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Background: Electrochemistry offers a range of powerful techniques for solving analytical problems, each with its
own advantages and limitations that can significantly affect the information obtained. These variations lead to
diverse requirements for newly developed methods. Applying multiple electrochemical techniques simulta-
neously can optimize information extraction from a sample, aiding in the selection of the best analytical
approach.

Results: In this study, we present the first investigation of the oxidation of the coccidiostat nicarbazin, along with
a comparative evaluation of two established electrochemical methods with complementary strengths: differential
pulse voltammetry (DPV) and capillary electrophoresis coupled with amperometric detection (CE-AD). We
thoroughly examine the oxidative determination of nicarbazin in poultry feed samples using acetonitrile based
media. DPV allows for rapid and efficient analysis, while CE-AD excels in handling complex samples with
electrochemically active species due to its high separation efficiency. Both methods exhibit limits of detection
(LODs) in the low micromolar range. To provide a comprehensive understanding of the nicarbazin oxidation
process, the final reaction products were analyzed by mass spectrometry, identifying 4-nitroaniline and (4-
nitrophenyl)formamide as key product compounds.

Significance and novelty: This pioneering research on the anodic detection of nicarbazin includes a detailed
analysis of the components in the studied equimolar mixture. The developed protocols, combined with
straightforward sample preparation, enable the successful determination of nicarbazin levels below those
allowed by EU regulations.

1. Introduction complementary investigation of the processes occurring during analyte
conversion, using the unique strengths of both separation and detection

In the rapidly evolving field of analytical techniques for the detection techniques.

of biologically active molecules and the characterization of their con-
version on electrode surfaces, there is an increasing emphasis on
developing more innovative and cutting-edge analytical approaches.
Thus, it has become increasingly clear that progress in this field requires
multifaceted strategies in which instrumental advancements are holis-
tically interplayed with analytical and theoretical developments [1]. In
this context, the concept of utilizing capillary electrophoresis hyphen-
ated to amperometric detection (CE-AD) and differential pulse voltam-
metry (DPV) represents powerful analytical tools, enabling
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Among the variety of separation techniques, CE is an attractive
method due to remarkably high separation efficiency, excellent selec-
tivity [2,3] throughput [4,5], and low consumption of sample [4]. With
the great efforts in the past decades, the coupling of CE with AD has
propelled the field forward, significantly enhancing analytical capabil-
ities by combining high-resolution separation with sensitive detection
for electroactive analytes [6-8].

Regarding static monitoring, DPV has long been established as a
versatile method applying voltage pulses superimposed on a linear
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potential sweep or staircase waveform. Here, the current is sampled
immediately before pulse application and at the end of the pulse. The
difference between both currents is plotted as a function of potential [9,
10]. The resulting measurement provides fundamental information
about kinetic and thermodynamic parameters of electrochemical pro-
cesses [11,12], along with extensive opportunities for practical appli-
cations across various fields such as food safety [13], environmental
monitoring [14], pharmaceutical analysis [15], biochemical research
[16], clinical diagnostics [17], DNA interaction studies [18,19], and
material science [20]. Within the context of its many advantages,
simplicity, and flexibility, easy automation can be named, making DPV
suitable for a wide range of applications, from laboratory settings to
field analyses.

An important aspect that improves the potential application of the
aforementioned techniques is the rational choice of background elec-
trolyte (BGE) and the material of the working electrode. Considering the
properties of an ideal electrode material [21], in acetonitrile (ACN)
based BGE, platinum is predominantly utilized due to its simplicity of
construction, non-toxicity, relatively high chemical inertness, and sta-
bility across a wide range of temperatures, and pressures [22]. More-
over, moving toward miniaturization, the use of Pt ultramicroelectrode
(Pt UME) offers potential for field analysis, requiring only a few drops of
sample.

Regarding the choice of BGE, non-aqueous media are recognized as
attractive alternatives to conventional aqueous buffer solutions since
they provide enhanced electrochemical stability and minimize liquid
junction potential, resulting in more accurate and stable measurements
[23]. Among the various choices of organic solvents, ACN exhibits the
largest ratio of dielectric constant to viscosity, which leads to a high
electroosmotic velocity and fast CE separations [24]. Additionally, it is
perfectly suitable for performing electrochemical measurements owing
to the extended accessible potential range [24]. A further advantage of
ACN based BGE is the enhanced solubility of hydrophobic compounds
[25] and its ability to effectively address complex separation problems
[26], which is crucial for the analyte of our interest — nicarbazin (NIC).

NIC is a widely used veterinary drug to avoid coccidiosis disease in
poultry [27]. It consists of an equimolar mixture of two compounds: 4,
4'-dinitrocarbanilide (DNC) and 2-hydroxy-4,6-dimethylpyrimidine
(HDP), which undergoes fast in vivo dissociation into these two indi-
vidual substances. The active component is DNC (hydrophobic, solubi-
lity in water is lower than 0.02 mg/L), while HDP (hydrophilic)
increases DNC absorption [28]. Therefore, the effectiveness of the
mixture is higher than that of DNC used alone [29].

Nowadays, coccidiosis has been estimated as a significant challenge
in animal health management, causing a variety of harmful effects on
domestic animal welfare, including reduced weight gain, poor feed
conversion, decreased egg production in poultry, and high mortality
[301, leading to profound economic implications for the agricultural
industry [31]. From this point of view, the implementation of cocci-
diostats in animal feed has become a routine practice to treat and pre-
vent the disease. According to Regulation (EC) No 1831/2003 [32], NIC
belongs to the 11 coccidiostats approved as feed additives within the
European Union, with NIC being used in more than 60 % of cases [33].
As a result, there is concern over chronic toxicity for humans due to
long-term exposure to low levels of NIC presented in animal food [30].
Despite its obvious benefits to livestock management, NIC poses a threat
to the safety of the breeding industry, the ecological environment, and
human health. Due to this, NIC residues in poultry feed, environmental
objects, and food of animal origin should be monitored.

The number of methods available for NIC monitoring is quite limited,
with the most commonly employed techniques being chromatographic
methods, such as liquid chromatography with various types of detectors
[34-54]. Among other published approaches, enzyme-linked immuno-
sorbent assays [55-57], surface plasmon resonance biosensor [58], and
lateral flow device [59] can be named. Within electrochemical tech-
niques, reports on the reduction of NIC on hanging mercury drop
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electrodes [60-62], on glassy carbon electrode modified by multiwalled
carbon nanotubes and polystyrene [63], and on screen-printed carbon
electrode modified by Prussian Blue cubes [64] should be mentioned.
However, to the best of our knowledge, no electrochemical method has
been reported for the investigation of NIC oxidation.

Drawing inspiration from the above, we have aimed to investigate
NIC oxidation on Pt UME in non-aqueous media, utilizing CE-AD and
DPV, addressing a previously unexplored area within the electro-
chemical study of NIC. While DPV determination offers advantages in
terms of time efficiency, cost-effectiveness, and portability, CE-AD ex-
cels with its minimal sample consumption and exceptional separation
efficiency. Moreover, products of NIC oxidation were identified and
characterized by online-coupling of pre-separation electrochemistry to
capillary electrophoresis hyphenated to mass spectrometry (EC-CE-MS).
This report aims to fill a critical gap in the literature but also to
contribute to practical applications by developing straightforward and
sensitive methods for NIC monitoring in diverse feed samples, thereby
enhancing food safety and animal welfare.

2. Materials and methods
2.1. Materials

Nicarbazin (NIC, CAS No. 330-95-0), 4,4-dinitrocarbanilide (DNC,
CAS No. 587-90-6), 2-hydroxy-4,6-dimethylpyrimidine (HDP, CAS No.
108-79-2), N-(4-nitrophenol)formamide (CAS No. 16135-31-2), and 4-
nitroaninline (CAS No. 100-01-6) were purchased from Sigma Aldrich
and used as received. Acetonitrile (ACN), ammonia (25 %), ammonium
acetate, formic acid, sodium hydroxide (NaOH), and caffeine (CAF)
were purchased from Merck (Darmstadt, Germany). Acetic acid and 2-
propanol (LC-MS grade) were purchased from Carl Roth (Karlsruhe,
Germany). Ultrapure water was provided by a Milli-Q Advantage A10
system (Merck Darmstadt, Germany). Real feed samples were provided
by National Reference Laboratory of Veterinary Drug Residues Control
(State Scientific Research Control Institute of Veterinary Medicinal
Products and Feed Additives, Lviv, Ukraine).

Fused silica capillaries (75 pm inner diameter, 365 pm outer diam-
eter, polyimide coated) were purchased from Polymicro Technologies
(Phoenix, USA).

The BGE composition used in CE-AD was 1.0 M acetic acid and 10
mM ammonium acetate dissolved in ACN. The BGE composition used in
DPV was 0.5 mM acetic acid and 5 mM ammonium acetate dissolved in
ACN. The lower concentrations in DPV were chosen due to lower
background currents during the measurements.

The stock solutions of NIC, DNC and HDP (0.10 mM) were prepared
by dissolving the appropriate amount of the substances in ACN in 10.0
mL volumetric flask with the aid of an ultrasonic bath (5 min). All stock
solutions were stored in the refrigerator at 4 °C in the dark for one week.
The working and calibration solutions were prepared freshly each day
by dilution of the stock solution with a selected BGE (10.0 mM ammo-
nium acetate and 1.0 M acetic acid in ACN for CE-AD or 5.0 mM
ammonium acetate and 0.5 M acetic acid in ACN for CV, DPV).

For CV, CE-MS and EC-CE-MS studies, every day freshly prepared
0.50 mM stock solutions of DNC, HDP, and NIC using ultrasonification
for 15 min were used, (at this concentration, the solutions were not
stable overnight).

2.2. Instrumentation and software

2.2.1. DPV and CV setup

All electrochemical experiments were carried out using a BioLogic
SP-200 instrument equipped with an ultralow current module (BioLogic,
Seyssinet-Pariset, France) controlled by EC-Lab V11.46 software. Vol-
tammetric measurements were performed in a commercial 5 mL glass
electrochemical cell (ALS Co., Japan). A three-electrode set-up consisted
of lab-made platinum ultramicroelectrode (Pt UME, dp; = 25 pm, sealed
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in a glass tube), lab-made silver-silver chloride electrode (dag = 0.5 mm,
enclosed in a glass tube with a frit submerged in BGE) and platinum wire
(dpy = 0.3 mm, lab-made) employed as working, reference and counter
electrode, respectively.

2.2.2. CE-AD setup

For CE-AD, a laboratory-made CE system [7], hyphenated to a
laboratory-constructed amperometric detector cell [24], was used.
Labview-based software was used to operate the CE system. Briefly, a
user-friendly cell design of a three-electrode system based on two sym-
metrically arranged stainless steel tubes was used for AD. A 50 pm Pt
disk electrode served as a working electrode, and an Ag|AgCl wire
served as a reference electrode. The stainless-steel tube, which was used
as capillary guiding, served as an auxiliary electrode for the AD cell and
was grounded to close the CE circuit. The electrodes were positioned
using an UltraZoom Pro digital microscope from dnt (Dietzenbach,
Germany). The three-electrode-system was connected to a BioLogic
SP-200 instrument equipped with an ultralow current module (BioLogic,
Seyssinet-Pariset, France) controlled by EC-Lab V11.46 software.

The separation capillary (length: 60 cm, inner diameter 75 pm) was
prepared using the following protocol: capillary tips were polished to a
90° angle. Afterward, the capillary was flushed with 0.1 M NaOH (for 10
min), followed by water (5 min), and then followed by BGE (30 min).
The capillary was stored in ACN overnight.

The voltammetric and AD cells were kept in a laboratory-constructed
Faraday cage to reduce electromagnetic interference effects.

2.2.3. CE-MS and EC-CE-MS setup

For the EC-CE-MS, the MINI CE system was equipped with the
laboratory-constructed injection unit described in Ref. [7] and a 50 cm
fused silica separation capillary with an I.D. of 75 pm. A thin-film
electrode system with platinum working, counter, and
pseudo-reference electrode (ED-SE1-PT, Micrux Technologies, Oviedo,
Spain) was used in the injection cell for electrochemical oxidation. The
electrode was connected to a pAutolab potentiostat/galvanostat (Met-
rohm Autolab B. V., Utrecht, Netherlands). For the CE-MS studies the
injection module was replaced by a standard glass vial (ND 9, Carl Roth,
Karlsruhe, Germany). A micrOTOF from Bruker Daltonics (Bremen,
Germany) with a coaxial sheath liquid ESI interface from Agilent
Technologies (Santa Clara, USA) was used for mass spectrometry. The
device was operated with the following parameters: nebulizer gas
pressure 0.3 bar, dry gas (N3) flow 2.5 L/min, dry gas temperature
240 °C, and m/z 50-600. The sheath liquid had a flow rate of 480
pL/min. Data Analysis 4.0 SP1 from Bruker Daltonics (Bremen, Ger-
many) and MZmine 3 [65] were used for data acquisition. Mass spectra
were simulated with Prot pi 2.2.29.152 online tool from Prot pi
(Wadenswil, Switzerland).

2.3. Experimental procedures

2.3.1. CV and DPV measurements

CV was employed for the preliminary studies of the electrochemical
behavior of NIC and its respective components (HDP and DNC). DPV was
applied for the development of the novel electroanalytical protocol. All
measurements were carried out in triplicate for each concentration at
laboratory temperature.

The general procedure to obtain voltammograms was as follows: an
appropriate amount of the stock solution of the tested substance was
placed in a 2.0 mL vial, and the system was filled up completely with
BGE (5.0 mM ammonium acetate and 0.5 M acetic acid in ACN) to 1.0
mL. All voltammetric measurements were carried out in 1.0 mL of
analyzed solution.

Parameters of DPV were set as follows: pulse height 100 mV, pulse
width 100 ms, step potential 10 mV, and scan rate of 50 mV sL.InCv,
the potential range from —0.2 to 1.7 V and backward with the scan rate
100 mV s~! was used.
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For DPV, peak height (I,) was evaluated against the baseline, the
background correction was performed using the OriginPro 2024b (Ac-
ademic) software. This approach was vital for analyzing DPV recordings,
as it improves the signal-to-noise ratio and enhances the accuracy of
integrating signals that manifest as shoulders on the steep sides of vol-
tammograms. Additionally, it can reduce the background current by
nearly 99 %. Conversely, CV recordings in this paper are presented
without any background correction.

2.3.2. CE-AD measurements

The AD cell was filled with BGE (10.0 mM ammonium acetate and
1.0 M acetic acid in ACN) before the measurements. Subsequently, the
potential shift in the AD cell caused by the CE circuit was determined
and compensated by the method described by Matysik [66]. Briefly, the
influence of the HV (high voltage) was determined separately by CVs of
the AD cell with and without HV applied, and an AD overpotential was
applied. The sample was injected hydrodynamically for 10 s. The sep-
aration voltage was 20 kV. Prior to each CE-AD measurement, an elec-
trochemical pretreatment protocol was performed: 2.5 V for 10 s
followed by —0.5 V for 10 s in AD cell filled with BGE. This procedure
was used to avoid fouling of the AD working electrode. Subsequently,
the detection potential of 2.0 V (corrected potential in the presence of
HV) was applied.

2.3.3. CE-MS and EC-CE-MS studies

CE-MS studies were performed to investigate the migration behavior
of NIC, HDP, and DNC. For these studies, the micrOTOF was operated in
positive ion polarity mode, and a sheath liquid based on H20:2-prop-
anol:formic acid (49.95:49.95:0.1, v:v:v) was used.

For EC-CE-MS measurements, the micrOTOF was operated in nega-
tive ion polarity mode using a sheath-liquid consisting of HoO:2-prop-
anol:ammonia (49.975:49.975:0.05, v:v:v). NIC, DNC (0.5 mM in ACN
based BGE), and pure ACN based BGE were injected from the surface of
the micrux Pt thin-film electrode while a potential of 2.5 V vs. Pt was
applied hydrodynamically for 60 s into CE. Prior to injection, the elec-
trochemical injection module was kept at 2.5 V for 300 s. NIC, DNC (0.5
mM in ACN based BGE), and 4-nitroanline (1 mM in ACN based BGE)
were also injected at open circuit potential (OCP).

2.3.4. Feed samples preparation

For the investigation of different poultry feed samples, calibration
solutions of NIC from 5.0 to 75.0 pM in BGE (10.0 mM ammonium ac-
etate and 1.0 M acetic acid in ACN for CE-AD or 5.0 mM ammonium
acetate and 0.5 M acetic acid in ACN for DPV) were prepared. 1.5 g of
real feed was extracted with 5 mL of pure ACN. 50 mg of real feeding
premix were extracted with 20 mL of pure ACN. All extractions were
carried out for 10 min using a UP50/100 ultrasonic processor from
Hielscher Ultrasonics (Teltow, Germany), equipped with an MS1 sono-
trode. An ice-bath was used to prevent solvent evaporation. The extract
was filtered by a syringe filter (ROTILABO® 0.45 pm, PTFE, Carl Roth,
Karlsruhe, Germany).

Before CE-ED and DPV analysis, the samples were diluted with BGE
1:1. For matrix-fortified calibration for DPV, the ratio between feed
extract and BGE was 3:1 due to limited solubility of NIC.

3. Results and discussion

3.1. Investigation of NIC oxidation in acetonitrile based media on
platinum electrodes by CV, DPV and CE-AD

3.1.1. Electrochemical study of NIC, HDP and DNC

This study presents a pioneering investigation of the electrochemical
oxidation of NIC. Specifically, for the first time, the anodic behavior of
the analyte on Pt UME has been explored in a non-aqueous media. Since
NIC is an equimolar mixture of two compounds, the first part of the
research was aimed at achieving a comprehensive understanding of the
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electroanalytical responses of NIC constituents, namely DNC and HDP,
which provides insights into elucidating the redox properties and
possible interactions of these compounds. CV and CE-AD were employed
to establish which component of the target analyte (NIC) is electroactive
and/or charged.

Initially, CV of the individual components (Cpnc = Cupp = 450.0 pM)
was recorded from —0.2 V to 1.7 V and backwards with the scan rate of
100 mV s~ ! in BGE (5.0 mM ammonium acetate and 0.5 M acetic acid in
ACN) and compared with CV of NIC (Cyjc = 450.0 pM) recorded under
identical conditions. As illustrated in Fig. 1 (right panel), a single anodic
wave was observed for HDP, DNC and NIC, showing their oxidation on
Pt UME begins at approximately 1.0 V. The voltammetric waves of both
DNC and HDP significantly overlap with the NIC signal, this fact in-
dicates that both constituents of the equimolar mixture are electroactive
and contribute to the overall oxidation signal of NIC. On reversing the
voltammetric scan no cathodic waves of NIC were observed, indicating
irreversible oxidation of NIC on the Pt UME in ACN based BGE.

Additionally, CV of caffeine (CAF), (Ccar = 450.0 pM), depicted at
the bottom of the right panel of Fig. 1 demonstrates the electrochemical
activity of model analyte under given conditions.

For the investigation of the migration behavior and the ampero-
metric response of NIC and its respective components, solutions of NIC,
HDP, and DNC (CNIC = CDNC = CHDP = 50.0 ].IM) in BGE (100 mM
ammonium acetate and 1.0 M acetic acid in ACN) were examined. CAF
(Ccar = 50.0 pM) was used as an EOF marker. The corresponding
electropherograms are displayed in Fig. 1 (left panel). Here, NIC shows
two distinct amperometric signals, the first at a migration time of 280 s
and the second at a migration time of 380 s. A comparison with the
electropherogram of HDP shows that the first signal of NIC is related to
HDP. Additionally, HDP shows the same migration behavior as CAF,
which is neutral in ACN based BGE, leading to the conclusion that HDP
in pure form and in NIC is neutral under the given CE conditions. A
comparison of the electropherograms of NIC and DNC leads to the
conclusion that the second signal of NIC corresponds to DNC. This signal
is located within the migration window for the negative species, sug-
gesting that DNC is deprotonated in ACN. The DNC-related signal of the
NIC electropherogram was chosen for all subsequent determinations of
NIC using CE-AD as it shows a selective migration behavior and a
distinct amperometric response. Additionally, the presence of two
distinct amperometric signals in the electropherogram of NIC, which
correspond to the respective electropherogram of DNC and HDP, sug-
gests a dissociation of the NIC mixture in ACN based BGE.

Additional CE-MS studies were conducted (see Fig. S1) to confirm the
dissociation of NIC into HDP and DNC in ACN based BGE. The results of
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the CE-MS experiments are summarized in Table 1.

The selective migration time for DNC (m/z 303.0, 305 s) and HDP
(m/z 125.1, 230 s) in the NIC sample suggests two independent species
with the same migration behavior and respective MS response as the
single compounds in DNC and HDP solutions. This leads to the conclu-
sion that NIC undergoes dissociation in ACN based BGE into HDP and
DNC, whereby DNC can be deprotonated in this medium.

3.1.2. The effects of HDP and DNC on the analytical signal of NIC in DPV
and CE-AD

In view of the electrochemical activity of both NIC constituents, the
contributions of HDP and DNC to the electroanalytical response of NIC
were further investigated, aiming to enhance comprehension of its
electrochemical oxidation on Pt UME. Hereinafter, CV was replaced by
DPV to enhance the sensitivity and minimize background current.

The standard additions of DNC solution (20.0, 40.0, and 60.0 pM)
were added to 50.0 pM NIC solution with the goal of evaluating the
contribution of DNC to the electroanalytical response of NIC measured
by CE-AD and DPV (Fig. 2a and b). In CE-AD, CAF (50 pM) was added to
the solutions as an EOF marker. The electropherograms in Fig. 2 a
demonstrate that the distinct peak of NIC at 365 s increases with
increasing of DNC concentration, confirming that the DNC-related signal
represents the analytical signal of NIC in CE-AD. Notably, this finding
holds significant implications for practical application in real-world
scenarios, as DNC functions as a specific biomarker for the detection
of NIC residues in poultry tissues [27,67]. Additionally, this study il-
lustrates the excellent reproducibility of the migration time of the
analyte.

Concerning DPV determination, DNC additions to the NIC solution
confirm the considerable electrochemical activity of DNC and its well-
pronounced contribution to the overall oxidation signal of NIC, as
illustrated in Fig. 2 b. This is evidenced by the clear growth of the NIC
peak at 1.3 V, with the increase in DNC concentration while maintaining
a constant NIC concentration. An additional experiment was conducted
in this context, with the intention of investigating the role of HDP in NIC

Table 1

Results of CE-MS experiments of DNC, HDP, and NIC in positive ESI, m/z values
taken from mass spectra in Fig. S2, Fig. S3 (supporting information), and
migration times taken from Fig. S1.

tm m/z ESI sample
230s 125.1 [M + H]"™ HDP, NIC
305s 303.0 M+ H]* DNC, NIC

0.0 04 0.8 1.2 16
E,N

Fig. 1. CE-AD recordings (left) and CVs (right) of solutions NIC (orange), DNC (blue), HDP (green), and CAF (grey) in BGE on Pt UME (Cnic = Cpnc = Cupp = Ccar =
50.0 uM for CE-AD, Cnic = Cpne = Cupp = = Ccar = 450.0 pM for CV). CE parameters: separation voltage 20 kV, injection time 10 s, detection potential after HV
correction 2.0 V. CV parameters: scan rate 100 mV s71, forward scan from —0.2 to 1.7 V and backward scan from 1.7 to —0.2 V. Black dots indicate CV of BGE. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. CE-AD recordings (a) and DPVs (b, c) of 50.0 pM solutions NIC with standard additions of DNC (a, b) and HDP (c) solutions on Pt UME. CAF (50.0 uM) was
added as an EOF marker. CE parameters: separation voltage 20 kV, injection time 10 s, detection potential after HV correction 2.0 V. DPV parameters: Epyse = 100
mV, tyyise = 100 ms, Egiep = 10 mV, v = 50 mV s~L. Black dots indicate signal of BGE (10.0 mM ammonium acetate and 1.0 M acetic acid in ACN for CE-AD or 5.0 mM

ammonium acetate and 0.5 M acetic acid in ACN for DPV).

oxidation signal. To achieve that, the standard additions of HDP solution
(20.0, 40.0, and 60.0 pM) were added to 50.0 pM NIC solution in the
identical manner as for DNC before. DPVs depicted in Fig. 2 ¢ demon-
strate the lower contribution of HDP to the NIC response, as well as less-
pronounced electrochemical activity of HDP compared to DNC, which is
consistent with the less distinct oxidation signal of HDP observed in CV
(Fig. 1, right panel).

3.2. Investigation of NIC oxidation in acetonitrile based media on
platinum electrodes by EC-CE-MS

EC-CE-MS was performed to investigate the oxidation processes of
NIC in ACN based BGE during the CE-AD and DPV detection. In the EC-
CE-MS experiments, Pt was used as a pseudo-reference electrode. For the
investigation of electrochemical oxidation, 0.45 mM NIC in ACN based
BGE was used. The electropherograms are shown in Fig. 3 a and Fig. 3 b.
The m/z value for each species was taken from the respective mass
spectrum in the supporting information (see Figs. S 5-7).

NIC was injected at open circuit potential (OCP) (Fig. 3 a) and at 2.5
V vs. Pt (Fig. 3 b). At OCP, the total ion electropherogram (TIE, grey)
shows only one signal at 335 s, which corresponds to DNC m/z 301.0
(IM — HI, red) and a m/z 137.0 ESI fragment (black), displayed as
selected ion electropherograms. The m/z 137.0 signal shows the highest
intensity, leading to the conclusion that DNC is prone to fragmentation
during the ESI process. There is no signal related to HDP observable, like
in positive ESI (see Fig. 1S), suggesting that negative ESI is not suitable
for HDP detection. The TIE of the injection at 2.5 V shows two additional
signals at 270 s and 280 s, which could be associated with electro-
chemical DNC oxidation in NIC. Both product species show an ESI
fragment with m/z 137.0, which corresponds to the same ESI fragment
found in DNC (m/z 137.0). This fragment could be assigned to 4-nitro-
anline, which is an integral structural element of DNC. For further
clarification, the migration behavior and ESI mass spectrometry pattern
of 4-nitroaniline were investigated. A comparison with a 1 mM 4-nitro-
anilne standard (electropherograms Fig. 3 c¢) injected at OCP indicates
that the fragment is related to the respective structural element in DNC
and its final products P1 and P2 (see Fig. 3 a and mass spectra in
Figs. §5-7). Additionally, P1 shows a signal for m/z 165.0 (see Fig. 3 a).
A further comparison with the electropherograms of a 1 mM (4-nitro-
phenyl)formamide standard (see Fig. 3 d) suggests the cleavage of one
C-N bond in the symmetrical DNC molecule during electrochemical
oxidation at Pt electrodes in ACN based media, resulting in 4-nitroani-
line and (4-nitro-phenyl)formamide as reaction product. We assume,

that a number of associated redox processes in the ACN based BGE
occur, resulting in the final reaction products P1 and P2, as shown in
Scheme 1.

The measurements displayed in Fig. 3 a and Fig. 3 b were repeated
with DNC solution (0.45 mM in ACN based BGE), leading to the same
results (see Fig. S4).

3.3. Analytical performance of CE-AD and DPV for NIC determination

To estimate the basic analytical parameters of the proposed methods,
the calibration dependencies were constructed for NIC concentrations in
the range from 5.0 to 75.0 pM for DPV and CE-AD.

The electropherograms depicted in Fig. 4 a show a linear concen-
tration dependency for concentrations from 5.0 to 75.0 pM. Based on
these measurements, the LOD was 2.0 pM and LOQ was 6.6 pM.

For DPV, an electrochemical pretreatment of the Pt UME was applied
for 10 s at 0.9 V in the analyzed solution to provide more stable and
reproducible measurements (after this procedure, peak current was
approximately 2.5 times higher (see Fig. S8) with a RSD of less than 4 %
(n = 3) compared to recordings without incorporated pretreatment
step). As can be seen in Fig. 4 b, the anodic peak current in DPV increases
linearly with NIC concentration up to 75.0 pM without any variation of
the peak potential (all measurements were performed in triplicate). The
calculated LOD and LOQ values for DPV are 3.3 and 11.1 pM,
respectively.

The linearity of calibration dependencies obtained by CE-AD and
DPV is described in Eq. (1) and Eq. (2), respectively:

I, (nA) = (0.035 + 0.0003) (nA /M) x Cpic (4M)

+(0 + 0.015) (nA); R = 0.9959. (Eq. 1)
I, (nA) = (0.0063 + 0.0002) (nA / uM) x Cyic (uM)
+(0.019 + 0.007) (nA); R = 0.9983. (Eq. 2)

Although higher concentrations of NIC were not measured due to its
low solubility, the studied calibration range is suitable for monitoring
NIC levels in therapeutic feed that contains the maximum allowed NIC
content of 50 mg/kg, as regulated by EU legislation [68]. This range also
effectively involves the analysis of contaminated feed with much lower
NIC levels. Furthermore, the analysis of premix samples containing
higher concentrations of NIC is feasible, as will be demonstrated in the
subsequent section.
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Fig. 3. EC-CE-MS recordings of 0.45 mM NIC, 1 mM (4-nitro-phenyl)formamide, and 1 mM 4-nitroaniline in ACN based BGE. (a) injection of NIC at open circuit; (b)
injection of NIC at 2.5 V vs. Pt; (c) injection of 4-nitro-aniline at open circuit; (d) injection of (4-nitrophenyl)formamide at open circuit. Total ion electropherogram
(TIE, grey) and extracted mass electropherograms (m/z 301.0 red, m/z 165.0 pink, m/z 137.0 black). Experimental conditions: Oxidation of sample for 300 s,
followed by hydrodynamic injection for 60 s, separation voltage 20 kV, capillary length 50 cm, capillary inner diameter 75 pm. ESI-MS ion polarity mode: negative.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 1. Schematic representation of the final products formed according to the electrochemical conversion of DNC in NIC samples, structures of DNC, and
reaction products P1 and P2. Possible cleavage site (green, dashed line) in the DNC molecule.

3.4. Determination of NIC in poultry feed samples were used for this purpose. Detailed information regarding the prepa-
ration of feed samples and their analysis is provided in Section 2.3.4.

To confirm the practical applicability of the developed methods, real The electropherograms shown in Fig. 5 a of the different feed sam-

feed samples were analyzed by DPV and CE-AD under optimal condi- ples show different amperometric signals in the migration windows for

tions. Three feed samples of different nature with different NIC content positively and negatively charged species after CE separation, for
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Fig. 4. CE-AD recordings (a) and baseline-corrected DPVs (b) of 5.0-75.0 pM NIC in ACN based BGE on Pt UME and the respective calibration dependencies in insets.
CE parameters: separation voltage 20 kV, injection time 10 s, capillary length 60 cm, detection potential after HV correction 2.0 V. DPV parameters: Epys. = 100 mV,
touise = 100 ms, Egep = 10 mV, v = 50 mV s~L. CAF (50 uM) was added as an EOF marker. Error bars correspond to the SDs of three parallel determinations.
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Fig. 5. NIC determination in real feed samples: CE-AD recordings of feed extract free from NIC (black), feed extract (green), and premix extract (orange). Respective
external calibration dependence is shown in inset (a). Baseline-corrected DPVs recorded after electrochemical pretreatment at 0.9 V for 10 s using standard addition
method for feed extract (three SA were 100 pL of 0.1 mM NIC stock solution) (b). CE parameters: separation voltage 20 kV, injection time 10 s, capillary length 60 cm,
detection potential after HV correction 2.0 V. CAF (50 pM) was added as an EOF marker. DPV parameters: Epyjse = 100 mV, tyy15e = 100 ms, Egiep = 10 mV, v = 50 mV
s~1. Error bars correspond to the SDs of three parallel determinations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

instance, 200 s for feed extract free from NIC and premix extract at 290 s. solutions of NIC). Notably, a negligible signal was observed in the NIC-
These signals indicate possible interfering substances that were suc- free feed at the potential related to NIC oxidation (1.2 V) (Fig. S9 a). This
cessfully separated from the relevant NIC signal at 350 s. signal is consistent with CE-AD results (Fig. 5 a). However, the over-
For DPV analysis, two different approaches were employed for NIC lapping of the peaks of interferent and NIC precludes their evaluation.
determination: the standard additions (SA) method (via extrapolation) Importantly, the sensitivity of the matrix-fortified calibration did not
and matrix-fortified calibration (via interpolation). In preliminary significantly differ from calibration using standard NIC solutions,
studies, signals from each real sample were recorded from 0 to 1.7 V to signifying that the proposed electroanalytical protocol did not suffer
check the entire potential window for the possible presence of additional from any substantial matrix effect. LOD and LOQ values of this cali-
peaks of other feed constituents. Since no other signals were observed in bration dependence are 3.5 and 11.5 pM, respectively (Fig. S10 b).
the whole potential window, all subsequent DPV measurements were Subsequently, the analysis of NIC-containing feed and premix was per-
performed with electrochemical pretreatment at 0.9 V for 10 s. formed using the matrix-fortified calibration. The concentrations of NIC
Fig. 5 b illustrates the model example of DPV analysis of feed using found are shown in Fig. S10 b and Table 2.
the SA method, where the extract was spiked by three SA, each 100 pL of Independently, these feed samples were analyzed by LC-MS/MS in
0.1 mM NIC stock (for analysis of premix by the identical method, see National Reference Laboratory of Veterinary Drug Residues Control
Fig. §9). Additionally, since DPV is more sensitive to matrix effects than (State Scientific Research Control Institute of Veterinary Medicinal
CE-AD, the matrix effect was evaluated by comparing two calibration Products and Feed Additives, Lviv, Ukraine). These results served as a
dependencies: one with fortified matrix extract in the range from 10.0 to reference to compare the accuracy of our developed methods. The re-

60.0 pM NIC and another without the matrix (using only standard sults obtained for NIC determination by DPV and CE-AD are summarized
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Table 2
Results of analysis of the NIC-containing real feed samples on Pt UME by DPV
and CE-AD (n = 3) and comparison with LC-MS/MS results.

Method of Method of determination ~ Found in feed, Found in premix,

analysis mg/kg mg/kg

CE-AD External calibration 30.5+ 1.5 14184 +£138
dependence

DPV Matrix-fortified 304+ 1.2 15568 + 721
calibration
Standard addition 323+1.9 15 828 + 805
method

LC-MS/MS Matrix-fortified 31 15783
calibration

in Table 2 and compared with LC-MS/MS results.

A comparative analysis of the two developed methods for NIC
determination reveals that both CE-AD and DPV achieve comparable
sensitivity, as evidenced by their similar LOD and LOQ. However, CE-AD
demonstrates a clear advantage in terms of precision, outperforming
DPV in this context. RSDs are lower than 5.0 % for both methods. On the
other hand, DPV offers a significant advantage in terms of speed, with a
single recording taking less than 30 s, compared to 420 s required for CE-
AD analysis. In summary, while both methods exhibit comparable
sensitivity, CE-AD emerges as a more precise technique with superior
selectivity, while DPV offers a simple and fast determination of NIC. The
choice between the two approaches will depend on the specific re-
quirements of the analysis, such as the need for higher precision and
selectivity or the necessity for rapid determination of NIC alone.

4. Conclusions

In this study, the electrochemical oxidation of the coccidiostat NIC is
reported for the first time. Different electrochemical techniques were
successfully employed to detect NIC oxidatively in non-aqueous media
extracted from different types of poultry feed. While having the same
electrochemical core characteristics, showing good reproducibility and
high sensitivity with comparable LODs and LOQs in the lower pM range,
DPV and CE-AD exhibit certain traits that can be beneficial in different
situations. While DPV enabled an easy and fast analysis of each sample,
only a more time-intensive CE-AD run was able to provide certainty
about the presence of other electrochemically active substances in the
poultry feed extracts. However, the results of both methods are in good
agreement with an established LC-MS/MS method, proving that both
methods are up to the task of NIC determination in poultry feed samples.
As part of the holistic consideration of the two methods based on elec-
trochemical oxidation at platinum electrodes, the electrode reaction was
also investigated. It was found that the oxidative signal depends pri-
marily on the DNC molecule contained in NIC. Additional CE-MS mea-
surements also confirmed the dissociation of the NIC complex into its
constituents, DNC and HDP, in ACN based media. By examining the
electrode reaction using EC-CE-MS and comparing with standards, the
cleavage of one C-N bond in DNC could be suggested, resulting in 4-
nitroaniline and (4-nitrophenyl)formamide as final reaction products.
This study shows that analytical electrochemistry is not a one-way street
with only one solution to a problem. Although very similar in essence,
the use of different electrochemical techniques in comparative studies
can lead to an improved gain in information about various samples.
Moreover, the newly developed CE-AD and DPV methods can contribute
significantly to NIC monitoring and quality control in routine analysis
due to their individual strengths to enable a safer application of NIC in
livestock management.
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UME ultramicroelectrode.
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