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INTRODUCTION

Electrochemical sensors play a role in various industries and applications
because they can detect and quantify specific chemical compounds. In
environmental monitoring, healthcare and medical applications, industrial
processes and safety, as well as some other applications, electrochemical
sensors are used. They are essential for the rapid, precise, and selective
detection of target analytes.

The market for electrochemical sensors is expanding rapidly due to
technological advancements, increased environmental regulations, and
growing healthcare needs. The global biosensors market size was estimated at
USS$ 28.44 billion in 2023, and it is expected to hit US$ 58.44 billion by 2033
with a registered compound annual growth rate (CAGR) of 7.9% from 2024
to 2033 [1].

The literature offers a wide variety of electrochemical sensor designs.
However, such difficulties as insufficient repeatability, the stability of sensors,
poor detection limits, more sustainable solutions, the integration of sensors
into practical, user-friendly devices, and the legal regulation still slow down
the market entry of sensors.

The morphological and physical properties of conducting polymers have
led to numerous potential industrial applications and sensor designs.
Polypyrrole (Ppy) is a polymer often used to design electrochemical sensors
because it combines electrical conductivity, electrochemical activity, stability,
selectivity, and adaptability. Due to its special characteristics, sensors that can
detect a variety of analytes, such as gases, ions, biomolecules, and
environmental contaminants, have been developed.

This study aims to evaluate polypyrrole modification possibilities to
develop an electrochemical sensor. For this aim, the polypyrrole layer was
modified with phenothiazine derivatives or molecular imprints.

Objectives

e To polymerize the pyrrole layer modified with phenothiazine derivatives
and other additives on the glass electrode coated with a thin layer of
indium tin oxide (ITO);

e To determine the most suitable conditions for creating a more stable
pyrrole layer on the ITO electrode for the application in a sensor design;

e To polymerize the pyrrole layer on a platinum electrode and apply it to
the creation of a sensor based on molecular polymer imprint technology;



To evaluate the resulting structures and their use;
To apply an integrated Cottrell equation for assessing the molecularly
imprinted polypyrrole (MIP-Ppy) and molecularly not imprinted

polypyrrole (NIP-Ppy).

Scientific Novelty

In particular, three phenothiazine derivatives (methylene blue (MB), azure
A (AA), and thionine (TH)) were used to develop an electrochromic
sensor design. This study sought to demonstrate that polysaccharides
could be applied in layer modification and positively affect the properties
of the sensor design. At that time, such a combination was less common
in the literature.

At the beginning of the COVID-19 pandemic which emerged in late 2019
in China, it was of importance to update the research, by adapting it to the
current affairs of those days. Expeditiously conducted experiments were
undertaken in response to the government policy to achieve control of the
pandemic as soon as possible. The scientific team of the Center for
Physical ~ Sciences and Technology (FTMC), Department of
Nanotechnology was one of the first to publish how the molecularly
imprinted polymer (MIP) technology was used in developing a
polypyrrole sensor to detect the SARS-CoV-2 spike (SARS-CoV-2-S)
glycoprotein.

The MIP-based polypyrrole sensor design for MB recognition was
developed to fill the gap in methylene blue detection methods.

Statements to be Defended

Three phenothiazine (PT) derivatives — methylene blue, azure A, and
thionine — can be used to improve the electrochromic sensor properties.
Polysaccharides in the polymerization mixture contribute to a positive
change in the properties of the layer which is used to create sensor design
— heparin is a suitable material to improve layer adhesion.

The molecularly imprinted polypyrrole (MIP-Ppy)-based layer can be
designed as a sensor for the determination of SARS-CoV-2 spike
glycoprotein.

The integrated Cottrell equation (Anson plot) can be used to evaluate
SARS-CoV-2 spike glycoprotein interaction with the MIP-Ppy-based
layer.



e The molecularly imprinted polypyrrole (MIP-Ppy) with MB imprints can
be created by choosing the right synthesis conditions.

Contribution of the Author

The author of the dissertation performed the main experiments of
electrochemical layer deposition on the electrode. Also, the author performed
an electrochemical analysis and carried out an SEM evaluation. The author
was responsible for preparing samples for evaluation by AFM or FTIR. In
addition, the author conducted the data analysis and the interpretation of the
results of experiments, created graphic illustrations, data graphs, and prepared
the manuscripts of scientific publications. In addition, the author presented the
obtained results at many international conferences (both oral and poster
presentations).
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1. LITERATURE REVIEW

1.1. Polypyrrole

Ppy is one of conducting polymers which has been widely used for sensor
applications [2,3]. It has been used in a wide range of fields, including
electronics, energy storage, and biomedical applications [4—7].

Pyrrole is a 5-membered aromatic nitrogen heterocycle that is found in a
wide variety of molecules denoted by biological and material relevance [8]. It
is a colorless volatile liquid that darkens readily upon exposure to air. The
cyclic pattern is frequently the pharmacophore of bioactive pharmaceutical
drugs and natural materials [9].

Since the 20™ century, it has been known that electrochemically
polymerizing Ppy provides a thick, long-lasting layer with improved
conductivity and superior electrode properties [10].

The electropolymerization of Ppy generally is achieved by the
potentiostatic (constant potential) or galvanostatic (constant current) methods
[11]. Ppy is synthesized by electrochemical [12,13], chemical [14,15],
chemical vapour deposition [16], enzymatic [17], and/or microorganism-
assisted methods [18-20].

Ppy can be produced and placed on a variety of substrates, including
electrodes, such as ITO glass [21,22], screen-printed carbon [23-25], platinum
[26,27], and transducers [3,28]. The polymerization of Ppy on the ITO
electrode has been shown in the previous studies to depend on the electrode
surface modification, but it begins above 0.5 V [22,29]. The integration of Ppy
into a variety of sensor designs and formats, including microelectrode arrays
[30-32], flexible sensors [33,34], and even 3D-printed structures [35-37], is
made possible by the adaptability of fabrication techniques.

The presence of the different compounds in the polymerization mixture
may be used for tuning the final properties of the polymer. A Ppy layer’s
electrochemical activity is alternated by Ppy doping or dedoping with certain
ions and/or molecules. Ppy can be altered by adding different functional
groups or chemical species while it is being synthesized. By adjusting the
surface characteristics of the polymer, these alterations enable the selective
detection of particular analytes. The Ppy sensor’s selectivity and sensitivity
can be increased by adding certain functional groups which can interact
specifically with the target analyte.

Ppy electrochemical polymerization is illustrated in Figure 1. It consists of
oxidation and dimerization of pyrrole followed by aromatization and
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oxidation of the dimer. Higher molecular weight oligomers and aromatic
dimers are known to oxidize more readily than monomers.
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Figure 1. Mechanism for the electrochemical polymerization of Ppy [38]

1.2. Electrochromism

The term electrochromism describes the reversible color change that some
materials display in response to an external electrical input. To identify and
quantify analytes in a solution, electrochromic sensors make use of this
characteristic. Electrochromism occurs when a material undergoes persistent,
yet reversible color shifts due to an electrochemical reaction [38,39]. Usually,
there is a color shift between two colored states or between a transparent (or
‘bleached’) state and a colored state [40].

Some semiconducting layers based on metal oxides and some organic
materials, such as polymers, have electrochromic characteristics as a
distinguishing property [39]. Since polymers are characterized by their
simplicity, ease of synthesis, stability, biocompatibility, high optical contrasts,
quick response, ability to produce thin coatings and form multicolored
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electrochromes, they have electrochromic qualities and are thus relatively
popular [41-43].

Due to changes in the polymer’s n-n conjugated electronic system and their
ability to participate in electrochemical oxidation and reduction, conjugated
polymers exhibit electrochromism [38,44-46].

Numerous systems, including rechargeable batteries, photovoltaic cells,
polymeric light emitting diodes, transistors, smart windows for automobiles,
buildings, and greenhouses, electrochromic display devices, and smart
sunglasses, have benefited from the use of conjugated polymers [17,40,47—
50].

Different variations of the polymer have been applied in the development
of electrochromic sensors. For example, polyaniline and o-phenylenediamine-
based copolymers were formed electrochemically by potential cycling.
Copolymer layers were electrochemically deposited on transparent
conducting ITO-coated glass electrodes by potential cycling from
polymerization solution containing different concentration ratios of
monomers and applied for electrochromic sensor design [51].

Some pure PANI films, Ppy, and PEDOT:PSS films enhanced with
electrochromic dyes have all shown sufficient sensing parameters,
highlighting the significance of composite materials for exceptional
electrochromic sensor parameters [40].

It has been presented that gold nanostructures (AuNS) placed on an ITO
electrode improve the electrochromic characteristics of the PANI-PEDOT
layer [41]. Such a simple and inexpensive substrate pre-modification
technique can be applied to further enhance different conducting polymer-
based electrochromic devices.

1.2.1. Phenothiazine derivatives

The beginning of the chemistry of phenothiazines is considered to be the end
of the 19 century, when the parent compound, 10H-dibenzo-1,4-thiazine,
was obtained by Bernthsen in 1883. Since then, several thousand derivatives
have been developed [52].

This class of organic molecules became extremely significant due to the
wide range of relevant biological and chemical features [53].

Phenothiazine derivatives are biologically active compounds [54] due to
their reversible potentials near that of biological compounds such as NADH,
redox dyes have been investigated as mediators for the electron transfer
between enzymes or microbes and an electrode [55].
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The principal application of phenothiazines in medicine is
psychopharmacology. These substances can successfully inhibit dopamine,
histamine, serotonin, acetylcholine, and adrenergic receptors. Phenothiazines
also have a strong antibacterial action in addition to their antipsychotic
properties [56].

Phenothiazines belong to the oldest, synthetic antipsychotic drugs. More
than 50 years ago, phenothiazines, which have a tricyclic scaffold and a side
chain extending from the central ring moiety, were utilized to treat psychoses
[57]. Also, phenothiazines show antibacterial and antifungal activities [53].

There are a number of well-known phenothiazines: methylene blue (MB),
chlorpromazine, levomepromazine, promethazine, thioridazine,
trifluoperazine, thionine (TH), and azure A (AA) (Fig. 2).

+
TH Ry: NH, Ry: NH, |

MB RI: N(CH3)2 RZ: I‘S(CH3)2
AA RIZ N(CH3)2 R2! NH2

R s R,

Figure 2. Structure of phenothiazine derivatives (thionine, methylene blue,
azure A)

Chlorpromazine and promethazine derivatives have altered the fields of
psychiatry and allergy treatment, respectively [58]. MB was one of the first
antimalarial drugs [59]. Also, it is one of the earliest organic dyes still in use
today. It has a similar redox potential value to several biomolecules [60,61].
Since MB is a cationic dye, it is used in the textile industry. This leads to
certain environmental issues. Despite some downsides and growing concerns
about the environment, the usage of dyes is still increasing in many countries
through the textile industry and other coloring processes. Among the
pollutants, dyes are particularly noted for their harmful effects on the
environment and human health [62—64].

Additionally, MB works well as a mediator of electron redox [65]. The
sensitizer of choice is typically TH. Concerning redox-active low molecular
weight molecules, polythionine (PTH) and monomer TH both have
electrocatalytic activity [66].
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Phenothiazine derivatives often exhibit a low oxidation potential and a
strong propensity to form stable radical cations. Electropolymerization is one
of the most common and useful techniques used to obtain oligomer or polymer
dye thin films [67]. There are different possible products generated during the
electropolymerization of MB. Three linkage schemes, ‘nitrogen-to-ring’ (‘N-
to-ring’), ‘ring-to-ring’, and ‘nitrogen-to-nitrogen’ (‘N-to-N’) have been
proposed [68]. It is believed that demethylation followed by ‘N-to-ring’
coupling is the dominant reaction during the electrochemical polymerization
of MB. It was observed that the rate of the polymerization increased with an
increasing pH, thereby indicating that basic solutions are the optimal media
for the polymerization of MB pH 6.8 solution containing 3 mM of MB [68].

Electropolymerization of MB could be performed by using
potentiodynamic (cyclic voltammetry) or potentiostatic (constant potential)
techniques in a three-electrode cell [67]. The same study also showed that
a cathodic peak was observed at —0.235 V, an oxidative peak at —0.22 V,
overoxidation of PMB starts after the preparation potential of 1 V and
unreacted monomer species in the solution are easily adsorbed to the rough
surface of the PMB film [67]. The shift of peaks depends on the type of the
electrode and other polymerization conditions, such as the composition of the
solution, pH, etc. Another study described the electrochemical polymerization
of MB on the platinum foil in the aqueous solutions, which was carried out by
using potential cycling; at the region of —0.40 V and 1.10 V, the cathodic peak
of MB was at 0.22 V [69]. Polymerization of MB at the carbon fiber electrode
surface was performed by the cyclic voltammetry (CV) technique in the range
between —1.0 V to +1.5 V during 30 continuous cycles at a scan rate of 50
mV/s. In another case, MB was combined with a conductive polymer and was
polymerized on stainless steel by first applying a layer of polymer to inhibit
the passivation or corrosion of the metal and to increase the active surface
area. PMB was deposited by repeated potential sweeps between +1.05 V and
—0.5V at 100 mV/s [55].

Electrochemical polymerization of other phenothiazine derivatives was
also described. The electrochemical polymerization of azure A has been
carried out by using repeated potential cycling. The scan potential is set
between —0.2 V and +1.3 V (vs. Ag/AgCl). The polymerization rate of azure
A and the electrochemical properties of poly(azure A) are affected by the
temperature and the pH value of the -electrolytic solution [70].
Electropolymerization of TH was performed to create a stable film on the
surface of the carbon nanotube paste electrode, at the potential range of —0.5
V to +1.2 V and a scan rate of 40 mV/s [71]. The aforementioned studies
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demonstrate that the successful polymerization of phenothiazine derivatives
requires a potential value above 1 V.

Table 1 summarizes the applications of phenothiazine derivative MB in the
electrochemical sensor design. Table 1 demonstrates that the main purpose of
MB application in the electrochemical sensor design is related to its redox
properties. MB was applied to detect proteins, enzymes, bacteria, etc.

Meanwhile, the objective of Table 2 is to summarize the electrochemical
and microgravimetric methods for sensing MB as the target analyte.
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1.2.2. Application of Ppy in the design of the electrochromic sensor

Electrochromic sensors are one area where Ppy, a conducting polymer, has
drawn a lot of interest. High electrical conductivity, environmental stability,
and the simplicity of synthesis are only a few of the beneficial characteristics
that Ppy offers for the construction of electrochromic sensors.

The Ppy film can serve as a sensing layer for electrochromic detection once
it has been deposited. The presence of analytes in the surrounding media has
an impact on the redox state of the polymer, which, in turn, affects the color
shift of the Ppy film. A reversible color change is caused by the analyte’s
interaction with the Ppy film, which causes a change in the film’s
oxidation/reduction state.

Several optical techniques, such as absorbance spectroscopy or
colorimetry, can be used to identify the color shift of the Ppy film. The target
analyte’s presence or concentration can be determined by the color of the film.
The electrochromic sensor can give qualitative or quantitative information
about the analyte by keeping track of the color change.

1.3. Molecularly Imprinted Polymers

Molecularly imprinted polymers (MIPs) are specialized polymers that can
selectively recognize and bind to specific target molecules with high affinity
and specificity. Polymers with molecular imprints function as artificial
receptors for specific molecules [93,94].

The MIP technique is important today when we are looking for better and
more useful sensors and sensing systems for improved diagnosis, treatments,
and assays [95,96].

In previous studies, it has been reported that various types of small
molecules can be imprinted within polymers [14,97-99]. High molecular mass
biomolecules can be also molecularly imprinted within polymers [100—-105].
Conducting polymers have undergone molecular imprinting with different
proteins [106-109], DNA [30,110,111], and bacteria [23,112,113].

Therefore, MIPs can specifically bind the analytes of interest that serve as
templates for their development [114,115]. Furthermore, MIP is a potential
technique for a variety of analytical uses, such as food safety, environmental
monitoring, and biological diagnostics [96,116,117]. MIPs are exploited in
many different fields: chemical sensing [118—121], drug delivery [122—124],
sample preparation [125,126], and chromatographic separation [127-129].

In addition to being available for a broad range of targets and having
recognition qualities that are similar to those of natural receptors, it may
imitate biological receptors-ligand and antibody-antigen-based systems
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[96,130,131]. MIPs are appealing, they have better chemical and physical
stability compared to biological receptors; it is also claimed that MIPs are
characterized by simple and inexpensive preparation, reusability, and
potential use for large-scale manufacturing [124,127,132].

Using modified electrodes made with the molecularly imprinted
technology (MIT) has shown to be one of the most effective methods in recent
years, and it has the potential to create sensor recognition elements [133].
However, the perfect sensor should also be affordable, portable, accurate,
responsive to the target analyte instantly in any chosen media, and able to
produce a detectable signal within the necessary concentration range [132].

Commercialization of MIPs has been growing (> 1000 patents on
SciFinder prior to 2020) [93,119]. The global biosensors market size was
estimated at US$ 28.44 billion in 2023, and it is expected to grow further [1].

Sensor devices for the detection of a nearly infinite number of analytes of
interest can be created by combining MIPs with a wide range of label-free
readout techniques [119]. High commercial potential MIP sensors have been
developed for use in water monitoring [134-136], food safety [137], soil
pollution screening [138], and cancer diagnostics [139].

To combine MIP techniques with the latest smart technology and provide
economically viable ways, successful MIP integration will depend on
academic stakeholders and commercial partners [140].

The molecular imprinting approach typically consists of multiple phases:
1) the self-assembled pre-polymerization complex is formed by combining
functional monomer(s) with a target molecule, known as a template; 2) the
mixture is then polymerized; and 3) the template is extracted from the freshly
synthesized polymer [96,141].

A schematic diagram of MIP formation and a visual representation of the
formation steps are demonstrated in Figure 3.
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Figure 3. Schematic diagram of MIP formation

The template interacts with monomers to form a cavity around the template
molecule, and the template is subsequently removed, leaving behind the empty
molecularly imprinted cavity that matches the shape, size, and chemical
functionality of the target molecule for rebinding the target molecule [93,132].

The research conducted by Wulff and Sarhan [142] more than 50 years ago
laid the groundwork for the modern molecular imprinting technology (MIT)
[143]. Other scientists, for instance, K. Mosbach and B. Sellergren, continued
working on this topic and published papers that specifically reported an
‘imprinted polymer’ in the 1980’s [144]. These early researchers developed
different aspects of science [93].

The common production technique is bulk polymerization [93]. However,
such polymerization causes some difficulties, it is longer and more expensive.
One of the alternatives is electrochemical polymerization, which is quick,
simple, and can be performed in an aqueous medium, without using organic
solvents, thus responding to the theme of sustainability. Our scientific team of
the FTMC, Department of Nanotechnology usually uses this method for
polymerization and MIP formation. During several years of experiments,
promising results have been obtained, demonstrating the real possibilities of
applying MIP in the development of sensors [116,143,145].

Our scientific team created MIPs on various surface-working electrodes,
for example, ITO, Pt, and carbon-printed ones. Furthermore, polymers on the
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transduction platform surface can also be electropolymerized [96]. To
characterize MIP, the following factors like size and size distribution, the
number of binding sites, the imprinting factor, the surface morphology, the
crystalline form, the thermal stability, the surface area, the pore parameters
(size, specific volume), and the degree of swelling can be evaluated [124].

However, there still are some challenges and limitations [119,146—148].
Kan et al. [149] identified three limitations that are the most critical during
protein imprinting. Specifically, after polymerization, it is challenging to
extract the template protein from the bulk polymer matrix. Additionally,
organic solvents are frequently utilized in the creation of MIPs; however,
because of the poor solubility of the protein molecule in these solvents and the
potential for denaturation of proteins in organic solvents, they are not
appropriate for the synthesis of MIPs imprinted with proteins. Finally, a more
significant non-specific binding is caused by the protein’s size and structural
complexity.

1.3.1. Application of Ppy in the design of the MIP sensor

Among the various types of MIP, a promising polymer pyrrole has emerged
for the development of highly sensitive and specific sensors. Pyrrole could be
polymerized on different surfaces, by numerous techniques, and in various
mediums. It is possible to polymerize pyrrole even in a water solution.
Previous experiments have shown that the best polymerization and, later on,
effectiveness was seen in an acidic medium. Pyrrole-based MIPs possess
unique properties such as high thermal and chemical stability, and tunable
molecular recognition properties, making them suitable for a wide range of
applications in fields such as biotechnology, environmental monitoring, and
pharmaceuticals. Previous studies on Ppy have defined molecular imprints
with virus glycoproteins [145,150], bovine serum albumin [151,152], cardiac
troponin-I [153], prostate-specific antigen [ 100], and cardiac troponin T [154].
If electrochemical polymerization is considered, the surface could be chosen
from various electrodes: ITO, carbon, carbon-printed, and platinum
electrodes. The Ppy-based MIP platform on an ITO-coated glass electrode was
created for K. pneumonia electrochemical detection and level monitoring
[155]. Within the linear detection range of 1 to 10° CFU per millilitre, the
proposed sensor has a low LOD of 1.352 CFU/ml and good sensitivity (3 pA
ml CFU/cm?).

In the study of Gupta et al. [133], the glassy carbon electrode (GCE) based
on molecularly imprinted polypyrrole was fabricated for the determination of
tobramycin in milk and eggs. It presented an excellent identification capability
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for the template molecule. The current response and tobramycin concentration
were shown to have a linear relationship of 5.0 x 107°-1.0 x 10 M, with a
detection limit of 1.4 x 107'° M. Another study [156] detailed the creation of
an electrochemical sensor for the sensitive and precise measurement of 4-
ethylphenol in wine, based on a molecularly imprinted polymer (MIP). The
working electrode was either a GCE or a MIP-modified GCE (MIP/GCE). For
the study of 4-ethylphenol, the sensor demonstrated strong selectivity and
sensitivity, a broad linear range (from 0.2 to 34.8 uM), good precision (3.0%),
and detection capability (0.2 uM).

High sensitivity and specificity glyphosate (Gly) detection has been
achieved by the development of an electrochemical sensor based on
molecularly imprinted polypyrrole nanotubes (MIPNs) by applying a thin
layer of MIPNs to an electrode that was screen-printed (SPE) [157]. The
outcomes show the limit of detection (LOD) of 1.94 ng/mL along with a broad
detection range of 2.5-350 ng/mL. One more group of scientists analyzed the
detection of glyphosate [158] and used a three-electrode configuration: a gold
electrode, a saturated calomel electrode (SCE), and a platinum wire as the
working, the reference, and the auxiliary electrodes, respectively. To detect
glyphosate specifically, complementary surface acoustic wave (SAW) and
electrochemical sensors were functionalized with a Ppy-imprinted polymer.
Their respective limits of detection (LOD) were approximately 10> M. The
electrochemical and gravimetric sensors have sensitivity values of
approximately (75 + 41) pA/nM and (6.9 £ 2.9) x 102°/nM, respectively,
based on their designed sensors.

Other scientists [159] described the development of a simple and cost-
effective electrochemical sensor for sulfadimethoxine based on molecularly
imprinted overoxidized Ppy on a gold electrode. The role of the cationic
electrolyte has been proven to significantly influence the MIP morphology.
Ramanaviciene et al. [145], reported the preparation and characterization of a
Ppy-based sensor on a modified platinum electrode for direct pulsed
amperometric detection of Bovine leukaemia virus proteins glycoprotein
gp51. Another research [23] was aimed to create an electrochemical sensor
for the detection of Listeria monocytogenes by using platinum and screen-
printed carbon (SPCE) electrodes modified with a molecularly imprinted
polymer (MIP). Based on the research findings, it was hypothesized that the
most efficient MIP-Ppy/SPCE sensor might be created by eliminating bacteria
using the proteolytic enzyme trypsin. The MIP-Ppy/SPCE has a linear range
of 300 to 6700 CFU/mL, with a LOD and LOQ of 70 and 210 CFU/mL,
respectively.
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These are just a few examples demonstrating the wide application of the
pyrrole monomer in the field of the molecular polymer imprinting technology,
when different conditions, surfaces, and analytes are chosen.

In conclusion, Ppy is a commonly cited polymer that has been applied to
the development of a variety of molecularly imprinted sensors. Ppy usually is
chosen among the large variety of conducting polymers for several reasons:
its stability in a wide range of pH, the stability over time of the synthesized
films, and the ease of electropolymerization on various substrates.
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2. MATERIALS AND METHODS

2.1. Materials and Chemicals

Pyrrole was distilled before its utilization. All other chemicals were of
analytical grade, and were used as received without further purification unless

otherwise stated. The main chemicals which were used in this research are

listed below.

Reagent

Source

Acetic acid CAS 64-19-7
Acetone CAS: 67-64-1

Ammonium hydroxide (30%) (CAS: 1336-

21-6)

Azure A CAS: 531-53-3
Boric acid CAS 10043-35-3
Caffeine (CAS 58-08-2)

Heparin (Hep) 80020

Hydrogen peroxide 35% CAS: 7722-84-1

Lactose (Lac) (CAS 10039-26-6)

Methylene blue (MB) CAS: 122965-43-9

Phosphoric acid CAS 7664-38-2

Phosphate-buffered saline (PBS) tablets

P441750TAB

Potassium hexacyanoferrate (1)
K4[Fe(CN)e]

Potassium chloride CAS 7447-40-7
Potassium hexacyanoferrate (I1I)
K;3[Fe(CN)s] CAS: 13746-66-2
Pyrrole CAS: 109-97-7

Sodium hydroxide CAS 1310-73-2
Sucrose (Suc) (CAS 57-50-1)

Theobromine (CAS 83-67-0)
Theophylline (CAS 58-55-9)

Thionine acetate CAS: 78338-22-4

Roth (Karlsruhe, Germany)
Alfa Aesar (Kandel, Germany)
Carl Roth GmbH (Karlsruhe,
Germany)

Alfa Aesar (Kandel, Germany)
Scharlau (Barcelona, Spain)
Sigma Aldrich (Taufkirchen,
Germany)

Rotexmedica (Trittau, Germany)
Alfa Aesar (Kandel, Germany)
Carl Roth (Karlsruhe, Germany)
Alfa Aesar (Kandel, Germany)
Alfa Aesar (Kandel, Germany)
Sigma Aldrich (Steinheim,
Germany)

Reachim (Donetsk, Ukraine)

Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Alfa Aesar (Kandel, Germany)
Alfa Aesar (Kandel, Germany)
Sigma Aldrich (Taufkirchen,
Germany)

Alfa Aesar (Kandel, Germany)

Sigma Aldrich (Taufkirchen,
Germany)
Alfa Aesar (Kandel, Germany)

The Britton—Robinson buffer (BR buffer) consisted of 0.01 M boric acid, 0.01
M acetic acid, and 0.01 M phosphoric acid. The pH value of the BR buffer

was adjusted with NaOH.



2.2. Instrumentation

2.2.1. Experiments on ITO electrode

The experiment was carried out in a three-electrode system where the working
electrode (WE) was an indium tin oxide (ITO)-coated glass, which was
purchased from Sigma Aldrich (Steinheim, Germany). The surface resistivity
stated by the manufacturer of the glass/ITO electrode was 15-25 Q/cm?®. The
geometric area of the working electrode that was coated with the layer of
polypyrrole and the phenothiazine derivative was 2 cm? Two reference
electrodes (RE) were used to perform the experiments of this study:

a) Ag/AgCl wire was used as the RE during the electrochemical
deposition of the layers because it is less sensitive to contamination
with electrochemical polymerization products;

b) Ag/AgCliam kery (from CH Instruments (USA)) was used during the
electrochemical evaluation of the obtained polymeric layers by cyclic
voltammetry (CV) and chronoamperometry (CA).

A platinum wire (from CH Instruments (USA) and (4lfa Aesar, Kandel,
Germany) was used as the counter electrode (CE). All the experiments were
performed at room temperature (approximately 20 °C).

Electrochemical polymerization was performed by using computer-
controlled galvanostat-potentiostat Metrohm DropSens equipped with the
DropView software. A glass cuvette (high x depth x width =32 mm X 18 mm
x 30 mm) was used as an electrochemical cell for synthesis.

Electrochemical polymerization was performed by using a computer-
controlled potentiostat PGSTAT 128N using the NOVA 1.10 software
purchased from EcoChemie (The Netherlands). The spectrometer USB4000-
FL equipped with the SpectraSuite software, which was purchased from
Ocean Optics (USA), was used for the optical measurements.

A spectrometer USB4000-FL equipped with the SpectraSuite software was
purchased from Ocean Optics (Largo, FL, USA) and was used for optical
measurements.

The changes in pH were followed with a pH-meter ProLine Plus (Q-i-s,
Oosterhout, The Netherlands) or a pH-meter Seven Compact Mettler-Toledo
GmbH (Greifensee, Switzerland)

2.2.2. Experiments on Pt electrode

The analysis was performed by using a potentiostat/galvanostat Metrohm-
Autolab, model pAutolabIll/FRA2 p3AUT71079 controlled by the NOVA
2.1.3 software (EcoChemie, The Netherlands). All measurements were done
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in a homemade cell. The total volume of the cell was 250 pL. The three-
electrode system consisted of a WE-Pt disk of 1 mm diameter sealed in glass,
RE — Ag/AgCl, and a CE — Pt disk of 2 mm diameter.

2.3. Pre-Treatment of Working Electrodes

2.3.1. Pre-treatment of the ITO working electrode

Before the electrochemical deposition of the polymer layer, the glass/ITO was
washed for 3 min in the solution consisting of 27% NH4OH and 30% H>O,
mixed at a ratio of 3:1 and preheated up to 50 °C. Later, the electrode was
washed at room temperature and subsequently in water, acetone, and water for
15 min in each liquid in an ultrasonic bath.

2.3.2. Pre-treatment of the Pt working electrode

The Pt working electrode was pre-treated before every electrochemical
deposition of Ppy following the procedure described in previous studies
[145,160] All solutions were thoroughly degassed just before use with a
stream of nitrogen (N). The Pt electrode was rinsed with concentrated HNO;
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 10 M
solution of NaOH, thereafter, with 5 M solution of HSO4 in an ultrasonic bath
for 5 min. Electrochemical cleaning of the electrode was carried out in 0.5 M
H,>SO4by cycling the potential 20 times in the range between —0.1 V and +1.2
V vs. Ag/AgCl at a sweep rate of 100 mV/s. The identification of the bare
electrode surface was made possible by a stable indication of the cyclic
voltammogram. To improve the adhesion of the Ppy layer to the electrode
surface, a layer of ‘platinum black’ was deposited over the working electrode
[160]. The deposition of Pt clusters was performed in a 5 mM solution of
H,PtCls containing 0.1 M of KCI by 10 potential cycles in the range between
+ 0.5 Vand —0.4 V vs Ag/AgCl at a sweep rate of 10 mV/s.

2.4. The Electrochemical Deposition Conditions of Polymer on the
Working Electrodes
2.4.1. The electrochemical deposition of Ppy layers on ITO

Depending on the requirements of the experiment, polymer layers on ITO
were deposited by potential cycling according to the following conditions:

a) A potential range was from —0.2 V to +1 V vs Ag/AgCl, at a potential
sweep rate of 50 mV/s, by 25 cycles with a step lift of 2.44 mV. A
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polymerization solution was prepared in water with 10 mM of the
corresponding phenothiazine derivative (methylene blue, azure A, or
thionine acetate) and 50 mM of pyrrole. The obtained polymer layers
are indicated as Ppy-PMB, Ppy-PAA, and Ppy-PTH, respectively.

b) A potential range was from —0.5 V to +1.2 V vs. Ag/AgCl, at the
sweep rate of 50 mV/s and a step potential of 2.44 mV, by 25 cycles.
The electrochemical deposition was carried out from a solution
containing 50 mM of pyrrole, 10 mM of MB, and one of the doping
materials: 0.1 M lactose (Lac), 0.1 M sucrose (Suc), or 0.01 g/L
heparin (Hep). The obtained polymer layers are indicated as (Ppy-
PMB)Lac, (Ppy-PMB)syc, and (Ppy-PMB)uep, respectively.

The polymerization of all polymer layers was performed at room
temperature.

2.4.2. Electrochemical deposition of MIP and NIP layers on Pt
electrode

The polymerization solution, which contained 0.5 M of pyrrole in PBS with
0.1 M of KClI and had a pH of 7.4, was electrochemically used to deposit non-
imprinted polypyrrole (NIP-Ppy). The polymerization solution, which
contained 0.5 M of pyrrole and 50 pg/mL of SARS-CoV-2-S glycoprotein in
the same PBS with 0.1 M of KCI, pH 7.4, was used to create molecularly
imprinted polypyrrole (MIP-Ppy). The polymeric layers were formed by a
sequence of 20 potential pulses of +0.95 V vs. Ag/AgCl for 1 s; between these
pulses, 0 V vs. Ag/AgCl potential for 10 s was applied. Further, MIP-Ppy or
NIP-Ppy modified electrodes were immersed in 0.05 M H,SO4 solution for 10
min to extract the template molecules and obtain the final structure of the
extracted MIP-Ppy.

2.4.3. Electrochemical deposition of MIP and NIP layers on ITO
electrode

Polymer layers were electrochemically deposited by potential cycling in a
potential range from —0.4 V to +1 V vs Ag/AgCl, at a potential sweep rate of
50 mV/s, by 25, 20, 15, 10, 7, 5 and 3 cycles with a step lift of 2.44 mV. A
polymerization solution in the water contained 10 mM MB (in the case of
MIP), 50 mM pyrrole, and 5 pg/mL heparin. Hereafter, to form MIP, MB was
removed from the created layer. For this, sulfuric acid of 0.1 M concentration
was used, in which the washing lasted for 5 min. The NIP was also washed to
create the same experimental conditions. In the following part of the research,
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the formed MIP and NIP layers were evaluated by observing the change in

absorption.

b)

2.5. Evaluation of Ppy Layers

2.5.1. Evaluation of Ppy layers for electrochromic application

Chronoamperometry and CV techniques were used to examine the
generated  Ppy-PMB, Ppy-PAA, and Ppy-PTH layers.
Electrochemical measurements were followed simultaneously at
several wavelengths by optical absorbance.

The dependence of the absorbance on the pH value of Ppy-PMB, Ppy-
PAA and Ppy-PTH layers was analyzed in the Britton—Robinson
buffer (BR-buffer).

The absorbance changes of Ppy-PMB and Ppy-PTH layers at several
different pH values were followed during potential cycling from —0.8
V to +0.8 V vs Ag/AgClimkan, at a scan rate of 50 mV/s and a step
lift of 2.44 mV, with 5 cycles. The optical absorbance was followed
at 668 nm (for Ppy-PMB), 610 nm (for Ppy-PTH), and 750 nm (for
Ppy-PMB and Ppy-PTH); these wavelengths were selected regarding
the absorbance spectrum of the corresponding phenothiazine.

The electrochromic response of Ppy-PMB and Ppy-PTH layers to the
different concentrations of ascorbic acid was analyzed at three pH
values of BR-buffer: pH 3.0, pH 4.0, and pH 5.0. During this
experiment, a sequence of 5 potential pulses of —0.9 V for 10 s and
+0.3 V vs Ag/AgClimke for 10 s was applied.

A potential pulse sequence (PPS) was applied to evaluate the
electrochromic properties of the Ppy-PMB layer. The potential pulses
were +0.8 V and —0.8 V. The duration of the pulse was 10 s. Each
potential was repeated 5 times.

2.5.2. Evaluation of Ppy layers for application as MIP

MIP-Ppy and NIP-Ppy were analyzed by using pulsed amperometric detection

by the sequence of 10 potential pulses of + 0.6 V vs. Ag/AgCl lasting for 2 s;
between these pulses, 0 V vs. Ag/AgCl was applied for 2 s. Various aspects

of charging-discharging of the conducting polymer polypyrrole were
extensively discussed by Heinze et al. [161]. Also, it was stated that

overoxidation of Ppy occurs at 0.65 V vs. Ag/AgClamxen [162]. Hence, taking

into account these findings, the potential pulse values of 0 V and +0.6 V were
selected for the determination of SARS-CoV-2-S glycoproteins.
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The stability of the layer was monitored by analyzing the absorbance
changes after washing the layer in water; each wash lasted 3 min. The potential
pulse chronoamperometry was used and set to a total of 10 pulses: 5 pulses of
—0.8 V, and 5 pulses of +0.8 V in shifts; the potential pulse duration was 10 s.
Simultaneously, the optical absorbance was monitored at 530 nm, 668 nm,
and 750 nm. AA was calculated by using Equation (1):

A =Ay— A (1)

Cyclic voltammograms were recorded with and without redox mediators
K;[Fe(CN)s]/Ka[Fe(CN)s] weekly in the potential range from —0.2 V to +0.6
V vs Ag/AgCliamkar, at a scan rate of 50 mV/s and a step lift of 2.44 mV; in
total, there were 3 potential cycles.

2.6. Surface Morphology Analysis

The surface morphology of the Ppy-PMB, Ppy-PAA and Ppy-PTH layers was
evaluated with a scanning electron microscope (SEM) TM4000Plus from
Hitachi (Japan) and an atomic force microscope (AFM) Bioscope/Catalyst
from Bruker (USA). The AFM images were obtained by using the Contact
mode with a silicon nitride probe coated with a gold reflective layer (tip radius
20 nm, nominal resonant frequency 56 kHz, spring constant 0.24 N/m).

Reflection absorption infrared spectroscopy (RAIRS) data were recorded
by using a Vertex 80v (from Bruker Inc., (Leipzig, Germany)) spectrometer
equipped with a liquid nitrogen-cooled narrow-band MCT detector. The
samples were placed onto a horizontal accessory in an evacuated (~2 mbar)
spectrometer chamber, and the measurements were conducted at an angle of
80°. The bare ITO substrate was used as the reference. The spectra were taken
after incubation of the samples in a vacuum for 300 s. The spectral resolution
was set to 4 cm !, the aperture to 1.5 mm, the scanner velocity to 40 kHz, and
the spectra were acquired by averaging 200 scans.
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3. RESULTS AND DISCUSSION

3.1. The Modification of Polypyrrole Properties for the Application as
an Electrochromic Sensor

Electrochromism in conjugated polymers occurs as a result of the changes in
the polymer’s n-n conjugated electronic system and because of the capacity to
take part in electrochemical oxidation and reduction.

The combination of polymers in dyes, conducting coatings, and
electrochromic devices has a tremendous potential. In this part of the study,
the aim was to modify the Ppy by using one of three phenothiazine derivatives
in the polymerization mixture. The three-electrode system was used to deposit
electrochemically the Ppy layer in the presence of MB on ITO (Fig. 4).
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potential cycling:
from -0.2 V until +1.0 V vs Ag/AgCl,
potential sweep rate of 50 mV/s with
a step lift of 2.44 mV by 25 cycles.

Figure 4. Experimental setup and electrochromic layer. The three-
electrode system consisted of the glass/ITO-based electrode (WE),
Ag/AgClamkcen (RE), and a platinum wire (CE)
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3.1.1. Application of three different phenothiazine derivatives for the
modification of the polypyrrole layer properties

Phenothiazine (PT) derivatives are biologically active substances that can also
be electrochemically polymerized. Hence, Ppy was modified by three
phenothiazine derivatives (MB, AA and TH). These derivatives were chosen
for their similar structure, good electrical activity, and due to water solubility.
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Figure 5. Electrochemical deposition of Ppy-PMB (A), Ppy-PAA (B),
Ppy-PTH (C). The width of the cycle loop in mA (Al) was measured during
potential cycling at potentials of +0.056 V (1) and +0.4 V (2) for Ppy-PMB,
—0.007 V (3) and +0.4 V (4) for Ppy-PAA, —0.073 V (5) and +0.4 V (6) for
Ppy-PTH, (D). The polymerization solution consisted of 50 mM pyrrole and
10 mM phenothiazine derivative (in water). CV at a scan rate of 50 mV/s,
from —0.2 V to +1 V, 25 cycles, step potential 2.44 mV. Electrochemical
polymerization was performed in a three-electrode system, where WE —
glass/ITO, RE — Ag/AgCl, and CE — platinum wire

Typically, the pyrrole oxidation peak exhibits less expression compared to
the oxidation peak of MB. Figure 5 depicts the cyclic voltammograms that
were measured when pyrrole and methylene blue were electrochemically
polymerizing on ITO-coated glass. Initially, there was a discernible overlap at
+0.05 V, the starting point of the oxidation process, when the potential was
raised. This shows that nucleation and polymerization occurred on the
electrode. The widening of the voltammogram loop indicates the creation of
the polymer layer. Up until the 15" cycle of the applied potential, both
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cathodic and anodic currents increase, and a subsequent decrease in the
voltammogram loop width is seen (Fig. 5D). This decrease in the
voltammogram width has been linked to the electrochemical deterioration of
the Ppy layer at the applied overpotential in some earlier studies [163,164].

The structure of the layers was characterized by using AFM and scanning
electron microscopy (SEM)-based imaging. The Ppy-PAA layer, which was
the most unevenly distributed, had the roughest surface with large polymer
agglomerations (Fig. 6A). The surface of the Ppy-PMB layer, which forms
pleated structures and wrinkles, was relatively smooth (Fig. 6B). The surface
of the Ppy-PTH layer is depicted in Figure 6C. This image illustrates that the
structure of this layer is fairly evenly distributed, but it consists of larger grains
which are formed around shape folds, and, in some places, they are forming
larger agglomerations. The observed wrinkles and folds possibly have formed
during the drying of the layer.

200 pm -+ “ . 4% 200um 200 jun

Figure 6. SEM-based evaluation of the Ppy layer surface morphology of
all three (A — Ppy-PAA, B — Ppy-PMB, C — Ppy-PTH) electrodes.
Magnification for A, B, C was x500

In the light of this, the SEM results show that the Ppy-PAA layer has the
roughest surface, followed by the Ppy-PMB-based layer, which is then
smoother, and the Ppy-PTH-based layer, which is finally the smoothest.
Visually, the Ppy-PAA layer was the most opaque and non-translucent when
compared to the other two samples under identical polymerization conditions,
thereby validating our earlier predictions that it is the thickest layer. For these
reasons, the sample Ppy-PAA was not further analyzed. The information
obtained by AFM also confirmed the SEM results.

Further the optical absorbance spectra of Ppy-PMB, Ppy-PAA, and Ppy-
PTH layers at pH values from pH 2.0 to pH 8.0 were measured. When
applying 5 potential sweep cycles at the prescribed pH value of the solution,
the optical absorbance was measured with potential cycling from —0.8 V to
+0.8 V vs. Ag/AgClamkan, at a potential sweep rate of 50 mV/s (Fig. 7).
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Figure 7. The dependence of optical absorbance on the solution pH value.
A) potential cycling profile; B) Ppy-PMB; C) Ppy-PTH. The shift of
absorbance (AA) of oxidized and leuco forms during potential cycling: D) AA
of Ppy-PMB; E) AA of Ppy-PTH. The potential during potential cycling was
swept from —0.8 V to +0.8 V vs. Ag/AgClam ke, the potential sweep rate of
50 mV/s, 5 potential cycles were performed

It was discovered that when a solution becomes more alkaline, the optical
absorbance values would decrease, and the electrochromic characteristics of
the Ppy-PT-based layer would be well noted up to pH 6.5. The polymeric layer
is quickly degraded in a higher pH range. However, that kind of material could
be applied as a pH sensor.

The chronoamperometric signals at different pH values and the
concentration of ascorbic acid were measured. Three pH ranges were selected
for the experiment based on the ascorbic acid pKal = 4.17. When using a 1
mM increase, the electrochromic response of the Ppy-PMB and Ppy-PTH
layers to ascorbic acid was examined at values ranging from 0 mM to 5 mM.

Additionally, it was noted that each potential cycle drops the current of the
modified glass/ITO electrode. When Ppy-PMB is formed, it can be seen that
the current reduces between the first and the last cycles by 15% (at pH 2.6),
4% (at pH 4.0), and even 35% (at pH 6.5). The current reduction was 33% (at
pH 2.4), 18% (at pH 4.2), and 28% (at pH 6.1) during the examination of the
Ppy-PTH layer.
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The association between the variations in optical absorbance (AA) (AA =
A+o3v — Aoov) and ascorbic acid concentrations in the BR-buffer at pH 3.0,
pH 4.0, and pH 5.0 is shown in Figure 8B, C, E, and F. The dependence on
the concentration at two chosen wavelengths (750 and 610 or 668 nm) is
compared. It was shown that AA decreases in every instance as the ascorbic
acid concentration rises. The electron exchange between phenothiazine and
ascorbic acid can account for these alterations. The color of the associated
layer changes as a result of this transition.

In the BR-buffer at pH 3.0, pH 4.0, and pH 5.0, Figure 8A and D shows
the fluctuation of A/ vs. the ascorbic acid concentration. A trend that both AA
and A/ tend to decrease with the increasing ascorbic acid concentration was
identified from the dependence of the current on the ascorbic acid
concentration. From the calibration plots produced by these two techniques, it
can be inferred that Ppy-PMB and Ppy-PTH have the potential to be employed
as electrochromic sensors to measure the ascorbic acid concentration.
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Figure 8. Calibration plots presenting the chronoamperometric signals at
the beginning of the pulse (at different pH values: pH 3.0, pH 4.0, and pH 5.0)
vs. concentrations of ascorbic acid: A — Ppy-PMB, and D — Ppy-PTH layers.
The calibration plots of optical absorbance (AA = A+o3v — Aoov) vs. the
concentration of ascorbic acid registered by: B — Ppy-PMB layer at a
wavelength of 668 nm; C — Ppy-PMB layer at a wavelength of 750 nm; E —
Ppy-PTH layer at a wavelength of 610 nm; F — Ppy-PTH layer at a wavelength
of 750 nm in the BR-buffer at pH 3.0, pH 4.0, and pH 5.0
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3.1.2. Application of three different polysaccharides for the
modification of the polypyrrole-methylene blue layer properties

The study was carried out by selecting the layer of Ppy-PMB that was
deposited by potential cycling of 25 cycles in the range from —0.5 V to +1.2
V, at a scan rate of 50 mV/s, and a step potential of 2.44 mV.

A thoughtful choice of the dopants can successfully adjust the conductivity
of Ppy [165,166]. Small ions of strong acids, such as iodine [167], perchlorate
[22], chloride [164], sulphate [168], and others, are exploited as dopants.
Small ions of weak acids, like carboxylates, can also be used as dopants [165].
Saccharides are unique chemicals that are included in the list of dopants [169—
171]. In order to examine the effects of saccharides, the Ppy-PMB layers were
co-deposited on the ITO electrode in the presence of three saccharides
(lactose, sucrose, and heparin).

The surface morphology was analyzed by AFM (Fig. 9). As it can be
observed, the (Ppy- PMB)L.c (Fig. 9A) layer’s surface has the most uniform
distribution. On the (Ppy-PMB)ue, layer, the largest surface structures
occurred (Fig. 9C). From the length of the cross-section vs. the structure
height distribution (Fig. 9D), the height is up to 1.5-2.5 um for (Ppy-PMB)L.,
up to 2 pum for (Ppy-PMB)s.c, and up to 3 um for (Ppy-PMB)ucp. The surface
height distribution shown in Figure 9E validates that the dominant structural
height for all Ppy-PMB layers is around 2.5 pm.
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Figure 9. AFM-based evaluation of Ppy-PMB surface morphology of A
glass/ITO/(Ppy-PMB)iac, B — glass/ITO/(Ppy-PMB)su., C — glass/ITO/ (Ppy-
PMB)hep. D — a comparison of the cross-sections of the surfaces of the layers,
E — height distribution of the formed polymeric structures

The following study’s objective was to investigate how lactose, sucrose,
and heparin affected the Ppy-PMB layer’s electrochromic characteristics. The
surface shape is moderately impacted by the saccharides applied. By altering
the pH value of the surrounding solution and the potential between +0.8 V and
—0.8 V, the electrochromic characteristics were examined concerning the
changes in absorbance of the layer at two wavelengths (668 nm and 750 nm).
For the calculation of AA, the values of Aiosy and A ogyv at the end of the
potential pulse were taken. AA was calculated by using the following Equation

(2):
AA = Aiogy — A gy (2)

The calibration plots of AA vs. pH are shown in Figure 10. It was found
that AA was the highest in the most acidic solutions regardless of the
wavelength, and it decreased for all Ppy-PMB layers when the pH of the
solution was changed to more alkaline.
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Figure 10. Calibration plot of AA (at the wavelengths of A) A = 668 nm
and B) A = 750 nm) as a function of the pH value of BRB with 0.1 M of KCI
solution, when potential pulses were of +0.8 V and —0.8 V with a duration of
10 s. Each potential pulse was repeated 5 times

The dependence of the absorbance changes (at A = 668 nm and A = 750 nm)
on the pH of the BR buffer solution is also shown in Table 3. The electrochromic
property of the optical contrast was also analyzed. The response times were very
similar in all cases. Changing the pH to the alkaline side showed a visible change
— by slowing down the response times in coloration and bleaching. In the case of
(Ppy-PMB)L. layers at 668 nm, a response time of about 8 s for coloration and
2.8 s for bleaching was shown. In the case of (Ppy-PMB)s.., there was a response
time of about 5.9 s for coloration and 2.1 s for bleaching. In the case of (Ppy-
PMB)ep, the response times were the longest compared to others: about 9.8 s for
coloration, and 3.6 s for bleaching.

The Ppy-PMB layers with heparin as a dopant were shown to be more
mechanically stable than the layers with lactose and sucrose as the dopants. To
create electrochromic sensors for the detection of three xanthine derivatives —
caffeine, theobromine, and theophylline — the Ppy-PMB layer doped with heparin
was chosen for the subsequent experiment. For all three of the investigated
xanthine derivatives, AA (AA = A+ogv — A—ogv) versus concentration was shown
to be linear (Fig. 11). Theophylline determination revealed the greatest change in
the optical absorption. The slope for the relationship between the concentration of
xanthine derivatives (C, uM) and variations in absorbance (at A= 668 nm and A =
750 nm) was calculated by using the linear regression equation. The slope of the

45



linear regression for caffeine (at A= 668 nm) was —0.001 with an R? of 0.978,
while it was —0.002 with an R* of 0.977 for theophylline, which is two times
higher. Theobromine has a slope of linear regression with an R? value of 0.939
and a slope of —0.005. Only the first three points are reported since only at low
concentrations is there a linear relationship to be seen, followed by a scattering of
points (the concentration interval of theobromine was limited by the compound
solubility in the BRB solution). The lowest concentration of the analyte that
produces an analytical signal greater than the background value plus 3 & is referred
to as the limit of detection (LOD). The LODs for A/ vs. the concentrations of
caffeine, theophylline, and theobromine were 2.0 uM, 3.9 uM, and 7.48 pM,
respectively. Based on registered changes in absorbance at A = 668 nm, the LODs
for caffeine, theophylline, and theobromine were 3.3 uM, 3.0 uM, and 6.0 puM,
respectively; while the changes in absorbance were registered at A = 750 nm, the
LODs were 3.75 uM, 3.0 uM, and 3.0 uM, respectively. The (Ppy-PMB)ue, layer
may be suited for the detection of xanthine derivatives, particularly for
theophylline and caffeine, in the light of the results that have been obtained.
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Figure 11. Dependence of absorbance changes (at A = 668 nm and A = 750
nm) on the concentration of caffeine, theophylline, and theobromine in BRB
with 0.1 M of KCI, pH 2.5 solution. A) calibration plots of Al vs. the
concentration of caffeine, theophylline, and theobromine, B) calibration plots
of AA (at 668 nm) vs. the concentration of caffeine, theophylline, and
theobromine, C) calibration plots of AA (at 750 nm) vs. the concentration of
caffeine, theophylline, and theobromine
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3.2. The Modification of Polypyrrole Properties for the Application as
Molecularly Imprinted Polymer

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) induced
COVID-19 pandemic that began in 2019 has caused drastic changes.
Countries all over the world were affected by lockdowns, quarantines,
economic problems, even people’s emotional health has deteriorated. During
the pandemic, the understanding and control of the virus was problematic.
Although the vaccines became available to society, this viral infection was
very active, mutating. Therefore, a much deeper understanding of the virus
SARS-CoV-2 was required, and rapid analytical methods that are suitable for
the diagnosis of COVID-19 and/or detection of the virus or their parts were
demanded.

The focus of this part of the study was later shifted to the development of
an MIP-based sensor for the detection of the SARS-CoV-2-S glycoprotein. To
do this, Ppy layers were obtained from the polymerization of SARS-CoV-2-S
glycoprotein and pyrrole dissolved in phosphate-buffered saline (PBS)
solution, pH 7.4, were applied to the working platinum electrode.
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Figure 12. Schematic representation of evaluation by chronoamperometry
of Pt electrode modified with non-imprinted polypyrrole (NIP-Ppy) and with
molecularly imprinted polypyrrole (MIP-Ppy) with SARS-CoV-2-S
glycoprotein imprints. Electrochemical measurements were performed in a
phosphate-buffered saline (PBS) solution, pH 7.4

The approach outlined in a preceding chapter (2.4.2. Electrochemical
deposition of MIP and NIP layers on Pt electrode) was used to carry out the
electrochemical deposition of the polypyrrole layer. The scheme of the
investigation and comparison of the performance of the electrode that was

48



modified with MIP-Ppy and NIP-Ppy (Fig. 12). The performance of the
polymer layers was evaluated by pulsed amperometric detection.

3.2.1. Modification of polypyrrole with SARS-CoV-2 spike
glycoprotein imprints

The two different types of Ppy layers were electrochemically polymerized by
using a series of potential pulses (Fig. 13). The potential pulse sequence
profile is depicted in Figure 13A. Figures 13B and C show the current values
that were recorded during the electrochemical deposition of the Ppy layer from
the polymerization solution containing SARS-CoV-2-S glycoprotein and the
Ppy layer from the polymerization solution without SARS-CoV-2-S
glycoprotein on the Pt-electrode surface, respectively. The variations in the
current at the start /; and the end /> of pulses with a potential of +0.95 V are
shown in Figure 13E. Since the concentrations of the monomer and template
molecules near the working electrode are equilibrating during this potential
step, the current variations at a potential of 0 V were not the subject of the
research. Prior research has shown that the recognition properties of the final
polymers are significantly influenced by the self-assembly of monomers and
template molecules caused by interactions under thermodynamic control
[172]. Ppy polymerizes during the pulses at a voltage of +0.95 V.

Therefore, at a 0 V potential step, the electrode only displayed a minimal
Faradaic process. As a result, when the potential was raised to +0.95 V, the
current variations during the potential step were examined in greater detail.
Two current points at the beginning /; and the end /> of each potential step was
taken into consideration for the visualization of the current changes during the
electrochemical deposition of the Ppy layer from polymerization solution
containing SARS-CoV-2-S glycoprotein and the Ppy layer from the
polymerization solution without SARS-CoV-2-S glycoprotein (Fig. 13D). The
current registered during the deposition of the Ppy layer from the
polymerization solution without SARS-CoV-2-S glycoprotein is higher than
that registered during the deposition of the Ppy layer from the polymerization
solution with SARS-CoV-2-S glycoprotein, according to a comparison of the
current changes (Fig. 13E).
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Figure 13. Electrochemical deposition of polypyrrole layers on the Pt
electrode: A) The profile of the potential applied during the sequence of
potential pulses; B) The profile of the current registered during the deposition
of Ppy layer from polymerization solution containing SARS-CoV-2-S
glycoprotein; C) The profile of the current registered during the formation of
Ppy layer from the polymerization solution without SARS-CoV-2-S
glycoproteins; D) The profile of the current registered during one potential
pulse; E) Changes of the current measured instantly after a potential step of
+0.95V

The produced MIP-Ppy and NIP-Ppy layers were evaluated by using
pulsed amperometric detection while using a sequence of 10 potential pulses
of +0.6 V and 0 V for 2 s each. Heinze et al. [161] provided a thorough
discussion of the different features of the charging and discharging of
conducting polymer polypyrrole.

The potential pulse sequence was used to evaluate the electrochemical
properties of the MIP-Ppy and NIP-Ppy layers (Fig. 14). The SARS-CoV-2-S
glycoprotein’s concentration ranged from 0 pg/mL to 25 pg/mL. The
amperometric response of MIP-Ppy and NIP-Ppy modified Pt electrodes that

50



were incubated in the SARS-CoV-2-S glycoprotein-containing PBS solution,
pH 7.4, is dependent on concentration, as shown in Figures 14A and B. The
adsorption of less conductive protein molecules on the MIP-Ppy or NIP-Ppy
layer is responsible for the modification in the amperometric response. The
registered amperometric response of both MIP-Ppy and NIP-Ppy modified Pt
electrodes decreased when the solution’s SARS-CoV-2 spike glycoprotein
concentration rose. Higher current values were recorded before the electrode’s
incubation in the SARS-CoV-2-S glycoprotein-containing solution.

Figure 14. Pulsed amperometry-based evaluation of MIP-Ppy and NIP-
Ppy modified electrodes performed by the potential pulse sequence (+0.6 V
and 0 V potentials), representing the incubation process of SARS-CoV-2-S
glycoprotein. Amperograms were obtained at Pt electrode modified: A) with
MIP-Ppy modified electrode; and B) with NIP-Ppy modified electrode in PBS
with 0.1 M of KCI, pH 7.4 in the absence of SARS-CoV-2-S glycoprotein or
in the presence of SARS-CoV-2 spike glycoprotein concentrations from 5
pg/mL up to 25 pg/mL
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With an increasing SARS-CoV-2-S glycoprotein concentration in the PBS
solution, the value of the current differences, which are observed during
potential pulses at instants when the potentials were stepped from 0 V up to
+0.6 V, and from +0.6 V down to 0 V, decreased (Fig. 15). The current profile
that was recorded during potential pulses is shown in Figure 15A, along with
a representation of the analytical signals (A/) for the calibration plot.
According to this calibration plot (Fig. 15B), all the assessed SARS-CoV-2-S
glycoprotein concentrations in the range of 0 pg/mL to 25 pg/mL showed the
linearity of the analytical signal dependence on the analyte concentration.
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S 16q=-o___ = S ~ MIP-Ppy-based electrode
Z’\ .r"'i‘-:f";i--__ .I~ v BSA determined by
B X NIP-Ppy-based electrode
12 ey P
8 L] L] L] M L)

0 5 10 15 20 25
¢(SARS-CoV-2-S), ng/mL
Figure 15. Calibration plots of A/ vs. concentration of SARS-CoV-2-S
glycoprotein and BSA on MIP-Ppy and NIP-Ppy according to the Al
calculated in respect to: A) the principal of Al measuring; B) Al. RSD% was

in the range from 2% to 4.3% of the current values of 5 potential pulses for
the listed data points
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To assess the selectivity of the MIP-Ppy layer towards various proteins,
the same MIP-Ppy and NIP-Ppy modified Pt electrodes were tested for te
interaction with BSA (Fig. 15B). Through the use of linear regression, the
slope values for these observations were determined (Table 4). The slope
value recorded by the MIP-Ppy modified Pt electrodes incubated in a BSA-
containing solution was significantly lower (—0.15 pA/(ug/mL)). The results
of using MIP-Ppy modified Pt electrodes showed greater fluctuations in the
current and can be used for the targeted detection of the imprinted SARS-
CoV-2-S glycoprotein. In the light of this, it can be said that the molecular
imprinting of the conducting polymer may be used to create an
electrochemical sensor for the detection of SARS-CoV-2-S glycoprotein. The
novelty of the second part of this research was based on the application of the
total charge for the evaluation of the interaction between the electrode and the
analyte. The key idea of this work was based on the application of the Anson
plots for the elucidation of the interaction between SARS-CoV-2 spike
glycoproteins and the molecularly imprinted polypyrrole.
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The relation of the cumulative charge passed and time in Ppy-based
electrochemical sensors obeys the integrated Cottrell Equation (3) [173,174]:

Q= ZnFAC\/g\/E + Qa1 + Qaas. = kVt + Qa1 + Qaas. (3)

where: O — total charge (C); n — number of electrons; F'— Faraday constant
(96485 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; Qags. — charge induced by adsorbed ions

The cumulative charge in the Cottrell equation corresponds to the charge
passed associated with the redox activity leading to Faradic charges (QOr)),
charging, and discharging of the electrode-electrolyte double-layer capacitive
charges (Qu.), and charge changes associated with the adsorbed species (Qads.)
[175]. Hence, the plot of Q vs. £* has a linear correlation with the slope k and
the intercept corresponding to Qadgs. + Qu..

The simplified reaction of the analyte at the electrode can therefore be
described in several steps: the diffusion of the analyte from the solution to the
electrode, electrochemical oxidation-reduction reaction, and then the diffusion
of the reaction products from the electrode to the solution. Analysis of the
slopes and intercepts in the Anson diagram can be used to identify the
adsorption of either the analytes or the reaction products at the electrode.

The data from the amperograms are presented in the Anson plots (Fig. 16A,
D). The parameters of the related linear equations are presented in Table 5
along with the relationship between Q and ¢'* that was fitted by linear
regression. The plot of O vs. "2 shows a linear association, according to the
computed R? values (Table 5). It was not anticipated that the oxidation of the
SARS-CoV-2-S glycoprotein would take place at a voltage of +0.6 V based
on the experimental settings. However, similarly to how it was described for
small molecular weight molecules [176,177], the interaction of SARS-CoV-
2-S glycoprotein with complementary carboxyl, carbonyl, and hydroxyl
groups arranged in imprinted cavities played a significant role in the
recognition of SARS-CoV-2-S glycoprotein and the formation of the
Ppy/SARS-CoV-2-S glycoprotein complex. After incubating the MIP-Ppy
modified electrode, changes in the registered current are detected as a result
of the SARS-CoV-2-S glycoprotein replacing the water molecules.
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Figure 16. A and D represent the Anson plots (Q, mC vs. t*, s”) derived from
the amperometric response presented in Figure 14 for: A) MIP-Ppy modified
electrode; and D) NIP-Ppy modified electrode. B) and E) represent the slope
values vs. the concentration of SARS-CoV-2-S glycoprotein (concentration,
pg/mL). C) and F) represent the intercept values vs. the concentration of SARS-
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The MIP-Ppy modified electrode has a stronger linear dependence of the slope
value on the analyte concentration (— 0.387 for +0.6 V pulse and 0.1303 for 0 V
pulse; Fig. 16B) than the NIP-Ppy modified electrode (—0.2015 for +0.6 V pulse
and 0.0156 for O V pulse; Fig. 16E). This demonstrates that the analyte interacts
with NIP-Ppy less favorably than MIP-Ppy. In the absence of the SARS-CoV-2-
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S glycoprotein, there is one point that deviates from the general trend (Fig. 16B,
E).

Only when MIP-Ppy and NIP-Ppy modified Pt electrodes were incubated in
SARS-CoV-2-S glycoprotein-free PBS solution was the intercept determined to
have a positive value. It was thought that the pyrrole oxidation process operates
under the tenets of heterogeneous kinetics. The working principles of the MIP are
the foundation of the investigation as detailed above. This refers to the
complementary cavities that emerge in the polymer during the polymerization
stage and their presence in a particular analyte interaction during the assessment
stage. The heterogeneous kinetics of the pyrrole oxidation and reduction reaction
are thus hampered by molecules adsorbed on the Ppy surface.

The information in Figure 16B, E shows that as the concentration of SARS-
CoV-2-S glycoprotein rises, the slope ‘4> of the Anson equation, which was
computed by using Equation (3), decreases. This impact is far more noticeable at
an electrode potential of +0.6 V than it is at a potential of 0 V. The slope ‘k’,
denoted by Equation (3), depends on the concentration of the material ‘C’, the
diffusion coefficient ‘D’, the equivalent number of electrons ‘n’ transported
during the electrochemical reaction, the electrochemically active area ‘4’, and the
slope ‘k’. The diminution in the electrochemically active area (4) is connected to
the opposite dependency of slope k on glycoprotein concentration C. This
conclusion is based on the assumption that the values of the #» and D parameters
are constant at all of the SARS-CoV-2-S glycoprotein concentrations evaluated
here because the concentration of all other solution constituents and,
consequently, physicochemical properties (such as density and viscosity), are the
same. It should be observed that the reliance of ‘k” on the concentration of SARS-
CoV-2-S glycoprotein is more strongly expressed in the case of the MIP-Ppy-
modified electrode than it is in the case of the NIP-Ppy-modified electrode. The
dependence of the ‘4’ value on C is 1.9 times more expressed in the case of the
MIP-Ppy modified electrode in comparison to the value of the NIP-Ppy modified
electrode at +0.6 V, even though the dependence of ‘A’ on the concentration of
SARS-CoV-2-S glycoprotein ‘C’ is linear. The active area of MIP-Ppy (AMIP-
Ppy) is 1.9 times larger than that of NIP-Ppy (ANIP-Ppy), according to the slope.

As it was already mentioned, the blockage of the MIP-Ppy surface by a non-
conducting material — SARS-CoV-2-S glycoprotein — is what causes the drop in
the surface charge at greater concentrations of SARS-CoV-2-S glycoprotein. In
this chronoamperometric experiment, all electrical charge passage is governed by
the adsorption and desorption of ions on the MIP-Ppy or NIP-Ppy layers as well
as the doping and dedoping of Ppy-based layers with anions such as PO4>, HPO,
¥, H,POs, and CI.. Figure 16B and D presents how Ppy-based layers interact with
SARS-CoV-2-S glycoprotein and, respectively, how the Ppy surface is partially
blocked.
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The Anson plot-based evaluation indicates that a SARS-CoV-2-S
glycoprotein molecule is an analyte in this situation which interacts with MIP-Ppy

and non-specifically adsorbs on NIP-Ppy layers.
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3.2.2. Modification of polypyrrole with methylene blue as the imprint
template

This section of the study was focused on combining the MIP technology and
applying it to the determination of MB on an ITO electrode.

Figure 17A displays a schematic representation of the investigation. With MB
serving as a template molecule, the goal of this study was to produce a molecularly
imprinted Ppy. A glass/ITO electrode with an imprinted Ppy layer is shown in
Figure 17B. The impact of the surface polymer’s variable thickness on the
strength and effectiveness of the MIP characteristics was also examined.

Washing Sensitivity to
different MB
concentrations

Stability Scanning Sensitivity to
electron different AzureA
microscopy concentrations

ITO
Glass

Figure 17. Schematic representation of the study. A) Scheme of MB-based
sensor evaluation steps; B) Visualization of an imprinted Ppy layer on an ITO
electrode
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According to the aforementioned conditions and by using 3, 5, 7, 10, 15,
20, or 25 potential cycles, polymer layers containing entrapped MB as a
template were electrochemically deposited. Several potential ranges were
tested, including — 0.4 V to +1 V (1), -0.5 Vto +1.2 V (2), -0.4 V to +0.8 V
(3), and —0.4 V to +0.6 V (4), to determine the best synthesis conditions to
imprint MB onto the Ppy layer (Ppy-MB). Cyclic voltammograms from the
electrochemical polymerization of the polymer layers with imprinted MB are
compared (Fig. 18). In the ranges from —0.4 V to +0.6 V and from —0.4 V to
+0.8 V, the voltammograms lack sufficient anodic peaks to investigate the
pyrrole polymerization. For further studies, a smaller potential window (— 0.4
V to +1 V) was chosen.

Current, mA

. ; . .
-0.4 0.0 04 0.8 1.2
Potential, V

Figure 18. Electrochemical deposition of Ppy-MB during potential cycling
at different conditions: 1) from —0.4 V to +1 V; 2) from —-0.5 V to +1.2 V; 3)
from —0.4 V to +0.8 V; 4) from —0.4 V to +0.6 V. CV at a scan rate of 50
mV/s, and a step potential of 2.44 mV. Electrochemical polymerization was
performed in a three-electrode system, in which glass/ITO was used as WE,
Ag/AgCl as RE, and platinum wire as CE

Changes in optical absorbance (A) in the BR-buffer solution, wherein the
pH value was equal to 3, was determined right after deposition (Fig. 19). The
pulse chronoamperometry was used and set to a total of 10 pulses: 5 pulses of
—0.8 V, and 5 pulses of +0.8 V in shifts, with each pulse being set for 10 s. At
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wavelengths of 530 nm, 668 nm, and 750 nm, optical absorbance was
monitored. The trends indicate that the change in absorption rises with the
layer thickness are discernible.
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Figure 19. Impact of the number of Ppy-MB polymerization cycles on the
absorbance: Ppy-MB-5, Ppy-MB-7, Ppy-MB-10. The absorbance was
measured at A = 668 nm and A = 750 nm

The electrode modified by the deposited MIP-Ppy layer imprinted with
MB was examined for its performance and stability (i.e., its ability to remain
mechanically on the electrode surface and the reproducibility of experiments
employing the same layer). The storage circumstances listed below were
examined: BR-buffer in air, water, and an acidic medium. The obtained results
of this and previous studies proved that storage of the polypyrrole in the air is
more convenient.

An analysis of the layer’s performance and the impact of the washing and
determination processes on the polymer layer’s properties was the goal of the
additional part of this investigation. The Ppy-MB-5, Ppy-MB-7, and Ppy-MB-
10 layers were washed in water to verify their stability. The shift in optical
absorbance (AA) was noted following each wash, which lasted for three
minutes. Five pulses were chronoamperometrically measured by using the
potential pulse method. Five pulses, each with a voltage between —0.8 V and
+0.8 V and a time setting of 10s, were employed in the pulse
chronoamperometry. The absorbance was tracked concurrently. The optical
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absorbance was observed simultaneously. Figure 20 depicts a pattern that has
been steadily declining. It was noted that, during the third wash (or a
comparable number of washes), the Ppy-MB-5 layer on the electrode lost
mechanical stability, and absorption was not detectable.

0.12

0.08

AA

0.04

Number of Washes Number of Washes

049 1

0.31

AA

0.21

Number of Washes

Figure 20. Dependence of the change in absorption on the number of times
the layer was washed in water. A) Ppy-MB-5, B) Ppy-MB-7, C) Ppy-MB-10.
Absorbance was measured at A = 668 nm and A = 750 nm. Error bars represent
the standard deviation of AA from N=3

According to an analysis of the earlier phases of this research, the layer
that was deposited by using 7 potential cycles is probably the most trustworthy
and efficient. Since it is not very thick, it adheres to the electrode’s surface for
a longer period. It is also clear, yet it does not wash off even after numerous
washings. This layer was carefully used to conduct additional research and
verify the sensor’s status as an imprinted Ppy-MB. The imprinted MB from
the newly generated layer has to be removed first. Sulfuric acid of a
concentration of 0.1 M was employed for this, and the washing process took
5 minutes.
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To create identical experimental settings, NIP-Ppy was likewise washed.
The produced MIP-Ppy and NIP-Ppy layers were assessed in the subsequent
section of the research by tracking changes in absorption. The range of MB
concentrations was from 0.1 pM to 10 mM. The outcomes are displayed in

Figure 21.
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Figure 21. Calibration plots (AA vs log [C, uM]) present the change in
absorption on Ppy-MB-7 layers as MIP-Ppy or NIP-Ppy, in the presence of
adsorption of MB and azure A

Figure 21 presents the calibration plots that show how the presence of MB
or azure A alters the absorption (A) on the MIP-Ppy and NIP-Ppy layers. All
of the tested calibration graphs in the concentration range of 0.1 uM to 10 mM
showed linearity. R? is higher than 0.9 because MB on MIP-Ppy is 0.955, AA
on MIP-Ppy is 0.976, and MB on NIP-Ppy is 0.991. When MB interaction is
contrasted with MIP-Ppy or NIP-Ppy, the apparent imprinting factor is
approximately 2.15. This represents that, compared to the rival molecule azure
A, the target MB molecules are more complimentary to the imprinted holes of
the layer. While the slope for the calibration plot of MB on MIP-Ppy is
noticeably steeper, the slope values for the calibration plots of AA on MIP-
Ppy and MB on NIP-Ppy are approximately the same. The strength of the
target molecule interactions with the polymer layers can be used to determine
the magnitude of the slope values for the calibration plots. Since there was no

63



imprinting procedure during the sensor’s fabrication, the slope for MB on
MIP-Ppy was expected to be greater than that of MB on NIP-Ppy.
Complementary holes and imprints allowed MB to interact with MIP-Ppy in
both specific and non-specific ways. Conversely, MB only had a non-specific
interaction with NIP-Ppy, which led to reduced slope values. Moreover, there
is a similar difference in the slope values for MB and AA on MIP-Ppy,
suggesting that MIP-Ppy is selective for MB molecules. Considering the
aforementioned observations, it is possible to conclude that the methods
outlined above can be used to create imprinted Ppy-based sensors that are
capable of MB detection.
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CONCLUSIONS

Polypyrrole layers were successfully modified with phenothiazine derivatives
or molecular imprints.

The investigation has revealed that, among the three phenothiazine
derivatives — methylene blue, azure A, and thionine — methylene blue emerged
as the most promising candidate for designing an effective electrochromic
Sensor.

The study has also demonstrated the positive impact of polysaccharides,
particularly heparin, in the polymerization mixture, contributing to an
improved layer adhesion.

Furthermore, the research has emphasized the significance of the
polymerized layer’s thickness, highlighting its direct correlation with an
enhanced adhesion and the overall durability.

The developed MIP-Ppy-based layer exhibited potential as a sensor for the
determination of the SARS-CoV-2-S glycoprotein, showcasing its versatility
in practical applications.

The integrated Cottrell equation (the Anson plot) has emerged as a valuable
tool for calculating the amount of charge passed through both the MIP-Ppy
and NIP-Ppy layers.

Additionally, the study has highlighted the possibility of creating the MIP-
Ppy with methylene blue as a template, where methylene blue does not fully
polymerize and is effectively imprinted, thereby presenting an innovative
approach to the sensor design.
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SANTRAUKA LIETUVIU KALBA

IVADAS

Elektrocheminiai jutikliai atlicka svarby vaidmenj jvairiose pramonés Sakose
ir pritaikyme skirtingose srityse, nes gali aptikti ir kiekybiskai jvertinti
konkreCius cheminius junginius ar elementus. Jie naudojami aplinkos
stebéjimui, sveikatos priezitiros ir medicinos reikméms, pramoniniams
procesams, saugai bei kitiems tikslams.

Elektrocheminiy jutikliy rinka sparciai pleciasi dél technologijy pazangos,
sustipréjusiy aplinkosaugos taisykliy ir auganCiy sveikatos prieZiliros
poreikiy. ApskaiCiuota, kad 2023 m. pasaulinés biojutikliy rinkos dydis sieké
28.44 mlrd. JAV doleriy, o iki 2033 m. manoma, kad ji pasieks 58.44 mlrd.
[1]

Literattiroje aprasoma daug jvairiy elektrocheminiy jutikliy konstrukcijy
skirtingoms medziagoms aptikti. Zinoma, mokslininkai susiduria su
sunkumais, létinanciais jutikliy realizavima rinkoje: pakartojamumo ir jutikliy
stabilumo problemomis, nepakankamai Zemomis aptikimo ribomis, ieSkoma
tvaresniy sprendimy ir jutikliy integravimo j praktiskus, patogius jrenginius,
teisiniu reglamentavimu.

D¢l morfologiniy ir fizikiniy laidziy polimery savybiy jie gali biti
pritaikomi jvairiose pramongs srityse, taip pat ir kuriant jutikliy konstrukcijas.
Polipirolas (Ppy) yra laidus polimeras, vienas i§ dazniausiai naudojamy
elektrocheminiams jutikliams gaminti, nes jame dera elektrinis laidumas,
elektrocheminis aktyvumas, stabilumas ir pritaikomumas. Ppy pasizymi
ypatingomis savybémis, tad jo pagrindu buvo sukurti jutikliai, taikomi
aptinkant jvairias analites, tokias kaip dujos, jonai, biomolekulés ir aplinkos
terSalai.

Tyrimo tikslas:

Ivertinti Ppy savybiy modifikavimo galimybes kuriant elektrocheminj jutiklj.
Siuo tikslu Ppy sluoksnis buvo modifikuotas fenotiazino dariniais arba
molekuliniais jspaudais.

Tyrimo uzdaviniai:

1.  Polimerizuoti pirolo sluoksnj, modifikuotg fenotiazino dariniais ir
kitais priedais, ant stiklo padengto plonu indzio alavo oksido (ITO)
sluoksniu.
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2.  Kuriant jutiklio konstrukcijg, nustatyti tinkamiausias sglygas
stabilesnio polipirolo sluoksnio nusodinimui ant ITO.

3. Pirolo sluoksnj polimerizuoti ant platinos elektrodo ir pritaikyti
jutiklio, gristo molekuliy ispaudais modifikuotu polimeru, kiirimui.

4.  lvertinti gautas struktiiras ir jy panaudojima.

5. Pritaikyti integruota Cottrell lygti siekiant jvertinti molekuliy
jspaudais modifikuota polipirolg (MIP-Ppy) ir molekuliy jspaudais
nemodifikuotg polipirolg (NIP-Ppy).

Naujumas:

* Trys fenotiazino dariniai (metileno mélynasis (MB), aziiras A (AA)
ir tioninas (TH)) buvo naudojami elektrochrominio jutiklio konstrukcijai
sukurti. Tyrimu buvo siekiama parodyti, kad polisacharidai gali buti
naudojami sluoksnio modifikavimui, siekiant pagerinti polimero sluoksnio
savybes. Tuo metu literatiiroje Sios modifikacijos buvo randamos retai.

* 2019 m. pabaigoje Kinijoje kilusios COVID-19 pandemijos
pradzioje buvo svarbu atlikti aktualius tyrimus. Siekiant kuo greiiau
suvaldyti pandemijg bei reaguojant j vyriausybés politika, buvo atlikti
eksperimentai. Fiziniy ir technologijos moksly centro (FTMC)
Nanotechnologijy skyriaus moksliné komanda buvo viena pirmyjy, kuri
paskelbe, kaip panaudoti molekuliy jspaudais modifikuoto polimero (MIP)
technologija, kuriant elektrocheminj jutiklj SARS-CoV-2 spyglio (SARS-
CoV-2-S) baltymui aptikti.

* Jutiklio konstrukcija, skirta MB atpazinimui, paremta molekuliy
ispaudais modifikuotu polipirolu, buvo sukurta siekiant uzpildyti metileno
mélynojo aptikimo metody spraga.

Ginamieji teiginiai:

1. Elektrochrominio jutiklio konstrukcijai gaminti gali biiti naudojami
trys fenotiazino dariniai: metileno mélynasis, aziiras A ir tioninas,
kurie gali pagerinti jutiklio savybes.

2. Polimerizacijos miSinyje panaudojami polisacharidai prisideda prie
sluoksnio, kuris pritaikomas jutiklio kirime, teigiamo savybiy
pokyCio — heparinas yra tinkama medziaga sluoksnio sukibimui
pagerinti.

3. Molekuliy jspaudais modifikuoto polipirolo (MIP-Ppy) pagrindu
sukurtas sluoksnis gali biiti pritaikomas kaip jutiklis, skirtas SARS-
CoV-2 spyglio baltymui nustatyti.
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4. Integruota Cottrell (Anson ties¢) lygtis gali biiti naudojama SARS-
CoV-2 spyglio baltymo sgveikai su MIP-Ppy jvertinti.

5. Molekuliy jspaudais modifikuotas polipirolas (MIP-Ppy) su metileno
mélynojo jspaudais gali biiti sukurtas pasirinkus tinkamas sintezés
salygas.

LITERATUROS APZVALGA

Polipirolas. Polipirolas (Ppy) yra vienas i§ laidziy polimery, placiai
naudojamas jutikliams gaminti [2,3]. Jis taip pat pritaikomas jvairiose srityse:
elektronikoje, energijos kaupime ir biomedicinoje [4-7].

Nuo pragjusio amziaus buvo zinoma, kad -elektrochemiskai
polimerizuojant pirolg gaunamas ilgai isliekantis sluoksnis, pasizymintis geru
laidumu [10]. Ppy elektropolimerizacija paprastai atlickama potenciostatiniais
(pastovus potencialas) arba galvanostatiniais (pastovios srovés) metodais
[11]. Ppy gali biiti sintetinamas elektrocheminiais metodais [12,13], cheminiu
[14,15], cheminiu gary nusodinimu [16], fermentiniu [17] ir (arba)
mikroorganizmy pagalba [18-20]. Ivairiy junginiy buvimas polimerizacijos
misinyje gali biiti naudojamas polimero sluoksnio savybéms pagerinti.

Elektrochromizmas. Terminas ,,elektrochromizmas® apibiidina griztamajj
spalvos pokytj, kurj kai kurios medziagos demonstruoja reaguodamos j
elektrinio potencialo pokytj. Elektrochromizmas atsiranda tada, kai
medziagoje, del elektrocheminés reakcijos, vyksta nuolatiniai, taciau grjztami
spalvos pokyciai [38,39]. Paprastai spalvy poslinkis atsiranda tarp dviejy
spalvoty biiseny arba tarp skaidrios (arba ,,balintos) ir spalvotos buisenos
[40]. Kai kurie puslaidininkiniai sluoksniai, kuriy pagrindg sudaro metaly
oksidai ir kai kurios organinés medziagos, pavyzdziui, polimerai, pasizymi
elektrochrominémis savybémis [39]. Daugeliui sistemy, jskaitant jkraunamas
baterijas, fotovoltinius elementus, polimerinius Sviesos diodus, tranzistorius,
iSmaniuosius automobiliy, pastaty ir Siltnamiy langus, elektrochrominius
ekranus ir iSmaniuosius akinius nuo saulés, yra naudinga naudoti konjuguotus
polimerus [17,40,47-50].

Fenotiazino dariniai. Fenotiazinai priklauso seniausiems sintetiniams
antipsichoziniams vaistams. Dél plataus Sios klasés organiniy molekuliy
biologiniy ir cheminiy savybiy spektro, jos tapo itin reikSmingos [53].
Fenotiazino dariniai yra biologiskai aktyviis junginiai [54]. D¢l jy griztamojo
potencialo jie buvo naudojami kaip elektrony perdavimo tarpininkai tarp
fermenty ar mikroby ir elektrodo [55,65]. Politioninas (PTH) ir monomeras

68



tioninas pasizymi elektrokataliziniu aktyvumu [66]. Metileno mélynasis
(MB), chlorpromazinas, levomepromazinas, prometazinas, tioridazinas,
trifluoperazinas, tioninas ir aziiras A yra plaCiausiai zinomi fenotiazino
dariniai. MB buvo vienas pirmyjy vaisty nuo maliarijos [59]. Tai yra vienas i$
pirmyjy organiniy dazikliy, vis dar naudojamy ir Siandien, be to — jo
potencialas panaSus j keliy biomolekuliy redokso potencialg [60,61]. Kadangi
MB yra katijoninis daziklis bei naudojamas ir tekstilés pramongje, tai sukelia
tam tikry aplinkosaugos problemy — dazikliai ypac iSskiriami dél zalingo
poveikio aplinkai ir zmoniy sveikatai [62—64].

Fenotiazino dariniai daznai pasizymi zemu oksidacijos potencialu ir stipriu
polinkiu formuoti stabilius radikaly katijonus. Elektropolimerizacija yra
vienas i$ labiausiai paplitusiy ir naudingiausiy metody, naudojamy plonoms
oligomery arba polimeriniy dazy pléveléms gauti [66]. Fenotiazino dariniai
gali biiti naudojami elektrocheminiy jutikliy modeliavimui.

Molekuliy jspaudais modifikuoti polimerai (MIP). MIP yra polimerai,
naudojami selektyviai atpazinti ir prisijungti prie konkreCiy tiksliniy
molekuliy, turin¢iy didelj gimininguma ir specifiSkumg. Polimeriniai
sluoksniai su molekuliy jspaudais veikia kaip dirbtiniai specifiniy molekuliy
receptoriai [93,94].

Ankstesniuose tyrimuose buvo praneSta, kad polimeruose gali biiti
ispaustos jvairiy tipy molekulés — tiek mazos molekulés [14,97-99], tiek
didelés molekulinés masés molekulés [100—-105].

MIP yra patraukliis, nes turi geresnj cheminj ir fizinj stabilumg, lyginant
su biologiniais receptoriais. Taip pat MIP pasizymi paprastu ir nebrangiu
paruoS$imu, pakartotiniu panaudojimu bei galimybémis gaminti didelius
kiekius [124,127,132].

MIP paruosimas paprastai susideda i§ keliy faziy: 1) monomero (-y) ir
tikslinés molekulés, Zzinomos kaip Sablonas, komplekso susidarymas
polimerizacijos miSinyje; 2) po to monomerai polimerizuojami; ir 3) Sablonas
iSplaunamas i$ SvieZiai susintetinto polimero [96,141].

Pirolo pagrindu pagaminti MIP pasizymi savybémis, tokiomis kaip didelis
terminis ir cheminis stabilumas bei molekulinés atpazinimo savybés, tad jie
tinkami pritaikyti jvairiose srityse, tokiose kaip biotechnologijos, aplinkos
steb¢jimas ir farmacija. Ppy literatiiroje daznai minimas polimeras, kuris buvo
panaudotas kuriant jvairius jutiklius su MIP, pvz.: galvijy serumo albuming
[151,152], Sirdies troponing-I [153], prostatos specifinj antigeng [100] ir
Sirdies troponing T [154]. Pirolas gali buiti polimerizuojamas ant skirtingy
elektrody pavirsiy ir i$ skirtingy terpiy.

69



METODIKA

ITO darbinio elektrodo iSankstinis apdorojimas. Prie§ elektrocheminj
polimero sluoksnio nusodinimg, ITO buvo 3 minutes plaunamas tirpale,
sudarytame i§ 27% NH4OH ir 30% H>0O,, sumaiSyto santykiu 3:1, ir
pakaitintame iki 50 °C. Véliau elektrodas buvo plaunamas kambario
temperattiros vandenyje, acetone ir vél vandenyje, po 15 minuciy kiekviename
tirpale, ultragarso voneléje.

Pradinis Pt darbinio elektrodo paruoSimas. Prie§ elektrocheminj Ppy
nusodinimg, Pt darbinis elektrodas buvo paruostas pagal ankstesniuose
tyrimuose aprasyta procedirg [145,160]. Pries naudojima visi tirpalai buvo
degazuojami azoto (N,) dujomis. Pt elektrodas buvo 10 minuciy plaunamas
koncentruotu HNO; tirpalu ultragarso vonioje, po to nuplaunamas vandeniu,
o tada poliruojamas aliuminio oksido pasta. Véliau dar karta skalaujamas
vandeniu ir 10 M NaOH tirpalu, o tuomet — 5 M H,SOj4 tirpalu ultragarso
vonioje 5 minutes. Elektrocheminis elektrodo valymas buvo atlickamas 0,5 M
H,SO4, 20 karty skleidziant intervale nuo —0,1 V iki +1,2 V Ag/AgCl
elektrodo atzvilgiu, esant 100 mV/s potencialo skleidimo grei¢iui. Siekiant
pagerinti Ppy sluoksnio sukibimg su elektrodo pavirSiumi, ant darbinio
elektrodo buvo nusodinamas platinos juodziy sluoksnis [160]. Pt juodziy
nusodinimas buvo atliktas 5 mM H,PtClg su 0,1 M KCl tirpale, 10 potencialy
cikly intervale nuo +0,5 V iki —0,4 V Ag/AgCl elektrodo atzvilgiu, esant 10
mV/s potencialo skleidimo greiciui.

Elektrocheminis Ppy sluoksniy nusodinimas ant ITO. Priklausomai nuo

eksperimento reikalavimy, polimero sluoksniai ant ITO buvo nusodinami

ciklinés voltamperometrijos metodu tokiomis sglygomis:

a) Potencialy diapazonas buvo nuo —0,2 V iki +1 V Ag/AgCl elektrodo
atzvilgiu, esant 50 mV/s potencialo skleidimo greiciui, 25 ciklai su 2,44
mV zingsniu. Polimerizacijos tirpalas buvo paruostas vandenyje su 10
mM atitinkamo fenotiazino darinio (metileno mélynojo, aztiro A arba
tionino acetato) ir 50 mM pirolo. Gauti polimero sluoksniai Zymimi
atitinkamai Ppy-PMB, Ppy-PAA ir Ppy-PTH.

b) Potencialy diapazonas buvo nuo —0,5 V iki +1,2 V Ag/AgCl elektrodo
atzvilgiu, esant 50 mV/s potencialo skleidimo greiciui, 25 ciklai su 2,44
mV zingsniu. Elektrocheminis nusodinimas buvo atliktas i$ tirpalo,
kuriame yra 50 mM pirolo, 10 mM MB ir vienos i$ priedo medziagy: 0,1
M laktozés (Lac), 0,1 M sacharozés (Suc) arba 0,01 g/l heparino (Hep).
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Gauti polimero sluoksniai Zymimi atitinkamai (Ppy-PMB)ia., (Ppy-
PMB)syc ir (Ppy-PMB)sep.

MIP ir NIP sluoksniy elektrocheminis nusodinimas ant Pt elektrodo.
Polimerizacijos tirpalas, kuriame buvo 0,5 M pirolo (PBS buferyje) su 0,1 M
KCl ir pH 7,4, buvo elektrochemiskai naudojamas nejspaustam Ppy (NIP-
Ppy) sluoksniui nusodinti. Polimerizacijos tirpalas, kuriame buvo 0,5 M pirolo
ir 50 ug/ml SARS-CoV-2-S glikoproteino tame paciame PBS su 0,1 M KCI,
pH 7,4, buvo naudojamas molekuliy jspaudais modifikuoto Ppy (MIP-Ppy)
sluoksniui nusodinti. Polimeriniai sluoksniai buvo nusodinami naudojant 20
potencialo impulsy +0,95 V Ag/AgCl palyginamojo elektrodo atzvilgiu, 1 s
su 0 V Ag/AgCl palyginamojo elektrodo atzvilgiu, 10 s tarp impulsy. Po to
MIP-Ppy arba NIP-Ppy modifikuoti elektrodai buvo panardinti i 0,05 M
H,SO4 tirpalg 10 minuciy, siekiant iSplauti $ablono molekules.

MIP ir NIP sluoksniy elektrocheminis nusodinimas ant ITO elektrodo.
Polimery sluoksniai buvo nusodinami skleidziant potencialg nuo —0,4 V iki
+1 V Ag/AgCl palyginamojo elektrodo atzvilgiu, esant 50 mV/s potencialo
skleidimo greiCiui, su 2,44 mV zingsniu. Polimery sluoksniy nusodinimui
buvo kei¢iamas potencialo skleidimo cikly skaicius: 25, 20, 15, 10, 7, 5 ir 3.
MIP atveju polimerizacijos tirpale buvo 10 mM MB, 50 mM pirolo ir 5 pg/mL
heparino. NIP atveju: 50 mM pirolo ir 5 pg/mL heparino. MB buvo
iSplaunamas 0,1 M H,SOj tirpalu, 5 minutes.

REZULTATU APTARIMAS

Triju skirtingy fenotiazino dariniy taikymas modifikuojant Ppy
sluoksnio savybes. Pirmajame straipsnyje buvo analizuotas Ppy sluoksnio
savybiy modifikavimas, atliktas su trimis fenotiazino dariniais: metileno
meélynuoju, aziiru A ir tioninu. Sie dariniai pasirinkti todél, nes yra panasios
struktiiros, pasizymi geru elektriniu aktyvumu ir yra tirpiis vandenyje. 5
paveiksle parodytos ciklinés voltamperogramos, kurios gautos, kai Ppy ir
fenotiazino darinys elektrochemiskai polimerizuojamas ant ITO. Iki 15-0jo
potencialo ciklo didé¢ja ir katoding, ir anodiné srove, o véliau buvo pastebétas
voltamperogramos kilpos plocio sumazéjimas. Kai kuriuose ankstesniuose
tyrimuose §is voltamperogramos plocio sumaz¢jimas susiejamas su Ppy
sluoksnio elektrocheminiu irimu [163, 164].

Sluoksniy morfologija analizuota atominés jégos mikroskopijos (AFM) ir
skenuojancios elektroninés mikroskopijos (SEM) metodais. Vertinant SEM
analize (6 pav.), Ppy-PAA sluoksnis, kuris buvo pasiskirstes netolygiausiai,
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pasizymejo pavirSiumi su didelémis polimery aglomeracijomis. Ppy-PMB
sluoksnio pavirsius, kuriame matomos klostuotos struktuiros ir raukslés, buvo
gana lygus (6B pav.). Ppy-PTH sluoksnio pavirSius parodytas 6C paveiksle.
Siame sluoksnyje matomos struktiiros buvo gana tolygiai pasiskirsé¢iusios, bet
jzvelgiami griideliai, apvalios formos raukslés ir vietomis besiformuojancios
didesnés sankaupos. Klostuotos struktiiros ir raukslés galéjo susiformuoti
polimerinio sluoksnio dzitivimo metu. AFM gauta informacija taip pat
patvirtino SEM rezultatus.

Kitame tyrimy etape buvo iSmatuota optinés absorbcijos priklausomybé
nuo tirpalo pH vertés. Nustatyta, kad tirpalui tampant baziskesniu, optiné
absorbcija mazéja ir palaipsniui blogéja. Ppy-PT pagrindu pagaminto
sluoksnio elektrochrominés charakteristikos buvo fiksuojamos iki pH 6,5.

Toliau iSmatuoti chronoamperometriniai signalai esant skirtingoms pH
vertéms ir askorbo riigsties koncentracijai (kas 1 mM padidéjimas, nuo 0 mM
iki 5 mM). RySys tarp optinés absorbcijos (AA) (AA = A+ozv — Aogv) ir
askorbo riigsties koncentracijos BR buferyje, kai pH 3,0, pH 4,0 ir pH 5,0,
svyravimy parodytas 8 paveiksle. Remiantis kalibravimo kreivémis daroma
iSvada, kad Ppy-PMB ir Ppy-PTH gali biiti naudojami kaip elektrochrominiai
jutikliai askorbo riigsties (vitamino C) koncentracijai matuoti.

Triju skirtingy polisachariduy taikymas polipirolo-metileno mélynojo
sluoksnio savybéms modifikuoti. Apgalvotas legiruojanciy priedy
pasirinkimas gali pagerinti Ppy laiduma [165,166]. Antrame straipsnyje buvo
siekiama Ppy-PMB sluoksnj legiruoti trimis sacharidais (laktoze, sacharoze ir
heparinu) bei palyginti jy poveikj elektrochrominéms savybéms. Vertinant
AFM duomenis buvo matoma, jog visy sluoksniy pavirsiuje rauksliy ir klos¢iy
yra nuo mazesniy ((Ppy-PMB)L..) iki didesniy ((Ppy-PMB)ep). 9E paveiksle
parodytas pavirSiaus auk$cio pasiskirstymas patvirtina, kad visy Ppy-PMB
sluoksniy dominuojantis konstrukcijy aukstis yra apie 2,5 pm. Sluoksnio
savybés buvo analizuojamos atsizvelgiant j absorbcijos pokycius, keiCiant
tirpalo pH (10 pav.). Pastebéta, jog Ppy-PMB sluoksniai su heparinu kaip
priedu yra mechaniskai stabilesni nei sluoksniai, kuriy priedai yra laktoze ir
sacharozé.

Norint sukurti elektrochrominius jutiklius trijy ksantino dariniy — kofeino,
teobromino ir teofilino — aptikimui, tolesniam eksperimentui buvo pasirinktas
heparinu legiruotas Ppy-PMB sluoksnis. [rodyta, kad visy trijy tirty ksantino
dariniy AA (AA = Asosv — A ogv) priklausomybé nuo koncentracijos yra
tiesiné (11 pav.). Teofilino nustatymas atskleidé didziausig optinés sugerties
pokytj. Teofilino tiesinés regresijos nuolydis (esant A= 668 nm) buvo —0,002,
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o R>—0,977, o tai yra du kartus didesnis nei kofeino atveju. Sis tyrimas rode,
kad Ppy-PMB gali biiti naudojamas kuriant elektrochrominius jutiklius.

Polipirolo savybiu modifikavimas, siekiant ji panaudoti kaip MIP.
Treciasis ir ketvirtasis straipsniai buvo skirti sukurti MIP pagrista jutiklj
SARS-CoV-2-S glikoproteinui nustatyti. Sunkaus Uminio kvépavimo
sindromo koronaviruso-2 (SARS-CoV-2) sukelta COVID-19 pandemija,
prasidéjusi 2019 m., sukélé drastiskus pokycius. Viso pasaulio Salys buvo
paveiktos karantino, ekonominiy problemy, pablogéjo zmoniy emociné
sveikata. Nors vakcinos tapo prieinamos visuomenei, $i virusin¢ infekcija
i8liko itin aktyvi, mutavo, todé¢l vis dar yra reikalingas gilesnis SARS-CoV-2
viruso supratimas ir greitesni analizés metodai, tinkami COVID-19
diagnostikai ir (arba) viruso bei jo daliy aptikimui.

Siuo tikslu ant darbinio platinos elektrodo buvo nusodinti Ppy sluoksniai
i§ polimerizacijos miSinio, kuriame buvo SARS-CoV-2-S glikoproteino ir
pirolo, istirpinto fosfatiniame buferiniame tirpale (PBS), kai pH 7,4. Istirtas
elektrodo su MIP-Ppy sluoksniu (jspaustas SARS-CoV-2-S glikoproteinu)
veikimas ir palygintas su nejspaustu elektrodu (12 pav.). Polimery sluoksniy
nusodinimas atliktas pulsinés amperometrijos metodu. Pagaminti MIP-Ppy ir
NIP-Ppy sluoksniai taip pat buvo jvertinti naudojant pulsinés amperometrijos
metoda, naudojant 10 potencialiy impulsy: +0,6 V ir 0 V po 2 s. SARS-CoV-
2-S glikoproteino koncentracija buvo nuo 0 pg/mL iki 25 pg/mL (14, 15 pav.).
Taikant tiesinés regresijos lygti, buvo nustatytos tiesinés regresijos lygties
nuolydzio vertés. MIP-Ppy modifikuoty Pt elektrody, inkubuoty BSA
turin¢iame tirpale, nuolydzio verté buvo zymiai mazesné (—0,15 pA/(ug/mL)).

Ketvirtojo straipsnio naujové buvo pagrista elektros kriivio Q kitimo
kreiviy taikymu elektrodo ir analités sgveikai jvertinti. Pagrindiné $io darbo
id¢ja buvo pagrista integruotos Cottrell (Anson tiesés) lygties taikymu,
siekiant pateikti jzvalgy apie SARS-CoV-2 glikoproteiny ir molekuliniu budu
ispausto Ppy saveika.

Kriivio Q ir laiko santykis Ppy pagrindu veikianciuose elektrocheminiuose
jutiklivose paklusta integruotai Cottrell lygciai (3) [173,174]:

Q= ZnFAC\/g\/E + Qa1 + Qaas. = kVt + Qa1 + Qaas.  (3)

Supaprastintg analités reakcija prie elektrodo galima apibudinti keliais
etapais: analités difuzija i§ tirpalo j elektroda, elektrocheminé oksidacijos-
redukcijos reakcija ir tada reakcijos produkty difuzija i§ elektrodo i tirpala.
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Anson tiesés lygties koeficienty analizé gali buti naudojama anali¢iy arba
reakcijos produkty adsorbcijai elektrode nustatyti.

Chronoamperogramy duomenys rodomi Anson tiesei (16A, D pav.).
Susijusiy tiesés lygCiy koeficientai pateikti 5-oje lenteléje. MIP-Ppy
modifikuotas elektrodas turi stipresng tiesés lygties nuolydzio vertés
priklausomybe nuo analités koncentracijos (16B pav.) nei NIP-Ppy
modifikuotas elektrodas (16E pav.). Tai rodo, kad analité sgveikauja su NIP-
Ppy maziau palankiai nei MIP-Ppy.

Polipirolo modifikacija naudojant metileno mélynaji kaip ispaudo
Sablong. Penktuoju straipsniu buvo siekiama pritaikyti molekuliniy
polimeriniy jspaudy technologija metileno mélynojo nustatymui. 17A
paveiksle parodyta tyrimo sekos schema. Pirolas, kartu su metileno
mélynuoju, buvo nusodinamas ant ITO elektrodo. Polimerizacijos metu
taikyti 3, 5, 7, 10, 15, 20 arba 25 potencialy ciklai elektrocheminiam
nusodinimui. Buvo i§bandyti keli potencialy diapazonai, jskaitant nuo —0,4 V
iki+1 V (1),-0,5Viki+1,2 V (2),-0,4 V iki +0,8 V (3) ir 0,4 V iki +0,6 V
(4), siekiant, kad buty nustatomos geriausios sintezés saglygos MB jspaudimui
ant Ppy sluoksnio (Ppy-MB). Tolimesniems tyrimams pasirinktas diapazonas
nuo 0,4 Viki+1V.

Optiné absorbcija (A) BR buferiniame tirpale (pH 3) buvo nustatyta iSkart
po nusodinimo. Elektrodas, modifikuotas MIP-Ppy sluoksniu su MB
jspaudais, buvo tiriamas dé¢l jo veikimo ir stabilumo (t.y. jo gebéjimo
mechaniskai likti ant elektrodo pavirSiaus ir eksperimenty, kuriuose
naudojamas tas pats sluoksnis, atkuriamumg). Eksperimento metu buvo
vertinamos toliau iSvardytos laikymo aplinkybés: BR buferyje, ore, vandenyje
ir riigstinéje terpéje. Gauti Sio ir ankstesniy tyrimy rezultatai jrodé, kad Ppy
laikyti ore yra tinkamiau. Kitos $io tyrimo dalies tikslas buvo sluoksnio
eksploataciniy savybiy ir plovimo bei nustatymo procesy jtakos polimero
sluoksnio savybéms analizé. Ppy-MB-5, Ppy-MB-7 ir Ppy-MB-10 sluoksniai
buvo plaunami vandenyje. Remiantis ankstesniy Sio tyrimo etapy analize,
sluoksnis, kuris buvo nusodintas naudojant 7 ciklus, yra bene patikimiausias
ir efektyviausias.

Pagaminti MIP-Ppy ir NIP-Ppy sluoksniai buvo jvertinti tolesniame
tyrime, stebint optinés absorbcijos pokycius. MB koncentracijy diapazonas
buvo nuo 0,1 pM iki 10 mM (21 pav.). Paveiksle demonstruojamos
kalibracinés kreivés, rodancios kaip MB arba aziiro A buvimas pakeicia
absorbcija (A) MIP-Ppy ir NIP-Ppy sluoksniuose. Paveiksle matoma, kad
koncentracijos diapazone nuo 0,1 uM iki 10 mM matomas tiesiSkumas. Kai
MB sgveika lyginama su MIP-Ppy arba NIP-Ppy, tariamas jspaudimo
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koeficientas yra mazdaug 2,15. Atsizvelgiant | pirmiau minétus pasteb¢jimus,
daroma iSvada, kad aukscCiau aprasyti metodai gali biiti naudojami kuriant
ispaustus Ppy jutiklius, gebancius aptikti MB.

ISVADOS

Polipirolo  sluoksniai buvo modifikuoti fenotiazino dariniais arba
molekuliniais jspaudais. Gauti rezultatai rodo, kad i$ trijy fenotiazino dariniy
— metileno mélynojo, aziiro A ir tionino — metileno mélynasis yra
perspektyviausias siekiant sukurti efektyvy elektrochromin; jutiklj.

Gauti tyrimo rezultatai taip pat parodé teigiamg polisacharidy, ypac
heparino, poveikj polimerizacijos miSinyje, prisidedantj prie geresnio
sluoksnio sukibimo.

Be to, tyrimo rezultatai parodé polimerizuoto sluoksnio storio svarbg bei
tiesioging koreliacija su padidintu sukibimu ir bendru patvarumu.

Sukurtas MIP-Ppy sluoksnis tur¢jo potencialg kaip jutiklis, nustatant
SARS-CoV-2-S glikoproteing, parodydamas savo universalumg praktikoje.

Integruotos Cottrell (Anson ties¢) lygties koeficienty analizé pasirodé kaip
vertingas jrankis jvertinti anali¢iy arba reakcijos produkty adsorbcijai
elektrode.

Tyrime taip pat pademonstruota galimybé sukurti MIP-Ppy, naudojant
metileno mélynajj kaip Sablong, kur metileno meélynasis ne visiskai
polimerizuojasi ir yra efektyviai jspaustas. Tai rodo naujoviska pozitrj j
jutikliy dizaing.
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Electrochromism is the phenomenon, which is based on the change of material color when particular voltage is
applied to electrochemical system. This feature is of high importance for a wide range of actuating devices such
as smart windows, screens, thermal modulators and various sensors. During this research we have formed and
investigated polypyrrole (Ppy) based layers, which were electrochemically deposited on the indium tin oxide
coated glass in the presence of three phenothiazine (PT) derivatives - methylene blue (MB), azure A (AA), and
thionine (TH). The surface morphology of the coatings was determined by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). It was found that the thickness of the surface irregularities ranged from 1
to 3 um. The reflection absorption infrared spectroscopy (RAIRS) was chosen for the evaluation of the layer due
to the possibility to measure reflection spectra of thin layers avoiding influence of the glass substrate present
under the ITO layer. Polypyrrole and poly(Azure A) (Ppy-PAA) layer was the thickest one and non-translucent,
therefore, it was not suitable for optical evaluation. The polypyrrole and poly(methylene blue) (Ppy-PMB) and
polypyrrole and polythionine (Ppy-PTH) layers also were analyzed by cyclic voltammetry and chronoamper-
ometry methods. The applicability of Ppy-PMB, Ppy-PAA, and Ppy-PTH in chemical sensing was evaluated.
The investigated polymeric coatings exhibited electrochromic properties (color change at different potential),
reacted to pH changes and to ascorbic acid concentration.

1. Introduction

polymer and ability to participate in electrochemical oxidation and
reduction. Among many conducting polymers, polyaniline (PANI)

Electrochromism is a phenomenon in which the color of a material
changes depending on the values of electrical potential applied to the
system [1]. This feature is very important for a wide range of
applications such as smart windows, screens, thermal modulators,
sensors, electrochromic supercapacitors, and versatile functional
electrochromic displays [2-8]. Electrochromic properties are charac-
teristic feature for some semiconducting layers based on metal oxides
and some organic materials such as polymers [2]. Polymers can also
have electrochromic properties and are rather popular due to their
simplicity, ability to form thin coatings, easy synthesis, stability, high
optical contrasts, fast response, ability to form multicolored
electrochromes [9,10]. In conjugated polymers, electrochromism
occurs due to changes in the n-n conjugated electronic system of the

[2] and polypyrrole (Ppy) [11] has received considerable attention.
In the middle of 19" century, Henry Letheby, a British chemical
analyst during the study of polyaniline (PANI), observed that the
reduced PANI layer was colorless but after oxidation it become dark
blue [12]. In 1979 Diaz published the first article on the electrochem-
ical synthesis of polypyrrole (Ppy) and the preparation of a conjugated
electrochromic polymer based coating [13].

Phenothiazine (PT) derivatives (Fig. 1A) are biologically active
compounds and also can be electrochemically polymerized. Chlorpro-
mazine and promethazine derivatives have altered the fields of
psychiatry and allergy treatment, respectively. Methylene blue (MB)
was one of the first antimalarial drugs, and other PT derivatives are
being studied as possible anti-infection drugs. These derivatives were
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chosen for their similar structure, good electrical activity, and due to
water solubility. MB is one of the oldest organic dyes used in chem-
istry, having a potential close to the redox potentials of many biomo-
lecules [14]. Also, it is an effective electron redox mediator [15].
Thionine (TH) is usually selected as the sensitizer. Both thionine
monomer and the polythionine (PTH) have excellent electrocatalytic
activity towards redox-active low molecular weight compounds [16].
Combined polymers have significant potential when they are used
for the application in dyes, conducting coatings and electrochromic
devices [9].

Combining polymers such as Ppy with phenothiazine derivatives
can be the key to create electrochromic coatings with advanced prop-
erties, faster response, and responsive towards environmental changes
[17,18]. Phenothiazine derivatives can be applied in the manufacture
of electrochemical devices, sensors, imaging [2,14,19,20].

Polypyrrole can be obtained by chemical polymerization, chemical
vapor deposition (CVD), electrochemical polymerization [21,22].
Electrochemical polymerization is also a convenient method to form
layers using the phenothiazine derivatives discussed in the study
[23,24]. The conjugated polymers can be synthesized by chemical
and electrochemical polymerization methods in a variety of organic
solvents and aqueous media. Physical properties of chemically synthe-
sized conductive polymers, such as particle size and morphology, can
be controlled by optimizing the synthesis conditions [11,25].

The advantage of electrochemical polymerization is a possibility to
cover electrodes by layers made of conductive polymers and/or their
composites with high conductivity. Moreover, the electrochemical
polymerization method meets the requirements of the green chemistry
and, therefore, it is preferable for practical applications [26].
Methylene blue, thionine, azure A can be electrochemically polymer-
ized in aqueous solution to produce new polymers with unique func-
tions and electrochemical properties [17,23,27,28]. The study
analyzing the ultrathin layers of poly(methylene blue) (PMB) and their
properties by electrochemical surface plasmon resonance (SPR)
demonstrated that the effects of the adsorption and desorption
processes are important only for thick layers, but for thinner layers
only redox activity of PMB was affecting SPR signal [29].

A plausible polymer of MB structure determined by DFT
calculations [30,31] and possible mechanism of azine polymerization
and formed tetramer structure of polyphenazine was predicted [32].

The layer of polypyrrole and phenothiazine derivatives were
electrochemically deposited by potential cycling, while conditions
for here applied electrochemical polymerization were chosen accord-
ing to that reported in other researches [17,23,33-35]. Ascorbic acid
is an important analyte, because it is redox-active compound and has
a significant role as an antioxidant in the living cells, therefore, it is
used as an additive for the improvement of food and beverages
[36-39].

The aim of this work was to investigate the synthesis of Ppy, which
was modified by three phenothiazine derivatives (methylene blue,
azure A and thionine) and to study electrochromic properties of the
formed layers. The applicability of Ppy layers modified with phenoth-
iazine derivatives in the design of ascorbic acid (vitamin C) sensor has
been investigated, assuming that due to the structure of the
compounds, electron transfer from ascorbic acid should occur while
forming a charge transfer complex.

2. Materials and methods
2.1. Chemicals and instrumentation

Azure A (AA), methylene blue (MB), thionine (TH) acetate were
purchased from Alfa Aesar (Germany) and used as received. Other

chemicals were purchased as follows: ascorbic acid —from Aldrich (Ger-
many), NaOH —from Merck (Germany), H3BO3 — from Scharlau (Spain),
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H3PO4 - from Fluka (Germany) and CH3COOH - from Carl Roth (Ger-
many), LiClO, - from Alfa Aesar (Germany), 27% NH,OH - from Carl
Roth (Germany) and 30% H,0, — from Chempur (Poland).

Electrochemical polymerization was performed using computer
controlled potentiostat PGSTAT 128N using NOVA 1.10 software pur-
chased from EcoChemie (The Netherlands). A glass cuvette
(high x depth x width = 32 mm X 18 mm x 30 mm) was used
as an electrochemical cell for synthesis. Another glass cuvette
(32 mm x 18 mm X 50 mm) was used for analytical purposes. The
experiment was carried out in a three-electrode system where the
working electrode was an indium tin oxide (ITO) coated glass, which
was purchased from Sigma-Aldrich (Germany). The surface resistivity
stated by manufacturer of glass/ITO electrode was of 15-25 Q/cm>.
The geometric area of the working electrode that was coated with
the layer of polypyrrole and the phenothiazine derivative was 2 cm?.
Two reference electrodes were used to perform the experiments of this
study: (i) Ag/AgCl wire was used as the reference electrode during the
electrochemical deposition of the layers, because it is less sensitive to
contamination with electrochemical polymerization products; (ii) Ag/
AgCl(sm ke (from CH Instruments (USA)) was used during electrochem-
ical evaluation of the obtained polymeric layers by cyclic voltammetry
(CV) and chronoamperometry (CA). A platinum wire (from CH Instru-
ments (USA)) was used as the counter electrode. All the experiments
were performed at room temperature (approx. 20 °C). The spectrome-
ter USB4000-FL equipped with “SpectraSuite” software, which was
purchased from Ocean Optics (USA), was used for the optical
measurements.

2.2. Electrochemical deposition of polypyrrole/phenothiazine derivative
layer on ITO

Before electrochemical deposition of the Ppy layer modified with
phenothiazine derivatives, the glass/ITO was washed in the solution
consisting of 27% NH4OH and 30% H,0, mixed at ratio 3:1 preheated
up to 50 °C for 3 min. Later the electrode was cleaned at room temper-
ature in ultrasonic bath subsequently in water, acetone, and water for
15 min in each liquid.

Electrochromic layers were electrochemically deposited by poten-
tial cycling in a potential range from —0.2 V until +1.0 V vs Ag/AgCl,
at potential sweep rate of 50 mV/s, by 25 cycles with a step lift of
2.44 mV. A polymerization solution was prepared in water with
10 mM of corresponding phenothiazine derivative (methylene blue,
azure A or thionine acetate) and 50 mM of pyrrole formed layers are
indicated as Ppy-PMB, Ppy-PAA and Ppy-PTH, respectively.

2.3. The evaluation of electrochemical and electrochromic properties of
Ppy-PMB, Ppy-PAA and Ppy-PTH layers

The formed Ppy-PMB, Ppy-PAA and Ppy-PTH layers were analyzed
by chronoamperometry and CV methods. Optical absorbance was fol-
lowed at several wavelengths simultaneously to electrochemical
measurements.

The dependence of absorbance on the pH value of Ppy-PMB, Ppy-
PAA and Ppy-PTH layers was analyzed in Britton-Robinson buffer
(BR-buffer). BR-buffer consisted of 0.040 M H3BO3, 0.040 M H3PO,,
and 0.040 M CH3COOH. 0.10 M LiClO4, which was used to support
the ionic strength of BR-buffer. The required pH of BR-buffer was reg-
ulated with 0.10 M of NaOH solution.

The color changes of Ppy-PMB and Ppy-PTH layers at several differ-
ent pH values were followed during potential cycling from —0.8 V to
+0.8 V vs Ag/AgCl(3m ka» at the scan rate of 50 mV/s and step lift of
2.44 mV, 5 cycles. Optical absorbance was followed at 668 nm (for
Ppy-PMB), 610 nm (for Ppy-PTH), and 750 nm (for Ppy-PMB and
Ppy-PTH), these wavelengths were selected with regard on the absor-
bance spectrum of corresponding phenothiazine. The wavelength of
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750 nm was chosen taking into account optical absorbance spectra of
polypyrrole layer and the results of previous our studies [40].

The electrochromic response of Ppy-PMB and Ppy-PTH layers to the
different concentrations of ascorbic acid was analyzed at three pH val-
ues of BR-buffer: pH 3.0, pH 4.0, and pH 5.0. Such pH values were
selected regarding the ascorbic acid pK, values, which are
pKa1 = 4.17; pK,z = 11.57. pH values close to pH 11.57 were not
included to the study taking into account properties of Ppy [40]. Dur-
ing this experiment sequence of 5 potential pulses of —0.9 V for 10 s
and +0.3 V vs Ag/AgClzm ke for 10 s was applied.

The surface morphology of the Ppy-PMB, Ppy-PAA and Ppy-PTH
layers was evaluated by scanning electron microscope (SEM)
TM4000Plus from Hitachi (Japan) and atomic force microscope
(AFM) ‘Bioscope/Catalyst’ from Bruker (USA). AFM images were
obtained using Contact-mode with a silicone nitride probe coated with
a gold reflective layer (tip radius 20 nm, nominal resonant frequency
56 kHz, spring constant 0.24 N/m).

A
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Reflection absorption infrared spectroscopy (RAIRS) data were
recorded using Vertex 80v (from Bruker Inc., (Leipzig, Germany))
spectrometer equipped with liquid nitrogen cooled narrow-band
MCT detector. Samples were placed onto a horizontal accessory in
evacuated (~2 mbar) spectrometer chamber, measurements were con-
ducted at 80 deg angle. The bare ITO substrate was used as a reference.
The spectra were taken after incubation of the samples in vacuum for
300 s. Spectral resolution was set to 4 cm ™, aperture to 1.5 mm, scan-
ner velocity to 40 kHz and spectra were acquired by averaging 200
scans.

3. Results and discussions

Scheme of the experiment is demonstrated in Fig. 1B. It shows that
a three-electrode system was used during electrochemical deposition
of polypyrrole layer modified with a PT derivative. Upon polymeriza-
tion, the Ppy layer is deposited on the glass/ITO electrode (glass/ITO/

.
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Electrochemical polymerization by
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from -0.2 V until +1.0 V vs Ag/AgCl.
potential sweep rate of 50 mV/s with
a step lift of 2.44 mV by 25 cycles.

Fig. 1. A. Structures of phenothiazine derivatives (thionine (TH), methylene blue (MB), azure A (AA)). B. Experimental setup and electrochromic layer. The three-
electrode system consisted of: glass/ITO-based electrode (WE), Ag/AgClzum ke (RE) and platinum wire (CE).
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Ppy) and it is clearly visible by naked eye (Fig. 1B) in various shades of
dark blue (depending on applied PT derivative). Further, the layers
obtained using the three-electrode system were subjected to various
voltammetry and chronoamperometry based experiments to elucidate
their electrochromic properties with respect to pH changes in the med-
ium. The sensitivity of Ppy-PMB and Ppy-PTH layers towards different
concentrations of ascorbic acid was tested.

3.1. Electrochemical deposition of Ppy layers modified by PMB, PAA, PTH
on glass/ITO electrode

Cyclic voltammetry is the most widely used technique for acquiring
qualitative information about electrochemical reactions. The power of
cyclic voltammetry is based on the ability to provide rapidly consider-
able information on the thermodynamics of redox process, on the
kinetics of heterogenous electron-transfer reactions, and on coupled
chemical reactions or adsorption processes [41].

Fig. 2A represents CV recorded during electrochemical polymeriza-
tion of pyrrole and methylene blue on glass/ITO (Ppy-PMB). Initially,
when the potential is raised, there was a visible overlap at the begin-
ning of the oxidation process at +0.050 V. This identifies the nucle-
ation and polymer formation on the electrode. The formation of the
polymer layer is indicated by the increase of the voltammogram loop
width (Fig. 2D, 1 and 2 curves). Both cathodic and anodic currents
increase with a number of applied potential cycles until 15% cycle,
and later some decrease of the voltammogram loop width has been
observed. In some previous researches such reduction of the voltam-
mogram width is associated with some electrochemical degradation
of Ppy layer at applied overpotential [42,43]. At the same time the
overoxidation of PMB occurs at the potential values higher than
1000 mV [44]. Moreover, in the same study it is claimed that the
overoxidized rough surface of PMB layer absorbs remaining unreacted
monomer.

Journal of Electroanalytical Chemistry 886 (2021) 115132

Fig. 2B demonstrates CVs recorded by electropolymerization of
pyrrole and AA on a glass/ITO electrode. The shape of this CV regis-
tered during the polymerization of Ppy-PAA has some similarities to
the previously presented CVs registered during the synthesis of Ppy-
PMB, with the most pronounced expansion of cyclic voltammogram
at +0.55 V vs. Ag/AgCl. Fig. 2C shows cyclic voltammograms
recorded by electropolymerization of pyrrole and thionine on a
glass/ITO electrode. The overall width of the cyclic voltammogram
has increased during polymerization. This reaction shows a strong
overlap and a slight increase in the voltammogram width. The oxida-
tion process is identified at —0.07 V and a sharp rise from +0.62 V is
observed, which evidences the formation of the polymeric layer.

During the formation of Ppy-PMB layer it can be seen that the
beginning of the process is very reminiscent only of the polymerization
of pyrrole [40,45] but during the course of polymerization some addi-
tional signs of the formation of a polymer coating consisting of both
Ppy and PMB becomes visible. At the first polymerization cycle much
wider oxidation peak has been observed that indicates the initiation of
the oxidation process followed by nucleation. The variation of CV
shape, which is observed during the course of polymerization, illus-
trate that the ongoing formation of polymer layer on the electrode
reduces the number of nucleation sites where the polymer can buildup.
The width of cyclic voltammogram during the formation of Ppy-PTH
((Fig. 2D 5 and 6 curves) decreased after the first potential cycle,
but later it tended continuously to increase until the last potential
cycle. The last cyclic voltammograms registered during the formation
of Ppy-PMB (Fig. 2D 1 and 2 curves) and Ppy-PAA (Fig. 2D 3 and 4
curves) here presented cases are very widespread, which indicates that
the electrochemically active layer becomes rather thick and is failing
to discharge and recharge as quickly when the potential of the elec-
trode is changing.

Surface structure and roughness were analysed by AFM. Three dif-
ferent layers (Ppy-PAA (Fig. 3A), Ppy-PTH (Fig. 3B), Ppy-PMB

0.0 0.4 0.8
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o---
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Fig. 2. Electrochemical deposition of Ppy-PMB (A), Ppy-PAA (B), Ppy-PTH (C). The width of the cycle loop in mA (AI) was measured during potential cycling at
potentials of +0.056 V (1) and +0.40 V (2) for Ppy-PMB, —0.007 V (3) and +0.40 V (4) for Ppy-PAA, —0.073 V (5) and +0.40 V (6) for Ppy-PTH, (D).
Polymerization solution consisted of 50 mM pyrrole and 10 mM phenothiazine derivative (in water). CV at scan rate of 50 mV/s, from —0.20 V to +1.0 V, 25
cycles, step potential 2.44 mV. Electrochemical polymerization was performed in a three-electrode system, where WE was glass/ITO, RE — Ag/AgCl, and CE -

platinum wire.
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Fig. 3. The AFM-based evaluation of Ppy layer surface morphology of all three (A — glass/ITO/Ppy-PAA, B — glass/ITO/Ppy-PTH, C — glass/ITO/Ppy-PMB)
electrodes. Imaged area is of 50 pm X 50 pm, the height amplitude for all images was of 8 ym; photographic images of each electrode are presented in
corresponding insets. D — Comparison of cross sections of all three-electrode surfaces, obtained by AFM measurements. E — Height distribution of formed polymeric
structures. Other experimental conditions were the same as that reported in Fig. 2.

(Fig. 3C)) were of rather different surface morphology. The roughest
surface was observed on Ppy-PAA layer (Fig. 3A), which consisted of
large polymerised structures. From the cross section data (Fig. 3 D)
it is visible that the width of these structures can reach up to 30 um
and the height of such structures is up to 2-3 ym. In Ppy-PTH layer
(Fig. 3B) surface structures were the finest and distributed the most
evenly. Formed polymeric layer consisted of small grains and round
shape wrinkles. The latter could be formed during layer drying pro-
cess. Size of the grains do not exceed 1 um. The surface of Ppy-PMB
layer was grained (Fig. 3C), however, the height of the structures dis-
tributed from 1 up to 3 um and the width from 5 to 10 pm. Surface
height distribution (Fig. 3E) confirms the former observations drawn
from the Figures 3A, 3B and 3C about layers surface roughness. The
surface of Ppy-PTH layer is the smoothest and the roughness in this
layer is distributed the most evenly, while Ppy-PAA layer is based on
the widest structures, and the width of structures that are forming
the Ppy-PMB layer is in between of that of Ppy-PTH and Ppy-PAA.
Hence, the AFM data illustrate, that the Ppy-PAA layer has the rough-
est surface, while the Ppy-PMB-based layer is smoother, and the Ppy-
PTH-based layer is the smoothest one. Visually Ppy-PAA layer was
opaquest and non-translucent at the same polymerization conditions
if compared to other two samples, thus confirming our previously pre-
sented expectations that this layer is the thickest one.

The structure of the obtained layers was also characterized using
scanning electron microscopy (SEM) based imaging. Fig. 4A and 4D
represent surface of Ppy-PAA layer, which is the most unevenly
distributed, while large polymer agglomerations of different sizes are
formed. Fig. 4B and 4E illustrate the surface of Ppy-PMB layer, where
fairly smooth but pleated structures are formed. In Fig. 4C and F the
surface of Ppy-PTH layer is imaged, this picture illustrates that the
structure of this layer consists of larger grains, which are formed round
shape folds and in some places they are forming larger agglomerations,
while the average particle size is 6 um. The SEM data confirms the
information obtained using the AFM technique. Ppy-PAA layer has
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the roughest surface, Ppy-PMB has the smoother one and Ppy-PTH
has the smoothest one. Moreover, in SEM and AFM images some wrin-
kles are observed on the surfaces of Ppy-PTH (Fig. 4F) and Ppy-PMB
(Fig. 4E), which possibly have formed during drying of the layer.

The reflection absorption infrared spectroscopy (RAIRS) was cho-
sen due to the possibility to evaluate thin polymer layers and to avoid
the influence of glass substrate. For the obtained spectra, the influence
of water vapor was removed, baseline correction and min/max nor-
malization were conducted. RAIRS spectra of Ppy-PAA, Ppy-PMB and
Ppy-PTH are shown in Fig. 5. The presented spectra were shifted along
the y-axis for clarity. At the higher wavenumber region the broad
absorption band at 3400 cm ™! is associated with N—H bond stretching
[46]. 3097 cm ™! peak is associated with symmetrical stretching of
functional group =C—H of the ring. The peaks 2962 cm~! and
2921 cm ™! are antisymmetric stretching of the CH; and CH, groups
respectively. 2850 cm ~! peak is dedicated to CH, symmetrical stretch-
ing with barely noticeable shoulder assigned to symmetric stretching
of CHj; group. It could be noted that the biggest difference observed
between Ppy-PAA, Ppy-PMB, and Ppy-PTH spectra in higher
wavenumber region is related to a conjugated system of aromatic
rings’, which can be also strongly affected by overoxidation.

In the ‘fingerprint’ region (Fig. 5B) 1702 cm ~ ' peak corresponds to
C=0 vibration [47].The presence of this functional group indicates
that the polymer chain is overoxidized [46], confirming 3097 cm ™!
peak variations. The absorption bands in the range from 1560 to
1547 cm ™! attributed to pyrrole ring C—C stretching mode [46-49].
The peak at 1480 cm™' can be associated with C—N asymmetric
stretching of Py ring [48,49]. 1323 cm ™! corresponds to the plane
vibration of =C—H [46]. The peak at 1294 cm ™~ 1 js characteristic band
attributed to the N—H in-plane and C—H in-plane vibrations. The
peaks in the region of 1200-1170 cm ™! are characteristic of pyrrole
ring ‘breathing-like’ vibrations [50]. The peak at 1039 cm ™! can be
associated with in-plane C—H and N—H stretching vibrations
[46-49]. The band corresponding to the C—C out of the plane ring
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Fig. 4. SEM images of A, D - Ppy-PAA B, E — Ppy-PMB C, F — Ppy-PTH. Magnification for A, B, C was x 500 and for D, E, F was x 3000. Imaged area for A, B, and C

is of 87.5 pm X 87.5 pm and for D, E, F is 500 pm x 500 pm.

deformation vibration is situated at 964 cm™~' [46] and 923 cm ™!

[47]. As could be seen from the spectra most of the bands are the same
for all of three samples just with some minor differences that the most
probably are appearing due to the difference modifiers applied during
the formation of these layers.

3.2. The applicability of Ppy-PMB and Ppy-PTH layers in pH and ascorbic
acid electrochromic sensors

Research was continued by measuring the optical absorbance spec-
tra of Ppy-PMB, Ppy-PAA and Ppy-PTH layers at pH range from pH 2.0
to pH 8.0. Such pH range was selected because it is the most relevant
for the establishment of electrochromic properties of Ppy and taking
into account that the conductivity of Ppy in the oxidized form is pH-
depended with significant increase of electrical resistance at
pH > 12 [40]. The same pH range was also chosen in the work ana-
lyzing poly(neutral red) obtained from the phenazine dye neutral
red, and poly(methylene green) and poly(methylene blue) (PMB)

[27]. Analysis was carried out in BR-buffer by increasing pH of the
medium with NaOH solution (0.10 M). During experiments, higher
pH values also were tested, but some shrinking and exfoliation of
the polymer layers from the electrode were observed. The most prob-
lematic in this respect was Ppy-PAA layer (Fig. 3B) because it was too
thick and not translucent, therefore, optical absorbance was not
measurable.

Fig. 6 represents optical absorbance of Ppy-PMB (Fig. 6B) and Ppy-
PTH (Fig. 6C), which both points the variation of optical absorbance of
the phenothiazine-derivative based layers deposited on glass/ITO sub-
strate as a function of the pH of BR-buffer and applied potential value
(Fig. 6A). Optical absorbance was measured during potential cycling
from —0.8 Vto +0.8 V vs. Ag/AgCliau ke, at potential sweep rate
of 50 mV/s applying 5 potential sweep cycles at the specified pH of
solution. It was determined that when the medium becomes more
alkaline, then optical absorbance decreases, over time it starts to dete-
riorate. Moreover, it was observed that the registered current of mod-
ified glass/ITO electrode also decreased by each potential cycle
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Fig. 5. The RAIRS spectrum at higher wavenumber region (A) and at “fingerprint” region (B) of the Ppy-PT layers (Ppy-PAA, Ppy-PMB, Ppy-PTH). Vertical grey
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Fig. 7. Chronoamperometric signals at different pHs (at pH 3.0, pH 4.0, and pH 5.0) in the presence of 1 mM of ascorbic acid: A — Ppy-PMB layer; D - Ppy-PTH
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each potential pulse was 10 s.
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(Fig. 6D and E). It can be observed that in the case of the formation of
Ppy-PMB, the current decreases by 15% (at pH 2.6), 4% (at pH 4.0)
and even 35% (at pH 6.5) comparing the first and last cycles. During
the investigation of Ppy-PTH layer, the current diminution was 33%
(at pH 2.4), 18% (at pH 4.2) and 28% (at pH 6.1). It can be assumed
that optical absorbance value decreases with increasing pH value and
electrochromic properties of the Ppy-PT-based layer are well observed
until pH 6.5. But when pH exceeded value of pH = 6.5, then rapid
destruction of the polymeric layer is observed.

Three pH values were selected for the experiment based on the
ascorbic acid pK,; = 4.17. The electrochromic response of Ppy-PMB
and Ppy-PTH layers to the ascorbic acid was analyzed in the concentra-
tions interval from 0 mM until 5 mM, by the increment of 1 mM. In
order to provide information well suitable for the evaluation measure-
ment results are presented when the concentration of ascorbic acid
was 1 mM (Fig. 7). Chronoamperometric assay was subjected between
—0.9Vand + 0.3 Vvs. Ag/AgCl(sum ke (the duration of each potential
pulse was of 10 s) [40]. Analytical signals were recorded at pH 3.0, pH
4.0, and pH 5.0.

It was determined that the value of optical absorbance for the Ppy-
PMB layer is greater than that for the Ppy-PTH layer (Fig. 7) but opti-
cal absorbance of both (Ppy-PMB and Ppy-PTH) layers are not signifi-
cantly changed by the increase of ascorbic acid concentration. The
intensity of optical absorbance decreases when the medium becomes
more alkaline (Fig. 7).

Fig. 8B, C, E, and F depicts the relationship between the variation
of optical absorbance (AA) (AA = Ay 3y — A9 v) on the concentration
of ascorbic acid in BR-buffer at pH 3.0, pH 4.0, and pH 5.0. The slope
and R? values of linear dependence of current or optical absorbance vs
ascorbic acid concentration of Ppy-PMB, Ppy-PTH layers in BR-buffer
at pH 3.0, pH 4.0, and pH 5.0 are represented in Table 1. AA depen-
dence on concentration is compared at two selected wavelengths
(750 and 610 or 668 nm). It was observed, that when the concentra-
tion of ascorbic acid increases, AA decreases in all cases. Such changes
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can be explained by the electron exchange between phenothiazine and
ascorbic acid. This transition results in a change of the color of the cor-
responding layer. Fig. 8A and D depicts the variation of AI vs ascorbic
acid concentration in BR-buffer at pH 3.0, pH 4.0, and pH 5.0. From
the dependence of current on concentration of ascorbic acid it was
determined a tendency that with increasing concentration of ascorbic
acid both AA and AI are decreasing. From these calibration curves
obtained by these two methods it can be concluded that Ppy-PMB
and Ppy-PTH, can be used as the electrochromic sensor suitable for
the determination of ascorbic acid concentration.

4. Conclusions

Electrochemical deposition of polypyrrole layer modified with phe-
nothiazine derivatives (methylene blue, azure A and thionine) was
performed by cyclic voltammetry with a potential range of —0.2 V
to +1.0 V vs Ag/AgCl, 50 mV/s, 25 cycles with a step lift of
2.44 mV and in the polymerization mixture containing 10 mM of phe-
nothiazine derivative and 50 mM of pyrrole. The morphology of the
layers was analyzed by the AFM method. It was determined that the
structure height of Ppy-PAA reached up to 4 pm. This Ppy-PAA layer
was the roughest from all three here investigated layers. The Ppy-
PTH layer was quite evenly covered on the surface, and this layer
was the smoothest one. The SEM data confirmed the information
obtained using the AFM technique: the Ppy-PAA layer has the roughest
surface, while the Ppy-PMB layer has the smoother one and the Ppy-
PTH layer has the smoothest. Also, in SEM images as well as in AFM
wrinkles of the layers are observed for Ppy-PTH and Ppy-PMB layers,
which the most possibly were formed during the drying of these layers.

The Reflection absorption infrared spectroscopy illustrated that
most of the bands were the same for all of the samples just with minor
differences the most probably appearing due to different compounds
used for polymerization. The electrochromic properties of Ppy-PMB
and Ppy-PTH layers were analyzed, however, the Ppy-PAA layer was

Ppy-PTH

¢, mM

Fig. 8. The calibration curves, which are presenting the chronoamperometric signals at the beginning of the pulse (at different pHs: pH 3.0, pH 4.0, and pH 5.0) vs.
concentrations of ascorbic acid: A — Ppy-PMB and D — Ppy-PTH layers. The calibration curves of optical absorbance (AA = Ag3 v — Ao yv) Vs. concentration of
ascorbic acid registered by: B — Ppy-PMB layer at wavelength of 668 nm; C — Ppy-PMB layer at wavelength of 750 nm; E — Ppy-PTH layer at wavelength of 610 nm;
F — Ppy-PTH layer at wavelength of 750 nm in BR-buffer at pH 3.0, pH 4.0, and pH 5.0 and at the same other conditions as it is described in Fig. 7.
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Table 1

Journal of Electroanalytical Chemistry 886 (2021) 115132

The slope and R? values of linear dependence of current and absorbance of Ppy-PMB, Ppy-PTH layers on the concentration of ascorbic acid in BR-buffer at pH 3.0, pH

4.0, and pH 5.0.

Layer Name Description Slope R?
Ppy-PMB A AL mA pH 3.0 —-2.314 0.2015
pH 4.0 —4.457 0.2465
pH 5.0 -1.213 0.7399
B AAbsorbanceggg nm pH 3.0 —0.009 0.985
pH 4.0 —0.007 0.976
pH 5.0 —0.008 0.958
[¢ AAbsorbance;so nm pH 3.0 —0.0064 0.990
pH 4.0 —0.0081 0.971
pH 5.0 —0.0081 0.891
Ppy-PTH D Al mA pH 3.0 -1.012 0.940
pH 4.0 —-1.322 0.833
pH 5.0 —2.085 0.859
E AAbsorbancesio nm pH 3.0 —0.005 0.954
pH 4.0 —0.004 0.997
pH 5.0 —0.004 0.893
F AAbsorbancezso nm pH 3.0 —0.007 0.993
pH 4.0 —0.006 0.999
pH 5.0 —0.005 0.957
too thick and non-translucent. Ppy-PMB and Ppy-PTH exhibited elec- References

trochromic properties, reacted to pH changes, and ascorbic acid con-
centration. Color change could be seen in acidic medium and the
change of the color was reversible. The obtained color change during
potential cycling was the most stable in the BR-buffer at pH 4.0. It can
be assumed that electrochromic properties of Ppy-PT-based coatings
are well observed up to pH 6.5. The evaluation of absorbance changes
in presence of different concentrations of ascorbic acid and by apply-
ing potential pulses demonstrated that Ppy-PMB and Ppy-PTH layers
can be applied in electrochromic sensors, which can be suitable for
the determination of ascorbic acid concentration in aqueous solutions.
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Abstract: Polypyrrole (Ppy) and poly(methylene blue) (PMB) heterostructure (Ppy-PMB) was elec-
trochemically formed on the indium tin oxide (ITO) coated glass slides, which served as working
electrodes. For electropolymerization, a solution containing pyrrole, methylene blue, and a saccharide
(lactose, sucrose, or heparin) that served as dopant was used. The aim of this study was to compare
the effect of the saccharides (lactose, sucrose, and heparin) on the electrochromic properties of the
Ppy-PMB layer. AFM and SEM have been used for the analysis of the surface dominant features of
the Ppy-PMB layers. From these images, it was concluded that the saccharides used in this study have
a moderate effect on the surface morphology. Electrochromic properties were analyzed with respect
to the changes of absorbance of the layer at two wavelengths (668 nm and 750 nm) by changing the
pH of the surrounding solution and the potential between +0.8 V and —0.8 V. It was demonstrated
that the highest absorbance changes are characteristic for all layers in the acidic media. Meanwhile,
the absorbance changes of the layers were decreased in the more alkaline media. It was determined
that the Ppy-PMB layers with heparin as a dopant were more mechanically stable in comparison to
the layers doped with lactose and sucrose. Therefore, the Ppy-PMB layer doped with heparin was
selected for the further experiment and it was applied in the design of electrochromic sensors for
the determination of three xanthine derivatives: caffeine, theobromine, and theophylline. A linear
relationship of AA (AA = A,pgv — A_ggy) vs. concentration was determined for all three xanthine
derivatives studied. The largest change in optical absorption was observed in the case of theophylline
determination.

Keywords: methylene blue; polypyrrole (Ppy); polysaccharides; heparin; electrochromic polymers;
caffeine; theophylline; theobromine

1. Introduction

Electrochromic properties are characteristic features not only for non-organic mate-
rials but also for some conjugated (conducting) polymers (e.g., polypyrrole (Ppy) and
poly(methylene blue) (PMB) possess remarkable electrochromic properties). In conducting
polymers, electrochromism occurs due to changes in the 7t-7t conjugated electronic system
and the ability to participate in electrochemical oxidation and reduction. Electrochromism
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describes the phenomenon in which the color of the material depends on the applied
potential. The key parameters of the electrochromism are (i) response time; (ii) optical
contrast; (iii) electrochromic efficiency; (iv) durability; and (v) optical memory [1].

Ppy is one of the most analyzed conducting polymers used for the development of
various types of sensors. Ppy is easily synthesized by chemical [2-4], enzymatic [5,6],
electrochemical [7-9], or other methods. Firstly, it was synthesized electrochemically by
A. F. Diaz and K. Keiji Kanazawa. The resulting layer was characterized by appropriate
adsorption and high conductivity [10].

Methylene blue (MB) is a phenothiazine (PT) derivative (Figure 1). This is a hetero-
cyclic organic compound, which is well known for biomedical applications. In analytical
chemistry, it is used as a redox mediator that undergoes color changes from bright blue
to colorless when the oxidized form becomes reduced [11]. In previous studies, cyclic
voltammetry was the mostly applied method for the electrochemical polymerization of
PMB [11-16].

H
N.
cI-
X .CHs & HSC\N s /CH3
N"'

lHa CHg

MB) Leucomethylene blue (LMB)
Colorless

o—z=

Hs

Figure 1. Chemical structures of methylene blue and leucomethylene blue.

Overall, electrochemical polymerization has a remarkable advantage as polymer
preparation method due to the ability to form layers with controllable properties on various
types and shapes of electrodes. The controllable parameters of the electrochemical poly-
merization include the value of potential or current density, time, electrochemical method
(cyclic voltammetry (CV), chronoamperometry, etc.).

Moreover, the composition and pH of the polymerization mixture also have a signifi-
cant influence on the properties, including electrochromic ones, of the polymer layer [17].
The conductivity of Ppy can be effectively tuned by a careful selection of dopants [18-20].
In most cases, small ions of strong acids are used as dopants, for instance, chloride [21],
sulfate [8], perchlorate [22], iodine [23], and others. Small ions of a weak acid can be used
as dopants too, for example, carboxylates [18]. Among the various dopants, saccharides
are special substances [19,24,25]. The characteristics of polypyrrole-polysaccharide thin
layers and the influence of three polysaccharides, namely, heparin, chondroitin-4-sulphate,
and hyaluronic acid on the polypyrrole chemical and physicochemical properties were
evaluated [19]. The polypyrrole layers in the aforementioned study were deposited on the
ITO electrodes. This study found a strong correlation between the sample morphology and
the current density during polymerization of Ppy in the presence of polysaccharides: a
smooth surface morphology was observed when the current density was in the range of
100-700 uA /cm?, whereas high current (synthesis charge > 1.0 mA /cm?) or longer time
(synthesis charge > 100 mC/cm?) led to form rough surfaces. It is noteworthy that in
the above-mentioned study, extremely high concentrations of pyrrole (1 M) and doping
anion (heparin, hyaluronic acid, or chondroitin-4-sulphate) (2.0 mg/mL) were used. Water,
propylene carbonate, and acetonitrile were used as different solvents for the preparation of
polymerization mixtures containing pyrrole and heparin as a polyanion [24]. The Ppy layer
was deposited on the fluorine-doped tin oxide (FTO)-coated glass surface. The aforemen-
tioned study evaluated the electrochromic contrast and redox stability. Ppy layer doped by
heparin was characterized by cyclic voltammetry and by in situ spectroelectrochemistry. It
was concluded that the presence of heparin caused a drastic enhancement of electro-optical
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stability of Ppy. The evaluation of surface dominant features has demonstrated a Ppy and
heparin layer composed of quasi-spherical grains (50-80 nm in dimensions). The layers
were grown anodically at constant potential mode at 0.8 V vs. Ag/AgCl and by passing a
charge of 100 mC from aqueous solution containing 0.1 M pyrrole and 0.01 mg/mL heparin.
The previous works demonstrated the effect of polysaccharides on Ppy properties, but the
understanding of the impact on the electric and electrochromic properties of Ppy can still
be improved, for instance, stability and response speed.

Several studies describing the combination of Ppy and PMB have been published [26-31].
The results of electrochemical polymerization of pyrrole are better when the polymerization
is carried out in an acidic solution, preferably <pH 7 [17,32]. The pH of the solution
for polymerization of methylene blue is preferably around pH 6.0. An electrochemical
activity of PMB after polymerization is well established as good and reversible in the
pH region from 2.0 to 8.0 [14]. Usually, salts such as KCl, Na;SOy, etc. are added to
ensure ionic strength in the polymerization mixture formulation. In the polymerization
mixture of pyrrole and methylene blue, no additional salts are required because methylene
blue itself acts as a supporting electrolyte [26]. Regarding the optimal pH values for
polymerization of pyrrole and methylene blue, the sandwich-type of Ppy-PMB layer was
formed. Such sandwich-type of the layer was obtained in two steps of polymerization
of Ppy and PMB. In the first polymerization step, Ppy was electro-polymerized on the
electrode from solution at low pH and in the second step, PMB was electro-polymerized
from solution at high pH [27,28]. Such sandwich-type of Ppy-PMB layer was applied as
a mediator in a microbial fuel cell with a Ppy-PMB composite electrode [27], and as an
additive that was able to decrease significantly the charge transfer resistance of Ppy [28]. In
previous studies, Ppy-PMB layers were also used for optoelectronic applications [26], as a
photosensitizer for medical applications in deep tissue treatment [29], or in the solid-state
photo-electrochemical cells [30]. Summarizing the aforementioned studies, we can see
that although the Ppy and PMB co-deposited layer have been previously studied, the
electrochromic properties of such a layer, especially of the Ppy-PMB doped with heparin,
have not been studied yet. In addition, the possibility of applying the Ppy-PMB layer
as an electrochromic sensor has been very little investigated. The most recent study of
application of Ppy-PMB was published by our scientific group [31].

Therefore, the aim of this study was to co-deposit the Ppy-PMB layer on the ITO
electrode in the presence of three saccharides (lactose, sucrose, and heparin) during a
single-step procedure and compare the effect of different saccharides on the electrochromic
properties. The properties of the layer were analyzed with respect to the changes of
absorbance by changing the pH of the surrounding solution. The most mechanically
stable layer was tested as an electrochromic sensor for xanthine derivatives. This study
demonstrates that Ppy-PMB can be used in the design of electrochromic sensors.

2. Materials and Methods
2.1. Chemicals and Materials

Ultra-pure H,O was obtained by Crystal 7 water purification system received from
Adrona (Riga, Latvia). The conductivity of purified water was 0.055 uS/cm. The pyrrole
was purchased from Sigma-Aldrich (Darmstadt, Germany) and was distilled before use.
Methylene blue from Alfa Aesar (Karlsruhe, Germany), lactose (Lac) from Carl Roth
(Karlsruhe, Germany), sucrose (Suc) from Fluka (Darmstadt, Germany), heparin (Hep) from
Rotexmedica (Trittau, Germany), and acetone from Reachem (Petrzalka, Slovakia) were of
analytical grade and were used as obtained. Ammonium hydroxide (27%) and hydrogen
peroxide (30%) were from Chempur (Piekary Slaskie, Poland). Xanthine derivatives used
in this study were theophylline, caffeine from Sigma Aldrich (Germany), and theobromine
from Alfa Aesar (Germany).

Britton—Robinson buffer (BRB) solution [33] was made of 0.01 M boric acid from
Scharlau (Barcelona, Spain), 0.01 M acetic acid from Carl Roth (Germany), and 0.01 M
phosphoric acid from Fluka (Germany). The ionic strength of BRB was supported with
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0.1 M potassium chloride from Scharlau (Spain). The pH of solutions to the required value
was adjusted with 1 M sodium hydroxide from Merck (Darmstadt, Germany).

2.2. Pretreatment of ITO-Coated Glass Slide

Pretreatment of ITO-coated glass slide was carried out as it was described in a previous
study [22]. ITO-coated glass slide (glass/ITO) with surface resistivity of 15-25 (0/cm? was
purchased from Sigma-Aldrich (Steinheim, Germany). Glass/ITO surface was washed in a
solution consisting of 27% NH4OH and 30% H,O, mixed at ratio 3:1 and preheated up to
50 °C degrees for 4 min. Later on, glass/ITO was treated by ultrasound subsequently in
water, acetone, and water for 15 min in each liquid. After the pretreatment procedure, the
glass/ITO was dried out with argon stream and stored in dry conditions.

2.3. Co-Deposition of Ppy-PMB Layer on ITO Glass Electrode

A computer-controlled potentiostat/galvanostat PGSTAT 128N equipped with Nova
1.10 software from Eco-Chemie (Utrecht, The Netherlands) was used for electrochemi-
cal polymerization of conducting polymer and electrochemical measurements. A three-
electrode system was applied for all electrochemical depositions. Ag/AgCl wire was
used as a reference electrode and platinum wire as a counter electrode (CH Instruments,
Austin, TX, USA). ITO electrode was used as a working electrode. The electrochemical
deposition was carried out from a solution containing of 50 mM of pyrrole, 10 mM of
methylene blue, and one of the doping materials: 0.1 M Lac, 0.1 M Suc, or 0.01 g/L Hep.
The formed Ppy and PMB layers doped with saccharides were indicated as (Ppy-PMB),c,
(Ppy-PMB)syc, and (Ppy-PMB)gep. The parameters of electrochemical polymerization were
selected according to our previous research [31]. Polymerization was performed at a room
temperature during 25 potential cycles in the range from —0.5 V to +1.2 V vs. Ag/AgCl, at
the sweep rate of 50 mV /s and step potential of 2.44 mV.

2.4. Evaluation of Dominant Features by Atomic Force Microscopy and Scanning Electron
Microscopy

Visualization and evaluation of surface dominant features were performed by atomic
force microscope (AFM) ‘Bioscope/Catalyst’ from Bruker (Santa Barbara, CA, USA). AFM
images were obtained with a silicon nitride probe coated with a gold reflective layer (tip
radius 20 nm, nominal resonant frequency 56 kHz, spring constant 0.24 N/m). Additionally,
layers were evaluated using scanning electron microscope (SEM) TM4000-Plus from Hitachi
(Hitachinaka, Japan).

2.5. Evaluation of Electrochromic Properties of Ppy-PMB Layer at Different PH of the Solution

A spectrometer USB4000-FL equipped with SpectraSuite software was purchased from
Ocean Optics (Largo, FL, USA) and was used for optical measurements.

The changes of pH were followed with pH-meter ProLine Plus (Q-i-s, Oosterhout, The
Netherlands) in BRB with 0.1 M KCI solution by increasing the pH with 1 M NaOH. Contin-
uous measurements of the UV absorbance at particular wavelengths (668 nm and 750 nm)
vs. time were performed at each pH value of BRB solution. Appropriate wavelengths were
selected taking into account the absorbance spectra of methylene blue with the maximum
at 668 nm [34] and of Ppy with the maximum at 750 nm [22].

Different reference electrodes were used during co-deposition of Ppy-PMB and eval-
uation of electrochromic response. Ag/AgCly kcyy (CH Instruments, Austin, TX, USA)
was used as a reference electrode and platinum wire as a counter electrode. ITO electrode
modified with Ppy-PMB layer was used as a working electrode.

A potential pulse sequence (PPS) was applied to evaluate the electrochromic properties
of Ppy-PMB layer. Potential pulses were +0.8 V and —0.8 V. Duration of the pulse was 10's.
Each potential was repeated 5 times.
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2.6. Application of (Ppy-PMB)yey Layer for Sensing Xanthine Derivatives

The ITO electrode coated with (Ppy-PMB)yep, layer was used for sensing of xanthine
derivatives. The changes of absorbance at different theophylline, theobromine, and caffeine
concentrations and potential values were evaluated. The potential was alternated in BRB
with 0.1 M KCl, pH 2.5 according to the following procedure: +0.8 V for 10 s, then —0.8 V
for 10 s. Each potential was replicated 5 times. The changes of absorbance were registered
at 668 nm and 750 nm wavelengths.

3. Results

In the previous study, it was mentioned that some destruction of Ppy-Phenothiazine
(Ppy-PT) layer on ITO electrode was observed at a certain pH value [31]. To overcome such
limitation, some measures can be applied: (1) modification of the ITO electrode surface with
silanes without specific functional groups in order to form the silane-based self-assembled
monolayers (SAM) and so to improve the non-covalent interaction of the polymer layer
with electrode surface [22] or with silane-based SAM with pyrrolyl end-groups, e.g., 11-(1H-
Pyrrol-1-yl)undecane-1-thiol; (2) doping with some polysaccharides, for example, heparin,
which can be electrochemically incorporated into Ppy to enhance adhesion [19,24].

Electrochemical polymerization of Ppy-PMB layers doped with lactose (Lac), sucrose
(Suc), and heparin (Hep) was carried out by conditions described in Section 2.3. In total,
25 potential cycles were applied to obtain the layers. The voltammograms obtained during
electropolymerization by potential cycling are represented in Figure 2A-C. Comparison
of the current changes obtained during the first cycle demonstrates the visible cathodic
peak of current at the beginning of the oxidation process at —0.20 V for the (Ppy-PMB); 4c,
—0.28 V for the (Ppy-PMB)sy, and —0.277 V for the (Ppy-PMB)yep layers. This increment
of current could identify the beginning of polymer formation on the ITO electrode. During
the next potential cycles, it was observed that the cathodic peak was moved to the higher
potential values.

The comparison of the current changes obtained during electropolymerization of
Ppy-PMB described in this and other studies demonstrate that the shift of cathodic peak
depends on the type of electrode and other polymerization conditions, such as composition
of the solution, pH, etc. The cathodic peak of methylene blue on platinum foil was at
—0.22 V and it is attributed to the oxidation of methylene blue [14]. The oxidation peak of
methylene blue during electropolymerization on the gold electrode moved to more negative
potential values (=—0.4 V) [15], whereas the oxidation peak (~—0.255 V) of methylene
blue during electro-polymerization on glassy carbon electrode was very similar as it was
obtained in this study on ITO electrode. Thus, this confirms that the cathodic peak at the
~—0.2 V (Figure 2A-C) is attributed to the oxidation of methylene blue.

The oxidation peak of pyrrole usually is less expressed than the oxidation peak of
methylene blue. In the previous study, it was demonstrated that polymerization of pyrrole
on ITO electrode depending on the modification of electrode surface started at +0.53 and
+0.70 V vs. Ag/AgCliamkey [22]- Tt is notable that the oxidation potentials get lower
with increasing chain length [35]. In this study, the nucleation of pyrrole during electro-
polymerization of Ppy-PMB (Figure 2A-C) is not clearly expressed and cannot be clearly
distinguished from non-Faradaic processes.

Evaluation of the width of the cycle loop Al (Figure 2D) gives a deeper insight into
electrical conductivity changes of the Ppy-PMB layer during the electropolymerization
process. The width of the cycle loop was compared at two potential values: +0.08 V and
+0.7 V. An increase in loop width identifies the growth of the polymer layer. However,
approximately from the 10th cycle, a decrease in the loop width can be attributed to some
overoxidation of the Ppy layer as it was demonstrated in the previous study [21]. Moreover,
it was stated that cause of the induced overoxidation process could be nucleophilic solvents,
for instance, water [35].
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Figure 2. Electropolymerization of Ppy-PMB layers by potential cycling. Voltammograms at different
cycles (1, 5, 10, 15, 20, 25): (A)—(Ppy-PMB) o, (B)—(Ppy-PMB)syc, (C)—(Ppy-PMB)piep, (D)—the
width of the cycle loop in mA (AI) was compared at potentials +0.08 V and +0.7 V. a—(Ppy-PMB) 5,
b—(Ppy-PMB)syc, c—(Ppy-PMB)pep. Polymerization solution consisted of 50 mM pyrrole, 10 mM
methylene blue, and 0.1 M lactose, 0.1 M sucrose, or 0.01 g/L heparin. Ppy-PMB layers were obtained
by potential cycling 25 cycles, from —0.5 V to +1.2 'V, at scan rate of 50 mV /s, and step potential of
2.44 mV. WE—glass/ITO, RE—Ag/AgCl wire, CE—platinum wire.

Surface morphology and roughness were analyzed by AFM (Figure 3). The dominant
features of all three electrodes surfaces were fairly different. Figure 2B,C and Figure 3A
demonstrate the appearance of the layers. It can be seen that the surface of the (Ppy-
PMB); . (Figure 3A) layer is most evenly distributed. The most massive surface structures
were formed on the (Ppy-PMB)yep, layer (Figure 3C). From the length of cross-section vs.
structure height distribution (Figure 3D), it is obvious that the height is up to 1.5-2.5 pm for
(Ppy-PMB)¢ 4, up to 2 pm for (Ppy-PMB)syc, and up to 3 um for (Ppy-PMB)pep- Figure 3E
depicts surface height distribution and confirms that dominant height is around 2.5 pm for
all Ppy-PMB layers. It confirms the previous observations about layers” surface roughness.
From the AFM images, it could be seen that all layers have wrinkles on the surface from
smaller (Ppy-PMB)pc) to larger (Ppy-PMB)pep). These wrinkles could be formed during
the drying process of the layer after synthesis procedure. Possibly, in a solution, the
synthesized layer is filled up with water molecules that evaporate during drying procedure.
Different wrinkle size could be due to a different Ppy-PMB layer thickness or the strength
and compactness of the structure itself. Therefore, from the analysis by AFM it can be
concluded that the saccharides used in this study have a moderate effect on the surface
morphology and roughness of Ppy-PMB layers.
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Figure 3. The AFM-based evaluation of surface morphology dominant features of (A)—(Ppy-PMB); 5;
(B)—(Ppy-PMB)syc; (C)—(Ppy-PMB)yep. (D)—The comparison of the cross-sections of surfaces of
the layers. (E)—Height distribution. Electrochemical deposition conditions are indicated in Figure 1.

The structure of the obtained layers was characterized using SEM-based imaging.
These images also confirmed the AFM analysis. The surface of (Ppy-PMB);, is repre-
sented in Figure 4A,D and is evenly distributed, some polymer agglomerations are formed.
Figure 4B,E represent surface images of (Ppy-PMB)g, layer, which is also fairly evenly
distributed, the structures are minor, but the folds are more expressive than in the previous
layer. In Figure 4CF, the surface of (Ppy-PMB)yep, layer is illustrated. The surface structure
of this layer is the most massive and wrinkles are the largest. Thus, SEM results verify
AFM images and conclusions, that the largest wrinkles are formed using heparin and the
smallest in the sample with lactose.

In the further part of the study, the layers were examined by varying the pH of
the BRB solution and the potential. The pH of the BRB solution was increased using
1 M NaOH from pH 2.5 up to pH 9. The sequence of potential pulses was applied to
evaluate the absorbance changes with respect to the changing potential of Ppy-PMB layers
at each pH value. Potential pulses were +0.8 V and —0.8 V. Duration of the pulse was 10's.
Each potential pulse was repeated 5 times. The pH value of BRB solutions was stepwise
increased from acidic to basic and the absorbance at the wavelengths 668 nm and 750 nm
was followed (Figure 5). The tendency to increase the absorption at the positive potentials
and to decrease at the negative potentials was observed.
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Figure 4. SEM images of (A,D)—(Ppy-PMB)r,c, (B,E)—(Ppy-PMB)gyc, (C,F)—(Ppy-PMB)gep-
Magnification for (A-C) was x 200 and for (D-F) was x 1000. Imaged area for (A-C) is of
1125 pm x 1125 um and for (D-F) is 225 pm x 225 um.

In previous studies, the evaluation of absorbance spectra of PMB when potential
was changed from —0.3 V to +0.5 V by an increment of potential by 0.1 V demonstrated
that the position of absorbance peaks at 613 nm and 654 nm do not change with the
potential values [14]. The main significant changes occur in the ratio of absorbance at
these two wavelengths and which are assigned to the absorption bands of the monomeric
and dimeric forms of methylene blue [26]. Another study reported that Ppy doped with
Hep is an effective strategy to enhance the electrochromic lifetime of polymer films [24].
The investigated layer was characterized by long-term electro-optical stability: the optical
contrast changed from 48% to 42% after 100 steps. In the case of our study, the resulting
(Ppy-PMB)pep layer was incomparably more mechanically stable on the electrode than
(Ppy-PMB); 5c and (Ppy-PMB)s,,. layers. However, response times were more than two
times longer than they were in the recent study and the absorption curves are not as orderly
as the other two layers studied. It can be assumed that the same electro-optical stability
cannot be seen due to the incorporation of methylene blue.

During the comparison of absorbance at the wavelength 668 nm (Figure 5B,E,H) and
750 nm (Figure 5C,E]), it was observed that the value of optical absorbance for the (Ppy-
PMB)syc layer is greater than that for the (Ppy-PMB)oc and (Ppy-PMB)pep. The intensity
of optical absorbance decreases when the medium becomes more alkaline (Figure 5).

Analysis of the (Ppy-PMB); o layer showed that in all cases, the absorption maximum
decreases with the increasing number of pulses, for example, in an acidic medium the
absorption ranges from 0.30 to 0.280 at 668 nm and from 0.264 to 0.242 at 750 nm. At
neutral and basic pH values, the layer becomes less stable to potential change, resulting in a
reduction in the difference between the absorption maxima. As the medium becomes more
basic, a drop in values is seen, but it is not as abrupt as when observing other layers. In the
case of the (Ppy-PMB)g, layer, the absorption values at 668 nm wavelengths range from
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0.494 to 0.478 and at 750 nm wavelengths from 0.462 to 0.450. At a more alkaline pH, it can
be seen that (Ppy-PMB)sy. at both wavelengths reaches the highest absorption maximum
during the first potential pulse and decreases markedly during the second pulse. From the
second pulse, the absorption narrows slightly at these two pH values. The electrochromic
properties of the (Ppy-PMB)s,, layer are best expressed in acidic pH. The (Ppy-PMB)yep
layer exhibits rather similar properties and tendencies in an acidic medium as the other
two, but in the presence of neutral and acidic media, a slight increase in the absorption
maximum is seen.
AA was calculated by using the following Equation (1):

AA = Atosv —A_osv 1)

For the calculation of AA, the values of A,pgy and A_qgy at the end of the potential
pulse were taken. It was found that AA was the highest in the most acidic solutions
regardless of the wavelength and it decreased for all Ppy-PMB layers when the pH of the
solution was changed to more alkaline (Figure 6 and Table 1).

(Ppy-PMB), (Ppy-PMB) . (Ppy-PMB), .

4G

pH63  pH30

pH 8.4 pH68  pH3.6 pHO.1

Absorbance,

Absorbance, . a.u.

j=4
N
L
~
\
4
~
/

Time, s

(=]
w
=
o
(=]
O
(=]

Time, s Time, s

Figure 5. Evaluation of Ppy-PMB layers during potential pulsation. (A)—potential pulse sequence of
(Ppy-PMB)Lac, (D)—(Ppy-PMB)syc, (G)—(Ppy-PMB)pep (pH 6 offset 2, pH 9 offset 4). Changes of
absorbance at different pH values (at pH 3.0-4.0, pH 6.0-7.0, and pH 8.0-9.0): for (Ppy-PMB),. at
(B)—A = 668 nm, and (C)—A = 750 nm; for (Ppy-PMB)sg,,c at (E)—A = 668 nm, and (F)—A =750 nm;
and for (Ppy-PMB)pep at (H)—A = 668 nm and (I)—A = 750 nm. Potential pulses were +0.8 V and
—0.8 V. Duration of the pulse was 10 s. Each potential was repeated 5 times. The dependence of
optical absorbance was measured in BRB with 0.1 M of KCl solution. WE—glass/ITO electrode with
Ppy-PMB layer, CE—platinum wire, RE—Ag/AgClim k-

Thus, we can conclude that by changing the pH of the solution and potential value
from +0.8 V to —0.8 V, the decrease of the change of absorbance can be observed. Therefore,
the highest absorbance changes are observed in the acidic pH of the solution for all Ppy-
PMB layers. A similar conclusion was drawn and for the Ppy layers but without PMB [22].

Studies have shown that combining conductive polymers with tunable coloration can
lead to smarter electrochromic devices [1]. Electrochromism can be characterized by optical
contrast, which is the transmittance difference between the bleached and colored states.
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Figure 6. Calibration curve of AA (at the wavelengths of: (A)—A = 668 nm and (B)—A = 750 nm) as
function of the pH value of BRB with 0.1 M of KCl solution, when potential pulses were of +0.8 V
and -0.8 V with duration of 10 s. Each potential pulse was repeated for 5 times.

Table 1. Dependence of absorbance changes (at A = 668 nm and A = 750 nm) on the pH of BRB
solution. The slope and intercept values of the calibration curves.

Wavelength Layer Slope Intercept R?
(Ppy-PMB)| 4¢ —0.017 + 0.002 0.171 £ 0.001 0.935
668 nm (Ppy-PMB)gyc —0.025 + 0.006 0.248 £ 0.036 0.790
(Ppy-PMB)Hep —0.009 + 0.002 0.089 £ 0.0145 0.742
(Ppy-PMB) 4 —0.019 £ 0.002 0.193 4 0.012 0.944
750 nm (Ppy-PMB)gyc —0.032 + 0.006 0.324 +0.038 0.857
(Ppy-PMB)ep —0.008 + 0.002 0.079 £ 0.010 0.851

It was observed that the AA value of the (Ppy-PMB)g, layer dropped by 86% at 750 nm and 668 nm wavelengths.
The AA value of (Ppy-PMB)p,c and (Ppy-PMB)yep, layers changed in a descending direction, too. The AA value of
the (Ppy-PMB)L,. layer dropped by 80% at 750 nm and 78% at 668 nm. In the case of the (Ppy-PMB)yep, layer, the
AA value dropped by 78% at 750 nm and 81% at 668 nm.

The electrochromic property of optical contrast was also analyzed. Response times
were very similar in all cases. Changing the pH to the alkaline side showed visible change—
slowing down response times in coloration and bleaching. In the case of (Ppy-PMB);ac
layers at 668 nm, a response time of about 8 s for coloration and 2.8 s for bleaching was
shown. In the case of (Ppy-PMB)sy, there was a response time of about 5.9 s for coloration
and 2.1 s for bleaching. In the case of (Ppy-PMB)yep, response times were the longest
compared to others: about 9.8 s for coloration and 3.6 s for bleaching. Very similar results
were obtained at 750 nm.

The last part of the study was attributed to the application of the formed Ppy-PMB
layer for sensing three xanthine derivatives: theophylline, caffeine, and theobromine. Such
xanthine derivatives were selected taking into account that these compounds: (1) are soluble
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in water-based solutions (solubility in water are 0.330 g/L of theobromine, 7.360 g/L of
theophylline, and 21.6 g/L caffeine of at 25 °C); (2) xanthine derivatives differ from each
other only by a methylene group, therefore they are convenient for model systems. Xanthine
derivatives are found in the biological fluids of humans and some other species and are
receiving a lot of interest because of their bio-activity. They are used as pharmaceutics
because they have such bio-activities: antimicrobial, antiasthmatic, CNS stimulating, anti-
inflammatory, and antagonism to adenosine receptor [8,36,37]. Methylxanthine homologues
include such compounds such as caffeine, theophylline, and theobromine. Methylxanthines
have some typical parameters suitable for analytical applications.

In previous studies, some applications of polyphenazines for the determination of
xanthine derivatives were described [11,38,39]. The study by Bukkitgar and Shetti [39]
described the electrochemical behavior of theophylline at the methylene blue dye modified
carbon paste. The main analytical methods used for the determination of theophylline
were cyclic voltammetry and differential pulse voltammetry (DPV). The obtained results
demonstrated that modification of carbon paste electrode with methylene blue during
analysis by cyclic voltammetry CV leads to the peak current of theophylline sharpening
and increased current values about 2-3 folds in comparison to the peak current obtained
on the bare carbon paste electrode. Ppy was also used for the determination of theo-
phylline [4,40-42]. The mentioned studies applied molecular imprinting technology for
improved sensitivity /selectivity of theophylline on Ppy by electrochemical analysis (cyclic
voltammetry, electrochemical impedance spectroscopy (EIS)) or microgravimetric (quartz
crystal microbalances (QCM)) methods.

In comparison to the previously published studies, the experiment described in this ar-
ticle is unique. First of all, this time the combination of polypyrrole and methylene blue was
applied as a sensor of xanthine derivatives. In contrast to the previously published study
where carbon paste electrode modified with PMB was used as a working electrode [39], in
this study, ITO modified with (Ppy-PMB)nep was used as a working electrode. Secondly, in
this study, the (Ppy-PMB)yep layer was applied as a possible electrochromic surface for the
xanthine derivatives detection.

The heparin-doped (Ppy-PMB)ye), layer was chosen to sense xanthine derivatives as
the most mechanically stable layer. Evaluation of absorbance dependence (at A = 668 nm
(Figure 7B) and A = 750 nm (Figure 7C)) on the concentration of caffeine, theophylline, and
theobromine was performed in BRB solution with 0.1 M of KCl, pH 2.5. The concentration
interval of the theobromine was limited by the compound solubility in the BRB solution.
The pH value of BRB solution was selected based on results in the prior section where it
was demonstrated that the absorbance changes in the most acidic BRB solution was highest.
The potential pulses profile was used unchanged: +0.8 V and —0.8 V with a duration of
10s.

It was obtained that absorbance dependence (at A = 668 nm and A = 750 nm) on the
concentration of caffeine, theophylline, and theobromine was linear and the correlation
coefficient R? for the AA at wavelength 668 nm and 750 nm was even higher than for the A
(Figure 7A).

Linearity was observed at all evaluated calibration curves of xanthine derivatives.
The slope was derived using the linear regression equation for the changes of absorbance
changes (at A = 668 nm and A = 750 nm) vs. the concentration of xanthine derivatives (c, uM).
In the case of caffeine (at A = 668 nm) slope of linear regression was —0.001 with R? = 0.978
(Table 2), while in the case of theophylline slope was —0.002 with R? = 0.977 (Table 2), which
is 2 times higher. In the case of theobromine, the slope of linear regression was —0.005
with R? = 0.939. A linear relationship is observed only in low concentrations, followed by
scattering of points, so only the first three points are reported. The limit of detection (LOD)
as the lowest concentration of analyte, which gives an analytical signal greater than the
background value plus 3 §, was estimated. The LODs for Al vs. concentration of caffeine,
theophylline, and theobromine were 2.0 uM, 3.9 uM, and 7.48 uM, respectively. The LODs
for caffeine, theophylline, and theobromine based on registered changes of absorbance at
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A = 668 nm were 3.3 uM, 3.0 uM, and 6.0 uM, respectively; while changes of absorbance
registered at A = 750 nm LODs were 3.75 uM, 3.0 uM, and 3.0 uM, respectively. Accordingly
to the given results, it is presupposed that the (Ppy-PMB)pep layer might be used for the
detection of xanthine derivatives, especially for theophylline and caffeine.
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Figure 7. Dependence of absorbance changes (at A = 668 nm and A = 750 nm) on the concentration of
caffeine, theophylline, and theobromine in BRB with 0.1 M of KCl, pH 2.5 solution. (A)—calibration
curves of Al vs. concentration of caffeine, theophylline, and theobromine, (B)—calibration curves of
AA (at 668 nm) vs. concentration of caffeine, theophylline, and theobromine, (C)—calibration curves
of AA (at 750 nm) vs. concentration of caffeine, theophylline, and theobromine.

Table 2. Dependence of absorbance changes (at A = 668 nm and A = 750 nm) on the concentration of
caffeine, theophylline, and theobromine. The slope and intercept values of the calibration curves.

Slope Intercept R?

Theophylline —0.007 £ 0.0005 10.1 £ 0.079 0.973

Al Caffeine —0.005 + 0.0004 9.35 + 0.059 0.969
Theobromine —0.008 + 0.0021 9.48 + 0.082 0.872

Theophylline —0.0002 + 0.00001 0.13 £ 0.002 0.977

668 nm Caffeine —0.0001 =+ 0.00001 0.07 = 0.001 0.978
Theobromine —0.0005 =+ 0.00009 0.14 + 0.003 0.939

Theophylline —0.0002 £ 0.00001 0.17 + 0.001 0.990

750 nm Caffeine —0.0001 =+ 0.00001 0.08 + 0.001 0.958
Theobromine —0.0003 + 0.00008 0.14 £+ 0.003 0.884
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4. Conclusions

The electrochemical deposition of the polypyrrole layer was carried out by cyclic
voltammetry from a solution containing of 50 mM of pyrrole, 10 mM of methylene blue,
and one of the doping materials: 0.1 M Lac, 0.1 M Suc, 0.01 g/L Hep. Surface morphology
was analyzed by AFM and SEM methods. From the AFM analysis, these layers were
compared with each other. It can be concluded that the saccharides used in this study have
a moderate effect on the surface morphology and roughness of Ppy-PMB layers. From
the length of cross-section vs. structure height distribution, it is obvious that the height
is up to 1.5-2.5 um for (Ppy-PMB)Lc, up to 2 um for (Ppy-PMB)g,¢, and up to 3 um for
(Ppy-PMB)yep.

The Ppy-PMB layers were examined by varying the pH of the BRB solution and
the potential. The tendency to increase the absorption at the positive potentials and to
decrease at the negative potentials was observed at each pH value. It was observed that
the value of optical absorbance for the (Ppy-PMB)s, layer is greater than that for the
(Ppy-PMB)L,c and (Ppy-PMB)yep. Moreover, it was found that the intensity of optical
absorbance itself and the change of absorbance was the highest in the most acidic solutions
regardless of the wavelength and it decreased for all Ppy-PMB layers when the pH of the
solution was changed to more alkaline. The (Ppy-PMB)g layer had the best conductivity
properties, and the fastest bleaching and coloration times. The suitability of the Ppy-PMB
layer for use as an electrochromic sensor of xanthine derivatives—caffeine, theophylline,
and theobromine—was investigated using the (Ppy-PMB)pey, layer. Linearity was observed
at evaluated calibration curves (concentration vs. the change of absorbance) of all xanthine
derivatives. According to the given results, it is presupposed that the (Ppy-PMB)yep
layer might be used for the detection of xanthine derivatives, especially for theophylline
and caffeine.
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This study describes the application of a polypyrrole-based sensor for the determination of SARS-CoV-2-S
spike glycoprotein. The SARS-CoV-2-S spike glycoprotein is a spike protein of the coronavirus SARS-CoV-2
that recently caused the worldwide spread of COVID-19 disease. This study is dedicated to the devel-
opment of an electrochemical determination method based on the application of molecularly imprinted
polymer technology. The electrochemical sensor was designed by molecular imprinting of polypyrrole
(Ppy) with SARS-CoV-2-S spike glycoprotein (MIP-Ppy). The electrochemical sensors with MIP-Ppy and
with polypyrrole without imprints (NIP-Ppy) layers were electrochemically deposited on a platinum elec-
trode surface by a sequence of potential pulses. The performance of polymer layers was evaluated by
pulsed amperometric detection. According to the obtained results, a sensor based on MIP-Ppy is more
sensitive to the SARS-CoV-2-S spike glycoprotein than a sensor based on NIP-Ppy. Also, the results demon-
strate that the MIP-Ppy layer is more selectively interacting with SARS-CoV-2-S glycoprotein than with
bovine serum albumin. This proves that molecularly imprinted MIP-Ppy-based sensors can be applied for
the detection of SARS-CoV-2 virus proteins.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

to overcome and defeat this infection. Thus, various aspects of the
virus itself [3], genome [4-7], research of the structure, function

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) induced COVID-19 pandemic that began in 2019 has caused
drastic changes in the world. 197 countries were affected [1]: lock-
downs [2], quarantine, economic problems hit the most significant
part of the world, people’s emotional health has deteriorated. Even
at the beginning of the 2021, this pandemic is still not adequately
controlled. Although the vaccines became available to society, this
viral infection is still very active and the virus is rather rapidly mu-
tating and appears in new even more infectious forms. Therefore,
a much deeper understanding of the virus SARS-CoV-2 is required
and rapid analytical methods that are suitable for the diagnosis of
COVID-19 and/or detection of virus or their parts are demanded

* Corresponding author.
E-mail address: arunas.ramanavicius@chf.vu.lt (A. R icius).

https://doi.org/10.1016/j.electacta.2021.139581
0013-4686/© 2021 Elsevier Ltd. All rights reserved.

of proteins, and nucleocapsid, envelope, spike, and membrane pro-
tein interactions with drugs [8-11], and some other aspects [12,
13] were investigated. Better and easier detection methods could
improve the diagnosis of viral infection and enable more efficient
ways of defeating the COVID-19 pandemic. Recently, label-free pro-
tein detection has become relevant in research and clinical practice
[14, 15]. The discovery and detection of biomarkers during the di-
agnosis of human diseases is required for biomedical purposes [15,
16).

In biosensors, the analyte recognition elements are typically
based on bio-macromolecules such as enzymes, antibodies, DNA,
aptamers, etc. However, such bioanalytical systems have some lim-
itations due to operating conditions and expensive production.
Therefore, the development of artificial biorecognition-systems
based on synthetic receptors and molecularly imprinted polymers
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(MIPs) has attracted a great interest as a potential alternative [14,
17-19]. Researchers have been focused on the development of a
system that replicates the natural recognition process. Therefore,
the interest in the development of MIPs has grown during recent
years [15, 16, 20-27]. The technique of molecular imprinting al-
lows the formation of specific molecular recognition sites that op-
erate on the principle of complementarity between the imprinted
sites and the analyte. Therefore, MIPs can selectively bind the ana-
lytes of interest, which were used as templates during formation
of these MIPs [14, 16, 28-30]. MIPs also have some benefits in-
cluding low-cost, easy way of preparation, advanced storage sta-
bility, and rather good specificity [14, 31]. In previous studies, it
was reported that various types of small molecules can be im-
printed within polymers [24, 29, 32, 33]. In some researches, it
was demonstrated that high molecular mass biomolecules includ-
ing proteins [15, 22, 23, 34-43] can be also molecularly imprinted
within polymers. Polypyrrole (Ppy) is among several other poly-
mers that can be very efficiently applied for the design of MIP-
based sensors [24, 29, 32, 33, 44-47]. Ppy is a conducting poly-
mer, which can be easily electropolymerized and used as a poly-
meric matrix of MIPs for the detection of low and high molecu-
lar weight analytes [15, 44]. Electrochemical methods like cyclic
voltammetry, differential pulse voltammetry, and electrochemical
impedance spectroscopy were used for the detection of the pro-
teins both on the polypyrrole modified with molecular imprints
and on the unmodified in previous studies [15, 48-54]. Meanwhile,
there is only few reports on the application of chronoamperome-
try for determination of virus-proteins [44]. In chronoamperome-
try the changes in the current appear in response to increase or
decrease of the diffuse layer thickness at the surface of the work-
ing electrode [55]. Therefore, the application of chronoamperome-
try (in pulsed amperometric mode) and the analysis of data gath-
ered by this method using Cottrell or Anson plots are providing in-
teresting and useful insights into the evaluation of interaction be-
tween analytes and the electrode [56].

At the moment, there are some explorations reported that are
already applying MIP technology for SARS-CoV-2 [57, 58]. The de-
velopment of so called ‘monoclonal-type plastic antibodies’ based
on MIPs was described [57]. Such ‘antibodies’ were able to selec-
tively bind a spike protein of the novel coronavirus SARS-CoV-2
to block its function. The obtained nanoparticles were analyzed by
SDS-PAGE electrophoresis. The results of the electrophoretic anal-
ysis demonstrated promising results in the formulation of ‘free-
drug therapeutics’ due to their ability to bind the virus spike gly-
coprotein and, thus, to block the infection process. According to
reported results it was concluded that the ‘monoclonal-type plas-
tic antibodies’ could be potentially used as free-drug therapeutics
in the treatment of infection by novel coronavirus (2019-nCoV). In
another research, SARS-CoV-2 nucleoprotein (ncovNP) was qualita-
tively and quantitatively determined by MIP-based layer on poly-
m-phenylenediamine (PmPD), which was deposited on the Au-TFE
electrode [58]. Cyclic voltammetry (CV) was applied for the char-
acterization of the preparation steps of the sensor. Meanwhile, the
rebinding of SARS-CoV-2 nucleoprotein on the sensors was studied
by differential pulse voltammetry (DPV) in the solution of 1 M KCl
containing a redox probe Ks[Fe(CN)g]/K4[Fe(CN)g]. The obtained
results demonstrated the linear increase of the sensor response
with increasing ncovNP concentration. The feasibility of sensor per-
formance in clinical samples was tested. For this purpose, they
analyzed the samples prepared from nasopharyngeal swab spec-
imens. Genetically engineered receptor-binding domain of SARS-
CoV-2-RBD protein was imprinted in ortho-phenylenediamine and
deposited on a macroporous gold screen-printed electrode [59].

The aim of our recent research was to design the MIP-based
sensor for the determination of SARS-CoV-2-S glycoprotein. For this
purpose, Ppy layers were deposited on the working platinum elec-
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trode from the polymerization mixture containing SARS-CoV-2-S
glycoprotein and pyrrole dissolved in phosphate buffered saline
(PBS) solution, pH 7.4. The performance of the electrode modi-
fied by the deposited MIP-Ppy layer imprinted with SARS-CoV-2-
S glycoprotein was investigated and compared with that of non-
imprinted (NIP-Ppy) layer.

2. Materials and methods
2.1. Chemicals and instrumentation

Pyrrole 98% (Alfa Aeser, Germany), H,SO4 (96%) (Lachner, Czech
Republic), HNO3, NaOH (Merck, Germany), H,PtClg (Merck, Ger-
many), and bovine serum albumin (BSA) (Carl Roth, Germany) were
used as received. KH,PO, (Honeywell Riedel-de Haen, Germany),
NaCl, KCl, and Na,HPO,4 (Roth, Germany) salts were used for the
preparation of buffer. The detailed description of expression and
purification of SARS-CoV-2-S spike glycoprotein is presented in
supporting material.

Experiment was performed using potentiostat/galvanostat
Metrohm AutoLAB model pAutolablll/FRA2 p3AUT71079 controlled
by NOVA 2.1.3 software (EcoChemie, The Netherlands). All mea-
surements were done in a homemade cell. The total volume of the
cell was 250 pL. Three-electrode system consisted of Pt disk with
1 mm diameter sealed in glass as the working electrode, Ag/AgCl
in 3 M KCl solution electrode as a reference electrode (Ag/AgCl),
and Pt disk of 2 mm diameter as a counter electrode.

2.2. Pretreatment of working electrode

The working electrode was pretreated before electrochemical
deposition of Ppy following the procedure described in previous
studies [44, 60]. All solutions were thoroughly degassed just be-
fore use with a stream of nitrogen (N;). According to this proce-
dure, the Pt electrode was rinsed with concentrated HNO5 solution
in an ultrasonic bath for 10 min, then rinsed with water and pol-
ished with alumina paste. Later, it was rinsed with water again and
then with 10 M solution of NaOH, thereafter — with 5 M solution
of H,SO4 in an ultrasonic bath for 5 min. Electrochemical cleaning
of the electrode was carried out in 0.5 M H,SO4 by cycling the po-
tential for 20 times in the range between —100 mV and +1200 mV
vs Ag/AgCl at a sweep rate of 100 mV s ~ !. The identification of
the bare electrode surface was made possible by a stable indica-
tion of the cyclic voltammogram. To improve the adhesion of the
Ppy layer to the electrode surface, a layer of ‘platinum black’ was
deposited over the working electrode [60]. Deposition of Pt clus-
ters was performed in 5 mM solution of H,PtClg containing 0.1 M
of KCl by 10 potential cycles in the range between +500 mV and
—400 mV vs Ag/AgCl at a sweep rate of 10 mV s — 1.

2.3. The electrochemical deposition of MIP and NIP and evaluation of
sensor signal

The electrochemical deposition of the polypyrrole layer was
performed in the same electrochemical cell. NIP-Ppy was electro-
chemically deposited from the polymerization solution containing
0.5 M solution of pyrrole in PBS. The preparation of MIP-Ppy was
carried out in two steps. Step I: deposition of polymeric layer was
carried out from the polymerization solution containing 0.5 M so-
lution of pyrrole and 50 pg/mL of SARS-CoV-2-S glycoprotein all
dissolved in PBS solution. The polymeric layers were formed by
a sequence of 20 potential pulses of +950 mV for 1 s, between
these pulses 0 V potential for 10 s was applied [44, 60]. Step II:
the MIP-Ppy was formed when the imprinted protein molecules
were extracted by incubation in 0.05 M H,SO,4 for 10 min. In the
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Fig. 1. Schematic representation of evaluation by chronoamperometry of Pt electrode modified with non-imprinted polypyrrole (NIP-Ppy) and with molecularly imprinted
polypyrrole (MIP-Ppy) with SARS-CoV-2-S glycoprotein imprints. Electrochemical measurements were performed in phosphate-buffered saline (PBS) solution, pH 7.4.
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Fig. 2. Electrochemical deposition of the polypyrrole layers on the Pt electrode: A - The profile of potential applied during the sequence of potential pulses; B - The profile
of current registered during the deposition of Ppy layer from polymerization solution containing SARS-CoV-2-S glycoprotein; C - The profile of current registered during the
formation of Ppy layer from polymerization solution without SARS-CoV-2-S glycoprotein. D - The profile of current registered during one potential pulse. E - Changes of
current measured instantly after a potential step of +950 mV.

same way as MIP-Ppy, NIP-Ppy was also exposed to 0.05 M solu- 3. Results and discussions

tion of H,SO4. MIP-Ppy and NIP-Ppy were analyzed using pulsed

amperometric detection by the sequence of 10 potential pulses of Electrochemical polymerization of the two types of Ppy layers

+600 mV vs Ag/AgCl lasting for 2 s, between these pulses 0 V vs was performed by a sequence of potential pulses (Fig. 2). The pro-

Ag/AgCl was applied for 2 s (Fig. 1). file of potential pulses sequence is represented in Fig. 2A. Figs. 2B
3
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Fig. 3. Electrochemical evaluation of MIP-Ppy and NIP-Ppy layers was performed by the potential pulse sequence. A - potential pulse profile. Typical chronoamperograms
(during pulsed amperometric detection) were obtained at: B - MIP-Ppy and C - NIP-Ppy modified Pt electrodes in the absence of SARS-CoV-2-S glycoprotein (®) and in the
presence of SARS-CoV-2-S glycoprotein from 5 pg/mL up to 25 pg/mL in PBS solution, pH 7.4 (offset 0.5).

and 2C demonstrate the currents registered during the electro-
chemical deposition of Ppy layer from polymerization solution con-
taining SARS-CoV-2-S glycoprotein and Ppy layer from polymeriza-
tion solution without SARS-CoV-2-S glycoprotein on Pt-electrode
surface.

The changes of current at the beginning I; and at the end I,
of pulses of the potential at +950 mV are presented in Fig. 2E.
The current changes at the potential of 0 V were not the object
of analysis, because during this potential step the equilibration
of monomer and template molecule concentrations in the neigh-
borhood of the working electrode is happening. Previous studies
demonstrated that the self-assembly of monomers and template
molecules due to the interactions under thermodynamic control
prior to polymerization, is significant for the recognition charac-
teristics of the final polymers [61]. Polymerization of Ppy occurs
during the pulses at a potential value of +950 mV. Therefore, only
an insignificant Faradaic process was observed on the electrode
at the 0 V potential step. Thus, the current changes during the
potential step when the potential was elevated up to +950 mV
were analyzed in more detail. For the visualization of the current
changes during the electrochemical deposition of Ppy layer from
polymerization solution containing SARS-CoV-2-S glycoprotein and
Ppy layer from polymerization solution without SARS-CoV-2-S gly-
coprotein, two current points at the beginning I; and end I, of
each potential step were taken into account (Fig. 2D). The com-
parison of the current changes demonstrated that the current reg-
istered during deposition of Ppy layer from polymerization solu-
tion without SARS-CoV-2-S glycoprotein is higher than that regis-
tered during deposition of Ppy layer from polymerization solution
containing SARS-CoV-2-S glycoprotein (Fig. 2E). However, the ob-
served difference of current changes is not very significant in com-

parison with that registered in our previous researches [29] and in
other researches [29, 62]. The collation of current changes on Pt
electrode during the electrochemical deposition of Ppy/SARS-CoV-
2-S and NIP-Ppy layers have illustrated that current during the de-
position of NIP-Ppy increased just by 1.05 times in comparison to
that registered during the deposition of Ppy/SARS-CoV-2-S. From
the current changes observed during the polymerization, it can
be presumed that the entrapped protein molecules just insignifi-
cantly affect the conductivity of the formed layers. During the next
MIP-Ppy preparation step, the entrapped SARS-CoV-2-S glycopro-
teins were removed from the formed Ppy/SARS-CoV-2-S layer and
MIP-Ppy was formed. In the same way, as MIP-Ppy, NIP-Ppy was
also exposed to 0.05 M H,SO4 to eliminate any differences caused
by the extraction procedure on the formed MIP-Ppy, NIP-Ppy layer
properties.

In the following part of the research, the formed MIP-Ppy and
NIP-Ppy layers were evaluated using pulsed amperometric detec-
tion by a sequence of 10 potential pulses of +600 mV and 0 V for
2 s each as it was suggested in our previous research [44]. Various
aspects of charging-discharging of conducting polymer polypyr-
role were well discussed by Heinze et al. [63]. Also, there was
stated that overoxidation of the un-substituted Ppy already occurs
at 0.65 V vs Ag/AgCl3 M ¢y [64]. Hence, taking into account these
findings potential pulse values of 0 V and +600 mV were selected
for the determination of SARS-CoV-2-S glycoproteins.

The profile of the potential pulse sequence is presented in
Fig. 3A.

The concentration of SARS-CoV-2-S glycoprotein was varying in
the range from 0 pg/mL to 25 pg/mL. Some other reports de-
scribed instability of the proteins in presence of salts [65, 66],
but during the preparation of required concentrations no signs
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Table 1

Electrochimica Acta 403 (2022) 139581

Linear regression characteristics of current (Al, £A) vs concentration of SARS-CoV-2-S glycoprotein
(c, pg/mL) on the MIP-Ppy and NIP-Ppy modified Pt electrodes.

y = axe+b

a b R?

SARS-CoV-2-S determined by MIP-Ppy-based electrode
SARS-CoV-2-S determined by NIP-Ppy-based electrode
BSA determined by MIP-Ppy-based electrode
BSA determined by NIP-Ppy-based electrode

—0.46+0.04 234 +07 0.96

—0.21+0.01 139+03 098
—0.15+0.01 157 £ 02 097
—0.10+0.01 147 £ 0.1 0.97

of instability of the SARS-CoV-2-S glycoprotein solubilized in PBS
were observed. Figs. 3B and C demonstrate the dependence of
the chronoamperometric response (during pulsed amperometric
detection) of MIP-Ppy and NIP-Ppy modified electrodes to SARS-
CoV-2-S glycoprotein. The change in the chronoamperometric re-
sponse is related to the adsorption of less conductive protein
molecules on the MIP-Ppy and NIP-Ppy layers. When SARS-CoV-2-
S glycoprotein concentration in solution was increased, the regis-
tered chronoamperometric response of both MIP-Ppy and NIP-Ppy-
modified Pt electrodes decreased. Higher currents were registered
before the incubation of electrode in SARS-CoV-2-S glycoprotein
containing solution. This effect is determined by the presence of
water molecules and electrolyte ions in the places where molec-
ular imprints were formed. After the incubation in SARS-CoV-2-S
glycoprotein containing solution, the ions of solvent and the elec-
trolyte were replaced by the molecules of SARS-CoV-2-S glycopro-
tein and thus the registered current at the potential of +600 mV
decreased.

The magnitude of current differences, which are registered dur-
ing potential pulses at instants when potentials were stepped from
0 mV up to +600 mV and +600 mV down to 0 mV, has decreased
with increasing SARS-CoV-2-S glycoprotein concentration in PBS
solution (Fig. 4). Fig. 4A represents the current profile, which was
registered during potential pulses, and the way in which the an-
alytical signals (AI) for the calibration curve was depicted. Ac-
cording to this calibration curve, linearity of analytical signal de-
pendence on analyte concentration was observed at all evalu-
ated SARS-CoV-2-S glycoprotein concentrations in the range from
0 pg/mL to 25 pg/mL.

The slope derived using the linear regression equation for
the changes of current (Al, ;A) vs concentration of SARS-CoV-
2-S glycoprotein (concentration expressed in pg/mL) registered
by NIP-Ppy-modified Pt electrode was of —0.22 pA/(jtg/mL) with
RZ = 0.98 (Table 1). While the slope of linear regression for the
Pt electrode modified with SARS-CoV-2-S glycoprotein imprinted
MIP-Ppy was —0.47 pA/(pg/mL) with RZ = 0.96 (Table 1). The sen-
sitivity calculated from the calibration curves of the MIP-Ppy mod-
ified Pt electrode towards SARS-CoV-2-S glycoprotein in the lin-
ear dependence interval according to the AI measurements was
approximately 2.1 times higher than that of NIP-Ppy modified Pt
electrode. This difference is significant and therefore can be ap-
plied in the design of sensors based on MIP-Ppy modified Pt
electrodes.

The same MIP-Ppy and NIP-Ppy modified Pt electrodes were
evaluated for the interaction with BSA (Fig. 4B) to evaluate the
selectivity of MIP-Ppy layer towards different proteins. The slope
values for these measurements were derived using linear regres-
sion and they are represented in Table 1. The slope value (-0.15
MA[(g/mL)) registered by the MIP-Ppy modified Pt electrodes in-
cubated in BSA containing solution was significantly lower.

The comparison of the sensitivity/selectivity results among
studies, which are reporting MIPs sensors based on the different
polymers is rather complicated, because several factors are playing
an important role on the final result: (i) the design of the electro-
chemical cell, (ii) the electrochemical method used for evaluation
of the sensor, (iii) nature of the polymer, etc.

2001 A . .
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Fig. 4. Calibration curves of Al vs concentration of SARS-CoV-2-S glycoprotein and
BSA on MIP-Ppy and NIP-Ppy according to the A[ calculated in respect to: A - the
principal of Al measuring; B - Al RSD% was in range from 2 to 4.3% of current
values of 5 potential pulses for the listed data points.

Only very few studies are published concerning the applica-
tion of molecular imprinting technology for the analysis of SARS-
CoV-2 proteins.There was a study describing the application of o-
phenylenediamine o-phenylenediamine deposited on the macrop-
orous gold screen-printed electrode with the receptor-binding do-
main of SARS-CoV-2-RBD for impedimetric measurements [59].
The described sensor was sensitive to the concentrations of SARS-
CoV-2-RBD molecules in the range of pg/mL. In another study m-
phenylenediamine (mPD) was imprinted with SARS-CoV-2 nucle-
oprotein (ncovNP). The sensitivity of the sensor according to the
DPV signal was in the range of fM [58]. In order to demonstrate the
selectivity of the sensor, BSA among others were used in the study.
The Ppy was imprinted with gp51 and was applied in the design
of electrochemical sensor [44]. The sensitivity of the sensor ac-
cording to the results of simplified pulsed amperometric detection
was in the range of pg/mL. The electrochemical sensors based on
Ppy with imprints of prostate-specific antigen (PSA) was reported
in 2020 [15]. The square wave voltammetry technique was used
to determinate PSA concentration. The described sensor was sensi-
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tive to the concentrations of PSA molecules in the range of pg/mL.
The electrochemical MIP sensor based on Ppy and aminophenyl-
boronic acid (p-APBA) bilayer was imprinted with lysozyme [48].
The sensitivity of the sensor according to the CV signal was in
the range of ppm. Hence, several factors govern the sensitivity of
the MIP sensors. The electrochemical method of chronoamperom-
etry (pulsed amperometric detection) by the sequence of potential
pulses was only occasionally used in previous studies. In this study,
we demonstrated that the obtained MIP-Ppy modified Pt electrodes
can be applied for the determination of imprinted SARS-CoV-2-S
glycoproteins.

Conclusions

Pt electrode was modified by two types of Ppy layers: (i) MIP-
Ppy layer, which was modified by imprints of SARS-CoV-2-S gly-
coprotein and (ii) NIP-Ppy, which was formed without the im-
print of any proteins. The comparison of the current changes on
Pt electrode during the electrochemical deposition of MIP-Ppy and
NIP-Ppy has demonstrated that the current for NIP-Ppy increased
approximately by only 1.05 times more than that registered dur-
ing the deposition of MIP-Ppy layer. This means that the SARS-
CoV-2-S glycoprotein, which serves as the template molecule for
MIP-Ppy layer, does not have a crucial effect on the thickness of
the deposited polymer layer and the initial characteristics of the
formed MIP-Ppy and NIP-Ppy layers are comparable. The compari-
son of calibration curves registered after the incubation of MIP-Ppy
and NIP-Ppy modified Pt electrodes revealed that the interaction
of SARS-CoV-2-S glycoprotein with MIP-Ppy generates 2.1 times
higher change of current for MIP-Ppy modified electrode, in com-
parison with that registered for NIP-Ppy modified Pt electrode. The
selectivity of SARS-CoV-2-S imprinted MIP-Ppy modified Pt elec-
trode was tested in comparison to BSA solution. The obtained slope
values during the evaluation of MIP-Ppy modified Pt electrode sen-
sitivity towards BSA were significantly lower when compared with
that towards SARS-CoV-2-S glycoprotein. The results of application
of MIP-Ppy modified Pt electrodes demonstrated higher current
changes and can be applied for selective determination of the im-
printed SARS-CoV-2-S glycoprotein. Therefore, it can be concluded
that the molecular imprinting of the conducting polymer might be
applied for the development of the electrochemical sensor for the
detection of SARS-CoV-2-S glycoprotein.
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ARTICLE INFO ABSTRACT

Keywords:

Molecularly imprinted polymers (MIPs)
Polypyrrole (Ppy)

Integrated cottrell equation

Anson plot

SARS-CoV-2 spike glycoprotein

The SARS-CoV-2 spike glycoprotein (SARS-CoV-2-S) was used as a template molecule and polypyrrole (Ppy) was
applied as an electro-generated conducting polymer, which was acting as a matrix for the formation of molecular
imprints. Two types of Ppy-layers: molecularly imprinted polypyrrole (MIP-Ppy) and non-imprinted polypyrrole
(NIP-Ppy) were electrochemically deposited on the working platinum electrode. The performance of electrodes
modified by MIP-Ppy and NIP-Ppy layers was evaluated by pulsed amperometric detection (PAD). During the

assessment of measurement results registered by PAD, the integrated Cottrell equation (Anson plot) was used to
calculate the amount of charge passed through the MIP-Ppy and NIP-Ppy layers. The interaction between SARS-
CoV-2 spike glycoproteins and molecularly imprinted polypyrrole (MIP-Ppy) was assessed by the Anson plot
based calculations. This assessment reveals that SARS-CoV-2-S glycoproteins are interacting with MIP-Ppy more

strongly than with NIP-Ppy.

1. Introduction

Molecularly imprinted polymers (MIPs) are artificially formed
polymer structures suitable for the design of highly specific, selective,
and sensitive analytical systems. Conducting polymers are frequently
used for the development of MIPs and can be formed by electrochemical
methods. Rather simple procedure of the electrochemical MIP
manufacturing process and the ability to modify, and ameliorate char-
acteristics of the MIP with dopants or by electrochemical parameters
have attracted significant attention of researchers. However, the
comprehensibility of the interaction peculiarities between the molecule
of interest and imprinted cavity formed within the MIP is still relevant.
Molecularly imprinted polymers (MIPs) are used in the recognition
process because the way by which they operate can be described as
synthetic analogs to the natural, biological antibody-antigen, or
receptor-ligand-based systems. The process of MIP fabrication usually
involves steps such as the polymerization of monomers in the presence

of a template molecule, extraction of the template molecules after
polymerization, and afterward, MIP-based structures are ready for
application in electrochemical MIP-based sensors [1-3]. During the
polymerization, the template molecule forms an imprint within the
polymer, which creates a cavity complementary to template molecule.
Therefore, such cavities enables the selective recognition/binding of
template molecules.

MIPs can be successfully designed for the recognition of various
types of small molecular weight template molecules [1,4-7] imprinted
within different polymers, including polypyrrole (Ppy) [4,5,8], poly-
aniline [8-10], and many others. These MIPs can be used in analytical
systems based on different analytical techniques [4,11-13]. Some
challenges and limitations of these MIPs are well discussed in several
recently published review articles [2,3,14-18]. But among the different
template molecules, the imprinting of macromolecules has some specific
features [14,19,20]. Kan et al. [20] identified three limitations that are
the most critical during protein imprinting. In particular, it is difficult to
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remove the template protein from the bulk polymer matrix after the
polymerization. Furthermore, organic solvents are often used in the
formation of MIPs, although, they are unsuitable for the synthesis of
protein-imprinted MIPs due to the poor solubility of the protein mole-
cule in these solvents and possible denaturation of proteins in organic
solvents. Due to this shortage, electrochemical polymerization is a better
choice, because it can be performed in aqueous solutions. In this case,
the environment is less polluted, therefore, it perfectly meets the prin-
ciples of the green chemistry [21]. Finally, the size and structural
complexity of the protein results in a more significant non-specific
binding [20].

Some conducting polymers have been molecularly imprinted with
various high molecular mass biomolecules including proteins [22-33],
DNA [34,35], or even bacteria [36-38]. Polypyrrole has previously been
molecularly imprinted by glycoproteins of virus [33], bovine hemoglo-
bin [20,39,40], bovine serum albumin [41], prostate-specific antigen
[42], cardiac troponin-I [43], and cardiac troponin T [44]. It is note-
worthy to mention that cyclic voltammetry (CV) [20,41-44], differen-
tial pulse voltammetry (DPV) [20,39-41,43,44], and electrochemical
impedance spectroscopy (EIS) [20,39-41,43] in presence of redox probe
[Fe(CN)c,]3 /| [Fe(CN)5]4 were the most frequently used electro-
chemical methods for the evaluation of the MIPs imprinted with pro-
teins. The MIPs based on polypyrrole with bovine leukemia virus
glycoproteins imprints [33] and SARS-CoV-2 spike glycoproteins [45]
were evaluated by pulsed amperometric detection (PAD) method in the
absence of ferrocyanide-ferricyanide system as a redox probe. According
the review of Faria et al. [46], such an analytical system should be
classified as a type of non-faradaic sensor. In such case, charging and
discharging of the double-layer capacitance are playing the most
important role. At the same time, it is important to keep in mind that by
changing the potential, the charging and the discharging of the con-
ducting polymers occur. This effect was well discussed by Heinze et al.
[47]. The electrochemical charging process of conducting polymers
should be described by a sequence of discrete but overlapping redox
steps. By changing the potential, there are more effects observed and the
volume change is one of them. These effects are induced by the oxidation
and the reduction of the polymer [48-50].

SARS-CoV-2 protein plays a key role in the cell receptor recognition/
binding and penetration of the SARS-CoV-2 virus through the cell
membrane. Aspects of electrochemical determination methods of pro-
teins employing MIPs are especially interesting due to the recent
widespread of the SARS-CoV-2 virus causing the COVID-19 disease.
Recently some studies employing MIP-technology for SARS-CoV-2 spike
glycoprotein were published [45,51-56]. The sensors mentioned in the
literature differ in their primary system, composition, and preparation
method, however, all of them are characterized by low cost, fast
response, and real applicability [52,57,58]. The nucleocapsid, envelope,
spike, and membrane proteins of the SARS-CoV-2 virus could be used as
template macromolecules during the development of MIPs. Among the
here-mentioned proteins, the spike protein SARS-CoV-2-S plays a key
role in the cell receptor recognition/binding and the penetration of the
SARS-CoV-2 virus through the cell membrane.

In this work, the polypyrrole-based MIP (MIP-Ppy) was developed
and applied for the determination of the SARS-CoV-2-S spike glyco-
protein to examine in detail complex and little-studied advantages/pe-
culiarities of pulsed amperometric detection as the non-faradaic
method. The novelty of the article was based on the application of total
charge for the evaluation of the interaction between electrode and an-
alyte. This total charge was calculated according to the integrated Cot-
trell equation and was plotted, as it was first demonstrated in articles of
the F. C. Anson’s research group for studies of reactants adsorption on
the electrode [59-61]. In honor of this scientist nowadays, the plot of the
total charge vs. square of time is called the Anson plot. So, the key idea of
this work was based on the application of the Anson plots for elucidation
of the interaction between SARS-CoV-2 spike glycoproteins and the
molecularly imprinted polypyrrole.
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2. Materials and methods
2.1. Chemicals and instrumentation

All chemicals were used as received without further purification. The
chemicals were purchased as follows: pyrrole 98% — from Alfa Aesar
(Germany), sulfuric acid (H2SO4; 96%) from Lachner (Czech Republic),
nitric acid (HNOs, 63%), sodium hydroxide (NaOH, 98%), and chlor-
oplatinic acid (H2PtCls, 40% Pt) from Merck (Germany), potassium
phosphate (KH2PO4, 98%) from Honeywell Riedel-de Haen (Germany),
sodium chloride (NaCl, 99,5%), potassium chloride (KCl, 99,5%), and
disodium hydrogen phosphate (NagHPO4, 99%) from Carl Roth (Ger-
many). SARS-CoV-2 spike glycoproteins were purchased from UAB
Baltymas (Lithuania).

The experiment was performed using potentiostat/galvanostat
Metrohm-Autolab model pAutolabIll/FRA2 p3AUT71079 controlled by
NOVA 2.1.3 software (EcoChemie, The Netherlands). All measurements
were done in a homemade cell. The total volume of the cell was 250 pL.
Three-electrode system consisted of a working electrode (WE) — Pt disk
with 1 mm diameter sealed in glass, reference electrode (RE) - Ag/AgCl,
and counter electrode (CE) — Pt disk of 2 mm diameter.

2.2. Pretreatment of the working electrode

The working electrode was pretreated according to the procedure
described in previous studies [33,62]. Solutions were degassed with a
stream of nitrogen (N3) before use. According to this procedure: 1) the Pt
electrode was rinsed with concentrated HNO3 solution in an ultrasonic
bath for 10 min, 2) then rinsed with water, and 3) polished with alumina
paste. Later on, 4) it was rinsed with water again and then 5) with 10 M
of NaOH, thereafter — 6) with 5 M of H,SO4 in an ultrasonic bath for 5
min. 7) Electrochemical cleaning of the electrode was carried out in 0.5
M H,S04 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 bare
electrode surface was indicated by a stable cyclic voltammogram. A
layer of ‘platinum black’ was deposited over the working electrode to
improve the adhesion of the Ppy layer to the electrode surface [62].
‘Platinum black’ was deposited from a 5 mM solution of HoPtClg, 0.1 M
of KCl by 10 potential cycles in the range between +500 mV and —400
mV vs. Ag/AgCl at a sweep rate of 10 mV s,

2.3. Electrochemical deposition of MIP and NIP layers. Sensor signal
evaluation

The electrochemical deposition of the polypyrrole layer was per-
formed in the same electrochemical cell. Non-imprinted polypyrrole
(NIP-Ppy) was electrochemically deposited from the polymerization
solution containing 0.5 M of pyrrole in PBS with 0.1 M of KCI, pH 7.4.
Deposition of molecularly imprinted polypyrrole (MIP-Ppy) was carried
out from the polymerization solution containing 0.5 M of pyrrole and 50
ug/mL of SARS-CoV-2 spike glycoprotein in the same PBS with 0.1 M of
KCl, pH 7.4. The polymeric layers were formed by a sequence of 20
potential pulses of +950 mV vs. Ag/AgCl for 1 s, between these pulses 0
V vs. Ag/AgCl potential for 10 s was applied [33,62]. MIP-Ppy or
NIP-Ppy modified electrodes were immersed in 0.05 M HSO4 solution
for 10 min and so the template molecules were extracted. MIP-Ppy or
NIP-Ppy layers were incubated for 2 min in the PBS solution in the
absence of SARS-CoV-2 spike glycoprotein or the presence of
SARS-CoV-2 spike glycoprotein, in a concentration range from 0 pg/mL
to 25 pg/mL. Next, MIP-Ppy and NIP-Ppy modified electrodes and in-
teractions with SARS-CoV-2 spike glycoproteins were analyzed with the
PAD method: the sequence of 10 potential pulses of +600 mV vs.
Ag/AgCl for 2 s, between these pulses 0 V vs. Ag/AgCl was applied for 2 s
(Fig. S1 and S2) [33].
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3. Results and discussions

As it was described in the experimental part, the MIP-Ppy and NIP-
Ppy modified electrodes were evaluated with the PAD method. The
obtained amperograms are presented in Fig. 1.

The concentration of the SARS-CoV-2 spike glycoprotein varied from
0 pg/mL to 25 pg/mL. Fig. 1A and B demonstrate the dependence of the
amperometric response of MIP-Ppy and NIP-Ppy modified Pt electrodes
which were incubated in the SARS-CoV-2 spike glycoprotein containing
PBS solution, pH 7.4. The change in the amperometric response is
related to the adsorption of less conductive protein molecules on the
MIP-Ppy or the NIP-Ppy layer. When SARS-CoV-2 spike glycoprotein
concentration in solution increased, the registered amperometric
response of both MIP-Ppy and NIP-Ppy-modified Pt electrodes
decreased. Before the incubation of the electrode in the SARS-CoV-2
spike glycoprotein-containing solution, higher currents were regis-
tered. This effect is determined by the presence of water molecules and
electrolyte ions in the places where molecular imprints were formed.
After the incubation in the solution containing SARS-CoV-2 spike
glycoprotein, the molecules of SARS-CoV-2 spike glycoprotein have
replaced the ions of solvent and the electrolyte and thus the current at
the potential of +600 mV was decreased. The amperometric response of
the last pulses of +600 mV and 0 V from a 10 potential pulses-based
sequence applied to MIP-Ppy and NIP-Ppy modified electrodes was
selected for a more detailed evaluation (Fig. 2).

The relation of the cumulative charge passed and time in Ppy-based
electrochemical sensors obeys the integrated Cottrell equation (1) [59,
63]:

D
Q:2ﬂFAC\/;\ﬁ + Qa1+ Quis = kvt + Qut. + Quas ®

where: Q - total charge (C); n — number of electrons; F — Faraday con-
stant (96,485 C/mol); A — area of the electrode (cmz); C - concentration
(M); D - diffusion coefficient (cmz/s); t - time (s); Qq. ;. — the charge of
the electrical double layer; Qqgs, — charge induced by adsorbed ions.
The cumulative charge in the Cottrell equation corresponds to the
charge passed associated with redox activity leading to Faradaic charges
(Qr), charging, and discharging of electrode-electrolyte double-layer
capacitive charges (Qqi), and charge changes associated with the
adsorbed species (Qqgs) [64]. Hence, the plot of Q vs. t” has a linear
correlation with the slope k and the intercept corresponding to Qqugs. +
Qq. 1. As it was described previously, the absence of specific adsorption of
analytes on the surface of the unmodified mercury electrode was indi-
cated by two straight lines with equal slopes that intersect each other at
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the Q = 0 axis [59]. Several studies are appointed to evaluate the
adsorption process on the electrode. As stated in a previous study [61],
the expected effect of the adsorbed analyte is inducing the increase of
the intercept, although the slope remains unchanged. In the other two
former articles [61,65], the adsorption process was evaluated by using
mercury and the screen-printed electrodes (printed using a
carbon-graphite ink). In these studies, it was demonstrated that the slope
is proportional to the concentration and the intercept reflects the
increasing adsorption. Confirmation that there is no analyte adsorbing
on the electrode is based on the Q vs. plots, which were registered
during potential pulses of different polarity, with equal (but with
opposite signs) slopes and intercepts [60]. It was stated, that this might
usually be taken as a good evidence for the absence of reactant (or
product) adsorption. Another study was appointed to determine the type
of adsorbate (reactant or product) on the electrode and the evidence of
reactant or product adsorption was based on changes in slope and
intercept [66].

The effect described in this study is more complex compared to those
presented in literature [59,61,65]. In these studies, a plain electrode
without any modification was used. Therefore, it is possible to describe
the simplified reaction of the analyte on the electrode in several steps:
diffusion of the analyte from the solution to the electrode, electro-
chemical oxidation-reduction reaction, and then diffusion of the reac-
tion products from the electrode to the solution. Analysis of the slopes
and intercepts in the Anson plot may be used for the identification of the
adsorption either of the analytes or the reaction products on the elec-
trode. In this study, the Pt electrode was modified with the conducting
polymer Ppy that was further imprinted or non-imprinted with glyco-
protein. It is noteworthy that by changing the potential, the Ppy layer
itself can take part in charging and discharging during the electro-
chemical oxidation and reduction reaction [47]. On the other hand, the
evaluation of charge carrier transfer mechanisms between glucose oxi-
dase and organic semiconductors givesserious insights into the potential
transfer of charge carriers (holes and electrons) [67]. These insights
make the analysis of the amperograms complex but still possible to
describe in the terms suggested by Anson.

The Anson plots are depicted (Fig. 3A and D, and Fig. S3) for the data
from the amperograms in Fig. 2. The relationship of Q vs. t” was fitted by
linear regression, and the parameters of the corresponding linear
equations are listed in Table 1. The obtained R? values indicate that
there is a linear correlation in the plot of Q vs. t* (Table 1). According to
the experimental conditions, it was not expected that oxidation of SARS-
CoV-2 spike glycoprotein can occur at the potential of +600 mV.
However, the interaction of SARS-CoV-2 spike glycoprotein with

Fig. 1. Pulsed amperometry-based evaluation of MIP-Ppy and NIP-Ppy modified electrodes performed by the potential pulse sequence (+0.6 V and 0 V potentials),
representing the incubation process of the SARS-CoV-2 spike glycoprotein. Amperograms were obtained at Pt electrode modified: A) with MIP-Ppy modified electrode
and B) with NIP-Ppy modified electrode in PBS with 0.1 M of KCI, pH 7.4 in the absence of SARS-CoV-2 spike glycoprotein or the presence of SARS-CoV-2 spike

glycoprotein concentrations from 5 pg/mL up to 25 pg/mL.
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Fig. 2. Amperometric responses were registered during the last (10th) potential pulse of the applied potential pulse sequence (+0.6 V and 0 V potentials), for A —
MIP-Ppy modified electrode and B — NIP-Ppy modified electrode in the absence of SARS-CoV-2 spike glycoprotein and in the presence of SARS-CoV-2 spike
glycoprotein from 5 pg/mL up to 25 pg/mL in PBS with 0.1 M of KCl, pH 7.4. The insets (a) represent the change of charge (Q, mC vs. t, s) of the corresponding

amperograms.

Table 1

Linear regression parameters of the Anson plot (Q, mC vs. t'/’, s”) (derived from
on the MIP-Ppy and NIP-Ppy modified Pt electrodes for the last (10th) pulse of
the potential pulse sequence.

y=ax+bC, pg/mL  MIP-Ppy modified electrode ~ NIP-Ppy modified electrode

a b R? a b R?
0 +600 mV 16.35 0.46 0.99 10.26 1.22 0.99
oV -8.09 -2.87  0.99 -4.17 -222 099
5 +600 mV 13.99 -1.39  0.99 9.70 -0.19  0.99
oV -10.48  0.095 0.99 -5.56 -1.74 0.99
10 +600 mV 9.84 -2.27  0.99 7.37 -1.29  0.99
ov —8.39 1.25 0.99 —-5.10 -0.46 0.99
15 +600 mV 8.61 -222  0.99 6.83 -1.32  0.99
oV -7.57 1.40 0.99 -4.97 -0.20 099
20 +600 mV 7.65 -1.91 0.99 6.12 -1.26  0.99
oV —6.68 114 0.99 —4.61 0.03 0.99
25 4600 mV 6.85 -1.69 0.99 5.47 -1.13  0.99
ov -5.98 1.05 0.99 -4.22  0.12 0.99

carboxyl, carbonyl, and hydroxyl groups, formed during partial over-
oxidation of formed polypyrrole structure and complementary arranged
in imprinted cavities was playing an important role in the recognition of
SARS-CoV-2 spike glycoprotein and the formation of Ppy/SARS-CoV-2
spike glycoprotein complex, similarly, as it was described for the small
molecular weight molecules [68,69]. Due to the replacement of water
molecules by SARS-CoV-2 spike glycoprotein, changes in registered
current are observed after the incubation of the MIP-Ppy modified
electrode in SARS-CoV-2 spike glycoprotein-containing solutions.

Fig. 3A (for MIP-Ppy modified electrode) and Fig. 3D (for NIP-Ppy
modified electrode) demonstrate the plots of Q vs. /2 of 4600 mV
and 0 V pulses. The linear dependence of the slope on the concentration
of SARS-CoV-2 spike glycoprotein is represented in Fig. 3B (for MIP-Ppy
modified electrode) and Fig. 3E (for NIP-Ppy modified electrode). The
plots represented in Fig. 3 illustrate that slope values are very different
for MIP-Ppy and NIP-Ppy modified electrodes under the same experi-
mental conditions. The linear dependence of the slope value on the
concentration of the analyte for the MIP-Ppy modified electrode
(—0.387 for +600 mV pulse and 0.1303 for 0 mV pulse (Fig. 3B)) is
steeper than for the NIP-Ppy modified electrode (—0.2015 for +600 mV
pulse and 0.0156 for 0 mV pulse (Fig. 3E)). This confirms that the

analyte tends to interact stronger with the MIP-Ppy than with the NIP-
Ppy. A positive value of the intercept was calculated only in the case
where MIP-Ppy and NIP-Ppy modified Pt electrodes were incubated in
SARS-CoV-2 spike glycoprotein-free PBS solution (Table 1, Fig. 3C and
F). When the concentration of SARS-CoV-2 spike glycoprotein in the
solution was increased, all obtained intercept values became negative. A
plausible explanation of the observed effect was given by Plausinaitis
et al. [63]. The mentioned work describes the quartz crystal
microbalance-based evaluation of the electrochemical formation of an
aggregated polypyrrole layer. Concerning some other reports [70,71], it
was assumed that the pyrrole oxidation process is occurring according to
the principles described by heterogeneous kinetics. Here described study
is based on the operating principles of the MIP. This means the forma-
tion of the complementary cavities in the polymer in the stage of poly-
merization and the attendance of these cavities in the specific
interaction with the analyte during the evaluation step. Thus, molecules
adsorbed on the Ppy surface hinder the heterogeneous pyrrole oxidation
and reduction reaction.

Data presented in Fig. 3B and E illustrate that the slope k of the Anson
equation, which was calculated according to equation (1), decreases by
increasing the concentration of SARS-CoV-2 spike glycoprotein. At the
electrode potential of +600 mV, this effect is much more distinct in
comparison to that at 0 mV potential. The slope ‘k’, which is indicated by
equation (1), is related to (i) the equivalent number of electrons ‘n’,
which is transferred during the electrochemical reaction; (ii) electro-
chemically active area ‘A ‘; concentration of material ‘C’ and diffusion
coefficient ‘D’. In our case, this dependence of slope ‘k’ on the concen-
tration ‘C’ of glycoprotein is related to the decrease of electrochemically
active area ‘A’. This conclusion is based on the estimation that values of
n and D parameters are constant at all here evaluated concentrations of
SARS-CoV-2 spike glycoprotein because the concentration of all other
components in the solution and, therefore, physicochemical character-
istics (e.g., density and viscosity) are the same. It should be noted that in
the case of the MIP-Ppy modified electrode, the dependence of ‘k’ on the
concentration of SARS-CoV-2 spike glycoprotein is more significantly
expressed in comparison to that of the NIP-Ppy modified electrode. At
the first glance, taking into account that the dependence of ‘k’ on the
concentration of SARS-CoV-2 spike glycoprotein ‘C’ is linear, it was
determined that the dependence of ‘k’ value on C is 1.9 times more
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Fig. 3. A and D represent the Anson plots (Q, mC vs.
t*, ) derived from the amperometric response
registered during the last (10th) potential pulse of the
applied potential pulse sequence (+0.6 V and 0 V
potentials), presented in Fig. 2 for A - MIP-Ppy
modified electrode and D - NIP-Ppy modified elec-
trode. B and E represent the slope values of the linear
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strongly expressed in the case of MIP-Ppy modified electrode in com-
parison to that value of NIP-Ppy modified electrode at +600 mV. This
fact enables us to conclude that according to the slope, the active area of
MIP-Ppy (Amp-ppy) is 1.9 times larger in comparison to that area of NIP-
Ppy (Anip-ppy)-

A schematic representation of action, which represent results
determined by chronoamperometry, is presented in Fig. 4. As it was
discussed above, the decrease of surface charge at higher concentrations
of SARS-CoV-2 spike glycoprotein is related to the blocking of MIP-Ppy
surface by dielectric material — SARS-CoV-2 spike glycoprotein. All
electrical charge passing during this chronoamperometric experiment is
determined by adsorption/desorption of ions on MIP-Ppy or NIP-Ppy
layers and by doping/dedoping of Ppy-based layers by anions such as
PO3~, HPOZ ", HyPO; and Cl™. Therefore, SARS-CoV-2 spike glycopro-
tein adsorbed on the Ppy surface forms a significant barrier for the
adsorption/desorption of ions on the MIP-Ppy layer and by doping/
dedoping of the MIP-Ppy layer by anions. Fig. 4A and C well represent
results that could be determined by experiment when in solution and on
the surface of modified electrode SARS-CoV-2 spike glycoprotein con-
centration is equal to 0 pg/mL. Therefore, in this case, the adsorption/
desorption of ions on MIP-Ppy or NIP-Ppy layers and doping/dedoping
of Ppy-based layers is more intensive in comparison to the MIP-Ppy
layer. On the contrary, schematics represented in Fig. 4B and D

¢(SARS-CoV-2-S), ug/mL

illustrate the interaction of Ppy-based layers with SARS-CoV-2 spike
glycoprotein and, respectively, partial blocking of the Ppy surface.

In this context, according to the Anson plot-based evaluation, a
SARS-CoV-2 spike glycoprotein molecule is an analyte that is interacting
with MIP-Ppy and nonspecifically adsorbing on NIP-Ppy layers.

Fig. 5 represents the calibration plot based on AQ values vs. loga-
rithm of the concentration of SARS-CoV-2 spike glycoprotein in PBS
solution, pH 7.4. The calibration plot (Fig. 5) of the described system has
a linear relationship.

y=Ax+B

The obtained functions of the linear relationships were as follows: y
= 24.3599x-11.0234, with R? = 09497 (for MIP-Ppy modified electrode)
and y = 14.3361x-8.4771 with R? = 0.9591 (for NIP-Ppy modified
electrode). The linear relationship, in the PBS in absence of SARS-CoV-2
spike glycoprotein (c(SARS-CoV-2-S) = x = 0 pg/mL), represents the
lowest change of charge (mC). The charge passed through MIP-Ppy at
the initial point was higher than that through NIP-Ppy. This effect is
explained by the complementary cavities in the polymer. The presence
of the complementary cavities enables the faster charge transfer after
extraction of the SARS-CoV-2 spike glycoprotein from the MIP-Ppy
layer. After the MIP-Ppy and NIP-Ppy modified electrodes were re-
incubated in the SARS-CoV-2 spike glycoprotein containing PBS, a
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Fig. 4. Interaction of NIP-Ppy and MIP-Ppy with SARS-CoV-2 spike glycoprotein and anions (POZ’, HPO%’, or HyPO4 and C17). A - NIP-Ppy in a solution containing
0 pg/mL of SARS-CoV-2 spike glycoprotein; B — NIP-Ppy in a solution containing >0 pg/mL of SARS-CoV-2 spike glycoprotein; C — MIP-Ppy in a solution containing 0
pg/mL of SARS-CoV-2 spike glycoprotein; D — MIP-Ppy in a solution containing >0 pg/mL of SARS-CoV-2 spike glycoprotein.
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Fig. 5. Calibration curves of MIP-Ppy and NIP-Ppy modified electrodes pre-
sented as AQ vs. logarithm of the concentration of SARS-CoV-2 spike
glycoprotein.

significant current drop was observed. The change of charge within the
MIP-Ppy layer was observed higher than on the NIP-Ppy layer. This
means that the MIP-Ppy modified electrode was more sensitive towards
SARS-CoV-2 than the NIP-Ppy modified electrode. The registered charge
variations of MIP-Ppy and NIP-Ppy modified electrodes at the highest
concentrations of SARS-CoV-2 spike glycoprotein (c(SARS-CoV-2-S) =
25 pg/mL) were very similar. This should indicate that the protein
covers the surface of both MIP-Ppy and NIP-Ppy layers, although dif-
ferences between MIP-Ppy and NIP-Ppy layers were observed.

A comparison of some studies that were assessing the applicability of
MIP-based sensors for the detection of SARS-CoV-2 proteins is demon-
strated in Table 2.

The described method applied for the evaluation of the interaction
between SARS-CoV-2 spike glycoproteins and the MIP-Ppy modified

electrode has significant advantages and the most important is that those
insights about the interaction are concluded by the evaluation of PAD
results. This means that the detection of SARS-CoV-2 spike glycoproteins
can be performed by the assessment of Anson plot. Therefore, we
believe, that the Anson plot is a simple and handy method for quick
assessment the adsorption process on the electrode MIP-modified
electrode.

4. Conclusions

After the MIP-Ppy and NIP-Ppy modified electrodes were incubated
for the first time in the SARS-CoV-2 spike glycoprotein containing PBS, a
significant current drop was observed. Based on the total charge vs.
square of time plots (the Anson plots), the interaction between SARS-
CoV-2 spike glycoproteins and the molecularly imprinted polypyrrole
was assessed. Based on the dependence of the Anson plot’s slope values
on the concentration of the glycoproteins, we declare that glycoproteins
adsorb more strongly on MIP-Ppy than on NIP-Ppy. Moreover, taking
into the account the Anson plot-based evaluation it was concluded that,
the SARS-CoV-2 spike glycoprotein molecule is an analyte, which is
interacting with MIP-Ppy and at some extent non-specifically adsorbing
on NIP-Ppy. Therefore, Anson plot-based calculations are valuable for
determining the interaction between SARS-CoV-2 spike glycoproteins
and molecularly imprinted polypyrrole (MIP-Ppy). Further, the cali-
bration curve of current values was depicted for glycoprotein concen-
trations in the range from 0 pg/mL to 25 pg/mL. The calibration plot of
the described system has a form of exponential decay. The current drop
registered by the MIP-Ppy modified electrode was significantly higher
than that determined by the NIP-Ppy modified electrode. This means
that the MIP-Ppy modified electrode was more sensitive towards SARS-
CoV-2 spike glycoprotein than the NIP-Ppy modified electrode. The
current value observed in the calibration curve for the MIP-Ppy modified
electrode at the initial point (glycoprotein concentration was 0 pg/mL)
was 1.36 times higher in comparison with that of the NIP-Ppy modified
electrode. This phenomenon occurred due to the presence of the com-
plementary cavities in Ppy that were formed after the extraction of
SARS-CoV-2 spike glycoprotein from MIP-Ppy. This observation can also
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Table 2
MIP-based sensors used for the detection of SARS-CoV-2 proteins.
Electrode Polymer Analyte Method of Comments Ref.
analysis
Gold-based thin-film electrode Poly(m-phenylenediamine) SARS-CoV-2 nucleoprotein DPV Analyzed by using a redox probe; LOD [52]
15 M
macroporous gold screen-printed  Poly(o-phenylenediamine) SARS-CoV-2 receptor-binding  EIS Analyzed by using a redox probe; LOD [53]
electrode domain 0.7 pgmlL !
Disposable thin-film metal Poly(3-aminophenylboronic acid) SARS-CoV-2 spike protein swv* Analyzed by using a redox probe; LOD [54]
electrode subunit S1 15 fM
Gold SPRi chip Poly(scopoletin) SARS-CoV-2 receptor binding SPRi” Peptide epitope-imprinted polymer [55]
domain microarrays
Glassy carbon electrode Polypyrrole-poly(3-aminophenyl SARS-CoV-2 antigen DPV, CA® Graphene was added to the polymer [56]
boronic acid) composition;
Analyzed by using a redox probe; LOD
0.326 fg mL~!
Platinum electrode Polypyrrole SARS-CoV-2 Spike CA No redox probe was used during CA. [45]

Glycoprotein

# — square wave voltammetry.
b _ surface plasmon resonance imaging.
¢ — chronoamperometry.

serve as the validation for the formation of MIP-Ppy. This technique can
be applied to the development of a sensor for the diagnosis of a SARS-
CoV-2 infection.
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Abstract: This study is dedicated to molecularly imprinted polymer-based sensor development for
methylene blue detection. The sensor was designed by molecular imprinting of polypyrrole with
phenothiazine derivative methylene blue (MB) as a template molecule. The molecularly imprinted
polymer (MIP) was deposited directly on the surface of the indium tin oxide-coated glass electrode
by potential cycling. Different deposition conditions, the layer’s durability, and thickness impact
were analysed. The working electrodes were coated with molecularly imprinted and non-imprinted
polymer layers. Potential pulse chronoamperometry and cyclic voltammetry were used to study these
layers. Scanning electron microscopy was used to determine the surface morphology of the polymer
layers. The change in optical absorption was used as an analytical tool to evaluate the capability of
the MIP layer to adsorb MB. Selectivity was monitored by tracking the optical absorption changes
in the presence of Azure A. In the case of MB adsorption, linearity was observed at all evaluated
calibration plots in the concentration range from 0.1 M to 10 mM. The novelty of this article is based
on the methodology in the fabrication process of the sensors for MB, where MB retains its native
(non-polymerised) form during the deposition of the MIP composite.

Keywords: methylene blue (MB); polypyrrole (Ppy); conducting polymers (CPs); molecularly imprinted
polymers (MIPs); phenothiazine derivatives; optical sensors; indium tin oxide (ITO) electrodes

1. Introduction

Molecular imprinting technology allows the formation of specific molecular recog-
nition sites that operate on the principle of complementarity between the imprinted sites
and the analyte, on the lock and key model. Therefore, molecularly imprinted polymers
(MIPs) can selectively bind the analytes of interest, which were used as templates dur-
ing the formation of these MIPs [1-3]. In previous studies, it was reported that various
types of molecules (both low and high molecular weight) can be imprinted [4-11]. The
MIP technique is extremely relevant even today when we are looking for better and more
useful sensors and sensing systems for improved diagnosis, treatments, and assays [12-14].
Modern analytical chemistry has a range of sensitive and powerful equipment available to
detect target molecules. However, many of these methods, such as immunoassays, capillary
zone electrophoresis, and chromatography (e.g., high-performance liquid chromatography,
ion chromatography, and micellar electro-kinetic capillary chromatography) require trained
personnel for time-consuming sample preparation and analysis. MIP-based sensors offer
an attractive alternative as they can provide sensitive and specific results using inexpensive
materials. They also present advanced storage stability and enable quick analysis with
point-of-care testing possibilities in complex sample matrices. Overall, MIP-based sensors
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represent a promising technology for a wide range of analytical applications, including
environmental monitoring, food safety, and biomedical diagnostics [15-17]. In MIP-based
sensors, conducting polymers exhibit favourable properties, such as high electrical con-
ductivity as well as the ability to adhere to electrically conductive surfaces and maintain
mechanical stability [18]. Even though MIPs are studied by various research groups, there
are still unanswered questions and unexplored possibilities. Although we can choose
the template quite confidently, there are still challenges in analysing the interactions and
choosing functional monomers, cross-linkers, initiators, and solvent compositions [19].

To create a complex between the template and the monomer, the template must
have functional groups that interact with the monomer (or several monomers). Usually, a
template-monomer molar ratio of 1:4 provides suitable stability to the complex, assuring the
imprint effect [20]. Many different polymers can be used to form a MIP, including polypyr-
role (Ppy), which can be very efficiently applied to the design of MIP-based sensors [4].
Ppy is a -7t conjugated polymer that is easily electropolymerisable [5]. Electrochemical
methods like cyclic voltammetry (CV), differential pulse voltammetry, and electrochemical
impedance spectroscopy were used for the detection of different molecules using the Ppy
modified with molecular imprints [21-23].

As Ppy is one of the most frequently used polymers in MIP-based sensor design [18],
several studies have concluded that combining phenothiazine derivatives with polymers
like Ppy can help create coatings with improved characteristics, quicker response, and
receptiveness to environmental changes [24,25]. Also, the long-term stability of the result-
ing polymer is the principal benefit of the electropolymerised phenothiazine derivative
methylene blue (MB) [26]. MB can be used in different application areas. MB is an effective
electron redox mediator, having a redox potential close to that of some biomolecules [27-30].
Moreover, MB is used in clinical medicine to increase vascular tone and myocardial function
in patients with septic or anaphylactic shock [31]. However, MB has side effects, the main of
which are nausea, diarrhoea, gastritis, severe headache, or mental confusion if it is inhaled
or ingested [32]. Since MB is a cationic dye and is used in the textile industry, this leads
to certain environmental issues. Despite some downsides and growing concerns about
the environment, the usage of dyes is still growing in many countries through the textile
industry and other colouring processes. Among the pollutants, dyes are particularly noted
for their harmful effects on the environment and human health. Therefore, researchers
have been led in both analytical and materials science to investigate appropriate methods
for removing and/or monitoring various pollutants [13,33-35].

Since MB can cause unwanted or negative effects and diseases, it is important to
identify and detect it. Various studies have been conducted to analyse the properties of MB
as a polymerised layer. Kaplan et al. [26] study determined the oxidation and reduction
peak positions. In that study, firstly, the potential of the working Au electrode was scanned
from 0 V to —0.275 V, and a cathodic peak was observed at —0.235 V (Ag/AgClan Nacl
as reference electrode). Next, the potential was reversed in the positive direction, and an
oxidative peak was seen at —0.22 V. This pair of redox peaks corresponds to the reduction
and oxidation of MB monomer species in the solution, respectively. In this case, when the
potential of the working electrode was swiped at higher positive potentials, the current
density quickly increased at about +0.800 V and this effect is linked to the oxidation of MB.
In another study, the MB was electropolymerised in an aqueous solution [30]. This study
demonstrates that the value of anodic switching potential was increased above +1.0 V
(on a glassy carbon disk electrode, Ag/AgClyy k1 as reference electrode). The results of
this study indicate that there is an extra conjugated chain in the MB polymer compared
to the monomer. Liu et al. [36] reported the electrochemical polymerisation of MB on a
glassy carbon electrode by cyclic voltammetry. The observed anodic peak (at +0.15 V) and
a cathodic peak (+0.09 V) belong to the redox peaks of the MB monomer. Moreover, at
about +0.89 V potential, the anodic current increases quickly, and a broad anodic peak
appears at +1.02 V, which is ascribed to the formation of the polymer (saturated calomel
electrode as reference electrode). According to this study’s reasoning, if the parent monomer
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contains primary amino groups as ring substituents, cation radical species are produced
during the electropolymerisation of phenoxazines or phenothiazines at a potential of
+0.8 V. Mokhtari et al.’s [37] study describes a MIP preparation method in which MB was
electrochemically polymerised to obtain MIP on the aptamer/cTnl/Nafion/ZnONPs/GCE
surface for cardiac troponin I (cTnl) detection. During the electrochemical polymerisation
of MB, a broad anodic peak emerged at about +1.2 V (Ag/AgCl as reference electrode).
This anodic peak was related to the formation of MB cation radical and could be considered
evidence for polymethylene blue formation. In the case of Ppy and MB polymerised on the
indium tin oxide (ITO) coated glass electrode, polymerisation of MB at higher potentials
was also observed [24,38]. One of the latest articles on MIP technology application for
MB sensing was published by A. Sedelnikova et al. [39]. This study describes the design
of magnetic MIPs with nylon-6 as a monomer (dissolved in 2,2,2-trifluoroethanol). The
samples had good imprinting factors ranging from 4.2 to 5.4 and a high adsorption capacity
between 20.0 and 34.8 mg/g.

The objective of the recent study is to explore the applicability of the Ppy layer in the
phenothiazine derivative MB sensor design as a MIP with MB as a template molecule. From
our previous study [24] and those of other groups [38,40-42], it is known that MB can be
polymerised on the electrode at some specific potential values. Therefore, the difficulty and
challenge of this study were to find out such electrochemical conditions at which the pyrrole
(the monomer) was polymerised into a thin layer on the surface of the glass/ITO electrode
and MB (the template molecule) was not. For this purpose, Ppy layers were deposited on
the working glass/ITO electrode from the water-based polymerisation mixture containing
MB and pyrrole. The following challenge was to extract the MB from the Ppy layer present
on the electrode without damaging the polymer. The performance and stability of the
electrode modified by the deposited MIP layers were investigated. The final task was to
demonstrate that the resulting polymer is a MIP capable of recognising MB molecules.
Considering the challenges, the novelty of this study is based on the methodology in the
fabrication process of the Ppy-based MIP with MB templates, where MB retains its native
(non-polymerised) form during the deposition of the MIP composite.

2. Materials and Methods
2.1. Chemicals and Instrumentation

Pyrrole CAS: 109-97-7 (Alfa Aesar, Kandel, Germany); methylene blue (MB) CAS:
122965-43-9 and Azure A CAS: 531-53-3 (Alfa Aesar, Kandel, Germany); heparin Lot nr.:
80020 (Rotexmedica, Trittau, Germany); sulfuric acid CAS: 7664-93-9 (Lach-Ner, Neratovice,
Czech Republic); ammonia solution 30% CAS: 1336-21-6 (Carl Roth GmbH, Karlsruhe,
Germany); hydrogen peroxide 35% CAS: 7722-84-1 (Alfa Aesar, Kandel, Germany); sodium
hydroxide CAS: 1310-73-2 (StanLab, Lublin, Poland); boric acid CAS: 10043-35-3 (Alfa
Aesar, Kandel, Germany); phosphoric acid CAS: 7664-38-2 (Alfa Aesar, Kandel, Germany);
acetone CAS: 67-64-1 (Alfa Aesar, Kandel, Germany); potassium chloride CAS: 7447-40-7
(Carl Roth GmbH, Karlsruhe, Germany); redox probe (K3[Fe(CN)¢]/K4[Fe(CN)s]): potas-
sium hexacyanoferrate(IlI) CAS: 13746-66-2, (Carl Roth GmbH, Karlsruhe, Germany); and
potassium hexacyanoferrate(Il) (Reachim, Donetsk, Ukraine) were used in the experiments.

Galvanostat/potentiostat Metrohm DropSens (Llanera, Spain) equipped with DropView
8400 software, version 3.78, a spectrometer USB4000-FL equipped with SpectraSuite software
(Ocean Optics, Largo, FL, USA), pH-meter Seven Compact Mettler-Toledo GmbH (Greifensee,
Switzerland), and Hitachi tabletop scanning electron microscope (TM) PT4000Plus (Hitachi-
naka, Japan) were used in the experiments.

Electrochemical polymerisation was performed using computer-controlled galvanostat—
potentiostat Metrohm DropSens equipped with DropView 8400 software, version 3.78. A
glass cuvette (high x depth x width =32 mm x 18 mm x 30 mm) was used as an electro-
chemical cell for synthesis.

The three-electrode system was the setup of an indium tin oxide (ITO) glass slide
(Sigma-Aldrich, Steinheim, Germany) as a working electrode (WE), Ag/AgCl wire as a ref-
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erence electrode (RE) (for electrochemical deposition of polymer layers) or Ag/AgClsp ke
(for evaluation of the obtained polymer layers), and platinum wire (Alfa Aesar, Kandel,
Germany) as a counter electrode (CE).

2.2. Pre-Treatment of the Working Electrode

Before the electrochemical deposition of polymer layers, the glass/ITO electrode was
washed for 3 min in the solution consisting of 27% NH4OH and 30% H,O, mixed at a ratio
of 3:1 and preheated up to 50 °C. Later, the electrode was cleaned at room temperature and,
subsequently, in water, acetone, and water for 15 min in each liquid in an ultrasonic bath.

2.3. The Electrochemical Deposition of Ppy Layers

Polymer layers were electrochemically deposited by potential cycling in a potential
range from —0.4 V to +1.0 V vs. Ag/AgCl, at a potential sweep rate of 50 mV/s, by 25,
20,15, 10, 7, 5 and 3 cycles with a step lift of 2.44 mV. A polymerisation solution in water
contains 10 mM MB, 50 mM pyrrole, and 5 jig/mL heparin. The rationale for using heparin
in a polymerisation solution is based on our previous studies [24]. The inclusion of heparin
in the polymerisation mixture improves the adhesion of the layer to the electrode surface.
There are reports where MB in the polymerisation solution acts as the supporting electrolyte,
as described by [25]. Therefore, MB in the polymerisation solution has two functions: it
behaves as a template, as well as a supporting electrolyte.

2.4. Evaluation of Ppy Layers

The variation of optical absorbance (AA) was examined after each 3 min incubation of
the electrode in water (wash procedure), and the stability of the layer was analysed. The
potential pulse chronoamperometry was used and set to a total of 5 pulses, with a pulse
profile based on a potential step of —0.8 V for 10 s followed by a potential step of +0.8 V.
Simultaneously, the optical absorbance was monitored at 530 nm, 668 nm, and 750 nm. AA
was calculated using the equation:

AA = A — Aj 1)

where AA—the variation of absorbance (a. u.); Aj—the absorbance during the +0.8 V pulse
(a. u.); Aj—the absorbance during the —0.8 V pulse (a. u.).

Cyclic voltammograms were recorded without and with 5 mM of K3[Fe(CN)s] /K4 [Fe(CN)s]
in Britton-Robinson (BR) buffer solution weekly in the potential range from —0.2 V to +0.6 V vs.
Ag/AgClaykc, at the scan rate of 50 mV/s and step lift of 2.44 mV, in total 3 potential cycles.

The electrochemical evaluation of polymer films was performed in BR buffer solutions.
BR buffer solution consisted of 0.01 M boric acid, 0.01 M acetic acid, and 0.01 M phosphoric
acid. The ionic strength of the BR was supported with 0.1 M KCl. The pH value of BR was
adjusted (with 1 M sodium hydroxide) to 3.00—the pH was monitored using pH meter
SevenCompact 5220 (Mettler-Toledo GmbH, Greifensee, Switzerland).

3. Results

The three-electrode system was used during the electrochemical deposition of the
Ppy-MB layer. Firstly, the Ppy layer with MB as the template is deposited on the glass/ITO
electrode (glass/ITO/Ppy-MB). Further, the polymer layers were subjected to voltammetry
and potential pulse chronoamperometry-based experiments to elucidate their properties.

The schematic representation of the study is shown in Figure 1A. This study aimed to
create a molecularly imprinted Ppy with MB as a template molecule. Figure 1B represents an
imprinted Ppy layer on a glass/ITO electrode. The influence of the varying thickness of the
surface polymer on the durability and efficiency of the MIP properties was also analysed.
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Figure 1. Schematic representation of the study. (A) A scheme of MB-based sensor evaluation steps.
(B) Visualisation of an imprinted Ppy layer on an ITO electrode.

Polymer layers with entrapped MB as a template were electrochemically deposited ac-
cording to the aforementioned conditions and by applying 3, 5,7, 10, 15, 20, or 25 potential
cycles. The successful polymerisation of pyrrole is visible from the cyclic voltammograms
presented in Figure 2 and Figure S1. Furthermore, the increase in the width of the cyclic
voltammograms corresponds to an increase in the thickness of the polymer layer. CV is the
most widely used technique for acquiring qualitative information about electrochemical
reactions. The power of CV is based on the ability to provide rapidly considerable informa-
tion on the thermodynamics of the redox process, on the kinetics of heterogeneous electron
transfer reactions, and on coupled chemical reactions or adsorption processes. In order
to find better synthesis conditions to imprint MB into the Ppy layer, we evaluated several
different potential ranges vs. Ag/AgCl: from —0.4 V to +1 V (1), from —0.5V to +1.2 V
(2) (as it was described in [24]), from —0.4 V to +0.8 V (3), and from —0.4 V to +0.6 V (4).
The comparison of cyclic voltammograms (5th cycle) obtained during the electrochemical
polymerisation of polymer layers is presented in Figure 2.
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Figure 2. Electrochemical deposition of Ppy-MB during potential cycling at different conditions:
(1) from —0.4 V to +1 V; (2) from —0.5 V to +1.2 V; (3) from —0.4 V to +0.8 V; (4) from —0.4 V to
+0.6 V. Cyclic voltammograms at a scan rate of 50 mV/s, and a step potential of 2.44 mV. Number
of potential cycles in total was 10. The 5th cycle is demonstrated for comparison. Electrochemical
polymerisation was performed in a three-electrode system, in which glass/ITO was used as WE,
Ag/AgCl as RE, and platinum wire as CE.

The pyrrole electropolymerisation on glass/ITO starts from +0.5 V [43], so, the elec-
tropolymerisation potential ranges in our study were selected between from —0.5 V to
+1.2 V. In the ranges from —0.4 V to +0.6 V and from —0.4 V to +0.8 V, the voltammograms
lack sufficient anodic peaks to investigate the pyrrole polymerisation. The anodic peak
is enhanced, and the pyrrole polymerisation is identified in the cyclic voltammogram in
the range from —0.4 V to +1.0 V. Considering the study of Kaplan et al. [26] to indicate
the formation of the MB layer on the electrode surface, the current density should steadily
decrease at —0.22 V and start increasing at about —0.05 V with the increase in scans. The
range from —0.5 V to +1.2 V in our study showed the highest peaks at about —0.05 V
towards the MB layer deposition. These results are quite similar to previously reported
studies [24,26]. The aim of adjusting the electrochemical polymerisation conditions was to
find the potential range in which MB would polymerise as little as possible while retaining
Ppy layer growth. In that case, to efficiently deposit the Ppy layer and lower MB elec-
tropolymerisation, the potential range for further studies was chosen to be in the smaller
potential window from —0.4 V to +1.0 V.

Scanning electron microscopy (SEM) was used to determine the surface morphology
of the Ppy-MB layers. The influence of the applied potential cycles (25, 20, 15, 10, 7,
5, or 3) on the Ppy-MB polymer surface properties can be seen in the SEM images at a
magnification of X180 (Figure 3) and magnifications of x800 and %8000 (Figure S3). Folded
structures and fairly even distributions are observed for the Ppy-MB layers obtained by 25
and 20 potential cycles (Figure 3A,B). Similar results were obtained when studying Ppy-MB
layers in previous studies [24]. However, when applying other polymerisation conditions
(different potential windows, as shown in Figure 2), it can be observed that layers of the
same thickness had denser structures. It was observed that the thicker the layer, the larger
and more visible the folds are, and the agglomerations are more noticeable (Figure 3A-C).
The thinnest layers seem to be too thin to see clear structures (Figure 3G). A thinner and
smoother layer showed better results. A thinner layer is less prone to mechanical damage
and lasts longer on the electrode. However, a layer that was obtained by 3 potential cycles
is too thin (Figure 3G). Based on the SEM study, it was also assumed that in the further part
of this study, it is most functional to use the deposited layers obtained by 5 (Figure 3F), 7
(Figure 3E), and 10 (Figure 3D) potential cycles. (Different magnifications could be found
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in the supporting material in Figure S3.) Those layers, hereinafter referred to as Ppy-MB-5,
Ppy-MB-7, and Ppy-MB-10, were analysed further.

500 pm

Figure 3. SEM images of Ppy-MB synthesised at different conditions ((A-G), Ppy-MB layers deposited
by 25, 20, 15, 10, 7, 5, or 3 potential cycles, respectively). Magnification is x180.

Figure 4 demonstrates the changes in optical absorbance (AA) that were measured
immediately after deposition in BR buffer solution, pH 3. The potential pulse chronoam-
perometry was used and set to a total of 5 pulses, as described in the experimental part.
Optical absorbance was followed at 530 nm, 668 nm, and 750 nm (conditions were chosen
based on previous studies [24]). It is possible to see trends where the change in absorption
increases with the layer thickness.
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Figure 4. Changes of absorbance in different layers of Ppy-MB: Ppy-MB-5, Ppy-MB-7, Ppy-MB-10.
Absorbance was measured at A = 668 nm and A = 750 nm.

The performance and stability (the ability to both remain mechanically on the electrode
surface and the reproducibility of experiments using the same layer) of the electrode
modified by the deposited MIP layer imprinted with MB were investigated. The following
storage conditions were analysed: BR buffer solution in an acidic medium, water, and air.
After a dozen days of conducting tests with such a layer, it was possible to see changes in
the cyclic voltammograms (Figure S2). In both cases where voltammograms are obtained
in BR bulffer solution or water, oxidation peaks were observed at a potential of +0.5 V and
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reduction peaks at —0.45 V. In the case of storage in air, during cycle 2, the oxidation peak
is detected at +0.10 V; however, even two peaks are visible in the reduction region. The
peak at —0.15 V can be attributed to the reduction process of the Ppy layer. As the potential
changes further up to cycle 10, the oxidation peak shifts to +0.45 V, while the reduction peak
remains at —0.15 V. Due to the risk of swelling of the layer in water and BR buffer solution,
these storage conditions have been discarded. During the research, it was also noticed that
the layer, which was stored in the air, remained attached to the electrode longer. Even with
the naked eye, the long-term persistence of the layer on the surface of the electrode was
visible when the tests were carried out. The previous study described the Ppy stability on
the pencil graphite electrode [44]. The obtained results of our and previous studies prove
that storage of the Ppy in the air is more convenient. Afterwards, it was chosen to study
the layers that will be stored in the air for further parts of this study.

The further part of this study aimed to analyse the performance of the layer and the
influence of the determination and washing procedures on the properties of the polymer
layer. The stability of the layers Ppy-MB-5, Ppy-MB-7, and Ppy-MB-10 was checked by
washing them in water. After each wash (3 min), the change in optical absorbance (AA) was
observed. The potential pulse chronoamperometry was applied with 5 pulses, as described
in the Experimental section. Simultaneously, the optical absorbance was monitored. A
consistently decreasing trend is visible in Figure 5A. It was observed that the Ppy-MB-5
layer lost mechanical stability on the electrode after the third wash (or a similar number
of washes), and absorption could not be recorded. Other layers were durable even after
10 washes. The Ppy-MB-7 and Ppy-MB-10 layers displayed the highest stability in this
respect. Later, every few weeks, the layers were electrochemically tested, and CVs were
recorded with and without a redox probe in the BR buffer solution (Figures 54 and S5),
wherein clearly expressed oxidation-reduction peaks were visible. The width of the cyclic
voltammograms has decreased over storage time.

0.12 A I B| o4
I B 668 nm .
: ® 750 nm
5 008 3 503
& 5 &
< < <
< < <
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Figure 5. The dependence of change in absorption on the number of times the layer was washed in
water. (A) Ppy-MB-5, (B) Ppy-MB-7, (C) Ppy-MB-10. Absorbance was measured at A = 668 nm (black
line) and A = 750 nm (red line). Error bars represent the standard deviation of AA from N = 3.

To demonstrate that the resulting polymer is a MIP capable of interacting with MB
molecules, the non-specific interaction of another phenothiazine, which in our particular
case was Azure A (AA), was examined. A further experiment involved the analysis of
the imprinted Ppy as an MB sensor. A non-imprinted polymer (NIP) that did not have
MB was also produced to test the effectiveness of the imprinted layer. After evaluating
the previous stages of this research, it was found that the most reliable and effective layer
can be considered the one that was deposited using 7 potential cycles. It is less thick
than Ppy-MB-10, so it stays longer on the surface of the electrode. Also, it is transparent
and does not wash off after several detection/washing cycles. For these reasons, further
investigation and verification of the sensor as an imprinted Ppy-MB was carried out
precisely with this layer. The first task was to remove the imprinted MB from the created
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layer. For this, 0.1 M sulfuric acid was used, in which the washing lasted for 5 min.
The NIP was also washed to create the same experimental conditions. In the following
part of the research, the formed MIP and NIP layers were evaluated by observing the
change in optical absorption. The concentrations of MB varied from 0.1 uM to 10 mM.
The results are presented in Figure 6.
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Figure 6. The calibration plots (AA vs. log[C, uM]) present the change in absorption on Ppy-MB-7
layers as MIP or NIP, in the presence of MB and Azure A adsorption, A = 668 nm.

The calibration plots in Figure 6 demonstrate the change in absorption (AA) on MIP
and NIP layers in the presence of MB or Azure A. Linearity was observed at all evaluated
calibration graphs in the concentration range from 0.1 uM to 10 mM. It can be seen that R is
greater than 0.9: MB on MIP is 0.955, AA on MIP, and MB on NIP is 0.991. The apparent
imprinting factor when comparing MB interaction with MIP or NIP is about 2.15. The
slope values for the calibration plots of AA on MIP and MB on NIP are roughly the same,
while the slope for the calibration plot of MB on MIP is visibly steeper. The magnitude
of slope values for calibration plots can be attributed to the strength of target molecule
interactions with polymer layers. The slope for MB on MIP being larger than that of MB
on NIP was anticipated, as there was no imprinting process during the fabrication of the
sensor. Due to the presence of complementary cavities/imprints, MB interacted with MIP
both specifically and non-specifically. On the other hand, MB interacted with NIP only
non-specifically, thus resulting in smaller slope values. Furthermore, the slope values for
MB on MIP and AA on MIP differ similarly, which indicates that MIP is selective for MB
molecules. After taking the aforementioned observations into account, it can be concluded
that the described procedures can be applied in the development of imprinted Ppy-based
sensors for the detection of MB.

Table 1 compares other MB detection ways, but there is no identical one, applying
the same methods and materials. A summary of the different detection methods for MB
includes information about the sensing platform, evaluation method, and the limit of
detection (LOD).
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Table 1. Different detection methods for MB.

Sensing Platform Evaluation LOD Ref.
QCM/Fe304NPs/MIP/Ppy QCM-D 14 pug/L [45]
Carbon paste/MIP/PMAA DPV 36.4 uM [46]

MIP/PAA UV-Vis spectroscopy - [47]
AgNPs/GO/g-CN Raman spectroscopy 0.001 nM [48]
GCE/NH2-fMWCNTs SWV 0.21 nM [49]
Red-emitting CDs Fluorescence spectroscopy 10nM [50]
Au-glass/NiCo-layered double hydroxide Surface plasmon resonance 0.005 ppm [51]
ITO-glass/MIP/Ppy Potential pulse chronoamperometry, cyclic This work

voltammetry, UV-Vis spectroscopy

QCM-—quartz crystal microbalance; Fe3O4-NPs—Iron(1l,11l) oxide nanoparticles; QCM-D—quartz crystal mi-
crobalance with dissipation monitoring; PMAA—polymethacrylic acid; DPV—differential pulse voltammetry;
PAA—polyacrylic acid; AgNPs/GO/g-CN—silver nanoparticles/graphene oxide nanosheets/graphitic carbon
nitride; GCE/NH,-fMWCNTs—glassy carbon electrode /amino-group functionalized multi-walled carbon nan-
otubes; SWV—square wave voltammetry; CDs—carbon dots; Au/glass—gold-coated thin glass; ITO—indium tin
oxide; Ppy—polypyrrole.

In multiple studies, the detection of MB was successfully achieved using diverse sens-
ing platforms that contained conducting [45] polymer (to form MIP around magnetic Fe304
nanoparticles) or non-conducting polymers [46,47] for molecular imprinting. In addition
to polymers, different metal-based (silver nanoparticles [48], Fe3O,4 nanoparticles [45],
and carbon-based (graphene oxide nanosheets, graphitic carbon nitride [48], multi-walled
carbon nanotubes [49]) modifications were used to enhance the sensitivity of detection.
Each of these articles leveraged the specific evaluation method and modified materials in
MB detection, contributing valuable insights into the field of MB sensing.

4. Conclusions

The electrochemical polymerisation of the Ppy layer was carried out by potential
cycling. The performance and stability of the MIP-modified electrode were studied. By
increasing the number of applied potential cycles during the deposition of the Ppy layers,
some morphological differences are visible: the surface of the layer becomes rougher, more
folds appear on the surface, and it becomes less transparent. Analyses of Ppy layers were
carried out, assessing washability, stability over time, and storage conditions. The most
reliable and effective layer can be considered the one that was deposited using seven
potential cycles. Later, the analysis of the layers deposited using seven potential cycles
as a MIP was conducted. The obtained slope values of the calibration plots display that
MIP interacts specifically and is selective for MB in comparison to another phenothiazine
derivative, Azure A. This research shows that the MIP with MB imprints can be applied in
the development of imprinted Ppy-based sensors sensitive towards MB.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/chemosensors11110549/s1. Figure S1: Cyclic voltammograms of Ppy-MB
during electrochemical deposition. Ppy-MB layers deposited by (A-G) 3, 5, 7, 10, 15, 20, 25 potential
cycles, respectively; Figure S2: Electrode storage in different mediums (layer polymerized with 25 cycles),
after 12 days, (A) 0,01 M BR buffer solution, pH 3; (B) in water; (C) in air; Figure S3: SEM images of Ppy-
MB which were electropolymerized by: 25 potential cycles at magnification x800 (A) and x8000 (B),
20 potential cycles at magnification x800 (C) and %8000 (D), 15 potential cycles at magnification
%800 (E) and x8000 (F), 10 potential cycles at magnification x800 (G) and x8000 (H), 7 potential cycles
at magnification x800 (I) and x8000 (J), and 5 potential cycles at magnification %800 (K) and x8000 (L);
Figure S4: Cyclic voltammograms of differently modified electrodes were recorded immediately after
deposition in the BR buffer solution without (1) and with (2) K3[Fe(CN)g]/Ky[Fe(CN)¢] as a redox
probe. (A) Ppy-MB-5, (B) Ppy-MB-7, (C) Ppy-MB-10 electrode; Figure S5: Cyclic voltammograms of
differently modified electrodes were recorded six weeks after deposition in the BR bulffer solution
without (1) and with (2) K3[Fe(CN)s]/Ky[Fe(CN)g] as a redox probe. (A) Ppy-MB-5, (B) Ppy-MB-7,
(C) Ppy-MB-10 electrode.
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