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Abstract
The two adsorptive stripping voltammetric approaches for detection and quantitative determination of diethyl (2E)-
2-{(2E)-[1-(4-methylphenyl)imidazolidin-2-ylidene]hydrazinylidene}butanedioate (DIB)—a novel molecule of medical 
importance—using two sensitive sensors based on modified glassy carbon electrodes as reusable sensors, were developed 
for the first time. The proposed electrochemical methods are based on adsorptive/reductive behaviour of DIB at two modified 
carbonic electrodes: a bismuth film-modified glassy carbon electrode (BiF/GCE) and a lead film-modified glassy carbon 
electrode (PbF/GCE). The electron gain mechanism for the electrochemical reduction of DIB on both developed sensors 
was proposed for the first time. To achieve the highest sensitivity in adsorptive stripping determinations, various experi-
mental variables (e.g. the composition and pH of the supporting electrolytes, deposition conditions of bismuth and lead 
films, concentrations of plating solutions, accumulation times and potentials of DIB, etc.) were extensively examined. The 
comparison of validation parameters obtained during the determination of DIB at two sensors was presented. The excellent 
linear correlation was found between the monitored adsorptive stripping voltammetric peak current and the DIB concentra-
tion in the range of 15–600 μg L−1 at an accumulation time of 30 s (with LOD = 4.2 μg L−1 and LOQ = 14.0 μg L−1) using 
the BiF/GCE as a sensor. Furthermore, the excellent linear relationship was confirmed between the monitored adsorptive 
stripping voltammetric peak current and the DIB concentration in the range of 9–900 μg L−1 at an accumulation time of 10 s 
(with better LOD = 1.5 μg L−1 and LOQ = 5.0 μg L−1), employing the PbF/GCE as a sensor. The two optimized adsorptive 
stripping voltammetric approaches—as facile, sensitive, reliable and inexpensive—were successfully used as first methods 
for the quantitative analysis of a novel anticancer agent (DIB) in its pure pharmaceutically acceptable form. However, the 
practical applicability of square-wave adsorptive stripping voltammetric determination of the electroactive DIB molecule 
at a PbF/GCE, as the modified electrode of higher sensitivity, was presented after its successful solid phase extraction from 
a real serum sample.

Keywords Bismuth film-modified glassy carbon electrode · Lead film-modified glassy carbon electrode · Square-wave 
adsorptive stripping voltammetry · Potential anticancer drug candidate · Serum sample electroanalysis after SPE

Introduction

A process for the preparation and applicability of diethyl 
(2E)-2-{(2E)-[1-(4-methylphenyl)imidazolidin-2-ylidene]
hydrazinylidene}butanedioate (DIB) (CAS number 
1485685-53-7) (Fig. 1) has been patented previously. Not-
withstanding, DIB in its pure pharmaceutically acceptable 
form is of great significance in relation to the patented medi-
cal use. It is worth noting that this novel molecule with pro-
spective medical utility is particularly useful in the treat-
ment of human breast cancer and human multiple myelomas 
(including those resistant and susceptible to the clinically 
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approved thalidomide). DIB was identified as the most 
promising small molecular weight structure in the class of 
novel imidazolidine-based hybrids with diethyl butanedio-
ate, which may be used in future as an anticancer drug [1, 2].

Bioorganic compounds of medical relevance, including 
approved molecular pharmaceutics, can be quantitatively 
determined by many methods, mostly HPLC [3], LC–MS 
[4], GC–MS [5] or stripping voltammetry [6–9]. Adsorptive 
stripping voltammetry (employing various in situ modified 
electrodes as sensors) is applied exclusively for the quanti-
tative determination of important bioorganic molecules and 
pharmaceutics that reveal the ability of adsorptive accumu-
lation at the surface of the working electrode as well as the 
reductive and/or oxidative behaviour during the analytical 
stripping step. The main advantages of adsorptive stripping 
voltammetric analyses are their high selectivity and sensi-
tivity in relation to direct electrochemical methods as well 
as inexpensiveness (e.g. a low cost of measuring equipment 
and the decreased intake of organic solvents and production 
of wastes). The quantitative stripping voltammetric determi-
nations at mercury drop-based electrodes—as sensors—are 
the most sensitive and selective [10]. Nevertheless, due to 
the toxicity of liquid mercury, the stripping voltammetric 
measurements are often carried out on electrodes based on 
carbon materials, including the modified carbonic electrodes 
[11–17]. The most popular working electrodes used for 
determination of electroactive organic compounds, includ-
ing molecular pharmaceutics, are the bismuth film-modified 
glassy carbon electrode (BiF/GCE) and lead film-modified 
glassy carbon electrode (PbF/GCE), having in situ deposited 
bismuth and lead film, respectively, on a glassy carbon sup-
port [6, 7, 9, 11, 18–22]. These modified sensors are rela-
tively simple to prepare, give well-defined electrochemical 
signals and are less toxic and more environmentally friendly 
than mercury-based electrodes [9, 22].

Because DIB may be useful in future as a new antican-
cer drug, the main purpose of the present investigation was 
to develop and optimize two adsorptive stripping voltam-
metric methods, as relatively straightforward, sensitive and 

inexpensive first analytical approaches, allowing its quanti-
tative determination. In addition, the subsequent goal was 
to elaborate the two modified carbonic electrodes, as reus-
able working sensors for the analytical purposes, and then 
to utilize the more sensitive sensor for the determination of 
DIB in real serum samples (after removal of the interfering 
matrix components) by means of the optimized square-wave 
adsorptive stripping voltammetric procedure.

To the best of our knowledge, there is a lack of infor-
mation about any analytical methods for the quantitative 
determination of DIB. Hence, the two electrochemical 
approaches, as first analytical procedures suitable for the 
quantitative determination of DIB, are presented for the first 
time in this paper. Up to now, no information about the elec-
trochemical behaviour and reduction mechanism of DIB has 
been reported in the scientific literature. The electrochemical 
reduction of DIB was possible due to the attendance of elec-
troactive azomethine bonds (C=N) under conditions where 
the protonation step/steps to CH–NH grouping/groupings in 
its parent molecule occurs [23]. The two proposed analytical 
procedures (with all the optimized experimental parameters 
affecting the square-wave adsorptive stripping response) are 
based on adsorptive/reductive behaviour of DIB at two mod-
ified carbonic electrodes with in situ deposited thin bismuth 
or lead film (BiF/GCE and PbF/GCE). It should be clearly 
mentioned that both developed reusable sensors are used in 
electroanalysis of DIB for the first time.

Experimental

Synthesis of DIB

A novel small molecule of medical importance with the 
completely defined molecular structure—diethyl (2E)-
2-{(2E)-[1-(4-methylphenyl)imidazolidin-2-ylidene]
hydrazinylidene}butanedioate (DIB)—has been resynthe-
sized for purposes of current research needs by reacting 
1-(4-methylphenyl)-2-hydrazinylideneimidazolidine hydroi-
odide with diethyl acetylenedicarboxylate in the presence 
of triethylamine in anhydrous methanolic medium at room 
temperature, as patented and published earlier [1, 2].

HPLC procedure

For the LC analysis of DIB, the Agilent Technologies 1200 
HPLC system equipped with a quaternary pump and a Syn-
ergi Polar RP 150 mm × 4.6 mm column, with 4 µm particle 
size (Phenomenex, Torrance, CA, USA), was employed. The 
column was thermostatted at ambient temperature. A mobile 
phase consisting of the following three components was 
used: acetate buffer (pH 3.5, 0.1 mol  L−1) and 0.025 mol  L−1 
diethylamine (DEA) (component A),  H2O and 0.025 mol 

Fig. 1  Structure of diethyl (2E)-2-{(2E)-[1-(4-methylphenyl)imidazo-
lidin-2-ylidene]hydrazinylidene}butanedioate (DIB) molecule
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 L−1 DEA (component B) and acetonitrile and 0.025 mol  L−1 
DEA (component C). An isocratic eluent (20% A, 30% B 
and 50% C) was employed. The mobile phase flow rate was 
1 mL min−1. The analysed DIB samples were passed through 
the column. For the manual injection, a Rheodyne valve with 
a 20-µL loop was used.

Electrodes and instrumentation

The stripping voltammetric measurements were carried out 
employing a μAutolab analyser combined with a computer 
(Eco Chemie, the Netherlands). A commercially available 
glassy carbon serving as the support for the preparation 
of two modified electrodes—BiF/GCE and PbF/GCE—as 
the working sensors was employed. A conventional three-
electrode glass cell of the 10 mL volume was used in all 
electrochemical measurements with an Ag/AgCl saturated 
with KCl serving as the reference electrode and a platinum 
wire—as the auxiliary one. The surface of GCE support was 
polished daily using 0.3 μm alumina slurry on a Buehler 
polishing pad and washed with water. An Elmetron pH meter 
CI-316 was employed for pH measurements. Each measure-
ment to optimize the analytical procedure was carried out 
at least three times. Before each measurement, the prepared 
sensors were cleaned electrochemically for their reusabil-
ity. For this purpose, the lead or bismuth film (deposited 
on GCE) from the preceding measurement was removed by 
polarizing the electrode at a potential 1.0 V for 2 s two times 
in the analysed stirred solution.

Solid phase extraction (SPE) of the analysed anticancer 
agent (DIB) from spiked serum samples was performed 
using a Baker SPE-12G apparatus (Phillipsburg, USA), 
equipped with BAKERBOND™ SPE Octadecyl (C18) car-
tridges (No. 7020-01, 100 mg mL−1) (J.T. Baker, Phillips-
burg, USA).

Reagents and solutions

All the suitable reagents of the analytical grade were pur-
chased from Sigma-Aldrich (Schneldorf, Germany). Exclu-
sively, deionized water was employed during the preparation 
of all aqueous solutions. A stock 300 mg  L−1 methanolic 
solution of an anticancer agent (DIB) was prepared and 
stored in the dark until used.

Standard procedure of the stripping voltammetric 
determinations at a bismuth film‑modified glassy 
carbon electrode (BiF/GCE), as a sensor

In the optimized measurement conditions, the supporting 
electrolyte which was employed was acetate buffer (pH 
4.6, 0.02 mol  L−1). The concentration of Bi(NO3)3 added 
to the electrolyte was 10 μmol  L−1. In our voltammetric 

measurements, the potential of the electrode changed in 
the above-mentioned sequence. Firstly, the electrode was 
cleaned for reuse after the preceding measurement at the 
potential 1.0 V for 2 s two times. Then, a bismuth film 
was in situ plated on the surface of glassy carbon support 
at the potential − 1.05 V for 15 s. During the next step, 
bismuth(III) was further deposited and DIB was accumu-
lated by adsorption on the surface of BiF/GCE, as a working 
sensor, at the potential − 0.65 V for 30 s. During all these 
steps, the solution was mixed continuously using a magnetic 
stirring bar. Then, after a rest period of 5 s, the square-wave 
adsorptive stripping voltammogram was recorded at a fre-
quency of 100 Hz, while the potential was scanned from 
− 0.6 to − 1.0 V. In turn, the amplitude and step potential 
were 25 mV and 4.05 mV, respectively. The stripping vol-
tammetric measurements were carried out in underaerated 
solutions as oxygen is reduced on the surface of BiF/GCE 
in one stage at the potential outside a reduction range of 
this working sensor. Therefore, the presented voltammet-
ric procedure can be employed for determining the DIB in 
the presence of oxygen on the reduction side. The sensing 
interface of BiF/GCE has been thoroughly characterized by 
using scanning electron microscopy (SEM) in the previous 
paper [24].

Standard procedure of the stripping voltammetric 
determinations at a lead film‑modified glassy 
carbon electrode (PbF/GCE), as a sensor

In the optimized measurement conditions, the support-
ing electrolyte which was used was acetate buffer (pH 4.0, 
0.05 mol  L−1). The concentration of Pb(NO3)2 added to the 
electrolyte was 50 μmol  L−1. In our voltammetric measure-
ments, the potential of the electrode changed in the above-
mentioned sequence. Firstly, the electrode was cleaned for 
reuse after the preceding measurement at the potential 1.0 V 
for 2 s two times. Next, a lead film was plated on the surface 
of the electrode at the potential − 1.25 V for 20 s. Finally, 
DIB was accumulated by adsorption on the surface of PbF/
GCE, as a working sensor, at the potential − 0.6 V for 30 s. 
During all these steps, the solution was stirred continuously 
employing a magnetic stirring bar. Then, after a rest period 
of 5 s, the square-wave adsorptive stripping voltammogram 
was recorded at a frequency of 100 Hz, while the poten-
tial was scanned from − 0.6 to − 1.1 V. The amplitude and 
step potential were 25 mV and 4.05 mV, respectively. The 
stripping voltammetric measurements were carried out in 
underaerated solutions as the reduction of oxygen on the 
surface of PbF/GCE does not form signal in the range of 
used potentials. The sensing interface of PbF/GCE has been 
carefully characterized by employing SEM technique in pre-
vious studies [25–27].
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Sample preparation and determination of DIB 
in real serum samples by SW‑AdSV at PbF/GCE

Serum samples (1 mL) that were spiked with the 5 mg  L−1 
DIB were incubated at 37 °C for 60 min. Next, each serum 
sample was diluted with deionized water (1 mL). Then, 
ammonium buffer (0.4 mL; pH 8.6; 0.2 mol  L−1) was added. 
Commercially available octadecyl (C18) columns for SPE 
were activated with methanol (1 mL) and conditioned with 
water/ammonium buffer (pH 8.6) mixture (5:1; 1 mL). Then, 
the serum containing DIB (that was prepared as described 
above) was passed through the columns (speed 1 mL min−1). 
Each column was prewashed with MeOH/water solution 
(35:65; 1 mL) and dried under vacuum conditions for 3 min. 
The extracted DIB samples were eluted twice with metha-
nol/acetic acid mixture (49:1; 1 mL), then evaporated to dry-
ness, and finally dissolved in MeOH (0.5 mL).

In the next step, DIB was determined using the stand-
ard addition method. The square-wave adsorptive stripping 
voltammetric (SW-AdSV) procedure, using PbF/GCE as a 
working sensor, was used for the quantitative determination 
of DIB in real serum samples.

Results and discussion

Structural analysis of DIB

The structural characterization (1H NMR and 13C NMR 
spectral data including HMBC, HMQC and elemental analy-
ses) and pharmacological (strong inhibitory effects in human 
tumour cells) characterization of DIB have been provided in 
detail previously [1, 2]. 1H NMR, 13C NMR and DEPT-135 
13C NMR spectra of DIB are attached in Supplementary 
material (Figs S1–S3). However, further characterization of 
DIB by both infrared spectral bands (which was recorded 
within the spectral range of 4000–500 cm−1) with most char-
acteristic vibrational frequencies and characteristic ultravio-
let absorption band maxima (with extinction coefficients) of 
its diluted methanolic solution are presented in this article 
for the first time.

IR (ATR-FTIR) (ν,  cm−1): 3352 (NH stretching), 3109, 
3087, 3044 (aromatic CH stretching), 1729 (C=O ester 
stretching), 1703 (C=O ester stretching), 1603, 1515, 1488 
(aromatic skeleton stretching), 1554 (C=N stretching), 1448, 
1384 (aromatic C–CH3 stretching), 815 (1,4-disubstituted 
benzene ring stretching) UV (50 μM DIB in MeOH): λmax 
(ε): 325 nm (25,540), λmax′ (ε): 244.5 nm (11,560).

In addition, the analysed anticancer agent (DIB) was 
detected by comparing—in UV spectra—the registered 
peaks of DIB reference standards and those derived from 
serum samples spiked with DIB after SPE.

Adsorptive stripping voltammetric measurements 
at in situ plated BiF/GCE and PbF/GCE

Bismuth film‑modified glassy carbon electrode (BiF/GCE)

In our stripping voltammetric determinations of DIB, a 
glassy carbon was chosen as the support for the first envi-
ronmentally friendly sensor that was prepared—a bismuth 
film-modified glassy carbon electrode (BiF/GCE). Main 
advantages of the usefulness of a commercially available 
glassy carbon electrode (GCE) support in voltammetric 
measurements include: a high electrochemical stability, the 
possibility for use over a wide potential range, a good elec-
trical conductivity and a simplicity of surface renewal [7, 
28].

Depending on the applied deposition potential, DIB can 
be reduced in two different ways. On the working sensor—a 
bismuth film-modified glassy carbon electrode at a depo-
sition potential − 0.7 V—a low peak at − 0.71 V can be 
observed. While increasing the deposition potential, there 
appears the second peak at the potential − 0.77 V. In turn, 
with a deposition potential − 0.4 V, the peak observed at 
− 0.71 V disappears, while there is only a signal at − 0.77 V. 
With the deposition potential − 0.65 V, the highest signal 
was observed at − 0.71 V, and therefore a further optimiza-
tion was carried out at this potential (Fig. 2).

The occurrence of two peaks is most probably caused by 
the double 2e-reduction of two azomethine moieties present 
in the structure of the analysed compound (DIB). According 
to this, the electron gain mechanism is also suggested (Fig. 
S4A). The electrochemical signals of DIB were recorded 
when the bismuth film-coated GCE was used as a sensor. In 
turn, there was no electrochemical response in the absence 
of a bismuth layer on GCE. To check if the reduction steps 
on the BiF/GCE surface are certainly due to two azomethine 
bonds in DIB molecule, the cyclic voltammogram of a five-
membered heterocyclic compound devoid of any azomethine 
moieties—tetrahydropyrrole (from Sigma-Aldrich)—was 
recorded for comparison purposes. In turn, this one did not 
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Fig. 2  A square-wave adsorptive stripping voltammogram for 300 μg 
 L−1 DIB at the BiF/GCE. DIB was accumulated for 30 s at a − 0.7 V, 
b − 0.65 V, c − 0.4 V and d − 0.55 V. Concentration of Bi(NO3)3 was 
10 μmol  L−1
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reveal any reduction peaks at potential ranges from − 0.6 
to − 0.9 V, proving that the two-step 2e-reduction on the 
surface of that sensor must be caused by two electroactive 
azomethine bonds in the molecule of DIB.

Further optimization of the important experimental 
parameters (given in the headings of sections below) affect-
ing the adsorptive stripping response was aimed to achieve 
a higher sensitivity.

Composition and  pH of  the  supporting electrolyte The 
influence of pH on the height of analyte signal (DIB) was 
studied over the pH range 4.0–6.1. It was observed that the 
highest signal occurs at pH 4.6, and therefore a further opti-
mization was carried out at this pH value (Fig. 3). Acetate 
buffer was used to obtain the appropriate pH, and there-
fore the next parameter tested was the concentration of this 
buffer. The influence of the concentration of acetate buffer 
on the signal size in the range from 0.01 to 0.1  mol  L−1 
was thoroughly investigated. The electrochemical signal of 
DIB was the highest with 0.02 mol  L−1 acetate buffer and 
then dropped sharply (Fig. S5). Therefore, a concentration 
of 0.02 mol  L−1 was chosen for further measurements.

Optimization of  the  bismuth film deposition The height 
of the analyte signal is influenced by the thickness of the 
bismuth film, which depends on the concentration of 
bismuth(III) as well as the potential and time of its deposi-
tion. The bismuth film was deposited in situ from the mixed 
solution. At the beginning, the effect of bismuth(III) con-
centration on the signal size of analyte (DIB) in the range of 
2.5–15 μmol  L−1 was studied. The signal of DIB increased 
to a concentration of 10 μmol  L−1 and then remained con-
stant, and therefore the concentration of 10 μmol  L−1 was 
chosen for a further study (Fig. S6). The deposition poten-
tial of bismuth(III) was tested in the range from − 1.0 to 
− 1.2 V. The size of the signal coming from DIB remained 
stable. The potential − 1.05  V was selected for further 

research. The subsequent parameter that was examined was 
the deposition time of bismuth(III). Already at 0 s of depo-
sition time, the analyte was accumulated on the electrode, 
because at the accumulation potential of DIB the deposition 
of bismuth(III) proceeds also. However, at a longer accu-
mulation time the electrochemical signal of DIB increased 
more than twice (Fig. S7). A 15 s accumulation time was 
selected as optimal for further studies.

Optimization of an accumulation time of DIB The effect of 
the accumulation time has been carefully investigated in the 
range from 0 to 120 s. When increasing the accumulation 
time to 60 s, the signal height increased. However, a further 
increase in the accumulation time did not increase the signal 
height (Fig. S8). Therefore, the accumulation time of 30 s 
was selected as optimal for further research.

The calibration graph The calibration graph (Fig. S9) was 
prepared for a 30 s accumulation time by plotting the adsorp-
tive stripping peak current (I) in µA against the increasing 
DIB concentration (c) in mg  L−1. The calibration graph was 
linear in the range from 0.015 to 0.6 mg  L−1 and obeyed 
the following regression equation: y = (2.5567 ± 0.0912) 
x + (0.0166 ± 0.0095), where y and x denote the adsorptive 
stripping peak current and the analyte (DIB) concentration, 
respectively (Fig. 4). The linear correlation coefficient was 
0.994.

The repeatability of 300 µg  L−1 DIB signals on BiF/GCE 
expressed as a relative standard deviation was 2.9% (n = 7). 
The limit of detection (LOD) for peak of the analysed DIB 
obtained at BiF/GCE was calculated as follows: LOD = 3 
SD/S. However, the limit of quantification (LOQ) was cal-
culated as follows: LOQ = 10 SD/S, where SD is the standard 
deviation of y-intercepts (n = 3) of regression lines (calcu-
lated employing LINES function in MS Excel 2010) and S 
is the slope of the linear regression equation. The limit of 
detection of DIB at an accumulation time of 30 s (using the 
BiF/GCE as a sensor) was found to be 4.2 μg  L−1, while 
LOQ was found to be 14.0 μg  L−1 (Table S2).
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Fig. 3  Effect of the pH value of the measured solution on the peak 
current of 300  μg  L−1 DIB at the BiF/GCE. The analyte was accu-
mulated for 60 s at − 0.65 V. Concentration of Bi(NO3)3 was 10 μmol 
 L−1. Error bars represent the standard deviation (n = 3)
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Fig. 4  Square-wave stripping voltammograms obtained for increasing 
concentrations of DIB at the BiF/GCE: a 0; b 0.03; c 0.06; d 0.09; e 
0.15; f 0.3 and g 0.6 mg  L−1, respectively. The analyte was accumu-
lated for 30 s at − 0.65 V
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Lead film‑modified glassy carbon electrode (PbF/GCE)

In further stripping voltammetric determinations of DIB, 
a glassy carbon was again selected as the support for the 
second prepared sensor—a lead film-modified glassy carbon 
electrode.

Firstly, we studied the electrochemical response of DIB 
in the absence as well as attendance of the lead film on a 
glassy carbon support. The analytical signal of DIB was 
recorded exclusively when the lead film-coated GCE was 
used as a sensor. This means that the lead film-modified 
glassy carbon is necessary to register the DIB electrochemi-
cal response. DIB yielded a well-defined single adsorptive 
stripping voltammetric peak at –0.72 V corresponding to 
the electrochemical reduction of the active –N=C bond. 
Before each measurement, the background with the addi-
tion of  Pb2+ (50 μmol  L−1) was recorded and no signal was 
observed. This means that lead ions cannot interfere with 
DIB. Our observations showed that the adsorptive stripping 
voltammetry can be used for the determination of DIB due 
to its adsorptive/reductive behaviour at the working PbF/
GCE. The occurrence of one reductive peak is most probably 
caused by the 2e-reduction of only one azomethine moiety in 
the structure of the analysed compound (DIB) at the working 
sensor. Based on this, the electron gain mechanism is sug-
gested (Fig. S4B). To prove reliably that the reduction step 
on the PbF/GCE surface is due to one azomethine bond in 
DIB molecule, a cyclic voltammogram of pyrrolidine (from 
Sigma-Aldrich)—the five-membered heterocyclic compound 
deprived of the azomethine group—was recorded for com-
parison purposes. This molecule showed no reduction peak 
at potential ranges from − 0.6 to − 0.9 V, proving that the 
one-step 2e-reduction on the surface of the prepared sensor 
must be evoked by the electroactive azomethine moiety in 
the molecule of DIB.

Further optimization of the important experimental vari-
ables (provided in the headings of sections below) affecting 
the adsorptive stripping response was carried out in order to 
achieve a higher sensitivity.

Composition and  pH of  the  supporting electrolyte The 
composition and pH of the supporting electrolyte have a 
significant influence on the analyte signal size. The pH was 
tested in the range from 3.5 to 6.1. The highest electrochem-
ical signal coming from DIB was observed at pH 4.0. Fur-
ther increase in pH caused a decrease in the signal size, and 
therefore this pH value was chosen for further study (Fig. 5). 
The next parameter tested was the concentration of acetate 
buffer. Increasing the concentration of acetate buffer to 
0.05 mol  L−1 caused an increase in the signal of DIB, while 
the use of higher concentrations evoked a gentle decrease in 
the signal size, and therefore the concentration of 0.05 mol 
 L−1 was chosen as optimal for further testing (Fig. S10).

Optimization of  the  lead film deposition The thickness of 
the lead film depends on the concentration of lead(II) in the 
supporting electrolyte. In voltammetric measurements, the 
influence of lead(II) concentration in the range from 2.5 to 
100 μmol  L−1 was examined. The signal from the analysed 
DIB increases as the concentration of lead(II) increases to 
50 μmol  L−1, and then decreases, which is associated with 
the formation of another layer of lead. A concentration of 
50 μmol  L−1 was selected for a further study (Fig. S11). The 
influence of lead(II) deposition potential was studied in the 
range from − 1.0 to − 1.35 V. This parameter had a smaller 
influence on the size of the analytical signal; however, the 
highest signal was observed at the potential − 1.25 V, and 
therefore this potential was selected for further research 
(Fig. S12). The next tested parameter was the deposition 
time of lead(II). With increasing the time of deposition, the 
signal coming from DIB increased. For further research, the 
deposition time of 20 s was selected, as further elongation of 
time had a smaller effect on the size of the peak.

Optimization of accumulation time and potential of DIB The 
next optimized parameter was the accumulation potential of 
DIB, which was tested in the potential range from − 0.55 
to − 0.7 V. The highest signal was observed at the potential 
− 0.6  V, and therefore further investigations were carried 
out using this accumulation potential (Fig. S13). The size 
of the analytical signal increased with increasing the accu-
mulation time to 60 s and then remained constant. A time of 
60 s was selected for further investigations (Fig. S14).

The calibration graph The calibration graphs (Figs S15 
and S16) were prepared for two accumulation times of 10 
and 60 s by plotting the adsorptive stripping peak current 
(I) in µA against the increasing DIB concentration (c) in 
mg  L−1. The calibration graph for an accumulation time 
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Fig. 5  Effect of the pH value of the measured solution on the peak 
current of 300 μg  L−1 DIB at the PbF/GCE. The analyte was accu-
mulated for 30 s at − 0.6 V. Concentration of Pb(NO3)2 was 50 μmol 
 L−1. Error bars represent the standard deviation (n = 3)
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of 10 s was linear in the range from 0.009 to 0.9 mg  L−1 
and obeyed the regression equation: y = (0.5772 ± 0.0134) 
x + (0.0226 ± 0.0134), where y and x denote the adsorp-
tive stripping peak current and the DIB concentration, 
respectively. The linear correlation coefficient was 0.992. 
However, the calibration graph for an accumulation time 
of 60 s was linear in the range from 0.003 to 0.06 mg  L−1 
and obeyed the regression equation: y = (4.764 ± 0.094) 
x + (0.0023 ± 0.0014) (R2 = 0.965).

The repeatability of 300 µg  L−1 DIB signals on PbF/GCE 
expressed as a relative standard deviation was 4.1% (n = 7). 
The limit of detection (LOD) of DIB at an accumulation 
time of 10 s (using the PbF/GCE as a sensor) was found to 
be 1.5 μg  L−1, whereas the limit of quantification (LOQ) was 
found to be 5.0 µg  L−1 (Table S2). It should be noted that the 
analytical sensitivity (which was achieved after a very short 
accumulation time) seems to be very promising.

Determination of  DIB in  spiked serum samples at  PbF/
GCE Serum samples as complex matrices are rich in the 
most abundant proteins, which can interfere in stripping 
voltammetric measurements. Therefore, the appropriate 
sample preparation is important. Proteins can be precipi-
tated by trichloroacetic acid, sulfosalicylic acid, perchlo-
ric acid or removed via solid phase extraction (SPE). In 
our studies, the SPE process could be successfully applied 
in order to remove the interfering proteins in spiked serum 
samples prior to the quantitative determination of DIB. 
In turn, the lead film-modified glassy carbon electrode, 
as a reusable sensor, could be successfully employed for 
the quantitative determination of DIB. Figure 6 presents 
the square-wave adsorptive stripping voltammograms 
obtained for the increasing concentrations of DIB in spiked 
serum samples using the PbF/GCE as a sensor. In order to 
check the accuracy of the proposed electroanalytical pro-
cedure, the standard addition method was employed for 
the analysis of biological samples spiked with appropri-
ate DIB standards. The mean recovery values are in the 
accepted range from 92.4 to 107.0% (Table  S1). This 

confirmed the satisfactory accuracy and precision of the 
developed square-wave adsorptive stripping voltammetric 
procedure for DIB determination in spike serum samples, 
employing the above-mentioned sensor.

Interferences

To investigate the interference effects of some organic 
compounds, a fixed amount of 300 μg  L−1 DIB spiked with 
various foreign species, such as glucose, ascorbic acid, 
glycine, l-histidine and l-tyrosine, was evaluated under 
the same experimental conditions. The results proved that 
a 100-fold excess of these compounds had no influence on 
the peak current of DIB (changing the analytical signals 
by less than 5%).

Limitations

The stripping voltammetric determinations of DIB in real 
serum samples at the PbF/GCE as a working sensor must 
be performed after the SPE-based purification procedure. 
Moreover, the SPE procedure enhanced the time of sample 
preparation. The stripping voltammetric determinations of 
DIB at the BiF/GCE as a sensor should be carried out in 
acidic and complexing solutions (e.g. acetate buffer pH 
4.6, 0.02 mol  L−1 according to the Experimental section) 
due to hydrolysis of bismuth ion (III) under alkaline con-
ditions [29, 30].

Conclusions

The two optimized adsorptive stripping voltammetric 
approaches, employing bismuth and lead film-modified 
glassy carbon electrodes (BiF/GCE and Pb/GCE), as 
reusable sensors, were developed as the first analytical 
procedures allowing the detection and determination of 
DIB, which may be used in future as an anticancer drug. 
Both methods proved to be particularly suitable for the 
quantitative determination of DIB in its pure pharmaceu-
tically accepted form. Extensive and thorough studies 
were carried out to find the optimal experimental con-
ditions for the quantitative analysis of DIB at two sen-
sors prepared. Furthermore, the square-wave stripping 
voltammetric procedure using a lead film-modified glassy 
carbon electrode, as a sensor, proved to be more sensi-
tive, and therefore this one was applied for the successful 
quantitative analysis of DIB in real serum samples after 
removing the interfering matrices by SPE. The proposed 
electroanalytical approaches are based on the adsorptive 
accumulation of DIB at the surface of working sensors 
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Fig. 6  Square-wave stripping voltammograms obtained for increasing 
concentrations of DIB in spiked serum samples at the PbF/GCE: a 
10 µg  L−1, b as a + 10 µg  L−1; c as a + 20 µg  L−1. The analyte was 
accumulated at − 0.6 V
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and then its reduction ability during the stripping step of 
electrochemical determination.

When the modified GCE with in situ deposited bismuth 
film was used as an environmentally friendly sensor in elec-
trochemical measurements, the two peaks at − 0.71 V and 
− 0.77 V, connected with the reduction of two azomethine 
moieties in the structure of DIB, were observed. In turn, 
when electrochemical determinations were carried out on the 
lead film-modified GCE as a sensor, the adsorptive stripping 
voltammetric peak at − 0.72 V, associated with the reduc-
tion of only one azomethine moiety in the molecule of DIB, 
was registered. This can be explained by different reduction 
behaviours of DIB occurring via electron gain mechanisms 
at two modified electrodes with in situ deposited bismuth 
or lead film. Both adsorptive stripping voltammetric proce-
dures, which were developed for the first time, are sensitive 
enough to determine DIB in its pure form, relatively simple 
and inexpensive. The main advantage of two electrochemi-
cal approaches allowing the quantitative analysis of a new 
anticancer active molecule is not only the decreased intake 
of organic solvents, but in addition the lower production of 
toxic wastes in relation to chromatographic methods. Note-
worthy is that the proposed procedures under optimized 
conditions, using two developed sensors, were successfully 
applied to the quantitative determination of DIB in its pure 
pharmaceutically accepted form by means of square-wave 
adsorptive stripping voltammetry. The surfaces of both 
modified electrodes were successfully regenerated electro-
chemically (by using more positive potentials than those in 
stripping determinations) to remove any deposit on the sup-
port from a previous measurement for their reusability.

It should be highlighted that all the interfering compo-
nents were successfully removed after solid phase extrac-
tion from a serum matrix containing DIB. Thereafter, the 
more sensitive square-wave adsorptive stripping voltam-
metric approach using a lead film-modified glassy carbon 
electrode, as the working sensor, was developed allowing 
the successful detection and quantitative determination of 
DIB in serum at a concentration that can be measured in 
medicated patients. Thus, this optimized SPE/SW-AdSV 
approach might be of particular relevance as the first ana-
lytical procedure sensitive enough to determine this novel 
organic molecule of medical importance in real serum sam-
ples from treated patients.
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