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Abstract: Treatment with pyrazine derivatives—antituberculosis pyrazinamide (PZA), anticancer
bortezomib (BZM), and antifungal pyrazine-2-amidoxime (PAOX) and pyrazine-2-thiocarboxamide
(PTCA)—is associated with side effects, as observed in the case of other therapeutic drugs. To prevent
the side effects of pyrazine derivatives, researchers are working to develop a universal method that
will detect these compounds in body fluids. There is a lack of literature data about voltammetric
measurements with poly-L-amino acid-modified GCEs surfaces. The available reports describe the
application of various modifications of these electrodes for the detection of different active substances
of drugs; however, they do not indicate one particular method for the detection of drugs with a
pyrazine skeleton. This research aimed to prepare three types of glassy carbon electrodes (GCEs)
with modified surfaces by electropolymerization using 1, 10, and 100 mM solutions of L-glycine (Gly),
L-alanine (Ala), L-lysine (Lys), respectively. The poly-amino acid coatings applied on GCE surfaces
were analyzed in detail under a three-dimensional (3D) microscope and were used as chemosensors
of four pyrazine drugs in stoichiometric tests. The results were compared with the measurements
made on an unmodified GCE. To obtain reliable results, the linearity of measurements was also
verified in the concentration gradient and appropriate scanning speed was chosen to achieve the
most accurate measurements.

Keywords: cyclic voltammetry; electropolymerization; pyrazine derivatives; glassy carbon electrode

1. Introduction

The studied pyrazine derivatives (Figure 1) have found many applications in clinical
and biological practice. Pyrazinamide (PZA) is used as an antituberculosis drug [1–3],
pyrazine-2-thiocarboxamide (PTCA) and pyrazine-2-amidoxime (PAOX) have been found
to have antimycotic potential against Candida albicans [4–8], and bortezomib (BZM) is the
only proteasome inhibitor used in the treatment of multiple myeloma [9–11]. However, the
clinical use of these substances is limited mainly due to their side effects, which include
rhabdomyolysis, skin eruptions, neutropenia, intestinal obstruction, or renal failure in
patients undergoing treatment with PZA and BZM [12–14] or other reactions resulting from
inappropriate preparation in the case of PAOX and PTCA [4].

In addition, therapeutic doses of drugs also cause side effects, and the therapeutic
dose of BZM is 1.3 mg/m2. It is lowered, especially when neuropathy occurs. In the
event of a threat to life, the administration of BZM is abandoned. Pyrazinamide used
in the four-drug regimen is the most common cause of drug-induced hepatitis, but the
morbidity has significantly decreased due to dose reduction to 12–30 mg/kg body weight
per day (previously 40–70 mg). The frequencies of hepatotoxicity were 0.042 (CI, 0.026 to
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0.067) for 30 mg/kg of body weight, 0.055 (CI, 0.031 to 0.094) at 40 mg/kg, and 0.098 (CI,
0.047 to 0.193) at 60 mg/kg of pyrazinamide [15–18]. Therefore, there is a need for quick,
reproducible, and accurate methods for determining active substances in drugs to monitor
the effectiveness of treatment and to determine the correct dose of an active substance to
limit the occurrence of side effects during therapy.
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Figure 1. Analyzed structures of PZA as an antituberculosis drug (A); PTCA (B) and PAOX (C) as
antifungals; BZM as an anticancer drug (D).

Electrochemical techniques are popularly used for quantification and allow a reversible
analysis of samples at a wider range of concentrations compared to chromatographic or
spectrophotometric techniques [19–22]. One of the most frequently used electrochemical
methods is voltammetry with modified GCEs (unmodified electrodes are not preferred
as they are characterized by a smaller range of linearity, lower limits of detection, and
quantitation and a large overpotential). Numerous studies have shown that modifica-
tion of electrodes with poly-L-amino, acid coatings, and/or coatings containing carbon
nanoparticles improve their performance [23–26].

One of the methods used to modify the electrodes is electropolymerization. This
is a coating procedure in which a conductive polymer is formed and deposited from a
monomer solution onto the electrode surface. This is the usual method for modifying
relatively small areas. Care should be taken when selecting the electropolymerization
conditions, especially relating to the applied potential and current. The applied potential
should be high enough to oxidize and polymerize the monomer, but also low enough not to
alter the surface structure of the clean electrode. One of the electrolyzers deposited on the
GCE is poly-L-amino acids. The general multi-step mechanism of the polymer formation
has been presented in Figure 2. In the first step of the reaction, the hydride radical is cleaved
from the amino group. The L-amino acid radical then attaches to the electrode surface. In
the last step, additional L-amino acid molecules are joined and multiplied. The result is a
sensor with very high sensitivity, a wide range of linearity, low limit of detection, repeatable
and reproducible. These sensor properties have been proven in the literature [27–29].
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L-amino acid duplicated biosensors have also found application in the detection of
drugs with a pyrazine motif. Research has been performed using differential impulse
voltammetry on a sensor containing poly-L-methionine and electrochemically reduced
graphene oxide/GCE to detect PZA in urine, plasma, and pharmaceuticals [24]. Similar
studies were carried out to estimate the content of PZA in serum using graphene oxide—or
poly-L-arginine—modified GCE [30] and to determine PZA in pharmaceuticals, urine, and
serum using tyrosine-modified GCE [31]. The reproducibility and selectivity of poly-L-
arginine-modified GCE for PZA were considered acceptable; however, the linear ranges
and detection limits of PZA were not as desired. The sensor obtained with L-glycine
electropolymerization on GCE was successfully used to determine trace amounts of PZA
using square-wave voltammetry (SWV). Initial studies based on this method proved the
electrocatalytic activity of poly-L-Gly/GCE in the PZA redox system (pH 7.5), which is a
diffusion-controlled process, and optimization of the method resulted in a linear response
(R = 0.998) at a PZA concentration of 0.47–6.15 µM, with a drug detection limit of 0.035 µM
and a quantitative limit of 0.12 µM. Moreover, the matrix of actual samples was not found
to interfere with the voltammetric reaction of PZA, and hence this assay was considered
highly selective, fast, and cheap compared to other analytical procedures. In addition,
measurements with this technique involved minimal loss of samples, which allowed for its
multiple uses in analyses [32].

The present work aimed to obtain nine electrocatalytic sensors (Figure 3) for the
determination of biologically active medicinal substances with a pyrazine ring in their
structure. Sensors for cyclic voltammetry (CV) were prepared through surface modifi-
cation of a glassy carbon electrode (GCE) by electropolymerization of amino acids to
poly-(L-lysine)/(L-alanine)/(L-glycine). The study analyzed the influence of L-amino acid
concentrations on the structure of the obtained coatings and evaluated various concentra-
tions of PZA, BZM, PAOX, and PTCA to test the sensitivity and selectivity of the newly
obtained sensors. The main goal of the study was to obtain a universal biosensor for the
analysis of PZA analogs with potential clinical applications. The research focused primarily
on specifying the universal biosensor and did not include analyses of samples from the
human body. First of all, we wanted to investigate the relationship between the type
and concentration of the modifier and the changes on the electrode surface. These were
pioneering studies, as no research group has yet analyzed the entire electrode surface in
terms of the structure of the modified electrode surface.
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2. Materials and Methods
2.1. Chemicals

PZA (500 mg; ≥98% HPLC) tablets and BZM powder (4 sachets, 30 mg each; ≥98%
HPLC) were purchased from a commercial source (Bioanalytic) and stored in a closed
polystyrene container in a refrigerator (4 ◦C) until use. PTCA (97% HPLC) and PAOX (97%
HPLC) were purchased from Sigma-Aldrich and Merck, respectively. Both mentioned
PTCA and PAOX were used after further purification by crystallization in acetonitrile and a
mixture of acetonitrile and tetrahydropyran (1/1, v/v), respectively. Double-distilled water
(Hydrolab-Reference purified) was used for preparing solutions and cleaning the electrodes.

2.2. Electrochemical Measurements

CV measurements were obtained in an Autolab PGSTAT204 potentiostat/galvanostat
(Metrohm Autolab B.V., Utrecht, The Netherlands), controlled by Nova software. In the
three-electrode system, a GCE or modified electrodes (PGGCE, PAGCE, PLGCE) served
as the working (polarizable) electrode, an Ag/AgCl electrode as the reference electrode
(non-polarizable), and a platinum wire (about 7.0 cm long) as the counter electrode. The
GCEs were custom-made (Mineral). They were cleaned before use with 0.2 µM Al2O3
before the analysis. Water solutions of the drugs with a volume of 5 cm3 (PZA, PAOX,
PTCA: 0.50–2.00 mM concentration; BZM: 1.00–1.50 mM concentration) were used for mea-
surements. We used low concentrations of BZM due to its low-water solubility (76 mg/L at
25 ◦C) [33]. Only solutions containing a sample of one compound were used in the analyses.
It would be useless to use a mixture in this case since these compounds are not used
simultaneously. All samples were added with the electrolyte—sodium perchlorate (0.1 M).
CV measurements were performed at room temperature (25 ◦C). Each of the analyzed
solutions (Figure S1 included in Supplementary Material—SM) were purged with ultrapure
argon for approximately 7–12 min before the measurements. Limiting the access of oxygen
is important because it can interact with the test solution and can cause the formation of
competitive peaks [34], Equations (1)–(4):

in an acidic environment

O2 + 2H + + 2e→ H2O2 (1)

H2O2 + 2H + + 2e→ 2 H2O (2)

and in alkaline or neutral environment:

O2 + 2 H2O + 2e→ H2O2 (3)

H2O2 + 2e→ 2 OH− (4)

2.3. Electroplolymerization of GCE and Poly-L-Glycine Glassy Carbon Electrodes
(PGGCE) Preparing

The procedure used for the electropolymerization of L-glycine (Merck, ACS reagent,
≥ 98.5%) on the GCE surface was adopted from the literature [35,36]. Briefly, the GCE was
polished with an aqueous solution of 0.2 µm Al2O3 and washed with distilled water. Its sur-
face was completely electropolymerized for 20 cycles to yield the PGGCE sensors (1.0 mM
< [Gly] < 100 mM aqueous solutions together with 0.1 M NaClO4; scan rate: 100 mV·s−1;
scan window from −0.5 to 1.8 V). In the literature, a total of 10 electropolymerization cycles
is suggested, but this number was increased to 20 to allow complete reaction (cathode peak
at −0.35 V; Figure S2 of Supplementary Materials).

2.4. Poly-L-Alanine Glassy Carbon Electrodes (PAGCE) Formatting

An analogous modification procedure was adopted for the modification of electrodes
with L-alanine (Merck, ≥99%). A specific electropolymerization technique for this amino
acid is not proposed in the literature; however, because alanine is a glycine homolog, it was
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considered that the same modification technique would be successful, see Supplementary
Materials and Figure S3.

2.5. Poly-L-Lysine Glassy Carbon Electrodes (PLGCE) Receiving

Electrode modification with L-lysine (Merck, ≥98% HPLC) was performed using a
similar method as that suggested in the literature [37]. Briefly, L-lysine solutions with a
volume of 5 cm3 were prepared with the addition of 0.1 M NaClO4 in phosphate buffer
(pH 7.8). Electropolymerization was carried out in 10 cycles with potentials from −1.0
to 2.1 V and at a scanning speed of 100 mV·s−1. The applied measurement window and
the number of measurement cycles enabled complete electropolymerization and allowed
for more accurate observation of changes (cathode peak at −0.7 V, anode peak at 1.2 V;
Figure S4 of Supplementary Materials).

2.6. Cleaning and Re-Modification of Electrodes

To carry out detailed analyzes of the selected electrodes, it was necessary to modify
them again. The previously used electrodes were cleaned by repeated polishing and placing
in concentrated NaOH (0.2 M performed from anhydrous pellets as reagent grade, ≥98%)
and HCl (0.2 M obtained from ACS reagent, 37%) solutions alternately and freshly prepared.

2.7. Microscopic Imaging

To find out the specifications of the newly developed sensors, the surface of the
sensors absorbed by the polyforms and the thickness of the resulting poly-amino acid
layer was measured. These measurements were made using photos taken with a VHX 3D
spatial imaging microscope (Keyence). The photos were obtained at a magnification of
×100, ×1500, ×4000 under bright (coaxial) and dark-field (ring light) illumination. The
3D modeling was a performer with the “depth composition” scan of the photo using an
algorithm with sharp pixels. Information about the Z-axis measurement was obtained from
a motor with a resolution of up to 100 nm.

3. Results and Discussion
3.1. Determining the Range of Potentials

For PZA measurement, the range of potentials was chosen based on the literature
data [16]. For BZM, PAOX, and PTCA, the measurement parameters were gradually
modified until characteristic electrochemical responses appeared in the form of the cathode
and anode current peaks. The ranges of the measuring potentials and the potential values
at which the characteristic peaks appeared are presented in Table 1.

Table 1. The range of measuring potentials and the values of the potentials for the occurrence of the
characteristic peak observed in CV’s for individual pyrazine derivative solution by unmodified GCE.

Compound Potentials Range (V) Cathode Peak
Potential (V)

Anode Peak
Potential (V)

BZM −1.60 ÷ 1.20 −1.33 −0.71

PZA −1.60 ÷ 0.00 −1.32 −0.77

PTCA −1.90 ÷ 1.80 −1.13
−1.71

1.53
−0.87

PAOX −1.90 ÷ 1.90 −1.36
−1.78

0.36
0.86
−0.31
−0.97

The data presented in Table 1 and Figure 4 prove that voltammograms of all 1,4-diazine
derivatives show the cathode peak (±1.25 V) and anode peak (±0.25 V) responses. These
data allow for the conclusion that these peaks may also be characteristic of other pyrazine
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derivatives, being an important aspect in further research on this group of compounds, both
in qualitative and quantitative analysis, e.g., in the analysis of the content of substances in
body fluids.
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Figure 4. Voltamograms of selected pyrazine derivatives made at different scanning rates of CV
signals registered by using pure GCE for: 1.25 mM BZM solution (A); 2.00 mM PZA (B), PTCA (C),
PAOX (D) solutions.

3.2. Scan Speed Optimization

To determine the optimal scan rate for PZA, BZM, PTCA, and PAOX, CV measurements
were carried out in the range of 10–100 mV·s−1, in increments of 10 mV·s−1 (Figure 4).
The optimal scanning speed which was used in the subsequent CV method and GCE
electropolymerization was determined as 100 mV·s−1. At a given rate, the most intense
values of cathode and anode current peaks were obtained. This is due to the fact that
carrying out measurements at lower rates and lower concentrations would give much
less intense, negligible responses on the voltammogram, making the detection of a given
substance impossible. This value is also the most frequently suggested in the literature [37].

The effect of the scan rate on the peak current of each pyrazine derivative (BZM, PZA,
PTCA as well as PAOX) was investigated by CV (Figure S5 of Supplementary Materials).
It indicated that the current oxidation peak was directly linear to the square root of the
scan rate over the range of 10 to 100 mV/s. This indicates that the oxidation of objects
tested on the poly-L-aminoacid-GC modified electrode is a diffusion-controlled process.
All correlation coefficients obtained are close to one (r BZM = 0.99376; r PZA = 0.99976;
r PTCA = 0.99664; r BZM = 0.98738), which proves the correctness of the above statement.
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3.3. Structural Studies of Modified Electrodes

For complete characterization of the newly developed sensors, the thickness of the
poly-amino acid layer deposited on each system was determined (surface changes were
measured in the fixed and unchanged parts of the sensor in comparison to pure GCE
at critical points; (Figure 5)). Thus, the morphological changes of the GCE surface were
determined before and after electropolymerization of the selected type.
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Figure 5. Microscopic imaging of GCEs’ pure surfaces (A) compiled with PGGCE types 1 and 2
sensors (B). Imaging was performed with the E100: ×100 lens and with bright (coaxial) and dark
field (ring light) illumination.

In the course of electropolymerization L-Gly observed in the voltammogram, a charac-
teristic cathode peak (−0.3 V) was noticed, based on which it was possible to evaluate the
course of modification, and thus the formation of the poly-L-glycine coating. In the initial
phase, the potential increased its intensity, and then the graphs gradually overlapped each
other. It should be noted that the overlapping of successive plots occurred at the latest
when the GCE was modified with a 10 mM L-glycine solution. It can be concluded that, in
the case of this electrode, the electrochemical polymerization process was the most effective,
which was confirmed by photos taken with a 3D microscope.

The graphs for the electropolymerization of L-Alanine suggest that the modification of
GCE by L-Ala should be conducted in the same way as for L-glycine (structural similarity).
Unfortunately, studies using 3D microscopy do not reflect this fact. The changes to the
electrode surface are slight.

The graph for electropolymerization with the L-Lys modifier shows two characteristic
values of the cathode peak (−0.75 V), especially intense for PLGCE types 8 and 9, and
anode peak (1.25 V). Photographs taken with the microscope show a slight modification
of the electrode with 1 mM L-lysine solution. Much larger GCE areas were modified as a
result of using 10 or 100 mM L-lysine solutions.

The obtained measurements showed that the formation of poly-L-amino acid coatings
on the GCE occurred with the highest quantitative efficiency about the produced poly-
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forms on PGGCE-type electrodes. It was observed that PAGCEs and PLGCEs had a much
smaller area covered by the coatings (Figures S6–S8 of Supplementary Materials).

The analysis of the electropolymerization results, which are presented in Table 2,
clearly showed that the greatest surface changes occurred in GCE-poly-L-glycine systems
(see Figure S9 of Supplementary Materials).

Table 2. The thickness of poly-amino acid coatings on the GCE surface calculated based on micro-
scopic measurements of pure GCE and modified electrodes profiles. The calculation was made by the
complete stoichiometric analyses of pyrazine-based drugs.

PGGCE PAGCE PLGCE

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 Type 8 Type 9

Modified
GCE
(µm)

3.15 3.87 3.75 3.23 7.90 4.35 6.37 4.32 2.65

Clean
GCE
(µm)

1.01 1.28 1.59 1.35 5.91 2.21 4.59 2.24 1.33

Thickness
of coating

(µm)
2.14 2.59 2.16 1.88 1.99 2.14 1.78 2.08 1.32

The data obtained by spatial imaging were much more reliable and provided more
information on the modified GCEs, because they concerned the entire electrode, and not just
selected points (Figure 6), and was carried out on electrodes that are practically not used so
far in measurements. It should be noted that, in each of the electrodes, the area defined as
“pure GCE” is on a different level—this may suggest that there was also a poly-L-amino acid
film in this area. Therefore, it was decided to modify the analysis method by 3D imaging
the entire electrode surface before making measurements on pyrazine derivatives—it was
used for the measurements of universal electrodes, which will be discussed later.
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3.4. Analyses with the Use of Modified Electrodes

Measurements carried out for the 2.00 mM PZA solution indicated a significant in-
crease in the intensity of the anode current peak obtained using all modified electrodes.
This change is particularly evident for PLGCEs of types 7–9 (Figure S10 of Supplementary
Materials). It is worth noting that there has been a shift in the position of this peak from
−0.8 to −0.6 V. When the appearance of the new peaks of anode current (−0.90 V) was ana-
lyzed, the highest intensity was observed with the use of PGGCEs of types 1–3, and in the
case of cathode current (−1.05 V) the greatest intensity measurements were obtained with
the use of PLGCE and PGGCE of type 2. These are the additional identifying parameters
for the analysis of the studied pharmaceuticals (Figure 7).
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Measurements obtained for BZM using modified GCEs mainly showed an increase in
the intensity of the anode peak signals. A significant increase in this parameter was noticed
when PGGCEs of types 1 and 2 (Figure S11 of Supplementary Materials) were used. In
addition, these electrodes were the only ones to provide more intense (type 1) or similar
(type 2) cathode current compared to the values obtained with the unmodified electrode.
The electrodes that showed very high sensitivity to BZM were PLGCE type 7 (intense
anode peak), while the remaining sensors showed similar or less sensitivity compared to
unmodified GCE. The deterioration of measurement parameters was particularly noticeable
for PAGCEs.

The sensitivity of the modified GCEs for PTCA determination was dependent on the
electrochemical process used for observation. When the intensity of the cathode current
peaks was observed, a particular increase in sensitivity was noted for PAGCEs of types
4–6 (Figure S12 of Supplementary Materials). A reduction process in the intensity of the
anode current peaks (−1.55 V) was observed in almost all cases where modified electrodes
were used. Only type 2 of PGGCE showed a higher sensitivity for the measurement of this
parameter. For the remaining electrodes, the anode current values were similar to those
obtained with the unmodified electrodes.

Measurements obtained for 2.00 mM PAOX showed an increase in the sensitivity of
the electrodes for measurement of cathode current intensity. A particular improvement
insensitivity for the measurement of this parameter was noted for PAGCE, PGGCE, and
type 9 of PLGCE (Figure S13 of Supplementary Materials). Additionally, a significant
improvement in sensitivity for anode current measurements was noticed for types 2 and
3 of PGGCE as well as types 4 and 6 of PAGCE. Really important is the new parameter
which showed during analyses by PGGCE 3—the anode peak (−0.75 V).

The conducted measurements suggest that the sensitivity of electrodes depends on
the type of substance being analyzed and the electrochemical process.

The analyses showed that PGGCEs are the best electrodes for the detection of BZM and
PZA (pharmaceuticals drugs; Figure 8), while PAGCEs and PGGCEs are the best for detect-
ing PAOX and PTCA (chemical samples). It should also be noted that the greatest change
in GCE surface morphology was observed after the use of 10 mM L-amino acid solutions.
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performed with an E500: ×1500 lens to stoichiometric detection of pyrazine drugs (PZA and BZM).

Based on the results, two electrodes were selected for further structural and elec-
trochemical analyses—PGGCE 1 and 2. They showed the highest sensitivity towards
compounds with pyrazine motif, and the surfaces of these electrodes were largely covered
with a poly-L-amino acid film.

3.5. Analyses with the Use of Re-Modified Electrodes

Detailed analyses at two PGGCE were aimed at selecting a universal electrode for
measurements of pyrazine derivatives.
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The previously used electrodes were cleaned and electropolymerization was carried
out in an analogous manner. The voltammograms confirm that the technique of coating
GCE with a poly-L-amino acid film is reproducible.

To re-evaluate the improvement of measuring parameters of modified electrodes,
measurements were carried out on pharmaceutical preparations (no more measurements
were carried out due to the need to submit the electrodes for morphological analysis). In
both cases, the improvement of measurement parameters is noticeable, both in the case
of cathode and anode peaks, but it is more significant in the case of using the electrode
modified with 10 mM L-glycine.

A detailed analysis of the morphology of the layer formed by the polyforms was
the last step in the selection of the universal electrode. Therefore, the layer thickness
measurement technique was modified not only by measuring at a given point but also
by a global analysis of the entire electrode. Measurements were made on the re-modified
electrodes and cleaned electrodes from the first part of the measurements. Photographs of
cleaned electrodes show quite a high efficiency of electrode cleaning by repeated polishing
and cleaning in HCl and NaCl solutions. When carrying out the preliminary analysis of the
modified electrodes, it should be noted that both electrodes have a very large area covered
by polyforms, but the areas occupied by the electrode modified by the 10 mM solution are
much more distinct.

The 3D modeling performed on re-modified electrodes (PGGCE 1 and PGGCE 2)
provided detailed information on the thickness of the layers. This type of surface analysis
revealed that PGGCE 2 had a much thicker layer of the film deposited on the electrode (the
height difference at the highest point was as much as 9.61 µm, which was over two times
greater compared to the type 1 electrode). These measurements are much more reliable and
provide more information on the modified GCEs, as they were carried out on electrodes
practically unused in measurements, and the measurements concerned the entire electrode,
and not only selected points.

To determine the stability of the modified electrodes, the pyrazine derivatives were
remeasured. This measurement was carried out a month from the modification date
(Figure 9). During this time, about 50 measurements were made with these electrodes on
different compounds. The obtained results were compared with the measurements taken
with these electrodes at the beginning. It was noticed that the spent electrodes had an
almost identical course of voltammogram as the unmodified electrodes. However, this
did not seem to indicate the complete disappearance of the poly-L-amino acid film on
the electrode surface, but the loss of the original properties of the electrode-by-electrode
surface modification.

Detailed analysis of two types of PGGCE electrodes allowed definition of a universal
electrode for measuring compounds with a pyrazine motif. The type 2 electrode showed
much better parameters than the type 1 electrode, which allows it to be called a universal
electrode. It shows greater sensitivity of measurements, visualized by the intensity of the
cathode and anode peak, a larger surface of the electrode covered with polyform, and a
much greater layer thickness of the poly-L-amino acid film deposited on the electrode.
The final stage of the research was to test the linearity of the universal electrode. The
obtained results were compared with the measurements for the unmodified electrode.
Measurements were carried out on PZA solutions. The calibration curve was drawn based
on the current value for the −0.74 V potential. The shape of the graphs suggests that the
modified electrode has much better properties than the pure GCE—the graph has more
characteristic points allowing for the analysis of this compound—they are intense even
for a concentration of 0.5 mM, which allows us to hope for the possibility of conducting
measurements at much lower concentrations. Additionally, the calibration curves show that
the measurement with PGGCE type 2 is more linear. Looking also at the other characteristic
points, it can be stated that the technique of measuring pyrazine derivatives with the use of
a modified electrode is much more selective for compounds with the pyrazine motif.
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Figure 9. Cyclic voltammograms registered by PGGCEs sensors data to prove their stability (freshly
prepared sensors as well as after one month since the modification) in analyses of solutions (NaClO4):
1.25 mM of BZM (A), 2.00 mM of: PZA (B), PTCA (C), PAOX (D).

4. Conclusions

The present study allowed the attainment of GCEs with new measurement prop-
erties, which was the main aim of this work. In the first phase, the optimal scanning
speed (100 mV·s−1) of spectral areas for CV was determined, in terms of both qualitative
and quantitative registration of the analyzed pyrazine derivatives as active substances
of drugs (BZM, PZA) and chemical samples (PTCA, PAOX) with the use of all types of
sensory systems.

New methodological solutions for conducting GCE electropolymerization processes
using L-glycine, L-alanine, and L-lysine solutions with concentrations of 1, 10, and 100 mM
were proposed. These processes were characterized by a longer duration compared to
the procedures suggested in the literature (a smaller number of cycles), thanks to which
complete electropolymerization was achieved.

Structural studies carried out using microscopic imaging allowed us to establish that
the electrodes with a poly-L-glycine film had the highest percentage of the modified surface.
In addition, the coating formed at this point by the polymer was the thickest, compared to
the pure unmodified electrode. At further stages of the study, the technique was modified,
which allowed the attainment of even more detailed information on the structure of the
obtained sensors.

A comparative analysis, which was performed based on the results obtained under
the same conditions of temperature and concentration of the GCE-modifying amino acid
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solution, clearly indicated that PGGCE type 2 can be considered as a universal sensor,
and can be recommended for the quantification of structurally diverse pyrazine deriva-
tives, in terms of both the demonstrated properties (conclusions were made based on the
quantitative interpretation of the voltammograms obtained for PGGCE) and the height of
the recorded signals (related to the current value). Moreover, its structure was the most
modified by the poly-forms used in the study.

The results presented in this paper constitute the basis for the potential application of
poly-L-glycine biosensors in clinical practice for the determination of substances containing
a pyrazine scaffold. Techniques involving the use of these sensors are simple, reproducible,
and relatively cheap, which could be of use in the analysis of unmetabolized-pyrazine
drugs present in body fluids (e.g., urine).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10010024/s1, including: sample testing photos
with the corresponding structures inside and concentrations (Figure S1); sensor surfaces as shown by
microscopic 3D imaging (Figures S2–S4); plots of the potential vs. the square root of the scan rate for
the pyrazine derivatives studied (Figure S5); microscopic imaging combined with the surface profiles
of PAGCE, PGGCE, and PLGCE (Figures S6–S8); images in magnification of the largest modification
by volume—poly-L-glycine coating produced on the GCE surface, showing increased efficiency and
the sensitivity of detection (Figure S9); voltammograms of stoichiometric analyses of pyrazine-based
drugs registered by the all sensors types prepared (Figures S10–S13).
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