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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 µM 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 π-π 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/AgCl3M 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/AgCl1M KCl 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/cTnI/Nafion/ZnONPs/GCE
surface for cardiac troponin I (cTnI) 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)6]/K4[Fe(CN)6]): potas-
sium hexacyanoferrate(III) CAS: 13746-66-2, (Carl Roth GmbH, Karlsruhe, Germany); and
potassium hexacyanoferrate(II) (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 × depth × width = 32 mm × 18 mm × 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/AgCl3M KCl
(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% H2O2 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 µg/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 (∆A) 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. ∆A
was calculated using the equation:

∆A = Ai − Aj (1)

where ∆A—the variation of absorbance (a. u.); Ai—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)6]/K4[Fe(CN)6]
in Britton-Robinson (BR) buffer solution weekly in the potential range from −0.2 V to +0.6 V vs.
Ag/AgCl3M KCl, 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 S220 (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.



Chemosensors 2023, 11, 549 5 of 13

Chemosensors 2023, 11, x  5 of 13 
 

 

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 repre-
sents an imprinted Ppy layer on a glass/ITO electrode. The influence of the varying thick-
ness of the surface polymer on the durability and efficiency of the MIP properties was also 
analysed. 

(A) 

 

(B) 

 
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. 
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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 −0.5 V 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 ×180 (Figure 3) and magnifications of ×800 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.
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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 buffer 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 (∆A) 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 S4 and S5),
wherein clearly expressed oxidation–reduction peaks were visible. The width of the cyclic
voltammograms has decreased over storage time.
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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 µM to 10 mM.
The results are presented in Figure 6.

Chemosensors 2023, 11, x  9 of 13 
 

 

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 investiga-
tion 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 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 absorp-
tion. The concentrations of MB varied from 0.1 µM to 10 mM. The results are presented in 
Figure 6. 

 
Figure 6. The calibration plots (∆A vs. log[C, µM]) present the change in absorption on Ppy-MB-7 
layers as MIP or NIP, in the presence of MB and Azure A adsorption, λ = 668 nm. 

The calibration plots in Figure 6 demonstrate the change in absorption (∆A) 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 µM 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 aĴributed to the strength of target molecule inter-
actions 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 sen-
sor. 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 de-
tection (LOD). 

Figure 6. The calibration plots (∆A vs. log[C, µM]) present the change in absorption on Ppy-MB-7
layers as MIP or NIP, in the presence of MB and Azure A adsorption, λ = 668 nm.

The calibration plots in Figure 6 demonstrate the change in absorption (∆A) 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 µM 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/Fe3O4NPs/MIP/Ppy QCM-D 1.4 µg/L [45]

Carbon paste/MIP/PMAA DPV 36.4 µM [46]

MIP/PAA UV-Vis spectroscopy - [47]

AgNPs/GO/g-CN Raman spectroscopy 0.001 nM [48]

GCE/NH2-f MWCNTs SWV 0.21 nM [49]

Red-emitting CDs Fluorescence spectroscopy 10 nM [50]

Au-glass/NiCo-layered double hydroxide Surface plasmon resonance 0.005 ppm [51]

ITO-glass/MIP/Ppy Potential pulse chronoamperometry, cyclic
voltammetry, UV-Vis spectroscopy - This work

QCM—quartz crystal microbalance; Fe3O4-NPs—Iron(ll,lll) 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/NH2-f MWCNTs—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 Fe3O4
nanoparticles) or non-conducting polymers [46,47] for molecular imprinting. In addition
to polymers, different metal-based (silver nanoparticles [48], Fe3O4 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 ×800 (A) and ×8000 (B),
20 potential cycles at magnification ×800 (C) and ×8000 (D), 15 potential cycles at magnification
×800 (E) and ×8000 (F), 10 potential cycles at magnification ×800 (G) and ×8000 (H), 7 potential cycles
at magnification ×800 (I) and ×8000 (J), and 5 potential cycles at magnification ×800 (K) and ×8000 (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)6]/K4[Fe(CN)6] 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 buffer solution
without (1) and with (2) K3[Fe(CN)6]/K4[Fe(CN)6] as a redox probe. (A) Ppy-MB-5, (B) Ppy-MB-7,
(C) Ppy-MB-10 electrode.

https://www.mdpi.com/article/10.3390/chemosensors11110549/s1
https://www.mdpi.com/article/10.3390/chemosensors11110549/s1
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