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Carbon paper was used as a cost-effective electrode material for flexible electrode fabrication. These
electrodes were coated with polypyrrole film imprinted with metronidazole. SEM imaging indicated suc-
cessful covering of the carbon paper fibers. Structure of the pre-polymerization complex was optimized
via DFT simulations. This imprinted polymer-modified electrode responded linearly to the logarithm of
metronidazole concentration in 0.2 to 200 nM range with the LOD of 0.4 nM in the DPV experiments in
the presence of the Ru(NHz)sCls redox probe. Selectivity of the fabricated sensor was appreciably high,
and the apparent imprinting factor was equal to IF = 38. Such high selectivity and the imprinting factor
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confirmed successful imprinting in the polypyrrole matrix. The sensor was validated by metronidazole
determination in honey samples. Moreover, robustness of the MIP-coated carbon paper electrode was
proven. Only a slight loss of recorded current values was observed when the electrode was bent to
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1. Introduction

In industrial farming, several antimicrobial drugs, growth hor-
mones, and other pharmaceuticals are commonly adminis-
tered to farm animals to treat infections and, prophylactically,
to prevent disease or spur growth. Over recent decades, public
awareness of pharmaceutical toxicity in foods of animal origin
has grown tremendously." Consumers continuously express
their concern about the risks to health because of the presence
of these substances in food products.”> Metronidazole (MTZ) is
a broad-spectrum drug that has antibacterial and antiproto-
zoal activity. Residues of these substances may remain in food.
Hence, they may pose a real menace to consumers.” Therefore,
the European Commission (EC) strictly regulates the use of
veterinary drugs to feed farm animals." Maximum residue
limits (MRLs) have been fixed for selected drugs, antibiotics,
and hormones in animal products to protect consumers from
potential health hazards regarding toxicity and allergic reac-
tions. All these circumstances make the control of veterinary
drug residues a necessary step in ensuring consumer protec-
tion. Animal foods must be controlled for the drug presence.’
Therefore, fast, inexpensive, and reliable procedures for deter-
mining these antibiotics in meat products are in demand.
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approx. 45° and straightened multiple times.

One of the appealing ways to execute these procedures is to
use bio- or chemosensors. Antibiotic chemosensing in meat
products is advantageous compared to classical or currently
used screening methods, such as radioimmunoassays, ELISA,
and HPLC.* These methods are very accurate. However, they
require expensive equipment and well-trained laboratory staff
to operate it. These methods can be applied only in well-
equipped laboratories. On the contrary, electrochemical
sensors provide possibility of fast and inexpensive sample
testing. Additional recognizing elements must be immobilized
on electrode surfaces to provide a selective response. These
elements may be of biological origin, i.e., antibodies, aptamers
and enzymes, or chemical receptors can be applied.
Molecularly imprinted polymers (MIPs) are examples of such
chemically synthesized recognizing materials. Importantly,
MIPs combine robustness, low production costs, and easy
operation with sensitivity and selectivity similar to biological
receptors.” Therefore, MIP sensors found applications in
numerous fields, including food safety analysis,*” clinical
diagnosis,® cancer biomarkers detection,”'® forensic
sciences,'’ and environmental analysis®'*"® as well as warfare
agents detection.'* MIPs are being synthesized by polymeriz-
ation of functional and cross-linking monomers in the pres-
ence of a molecular template.” These template molecules are
trapped in the polymer matrix. After their removal, imprinted
molecular cavities emerge in the polymer. These cavities can
selectively recognize target analytes due to perfect fitting in
terms of size, shape, and pattern of interactions with target
analyte molecules.

This journal is © The Royal Society of Chemistry 2025
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However, sensitivity and, subsequently, limits of detection
(LOD) may be insufficient for trace analysis. Therefore, numer-
ous ways to improve sensor performance were proposed. The
easiest way to enhance the analytical signal of an electro-
chemical MIP sensor was to embed nanostructured materials,
such as multi-walled carbon nanotubes (MWCNTs),">™"®
graphene,'® > quantum dots (QDs),"® or gold NPs**** in the
MIP films. This approach offers only limited electrode surface
development and signal enhancement despite the conven-
ience. Electrodes of high specific surface area were applied to
achieve a higher electrochemical signal. For example, depo-
sition of various porous noble metal films on the surface of
flat electrodes was reported.>*>® These methodologies resulted
in the deposition of noble metals of significantly enhanced
surface area. However, these procedures were laborious and
expensive. Therefore, quite recently, George Whitesides pro-
posed the application of inexpensive materials of high surface,
such as paper, thread, or fabric, as a mold to prepare electro-
des of the developed surface area.” Towards that, a paper was
soaked with noble metals salts (i.e., gold, silver, platinum,
rhodium, palladium, and iridium) and burned off in a
furnace. This process resulted in “paper-templated metals”,
that is, metal-carbon composites of architecture that
resembled paper or fabric. These composites consisted of 95%
noble metals, their specific surface area was 20 times higher
than for flat/continuous metal, and their conductivity was
high enough to apply them as electrodes in electrochemical
processes.”” Moreover, a method of enhancing electrode sur-
faces using paper was proposed.*® Chromatography paper was
wax-printed with a designed pattern, sputtered with gold film,
cut in proper shape, glued with adhesive in spray to carbon
screen printed electrode (C-SPE) surface, and finally decorated
with gold nanoparticles (Au NPs) via electrochemical reduction
of HAuCl,. This method was very laborious. However, electro-
chemical signal enhancement was high enough to apply these
electrodes for direct voltammetric determination of glucose in
the samples, even if the glucose oxidation peak was not visible
on unmodified C-SPEs.

Paper has also been widely used to support the fabrication
of composite paper/MIP membranes. These membranes were
applied for solid-phase extraction experiments,” and drug
delivery systems,?* as selective recognition elements in optical
sensors.”>>° There is also one example of microfluidic
thermal  detection MIP/paper  chemosensors.*’
Importantly, in all these sensors, the paper serves only as a
solid support for the MIP synthesis in the form of a mem-
brane, or it can also be applied as support for MIP film-based
electrochemical sensors.*’™® However, different nanomaterials
were employed to achieve appreciable sensitivity.*®** For
instance, a paper was decorated with Au and ZnO NPs.*" This
material was conductive enough to electropolymerize penta-
chlorophenol-imprinted polypyrrole film on the top. Then,
ascorbic acid was exploited as an efficient electron donor for
scavenging photo-generated holes, facilitating the generation
of stable photocurrent. This photocurrent decreased with
increasing pentachlorophenol concentration. Moreover, paper
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modified with paraffin wax and carbon ink was applied as elec-
trode material in the MIP film electrochemical sensor for
bovine serum albumin (BSA) determination.*” BSA-MIP film
was synthesized via free-radical polymerization, and after
removal of the BSA template, the fabricated electrode was
applied to impedimetric BSA determinations. However,
neither selectivity performance nor imprinting factors were
reported in either case. Therefore, it is difficult to determine if
the imprinting process was successful.

The use of ready-made conductive materials as electrode
materials allows to skip the stage related to sputtering or depo-
sition of additional layers on their surface. It makes their
preparation faster. Hence, cheaper equivalents of standard
disk electrodes made of noble metals or glassy carbon are
increasingly reported in the literature. One of the most readily
available materials is pencil lead graphite, which is an in-
expensive material with a high conductivity, offering cost as
low as $1.30 per device.*” It can be used as a working and
auxiliary electrode, but a significant problem limiting the use
of pencil-drawn electrodes is high content of impurities
(graphite constitutes only 27-60% of the composition of
pencil lead) and high affinity for adsorption of solution com-
ponents, making it difficult to obtain reproducible results in
chemosensing. Nevertheless, electrode regeneration pro-
cedures, for example by oxidative cycling in NaOH, allow their
practical use in the selective determination of p-nitrophenol.*®

Higher purity of graphite can be found in sheets that can
be conveniently cut to specific shapes and sizes, being adjusta-
ble to any electrochemical systems. Silva et al. comprehensively
studied nine graphite sheets from different manufacturers and
characterized by various thicknesses, placing particular
emphasis on indicating the advantages of disposable electro-
des.* Analysis of the obtained voltammograms justifies the
use of graphite sheets as working electrodes, indicating a
linear dependence of the peak currents on the square root of
the scan rate in the presence of ferri/ferrocyanide redox probe.
However, the authors emphasize the importance of the quality
of the material, since defects in the graphite structure, con-
firmed by Raman spectroscopy, cause significant limitations
in the electrode conductivity. The morphology of such sheets
was confirmed by SEM analysis. However, it indicated a flat
character of the electrodes, without a greater development of
the surface. Hence, it would make it difficult to conduct trace
analyses, where a high ratio of the active surface to the specific
surface of the electrode plays a crucial role. The surface
development of graphite sheets was discussed by Marra et al
in their work on a sensor based on flexible graphite sheets for
detecting ketamine in synthetic saliva samples.’® The graphite
sheets were electrochemically activated with 0.5 M NaOH,
leading to partial exfoliation of the surface. It resulted in devel-
oped surface morphology with additional edges, which
improved the electrochemical properties of the material.

Electrode flexibility is an increasingly considered aspect
when making hand-made sensors, as exemplified by the
research conducted by Bocek et al. on fully self-prepared
inkjet-printed flexible electrodes for lactate sensors.’!
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Compact sizes of the electrodes, the possibility of preparing
the electrode from scratch in the laboratory within one day
and high flexibility facilitating the transport and storage of the
finished sensor shed a new light on the design of chemo-
sensors. However, the described procedure requires a labora-
tory inkjet printer, which increases the cost of single-use elec-
trode preparation.

Although graphite is the leading material for disposable
electrodes, studies can be found regarding gold leaf electrodes
made from edible gold flakes® as well as planar-disk and
nanoband gold-leaf electrodes pressed with polyimide tape.>®
The first procedure leads to obtaining electrodes characterized
by excellent electrochemical response in the presence of ferro-
cenemethanol redox probe, however, it requires multi-step and
long-term preparation. The study of Camargo et al.>® presents
an innovative approach to hand-made preparation of the
entire, three-electrode system, but the described procedure
requires experience in manual skills. The latter work, led by
Santos et al.,”® describes a much simpler method of obtaining
electrodes based on gold leaves, with an interesting approach
to obtaining nanoband electrodes in a sandwich approach,
where the gold nanolayer is glued on both sides with a non-
conductive Kapton foil, leading a submicron-thick electrodes.
Moreover, such an electrode was characterized by high flexi-
bility, due to the support of the Kapton foil. After subjecting
the electrode to mechanical stress, no decrease in electro-
chemical properties was observed, which determines the possi-
bility of using such a system in the construction of sensors
operating directly on the skin. Despite the thickness of the
electrodes being on the order of fractions of a micrometer, the
use of gold in the construction of sensors is associated with
higher production costs than in systems using carbon paper.

To sum up the examples of alternative materials for prepar-
ing electrodes, carbon paper is an excellent substrate for
electrochemical sensors. The optimal price-to-quality ratio
allows for the production of a much larger number of indi-
vidual electrodes for the price of one gold electrode, and the
readiness for use immediately after purchase allows for use
even by people without extensive manual skills. The lower con-
ductivity of graphite compared to gold does not limit the wide
use of carbon paper for the construction of electrochemical
sensors, confirmed by the numerous cited research works. The
significant advantages of carbon paper over graphite sheets
include the lack of the need for prior chemical or electro-
chemical treatment and a highly developed active surface area
due to the network of alternately arranged thin graphite fibers.
The excellent adhesion of the laminate to the carbon paper
brings the flexibility of such laminated electrodes closer to
that of substrates based on Kapton foil.

Until now, several examples of MIP sensors for MTZ have
been reported (Tables S2 and S3, ESI datat). They mostly rely
on direct electrochemical reduction of MTZ at highly negative
potentials.>*~® This is because MTZ is electroactive at —0.65 V
vs. SCE.*® Moreover, most of these sensors involved nano-
particles in  achieving multi-step  sensitivity and
fabrication.”®*#®%%1 One example of photoelectrochemical
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biosensor for selective MTZ determination was also reported.®*
In that work, decoration of the electrode surface with coral-like
g-C3N, enabled detection of MTZ with LOD equal to 5 nM.
Reported biosensor responded to MTZ concentration linearly
in a semilogarithmic scale in 10 nM to 100 pM concentration
range. Despite the high analytical parameters of this bio-
sensor, its fabrication and operation were quite complicated. It
highlights the need to design an inexpensive, sensitive, robust,
and easy-to-use sensor for MTZ determination.

In this work, we propose to apply hand-made, inexpensive,
flexible electrodes based on carbon paper to fabricate a selec-
tive electrochemical sensor for MTZ determination (Scheme 1).
The carbon paper was modified with imprinted polypyrrole.
SEM and IR confirmed carbon fiber coverage with MIP film.
Such electrodes will be easy to transport and store. Moreover,
they will not break during slight changes in storage con-
ditions. Importantly, estimated price of materials used for one
carbon electrode fabrication is less than 20¢. DPV experiments
confirmed the fabricated sensor selectivity and sensitivity.
Therefore, proposed MIP sensor was applied to MTZ determi-
nation in honey samples.

2. Experimental
2.1 Materials

Pyrrole (Py), metronidazole (MTZ), L-ascorbic acid, glyphosate,
p-p(+)glucose, creatinine, vancomycin and penicillin G sodium
salt were purchased from Merck (Sigma Aldrich), Germany.

a
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Scheme 1 (a) A flowchart showing steps of flexible carbon electrode
preparation. (b) Optical camera photos of the hand-made flexible
carbon electrode. (c) SEM image of MIP-coated carbon paper. (d)
Schematic representation of Ru(NH3)¢Cls DPV peak change in response
to MTZ presence in the solution. For more details, see Fig. 2 and Fig. S9
(ESI datat).
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Hexaammineruthenium(m) chloride (Ru(NH;)sCl;) was pur-
chased from abcr, Germany, 3-(1H-pyrrol-1-yl)propanoic acid
(Py-COOH) and 3-(1H-pyrrol-1-yl)propanamine (Py-NH,) were
purchased from ChemBridge, USA. Potassium chloride (KCl),
sodium carbonate (Na,COj3), sodium bicarbonate (NaHCOj3),
and potassium hexacyanoferrate(ur) (K;Fe(CN)g) were supplied
by Chempur. Potassium hexacyanoferrate(u) trihydrate (K,Fe
(CN)e) was provided by POCh, Gliwice, Poland. Hydrochloric
acid (HCI) was purchased from Stanlab Lublin, Poland, isopro-
panol from Linegal Chemicals, Poland, and compressed argon
was supplied by Air Liquide, France. A glass micropipette
column filled with aluminum oxide (Al,O3) for chromato-
graphic adsorption analysis acc. to Brockman (II), Budapest,
Hungary, was used for pyrrole purification. Honey used for
real sample analysis was purchased on the open market from a
Polish producer. All chemicals and solvents were of analytical
grade. All aqueous solutions were prepared using distilled
water.

2.2 Instruments

All electrochemical measurements were performed on the
BioLogic SP-150 potentiostat (France). The devised flexible
electrode served as a working electrode (WE), platinum plate
as a counter electrode (CE), and silver wire with an electrode-
posited AgCl layer as a quasi-reference electrode. WE and CE
were mounted parallelly in a special electrochemical holder
fabricated at IPC PAS.®* A Carl Roth, Germany glass vial was
used as the electrochemical cell, cut for measurements to a
volume of approximately 3 mkL. All curves presenting the
results of electrochemical measurements were smoothed in
the OriginLab 2020b software using the Savicky-Golay method
with 10 points of the window. All experiments were carried out
at room temperature in the laboratory, reaching an average of
25 °C.

All CV experiments were performed with a scan rate of
50 mV s™*, if not otherwise stated. Pulse height, pulse width,
step height, and step time in DPV experiments were 2.5 mV,
100.0 ms, 5.0 mV, and 500.0 ms, respectively. Frequencies
during EIS experiments were scanned from 100 kHz to
100 mHz at -0.25 V vs. Ag quasi-reference electrode.
Sinusoid amplitude was equal to 10 mV. All electrochemical
experiments were performed in deaerated solutions.

Microscopic imaging was performed on the scanning elec-
tron microscope (SEM) FEI Nova NanoSEM 450 microscope,
USA, with an energy-dispersive X-ray analyzer (EDX) Octane
Elect Plus, USA. Fourier-transform infrared (FTIR) spec-
troscopy measurements were performed using the reflection
mode with a Vertex 80 v spectrophotometer of Bruker using
the deuterated triglycine sulfate detector controlled by OPUS v.
6.5 software. Spectra were recorded with a 2 em™" resolution.
For each spectrum, 1024 scans were acquired. Measurements
were performed under decreased (6 hPa) pressure. The photo-
graphs included in this publication were taken with Samsung
Galaxy S22 mobile phone.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a PHI 5000 VersaProbe (ULVACPHI) scanning

This journal is © The Royal Society of Chemistry 2025
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ESCA microprobe by using monochromatic Al Ka radiation (Av
= 1486.6 eV). Casa XPS software then evaluated the XPS data.
Background was subtracted using the Shirley method, and
peaks were fitted with (Gaussian-Lorentzian)-shaped profiles.
The binding energy (BE) scale was referenced to the C 1s peak
(BE = 284.6 eV).

The electrodes were laminated with heat-shrinkable foil
with a home ironing machine. Crystal Laminating Pouches
303 x 216 mm manufactured in China by ARGO S.A. (Poland)
were applied for that purpose. The flexible TGP-H030 (30% wet
proofing) carbon paper (TORAY Industries, Inc., Japan) was an
electrode material. Au 100 nm-thick film-coated glass slides,
with a 15 nm-thick underlayer of Ti were prepared by the
Institute of Electronic Materials Technology (Warsaw, Poland)
and served as an electrical contact.

Using the sessile drop method, the wetting properties of
the used carbon paper and electrodeposited MIP film were
characterized by their static water contact angle (WCA) with
the manual optical tensiometer (Theta Lite, Attension). Hence,
a 10 pL drop of distilled water was placed on the surface of the
sample using a microsyringe. The contact angles within 30 s
were monitored by 60 FPS (frames per second) cameras every 1
s, and the average of each measurement was calculated using
its standard deviation.

DFT calculations with b3lyp functional and 3-21g* basis set
were performed with Gaussian 16 software.®® Presence of
solvent, namely water, was simulated using pcm model.
Simulation results were visualized with Avogadro software.®

2.3 Preparation of the working electrode

The previously reported method was adapted to prepare
working electrodes.®®™®® Firstly, two sheets of laminating foil
were pressed on one edge with a hot iron to join them ther-
mally. Then, they were cut to about 18 X 10 mm. In one sheet,
a hole of 6 mm in diameter (geometric area about 30 mm?)
was punched with a corkborer. Carbon paper was cut to about
18 x 7 mm, and placed between the two sheets of laminating
foil in such a way that it was exposed through the aforemen-
tioned hole. Then, a gold-coated glass slide serving as an elec-
trical contact to the carbon paper was placed between the far
side of the carbon paper and the foil sheets. Finally, everything
was laminated using a hot iron, and the excess of foil was cut
off. Furthermore, the exposed surface of the electrode was
rinsed with isopropanol to remove any impurities and then
dried.

2.4 Imprinted and non-imprinted polymer films deposition

To deposit the MIP film, 2.5 mL of a solution containing 0.1 M
pyrrole (17.34 pL), previously filtered on an Al,O; column,
1 mM Py-COOH (0.348 mg), and 0.5 mM MTZ (0.214 mg), in
1.0 M aqueous solution of KCI (supporting electrolyte) was pre-
pared. The solution was thoroughly stirred on a vortex and sub-
jected to ultrasonication for 5 to 10 min until complete dis-
solution after each mixture component was added. Then, the
solution was purged with argon for at least 10 min to remove

oxygen.
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In the holder for electrochemical measurements, the hand-
made carbon paper working electrode was mounted with the
silver-silver chloride reference electrode and the platinum
auxiliary electrode. This three-electrode system was immersed
in the polymerization solution, and galvanostatic deposition
was performed by passing a current of 200 pA for 400 s, corres-
ponding to a charge of 80 mC (Fig. 1a and b). It corresponds
to 830 nmol of oxidized monomers. On this basis it has been
estimated that 54.5 pg of polymer was deposited on the elec-
trode surface.

A template was removed from the MIP film by immersing
the MIP-coated electrode for 60 minutes in 0.1 M carbonate
buffer of pH = 9.1 under gentle stirring. Then, the residuals of
the buffer were washed out with Milli-Q water for 30 minutes.
As a control, non-imprinted polymer (NIP) film was deposited
the same way as MIP but without adding MTZ (Fig. 1a and b).

2.5 Electrochemical determination of MTZ

For electrochemical MTZ determinations MIP- or NIP-coated
electrodes were mounted in the electrochemical setup
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Fig.1 (a) Chronocoulometric plots recorded during galvanostatic
deposition of (1) MIP and (2) NIP films. A current of 200 pA was passed
for 400 s through the working electrode immersed in a solution of 0.1 M
pyrrole, 1 mM Py-COOH, and 1.0 M KCl in water in the presence (1) or
absence (2) of 0.5 mM MTZ. (b) DPV and (c) CV curves recorded in 5 mM
Ru(NHz)6Clz solution in 0.1 M KCl(,q) on the MIP film-coated electrode
(1) after electrodeposition or after (2') 30 min, and (3") 60 min extraction
in 0.1 M carbonate buffer of pH = 9.1. (d) EIS spectra and equivalent
circuit fitting curves for (1" squares) pristine carbon paper electrode, and
carbon paper electrode coated with MIP film after (2" circles) polymeriz-
ation, (3" diamonds) extraction in 0.1 M carbonate buffer of pH = 9.1 and
(4" triangles) in presence of 9.9 nM MTZ. (e) An equivalent circuit fitted
to the EIS spectra. (f) DFT-simulated structure of the pre-polymerization
complex formed between MTZ and two molecules of Py-COOH
monomer.
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described above. Electrodes were immersed in 1 mM Ru
(NH3)6Cl; solution in 0.1 M KCl(,q). After each analyte injec-
tion, the solution was stirred with a magnetic stirrer for
0.5-1 min. Then, subsequently, CV and DPV curves were
recorded. Each electrode was discarded after recording the
calibration curve, and a new one was prepared.

3. Results and discussion
3.1 Fabrication of flexible electrodes

Flexible (carbon paper)-based electrode is shown in
Scheme 1a. Laminated carbon paper-based electrodes were
prepared according to procedure 2.3 in the Experimental
section. During lamination, the melted foil has sealed pores in
the carbon paper. Therefore, gold had no direct contact with
the solutions but provided an excellent electrical connection to
carbon paper. Flexible electrodes

(Scheme 1b) were fabricated this way.

hand-made carbon

3.2 Deposition of imprinted and non-imprinted polymer
films

Strong interactions between template molecules and mono-
mers are crucial for successfully introducing selective binding
sites to MIP molecular cavities. For that purpose, we have con-
sidered two monomers: carboxylic or amine pyrrole deriva-
tives, abbreviated as Py-COOH and Py-NH,, respectively.

The electrochemical properties of both monomers were
tested and compared with those of pristine Py (Fig. S3 and S4,
ESI datat). It occurred that Py-COOH efficiently electropoly-
merizes under similar conditions as Py (Fig. S3, ESI dataf). In
contrast, Py-NH, electropolymerization (Fig. S4a, ESI dataf)
resulted in the deposition of non-conducting film and block-
ing electrode surface (Fig. S5b, ESI datat). Therefore, Py-COOH
was used in further experiments.

The MIP and NIP films were deposited under galvanostatic
conditions. Chronocoulometric curves recorded during these
electropolymerizations are shown in Fig. 1a. This process
occurred to be more reproducible than electropolymerization
under potentiodynamic conditions due to better potential
stability over the measurement. Under these conditions, a
thick enough layer was obtained to form a continuous film
over the whole surface of carbon fibers. Moreover, the polymer
film was not too thick, thus, pores in the carbon paper were
still fully open. Therefore, neither redox probe ions nor MTZ
could diffuse into the pores of the carbon paper. After the MIP
film deposition, the gray carbon paper electrode turned deep
black proving that the whole electrode surface was modified.

Template molecules should be extracted from the deposited
polymer to obtain desired molecular cavities in the MIP struc-
ture. Both acidic (Fig. S5, ESI datat) and basic (Fig. 1b and c)
extraction conditions were tested for that purpose. Apparently,
extraction in carbonate buffer of pH = 9.1 appeared efficient.
An increase in the DPV signal recorded for the MIP-coated
electrode was observed after 30 minutes of extraction (Fig. 1b,
curves 1’ and 2'). Only a slight increase was visible after

This journal is © The Royal Society of Chemistry 2025
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another half an hour (Fig. 1b, curve 3'). Therefore, it has been
decided that 60 minutes of extraction is sufficient to remove
most of the MTZ template molecules from the MIP matrix.

Importantly, when the NIP film-coated electrode was sub-
jected to a similar treatment with carbonate buffer, only a
slight drop of DPV signal was observed (Fig. S6, ESI dataf).

Moreover, the MIP-coated electrode was characterized using
CV (Fig. 1c). After extraction, the capacitive current recorded
for MIP-coated electrode was decreased, and the Ru(NH;)¢Cls
redox probe oxidation/reduction peaks were slightly more pro-
nounced. Multicyclic CV experiments performed for MIP and
NIP-coated electrodes proved that MIP film is electrochemi-
cally stable and does not deteriorate during electrochemical
experiments (Fig. S7, ESI datat). Importantly, the current
observed for the MIP film-coated electrode was about one
order of magnitude higher than those observed for the
uncoated carbon paper electrode (Fig. S8a, ESI dataft).
Moreover, peak-to-peak separation for redox probe is reduced
after MIP film deposition. That is, on pristine carbon paper
electrode Ru(NH;)eCl; redox probe peak-to-peak separation
was equal to 190 mV (Fig. S7a, ESI datat). After MIP deposition
and template extraction, it was equal to 85 mV (Fig. 1c, curve
3'). Reduction and oxidation of redox probe became more elec-
trochemically reversible. Presumably, it is due to the higher
conductivity of MIP film. As a result, we observed an
enhancement of electrochemical response after MIP film
deposition.

When selecting a functional monomer to MTZ ratio in pre-
polymerization complex, a series of quantum mechanical cal-
culations according to the DFT b3lyp functional with 3-21g*
basis set were performed. Presence of solvent (water) was
simulated using pcm model. Simulations confirmed the pre-
polymerization complex formation of the Py-COOH monomer
with the MTZ molecule with a stoichiometry of 2:1 (Fig. 1f).
The obtained Gibbs free energy value of complex formation
reaction was equal to —59 k] mol . It suggests that MTZ mole-
cules form stable complexes with Py-COOH during polymeriz-
ation, enabling simultaneous copolymerization of pyrrole with
its carboxyl derivative and molecular imprinting of MTZ.

Moreover, the MIP-coated paper electrode was characterized
with EIS at each step of its fabrication (Fig. 1d). Two semicir-
cles were visible in the presence of Ru(NHj3)sCl; redox probe
before MIP film deposition on carbon paper electrode (Fig. 1d,
inset). The smaller one may be attributed to the charge trans-
fer resistance (R.) of the faradaic process on the electrode
surface and the capacitance of the electrochemical double
layer (CPE,). The second semicircle may originate from a
diffusion of the redox probe through the porous structure of
the electrode, which is described by parallel resistance (Rs)
and constant phase element (CPE,).”%”* The equivalent circuit
model fitted to this plot is shown in Fig. le. After MIP film
deposition, both semicircles were much less pronounced
(Fig. 1d), but the recorded spectra were still well described by
the same equivalent circuit. A higher conductivity of MIP-
coated electrode may explain this behavior. Moreover, PPy
MIP-coated electrode surface is more hydrophilic than pristine

This journal is © The Royal Society of Chemistry 2025
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carbon paper since bare carbon paper consists of 30% wet-
proof coating, according to its producer, and polypyrrole is
known to have hydrophilic properties. This was supported by
contact angle measurements, where 10 pL of water was
dripped onto the surface of bare carbon paper and electrode-
posited MIP film. In the first case, a contact angle of (147.97 =
0.22)° was obtained, while after covering with a MIP layer, this
angle decreased to (92.17 + 0.31)° (Fig. S9, ESI dataft).
Therefore, penetration of redox probe solution into the pores
of electrode material was easier. The changes in the EIS
spectra caused by template extraction and subsequent MTZ
binding were most pronounced in the region related to the
diffusion of the redox probe.

The deposited MIP and NIP films were imaged using an
SEM microscope to prove their successful deposition on the
carbon paper electrode (Fig. S9, and S10, ESI datat). MIP
(Fig. S9c, ESI datat), NIP (Fig. S9e, ESI datat), as well as pris-
tine PPy (Fig. S9g, ESI datat), form lacy frost-like structures
over carbon fibers (Fig. S9a and S9b, ESI datat). After extrac-
tion with carbonate buffer, MIP (Fig. S9d, ESI datat) and NIP
(Fig. S9f, ESI datat) film morphology appeared more compact.
SEM images of lower magnification (Fig. S10, ESI datat) and
optical camera image (Fig. SOh, ESI datat) indicate that the
whole surface of carbon fibers was coated with grainy polymer
structures after deposition of MIP and NIP films. MIP film
coating on these fibers was not affected by extraction in 0.1 M
carbonate buffer of pH = 9.1 (Fig. S9, and S10, ESI dataf).

The recorded ATR-IR and XPS spectra confirmed the suc-
cessful deposition of MIP and NIP films on the carbon paper
electrodes. IR spectra after polymerization showed a broad
signal of aromatic C-H stretching (2950-2600 cm '), and a set
of overlapped signals between 1700 cm ' and 1300 cm™*
emerged (Fig. S11, ESI datat). Also, XPS determined a higher
content of nitrogen and a much lower content of fluorine com-
pared to carbon paper electrodes, proving successful electropo-
lymerization over carbon electrodes (Table S1, ESI datat). XPS
signal originates only from the surface of the material (1-2nm,
in depth). Therefore, the drop of fluorine content in XPS
spectra suggests that carbon fibers of the carbon paper were
coated with other material — MIP in this case.

3.3 Application of MIP- and NIP-coated electrodes for
selective MTZ determination

The MIP-coated carbon paper electrode was applied for selec-
tive MTZ determination using DPV in the presence of Ru
(NH3)6Cl; redox probe (Fig. 2). The obvious choice of hexaam-
mineruthenium chloride as the main redox probe was based
on its charge which is opposite to the negatively charged
polymer (due to the carboxyl group presence). Moreover, this
redox probe is known to follow the outer-sphere mechanism,
in which the electron transfer phenomenon occurs with no
direct interaction with the electrode surface.”” Detail character-
ization of MIP film with outer- and inner-sphere redox probe is
shown in Section 11 of ESL ¥

We have exploited so-called “gate effect” in constructing the
MIP based chemosensor.”®”” In theory, it is assumed that
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Fig. 2 (a) DPV curves recorded in 1 mM Ru(NH3)eCls and 0.1 M KCl(,q)
solution on the MIP film-coated electrode for different MTZ concen-
trations. (b) Fitting of (1) Langmuir, (2) Freundlich, and (3) Langmuir—
Freundlich isotherm to changes in DPV current with changes of MTZ
concentration. (c) Constructed calibration plots for (1' and 2') MTZ, (3)
glyphosate, (4') creatinine, (5') L-ascorbic acid, (6") glucose, (7') penicillin
G, and (8') vancomycin on (1" and 3'-8) MIP or (2') NIP film-coated
carbon paper electrodes. (d) DPV signal measured in the absence and
presence of the MTZ over MIP film-coated carbon paper electrode after
multiple bending cycles by approx. 45° and straightening of the
electrodes.

binding of analyte into MIP imprinted cavities affects the
diffusion of the redox probe through the film to the electrode
surface, resulting in changes in recorded current. Alternatively,
we have proven in the past that in the case of conductive MIP
films, changes in MIP film conductivity due to analyte binding
can be the predominant factor influencing signal originating
from redox probe.”*”®”® Herein, the diffusion of a positively
charged redox probe, Ru(NH;)¢Cls, toward negatively charged
MIP-modified electrode was enhanced. In this condition, sub-
sequent increase in current during DPV measurements
allowed for the quantitative determination of the analyte. In
this case, DPV peak current increased with MTZ concentration
increase from 0.2 to 200 nM (Fig. 2a). The response of the MIP
film-coated carbon electrode was very well described by
Langmuir-Freundlich isotherm (Fig. 2b and Table 1). The
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described system is characterized by a low value of homogen-
eity factor, namely, n = 0.144, indicating scarcely homogeneous
distribution of molecular cavities in the polymer matrix.®° We
may speculate that this is because of the highly developed
surface of the carbon paper electrode, nevertheless, the per-
formance of our fabricated chemosensor is satisfactory.

From a practical point of view, it is more convenient to use
linear fitting. The linear fitting enables easier comparison of
the analytical parameters of the sensor. For that purpose, a
linear calibration curve to the logarithm of MTZ concentration
was prepared (Fig. 2c). The calibration plots followed the
linear equation (eqn (1))

(IDPV,S - IDPV7O) /IDPV.O [%] = 1210(i078)[%]

+17.82(40.65)[%/ log(nM)] log cmrz[log(nM)] @
and (eqn (2))
(Inpv,s — Ipev.o) /Topv,0[%) = 101.0(£0.25)[%] 2)

+0.47(40.21)[%/ log(nM)] log cyrz[log(nM)]

log cpmrz [log(nM)] for MIP and NIP, respectively. The corre-
lation coefficient and the limit of detection at S/N = 3 were
R®> = 0.9882 and LOD = 0.4 nM, respectively. The apparent
imprinting factor estimated by slopes of calibration curves con-
structed for MIP and NIP films-coated electrodes was equal to
IF = 38.

The main purpose of decorating electrodes with MIP films
is to introduce selective recognition. Therefore, the MIP film-
coated electrode response toward chosen interfering com-
pounds, including glyphosate, creatinine, r-ascorbic acid,
glucose, penicillin G, and vancomycin, was tested (Fig. 2c).
Only in the case of glucose it was possible to calculate the
selectivity factor, which was equal to 26.1. In the case of other
interfering compounds, sensor responses were negligible, or
changes were in the opposite direction compared to MTZ.
However, absolute values of these changes were much lower
than sensors response to MTZ and it may be concluded that
MIP sensor selectivity was high.

Elasticity constitutes the main advantage of carbon-based
electrodes, since it may be a crucial factor in designing wear-
able sensors.’’®* The MIP-coated laminated carbon paper
electrode was bent to around 45° and straightened multiple
times to estimate its robustness. After 100 such events, cur-

Table 1 Results of isotherm fitting to the DPV peak current changes (Alppy) With the addition of different concentrations of MTZ measured over

MIP film-coated carbon paper electrode

Fitted parameters

Isotherm Isotherm equation Alppy,max, % K,nM™* n R?
. _ Kicmrz a
Langmuir Alppy = Alppy max —————— 138.7 (+3.8) 16.81% (+4.14) — 0.7139
1+ Kiemrz
Freundlich Alppy = Ketprz" — 121.43% (0.44) 0.0587 (x0.002) 0.9932
. . Kipemrz)"
Langmuir-Freundlich Alppy = Alppymax (Kircurz) 226.9 (39.2) 2.62° (+6.07) 0.144° (+0.038) 0.9930

1+ (Kirewrz)”

“ Ky, - Langmuir constant. ? K. - Freundlich constant. ° K, - Langmuir-Freundlich constant. ¢ Adsorption intensity. ¢ Homogeneity factor.
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rents recorded in both solutions of the pristine redox probe
and in the presence of 9.9 nM MTZ dropped only by 12-14%
(Fig. 2d). It proved that the MIP film coating over the carbon
paper electrode was stable and did not break or damage the
electrode by bending it. Only the conductivity of the electrode
material (carbon paper) dropped slightly. The flexibility and
robustness of the fabricated electrodes may be beneficial in
future applications, especially for in-field measurements using
portable sensing devices.?' %

3.4 Real sample analysis

The MIP film-coated carbon-based electrodes were applied for
MTZ determination in spiked honey samples (Fig. 3). For that
purpose, honey sample was diluted 1000 times with a solution
of 1 mM Ru(NH;)sCl; in 0.1 M KClg). Then, it was spiked
with known amounts of MTZ. Following the studies done by
de Silva et al.,* sugars are by far the largest group of com-
pounds in the matrix, constituting 75% of monosaccharides,
mainly fructose (38.5%) and glucose (31%). It is worth men-
tioning, proteins (3.3% in honey) known by strong adsorption
on the electrode, which often hinders parallel determination
of target analytes, 0.57% of organic acids lowering pH relative
to the sample without matrix, as well as redox-active vitamins,
which can interfere with the reactions of the redox probe in
the observed ‘gate effect’ phenomenon.

As expected, some matrix effect was observed, and slightly
smaller changes in current were observed in a honey sample
than in pristine KCI solution. When obtained data were visual-
ized in a semi-log scale, it became visible that response in the
real sample was only slightly lower, but the slopes of both cali-
bration curves were similar. That is, it is equal to 15.63(+0.73)
[%/log(nM)] in honey in comparison to 17.82(+0.65)[%/log(nM)]

reported for pristine KCl solution. Therefore, equation
(eqn (3)) fitted for sensor response had form of
(IDPV,S - IDPV,O)/IDPVO[%] = 11063( i 078) [%} (3)

+15.63(40.73)[%/ log(nM)] log cyrz[log(nM)]

Then, we performed as separate experiment on freshly pre-
pared electrode determination of MTZ in spiked honey
samples using eqn (3) as a calibration plot (Table 2). Obtained
recoveries were on acceptable level. It proves that matrix effect
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Fig. 3 Comparison of constructed calibration plots for MTZ in the
same concentration range prepared in 1 mM Ru(NH3)eCls solution in (1)
0.1 M KCl(ag) and (2) honey diluted 1000-times with 1 mM Ru(NH3)¢Cls
solution in 0.1 M KCl,q) in (a) a normal and (b) semi-log scale.
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Table 2 Results of MTZ determination of real samples of honey using
eqn (3) as calibration plot

Known DPV current
concentration of  response of  Calculated MTZ
spiked sample, the sensor, concentration, Recovery,
No. nM % nM %
1 0.4 104.3 0.40 99.0
2 1.0 109.4 0.83 83.4
3 2.0 115.6 2.07 103.7
4 5.0 121.2 4.76 95.2
5 9.9 126.2 9.85 99.5

can be minimized by calibrating our sensor in proper matrix
before performing measurements.

4. Conclusions

Carbon paper was applied as an electrode material for flexible
electrode fabrication. Furthermore, this electrode was coated
with polypyrrole film imprinted with MTZ. The observed
current dropped only by 12-14%. The modified electrode
responded in DPV experiments with respect to MTZ in a con-
centration range of 0.2 nM up to 200 nM. Changes in DPV
current were fitted to the Langmuir-Freundlich isotherm.
Moreover, these changes were well described by a linear
equation with respect to the logarithm of MTZ concentration.
Electrode durability was tested, and even after bending 100
times, response of the electrode was only slightly affected. A
fabricated chemosensor was applied for MTZ determination in
spiked honey samples for the sensor validation. The matrix
effect was substantial, however, sensor response to MTZ in
honey was still linear on logarithm scale. Therefore, the sensor
will require separate calibration for samples of different types.
These flexible electrodes in field applications will be more con-
venient than traditional costly disk electrodes. Screen-printed
electrodes have already become popular because of similar fea-
tures; however, they lack flexibility. Importantly, the estimated
price of materials for one carbon electrode fabrication is less
than ~20¢. These are essential parameters if we target mass
production.
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