pyrrole 98 % (CAS# 109-97-7, Alfa Aesar, Kandel, Germany), tablets
of phosphate-buffered saline (PBS), pH 7.4, (CAS# 7647-14-5, Sigma-
—Aldrich, Steinheim, Germany), and sulfuric acid (96 %, CAS# 7664-93-
9, Lachner, Neratovice, Czech Republic) were used in the experiments.
Desalted unmodified and 3'- Thiol-Modifier C6 S—S DNA oligonucleo-
tides and DL-dithiothreitol (DTT, CAS# 3483-12-3) were obtained from
Sigma-Aldrich and used without further purification. V Recombinant
human VEGF; 45 protein, expressed in HEK293 cells, was purchased from
Sigma-Aldrich, Steinheim, Germany. All reagents were analytical grade,
and deionised water was used to prepare all aqueous solutions.

2.2. Hybridization of oligonucleotides (anti-VEGF aptamer)

The underlined sequence in Table 1 denotes the previously published
anti-VEGFA SLyB aptamer sequence (Kaur and Yung, 2012). Addition-
ally, other DNA sequences form a stem (stalk) structure after oligonu-
cleotide hybridisation (Fig. 1A). The process involves the reduction of

Science of the Total Environment 955 (2024) 177151

the thiol-modified oligonucleotide (stalkGTG) prior to aptamer assem-
bly, wherein the disulphide bond of the 3"-thiol modifier is reduced using
a standard protocol. Firstly, the thiol-modified oligonucleotide is dis-
solved in 125 pL of dithiothreitol solution (100 mM DTT in 10 mM so-
dium phosphate buffer, pH 8.3) and incubated at room temperature for
1 h. Subsequently, any by-product is removed through a commercial
Sephadex® G-25 column (NAP-10, ‘Cytiva’). Following reduction, the
hybridisation of oligonucleotides takes place to assemble the aptamer.
This involves determining DNA concentrations via UV spectrophotom-
etry and mixing equal volumes of normalised oligonucleotide solutions
(combSL2B, stalkGTG, and r_stalkGTG) at a concentration of 30 pM/pL
in PBS buffer, followed by boiling in a water bath (a beaker containing
100-150 mL of water) for 5 min, then slowly cooled to room
temperature.

2.3. Pre-treatment of working electrodes, electrochemical modification by
a polymer layer, and electrochemical measurements

The electrochemical experiments were carried out using a poten-
tiostat/galvanostat AUTOLAB TYPE III from ECO-Chemie/Metrohm
(Barendrecht, The Netherlands), controlled by the FRA2-EIS software
from ECO-Chemie/Metrohm, (Utrecht, The Netherlands). The initial set
of electrodes consisted of DRP-110 screen-printed carbon electrodes
(SPCE) obtained from Metrohm/DropSens (Oviedo, Spain). These elec-
trodes have a working electrode with a geometric area of 0.126 cm?, a
carbon-based counter electrode, and a reference electrode.

Before the electrochemical modification with Ppy, the working
electrodes were electrochemically cleaned using cyclic voltammetry to
ensure accurate detection in an electrochemical immunoassay (Lv et al.,
2019; Zeng et al., 2022). This involved immersing the electrodes in a 0.5
M sulfuric acid solution and potential cycling for 20 cycles at a sweep
rate of 0.1 V/s in the range from —0.1 V to +1.2 V vs. Ag/AgCl.

The polymer layer was deposited with a two-step electrochemical
polymerisation procedure (Fig. 1B). Two steps were taken to deposit the
Ppy-entrapped aptamer (Ppy/anti-VEGF) on the SPCE electrodes: (i) In
the first step, the Ppy under-layer was electrochemically deposited from
a polymerisation solution containing 0.1 M of pyrrole in 10 mM PBS, pH
7.4, and a sequence of 5 potential pulses (of +0.95 V for 1 s and 0 V for
30 s) was applied; (ii) In the second step, anti-VEGF was added to the
same polymerisation bulk solution, and the sequence of 5 potential
pulses (of +0.95 V for 1 s and 0 V for 30 s) was repeated. The anti-VEGF
aptamer is embedded within the polypyrrole structure, providing sup-
port and stability to the aptamer molecule.

Pulsed amperometric detection (PAD) was used to evaluate Ppy-
modified electrodes. The sequence consisted of 10 potential pulses of
+600 mV vs. Ag/AgCl lasting 2 s and 0 V vs. Ag/AgCl lasting 2 s.

3. Results and discussion
3.1. Electrodeposition of polypyrrole-based VEGF aptamer

Using a series of potential pulses, polymer-based layers were elec-
trochemically deposited on the surface of SPCE. The potential pulse
series profile during the application of the polypyrrole-based (Ppy) layer
to SPCE is shown in Fig. 2A. According to the experimental procedures
described in the experimental section, a polypyrrole-based VEGF
aptamer (Ppy/anti-VEGF) layer was created on SPCEs through two steps
(Fig. 2B, 2C).

Table 1

DNA nucleotides.
Oligomer Sequence (5-3) Modification Ln MW
combSI2B CAATTGGGCCCGTCCGTATGGTGGGTAAGCTTGAATTC 38 11744
stalkGTG GTCGACCTGCGTG/[ThiC6] [ThiC6] - 3’ Thiol modifier C6 S—S - on 3’ end 13 6763
r_stalkGTG CACGCAGGTCGACGAATTCAAGCTT 25 7655
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aptasensor-based structures.

In the first step, a Ppy underlayer was electrochemically deposited
from a solution of 0.1 M pyrrole in 10 mM PBS (pH 7.4) by applying 5
potential pulses (+0.95 V for 1 s followed by 0 V for 30 s). This thin Ppy
underlayer, similar to approaches used in other studies (Balciunas et al.,
2022; Ktari et al., 2015; Liustrovaite et al., 2023) was implemented to
enhance the adhesion and performance of the sensing layer while min-
imising the direct interaction between the electrode and the target an-
alyte. In particular, it mitigated the direct interaction of VEGF with the
electrode surface, ensuring a more effective formation of the Ppy/anti-
VEGF layer. In the second step, the anti-VEGF aptamer was added to
the same polymerisation solution, and the sequence of 5 potential pulses
was repeated. This process embeds the anti-VEGF aptamer within the
Ppy structure, providing enhanced stability and support for the aptamer
molecule while shielding the electrode surface. Similar to approaches
seen in MIP and self-assembled monolayer (SAM) systems. This two-step
process is crucial for optimising the sensing layer’s adhesion and func-
tional performance.

3.2. Electrochemical characterisation of polypyrrole-based aptamer layer
and VEGF detection

The selection of duration in the PAD method is crucial in achieving
accurate and sensitive electrochemical measurements. In this case, a
series of 10 pulses of 0 V and 10 pulses of +0.6 V are utilised, each
lasting for 2 s (Fig. 3A), as suggested in our previous research
(Ramanaviciene and Ramanavicius, 2004). The choice of +0.6 V for
detection is based on its ability to induce the desired electrochemical
reactions and provide an optimal signal response. Furthermore, it was
stated that at +0.65 V vs Ag/AgCl (3 m kc1), the unsubstituted Ppy starts

to overoxidise (Lewis et al., 1997). During the evaluation of the obtained
current changes by application potential pulses, the drop of the current
was attentively analysed at certain moments or intervals in the potential
pulses of +0.6 V and 0 V. Such moments in the potential pulse were at
0.1s,0.2s,04s,06s,08s,and 2.0 s (Fig. 3B). Analysing current
changes at specific moments within the potential pulse allows the
characterisation of different electrochemical processes. Investigating
and determining different redox reactions or species exhibiting diverse
kinetics or affinities toward the electrode surface becomes possible. This
methodology facilitates gathering intricate and thorough insights into
the electrochemical system.

Fig. 3A shows a graphical representation of the PAD method; the x-
axis of the graph represents time, and the y-axis represents the electrical
current. Fig. 3B depicts the pulse as two pulses, one at +0.6 V and the
other at 0 V, which were applied to the electrode. Each pulse exhibits
specific time points marked along the x-axis at 0.1 s intervals. Current
values at 0.1 s for 0.6 V and 0 V were extracted from the graph and
marked as Al ¢ 1. Similarly, data points were collected from the graph at
time intervals of 0.2's, 0.4 s, 0.6 s, and 0.8 s and were labelled as AI ¢ g5,
Al .45, AI s, and Al o g, respectively. These time points represent
different time placements within the overall pulse duration taken for
further investigation, as described in the following (Fig. 4).

3.3. Evaluation of analytical parameters

3.3.1. Adapted Langmuir isotherm

The y-axis depicts the current response observed during that interval
(Fig. 3). Fig. 3 illustrates the significance of pulse length when using the
PAD method. As a result, potential pulse values of +0.6 V and 0 V were
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Fig. 2. Electrochemical deposition of Ppy layers: (A) on SPCE electrodes,
showing the profile of the current registered during the formation of the Ppy
layer from polymerisation solution without anti-VEGF. (B) Ppy underlayers on
SPCE electrodes and (C) of the Ppy layers with anti-VEGF entrapped as a
sensing element of the system. Inset (D-—F): potential pulses for the signal
analysis. Measurements were performed in 10 mM PBS solution, pH 7.4.

chosen to measure VEGF over a concentration range of 0 to 24 nM.
Several specific moments in the potential pulse (Xs) were investigated,
including 0.1 s, 0.2's, 0.4 s, 0.6 s, 0.8 s, and 2.0 s. Calibration curves
(Fig. 4) were plotted using a normalised response (NR Al 4 x) in current
AI 4 x5, obtained from PAD measurements performed after incubating
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Ppy/anti-VEGF and Ppy in the 10 mM PBS solution, pH 7.4, containing
VEGEF in the range of concentrations from 0 to 24 nM. The incubations
were carried out for 15 min at room temperature. Ppy and Ppy/anti-
VEGF electrodes were rinsed with PBS, pH 7.4, and a solution be-
tween incubating electrodes in various VEGF concentrations. To
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Fig. 4. Calibration curves (NR Al xs) vs. VEGF protein concentration) ob-
tained using modified electrodes of Ppy and Ppy/anti-VEGF modified electrodes
for specific moments in the potential pulse at (A) 0.1 s, (B) 0.2s, (C) 0.4 s, (D)
0.6 s, (E) 0.8 s. The error bars were calculated as standard deviations (n = 4).
(F) the dependence of the adapted Langmuir constant of Ppy/anti-VEGF and the
corresponding Ppy-modified electrodes for specific moments in potential pulse
(n = 4) (F).

A Ppy/anti-VEGF

0.0 04 08 12 1.6 2.0 2.4 28 32 3.6 4.0
Time (s)

Fig. 3. (A) Pulsed amperometry-based evaluation of Ppy/anti-VEGF modified electrodes performed by the potential pulse sequence (+0.6 V and 0 V potentials) (B):
the principal of the potential pulse signal analysis. Measurements were performed in 10 mM PBS solution, pH 7.4.
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normalise the response of the Al signals, the AI at 0 nM of VEGF was set
to zero (Eq. 1).

NRAI x; = Aly x;(0 nM VEGF) — Al x5 1)

Understanding the interactions of binding sites with aptamers and
proteins poses challenges when employing electrochemical methods.
Therefore, our investigation relies heavily on the mathematical analysis
of adsorption isotherms, primarily the Langmuir model. This involves
fitting experimental data to the Langmuir isotherm to derive model
parameters. In the study by Gonzato et al. (2021), cilostazol-extracted
MIPs embedded in a polymer film were used to measure binding pa-
rameters. Experiments were performed using Freundlich, Langmuir, and
Langmuir-Freundlich isotherms. The Langmuir-Freundlich isotherm
best fitted the data, indicating highly homogeneous and relatively ho-
mogeneous cavities in the polymer matrix. Next, Calik, Balci, and
Ozdamar (Calik et al., 2010) conducted an equilibrium binding analysis
on recombinant human growth hormone (thGH) in liquid-phase and
immobilised-aptamer phase, using the Langmuir type adsorption
isotherm. Following previous research, we adapted the Langmuir
isotherm (Eq. 2) and applied it to our experiments, as shown in Fig. 4.

[VEGF)]

Al = AJ —_—
mex X 1 [VEGF]

(2)

Where Alp,y is the maximal normalised value of current density, K — is
the adapted Langmuir constant, and [VEGF] - is the concentration of
VEGF. K, Alpay, and R? values can be found in Table 2.

Table 2 provides a detailed summary of K, Alpay, and R? values ob-
tained from experiments calculated for specific moments in the potential
pulse of +0.6 V and 0 V potential pulses at 0.1's, 0.2 s, 0.4 s, 0.6 s, and
0.8 s (Fig. 4A-E), with the corresponding standard deviation errors. High
R? values close to 1 across different specific moments in the potential
pulse indicate a strong fit of the experimental data to the adapted
Langmuir model, indicating its suitability for describing the adsorption
behaviour of VEGF on the sensing surface. Furthermore, the dependence
of the K at specific moments in the potential pulse of Ppy/anti-VEGF and
the corresponding Ppy-modified electrodes is shown in Fig. 4F. Notably,
the K values tend to increase with longer specific moments in the po-
tential pulse, indicating a positive correlation between the duration of
the interaction and the affinity of VEGF for the sensing material. This
observation suggests that prolonged exposure of the sensing surface to
VEGF allows for more extensive binding interactions to occur, leading to
a higher equilibrium constant. Longer specific moments in the potential
pulse likely facilitate more significant adsorption of VEGF molecules
onto the surface, resulting in enhanced sensitivity and specificity of the
sensor. Increasing K values from 1.25 + 0.09 nM to 2.47 + 0.49 nM with
longer specific moments in the potential pulse underscores optimising
the experimental conditions to achieve the desired sensitivity and ac-
curacy in VEGF detection. Researchers may consider adjusting the
duration of the specific moments in the potential pulse to maximise the
binding interactions between VEGF and the sensing surface while
maintaining the dynamic range and reliability of the sensor response. It
is noteworthy that K values for the Ppy layer remain relatively similar.
Consequently, the Al,ax values for the Ppy/anti-VEGF layer and the Ppy
layer are consistently lower for a longer specific moment in the potential

Table 2

Science of the Total Environment 955 (2024) 177151
pulse compared to a shorter specific moment in the potential pulse.

3.3.2. Adaptation of integrated Cottrell equation

The integrated Cottrell equation (Anson plot) was employed to
further analyse and discuss the results. The relation of the cumulative
charge passed and time in Ppy-based electrochemical sensors obeys the
integrated Cottrell equation (Eq. 3-4):

Q= Q+ Qa1 + Quas. 3)
'D

Q= ZnFAc\[;ﬁ =ky/t “@

Qugs. = Fnl” %)

where: Q - total charge (C); n — number of electrons; F — Faraday con-
stant (96,485C/mol); A — area of the electrode (cmz); C - concentration
(M); D - diffusion coefficient (cmz/s); t—time (s); Qg — the charge of the
electrical double layer; Qqq4s, — charge induced by adsorbed ions.

The study done by Anson et al. (Anson et al., 1967) underscored the
effectiveness of a double potential step chronocoulometric technique in
accurately quantifying adsorbed reactants, providing valuable insights
into electrochemical processes without the need for complex models. In
the integrated Cottrell equation, the total charge accumulation com-
prises three components: Faradaic charges (Qy) arising from redox ac-
tivity, charges from the charging and discharging of the electrode-
electrolyte double-layer capacitance (Qg.), and changes in charge due
to adsorbed species (Qqqs)- When plotting the total charge (Q) against
the square root of time (t"*), a linear relationship emerges, where the plot
of Q versus t” exhibits a linear correlation with the slope (k) and the
intercept corresponding to Qqgs. + Q... Notably, the study observed that
maximum adsorption typically occurs at intermediate concentrations of
specific compounds. In contrast, changes in adsorption patterns suggest
specific bonding interactions between the reactants and the electrode
surface. The previous study (Ratautaite et al., 2023) investigated the
complex effects of electrode modification on the adsorption behaviour of
analytes and reaction products. Unlike prior studies utilising plain
electrodes, the study employed Pt electrodes modified with the con-
ducting polymer Ppy, which were further imprinted or non-imprinted
with glycoprotein. This modification introduced additional layers and
functionalities to the electrode surface, altering the electrochemical
behaviour of the system. The Ppy layer could participate in charging and
discharging processes during electrochemical oxidation and reduction
reactions by changing the potentials. In our study, we used the polymer-
supported aptamer layer on the electrode. These insights complicate the
analysis of amperograms, but it is still possible to describe them in the
terms proposed by Anson.

Fig. 5A for Ppy/anti-VEGF and Fig. 5B for Ppy show the Anson plots
for the data from Fig. 3 amperograms. Linear regression was used to fit
the relationship between Q and t”. Table 3 lists the parameters of the
corresponding equations. The obtained R? values indicate a linear cor-
relation in the plot of Q vs. t” (Table 3). The exponential dependence of
the slope and the intercept on the concentration of VEGF is represented
in Figs. 5C and 5D (for 0.6 V), respectively. The plots illustrate that slope
and intercept values differ for Ppy/anti-VEGF and Ppy-modified

K, Alay, and R? values were calculated for specific moments in the potential pulse of +0.6 V and 0 V potential pulses at 0.2's, 0.4 s, 0.6 s, 0.8 s, and 2 s. Errors were

calculated as a standard deviation.

Specific moments in the potential pulse, s Ppy Ppy/anti-VEGF
K (nM) Alnax (mA) R K (nM) Al (mA) S
0.1 0.35 + 0.03 1.19 £ 0.01 0.999 1.25 + 0.09 2.25 +0.03 0.998
0.2 0.37 £ 0.02 0.79 £ 0.01 0.999 1.38 £ 0.14 1.57 £ 0.03 0.998
0.4 0.41 +£0.03 0.46 + 0.01 0.999 1.67 + 0.24 0.94 + 0.03 0.995
0.6 0.43 + 0.04 0.33 £ 0.01 0.999 2.03 +0.33 0.64 + 0.03 0.992
0.8 0.44 + 0.04 0.26 + 0.01 0.998 2.47 +0.49 0.47 +0.03 0.988
6
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Fig. 5. A and B represent the Anson plots (Q vs. t/;) derived from the amper-
ometric response registered during the last (10th) potential pulse of the applied
potential pulse sequence (0.6 V and 0 V) for A -Ppy/anti-VEGF modified
electrode and B -Ppy modified electrode. C and D represent the slope and
intercept values of the linear regression equation y = ax + b (from) vs. the
concentration of VEGF protein (nM).

Table 3

Linear regression parameters of the Anson plot (Q, mC vs. t”, 5" (derived from
the Ppy/anti-VEGF and Ppy for the last (10th) pulse of the potential pulse
sequence.

y=ax+b Ppy/anti-VEGF Ppy

C, nM
" a b R? a b R?
0 0.854 1.672 0.993 0.1523 0.4314 0.992
1 0.6859 1.0719 0.996 0.1242 0.0651 0.996
3 0.5226 0.77176 0.994 0.1152 0.0653 0.999
7 0.3078 0.35404 0.995 0.1088 0.0592 0.999
10 0.2384 0.1197 0.994 0.1085 0.0524 0.999
20 0.1951 0.0782 0.999 0.1017 0.0461 0.999

electrodes under the same experimental conditions.

The data depicted in Fig. 5C reveal a notable decrease in the slope (k)
of the Anson equation, as calculated according to equation (Eq. 4), with
increasing concentrations of VEGF. The slope is associated with (i) the
equivalent number of electrons ‘n’ transferred during the electro-
chemical reaction; (ii) the electrochemically active area (A); the con-
centration of material (C); and the diffusion coefficient (D). In our
investigation, the observed dependence of slope (k) on the concentration
(C) of glycoprotein suggests a decrease in the electrochemically active
area (A). This deduction is supported by the assumption that the values
of parameters (n)’ and (D) remain constant across all evaluated con-
centrations of VEGF, owing to the consistency in the concentration of
other solution components and their respective physicochemical char-
acteristics (e.g., density and viscosity). Notably, the slope value de-
pendency on the concentration of VEGF is more pronounced in the case
of the Ppy/anti-VEGF modified electrode compared to the Ppy-modified
electrode.)

In chronocoulometric experiments, the charge increases propor-
tionally with the t//? due to the diffusion of additional reactant to the
electrode surface. If some of the reactants become adsorbed at the
electrode/electrolyte interface while the electrode is held at a potential
of 0 V, when the potential is switched to +0.6 V, the adsorbed reactant
will be reduced almost instantly, resulting in an additional burst of
charge. However, after this initial response, the chronocoulometric
behaviour remains unaffected by the adsorption of the reactant. In this

Science of the Total Environment 955 (2024) 177151

case, plots of Q versus t/2 will have intercepts exceeding Q by an
amount of charge equal to Qg. Notably, the slope remains unaffected by
the presence of adsorbed reactant. The values of Qquqs serve as direct
measures of the quantity of adsorbed reactant by Faraday’s Law (Eq. 5),
where I represents the quantity of adsorbed reactant in moles. Fig. 5D
depicts intercept values of the concentration of VEGF protein (nM),
while the intercept corresponds to Qqgs + Qqi- To determine Qqq4s from the
intercept of a chronocoulometric plot of Q versus /- 2, it is crucial to
ascertain or measure Qg. This poses no challenge when the adsorption of
a reactant elicits minimal or negligible alteration in the interfacial
capacitance, allowing the value obtained in a blank experiment in the
absence of analyte (0 nM of VEGF) to apply to measurements conducted
in the presence of the adsorbing analyte (Anson and Osteryoung, 1983).

3.4. Determination of the limit of detection

PAD-based electrochemical measurements were conducted to assess
the limit of detection (LOD). Intercept values, which correspond to Qqqgs
+ Qq, were taken from Table 3. To evaluate the Qqqs, a blank experiment
in the absence of an analyte (0 nM of VEGF) was employed, respectively,
for Ppy and Ppy/anti-VEGF as analytical signals. VEGF protein con-
centration linear calibration plotted against AQ (MC) is shown in Fig. 6.
The slope for the VEGF (concentration expressed in nM) registered by
the Ppy electrode was 0.001 mC/nM, with R? = 0.96, while the linear
regression slope for the VEGF onto the Ppy/anti-VEGF modified elec-
trode was 0.1 mC/nM, with R = 0.99. The LOD was calculated ac-
cording to the equation:

~33x8D

LOD
slope

(6)

where SD represents the standard deviation.

It was evaluated that the LOD for the modified electrode Ppy/anti-
VEGF was 0.21 nM.

A comparison of electrochemical methods previously used to detect
VEGEF protein is shown in Table 4.

Table 4 represents various approaches to VEGF detection utilising
different electrode materials, polymers, and detection techniques. The
first method employs flexible silk protein matrices combined with a
conducting ink containing PEDOT:PSS, showcasing a biocompatible
platform suitable for antibody immobilisation. This approach demon-
strates a moderate LOD of 1.03 pg/mL and exhibits a wide linear range

B Ppy/anti-VEGF
1.6 A Ppy ™

0.0 T T T T
0 5 10 15 20

Concentration (nM)

Fig. 6. Calibration curve Q,q; registered by Ppy/anti-VEGF (black line) and Ppy
(red line) vs. VEGF concentration. Error bars are calculated as a standard de-
viation percentage (n = 4).

159



V. Liustrovaite et al.

Science of the Total Environment 955 (2024) 177151

Table 4
Summary of the electrochemical methods previously used for the detection of VEGF protein.
Electrode Polymer Method Redox LOD LR Ref.
used mediator
Flexll?le silk pmte.m. matrices W%Lh a biocompatible, PEDOT:PSS EIS B 1.03 pg/ 1pg/mLto 1 (Xu and )
antibody-containing conducting ink mL pg/mL Yadavalli, 2019)
AUSPE poly(AA-co-MBA)-based MIP with EIS [Fe 0.005 0.01-7000 pg/ (Johari-Ahar
dual-template of EGFR and VEGF. (CN)1*7*  pg/mL mL etal., 2018)
[Fe 300 pg/ 0.500-500 ng/ oo
- He et al., 2023
GCE/GNRs-AuNPs PoPD DPV @ mL o (He et al., 2023)
SPCE Ppy PAD - 0.21 nM 1.0-20 nM This study

AA - acrylamide; AuNPs - gold nanoparticles; AuSPE — gold screen-printed electrode; DPV - differential pulse voltammetry; EGFR - epidermal growth factor receptor;
EIS - electrochemical impedance spectroscopy; GCE — glassy carbon electrode; GNRs — graphene nanoribbons; LR - linear range; MBA — N,N- methylenebis(acryl-
amide); PAD - pulsed amperometric detection; PEDOT - poly(3,4-ethylenedioxythiophene); PoPD — poly(o-phenylenediamine); PSS — polystyrene sulfonate; VEGF —

vascular endothelial growth factor.

from 1 pg/mL to 1 pg/mL (Xu and Yadavalli, 2019). The second method
uses a gold screen-printed electrode functionalised with a MIP, syn-
thesised using acrylamide and N,N-methylenebis(acrylamide) as a
monomer and crosslinker polymerised around EGFR and VEGF tem-
plates. This technique shows a LOD of 0.005 pg/mL and a wide linear
range from 0.01 pg/mL to 7000 pg/mL (Johari-Ahar et al., 2018).
Additionally, the biosensor demonstrates the value of using multidisci-
plinary approaches in protein detection. It combines MIP technology,
antibody-conjugated nanoliposomes, and electrochemical detection to
sensitively and selectively determine VEGF (Johari-Ahar et al., 2018).
The third method, which employs poly(o-phenylenediamine) as the
polymer matrix, uses a glassy carbon electrode modified with graphene
nanoribbons (GNRs) and AuNPs. Using differential pulse voltammetry
(DPV), this method yields a linear range of from 0.5 ng/mL to 500 ng/
mL and a LOD of 300 pg/mL (He et al., 2023). Notably, this study
significantly contributes to this field by introducing a novel PAD
approach that employs the SPCE coated with Ppy. Unlike previous
methods, this approach does not require the use of a redox mediator,
which simplifies the detection process. The newly developed biosensor
boasts an impressive LOD of 0.21 nM, enabling it to detect e VEGF
within the range of 1.0-20 nM. This novel technique underscores the
importance of investigating different electrode materials and detection
strategies to improve the sensitivity and specificity of VEGF detection
assays.

While this study did not involve the analysis of real samples, the
accuracy of the developed aptasensing platform was rigorously evalu-
ated through in vitro testing using known concentrations of VEGF pro-
tein. The use of PAD, as demonstrated by Anson et al. (Anson et al.,
1967), ensured precise quantification of adsorbed reactants, allowing
for accurate differentiation between Faradaic and non-Faradaic pro-
cesses. The accuracy of the sensor was further validated by determining
the LOD through PAD, yielding a highly sensitive detection limit of 0.21
nM with a strong linear correlation. These results suggest that the
platform has strong potential for future applications involving real
samples, such as clinical or environmental diagnostics. Further work
will focus on real sample testing to confirm its performance in practical
settings.

4. Conclusions

This study represents a notable advancement in biosensing technol-
ogy for cancer diagnosis and treatment monitoring. The developed
electrochemical aptasensor demonstrates the potential of aptamer-based
sensors for the sensitive and selective detection of disease-related pro-
teins, specifically VEGF. The key achievements of this work include the
utilisation of a self-assembling DNA aptamer structure, which offers
high specificity for VEGF, and the integration of a polypyrrole (Ppy)/
anti-VEGF matrix, which enhances sensitivity, resulting in a low
detection limit of 0.21 nM. Moreover, adopting PAD without redox
mediators simplifies the detection process, distinguishing this approach

from other more complex biosensing methods. Our development system
shows great promise for point-of-care diagnostics, enabling the rapid
monitoring of VEGF levels in clinical settings. Its versatility lies in the
modifiability of the aptamer structure, allowing for potential adaptation
to detect other disease biomarkers, thus broadening its applicability in
personalised medicine. However, challenges such as aptamer stability in
complex biological environments and environmental sensitivity must be
addressed to optimise performance. Despite these limitations, the plat-
form’s capability for real-time biomarker monitoring paves the way for
improved clinical decision-making and individualised patient care.
However, the application of aptamer-based electrochemical sensors
presents several challenges that must be addressed for broader clinical
implementation. A key concern is the stability of DNA aptamers,
particularly in complex biological environments such as blood serum,
where they are prone to nuclease degradation. This degradation can
significantly reduce the lifespan and effectiveness of the sensor. In
addition, the sensor’s performance may deteriorate if the aptamer loses
its structural integrity or binding affinity for VEGF. The specificity and
accuracy of VEGF detection in real-world biological samples may also be
compromised by interfering substances, leading to non-specific binding
or signal interference, and resulting in false-positive or false-negative
readings. Furthermore, aptamer-based electrochemical sensors are sen-
sitive to environmental variables, such as temperature and pH, which
can affect aptamer folding and binding efficiency, potentially producing
unreliable results. Lastly, these sensors may exhibit a limited dynamic
range, which could restrict their ability to measure VEGF concentrations
across the wide range observed during different stages of disease pro-
gression. Addressing these challenges is critical to fully harness the
potential of aptamer-based sensors in clinical diagnostics.
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