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ABSTRACT

The present doctoral dissertation describes the development of voltammetric methods for the
determination of xanthine alkaloids using two types of compact, disposable electrochemical
sensors. The innovative aspect of this research lies in the use of screen-printed platforms with
advanced electrode materials, boron-doped diamond and multi-walled carbon nanotubes,
integrated into ready-to-use sensor formats. This approach enables simplified, cost-effective,
and sensitive on-site analysis of xanthine alkaloids, with minimal sample preparation.

Cyclic voltammetry, differential pulse, and square wave voltammetry were employed to
evaluate the electrochemical performance of the sensors in the detection and quantification of
xanthine alkaloids.

The SP/BDD sensor was successfully applied for the quantification of caffeine in coffee,
energy drink, and soft drink samples; theobromine in chocolate samples; and theophylline in
pharmaceutical tablet samples. The SP/MWCNT sensor was effectively used for the
quantification of caffeine in coffee and energy drink samples.

The results demonstrate the potential of using screen-printed sensors with boron-doped
diamond and multi-walled carbon nanotube working electrodes for the development of fast,
reliable, and miniaturized analytical tools suitable for real-world applications in food and
pharmaceutical analysis.

Keywords: sensors, electrochemistry, boron-doped diamond, multi-walled carbon nanotubes,
screen-printed sensors, disposable sensors, caffeine, theobromine, theophylline, xanthine
alkaloids

Scientific field: Chemistry

Scientific subfield: Analytical Chemistry
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PE3UME

OBa JOKTOpCKa JIucepTalldja OMHUCYje pa3BOj BOJTAMETPHjCKHX MeToaa 3a oapehuBame
KCaHTHHCKHMX  ajJKajJionjga KopumhemeM JBa THMNA  KOMIAKTHHX, JEAHOKPATHUX
CIIEKTPOXEMHUJCKUX CEH30pa. VMHOBaTMBHM acIeKT OBOT HMCTPAXKHBamba JIGKU Yy YIOTpeOU
JEOHOKpPATHUX IITaMIAaHUX IUIAaTGOPMH ca HANpPEAHUM EJEKTPOJHUM MaTepHjainuma,
IMjaMaHTOM  JIOIMPaHUM OOpOM W  BUIIC3HTHHM YIJbCHUYHHM  HaAHOIEBYMIIAMA,
WHTETpUCaHUM y ¢opMaTe ceH3opa crnpemHe 3a ymnoTpeOy. OBaj mpuctyn omoryhasa
M10j€THOCTABJbCHY, UCIUIATHBY U OCETJBHUBY aHAIHM3Y KCAHTHHCKUX aJIKaJIoOu/1a Ha JIMILy MecTa,
y3 MUHUMAJIHY MIPUIIPEMY Y30pKa.

Huknuyna BonTameTpuja, AUdEpeHLrnjaTIH UMIYJICHH U BOJITaMeTpHja KBaJpaTHOT Tajaca
KopuiiheHe cy 3a TNPOLEHY eJNEeKTPOXEMUJCKUX IMepPOPMAHCH CEH30pa y NETeKIHjH U
KBaHTHU(PHUKAIMJU KCAHTUHCKUX aJIKaIOUIa.

SP/BDD ceH30p je yCHemHO NMpUMEHEH 3a KBaHTH(HKAIMjy KodewHa y yzopuuma kade,
eHeprerckux nuha u 6e3ankoxoyHuX nuha; Te0OpOMHUHA y y30pIMMa Y0KOoJIa1e; U TeopuIrnHa
y y3opuuma dapmareyrckux tabdinera. SP/MWCNT cen3op je edukacHo kopuimheH 3a
KBaHTH(HKAIH]y KodernHa y y3opuruMma kade u eHeprerckux nuha.

Pesynratn mokasyjy mOTeHHOHjan Kopuiihema IITaMIaHUX CEH30pa ca JIMjaMaHTOM
JOMUPAaHUM OOPOM U BHILE3UIHUM PAJHUM €JICKTpoama O] yrIbeHUUHUX HAHOIICBH 32 Pa3Boj
Op3uX, TOY3JaHUX W MUHHUjaTypU30BAaHUX AHATUTHYKHX ajara MOTOJHUX 3a MPHUMEHY Y
CTBapHOM CBETY Yy aHAJIM3U XpaHe U (papMaineyTCKux Mpou3Boa.

KibyuHe peun: ceHzopu, eeKTpoxeMuja, 00poM JIOMOBaH AMjaMaHT, BUILLIE3U/IHE YTJbeHUUHHE
HAHOLIEBH, IITaMIIaHU CEH30PH, CEH30pU 3a JEJHOKpAaTHY NpPHUMEHY, KO(eHWH, TeOOpOMMH,
TeOo(UIINH, KCAHTUHCKU aJIKaJIOUIH

Hayuna o0uact: Xemuja

Yoxa Hay4Ha 00/1aCcT: AHAINTHYKA XeMHja
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The development of fast, reliable, and cost-effective analytical methods has led to the rapid
development of electrochemical sensors in various scientific and industrial fields. Since the
first official electrochemical sensor (for monitoring of oxygen concentration) was introduced
not so long ago in 1956, the field of electroanalysis has evolved significantly, with applications
expanding to environmental monitoring, food safety, pharmaceutical analysis, and clinical
diagnostics.

Among the compounds of great interest in analytical chemistry are xanthine alkaloids, a group
of naturally occurring purine derivatives that include caffeine, theobromine, and theophylline.
These compounds are widely present in food and beverages such as coffee, tea, chocolate, and
energy drinks, as well as in pharmaceutical formulations. Due to their physiological effects on
the central nervous and cardiovascular systems, the accurate determination of xanthine alkaloid
content in various samples is of significant importance for both health monitoring and quality
control.

Traditional methods for the determination of xanthine alkaloids include chromatographic and
spectrophotometric techniques, which, although sensitive and accurate, often require complex
instrumentation, long analysis times, and time-consuming sample preparation. In contrast,
electrochemical methods, especially voltammetric techniques, have emerged as attractive
alternatives due to their simplicity, low cost, high sensitivity, and compatibility with
miniaturized and portable systems.

A crucial aspect of developing electrochemical methods lies in the choice of the working
electrode. Screen-printed electrodes (SPEs) have gained considerable attention as disposable
sensing platforms due to their low production cost, ease of mass fabrication, and flexibility in
surface modification. In particular, boron-doped diamond and multi-walled carbon nanotube
materials have shown excellent properties for electrochemical applications. BDD offers a wide
potential window, low background current, and remarkable chemical and mechanical stability,
while MWCNTSs contribute high electrical conductivity and large surface area, as well as
enhanced electrocatalytic activity.

This doctoral dissertation is focused on the development and validation of electrochemical
methods for the quantification of xanthine alkaloids using screen-printed sensors. Two types
of working electrodes were investigated. The first one has a chemically deposited boron-doped
diamond working electrode. Another one is based on a multi-walled carbon nanotube working
electrode.

The research aimed to characterize the physical and electrochemical properties of these
electrodes, develop sensitive voltammetric methods for alkaloid determination, and validate
their application on real samples such as coffee, soft drinks, energy drinks, chocolate, and
pharmaceutical products.

Although various studies have explored the use of boron-doped diamond and carbon nanotube
materials in electrochemical sensing, most rely on conventional bulk electrodes or require
complex electrode modification procedures. In contrast, this research focuses on the application
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of compact, disposable sensor platforms with integrated BDD or MWCNT working electrodes,
offering practical advantages such as ease of use, low cost, and minimal pre-treatment. The
innovative contribution lies in adapting these materials into screen-printed miniaturized sensor
formats and validating their performance for real-sample analysis of xanthine alkaloids, an
approach not extensively covered in the existing literature.

The dissertation is structured into four main chapters:
1. General Part,
2. Experimental Part,
3. Results and Discussion, and
4. Conclusion.

The General Part provides an overview of the physicochemical and electrochemical properties
of boron-doped diamond and multi-walled carbon nanotubes, with emphasis on their role in
electroanalysis. It also includes a literature review of electrochemical methods for xanthine
alkaloid determination, as well as a theoretical background on voltammetric techniques and
characterization methods such as Raman spectroscopy, FE-SEM, and voltammetry techniques.

The Experimental Part describes the materials, reagents, instrumentation, and procedures used
for electrode characterization, method development, and real sample preparation and analysis.

The Results and Discussion chapter presents the findings of electrode surface characterization,
optimization of voltammetric parameters and conditions, electroanalytical performance of the
developed methods, and their comparison with literature data. The successful application of
the methods to real samples and their validation parameters are also discussed.

Finally, the Conclusion summarizes the scientific contributions of this work in the field of
electrochemical sensing using disposable sensors, highlighting the potential of BDD and
MWCNT materials for future development of portable and efficient sensing platforms.
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2.1 Boron-doped diamond

2.1.1 Brief history of boron-doped diamond

Diamond is one of the oldest known engineering materials, popular for its exceptional hardness
and chemical inertness. Historically, it was used primarily as an abrasive, with evidence of its
use dating back several thousand years. A significant turning point came in the early 1950s,
when a high-pressure-high-temperature (HPHT) method was discovered to synthesize diamond
artificially. This breakthrough led to massive growth in industrial diamond applications. Over
the following decades, synthetic diamond became a cornerstone material in engineering,
cutting tools, and optics (Prelas, Mark Antonio, 1998).

Despite its widespread use in mechanical applications, diamond remained limited in electronics
and electrochemistry due to its wide band gap (~5.5 eV), which made it a strong electrical
insulator under standard conditions. This changed in the late 20th century when a new
technique was developed. Chemical vapor deposition (CVD) technique enabled the growth of
high-purity diamond films under controlled conditions. CVD made it possible to modify the
material's electronic properties by introducing dopants during growth, a process known as
doping (Prelas, Mark Antonio, 1998).

Researchers explored various dopants to create a conductive diamond. The idea was to alter
the electronic structure of diamond to create either n-type (electron-donating) or p-type (hole-
conducting) semiconductors, depending on the type of dopant used. Two main types of dopants
were investigated. Nitrogen for n-type behavior, and boron for p-type conductivity. While
nitrogen is more easily incorporated during growth, it leads to deep donor levels that do not
contribute significantly to conductivity at room temperature. In contrast, boron introduces
shallow acceptor states, and when added in sufficiently high concentrations (typically above
~10% atoms/cm?), it can induce metallic-like conductivity in diamond (Einaga, 2022).

In the late 1980s and early 1990s, researchers observed that heavily boron-doped diamond
(BDD) exhibited exceptional electrochemical properties if used as an electrode material. These
included a wide potential window in aqueous media, low background current, and chemical
and physical stability of the surface even in harsh conditions. These characteristics made BDD
highly attractive for use as a new electrode material. As a result, interest rapidly grew in
developing these types of electrodes for electroanalytical applications. Improvements in CVD
growth methods and better control of boron concentration led to reproducible, high-quality
BDD thin film electrodes capable of operating in extreme chemical environments and detecting
trace-level analytes with precision. What began as an effort to tune the semiconductor
properties of diamond evolved into one of the most significant innovations in modern
electrochemistry (Einaga, 2022).

2.1.2 Structure of boron-doped diamond

The boron-doped diamond (BDD) has the fundamental crystal structure of pure diamond: a
face-centered cubic lattice where each carbon atom is covalently bonded to four neighbouring
carbon atoms in a tetrahedral geometry. This robust sp3-bonded network gives diamond its
well-known mechanical strength, thermal conductivity, and chemical inertness. In BDD, boron
atoms substitute for carbon atoms within this lattice without significantly disturbing its overall
crystalline structure (Watanabe et al., 2018).
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Figure 1 illustrates the atomic arrangement in BDD. In this scheme, the boron dopants are
shown occupying substitutional sites within the carbon lattice. Each boron atom has three
valence electrons, compared to carbon’s four, which creates an electron deficiency or "hole" in
the structure, and holes act as positive charge carriers, which enables p-type conductivity when
the boron concentration reaches a sufficient level. The dopant atoms are distributed throughout
the bulk material rather than simply on the surface, which ensures uniform electrochemical
behavior across the material (Crawford et al., 2021).

At low levels of boron doping (typically below 10*® atoms/cm3), the material shows mostly
insulating properties. As the boron content increases, the conductivity improves, eventually
reaching a metallic-like regime at concentrations exceeding ~10%° atoms/cm?. This high level
of doping is necessary for most electrochemical applications and is achieved during the
chemical vapor deposition (CVD) growth process by introducing a boron-containing precursor
gas (Watanabe et al., 2018).

Despite the incorporation of boron, the structural integrity of the diamond lattice is preserved.
However, the presence of dopants can introduce localized distortions and affect the electronic
band structure. These changes are critical to the electrochemical properties of BDD,
influencing factors such as the width of the potential window, background current, and surface
reactivity. The combination of structural rigidity and tunable electric properties makes boron-
doped diamond a unique and valuable material for advanced applications (Watanabe et al.,
2018).

Electron
deficient
bond

6 Carbon atoms G Boron atoms

Figure 1. Atomic arrangement in boron-doped diamond.

2.1.3 Fabrication
2.1.3.1 High-pressure-high-temperature (HPHT) method

The High-pressure-high-temperature (HPHT) method was the first technique that artificially
synthesized diamond. This technique reproduces the environmental conditions of the Earth’s
mantle that give rise to diamond formation. Carbon is exposed to pressures above 5 GPa and
temperatures exceeding 1500 °C in the presence of a catalyst, usually metals like iron, nickel,
or cobalt. For the fabrication of boron-doped diamond (BDD), boron-containing compounds
such as boron carbide (B4C) are introduced into the growth system as dopant sources (Lin et
al., 2024).
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Despite its historical importance, the HPHT method has notable limitations during the
production of the BDD materials intended for electrochemical applications. The main
drawback is the difficulty in achieving a uniform boron distribution throughout the bulk
material. Moreover, HPHT diamonds are typically produced as single crystals or
polycrystalline blocks, which are challenging to process into thin films or large-area electrodes
(T. Luong et al., 2009). Additionally, the presence of metal catalysts in the growth environment
can introduce impurities that degrade electrochemical performance (Wang et al., 2024). While
HPHT-grown BDD remains of academic interest, especially for fundamental studies of doping
mechanisms and defect structures, it is rarely used in practical electrode material fabrication.

Due to these limitations, the HPHT method has been replaced by chemical vapor deposition
(CVD) techniques, which allow for better control over boron incorporation, film thickness, and
surface morphology.

2.1.3.2 Chemical vapor deposition (CVD) method

2.1.3.2.1 Hot filament chemical vapor deposition (HFCVD)

HFCVD is one of the earliest and most accessible CVD-based methods used for fabricating
boron-doped diamond (BDD) films. In this process, a resistant, heated tungsten or tantalum
filament, which typically operates at temperatures between 2000 and 2500 °C, serves to
thermally dissociate a gas mixture containing hydrogen and a carbon source, most commonly
methane (CHa4), into reactive species (Fang et al., 2025; Liu and Dandy, 1995). To introduce
boron into the growing diamond film, a boron precursor such as diborane (B:Hs) is added to
the gas phase.

The activated hydrogen atoms generated by the hot filament play a critical role in selectively
removing non-diamond carbon phases and stabilizing the growth of the sp3-bonded diamond
lattice. Concurrently, boron atoms from the dopant gas are incorporated substitutionally into
the diamond structure, producing p-type semiconducting films. The boron concentration in the
deposited film can be adjusted by varying the B/C ratio in the feed gas mixture, which allows
some degree of tunability in the electrical and electrochemical properties of the material (Song
et al., 2020).

One of the main advantages of HFCVD is its simplicity and relatively low cost compared to
plasma-based CVD systems. The setup does not require high-frequency power supplies or
vacuum plasma chambers. Additionally, it enables the growth of BDD films over large surface
areas and complex geometries (Liu and Dandy, 1995).

However, HFCVD has significant limitations. The hot filament degrades over time due to
carburization and oxidation, potentially introducing metallic contaminants into the film and
reducing process stability. Uniform temperature control across the substrate can be challenging,
leading to non-uniform film thickness or dopant distribution (Fang et al., 2025). Moreover, the
technique generally results in relatively rough and polycrystalline diamond surfaces, which
may require post-deposition polishing for certain applications. Despite these challenges,
HFCVD remains a viable and widely used method for producing functional BDD electrodes.

2.1.3.2.2 Microwave plasma-enhanced chemical vapor deposition (MW-PECVD)

MW-PECVD is the most advanced and widely used method for fabricating high-quality boron-
doped diamond thin films. The technique utilizes microwave energy (typically at 2.45 GHz) to
generate a dense and stable plasma from a gas mixture of hydrogen and a carbon source, such
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as methane. A boron precursor, commonly diborane (B2He) or trimethyl borate (TMB), is
introduced into the gas phase to achieve boron doping during the growth process (Taylor et al.,
2022).

The plasma is generated within the reaction chamber, where the substrate (which is often
silicon, quartz, or metals) is positioned directly beneath the plasma ball and heated to
temperatures around 900 °C. In this environment, carbon-containing radicals and atomic
hydrogen are formed and interact at the substrate surface. Atomic hydrogen suppresses
graphitic carbon and promotes the growth of sp3-bonded diamond (Das and Banerjee, 2015).
Boron atoms are simultaneously incorporated into the diamond lattice at substitutional sites,
leading to p-type conductivity if the doping level is sufficiently high.

MW-PECVD offers several advantages over other methods mentioned. It allows precise
control over process parameters such as gas composition, pressure, temperature, and plasma
power, which translates into excellent control over film quality, thickness, and dopant
concentration. This method can produce BDD films with exceptional purity, uniformity, and
smooth surface morphology (Taylor et al., 2022). Moreover, the absence of a physical filament
eliminates contaminations associated with filament degradation.

The main flaws of the MW-PECVD method are complexity and cost. The equipment is
expensive and requires advanced plasma control systems and vacuum infrastructure.
Additionally, the quality of the deposited films is high, and the growth rate is generally slower
than in hot filament CVD, making it less efficient for thick film deposition or large-scale
industrial applications (Neralla, 2016).

Despite these drawbacks, this method remains the standard for applications requiring high-
performance BDD electrodes, such as advanced electroanalytical sensors, biosensors (Meskinis
et al., 2023), and microelectronic devices (Neralla, 2016), due to its ability to produce highly
uniform and electrochemically stable BDD films.

2.1.3.2.3 Large-area linear antenna microwave chemical vapor deposition (LA-MWCVD)

The LA-MWCVD method is a specialized variant of the standard microwave plasma-enhanced
CVD technique, designed to enable uniform diamond film growth over extended surface areas
(Behul et al., 2025). Unlike traditional microwave plasma systems that use resonant cavities or
single-point plasma sources, LA-MWCVD employs a linear antenna configuration that
distributes microwave energy more evenly across the substrate. This configuration generates a
large, stable plasma zone, allowing for controlled and homogeneous deposition over large
surfaces, which is useful for sensor material fabrication.

In this technique, a mixture of hydrogen and methane gas is activated by the linear microwave
antenna under low-pressure conditions, producing the necessary reactive carbon species for
diamond film growth. Boron is introduced into the gas phase, typically TMB, to achieve p-type
doping (Marton et al., 2022). The boron atoms are incorporated into the diamond lattice during
growth, producing a conductive diamond layer suitable for electrochemical applications.

The main advantage of LA-MWCVD is its scalability and precision. It allows for the deposition
of boron-doped diamond films with excellent uniformity, high purity, and reproducible
electrochemical properties. Compared to conventional microwave CVD systems, LA-
MWCVD offers better control over film thickness and doping level across larger substrates (O.
Matvieiev et al., 2022).
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2.1.3.3 lon implantation

lon implantation is a technique used in semiconductor fabrication, where ions of a dopant
element are accelerated and directed into a solid substrate. In the context of boron-doped
diamond, this method involves bombarding pure diamond, typically single-crystal or
polycrystalline, with high-energy boron ions to introduce the dopant into the lattice. Unlike the
CVD technique, which incorporates boron during the growth phase, ion implantation is a post-
growth doping method (lvandini et al., 2005; Ziegler, 1992).

In this process, the depth and concentration profile of boron in the diamond lattice can be
partially controlled by adjusting the energy and dosage of the implanted ions. After
implantation, an annealing step at high temperatures is typically required to repair lattice
damage caused by ion bombardment and to activate the dopant atoms, i.e., allow them to
occupy substitutional positions in the diamond lattice and contribute to electrical conductivity
(Williams, 1998).

Despite its precision in theory, ion implantation presents several challenges in BDD material
fabrication. One of the major limitations is that the high-energy ion bombardment often creates
significant damage to the diamond lattice, which can degrade the material’s desirable physical
and electrochemical properties. Although annealing helps to restore the crystalline structure,
complete recovery is difficult, and residual defects can reduce conductivity and chemical
stability. Additionally, the doping depth is usually shallow (limited to a few hundred
nanometers), which restricts its application for thick or bulk BDD thin films used in
electrochemistry (Ziegler, 1992).

2.1.4 Application of boron-doped diamond

Boron-doped diamond is recognized as a broadly adaptable electrode material suitable for
numerous scientific and industrial uses. Its special properties, such as mechanical strength,
resistance to fouling, chemical inertness, and excellent thermal conductivity, make this material
suitable for use in challenging environments and demanding applications. BDD is also
biocompatible (Garrett et al., 2016), which further broadens its range of potential uses.

BDD is utilized in microelectronics, sensors, biosensors (Svitkova et al., 2016), wastewater
treatment (Oturan, 2021), quantum technologies (Alkahtani et al., 2022; Das et al., 2022),
thermal management systems (Liu et al., 2024), and specialized coatings to enhance durability
and performance (Zhang et al., 2023). In the semiconductor industry, it is valued for its high
breakdown voltage and thermal stability (Zhao et al., 2024). In optics, transparent BDD films
are being investigated for protective coatings on high-power laser windows and infrared optics
(Bogdanowicz, 2014; Sobaszek et al., 2015). Its durability and chemical resistance also make
BDD a suitable material for cutting tools and biomedical implants (Alcaide et al., 2016; Garrett
et al., 2016). However, among all its uses, one of the most studied and impactful applications
is as an electrochemical material.

2.1.4.1 Boron-doped diamond in electrochemistry

In electrochemistry, BDD has proven to be a revolutionary electrode material. Compared to
traditional electrodes, BDD offers several distinct advantages. These include an exceptionally
wide potential window (from -3 V to +3 V in aqueous solutions), very low background
(capacitive) current, excellent chemical and mechanical stability, and a low tendency to adsorb
interfering species. These features make BDD especially attractive for applications that require
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long-term stability, high sensitivity, and operation in aggressive media (T. Luong et al., 2009;
Yasuaki Einaga, 2022).

BDD electrodes are widely used for the detection of trace-level analytes in environmental
(Costa et al., 2017; Kramplova et al., 2023, Mijajlovi¢ et al., 2025, Pratik Joshi et al., 2022),
pharmaceutical (Feier et al., 2018; Merve Yence et al., 2021; Sousa et al., 2019), and
biomedical samples (Ishii et al., 2022; Moriyama et al., 2022). Their robustness enables
operation in harsh conditions, such as strongly acidic or alkaline environments, as well as in
the presence of organic solvents or oxidizing agents. Furthermore, BDD is resistant to electrode
fouling, which is a major limitation of conventional carbon-based materials when analyzing
complex biological samples or organic molecules (Fortin et al., 2005; Svorc and Kalcher,
2014). BDD is also used in electrosynthesis (Ganiyu et al., 2022; Griesbach et al., 2005; Mora
et al., 2022) and wastewater treatment (Feier et al., 2018; Lin et al., 2024,; Mordacikova et al.,
2020).

In analytical chemistry, BDD is frequently employed in voltammetric techniques due to its
ability to provide sharp, well-defined peaks with low noise. This enables accurate
quantification of target analytes, even at very low concentrations (Moriyama et al., 2022). It
also performs well in miniaturized sensor platforms, including screen-printed electrodes (O.
Matvieiev et al., 2022) and microelectrodes (Suzuki et al., 2007), further supporting its role in
point-of-care diagnostics and portable sensing devices.

2.1.5 Boron-doped diamond films

Boron-doped diamond films are synthetic diamond layers in which boron atoms are
incorporated into the diamond lattice during growth, altering the electrical properties of the
insulating diamond material. These films can be grown on a variety of substrates and are
typically categorized based on their grain size and morphology, ranging from microcrystalline
to nanocrystalline and ultrananocrystalline forms. Among these, microcrystalline BDD films
are the most commonly used in electrochemistry due to their favorable combination of
structural properties and electrochemical performance (Knittel et al., 2019; Marton et al.,
2022).

Structurally, BDD films retain the exceptional mechanical hardness and chemical stability of
pure diamond. Boron atoms, when present in sufficient concentrations (typically >10% cm?),
introduce acceptor levels into the diamond band structure, leading to p-type semiconducting or
even quasi-metallic behavior. The microcrystalline form consists of diamond grains with well-
defined crystalline boundaries, which contribute to mechanical strength but also influence
electrochemical properties such as active surface area and double-layer capacitance (Granger
et al., 2000; Srikanth et al., 2012).

In electrochemical applications, BDD films are prized for their wide potential window in
aqueous and non-aqueous media, extremely low background current (capacitive current), high
resistance to chemical fouling, and long-term operational stability, even in harsh or corrosive
environments. These properties make BDD an ideal material for sensor development (Granger
et al., 2000; Jishou Xu et al., 1997), especially in the detection of trace-level analytes, long-
term environmental monitoring (Czupryniak et al., 2012; Ganiyu and Martinez-Huitle, 2019),
biomedical diagnostics (Pippione et al., 2017), and electrocatalysis (Zhao et al., 2010).

Additionally, BDD films are highly resistant to surface mechanical degradation (Tully et al.,
2024), which makes them suitable for integration into robust, miniaturized devices like screen-
printed electrodes or lab-on-a-chip systems (O. Matvieiev et al., 2022, Selesovska et al., 2022).
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2.2 Carbon nanotubes

Carbon nanotubes (CNTs) are cylindrical nanostructures composed entirely of carbon atoms
arranged in a hexagonal lattice, similar to a rolled-up sheet of graphene. They are part of the
family of carbon-based nanomaterials and are renowned for their exceptional mechanical
strength, thermal conductivity, chemical stability, and unique electronic properties (Dai, 2002).
Since their discovery, CNTs have generated significant interest across various scientific and
engineering fields, from materials science to energy storage and biosensing (Ajayan and Zhou,
2001).

CNTs are classified into two basic types, depending on the number of concentric graphene
layers in them. Single-walled carbon nanotubes (SWCNTSs) consist of a single cylindrical
graphene layer, and multi-walled carbon nanotubes (MWCNTSs) are made up of multiple
concentric graphene cylinders, resembling a series of tubes (Figure 2). (Dresselhaus et al.,
2000).

The properties of CNTs depend significantly on their structure, including diameter, length,
number of walls, and the way the graphene sheet is rolled. These structural variations influence
their electrical behavior. Some CNTSs behave like metals, while others act as semiconductors,
and this versatility makes CNTSs attractive for a wide range of applications, such as electronics,
sensors, and electrochemical devices (Popov, 2004).

2-100 nm

Figure 2. Single-walled carbon nanotube (left) and multi-walled carbon nanotube (right) with
the diameter range written below.

2.2.1 Single-walled carbon nanotubes

Single-walled carbon nanotubes represent the simplest form of carbon nanotube structures.
They consist of a single sheet of graphene rolled into a cylindrical tube, typically about 1
nanometer in diameter, with lengths that can span several micrometers. Due to this unique
morphology, SWCNTSs exhibit extraordinary aspect ratios and distinct electronic, mechanical,
and chemical properties (Nanot et al., 2013; Niyogi et al., 2002).

The idea of SWCNTSs emerged in the early 1990s, following the discovery of fullerenes. When
SWCNT was successfully synthesized, it sparked a global interest in these novel nanomaterials.
Since then, SWCNTs have been extensively studied for their unique characteristics and
potential applications across different technologies (Jin, 2016). SWCNT production typically
requires catalysts of defined size and optimal reaction environments, making bulk synthesis
more challenging, less economical, and prone to defects.

The properties of SWCNTSs are closely tied to their atomic arrangement. The way in which the
graphene sheet is rolled into a cylinder, described mathematically by a so-called chiral vector,
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determines the nanotube’s chirality and thus its electronic properties. Specifically, if the chiral
vector yields an "armchair" structure, the nanotube behaves as a metal; “zigzag” and other
chiral configurations generally produce semiconducting nanotubes. Therefore, the seemingly
simple act of rolling a graphene sheet can actually produce a range of electronic behaviors
depending on the exact direction and angle in which the rolling occurs, making SWCNTSs
exceptional for applications in nanoelectronics and sensors (Ouyang et al., 2002; Zhou et al.,
2009).

2.2.2 Multi-walled carbon nanotubes

Multi-walled carbon nanotubes are composed of multiple concentric graphene cylinders placed
within one another. Each cylinder, or "wall", is a rolled-up graphene sheet, with the spacing
between layers roughly 0.34 nm. The overall diameter of MWCNTS typically ranges from 2 to
100 nm, with lengths that can extend to several micrometers (Kukovecz et al., 2013).

MWCNTs were discovered earlier than SWCNTs, and they sparked interest in carbon
nanomaterials. Despite their seemingly more complex morphology, MWCNTSs are generally
easier to synthesize than SWCNTSs due to their less stringent growth requirements. Their
formation tolerates a wider range of synthesis conditions, including higher temperatures, varied
gas compositions, and less precise catalyst control. They are typically synthesized by methods
such as arc discharge, laser ablation, or CVD, which enable the simultaneous formation of
several graphene layers without the need for highly precise control of conditions like catalyst
particle. Also, and are more stable under mechanical and chemical stress than SWCNTs
(Haldar et al., 2021; Ismail et al., 2020; Mostafa et al., 2021; Sahar Tabrizi et al., 2013;
Yumura, 1999).

MWCNTSs tend to exhibit metallic behavior due to the presence of multiple concentric layers
with varying chiralities. This gives them a broad range of electronic properties, although it also
makes their behavior more complex to predict.

MWCNTSs possess several remarkable properties, including extremely high mechanical
strength, excellent electrical conductivity, high surface area, and strong resistance to chemical
degradation. These features make them suitable for reinforcing materials, fabricating
conductive films, and enhancing the sensitivity of sensors (Ando et al., 1999; Andrews et al.,
2002).

Additionally, their hollow, layered structure allows for functionalization, i.e, chemical
modification of the surface, which improves their compatibility with other materials and
extends their application in areas such as drug delivery (Dineshkumar et al., 2015; Levi-
Polyachenko et al., 2009), catalysis (Gongalves et al., 2010; Yang et al., 2008), and as
nanocomposite material in electrochemical sensing (Abdulla et al., 2015; Aleksanyan et al.,
2022; Dalmas et al., 2005; Kiamahalleh et al., 2012; Ye et al., 2004).

Despite their advantages, MWCNTSs face challenges related to their potential toxicity (Jain et
al., 2011; Muller et al., 2005; Tan et al., 2009). Nevertheless, due to their robustness and
relatively easier synthesis compared to SWCNTs, MWCNTSs have become a widely used and
studied nanomaterial across various scientific disciplines.

2.2.3 Application of carbon nanotubes

Carbon nanotubes, with their exceptional properties including mechanical strength, thermal
conductivity, and electrical properties, have found applications across various scientific and
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technological fields. These cylindrical structures, whether single-walled or multi-walled, offer
unique advantages coming from their nanometer-scale size and graphitic structure (Popov,
2004).

In materials science, CNTSs are often used as reinforcing agents in polymer composites (Mohd
Nurazzi et al., 2021). Their high strength allows them to significantly improve the mechanical
properties of plastics, rubbers, and metals. This makes them valuable in the aerospace,
automotive (Abbasi et al., 2020, p. 25), and sports equipment industries (da Costa, 2020). Their
thermal conductivity also enhances thermal regulation in electronic devices and coatings (Cao
and Rogers, 2008; Peng et al., 2019). In electronics, CNTs are applied in the development of
field-effect transistors (Abdalla et al., 2015), supercapacitors, batteries (de las Casas and Li,
2012; Wu et al., 2014), and conductive inks (Kordas et al., 2006).

Their unique structure also enables CNTSs to be used in biotechnology and medicine (Bekyarova
et al., 2005; Negri et al., 2020). Functionalized CNTSs can deliver drugs (Bianco et al., 2005;
Kaur et al., 2019), genes (Mohajeri et al., 2019; Pantarotto et al., 2004; Zare et al., 2021), or
imaging agents directly to cells (Gong et al., 2013; Hernandez-Rivera et al., 2016). Their high
surface area allows efficient interaction with biological molecules, and their hollow cores can
be used for encapsulation. However, concerns about toxicity and biocompatibility issues are
still under investigation.

In environmental science, CNTs have proven useful for pollutant detection and removal. Their
large surface area and ability to be chemically modified make them effective in water filtration
systems and in sensors designed to detect gases, heavy metals, and organic contaminants
(Chung et al., 2022; Peng et al., 2021).

One of the most impactful areas for CNTs has been in sensing technologies. Due to their
exceptional electron transport properties and large surface area available for analyte
interaction, both SWCNTs and MWCNTSs are utilized in chemical and biosensors. When
combined with other materials or incorporated into structured platforms, they can detect
analytes with high sensitivity and selectivity (Ajayan and Zhou, 2001; De Volder et al., 2013).

As synthesis methods improve and cost barriers decrease, CNTs are expected to play an
increasingly significant role in advanced technology.

2.2.3.1 MWCNT in electrochemistry

Carbon nanotubes, due to their high electrical conductivity, large surface area, and chemical
stability, have found wide application in the field of electrochemistry. Their unique cylindrical
nanostructure, composed of rolled graphene sheets, enables efficient electron transfer processes
at the electrode surface, making them highly suitable for sensing and analytical applications.

In electrochemical systems, CNTs can act as both active electrode materials and conductive
modifiers in electrochemical systems. Their high aspect ratio and r-w interaction capabilities
enable strong adsorption of various organic molecules, particularly those with planar aromatic
structures (Umadevi et al., 2014), enhancing sensitivity in electrochemical detection. CNTs
also exhibit excellent electrochemical stability over a broad potential window, which makes
them ideal for use in complex matrices such as biological fluids or environmental samples.

Moreover, the surface of CNTs can be easily functionalized with various chemical groups,
nanoparticles (Hu and Dong, 2008; Zhang et al., 2006), or biomolecules (Katz and Willner,
2004; Vardharajula et al., 2012), further expanding their utility in designing selective and
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robust sensors. This versatility allows tailoring electrode surfaces to detect a wide range of
analytes, usually metal ions (Liu et al., 2005; Morton et al., 2009), small organic molecules
(Hafaiedh et al., 2013; Zima et al., 2009), and large biomolecules (Ferrier and Honeychurch,
2021; Kim et al., 2007).

CNT-modified electrodes often display improved signal-to-noise ratios due to the high surface
area and enhanced electron transfer kinetics, which is particularly valuable in trace analysis
(Helbling et al., 2010). Additionally, their mechanical strength and resistance to fouling
contribute to the longevity and repeatability of measurements, which is critical for both
disposable (Chen et al., 2016; Killard, 2017; Laschi et al., 2008) and reusable sensor platforms
(Ouyang and Li, 2009; Sobhan et al., 2020).

Multi-walled carbon nanotubes exhibit a unique multilayer graphitic structure that provides
abundant electroactive sites and a high specific surface area (Redkin et al., 2021). Structural
features, combined with the presence of numerous defects and edge sites, significantly enhance
the electrocatalytic activity and facilitate rapid electron transfer kinetics (Flores-Lasluisa et al.,
2024). Consequently, MWCNT sensors and MWCNT-modified electrodes exhibit superior
sensitivity and improved electrochemical response in electrochemical measurements.

Additionally, because of their robustness and adaptability, MWCNTSs are frequently integrated
into screen-printed electrodes (Favero et al., 2015; Viswanathan et al., 2012, 2009), thin films
(Jiang and Gerhardt, 2021; Raut and Sankapal, 2016), and composite materials (Kumar et al.,
2021; Luo et al., 2018; Wang et al., 2008). They are particularly valuable in the development
of point-of-care diagnostic devices (Jin et al., 2024; Li et al., 2021; Supraja et al., 2023) and
environmental sensors (Manasa et al., 2023), where reproducibility, stability, and fast response
times are essential. Moreover, their surface can be chemically or physically modified (Khan
and Alamry, 2022; Liu, 2016; Xu and Yang, 2012) to improve selectivity, allowing for targeted
detection of specific biomolecules (Alam et al., 2018; Kumar et al., 2023), pharmaceuticals
(Abdel-Haleem et al., 2021; Sagar et al., 2025), or pollutants (Wang and Hu, 2016; Zhou,
2024).

MWCNTSs also demonstrate excellent compatibility with other nanomaterials such as metal
nanoparticles (Wildgoose et al., 2006), polymers (Liu, 2016), and enzymes (Diaconu et al.,
2011), enabling the design of hybrid sensors that combine high sensitivity with molecular
recognition. This multifunctionality expands their application beyond simple detection to
include electrocatalysis (Valenzuela-Mufiiz et al., 2013), biosensing, and even energy storage
(Al-Ahmed et al., 2020; Baral et al., 2023; Roy et al., 2018).

Cost-effectiveness, scalability, and robust performance are key for MWCNTS to be an essential
material in electroanalytical chemistry, applying nanostructured materials in the design of
effective sensing platforms.
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2.3 Methods

2.3.1 Electrochemical methods

Electrochemistry is the field of chemistry that studies the relationship between electrical
phenomena and chemical reactions occurring at electrode-electrolyte interfaces.
Electrochemical techniques are widely used in analytical chemistry to investigate the identity,
concentration, and reactivity of chemical species through the measurement of electrical signals
such as potential, current, or charge. The central component of every electrochemical system
is the electrode, which enables the transfer of electrons between the analyte and the electrode
surface (Allen J. Bard and Larry R. Faulkner, 2000).

Depending on the type of interaction involved, electrochemical techniques can be divided into
non-faradaic and faradaic methods. Non-faradaic methods, such as conductometry and
potentiometry, do not involve electron transfer reactions and are based on changes in solution
conductivity or equilibrium potential. Faradaic methods, including voltammetry and
amperometry, rely on redox reactions in which electrons are directly transferred between the
analyte and the electrode surface. Electrodes that take part in these reactions are referred to as
working electrodes. For redox processes to occur, the analyte must reach the electrode surface,
which happens through diffusion, migration, or convection. Diffusion results from a
concentration gradient, migration from the influence of an electric field, and convection from
the physical movement of the solution, such as stirring or bubbling. When a specific potential
is applied to the electrode, redox reactions occur at the electrode surface, resulting in the
generation of a measurable current. The main components of total measured current are the
faradaic current and the capacitive current, shown in Figure 3. The faradaic current arises from
the actual redox process and provides valuable information about the analyte, while the
capacitive current originates from the charging of the electrical double layer at the electrode
surface and contributes background noise. In most applications, the aim is to enhance the
faradaic signal while minimizing the capacitive contribution to achieve better sensitivity and
accuracy. Electrochemical methods offer numerous practical advantages, including high
sensitivity and selectivity, short analysis time, low reagent consumption, and simple sample
preparation, making them competitive alternatives to more complex or expensive analytical
techniques (Dragan Manojlovié¢ et al., 2010).
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Figure 3. The main components of the total measured current and the relationship between
Faradaic and capacitive current.

Voltammetry is one of the most widely used electrochemical methods and is based on the
application of a varying potential to the working electrode while recording the resulting current.
The output of this measurement is a voltammogram, a graph that shows how the current
changes in response to the applied potential. From the voltammogram, important information
can be obtained, such as the potential at which the analyte undergoes oxidation or reduction,
as well as its concentration. This makes voltammetry especially useful for investigating
electrochemical properties and determining the presence of specific compounds in solution
(Kissinger and Hieneman, 2018).

Voltammetric measurements are typically performed in a three-electrode setup, as shown in
Figure 4. This system includes a working electrode (WE), where the redox reaction of interest
occurs; a reference electrode (RE), which maintains a stable potential; and a counter electrode
(CE), which completes the electrical circuit, carries the current, and protects the reference
electrode from polarization and thus change of the potential. All three electrodes are immersed
in a solution containing the analyte and a supporting electrolyte. During the experiment, the
potential of the working electrode is precisely controlled relative to the reference electrode, and
the current generated by the redox reaction flows between the WE and CE. To prevent
interference from electroactive oxygen during the measurement of cathodic processes, the
solution is often purged with an inert gas, usually nitrogen (N2) or argon (Ar), before
measurement. Oxygen practically does not interfere with measurements of anodic processes.
The electrodes in the electrochemical cell are connected to an instrument known as a
potentiostat, which regulates the applied voltage and records the resulting current with high
accuracy (Dragan Manojlovic et al., 2010).

Potentiostat
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Figure 4. Three-electrode setup. WE - working electrode, RE - reference electrode, CE -
counter electrode.

Cyclic voltammetry (CV) is commonly used for exploring the reversibility and mechanism of
redox reactions. Square wave voltammetry (SWV) and differential pulse voltammetry (DPV)
are particularly valued for their high sensitivity and ability to minimize capacitive background
current. Techniques like polarography, which use a dropping mercury electrode (DME), are
still applied in the analysis of certain metal ions and organic compounds due to the high
potential of hydrogen evolution on the mercury and thus a large cathodic range. VVoltammetric
methods are capable of detecting extremely low concentrations of analytes, often in the
nanomolar range. Additionally, they allow for the simultaneous detection of multiple
components in a mixture, without requiring complex sample preparation or separation steps
(Dragan Manojlovic et al., 2010).

Cyclic voltammetry, differential pulse, and square wave voltammetry are electroanalytical
methods used in this doctoral dissertation. Accordingly, the basic principles and brief concepts
of all three methods are described below.

2.3.1.1 Cyclic voltammetry

Cyclic voltammetry is a widely used electrochemical technique in which the potential applied
to the working electrode is linearly varied in one direction and then reversed, forming a
triangular potential waveform (Figure 5). This reversal enables both oxidation and reduction
processes to be observed within the same experiment, resulting in a cyclic voltammogram that
provides detailed information about the redox behavior of the analyte. In a reversible system,
the forward scan induces oxidation of the analyte at the electrode surface, while the reverse
scan promotes the reduction of the oxidized species back to its original form. The resulting
voltammogram typically displays two peaks: an anodic peak corresponding to oxidation and a
cathodic peak corresponding to reduction (Allen J. Bard and Larry R. Faulkner, 2000; Dragan
Manojlovic et al., 2010).
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Figure 5. Potential change profile over time.

In general, a reversible cyclic voltammogram is observed when chemically stable species are
present in the solution and the electron transfer between the redox species and the electrode is
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fast (Figure 6). Under these conditions, the surface concentrations of the electroactive species
remain in equilibrium with the bulk solution throughout the potential sweep, regardless of the
scan rate. This equilibrium allows both the forward and reverse redox processes to occur
efficiently, resulting in symmetric and well-defined anodic and cathodic peaks. For
electrochemically reversible reactions, the peak separation (AEp) between anodic and cathodic
peaks is close to 0.059/n V at 25°C, where n is the number of electrons transferred, and both
peak currents are nearly equal, as described with Equation 1. The relationship between peak
current and scan rate depends on the mass transport mechanism. For diffusion-controlled
processes, peak currents are proportional to the square root of the scan rate (Ip vs. v¥/?), whereas
for adsorption-controlled processes, peak currents are directly proportional to the scan rate (Ip
vs. V). The Randles-Sevéik equation (Equation 2), derived for diffusion-controlled reversible
systems, quantitatively relates the peak current to the concentration of the analyte, number of
electrons involved, electrode area, diffusion coefficient, and scan rate. These parameters,
combined with the Nernst equation (Equation 3), enable researchers to model the interfacial
electron transfer and understand the thermodynamic and kinetic behavior of redox couples. The
behavior of the system at the phase boundary, i.e., the interface between electrode and
electrolyte, must be considered, as it directly influences the observed response (Allen J. Bard
and Larry R. Faulkner, 2000; Dragan Manojlovi¢ et al., 2010). The analysis of how the peak
current scales with scan rate is a key diagnostic for determining the mass transport mechanism
(diffusion vs. adsorption), while the peak separation AEp is used to assess the electrochemical
reversibility of the electron transfer process (Allen J. Bard and Larry R. Faulkner, 2000; David
Harvey, 1999).

Figure 6. Representation of a cyclic voltammogram of a reversible process.

AEp = | Epg — Epe | = % Equation 1

where AEp is the peak potential separation, Epa is the anodic peak potential, Ep. is the cathodic
peak potential, n is the number of electrons transferred, and 0.059 V represents the value of
RT/F at 25°C (298 K), with R being the universal gas constant, T the temperature, and F the
Faraday constant.
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Ip = 0.4463 (F3/ RT)Y/? n3/2AD/? ¢ v'/? Equation 2

where Ip is the peak current, n is the number of electrons transferred in the redox reaction, A
is the electrode surface area, D is the diffusion coefficient of the electroactive species, Co is the
bulk concentration of the electroactive species, v is the scan rate, F is the Faraday constant, R
is the universal gas constant, and T is the temperature.

E=E°+ (g) ln% Equation 3

where E is the electrode potential, E° is the standard redox potential, R is the universal gas
constant, T is the temperature, n is the number of electrons transferred, F is the Faraday
constant, and [Ox] and [Red] are the concentrations of the oxidized and reduced species,
respectively.

In contrast, irreversible systems exhibit voltammograms where one of the peaks is absent or
extremely diminished (Figure 7). This occurs because the backward reaction is kinetically
hindered, meaning that the electron transfer is too slow to maintain equilibrium between the
electrode surface and the bulk solution, or the redox product rapidly undergoes a follow-up
chemical reaction. As a result, only a single peak is observed, and no meaningful reverse
process is visible. The peak potential shifts noticeably with the scan rate, and the current
response becomes dominated by electron transfer Kinetics rather than thermodynamic
equilibrium, diffusion, and concentration (Allen J. Bard and Larry R. Faulkner, 2000; David
Harvey, 1999).
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Figure 7. Representation of a cyclic voltammogram of an irreversible process, where only one
peak appears.

Quasi-reversible systems represent an intermediate case, where both oxidation and reduction
peaks are present, but their separation increases with scan rate, and the anodic and cathodic
peak currents become unequal. The distinction between quasi-reversible and irreversible
systems is largely based on the kinetic parameters governing electron transfer and their
influence on the shape and position of the voltammetric peaks (Joseph Wang, 2023).
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Scan rate plays a critical role in diagnosing reversibility. In irreversible systems, increasing the
scan rate often results in increased peak currents but without the appearance of a reverse peak,
or with minimal improvement in peak symmetry. Additionally, the peak potential (Ep) shifts
significantly with scan rate in irreversible systems, cathodic peaks shift to more negative
potentials and anodic peaks to more positive potentials as scan rate increases. This shift in Ep
is a key diagnostic for irreversibility, whereas in reversible systems, Ep remains independent
of scan rate. For irreversible reactions, the peak current depends on both the rate constant of
electron transfer and the applied scan rate. Mathematical models and equations describing the
peak potential and current in irreversible systems can be used to estimate kinetic parameters
such as the charge transfer coefficient (o) and the heterogeneous electron transfer rate constant
(k®). The relationship between peak current and scan rate is independent of whether the system
is reversible or irreversible. It reflects the mass transport mechanism. Reversibility is assessed
primarily through peak separation (AEp), peak potential shift with scan rate, and the ratio of
anodic to cathodic peak currents (Ipa/lpc). By analyzing these characteristics (peak separation,
potential shifts, current ratios, and the presence or absence of reverse peaks), it categorizes the
system as reversible, quasi-reversible, or irreversible (David Harvey, 1999; Joseph Wang,
2023).

CV is useful for studying reaction mechanisms, determining redox potentials, and evaluating
the reversibility of electron transfer processes. However, it is not ideal for precise quantitative
analysis due to the capacitive background current and limitations in sensitivity at low analyte
concentrations.

In this doctoral dissertation, during the development of methods for xanthine alkaloids
determination, cyclic voltammetry was used for electrochemical characterization of the WEs,
testing of system reversibility, and for selection and optimization of the pH of the appropriate
supporting electrolyte.

2.3.1.2 Pulse techniques in voltammetry

Pulse technigues in voltammetry are a group of electrochemical methods in which the potential
applied to the working electrode is changed in the form of short, discrete pulses rather than
being varied continuously (Dragan Manojlovié et al., 2010). These techniques are designed to
improve the quality of the measured signal, especially in cases where the analyte is present at
very low concentrations or where the background (non-faradaic) current interferes with
accurate detection (Joseph Wang, 2023).

In traditional voltammetric methods, the applied potential is usually swept linearly over time,
and the current is recorded continuously. However, this approach often leads to high
background signals due to the charging of the electrical double layer at the electrode surface
(Kissinger and Hieneman, 2018). Pulse techniques address this issue by measuring the current
at specific time points, typically at the end of each pulse, when the capacitive (non-faradaic)
current has largely decayed. This allows the signal resulting from the actual redox process
(faradaic current) to be more easily distinguished from background noise (Joseph Wang, 2023;
Molina and Gonzéalez, 2016).

The principal pulse voltammetry techniques are pulse voltammetry include normal pulse
voltammetry (NPV), differential pulse voltammetry (DPV), and square wave voltammetry
(SWV) (Figure 8). Each technique applies potential pulses in a defined pattern and records the
current response at specific intervals. Despite operational differences, all pulse techniques rely
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on precise timing of potential application and current measurement to optimize faradaic
processes detection (Dragan Manojlovic et al., 2010).

All pulse techniques operate by applying a sequence of precisely controlled potential pulses
and monitoring the system’s response. Because the current is sampled only at selected
moments, after the non-faradaic interference has subsided, these methods offer greater
sensitivity and selectivity than many traditional techniques. This makes pulse voltammetry
particularly valuable for detecting trace levels of electroactive species in complex matrices
(Joseph Wang, 2023; Molina and Gonzélez, 2016; Osteryoung and Schreiner, 1988).

In this work, pulse voltammetric techniques were employed due to their ability to minimize
background current and enhance analytical sensitivity. Specifically, Differential Pulse
Voltammetry and Square Wave Voltammetry were used and will be discussed in detail in the
following chapters.
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Figure 8. The potential waveform of a) normal pulse voltammetry, b) differential pulse
voltammetry, and c¢) square wave voltammetry. AE, is the pulse amplitude, t, is the pulse width
(pulse duration), and 7 is the step time/period.

2.3.1.2.1 Differential pulse voltammetry

In differential pulse voltammetry (Figure 8b), a sequence of small potential pulses is
superimposed onto a slowly increasing staircase potential. For each step, the current is
measured twice: once just before the pulse and once at the end of the pulse. The difference
between these two current values is plotted against the corresponding potential, resulting in a
differential voltammogram (Dragan Manojlovié et al., 2010, Joseph Wang, 2023; Osteryoung
and Schreiner, 1988).

This approach effectively suppresses capacitive (non-faradaic) current, which decays rapidly
and contributes equally to both measurements, while preserving the faradaic current that decays
more slowly in response to the redox reaction. As a result, the signal is sharper and more
distinct, allowing improved detection of electroactive species even at low concentrations
(Joseph Wang, 2023; Kissinger and Hieneman, 2018; Molina and Gonzélez, 2016).

The typical output of a DPV experiment is a voltammogram consisting of narrow, symmetric
peaks. The peak potential is shifted from the formal redox potential of the analyte by half the
pulse amplitude, while the peak current is directly proportional to its concentration. DPV is
known for its excellent sensitivity and high resolution, making it especially valuable in
analytical applications involving complex mixtures or in cases where redox processes occur at
similar potentials, resulting in overlapping signals (Joseph Wang, 2023; Molina and Gonzalez,
2016).
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The shape and intensity of the peaks depend on several experimental parameters, including
modulation amplitude and modulation time. The modulation amplitude refers to the height of
the small pulse superimposed on the linear potential sweep. It determines the extent of the
potential jump applied at each step and directly influences the sensitivity of the measurement.
Higher amplitudes can enhance the current response but may also broaden peaks or reduce
resolution. The modulation time is the duration for which each pulse is applied before the
current is measured. It must be long enough to allow the redox process to occur, but short
enough to minimize capacitive currents. Together, these parameters affect both the shape and
intensity of the voltammetric peaks, and the proper optimization of these parameters is essential
to improve sensitivity (Joseph Wang, 2023).

2.3.1.2.2 Square wave voltammetry

Square wave voltammetry (Figure 8c) is a highly advanced and sensitive pulse voltammetric
technique. It integrates differential measurement with high-speed potential modulation,
enabling efficient, rapid analysis, low-concentration detection, and suitability for systems
exhibiting fast electron transfer kinetics (Dragan Manojlovi¢ et al., 2010; Mirceski et al.,
2018).

In SWV, a symmetrical square wave is superimposed onto a staircase baseline potential. For
each potential step, two current measurements are taken, one at the end of the forward pulse
and one at the end of the reverse pulse. The difference between these two current values is
plotted as a function of the staircase potential. Because both measurements occur after the
capacitive current has decayed, and their difference further reduces background contributions,
the resulting signal represents almost purely the faradaic response of the redox-active species
(Joseph Wang, 2023).

SWV voltammograms typically display sharp, symmetrical peaks with high intensity. The peak
potential reflects the formal potential of the redox couple, and the peak height is proportional
to the analyte concentration. Due to its differential measurement and fast scanning, SWV
achieves excellent sensitivity, rapid data acquisition, and effective suppression of non-faradaic
current, often allowing detection in the nanomolar range with minimal sample preparation
(Mirceski et al., 2018).

A main advantage of SWV is its speed. Measuring both forward and reverse processes at each
potential step enables scanning of the entire potential range in a short time, which is ideal for
time-sensitive applications. Additionally, the technique is particularly suitable for systems
where the redox reaction is chemically reversible or quasi-reversible, although it can also be
applied in studies of irreversibility through analysis of peak shape and position (Joseph Wang,
2023; Kissinger and Hieneman, 2018).

The analytical performance of SWV depends on parameters such as modulation amplitude and
frequency. The modulation amplitude is the height of the square-shaped pulses applied on top
of the staircase waveform. It controls how far the potential shifts during each forward and
reverse pulse and affects the magnitude of the measured current. The frequency defines how
fast the pulses are applied and is inversely related to the duration of each pulse. Higher
frequencies allow for faster scans and can improve sensitivity for reversible systems, but may
distort the signal in slower, quasi-reversible, or irreversible systems. The choice of amplitude
and frequency must balance sensitivity, resolution, and kinetic compatibility with the studied
electrochemical process while avoiding signal distortion (Joseph Wang, 2023).
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2.3.1.3 Chronoamperometry

Chronoamperometry is an electrochemical method where a fixed potential is imposed on the
working electrode while the time-dependent current response is monitored (Figure 9). It is
classified as a time-dependent method and is commonly used to investigate charge transfer
processes, mass transport phenomena, and reaction kinetics. It is also applied in material
science for controlled electrochemical modification or deposition of species onto electrode
surfaces (Gueshi et al., 1978; Joseph Wang, 2023; Rafiee et al., 2024).

Current (A)

v

Time (s)

Figure 9. Typical current-time plot of a chronoamperometry measurement.

When the potential is stepped from a value where no faradaic reactions occur to one where the
redox process of interest takes place, the current initially increases sharply due to the sudden
onset of the electrochemical reaction. Over time, the current decays as the electroactive species
near the electrode surface are depleted, and the system becomes diffusion-controlled (Brian R.
Eggins, 2002; Joseph Wang, 2023).

This technique is typically performed using a three-electrode configuration: a working
electrode, a reference electrode with a stable and known potential, and a counter (auxiliary)
electrode to complete the circuit. Measurements are usually conducted in quiescent (unstirred)
solutions to preserve the diffusion layer, although hydrodynamic variants of CA can also be
applied for different analytical purposes (Brian R. Eggins, 2002).

CA provides valuable information about the diffusion coefficient of the analyte, the number of
electrons involved in the redox process, and the overall reversibility of the system. It can also
be used to study adsorption processes, catalytic effects, or the formation of reaction
intermediates on the electrode surface (Joseph Wang, 2023).

In this research, CA was employed for the electrochemical formation of Ag/AgCl reference
electrodes by depositing chloride ions onto a silver working electrode. When a positive
potential is applied to a silver surface in the presence of chloride ions, silver is oxidized to Ag*,
which immediately reacts with C1™ to form a layer of silver chloride (AgCl) (O. Matvieiev et
al., 2022). This layer serves as a stable and reproducible reference system, commonly used in
electrochemical measurements. The current-time  response  observed  during
chronoamperometric deposition reflects the kinetics of silver oxidation and the formation of
the AgCl layer. Initially, a high current is recorded due to the rapid electrochemical reaction at
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the electrode surface. As the AgCI layer forms and grows, it acts as a barrier to ion transfer,
causing the current to gradually decay (Cho et al., 2022; Torres-Gonzalez et al., 2022).

Chronoamperometric deposition offers several advantages for the fabrication of reference
electrodes. It allows precise control over the thickness and uniformity of the AgCl layer by
adjusting the applied potential and deposition time. This method is particularly suitable for
screen-printed electrodes. The technique is generally performed in a three-electrode setup, with
the silver electrode serving as the working electrode, accompanied by a counter electrode and
a reference electrode. The deposition is carried out in a chloride-containing electrolyte, usually
0.1 mol L-1 KCI, under quiescent conditions to ensure stable diffusion layers and consistent
film growth (Temsamani and Lu Cheng, 2001).

2.3.2. Methods for structural characterization of electrode surfaces

2.3.2.1 Scanning electron microscopic method

Scanning Electron Microscopy (SEM) is a technique used to examine the surface and structure
of solid materials. Instead of using visible light and glass lenses like optical microscopes, SEM
uses a focused beam of high-energy electrons that scans the sample’s surface. The signals
produced by these electron-sample interactions enable SEM to achieve very high magnification
and detail, sometimes as low as 1 nanometer. Due to this, SEM is widely utilized in materials
science, nanotechnology, and electrochemistry (Goldstein et al., 2003).

In atypical SEM system, the electron beam is generated by an electron gun, commonly a field-
emission gun (FEG), which produces a stable and focused stream of electrons. These sources
provide the brightness and narrow beam diameter, essential for achieving high-resolution
surface imaging. The beam is accelerated by an electric potential and shaped using a series of
electromagnetic lenses and scanning coils, which steer the beam systematically over the surface
of the sample to build a high-resolution image (Goldstein et al., 2003; Reimer, 1998).

When the electron beam hits the sample, it produces several signals, including secondary
electrons, backscattered electrons, and characteristic X-rays. Secondary electrons, emitted from
the top few nanometers of the surface due to inelastic scattering, are most commonly used for
imaging and provide detailed information about surface texture and fine topography.
Backscattered electrons, resulting from elastic scattering and penetrating deeper into the
material, provide compositional contrast based on atomic number differences. Additionally,
when electrons from the incident beam displace inner-shell electrons in the sample’s atoms,
the resulting electronic transitions generate X-rays. These characteristic X-rays can be detected
and analyzed using energy-dispersive spectroscopy (EDS) for qualitative and quantitative
elemental analysis (Goldstein et al., 2003).

The SEM chamber is maintained under high vacuum to prevent air molecules from scattering
the electrons. This keeps the beam stable and the images clear (Goldstein et al., 2003; Reimer,
1998).

SEM can be used to study both conductive and non-conductive sample. Modern SEM
instruments with low-energy beam settings also enable analysis of beam-sensitive materials.
Furthermore, the integration of X-ray detection enables combined morphological and
compositional analysis, increasing the method’s applicability across scientific disciplines
(Reimer, 1998).
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In this dissertation, SEM was employed to evaluate the surface morphology of the working
electrodes, to observe structural uniformity. These observations were essential for correlating
electrode surface properties with their electrochemical behavior.

2.3.2.2 Raman spectroscopy

Raman spectroscopy is an analytical technique used to examine the vibrational and rotational
modes of molecules in solid, liquid, or gaseous samples. It is a non-destructive method that
provides detailed structural information about materials based on the interaction of light with
matter. The technique relies on the inelastic scattering of monochromatic light, typically from
a laser source. When this light is directed at a sample, most photons are scattered elastically
(Rayleigh scattering), but a small portion is scattered inelastically. This inelastic scattering
results in a shift in the energy of the photons, known as the Raman shift, which corresponds to
the vibrational energy levels of the molecules in the material (Kolesov, 2022; Singh et al.,
2024).

A standard Raman spectroscopy setup includes a laser, usually in the visible range, and a
sample illumination and collection system, often based on a microscope. It also features a notch
or edge filter to remove intense Rayleigh-scattered light, a monochromator or spectrograph to
disperse the scattered light, and a sensitive detector, such as a charge-coupled device (CCD)
(Singh et al., 2024). The sample is typically placed on a stage under the microscope, and the
laser is focused onto a small spot, enabling spatially resolved spectral acquisition (Singh et al.,
2024).

This technique is particularly valuable for identifying molecular structures, detecting functional
groups, and assessing crystallinity, phase transitions, and molecular orientation. It is widely
used in the characterization of inorganic materials, polymers, ceramics, biological samples, and
nanomaterials. The greatest advantages of Raman spectroscopy are that minimal sample
preparation is required, and measurements can be performed in ambient conditions.
Additionally, Raman spectroscopy allows for non-contact measurements, making it highly
suitable for delicate or sensitive samples (Ajayan and Zhou, 2001).

Despite its advantages, Raman spectroscopy has certain limitations. The technique can be
affected by fluorescence interference, particularly when analyzing complex organic materials
or samples with impurities. The Raman scattering cross-section is inherently low, meaning the
signal can be weak unless enhanced methods, such as surface-enhanced Raman spectroscopy
(SERS) or resonance Raman spectroscopy, are used. Nevertheless, the high specificity of
Raman peaks and the ability to couple the system with microscopic imaging provide significant
benefits for material characterization (Ajayan and Zhou, 2001; Singh et al., 2024).

In this thesis, Raman spectroscopy was included among the standard surface characterization
tools used to confirm structural properties of boron-doped diamond electrode material.

2.4 Sensors - general terms

A sensor is a device that detects or measures a physical or chemical property and produces a
readable or observable response. It functions by converting a real-world parameter into a signal,
which can be electrical, optical, thermal, or mechanical in nature and which is usually
proportional to the magnitude of the property being measured. The main parts of a sensor are
a recognition element, which selectively interacts with the target substance or stimulus, a
transducer that converts this interaction into a measurable signal, and a signal processing or
display system that presents the output in a useful format (Soloman, 2010).
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Sensors are broadly classified as physical sensors, chemical sensors, and biosensors. Physical
sensors measure physical quantities such as temperature, pressure, or mass. Chemical sensors
detect and quantify chemical substances through selective chemical interactions. Biosensors
represent a specialized subgroup of chemical sensors distinguished by the use of biological
recognition elements, such as enzymes, antibodies, nucleic acids, or receptors, which provide
high specificity and selectivity towards biological analytes. These biosensors are widely
employed in fields such as medical diagnostics and environmental monitoring due to their
ability to detect biologically relevant molecules with precision (Brian R. Eggins, 2002).

The recognition element is crucial in imparting selectivity to the sensor and is responsible for
binding or reacting with the analyte of interest, which generates a signal change. This change
must be converted or transduced into a measurable signal by the transducer component. There
are many types of transducers, depending on how the sensor works and what it is used for.
Optical transducers measure changes in the properties of light, like absorption, fluorescence,
or luminescence, often benefiting from advancements in fiber optics for greater flexibility and
miniaturization. Piezoelectric transducers detect changes in mass or mechanical vibrations by
measuring variations in the frequency of a vibrating crystal. Thermal transducers, such as
thermistors and thermocouples, detect heat changes produced or consumed during reactions.
Electrochemical transducers are among the most common and include potentiometric devices
that measure electrode potential in response to analyte concentration; amperometric or
voltammetric sensors that detect currents resulting from oxidation or reduction reactions;
conductometric sensors that monitor changes in solution conductivity; and field-effect
transistor (FET)-based sensors that offer miniaturization and enhanced sensitivity (Brian R.
Eggins, 2002; Soloman, 2010).

The operation of a sensor can be schematically represented as the selective interaction between
the recognition element and the analyte, which induces a physicochemical change transduced
into an electrical or optical signal for measurement and interpretation. Biosensors, in particular,
combine biological recognition with signal transduction, enabling the selective detection of
analytes ranging from small molecules to complex biomolecules. Together, these components
enable sensors to provide crucial quantitative or qualitative information in a wide variety of
analytical, clinical, and industrial applications.

2.4.1 Electrochemical sensors

Electrochemical sensors are analytical devices that use electrochemical processes to detect and
quantify chemical species. They work by converting chemical information from an analyte into
an electrical signal, exploiting electron transfer reactions at electrode-solution interfaces. The
primary measurable quantities include current (amperometry), potential difference
(potentiometry), or charge (coulometry), which change in response to electrochemical
interactions of the analyte (Giuseppe Maruccio and Jagriti Narang, 2022). Figure 10 shows a
schematic representation of elements of an electrochemical sensor.
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Figure 10. Schematic representation of the elements of an electrochemical sensor.

Electrochemical sensors rely fundamentally on the working electrode, where the key redox
reactions involving the analyte occur. These electrodes can be made more selective towards
specific analytes by modifications of their surface, which introduce functional groups that
interact selectively with target molecules (Soloman, 2010). Sensor efficiency largely depends
on the properties of the electrode material used. Traditional materials include mercury, precious
metals such as platinum and gold, and various forms of carbon. Mercury electrodes, DME,
have been historically valuable due to their wide cathodic potential window and self-renewing
surface, which enhances reproducibility. However, concerns over mercury's toxicity and
limited anodic potential range have driven the search for alternatives (Dragan Manojlovié et
al., 2010). Bismuth- and antimony-based electrodes, along with different amalgam electrodes,
have emerged as promising substitutes. Precious metal electrodes act as catalysts in electron
transfer reactions and are widely used in the anodic potential region, although their application
in the cathodic range is limited because of high background current, which is caused by oxide
layer formation (Mikkelsen and Schrader, 2003, Serrano et al., 2016, Svancara et al., 201 0).

Carbon-based electrodes are widely used in electrochemical sensing due to their structural
properties (Uslu and Ozkan, 2007). Commonly used carbon electrodes include graphite, glassy
carbon electrodes (GCE), and boron-doped diamond electrodes (Pereira et al., 2012; Shi and
Shiu, 2001). Recently, nanomaterials such as graphene derivatives and carbon nanotubes have
gained attention due to their large surface area, enhanced electrocatalytic activity, broad
potential windows, and cost-effectiveness (Kim et al., 2007; Szunerits and Boukherroub,
2018). Advances in electrode design include the development of heterogeneous carbon
electrodes like carbon paste electrodes (CPE) and screen-printed carbon electrodes (SPCE),
which have expanded the applicability of electrochemical sensors, especially in medical
diagnostics, where low detection limits are essential (Okpara et al., 2021; Rejithamol and
Beena, 2022).

In this dissertation, SP/BDD and SP/MWCNT were used as WEs. The basic principles of
"screen-printing" technology and the characteristics of electrodes are given below.
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2.4.1.1 Screen-printed sensors and screen-printing technique

Screen-printed electrochemical sensors (SPESs) have gained significant attention due to their
adaptability, cost-efficiency, and ease of fabrication. These sensors are produced using the
screen-printing technique, an industrial process that enables the rapid and reproducible
fabrication of complex electrode structures directly on different substrates. The technique is
based on a mesh stencil typically made of polyester or stainless steel, through which conductive
or insulating inks are deposited layer by layer. The patterned inks define the geometry and
functionality of the electrodes and insulation layers, forming compact and integrated three-
electrode systems comprising a working electrode, a counter electrode, and a reference
electrode (Suresh et al., 2021).

The versatility of this method allows for the use of various ink formulations, including carbon-
based, metallic, or composite inks, which can be tailored to specific analytical applications.
Additionally, the technique is compatible with a wide range of substrates, including ceramics,
polymers, glass, alumina, and paper, allowing for sensor development on both rigid and flexible
platforms (Paimard et al., 2023; Singh et al., 2022).

Screen-printed sensors are particularly attractive in applications that require miniaturized,
portable, and disposable platforms. Their design enables the integration of all necessary
electrode components into a single, compact unit, thereby significantly reducing the complexity
of the experimental setup. This configuration is especially valuable for in situ, point-of-care
diagnostics, environmental monitoring, and on-site analysis, where ease of use and rapid
response are critical. The inherent disposability of these sensors minimizes the risk of
contamination, while their ability to be mass-produced at a low cost makes them accessible for
large-scale applications (Suresh et al., 2021).

Despite their numerous advantages, screen-printed sensors also have certain limitations.
Variability between production batches can occur due to minor inconsistencies in the printing
process, which may affect sensor-to-sensor reproducibility. Additionally, some standard ink
materials may offer a limited electrochemical window or insufficient long-term stability under
aggressive conditions. These drawbacks, however, can be addressed through the incorporation
of advanced materials such as boron-doped diamond, carbon nanotubes, or metal nanoparticles,
which enhance the chemical stability, sensitivity, and selectivity of the sensors (Singh et al.,
2022).

A representative schematic of a typical screen-printed sensor configuration is provided in
Figure 11. As illustrated, the integration of a three-electrode system and insulating layers
within a single structure shows the simplicity and functionality of this sensor design.
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Figure 11. Schematic representation of screen-printed sensor; three-electrode platform (WE —
Working electrode; RE — Reference electrode; CE — Counter electrode).

2.4.1.1.1 Screen-printed sensors with boron-doped diamond films as working electrode
(SP/BDD)

In this work, a novel screen-printed sensor with a chemically deposited boron-doped diamond
electrode (SP/BDD) was used. The sensor was produced by combining large-area linear
antenna microwave chemical vapor deposition (LA-MWCVD) and screen-printing, two
complementary techniques that enable the construction of advanced electrochemical platforms
(0. Matvieiev et al., 2022, Selesovskd et al., 2022).

The boron-doped diamond films were deposited on alumina (Al203) ceramic substrates using
the LA-MWCVD method. This process enables the uniform, large-area growth of diamond
films with controlled boron incorporation, resulting in stable and conductive diamond surfaces
suitable for electrochemical applications. These films were used to form the working and
counter electrodes.

Following the diamond deposition, the silver reference electrode and insulating layer were
applied via screen-printing, a method well-suited for the prototyping and reproducible
fabrication of sensor components (O. Matvieiev et al., 2022).

This sensor configuration offers a robust, disposable, and chemically stable platform, making
it ideal for sensitive electrochemical detection under harsh or variable conditions. Its design
makes it especially promising for point-of-care diagnostics and environmental monitoring,
including measurements in complex biological fluids.

2.4.1.2 Screen-printed sensor with multi-walled carbon nanotube working electrode

Screen-printed electrodes modified with multi-walled carbon nanotubes represent a practical
and efficient solution for electrochemical sensing. SP/MWCNT electrodes are often fabricated
as part of an all-in-one, three-electrode system, consisting of a MWCNT-modified carbon
working electrode, a carbon counter electrode, and a silver or Ag/AgCI reference electrode.
This configuration enables rapid and convenient measurements without the need for extensive
setup or pre-treatment of the electrode. In addition, these sensors are compatible with both
aqueous and non-aqueous media and support a broad range of voltammetric techniques.

Because of their robustness, affordability, and ease of mass production, SP/MWCNT sensors
have found wide use in pharmaceutical, environmental, and biological applications. They are
particularly useful for point-of-care analysis and on-site environmental testing, where
disposable, low-maintenance, and reliable sensing platforms are required.

In this work, the SP/MWCNT sensor (Metrohm DropSens) was employed as one of the sensing
platforms for voltammetric analysis. This commercial screen-printed electrode features a
working electrode with carboxyl-functionalized (-COOH) multi-walled carbon nanotubes
deposited on the carbon surface, typically by drop-casting a MWCNT suspension, offering
enhanced electroactive surface area and improved electron transfer Kinetics. The auxiliary
electrode is made of carbon, while the reference electrode is composed of silver. Electrical
contacts are silver-based. The entire system is printed on a ceramic substrate with dimensions
of 3.38 cm x 1.02 cm and a thickness of 0.05 cm.
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2.5 Xanthine alkaloids

Xanthine alkaloids represent a group of naturally occurring purine-based compounds widely
distributed in plants, and to a lesser extent in microorganisms and animals. The most well-
known members of this group are caffeine, theobromine, and theophylline, collectively referred
to as methylxanthines, as they are methylated derivatives of the parent compound xanthine,
with the general formula shown in Figure 12. Due to their pharmacological properties,
primarily stimulation of the central nervous system, diuretic effects, and bronchodilation, these
alkaloids are of great significance in both medicine and the food industry (Ashihara et al.,
2017; Kapri et al., 2022; Singh et al., 2018).

These compounds are naturally present in many widely consumed plant species. Caffeine is
predominantly found in coffee (Coffea arabica), tea (Camellia sinensis), guarana (Paullinia
cupana), and energy drinks, while theobromine is present in cocoa (Theobroma cacao) and
chocolate products. Theophylline occurs in trace amounts in tea but is more widely used as a
therapeutic agent in respiratory medicine due to its ability to relax bronchial smooth muscle
(Scheindlin, 2007).

Even with their structural similarity, the specific number and arrangement of methyl groups on
the purine nitrogen atoms lead to divergent biological activities and pharmacokinetic profiles.
Caffeine contains three methyl groups (1,3,7-trimethylxanthine), theobromine two (3,7-
dimethylxanthine), and theophylline also two, but at different positions (1,3-
dimethylxanthine). These differences influence their potency, metabolic rate, and specific
therapeutic applications (Ashihara et al., 2017).

Given their frequent co-occurrence in plant-based and pharmaceutical matrices, and the
potential for multiple methylxanthines to be present in a single sample, precise and selective
analytical detection of these compounds is a significant challenge. As such, xanthine alkaloids
are not only pharmacologically important but also analytically relevant, making them suitable
targets for the development and validation of sensor-based and electrochemical detection

methods.
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Figure 12. General formula of xanthine alkaloids.
For CAF and TP, R! = CH3; for TB, R = H ; For all three compounds, R? = CHs ;
For CAF and TB, R® = CHg; for TP, R®=H ; R® = H for all compounds.

2.5.1 Caffeine

Caffeine (1,3,7-trimethylxanthine; IUPAC name: 1,3,7-trimethylpurine-2,6-dione; Figure 13)
is a naturally occurring methylxanthine alkaloid and the most widely consumed psychoactive
substance worldwide. Found in over sixty plant species, including Coffea arabica, Camellia

43


https://www.zotero.org/google-docs/?LBtdHt
https://www.zotero.org/google-docs/?LBtdHt
https://www.zotero.org/google-docs/?CV6Csg
https://www.zotero.org/google-docs/?ARJyj0

Jelena Ostojié Doctoral Dissertation

sinensis, Theobroma cacao, and Cola nitida, caffeine is commonly ingested through beverages
such as coffee, tea, energy drinks, and cocoa-based products (Scheindlin, 2007). Its content in
these sources varies depending on plant species, agricultural practices, and processing methods.
Chemically, caffeine is a white, odorless, bitter-tasting compound, freely soluble in water, and
structurally defined as 1,3,7-trimethylxanthine (Juliana dePaula and Adriana Farah, 2019).

Beyond its well-known stimulant effects on the central nervous system, caffeine also exhibits
diuretic, analgesic, and cardiostimulatory properties. These pharmacological effects result from
its ability to act as a non-selective antagonist of adenosine receptors and an inhibitor of
phosphodiesterases. While moderate intake is generally considered safe, excessive or chronic
consumption has been associated with adverse effects such as anxiety, hypertension,
gastrointestinal disturbances, and arrhythmias (Robin Poole et al., 2017; R.P. Heaney, 2002).
Regulatory authorities typically define a daily intake of up to 400 mg as safe for most healthy
adults (Antonio et al., 2024; Tomas Brodin et al., 2014). For children aged 6 to 12, the
recommended limit ranges from 45 to 85 mg per day, while adolescents are advised not to
exceed 100 to 175 mg daily (Mitchell et al., 2014). Individuals with preexisting conditions,
such as cardiovascular disorders or hypertension, are usually advised to limit caffeine intake to
less than 300 mg per day to reduce potential health risks (Elvira Gonzalez de Mejia and Marco
Vinicio Ramirez-Mares, 2014).

Due to its widespread use, caffeine has become a compound of analytical relevance in
pharmaceutical, food safety, and environmental monitoring. It has even been proposed as a
chemical marker of anthropogenic contamination in aquatic systems (Hans-Rudolf Buser et al.,
2003; lvan Senta et al., 2015). Considering the broad range of concentrations in which it
appears across complex sample matrices, the development of sensitive, selective, and rapid
analytical methods for caffeine determination remains a key priority in applied analytical

chemistry.
O
/
N N
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Theobromine (3,7-dimethylxanthine; IUPAC name: 3,7-dimethyl-1H-purine-2,6-dione,
Figure 14) is a naturally occurring methylxanthine alkaloid and a close structural analog of
caffeine. It is most abundant in cocoa beans and their derivative products such as dark and milk
chocolate, making it one of the principal bioactive compounds found in chocolate (Hendrik J.
Smit. and Rachel J. Blackburn, 2005). The concentration of TB in cocoa-derived products
varies depending on the cacao content and processing method. Levels typically range from 1.2-

Figure 13. Caffeine structure.

2.5.2 Theobromine
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5 /100 g in cocoa beans, ~1 g/100 g in dark chocolate, and 0.1-0.5 g/100 g in milk chocolate.
Trace amounts are also present in tea, yerba mate, guarana, and cola nuts, while it is largely
absent from coffee (llaria Cova et al., 2019).

Theobromine appears as a white, crystalline powder, with limited water solubility (330 mg/L
at room temperature) and greater solubility in hot water or alcohol (Pulok K. Mukherjee, 2019).
Its acidic dissociation constant (pKa =~ 9.28) allows for greater oxidative activity in acidic
media, which can be exploited in analytical electrochemical detection. Pharmacologically, TB
acts as a mild central nervous system stimulant, markedly less potent than caffeine, but still
capable of producing cortical stimulation, smooth muscle relaxation, bronchodilation,
vasodilation, and diuretic effects. It has also been shown to exert antitussive activity, act as a
myocardial stimulant, and contribute to enamel protection in dental applications (Eva Martinez
Pinilla et al., 2015; F. Estelle R Simons et al., n.d.; Hendrik Jan Smit, n.d.; L. J. Dorfman and
M. E. Jarvik, n.d.; Mitsugu Yoneda et al., 2017).

Despite its relatively moderate CNS effects, theobromine has been the subject of growing
interest due to its antioxidant potential, low toxicity in humans, and possible therapeutic
applications. Notably, the compound is considered a banned stimulant in veterinary and equine
sports, and its toxicity is well-documented in several animal species, particularly dogs, rabbits,
and rodents, in which even small doses can be fatal due to slower metabolic clearance. In
humans, however, no confirmed cases of acute theobromine toxicity have been reported under
normal dietary intake (E R Strachan and A Bennett, 1994; Soffietti et al., 1989, 1989; Y Wang
and D P Waller, 1994; Ying Wang et al., 1992). However, given the increasing consumption
of high-cocoa-content products and theobromine’s presence in various plant-based matrices,
monitoring its concentration in complex food and pharmaceutical samples remains relevant.

Taken together, theobromine’s pharmacological, nutritional, and toxicological properties, as
well as its structural similarity to caffeine, make it an analytically significant compound. Its
relatively high natural abundance, moderate electrochemical activity, and variable
concentration in real samples support the need for reliable detection techniques, particularly in
the context of method validation through sensitivity and selectivity metrics.
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Figure 14. Theobromine structure.

2.5.3 Theophylline

Theophylline (3,7-dihydro-1,3-dimethyl-1H-purine-2,6-dione; IUPAC name: 1,3-dimethyl-
TH-purine-2,6-dione; Figure 15) is a naturally occurring methylxanthine alkaloid and a
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structural isomer of theobromine, traditionally found in low concentrations in tea leaves
(Camellia sinensis) and certain other plant sources. Despite its natural origin, theophylline is
primarily known and used as a synthetic therapeutic agent in the management of respiratory
diseases, particularly asthma and chronic obstructive pulmonary disease (COPD) (Boylan et
al., 2023; Crapnell and Banks, 2021; Ma et al., 2016). It has been used clinically for over a
century and remains part of treatment regimens either alone or in combination with other
bronchodilators and corticosteroids (Mahemuti et al., 2018).

Pharmacologically, TP acts as a non-selective phosphodiesterase inhibitor, leading to increased
intracellular cyclic adenosine monophosphate (AMP) levels and resulting in bronchodilation,
anti-inflammatory activity, and modulation of immune responses. Additionally, it functions as
a non-selective adenosine receptor antagonist, contributing to both its desired therapeutic and
undesired side effects (Margay et al., 2015; Scurek and Brat, 2024). The therapeutic plasma
concentration range of theophylline in adults is generally accepted to be between 10-20 pg/mL.
Below this range, bronchodilatory effects are insufficient, while plasma levels above 20 ug/mL
are associated with dose-dependent toxicity, including nausea, insomnia, irritability,
tachycardia, cardiac arrhythmias, and seizures (Althagafi, 2022; Crapnell and Banks, 2021;
Gastel, 2022; Goh et al., 2023; Ichikawa et al., 2017; Mahemuti et al., 2018). Inter-individual
variability in metabolism, primarily via cytochrome P450 1A2, makes theophylline particularly
challenging to dose accurately, often requiring therapeutic drug monitoring in clinical settings
(Sohn et al., 2017).

Theophylline’s narrow therapeutic index, coupled with its widespread use and physiological
accumulation potential, underscores the importance of precise analytical determination in
pharmaceutical formulations, biological fluids, and food or beverage products where
methylxanthines may co-exist. Moreover, its physicochemical characteristics, including a
relatively low molecular weight (180.2 g/mol), moderate water solubility, and electrochemical
activity, make TP a relevant target for sensor-based and electrochemical detection techniques.
From a toxicological perspective, although well tolerated within therapeutic limits, chronic or
excessive intake can result in multisystem side effects ranging from gastrointestinal discomfort
and CNS excitation to bronchial muscle flaccidity and cardiovascular dysfunction, particularly
in individuals with impaired metabolism or in pediatric populations. Given the clinical
relevance of theophylline, the development of sensitive, selective, and rapid detection methods
is crucial, not only to support pharmaceutical quality control but also to ensure safe therapeutic
monitoring and explore environmental and nutritional exposures (A. Douglas Kinghorn et al.,
2017).
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Figure 15. Theophylline structure.
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2.5.4 Boron-doped diamond for xanthine alkaloids sensing - a literature review

Boron-doped diamond has proven to be a highly applicable material in electrochemistry. As
previously discussed, its wide working potential window, low background current, and
exceptional chemical and mechanical stability provide a unique set of advantages for the
development of highly sensitive electrochemical sensors. These characteristics make BDD
particularly suitable for the detection of a broad range of analytes in diverse types of real
samples, including beverages, food products, environmental matrices, pharmaceuticals, and
biological fluids.

Table 1 presents a literature overview of electrochemical sensors based on BDD working
electrodes used for the determination of xanthine alkaloids. The table summarizes key
electroanalytical parameters reported in these studies, such as the linear working range,
sensitivity of the developed methods, and the LOD, as well as the specific xanthine alkaloid
(e.g., caffeine, theobromine, theophylline) targeted in each case.

Following the development of electroanalytical methods for the determination of xanthine
alkaloids using SP/BDD, the obtained parameters were compared with those reported in the
selected literature studies. This comparison was carried out in order to evaluate the analytical
performance and potential advantages of the proposed methods.

The literature review confirms the feasibility of developing highly sensitive and reliable
methods for xanthine alkaloid detection using BDD as the working electrode.

47



Jelena Ostoji¢

Doctoral Dissertation

Electrod | Xanthin | Supportin | Techniq Peak Linear LOD Ref.
e e g solution potential range [wmol
alkaloid [Vvs. | [umol L] L]
Ag/AgCl
]

SP/BDD | caffeine | 0.5 mol L DPV +1.28 20 - 500 2.80 This

H2SO4 work
BDD | caffeine | 0.4molL'| DPV +1.55 0.4-25 0.15 | (Svorc et
HCIO4 al., 2012)
BDD caffeine Acetate DPV +1.35 0.5-83 0.038 | (Loureng
film buffer (pH aoetal.,

4.5) 2009)
BDD caffeine PB (pH SW +1.49 26-644 1.4 (Yigit et
2.5) stripping al., 2016)

voltamm
etry
BDD caffeine Acetate SWvV +1.37 | 1.00-54.1| 0.027 | (Janior et
buffer (pH al., 2020)
5)

BDD caffeine | BRBpH 1 SWvV +1.50 3.09— 0.51 (Yardim

28.32 etal.,

2013)

SP/BDD | theobrom | 0.5 mol L™ DPV +0.90 1-7 0.51 This

ine H2SO4 7-60 work
BDD | theobrom | 1 mol L™ DPV +1.20 [0.99-545| 0.42 | (Lubomir
thick- ine H2S0O4 Svorc et
film al., 2018)
BDD | theobrom | Acetate SWv +1.39 [1.00-54.1| 0.025 | (Janior et
ine buffer (pH al., 2020)

5)
SP/BDD | theophyll | 0.5mol L™ | SWV +1.04 3.8-27 0.24 This
ine H2SO4 work
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BDD | theophyll | 1 mol L™ DPV +1.63 2 - 380 0.91 (Cinkova
film ine H2SO4 etal.,
2015)

Table 1. Literature review of xanthine alkaloids determination with boron-doped diamond
Sensors.

2.5.5 Multi-walled carbon nanotubes for xanthine alkaloid sensing — a literature review

Multi-walled carbon nanotubes have attracted considerable attention in electrochemical
sensing due to their large surface area and good electrical conductivity. Their ability to facilitate
electron transfer reactions makes them particularly attractive for enhancing the sensitivity of
sensors targeting small organic molecules such as xanthine alkaloids.

While numerous studies have investigated MWCNT-based detection of various xanthine
derivatives, most analytical approaches have centered on caffeine because of its high
prevalence in beverages, pharmaceuticals, and food items, and its physiological importance.

In recent years, numerous electroanalytical methods for the determination of caffeine have been
developed using electrodes modified with MWCNTSs. These include a variety of sensor
platforms in which MWCNTSs are combined with other materials such as polymers (e.g.,
Nafion) and metal nanoparticles. Such modifications are often aimed at improving the
selectivity, signal stability, and detection limits of the method.

Table 2 presents an overview of selected literature reports on the electrochemical determination
of caffeine using MWCNT-based modified electrodes. The table includes key electroanalytical
parameters such as the linear detection range, limit of detection, along with the type of
supporting electrolyte and technique used. A relevant studies were selected and reviewed based
on its scientific contribution, methodological clarity, and use of MWCNTS as a core electrode
component.

The study implemented a screen-printed MWOCNT electrode for constructing an
electroanalytical method aimed at caffeine detection. Analytical characteristics were
subsequently evaluated in relation to previously reported methods to assess overall
performance and applicability. The review highlights that MWCNT-based electrodes,
including screen-printed configurations, represent a promising strategy for the sensitive,
selective, and reproducible electrochemical detection of caffeine.
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Electrode Supporting | Technique Peak Linear LOD Ref.
solution potential | range
[umol L- | [nmol
[V vs |4 L]
Ag/AgCl]
SP/MWCNT | BRB (pH 2) DPV +1.27 33 -500 9.40 This
work
MWCNT- | PB (pH 7.2) SWV +1.5 10-500 | 0.003 | (Gupta et
GCE al., 2013)
f-MWCNTs | PB (pH7) DPV +1.5 53-166 | 0.043 | (Chen et
al., 2024)
MWCNT- 0.04 mol L | DPASV +1.3 2945 -| 0513 | (Zhang et
Nafion/GCE | BRB  (pH 377.0 al., 2011)
4.1)

Table 2. Literature review of caffeine determination with multi-walled carbon nanotube
Sensors.

2.6 Subject and goals of research

The subject of this doctoral dissertation is the development of novel electroanalytical methods
for the determination of xanthine alkaloids in real samples using compact, disposable sensor
platforms based on advanced electrode materials. In contrast to many published studies that
rely on conventional bulk electrodes, this research focuses on the application of miniaturized
sensor systems, suitable for low-cost, on-site, and routine analysis.

Two types of sensors were investigated: one based on a boron-doped diamond working
electrode, and the other based on a multi-walled carbon nanotube working electrode. The
research included the investigation of the applicability of the developed methods for analyzing
real samples and comparing their performance with existing literature.

A key objective of the study was to physically and structurally characterize the selected sensors.
This was carried out using field-emission scanning electron microscopy and Raman
spectroscopy to confirm the morphology and crystal structure of the working electrode
surfaces. Electrochemical characterization was then performed using cyclic voltammetry to
assess the behavior and stability of the electrodes.
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The next goal was the development of sensitive and reliable electroanalytical methods for
quantifying xanthine alkaloids, specifically caffeine, theobromine, and theophylline, using
differential pulse voltammetry and square wave voltammetry. Key electroanalytical parameters
were determined, including the linear concentration range, limit of detection, limit of
quantification, reproducibility, repeatability, accuracy, and precision.

Finally, special attention was given to the practical application of the developed methods in
analyzing real samples, including coffee, energy drinks, soft drinks, chocolate, and
pharmaceutical tablets. The validation of the proposed methods confirmed their suitability for
routine analysis and their potential use in quality control and monitoring.
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3.1 Materials, reagents, chemicals, and solutions

All chemicals used in these studies were of analytical grade. All aqueous solutions were
prepared using demineralized water from a Milli-Q® deionization unit (Merck Millipore,
Burlington, USA).

Potassium hexacyanoferrate(ll) trihydrate (Ka[Fe(CN)s]-3H20) in 0.1 mol L KCI, used for
investigating system reversibility and electrode characterization, was supplied by Merck
(Germany).

As supporting electrolytes in these studies, 0.1 mol L™ Britton-Robinson buffer and 0.5 mol L-
10.1 mol L phosphate buffer solution (PBS), hydrochloric acid (HCI) and sulfuric acid
(H2S04) were tested. 0.1 mol L BRBS (1 L) was prepared by dissolving 2.80 mL of
phosphoric acid (HsPO4) (16 mol L), 2.40 mL of glacial acetic acid (CHsCOOH) (17 mol L-
1y and 2.48 g of boric acid (HsBOs). Na,HPO4 and NaH,PO4 were used for the preparation of
PBS. All these substances were supplied by Alfa Aesar (Germany). 0.01 mol L hydrochloric
acid (HCI) was prepared by diluting 37 % hydrochloric acid produced by Alfa Aesar
(Germany). 0.1 - 0.5 mol L™ H,SO4 was prepared by diluting 96% sulfuric acid produced by
Alfa Aesar (Germany). pH values were adjusted using sodium hydroxide (NaOH) obtained
from Merck (Germany) and hydrochloric acid (HCI) from Alfa Aesar (Germany). Methanol
(MeOH) was purchased from Alfa Aesar (Germany).

Standards of theophylline, caffeine, and theobromine were of analytical grade, supplied by
Sigma Aldrich (USA), and used without further purification.

Coffee (Jacobs, Germany), chocolates (Lindt, Switzerland), energy drink (Crazy Wolf,
Germany) and soft drink (Coca-Cola, USA) for real sample analysis were purchased at a nearby
market. Pills (Durofilin®, Actavis Generics, Ireland) were purchased at a local drugstore.

3.2 Instrumentation

3.2.1 Characterization of boron-doped diamond

The morphology and surface properties of the electrodes were examined using a scanning
electron microscope (SEM) manufactured by JEOL (7500F, Tokyo, Japan, 45° angle view).

The chemical structure of the deposited films and boron incorporation in the BDD layer of the
SP/BDD sensor were evaluated by Raman spectroscopy (633 nm Dilor system, 5 pm spot
diameter, and 325 nm Spectroscopy & Imaging, Warstein, Germany, 2 um spot diameter).

The actual appearance of both instruments is shown in Figure 16.
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Figure 16. An actual look of the FE-SEM instrument (left) and the Raman instrument used in
this research (right).

3.2.2 Electrochemical measurements

Cyclic voltammetry, differential pulse voltammetry, and square-wave voltammetry were
performed with potentiostat/galvanostat Autolab PGSTAT 302 N (Metrohm Autolab, Czech
Republic). The internal system of this instrument was controlled by Nova 2.1 software. The
actual appearance of the instrument is shown in Figure 17.

Figure 17. The actual look of the Autolab instrument.

An SP/BDD sensor (Slovak Diamond Group, FEI STU, Slovakia) consists of BDD as the
working and counter electrodes, and Ag/AgCl as the reference electrode. The WE surface area
is 0.0707 cm?, inner diameter of 3 mm, B/C 312 500 in the gas phase, and the resistivity was
0.017 Q cm (O. Matvieiev et al., 2022). An SP/MWCNT sensor (Metrohm DropSens, model
110D, Llanera Asturias, Spain) consisted of a carbon electrode modified with carboxyl-
functionalized multi-walled carbon nanotubes as WE (surface area 0.126 cm?, inner 4 mm),
carbon CE, and silver RE. The actual appearance of both SP sensors is shown in Figure 18.
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Figure 18. The actual look of SP/BDD (left) and SP/MWCNT (right) sensors.

A pH meter (Fisher Scientific, Pardubice, Czech Republic) equipped with a combined glass
electrode (Metrohm, Pardubice, Czech Republic) was used to adjust the pH (Figure 19).

Figure 19. A pH meter used to adjust the pH.

A Bandelin Sonorex ultrasonic bath (Schalltec GmbH, Allmendingen, Germany) was used for
preparing various solutions.

Statistical data analysis was performed using the corresponding software (OriginPro 8.0,
OriginLab Corporation, USA). All experiments are done in a bulk electrolyte. The total volume
of the voltammetric cell was 10 mL.

3.3 Preparation procedures

3.3.1 Electrochemical formation of the reference electrode of the SP/BDD sensor

The transformation of the silver reference electrode into a silver/silver chloride (Ag/AgCl)
pseudo-reference was achieved through an electrochemical chlorination process (Figure 20).
This modification was performed by chronoamperometric treatment, in which the Ag reference
electrode of the SP/BDD sensor was connected as the working electrode in a standard three-
electrode configuration.
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Electrochemical
formation of RE

N

Ag Ag/AgCl

Figure 20. The transformation of Ag to Ag/AgCl by the chlorination process with the
chronoamperometry technique.

The electrochemical cell contained a constantly stirred 0.1 mol L KCI solution as the source
of chloride ions. A constant potential of +700 mV (vs. external Ag/AgClI reference electrode)
was applied for 30 seconds. Under these conditions, silver was oxidized to form a thin AgCI
layer on the electrode surface, resulting in a stable Ag/AgCI quasi-reference electrode suitable
for voltammetric measurements. This simple and rapid procedure ensures consistent potential
behavior during electrochemical experiments.

3.3.2 Working electrode surface pretreatment of the SP/BDD sensor

Like other stationary electrodes, the SP/BDD sensor requires surface cleaning and
electrochemical activation before use. Proper pretreatment of the working electrode is crucial
for achieving optimal analytical performance. This process enhances electron transfer Kinetics,
increases sensitivity, improves signal stability, and contributes to better reproducibility and
selectivity in electrochemical measurements.

The SP/BDD electrode surface was first thoroughly rinsed with highly purified distilled water
to remove any surface contaminants. Following the initial rinse, a two-step electrochemical
pretreatment was performed in a 0.5 mol L! sulfuric acid solution. The first step involved
anodic polarization at +2.0 V for 120 seconds, followed by the second step, which consisted of
cathodic polarization at -2.0 V for 120 seconds.

This pretreatment protocol ensures that the BDD surface is well-conditioned for future
voltammetric measurements, contributing to higher signal quality and improved analytical
reliability.

3.3.3. Preparation of real samples for analysis with SP sensors

Coca-Cola and energy drink samples were prepared by treating the drinks with ultrasound for
10 minutes to eliminate carbon dioxide (CO2) from them. Then, 1 mL of degassed solution was
added to 9 mL of 0.5 mol L! H2SO, for future analysis.

A coffee sample was prepared by boiling 1 g of ground coffee in 100 mL of distilled water.
Then, 1 mL of that solution was added to 9 mL of 0.5 mol L™ H,SO4 for analysis.

A chocolate sample was prepared by dissolving 0.5 g of finely ground chocolate in 10 mL of
hot distilled water, followed by ultrasonic treatment for one hour. Subsequently, 1 mL of this
solution was mixed with 9 mL of 0.5 mol L™ H2SO4,
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The pill samples procedure involved extracting the drug powder from the capsule and
dissolving 373 mg of powder in 5 mL of MeOH while stirring. After dissolving, the solution
was transferred to a 250 mL flask and diluted with distilled water. Subsequently, 0.2 mL of this
solution was added to 10 mL of 0.5 mol L™ H.SO..

3.4 Optimization of experimental and instrumental conditions

3.4.1 Selection of supporting electrolyte or analysis with SP/BDD

Literature data for the detection of xanthine alkaloids analytes show that the most optimal
detection is achieved in a strongly acidic environment, which ensures diffusion-controlled
reactions on the electrode surface, especially on boron-doped diamond-based electrodes,
preventing adsorption on the electrode surface. This phenomenon most often occurs at pH
values below 3 (Spataru et al., 2002).

During the optimization of all experimental parameters and development of the voltammetric
method for determining xanthine alkaloids with an SP/BDD sensor, various supporting
electrolytes, including BRB, PB, HNOs3, and H2SO4, were tested.

Due to all these facts and measurement confirmation, 0.5 mol L™ sulfuric acid was selected as
the proper supporting electrolyte.

3.4.2 Selection of supporting electrolyte or analysis with SPFMWCNT

In the case of the SP/MWCNT sensor, the use of strong acidic media, such as sulfuric acid,
proved to be unsuitable due to the sensor’s limited physical and chemical resistance under these
conditions. Therefore, only milder supporting electrolytes, BRB and PB, were evaluated during
the optimization process. Among the tested options, BRB at pH 3 enabled the most stable and
reproducible signal, providing a well-defined voltammetric response with minimal background
interference. This mildly acidic environment was found to be optimal for ensuring sensitivity
while preserving the structural integrity of the SPMWCNT sensor.

As a result, BRB pH 2 was selected as the appropriate supporting electrolyte for all further
measurements using this electrode.

3.4.3 Optimization of the working parameters of voltammetric methods

Differential pulse voltammetry was used for the determination of caffeine and theobromine,
and for the quantification of theophylline with the SP/BDD sensor, square wave voltammetry
was used. For the determination of caffeine with the SP/MWCNT sensor, DPV was used as a
suitable electroanalytical technique.

Before testing the analytical parameters (working linear range, LOQ, LOD), it was necessary
to find the window potential and optimal working parameters at which the sensor provides the
best electrochemical performance.

DPV measurements for caffeine determination were performed using both SP/BDD and
SP/MWCNT sensors in the potential range from +0.6 V to +1.4 V. For theobromine
determination, DPV was employed in the potential range from +0.6 V to +1.1 V with the
SP/BDD sensor. DPV and SWV measurements for theophylline determination were conducted
in the potential range from +0.6 V to +1.6 V using a SP/BDD sensor.
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DPV and SWV method parameters had to be optimized to achieve the best sensitivity and well-
shaped peaks for every analyte.
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4.1 Screen-printed boron-doped diamond sensor
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Figure 21. Main experimental points of developed methods and voltammetric response of the
SP/BDD sensor to target analytes (xanthine alkaloids).
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The aim of the doctoral dissertation was to develop a method for the detection and
quantification of caffeine, theobromine, and theophylline separately. Therefore, the first part is
focused on the results and discussion obtained during the development of the method for
xanthine alkaloids determination.

The first part of this research was based on a screen-printed sensor with a boron-doped diamond
electrode (SP/BDD). This sensor was used for the optimization and development of a method
that would be applied for the quantification of all three xanthine alkaloids (caffeine,
theobromine, and theophylline).

The surface characterization of the electrode was conducted using FE-SEM and Raman
spectroscopy. FE-SEM provided detailed information about the morphology of the surface,
including the shape, texture, and distribution of microcrystalline diamond structure on the
electrode surfaces. Raman spectroscopy was employed to confirm the structural properties and
composition of the materials, particularly the presence and quality of nanostructured diamond
phases. Following structural characterization, electrochemical tests were performed.

The first part of the electrochemical results contains the examination of the electrochemical
characteristics of the SP/BDD electrode using cyclic voltammetry. The tests included system
reversibility testing, selection of supporting electrolytes, and the effect of scan rate on the
electrochemical response of the electrode.

The second part of the results presents pulse voltammetric measurements related to the
optimization of working parameters for the methods at the SP/BDD electrode. The aim was
then to examine the electrochemical characteristics of the developed methods and compare
them with the results reported in the literature, specifically with those of BDD and SP/BDD
Sensors.

The third part of the results focuses on the examination of the electrochemical characteristics
of the developed electrochemical methods using the SP/BDD sensor. Under optimized
experimental conditions, the linear ranges for the determination of xanthine alkaloids were
examined. Analytical parameters such as precision, LOD, LOQ, reproducibility, and
repeatability were determined. Additionally, the effects of various potential interfering
substances were examined. The final part covers the application of SP/BDD in real samples
and the validation of the proposed and developed method.
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4.1.1 Characterization of electrode surface by FE-SEM and Raman spectroscopy method

Surfaces of working and reference electrodes from SP/BDD were observed using the FE-SEM
method. The SEM image (Figure 22) shows the boron-doped diamond thin film deposited on
an Al;O3 (alumina) substrate, which serves as the base for the screen-printed sensor. The
surface morphology reveals a compact and uniform microcrystalline structure, composed of
faceted diamond grains with sizes ranging from approximately 0.5 to 2 um. The individual
crystallites are closely packed, forming a continuous layer with minimal visible porosity or
structural defects. The total thickness of the BDD film is approximately 3.25 um, providing a
mechanically stable and electrically conductive surface ideal for electrochemical applications.
The high-quality microstructure observed confirms the successful growth of a dense and
adherent diamond layer.

{

o / T~ | . e
— lpm FEI_STU 5/17/2025 — 100nm FEI_STU 5/17/2025
X 10,000 5.0kV SEI SEM WD 3.6mm 3:01:32 X 50,000 5.0kV SEI SEM WD 3.6mm 2:50:13

Figure 22. FE-SEM micrographs of boron-doped diamond thin film. Magnified 10*10° times
(left) and 50*102 times (right).

Raman spectroscopy was employed to confirm the structural characteristics and boron
incorporation in the BDD layer of the SP/BDD sensor. Spectra were recorded using two
excitation wavelengths, 325 nm and 633 nm, to provide complementary insights into the
bonding environment and electronic structure of the material (Figure 23). The obtained spectra
exhibit the characteristic features of heavily boron-doped diamond. Specifically, prominent
bands are observed at approximately 480 cm™ (B1), attributed to localized vibrations associated
with boron clusters in the diamond lattice, and at 1200 cm™ (B), a broad band commonly
assigned to disordered diamond or boron-related vibrational modes. A peak near 1305 cm™,
slightly shifted from the ideal diamond peak at 1332 cm™, indicates lattice distortion due to the
high boron concentration. The combination of these spectral features confirms successful boron
doping and the preservation of the diamond crystalline structure.
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Figure 23. Raman spectra of the surface of the boron-doped diamond working electrode. B; -
band attributed to localized vibrations associated with boron clusters in the diamond lattice; B>
- band assigned to disordered diamond or boron-related vibrational modes.

4.1.2 Cyclic voltammetry study

4.1.2.1 Electrochemical behavior of SP/BDD sensor

This chapter describes the electrochemical performance of the SP/BDD sensor.
Electrochemical  performance/characteristics  involve analyzing the shape of
oxidation/reduction peaks as well as defining their current levels.

The electrochemical responses of SP/BDD were monitored in Ka[Fe(CN)s] solution (in order
to test the system's reversibility), but more importantly, in solutions of each xanthine alkaloid
separately.

The electrochemical characteristics of WE were investigated using cyclic voltammetry.
Electrochemical response of WE was followed in 1 mmol L™ K4[Fe(CN)e] in 0.1 mol L KCI.
The applied potential ranged from -0.3 V to +0.8 V, while the scan rate varied from 5 to 100
mV s1. Cyclic voltammograms clearly show the presence of oxidation and reduction peaks.

As a supporting electrolyte, 0.5 mol L™ H,SO4 was used to test the electrochemical behavior
of the SP/BDD sensor in the presence of xanthine alkaloids. The applied potential ranged from
+0.8 V to +1.6 V, while the scan rate varied from 2 to 100 mV s™.

4.1.2.1.1 Electrochemical characterization of SP/BDD sensor

Electrochemical characterization is a critical step in understanding and optimizing the
performance of SP sensors for analytical applications. Through the evaluation of key
parameters such as the diffusion coefficient (D), charge transfer coefficient (o), and the
heterogeneous electron transfer rate constant (ks) and active surface of the electrode (mm?),
insight is gained into the Kinetics and mechanisms governing redox reactions at the electrode
surface. These parameters not only reflect the intrinsic electrochemical behavior of the sensor
but also influence its sensitivity, selectivity, and analytical reliability. The electrochemical
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characteristics of the SP/BDD sensor were systematically investigated. The results provide
information about the efficiency and responsiveness of the sensor under experimental
conditions.

The surface areas of SP/BDD were probed using 1 mmol Lt K4[Fe(CN)s] in 0.1 mol L KCI
in a potential range from -0.3 V to +0.8 V, at different scan rates ranging from 5 to 100 mV s
1 - - - -

(Figure 24). Increasing the scan rate leads to a gradual increase in the peak current. The peaks
are only slightly shifted with increasing the scan rate; oxidation peaks to more positive potential
values, and reduction peaks to more negative potential values. Peak separation was 65 mV. The
good electrochemical response of Ki[Fe(CN)g] in 0.1 mol L™ KCI at the electrode surface
implies a fast electron transfer at the electrode surface and good reversibility.
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Figure 24. CVs of 1 mmol L K4[Fe(CN)g] in 0.1 mol L* KCI on increasing scan rates from 5
to 100 mV/s (Inset picture: Plots of anodic current (Ipa) and cathodic current (Ipc) vs. square
root of the scan rate with SP/BDD).

Plots of anodic peak current (Ipa) and cathodic peak current (Ipc) vs. the square root of the scan
rate were constructed. These calibration plots have excellent linearity, as expected for
diffusion-controlled processes at the electrode surface, consistent with the Randles—Sevéik
equation (Equation 2) for reversible systems.

From this relation, the diffusion coefficient D was calculated to be 7.51 x 107 cm? s,

The charge transfer coefficient (o) was calculated from the relations, where the slope was
obtained from plotting Ep vs Inv:

slope = _ R
p anF

where R is the gas constant, T is the temperature in K, n is the number of electrons, and F is
Faraday's constant. A linear correlation between Epa vs. Inv was obtained, described by:

Epa (V) = 0.1951 + 0.0024 x Inv (V s%); R? = 0.988.

The charge transfer coefficient (o) is 0.45. That suggests a more symmetrical electron transfer
process on the SP/BDD, approaching the theoretical value of 0.5 for a fully reversible system.

The heterogeneous electron transfer rate constant (ks) was determined by the Nicholson relation
(Equation 4):
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DmnFv )1/2

ks=1/)( RT

where R is the gas constant, T temperature in K, D is the diffusion coefficient (cm?s™?), n is the
number of electrons, F is Faraday's constant, and v is the scan rate. The calculated value is 1.05
x 10 2cmst.

Equation 4

Surface coverage (I'*) was not considered because the process was diffusion-controlled.

The active surface area of the SP sensor was calculated after testing the scan rate on the
electrochemical response of the SP/BDD. Figure 23 shows cyclic voltammograms recorded at
different scan rates (5-100 mV s?) in 0.1 mol L™ KCI containing 1 mmol L™ Ka[Fe(CN)s].

The active surface area of SP/BDD was calculated via Equation 2 using the values of the
intensity of the anodic peak (Ipa) with the corresponding scan rates. The average value of the
active surface area of SP/BDD was 6.62 mm?, This value corresponds to 94% of the geometric
surface area (7.07 mm2), which can be the result of the non-porous nature of BDD thin films,
where the electrochemically active area typically approaches the geometric area.

4.1.2.1.2 Electrochemical behavior of SP/BDD in the presence of caffeine

The oxidation pathway proposed for caffeine involves a slow two-electron oxidation at the C-
8-N-9 position, giving the substituted uric acid(1), followed by a two-electron oxidation,
yielding the formation of 4,5-diol of uric acid analogue(2) through the primary two-electron
and two-proton oxidation (Hernandez-Aldave et al., 2019; Jose et al., 2021; Matteo et al., n.d.),
as illustrated in Figure 25.
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Figure 25. Mechanism of electrooxidation of caffeine.

The electrochemical oxidation kinetics of caffeine were investigated using an SP/BDD (Figure
25a). CV measurements were performed in 0.1 mmol L caffeine in 0.5 mol L™ H2SO4 over a
range of scan rates from 2 to 100 mV s. The log I vs log v relationship yielded a slope of 0.69
(R? = 0.988), indicating a mixed diffusion-adsorption controlled process with predominant
diffusion control. This demonstrates efficient mass transport toward the SP/BDD electrode
surface, with a minor contribution from surface adsorption or accumulation of caffeine species.

For each scan rate, the oxidation peak potential (Ep) was recorded (Figure 26b). To elucidate
the electron transfer mechanism and kinetic parameters, the dependence of Ep on the natural
logarithm of the scan rate (Inv) was analyzed. The irreversible oxidation mechanism of caffeine
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was analyzed using Laviron's equation (Equation 5) for non-reversible systems, which relates
the peak potential (Ep) to the scan rate (v):

0

E,=E°+ L In (ﬁ) + 2w Equation 5
anF anF anF

where Ep is the formal potential, R is the gas constant, T is the temperature, a is the electron

transfer coefficient, n is the number of electrons, F is Faraday's constant, and k° is the standard

rate constant.

Ep (V) =1.25+0.032 x Inv (V s); R =0.996

The linear relationship between Ep and In v confirms irreversible kinetics, as Ep shifts slightly
positively with increasing scan rate (Figure 26a). The calculated an = 0.86 and n = 2 for a rate-
determining oxidation step yield a. = 0.43, indicating moderate asymmetry in the energy barrier
and the reactant state (caffeine) has a slightly larger influence on the activation energy than the
product state (4,5-dihydroxyuric acid).
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Figure 26. a) CVs of 0.1 mmol L* caffeine in 0.5 mol L™t H2SO4 on increasing scan rates from
2 to 100 mV/s (Inset picture: Plots of log I vs. log v); b) Plots of Ep vs. Inv.

4.1.2.1.3 Electrochemical behavior of SP/BDD in the presence of theobromine

In an acidic medium, theobromine undergoes an irreversible electrochemical oxidation process
involving the transfer of two electrons and two protons, forming an oxidized imidazolone-type
derivative from the initial methylxanthine structure (Figure 26). The absence of a
corresponding reduction peak and the linear dependence of current on the square root of the
scan rate suggest a diffusion-controlled and irreversible oxidation mechanism characterized by
a 2e’/2H" transfer.
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Figure 27. Mechanism of electrooxidation of theobromine.

Kinetic analysis of theobromine oxidation reveals fast electron-transfer kinetics on the SP/BDD
electrode. The peak potential shows minimal dependence on scan rate, shifting only 60 mV
across an increase in scan rate (2-100 mV/s). The linear relationship between Ep and In v yields
a slope of 0.01 (R? = 0.969), which is significantly smaller than typically observed for
irreversible organic compound oxidations (Figure 28b). This small slope indicates that the
heterogeneous electron transfer is rapid relative to the experimental timescale, approaching
quasi-reversible behavior. Quantitative determination of the charge transfer coefficient (o)
using the Laviron equation is not feasible for this system, as the minimal potential shift suggests
the rate constant (ks) is too high for conventional kinetic analysis at these scan rates.

The diffusion-controlled nature of the process is confirmed by the log | vs log v relationship
(slope = 0.43, R? = 0.999), demonstrating efficient mass transport and fast interfacial kinetics
at the SP/BDD electrode surface (Figure 28a).
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Figure 28. a) CVs of 0.1 mmol L™ theobromine in 0.5 mol L™ H,SO4 on increasing scan rates
from 2 to 100 mV/s (Inset picture: Plots of log I vs. log v); b) Plots of Ep vs. Inv.

4.1.2.1.4 Electrochemical behavior of SP/BDD in the presence of theophylline

The oxidation of theophylline proceeds via a proton-coupled electron-transfer step at the
xanthine ring. Under the acidic aqueous conditions, TP is oxidized on SP/BDD through an
electron-transfer/chemical-step/electron-transfer sequence that constitutes a proton-coupled
electron-transfer pathway centered at C4 of the xanthine ring (Figure 29). The first anodic step
forms a m-delocalized radical cation; rapid nucleophilic addition of water at C4 gives a 4-
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hydroxy intermediate (1). A second electron transfer leads, through further protonation and
hydration, to the formation of the 4,5-diol intermediate (2).

Zﬁ ;\ bﬁ

(1) (2)

Figure 29. Mechanism of electrooxidation of theophylline.

CV was employed to investigate the electrochemical oxidation of 1 mmol L™ TP in 0.5 mol L
1 at the SP/BDD, with scan rates ranging from 5 to 100 mV s (Figure 30a). The
voltammograms exhibit an increase in peak current with increasing scan rate, accompanied by
a slight positive shift in the oxidation peak, indicating some kinetic limitations in the electron
transfer process. The slope value of the logarithmic plot of peak current (I,) versus scan rate
(v) is 0.42, which is close to the theoretical value of 0.5, implying that the oxidation process is
diffusion-controlled, governed primarily by the mass transport of TP in solution rather than
surface adsorption. These findings suggest that the oxidation of TP at the SP/BDD occurs
through a diffusion-controlled mechanism, with the SP/BDD sensor providing a stable and
reproducible platform for the electrochemical detection of TP.

For each scan rate, the oxidation Ep was recorded. To calculate the electron transfer
mechanism, the dependence of Ep on the natural logarithm of the scan rate (Inv) was analyzed
(Figure 30b). The irreversible oxidation mechanism of TP was analyzed using previously
mentioned Laviron's equation:

Ep (V) =1.44+0.03 x Inv (V s); R>=0.999

The linear relationship between Ep and Inv confirms irreversible kinetics, as Ep shifts
positively with increasing scan rate. The calculated an = 0.84 and n = 2 for the rate-determining
oxidation step yield o = 0.42, indicating moderate asymmetry in the energy barrier where the
reactant state has a slightly larger influence on the activation energy than the product state. This
a value suggests that the activation energy for the forward oxidation reaction is more favorable
than that for the reverse process, consistent with the irreversible nature of theophylline
oxidation.
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Figure 30. a) CVs of 0.1 mmol L theophylline in 0.5 mol L™ H,SO4 on increasing scan rates
from 5 to 100 mV/s (Inset picture: Plots of log I vs. log v); b) Plots Ep vs. Inv.

4.1.2.2 Effect of supporting electrolyte

The choice of a suitable supporting electrolyte plays a crucial role in the electrochemical
detection of the analyte. It directly influences the sensitivity, reproducibility, and clarity of the
voltammetric signal. Due to the unique surface characteristics of BDD electrodes, such as low
adsorption tendency, inertness, and a wide potential window, the choice of supporting
electrolyte becomes crucial for electron transfer kinetics and minimizing background current.

4.1.2.2.1 Optimization of supporting electrolyte on the SP/BDD performances for the
determination of caffeine

The electrolyte must provide a stable acidic environment that supports the oxidation of caffeine
while preserving the sharpness and reproducibility of the voltammetric signal.

To determine the optimal electrolyte for caffeine detection, the electrochemical response of a
20 umol L™ caffeine solution was examined in various acidic media using the SP/BDD sensor
(Figure 31b). The tested electrolytes included sulfuric acid (H2SQOa4), hydrochloric acid (HCI),
BRBS at pH 2, and PB at the same pH. All media except hydrochloric acid produced a clearly
visible and well-defined oxidation peak for caffeine. In HCI, the signal was significantly less
distinct, and the oxidation peak was shifted toward more positive potentials.

This reduced response in HCI can be attributed to specific molecular interactions. While both
HCI and H.SO. are strong acids, their ionic compositions differ significantly, affecting how
they interact with both the caffeine molecule and the electrode surface. According to the
literature, only monomeric caffeine undergoes protonation, and the equilibrium between the
neutral molecule (caf) and its protonated form (Hcaf*) is influenced by the medium. This
equilibrium affects not only the shape of the oxidation peak but also its position, due to changes
in electron transfer kinetics and possible ion-pairing or complexation phenomena (Spiro et al.,
1989).

Among the tested media, sulfuric acid provided the most favorable electrochemical profile,
characterized by the highest peak current, a consistent oxidation potential, and a sharp,
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symmetrical peak with minimal background noise. Based on these results, sulfuric acid was
selected as the most suitable supporting electrolyte for subsequent measurements.

Further optimization was carried out to determine the ideal concentration of sulfuric acid
(Figure 31a). At all concentrations tested, the oxidation of caffeine was marked by a distinct
and oval-shaped peak. However, increasing the acid concentration led to a progressive shift of
the peak potential toward less positive values. This trend reflects enhanced electrochemical
kinetics in more acidic conditions. Caffeine contains nitrogen atoms that become increasingly
protonated as the acidity of the medium rises, which facilitates faster electron transfer and
lowers the overpotential required for oxidation. As a result, a concentration of 0.5 mol L
H>SO4 was identified as optimal, offering the lowest oxidation potential and highest signal
quality, and it was selected as the supporting electrolyte for all further voltammetric
investigations of caffeine with the SP/BDD sensor.
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Figure 31. Electrochemical responses of SP/BDD sensor for 20 pmol L™t CA obtained in a) 0.1
— 0.5 mol Lt H,SO4 and b) 0.5 mol L™ H2SO4, BRB pH 2, PB pH 2 and 0.1 mol L™ HCI.

4.1.2.2.2 Optimization of supporting electrolyte on the SP/BDD performances for the
determination of theobromine

According to the literature, optimal electrochemical detection of theobromine is typically
achieved under strongly acidic conditions. Acidic media promote diffusion-controlled
processes at the electrode surface and help prevent surface fouling. These favorable conditions
are typically observed at pH values below 3 (Lubomir Svorc et al., 2018; Spataru et al., 2002).

Based on these findings, sulfuric acid was tested as the candidate supporting electrolyte for
further evaluation. The electrochemical behavior of 0.1 mmol L theobromine standard was
investigated using a SP/BDD sensor in a concentration range of 0.1-0.5 mol L H,SO4. As
shown in Figure 32, increasing the concentration of HSO4 led to a progressive shift in the
oxidation peak toward lower potentials. This trend is consistent with enhanced protonation of
the analyte and facilitated electron transfer in a more acidic environment.

In parallel, a rise in the background current was observed with increasing acid concentration,
likely due to the enhanced oxygen evolution reaction (OER) in highly acidic media. This effect
was particularly evident at 0.5 mol L' H,SO4, where both the peak shift and background
current increase were most pronounced.
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Nonetheless, the voltammogram recorded in 0.5 mol L H,SO4 exhibited a clearly defined and
sharp oxidation peak for theobromine at approximately 0.9 V vs Ag/AgCl. This signal is
consistent with prior studies involving similar BDD-based electrode systems (Peng et al.,
2017; Vinoth and Wang, 2024). The observed peak suggests a single-step electrochemical
oxidation mechanism involving the transfer of two protons and two electrons, as previously
illustrated in Figure 26.

Given the superior sensitivity, peak definition, and favorable oxidation potential observed, 0.5
mol L H,SO4 was selected as the optimal supporting electrolyte for the determination of
theobromine and used in all subsequent measurements.

.25 3
< ——0.1mol L"" Hy80,
=1
o _1
2.0 -
———0.3 mol L H,S0,
-1
= 0.4 molL  H,SO
1.5 2.4

-1

1.0

0.5

0.6 : 0.8 ' 1:0 ' 1:2 l 1.4 ' 1.6
E (V) vs Ag/AgCI

Figure 32. Electrochemical responses of SP/BDD sensor for 0.1 mmol Lt TB obtained in 0.1
— 0.5 mol L™ HzSO04

4.1.2.2.3 Optimization of supporting electrolyte on the SP/BDD performances for the
determination of theophylline

Choosing the right supporting electrolyte and pH is crucial for optimizing the electrochemical
determination method (Cinkova et al., 2015). Literature data for theophylline determination
show that the best electrochemical responses are obtained under strongly acidic conditions.
Two acids and the BRB buffer pH 2 were selected to test the optimal pH value of the supporting
electrolyte. The electrochemical behaviour of 0.1 mmol L of TP standard in different acidic
supporting solutions: BRB pH2, 0.1 mol L™ HCI, and 0.5 mol L™ H2SO4 was recorded with
the SP/BDD using the DPV method.

Figure 33 shows a shift of the peaks to higher potential values in strongly acidic media, such
as 0.1 mol L HCI and 0.5 mol L™ H.SOs, which is consistent with the stabilization of the
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protonated form of TP. These shifts are due to the proton-coupled nature of TP oxidation, as
well as specific electrolyte effects (Wang et al., 2014).

In contrast, BRB buffer pH 2, the Ep value is lower, reflecting weaker protonation and reduced
interfacial interactions. The peak currents are also electrolyte-dependent. The highest current
is obtained in 0.5 mol L™ H;SO4 due to its high ionic strength and conductivity, which
minimizes iR drop, and due to possible specific adsorption of sulfate anions that facilitates
charge transfer. Lower currents are recorded in HCI and BRB buffer, where conductivity is
lower or where buffer components may partially block the electrode surface. These results
confirm that both pH and the nature of the supporting electrolyte strongly influence the
electrooxidation of TP. The peak obtained in 0.5 mol L™ H,SO4 had an oxidation potential
value of 1.20 V. It has the highest peak current value and a well-defined peak. Considering
this, we concluded that 0.5 mol L™ H.SO4 would be the preferred supporting solution for TP
detection with SP/BDD.

p— 10 1
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Figure 33. Electrochemical responses of SP/BDD sensor for 0.1 mmol L™ TP obtained in 0.5
mol L™ H2S04, BRB pH 2 and 0.1 mol L™ HCI.
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4.1.3 Pulse methods

DPV and SWV methods are both well-known for their ability to effectively discriminate
against background currents and facilitate rapid and effective electroanalytical determination
with low detection limits, making them ideal for the trace and ultra-trace analysis of various
compounds (Joseph Wang and Bassam A. Freiha, 1983; Laborda et al., 2014)

To assess the relative performance of DPV and SWV with SP/BDD sensor and under controlled
and comparable conditions, preliminary experiments were conducted for each of the three
analytes caffeine, theobromine, and theophylline, using a fixed analyte concentration of 0.1
mmol L™ prepared in their respective optimized supporting electrolytes. The aim was to
compare signal quality, peak sharpness, background current suppression, and overall analytical
performance under standardized, non-optimized parameters. Differential pulse voltammetry
was applied in a potential range from +0.4 V to +1.6 V with a modulation amplitude of 50 mV
and a modulation time of 25 ms, while square-wave voltammetry was tested in a potential range
from +0.4 V to +1.6 V at a frequency of 25 Hz and a modulation amplitude of 50 mV.

For caffeine, both techniques yielded detectable oxidation signals. However, DPV produced a
sharper, more defined peak with visibly lower background currents, resulting in better signal
clarity and easier peak identification. SWV, while operationally simpler and faster, exhibited
broader peaks and elevated baseline currents, which slightly compromised the resolution
(Figure 34a).

Similar observations were made in the case of theobromine. Although both techniques provided
measurable responses, DPV demonstrated a clear advantage in terms of peak intensity,
symmetry, and signal-to-noise ratio, and the electrochemical response was more stable and
better suited for quantitative analysis (Figure 34b).

In contrast, theophylline showed different behavior under the same measurement conditions.
While DPV produced a detectable signal, the peak was flatter and less defined. SWV, on the
other hand, yielded a clearer, more reproducible signal with improved peak visibility and
baseline separation. In this case, SWV proved to be the more appropriate technique for the
analytical determination of theophylline (Figure 34c).

Based on this comparative evaluation, DPV was selected as the final method for caffeine and
theobromine, and for theophylline, SWV was retained as the method of choice. This highlights
the necessity of method-specific optimization even when using the same electrode material,
and confirms that both voltammetric techniques, when appropriately selected, can offer reliable
and sensitive detection for different xanthine derivatives.
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Figure 34. Comparison of DPV and SWV techniques for the determination of 0.1 mmol L of
a) caffeine, b) theobromine and c) theophylline.

4.1.3.1 Optimization of working parameters of pulse techniques

To achieve the best sensitivity and well-shaped peaks for every analyte, the parameters of both
techniques have to be optimized.

4.1.3.1.1 Optimization of working parameters for the differential pulse voltammetry (DPV)
method

The DPV procedure was optimized by varying the modulation amplitude (V) and modulation
time (s).

In the presence of 0.01 mmol L? caffeine in 0.5 mol L H2SO4 on the SP/BDD, DPV
parameters optimization was carried out. The amplitude was varied in the range from 10 to 200
mV at a constant modulation time value of 25 ms. The best results were obtained for an
amplitude of 100 mV, and this was selected for further study (Figure 35a). After that, the
modulation time was optimized at an amplitude value of 100 mV (Figure 35b). The
optimization was performed in the range from 10 to 200 ms. The best results were obtained
with a value of 25 ms, and this value was selected for further measurements.

1 ——10ms
——25ms
| ——50ms
75 ms
100 ms
1 ——150 ms
— 200 ms

0.6 l 07 0.8 ois ‘ 1?0 I 1:1 ' 1.2 1.3 1.4 0.9 1.0 131 1:2 13 1.4
a) E (V) vs Ag/AgCl b) E (V) vs Ag/AgCl

Figure 35. Optimization of DPV parameters: a) amplitude and b) modulation time, in the
presence of 0.01 mmol L caffeine.

This optimization, performed in the presence of 0.01 mmol L™ TB in 0.5 mol L™* H,SO4 on the
SP/BDD, involved altering one parameter while keeping the others constant. The results are
shown in Figure 36, indicating that varying the modulation amplitude from 10 to 150 mV (with
the modulation time fixed at 25 ms led to a negligible increase in background current and a
shift of the TB peak potential to more negative values beyond 125 mV. Thus, it was determined
that a modulation amplitude of 125 mV was optimal for this study. The study of modulation
times between 10 and 200 ms revealed an increase in the background current, as shown in
Figure 36a. After a modulation time of 50 ms, this increase became significant, resulting in a
noticeable shift of the oxidation peak to significantly higher potential values. Although there
was still a further increase in the current, 50 ms was chosen as the optimal modulation time
(Figure 36b).
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Figure 36. Optimization of DPV parameters: a) amplitude and b) modulation time, in the
presence of 0.01 mmol L theobromine.

4.1.3.1.2 Optimization of working parameters for the square wave voltammetry (SWV)
method

The SWV procedure was optimized by varying the modulation amplitude and frequency. This
optimization was carried out with 0.01 mmol L™* TP in 0.5 mol L* H,SO4 on the SP/BDD,
altering one parameter while keeping the others constant. The results shown in Figure 37a
indicate that varying the modulation amplitude from 10 to 100 mV (with the frequency fixed
at 25 Hz) led to an increase in background current and a shift of the TP peak potential to more
negative values beyond 50 mV. Consequently, we determined that a modulation amplitude of
50 mV was optimal for this study. Regarding frequency, which was studied in the range from
10 to 150 Hz, an increase resulted in a steady increase in background current, as demonstrated
in Figure 37b. Based on these findings, we identified 75 Hz as the optimal frequency.

< ]—10mv < |—10Hz
= -3100 4 ——25Hz
I * T . T . T * T " 0 T T T T T T T T
0.6 08 1.0 1.2 14 1.6 0.8 09 1.0 11 1.2 1.3 14 1.5 1.6
a) E (V) vs Ag/AgCI b) E (V) vs Ag/AgCl

Figure 37. Optimization of SWV parameters: a) amplitude and b) frequency, in the presence
of 0.01 mmol L theophylline.
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4.1.3.2 Analytical performance of the proposed method with SP/BDD sensor

The sensitivity of an electrochemical sensor is defined by its ability to reliably detect and
quantify low concentrations of the analyte. Key performance indicators include the limit of
detection and limit of quantification. These parameters were calculated from the slope (m) of
the calibration curve and the standard deviation (S) of the blank signal, using the standard
formulas (Purdic et al., 2024):

e LOD=3Sm? Equation 6
e LOQ=10Smt Equation 7

During the development of electroanalytical methods, it is not uncommon to get two distinct
linear ranges within the calibration curve. This phenomenon, well-documented in literature
(Dorraji and Jalali, 2016, Stankovié, 2015, Stankovié et al., 2015a, 2015b), is attributed to the
concentration-dependent electrochemical behavior of the analyte. At lower concentrations, the
response is typically governed by a diffusion-controlled process, resulting in a well-defined
linear range. However, as the concentration increases, adsorption of the analyte or its oxidation
products on the electrode surface may begin to dominate, leading to changes in the redox
mechanism and a new linear relationship. This trapping effect on the electrode surface alters
the slope of the calibration curve, reflecting a shift from diffusion-driven to adsorption-
influenced processes.

Caffeine detection was performed using DPV in 0.5 mol L™ H,SOs4, in the potential window of
+0.9 V to +1.4 V, with a pulse amplitude of 100 mV and a modulation time of 25 ms. The

voltammetric response was recorded across a concentration range of 20 to 500 umol L (Figure
38).

Concentration range: 20-500 umol L™
Equation: T (nA) =0.015-c (umol L) —0.091 (R? = 0.996)

LOD: 2.80 pmol L | LOQ: 8.40 pmol L

76


https://www.zotero.org/google-docs/?gcnfQD
https://www.zotero.org/google-docs/?u8C0vw
https://www.zotero.org/google-docs/?u8C0vw

Jelena Ostojié Doctoral Dissertation

I (4A) = -0.091 + 0.015 " ¢ (umol L") _
R®=0.996

I (hA)

[=-]

|
R O .
T e e s T

¢ (umol L)
0 100 200 300 400 500

4 == baseline
——20 pmol L
4 4 =140y mollL"
e 60 pmol L
{ =80 umol L
=100 pmol L
2 ——200ymol L’
300 pmol L
{1 ——400 ymol L
=500 pmol L 5
D 2t — s analie

T I L] I T I L I T
0.9 1.0 1.1 1.2 1.3 14

E (V) vs Ag/AgCI

Figure 38. Voltammetric response of SP/BDD for the addition of different aliquots of caffeine
standard to a 0.5 mol L H.SOa4. (Inset picture: Calibration graphs with corresponding error
bars).

Theobromine detection was performed using DPV in 0.5 mol L H2SO4, within the potential
window +0.6 V to +1.2 V, with a pulse amplitude of 125 mV and modulation time of 50 ms.
The voltammetric response was recorded across a concentration range of 1 to 60 pmol L*
(Figure 39). The calibration curve showed two linear ranges:

1. Low concentration range: 1-7 umol L™
Equation: T (nA)=7.61+ 1.10-c (umol L) (R? = 0.998)

2. High concentration range: 7-60 umol L*
Equation: I (uA) =19 + 0.19-c (umol L) (R? = 0.989)

LOD: 0.51 pmol L | LOQ: 1.55 pmol L
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Figure 39. Voltammetric response of SP/BDD for the addition of different aliquots of
theobromine standard to a 0.5 mol L™* HSOs. (Inset picture: Calibration graphs with
corresponding error bars).

Theophylline detection was performed using SWV in 0.5 M H2SOg, in a potential window from
+0.6 to +1.7 V, with an amplitude of 50 mV and a frequency of 75 Hz. The voltammetric
response was recorded across a concentration range of 3.85 to 26.92 umol L (Figure 40). A
single linear range was obtained:

1. Concentration range: 3.8-27 umol L
Equation: I (uA) =—-1.36 + 0.96-c (umol L) (R2 =0.999)

LOD: 0.24 pmol L | LOQ: 0.73 pmol L™

All obtained data with the SP/BDD sensor are summarized in Table 3.
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Figure 40. Voltammetric response of SP/BDD for the addition of different aliquots of
theophylline standard to a 0.5 mol L™* HzSOs. (Inset picture: Calibration graphs with
corresponding error bars).

Xanthine Alkaloid Linear Range LOD LOQ
[mumol L] [mumol L] [mmol L]
Caffeine 20 - 500 2.80 8.40
Theobromine 1-7 0.51 1.55
7-60
Theophylline 3.8-27 0.24 0.73

Table 3. Obtained analytical parameters with the SP/BDD sensor toward xanthine alkaloids.
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4.1.3.2.1 Lifetime, reproducibility, and repeatability of SP/BDD sensor

Reliable electrochemical sensors, particularly those intended for disposable or point-of-care
applications, must demonstrate high stability, reproducibility, and repeatability to ensure
consistent analytical performance across multiple uses and units. These parameters are critical
not only for method validation, but also for potential real-world implementation.

To evaluate these characteristics, a series of experiments was conducted using the SP/BDD
sensor to detect caffeine, theobromine, and theophylline. For each analyte, sensor performance
was evaluated through repeated measurements at defined concentrations, over both short- and
long-term periods.

The morphological and electrochemical stability of both the working and reference electrodes
was monitored throughout repeated measurements. Figures 41a show SEM micrographs of the
SP/BDD working electrode (left) and the AgCI quasi-reference (right) electrode, respectively,
before any use (a) and after 100 continuous measurement cycles (b). It is noticeable that
working electrode surfaces have not changed after prolonged use. This confirms the robustness
and durability of the BDD material. However, a slight variation in the crystalline surface
structure is observed for the Ag/AgCI quasi-reference electrode, with a sharper grain boundary
contrast in Figure 41b (right) compared to its initial state, Figure 41a (right). This phenomenon
could be attributed to partial metal or salt dissolution processes occurring during repeated
sensor operation.
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Figure 41. FE-SEM micrographs of a) new BDD working electrode (left) and quasi-reference
Ag/AgCIl electrode (right); and b) BDD working electrode (left) and quasi-reference Ag/AgCl
electrode (right) used in 100 continuous measurements of CV.

Sensor lifetime was tested by storing the sensors at room temperature in ambient air for a period
of two months, during which repeated measurements were taken regularly. Throughout this
period, no significant changes were observed in either the electrochemical response or the
surface morphology of the electrodes, confirming their structural and functional stability.

Reproducibility (sensor-to-sensor variation) and repeatability (same-sensor precision) were
assessed by performing ten replicate measurements of a fixed concentration for each analyte,
using both a single electrode and five different electrodes under the same conditions.

Ten consecutive measurements at 50 umol L™ caffeine using the same sensor showed a
variation in peak current of 5.0%, indicating good intra-electrode precision. Across five
sensors, the variation remained within acceptable limits. No degradation in electrochemical
performance was observed over 100 consecutive cycles.

At a concentration of 10 pmol L of theobromine, the repeatability across ten measurements
on the same sensor showed a 1.41% variation, while reproducibility across five sensors yielded
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1.78% variation. These low values confirm excellent consistency and robustness of the sensor
for TB detection.

Ten replicate measurements of 10 pmol L™ theophylline on a single electrode showed a
variation of 2.3%, while five different sensors yielded a variation of 1.9%. The current
responses remained stable over the whole one-month testing period, demonstrating long-term
electrochemical reliability.

Although the SP/BDD sensor is intended for single-use scenarios, the results demonstrate that
it offers robust electrochemical stability over prolonged usage, with minimal signal drift or
degradation. This stability, combined with the low variability in repeated and cross-sensor
measurements, strongly supports its potential for practical deployment in routine
electroanalytical applications.

4.1.3.2.2 Interferences study

Interference studies, also known as selectivity assessments, are a crucial component in the
development and validation of analytical methods. They are conducted to evaluate the ability
of a sensor or method to distinguish the target analyte in the presence of potentially interfering
substances that may coexist in complex sample matrices. Without proper evaluation of
selectivity, the accuracy and reliability of analytical results may be compromised, particularly
in real-world applications such as clinical diagnostics, food analysis, or environmental
monitoring. Therefore, interference studies are essential to ensure that the analytical method
maintains its precision, accuracy, and reproducibility even in a complex sample matrix (Dorkd
etal., 2015) .

To evaluate the selectivity of the sensors toward caffeine determination, an interference study
was performed using SP/BDD (Figure 42). The objective was to assess the influence of various
potentially interfering substances commonly found in real beverage samples, such as energy
drink, coffee, and soft drink. The selectivity assessment involved testing a range of inorganic
ions and organic compounds. Specifically, glucose, sucrose, fructose, ascorbic and citric acid.
In addition, inorganic compounds, including sodium nitrate, sodium carbonate, sodium
chloride, sodium sulfate, potassium chloride and magnesium chloride were evaluated, given
their typical presence in the target sample matrices. It should be noted that common beverage
constituents such as caffeine, tannins, proteins, fixed oils, sugars, sweeteners, and herbal
extracts, present in coffee, energy drinks, and Coca-Cola (Filik et al., 2017; Silva et al., 2017)
could potentially adsorb onto the electrode surface, leading to passivation phenomena and
affecting electrochemical performance. All potential interferents had a concentration of 1.0
mmol L, which was tenfold higher than the caffeine concentration (0.1 mmol L?) in the
solutions. This approach was intended to rigorously challenge the selectivity performance of
SP/BDD sensors under conditions representative of real analytical samples. The interference
studies were carried out using the DPV method, in 0.5 mol L* H,SO., employing the previously
described optimized measurement parameters. The results demonstrated that none of the tested
substances interfered with the electrochemical determination of caffeine. No additional peaks
or significant signals attributable to these potential interferents were observed, confirming the
high selectivity of SP/BDD sensors for caffeine determination under the tested conditions.
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Figure 42. DPV response of SP/BDD for caffeine in the presence of potential interfering
compounds.

The selectivity of the SP/BDD toward TB was confirmed by performing DPV measurements
in the optimized conditions and the presence of common interfering species in chocolate. The
experiment was divided into two parts to investigate the influence of organic and inorganic
substances common in real samples of interest. Firstly, we tested the electrochemical response
of 10 umol L* and 0.1 mmol L? organic interferents, namely glucose and sucrose,
subsequently added to the same matrix (0.5 mol L™ HzSOs). For reference, a DPV of 1 umol
L1 TB was recorded at the end, in the solution containing all interferents. In Figure 43, we can
see that the selected interfering compounds are not electroactive under the optimized conditions
and that TB can be quantitatively determined in their presence. In the other part of the
experiment, DPV of 0.1 mmol L solutions of calcium chloride, sodium chloride, and
ammonium acetate was measured, and 1 umol L™* TB was detected in the solution containing
all salts. From Figure 43, we conclude that salts do not interfere with the TB determination.
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Figure 43. DPV response of SP/BDD for theobromine in the presence of potential interfering
compounds.

The selectivity of the SP/BDD SPE toward TP was confirmed by performing SWV
measurements under optimized conditions and in the presence of common interfering species
in the drug pills. The experiment was divided into two parts to investigate the influence of
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organic and inorganic substances common in real samples of interest. First, we tested the
reactivity of 10 pmol L and 0.1 mmol L organic interferents, namely glucose and sucrose,
subsequently added to the same matrix (0.5 mol L™ H2SOa). For reference, a SWV of 1 umol
L TP was recorded at the end of the solution containing all interferents. In Figure 44, we can
see that the selected interfering compounds are not electroactive under the optimized conditions
and that TP can be quantitatively determined in their presence. In the other part of the
experiment, SWV of 0.1 mmol L* solutions of calcium chloride, sodium chloride, and
ammonium acetate were measured, and 1 pmol L™ TP was detected in the solution containing
all salts. From Figure 44, we conclude that salts do not interfere with the TP determination.
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Figure 44. DPV response of SP/BDD for theophylline in the presence of potential interfering
compounds.
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4.1.4 Application of SP/BDD sensors and proposed methods in the real sample analysis

To evaluate the practical applicability of the developed methods using the SP/BDD sensor,
various commercially available products were selected as real samples. These included soft
drinks, energy drinks, and coffee for caffeine determination; chocolate products for
theobromine analysis; and pharmaceutical tablets for theophylline detection. All samples were
prepared following the procedure previously described.

All measurements were done in triplicate. Results for both the electroanalytical measurement
and reference (confirmation) methods are summarized in Table 7.

4.1.4.1 Application of SP/BDD sensor and proposed method in the coffee sample

The caffeine was quantified in two different coffee samples using the SP/BDD and the DPV
method in 0.5 mol L H.SO4 within the potentials from 0.6 V to 1.6 V. A standard caffeine
solution of known concentration (10 mmol L) was added 5 times per 40 uL in the prepared
real sample solution. The obtained values of caffeine concentration were 38 mg in 100 g of
coffee for the first sample (Figure 45a) and 49 mg in 100 g of coffee for the second sample
(Figure 45b). The indicated concentration of caffeine on the packaging was 40 mg and 50 mg
per 100 g.

— —
o1 (uA) =1+ 0.96 * ¢ (umol L™): <1 20 |27 (uA) =119 +0.08 * ¢ umol LY
[H) S :

= 2_ 22
s |RT=0.991

I (uA)

2.0

18

18
14
204 12

w ¢ (umol L)
3.04" H 5 100 180 200

s

¢ (umol L)
o 50 100 150 200
real sample

2.5

1.5 1

real sample

. 41 i’
2.0 ——41 pmol L . 4
e ——82 umol L
5 E2pmol L° 1.04 ——124 ymol L"
.5 ———124 pmol L-1 206 umol L
——165 pmol L
1.0 e . 206 pmol L™ 0.5
T T T T T T T T T T T T T T v T T T T T T T T T
08 09 10 14 12 13 14 15 16 0.6 0.8 1.0 1.2 1.4 16
a) E (V) vs Ag/AgCI b) E (V) vs Ag/AgCI

Figure 45. Standard addition method for coffee samples obtained by SP/BDD; (Inset pictures:
Plot of current intensity (1) vs. concentration of caffeine (c)). The prepared solution of the real
sample was spiked five times with aliquots of 40 uL of (10 mmol L) caffeine standard.

4.1.4.2 Application of SP/BDD sensor and proposed method in energy drink sample

The caffeine was quantified in the energy drink using the SP/BDD and the DPV method in 0.5
mol Lt H,SO4 within the potentials from 0.6 V to 1.6 V. Its concentration was determined by
the standard addition method: 20 puL and then four times 50 pL of a standard caffeine solution
of known concentration (10 mmol L) were added to the prepared real sample solution, after
which a standard addition curve was constructed (Figure 46). The obtained caffeine
concentration value was 34 mg in 100 mL of energy drink. The indicated concentration of
caffeine on the packaging is 30 mg in 100 mL.
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Figure 46. Standard addition method for energy drink sample obtained by SP/BDD; (Inset
pictures: Plot of current intensity (I) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked five times with aliquots of 10 mmol L caffeine standard.

4.1.4.3 Application of SP/BDD sensor and proposed method in soft drink sample

The quantification of caffeine in Coca-Cola was conducted utilizing the SP/BDD with the DPV
method in 0.5 mol Lt H2SO4 as a supporting electrolyte. The potential range from 0.6 V t0 1.6
V was employed. The standard addition method was used for quantification, whereby 20 puL
of a caffeine standard solution with a known concentration of 10 mmol L™ was added three
times to the prepared real sample solution. A calibration curve was constructed (Figure 47),
from which the caffeine concentration was determined to be 0.0526 mmol L, corresponding
to 9.96 mg of caffeine per 100 mL of Coca-Cola. The indicated concentration of caffeine on
the packaging is 8.50 mg in 100 mL.

If we compare the results obtained with our sensor and the two standard methods (Table 7), we
can conclude that the matching of the methods is in the value of the standard deviation, which
leads to the conclusion that our sensor, based on SP/BDD, can be used for precise, accurate,
and fast determination of caffeine in this type of sample.
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Figure 47. Standard addition method for soft drink sample obtained by SP/BDD; (Inset
pictures: Plot of current intensity (I) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked three times with aliquots of 10 mmol L™ caffeine standard.

Measurement Coca-Cola Coffee 1 Coffee 2 Energy drink
[mg/100 mL] [mg/100 g] [mg/100 g] [mg/100 mL]
I 9.99 39 48 34.70
1 9.92 38 48 33.20
11 9.97 38 49 33.00
Average 9.96 38.33 48.33 33.63

Table 4. Obtained results with SP/BDD sensor, for caffeine quantification, in real sample
analysis.
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4.1.4.4 Application of SP/BDD sensor and proposed method in the chocolate sample

The quantification of theobromine (TB) in chocolate was conducted utilizing the SP/BDD with
the DPV method in 0.5 mol L™ H,SO4 as a supporting electrolyte. The potential range from 0.6
V to 1.2 V was employed. The standard addition method was employed for quantification,
whereby 20 pl of a standard TB solution with a known concentration of 10 mmol L™ was added
five times to the prepared real sample solutions. A calibration curve was constructed, from
which the TB concentration was determined to be 0.45 pmol L™ corresponding to 155 mg, and
0.19 umol L%, corresponding to 748 mg of theobromine per 100 g of chocolate, in chocolate
containing 30% (Figure 48a), and chocolate containing 70% of cocoa (Figure 48b).
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Figure 48. Standard addition method for chocolate samples obtained by SP/BDD; (Inset
pictures: Plot of current intensity (I) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked five times with aliquots of 10 mmol L™ theobromine standard.

Measurement Chocolate 30% Chocolate 70%
[mg/100 g] [mg/100 g]
| 153.0 753.5
1 155.3 745.5
11 156.7 745.0
Average 155 748

Table 5. Obtained results with SP/BDD sensor, for theobromine quantification, in real sample

analysis
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4.1.4.5 Application of SP/BDD sensor and proposed method in the pill sample

The quantification of theophylline (TP) in drugs was conducted utilizing the BDD SPEs with
the SWV method in 0.5 mol L H,SO4 as a supporting electrolyte. The potential range from
0.7 to 1.6 V was employed. The standard addition method was employed for quantification,
whereby 20 pL of a standard TP solution with a known concentration of 10 mmol L was
added five times to the prepared real sample solutions. A calibration curve was constructed,
from which the TP concentration was determined to be 108 mol L™, corresponding to 243.75
mg of TP in a single drug capsule. The value stated on the packaging is 250.00 mg of TP in a
single drug capsule (Figure 49).
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Figure 49. Standard addition method for chocolate samples obtained by SP/BDD; (Inset
pictures: Plot of current intensity (I) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked five times with aliquots of 10 mmol L theophylline standard.
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Measurement Pill 1 Pill 11 Pill 111
[ma] [mg] [ma]

I 244.00 243.50 239.80

1 246.00 244,75 241.50

11 247.25 246.25 241.70
Average 245.75 244.50 241.00

Table 6. Obtained results with SP/BDD sensor, for theophylline quantification, in real sample

analysis.

Method Coffee 1 Coffee 2 Energy Soft Chocolat | Chocolat Pills (TP)
(CAF) (CAF) drink drink e 1 (TB) e2(TB)
(CAF) (CAF) [mg]
[mg/100 g] | [mg/100 g] [mg/100 [mg/100
[per 100 [mg/100 al al
mL] mL]
Declared 40 50 30 mg 8.5 / / 250
value
SP/BDD 38.33+0.4 | 48.33+0.4 | 33.63+0.7 | 9.96+0.0 15543 748+15 243.7515.6
7 7 6 3 1
HPLC 35 51 31.94 10.23 148.95 710.40 /
Spectro- / / / 10.2 / / /
photometri
c
method

Table 7. The obtained results with electroanalytical measurements with the SP/BDD sensor
and with reference (confirmation) methods.
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4.2 Screen-printed multi-walled carbon nanotube sensor
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Figure 50. Main experimental points of the developed methods and voltammetric response of
the SP/MWCNT sensor to the target analyte (caffeine).

500 uM

91



Jelena Ostojié Doctoral Dissertation

The second part of this research was based on a screen-printed sensor with a multi-walled
carbon nanotube working electrode (SP/MWCNT). This sensor was used for the optimization
and development of a method that could be applied to caffeine quantification.

The surface characterization of the electrode was conducted using FE-SEM. FE-SEM provided
detailed information about the morphology of the surface, including the shape, texture, and
distribution of nanostructured features on the electrode surfaces. Following structural
characterization, electrochemical tests were performed.

The first part of the electrochemical results involves the examination of the electrochemical
characteristics of the SPMWCNT electrode using cyclic voltammetry. The tests included
system reversibility testing, selection of supporting electrolytes, and the effect of scan rate on
the electrochemical response of the electrode.

The second part of the results presents pulse voltammetric measurements related to the
optimization of working parameters for the methods at the SP/MWCNT electrode.

The aim was then to examine the electrochemical characteristics of the developed methods and
compare them with the results reported in the literature.

The third major part of the results relates to the examination of the electrochemical
characteristics of the developed electrochemical methods with the SPAMWCNT sensor. Under
optimized experimental and instrumental conditions, the linear range for the determination of
caffeine was examined. Important analytical parameters (precision, LOD, LOQ, reproducibility
and repeatability) were determined. Additionally, the effects of various potential interfering
substances were examined.

The final part covers the application of SP/MWCNT in real samples and the validation of the
proposed and developed method.
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4.2.1 Characterization of electrode surface by FE-SEM method

Surfaces of working and reference electrodes of SPPMWCNT were observed using the FE-
SEM method. And this analysis reveals a fibrous, entangled network of tubular structures with
a high aspect ratio (Figure 51). The nanotubes appear as long, thread-like cylinders with
diameters ranging from 10 to 50 nm and lengths extending from 1 to 3 um. Due to their hollow
concentric-wall structure, they form dense bundles or aggregates. The surface morphology
generally shows a relatively smooth texture along the tube walls, while the overall arrangement
appears randomly oriented, forming a porous and interconnected mesh. This morphology
contributes significantly to the large surface area and high conductivity of the SP/MWCNT
sensor.

100nm FEI_STU 5/17/2025 ) E— 100nm FEI_STU 5/17/2025
SEM WD 3.5mm  2:02:26 X 100,000 5.0kV SET SEM WD 3.5mm  1:52:26

Figure 51. FE-SEM micrographs of multi-walled carbon nanotube. Magnified 50*10° times
(left) and 100*102 times (right).

4.2.2 Cyclic voltammetry study

4.2.2.1 Electrochemical behavior of SP/MWCNT sensor

This chapter describes the electrochemical performance of the SP/MWCNT sensor.
Electrochemical  performance/characteristics  involve analyzing the shape of
oxidation/reduction peaks as well as defining their current levels.

The electrochemical responses of SPAMWCNT were monitored in Ka[Fe(CN)e] solution (in
order to test the system's reversibility), but more importantly, in the solution of every xanthine
alkaloid separately.

The electrochemical characteristics of WE were investigated using cyclic voltammetry.
Electrochemical response of WE was followed in 0.1 mmol L* K4[Fe(CN)s] in 0.1 mol L
KCI. The applied potential ranged from -0.3 V to +0.8 V, while the scan rate varied from 5 to
100 mV st

As a supporting electrolyte, BRB pH 2 was used to test the electrochemical behavior of the
SP/MWCNT sensor in the presence of the xanthine alkaloid caffeine. The applied potential
ranged from +0.8 V to +1.5 V, while the scan rate varied from 2 to 100 mV s™. Cyclic
voltammograms reveal the presence of oxidation peaks from xanthine alkaloid, which are
slightly shifted to more positive potential values as the scan rate increases.
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4.2.2.1.1 Electrochemical characterization of SP/BDD sensor

Electrochemical characterization of the SP/MWCNT sensor was performed using the same
approach as previously described for the SP/BDD electrode. All measurements were conducted
under identical experimental conditions, employing the same electrochemical equations and
evaluation protocols. The surface area of SPMWCNT was probed using 1 mmol L*
Ka[Fe(CN)g] in 0.1 mol L'* KCI in a potential range from -0.3 V to +0.8 V, at different scan
rates ranging from 5 to 100 mV s (Figure 52).

L o 2 01804 Ep = 0.189 + 0.008 * Inv (V/s)
= ——10 mVis © ) a
0] ——25mvis & 01751 R*=0.992
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Figure 52. CVs of 1 mmol L Ka[Fe(CN)e] in 0.1 mol L* KCI on increasing scan rates from 5
to 100 mV/s (Inset picture: Plots of anodic current (Ipa) and cathodic current (Ipc) vs. square
root of the scan rate with SP/BDD).

The diffusion coefficient D was calculated to be 7.24 x 10~ % cm? s,
A linear correlation between Epa vs. Inv was obtained (Figure 52b):
Epa (V) =0.189 + 0.008 x Inv (V s1); R? = 0.992.

The charge transfer coefficient () 1s 0.32. In comparison with the value of charge transfer
coefficient calculated for SP/BDD (0=0.45), this suggests a more symmetrical electron transfer
process on the SP/BDD, because the value approaches the theoretical value of 0.5 for a fully
reversible system.

The heterogeneous electron transfer rate constant (ks) was calculated to be 6.8 x10~ 2 cm s,
Considering the calculated value for the SP/BDD sensor (1.05 x 10~ 2 cm s1), these results
indicate approximately 35% faster electron transfer kinetics at SP/BDD compared to the
SP/MWCNT electrode.

Surface coverage (I'*) was not considered, again, due to the diffusion-controlled nature of the
process.

The active surface area of the SP/MWCNT sensor was calculated after testing the scan rate on
the electrochemical response of the MWCNT WEs. Figure 52a shows cyclic voltammograms
recorded with the sensor at different scan rates (5-100 mV s?) in 0.1 mol L* KCI containing 1
mmol L™ Ka[Fe(CN)s].

The active surface area of SPPMWCNT was calculated via Equation 2 using the values of the
intensity of the anodic peak (Ipa) with the corresponding scan rates. The average value of the
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active surface area of SPAMWCNT was 1.51 cm? (151 mm?), which represents approximately
a 12-fold increase compared to the geometric area (0.126 cm?). This significant enhancement
demonstrates the effective contribution of carbon nanotubes in increasing the available surface
for electrochemical reactions, which is characteristic of nanomaterial-modified electrodes.

4.2.2.1.2 Electrochemical behavior of SP/MWCNT in the presence of caffeine

The electrochemical oxidation kinetics of 0.1 mmol L™ caffeine were investigated using a
SP/MWCNT at different scan rates (2-100 mV s™) in BRB pH 2 (Figure 53a). From the linear
relationship observed between the peak potential and the natural logarithm of the scan rate, the
product of the electron transfer coefficient was calculated via Laviron’s equation, yielding a
value of 0.86 (Figure 53b). A higher o value, approaching 1, suggests a more symmetrical
energy barrier compared to the SP/BDD (0=0.43), implying faster electron transfer kinetics
and that the product state has a larger influence on the activation energy. This could indicate
either a difference in the transition state structure at the SP/MWCNT surface, or an influence
of specific adsorption effects on the oxidized caffeine intermediate, or a mixed
reaction/electron transfer.
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Figure 53. Figure 25. a) CVs of 0.1 mmol L™ caffeine in BRB pH 2 on increasing scan rates
from 2 to 100 mV/s (Inset picture: Plots of log I vs. log v); b) Plots of Ep vs. Inv.

4.2.2.2 Effect of pH of supporting electrolyte

The selection of an appropriate supporting electrolyte is a crucial step in the development of
reliable and sensitive electrochemical methods. The nature, pH, and ionic strength of the
electrolyte can significantly influence the kinetics and thermodynamics of redox processes, as
well as the shape and position of voltammetric peaks and the level of background current. An
optimal electrolyte not only enhances the analytical signal but also ensures reproducibility and
stability of measurements by reducing background (capacitive) current and preserving optimal
conditions for analyte determination.

4.2.2.2.1 Optimization of pH of supporting electrolyte on the SP/MWCNT performances for
the determination of caffeine

To determine the optimal pH conditions for caffeine detection using the SP/MWCNT sensor,
a series of voltammetric measurements was conducted in BRBS across a pH range from 2 to 6,
with a fixed caffeine concentration of 20 umol L. The results, shown in Figure 54, revealed
a clear pH dependence of the electrochemical response. The most intense and sharply defined
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oxidation peak was observed at pH 2. As the pH increased, the peak current progressively
decreased, and after pH 4 disappeared, indicating that the oxidation mechanism is strongly
influenced by the availability of protons. Moreover, higher pH values resulted in a rise in
background current, which further compromised signal clarity and detection sensitivity.
Considering all these observations, BRB at pH 2 was selected as the optimal supporting
electrolyte for further studies using the SP/MWCNT sensor. This choice is also supported by
literature findings, which confirm that caffeine exhibits its most favorable electrochemical
behavior in strongly acidic environments (Alessandro Trani et al., 2017; Yanwei Wang et al.,
2014).

| (nA)

| e e
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E (V) vs Ag/AgCI

Figure 54. Electrochemical responses of SPMWCNT sensor for 20 umol L™ CA obtained in
BRB at different pH values (2-6).

4.2.3 Pulse methods

To assess the relative performance of DPV and SWV with SP/MWCNT sensor and under
controlled and comparable conditions, preliminary experiments were conducted for caffeine
using a fixed analyte concentration of 0.1 mmol L™ prepared in respective optimized supporting
electrolytes, BRB pH 2. The aim was to compare signal quality, peak sharpness, background
current suppression, and overall analytical performance under standardized, non-optimized
parameters.

Differential pulse voltammetry was applied in a potential range from +0.4 V to +1.4 V with a
modulation amplitude of 50 mV and a modulation time of 25 ms, while square-wave
voltammetry was tested in a potential range from +0.4 V to +1.4 V at a frequency of 25 Hz and
a modulation amplitude of 50 mV.
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With the SP/MWCNT sensor in the presence of caffeine, both techniques yielded detectable
oxidation signals. However, DPV produced a sharper, more defined peak, resulting in better
signal clarity and easier peak identification. SWV, while operationally simpler and faster,
exhibited a broader peak, which slightly compromised the resolution (Figure 55). After
choosing the DPV technique, parameters had to be optimized to achieve the best sensitivity
and well-shaped peaks for the analyte.
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Figure 55. Comparison of DPV and SWV techniques for the determination of 0.1 mmol L
caffeine with SPAMWCNT sensor.

4.2.3.1 Optimization of working parameters for the differential pulse voltammetry (DPV)
method

The DPV procedure was optimized by varying the modulation amplitude and modulation time.

In the presence of 0.01 mmol L caffeine in BRB pH 2 on the SP/BDD, DPV parameters
optimization was carried out. The amplitude was varied in the range from 10 to 200 mV at a
constant modulation time of 25 ms. The best results were obtained for an amplitude of 100 mV,
and this was selected for further study (Figure 56a). After that, the modulation time was
optimized at an amplitude value of 100 mV. The optimization was performed in the range from
10 to 200 ms (Figure 56b). The best results were obtained with a value of 25 ms, and this value
was selected for further measurements.
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Figure 56. Optimization of DPV parameters: a) amplitude and b) modulation time, in the
presence of 0.01 mmol L caffeine.

4.2.3.1.1 Analytical performance of the proposed method with SP/MWCNT sensor

To evaluate the analytical performance of the SPMWCNT sensor, DPV measurements were
conducted in a potential range from +0.5V to +1.4 V in BRB pH 2, under previously optimized
parameters of amplitude 100 mV and modulation time 25 ms. The LOD and LOQ were
calculated using the same approach described earlier, based on the calibration curve
parameters. The obtained results are presented below, allowing for direct comparison with the
SP/BDD sensor performance.

After obtaining the voltammetric response at various concentrations of caffeine, a calibration
curve was constructed (Figure 57). The response was linear in the concentration range of 33 to
500 umol Lt and is described by the regression equation:

1. Concentration range: 33-500 umol L*
Equation: I (uA) =0.14 +0.02 - ¢ (umol L) (R2=0.992)

LOD: 9.40 pmol L1 | LOQ: 28.50 pmol L
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Figure 57. Voltammetric response of SPMWCNT for the addition of different aliquots of
caffeine standard to a BRB pH 2 (Inset picture: Calibration graph with corresponding error
bars).

Although the SPAMWCNT sensor exhibits a satisfactory analytical performance for caffeine
detection, its sensitivity and signal definition are lower than those observed with the SP/BDD
sensor. In particular, the background current was more pronounced and the oxidation peak less
sharp, which may reflect differences in surface structure, electron transfer kinetics, or surface
fouling tendencies between the two materials.

A comparative summary of analytical parameters, including linear range, LOD, LOQ,
oxidation peak potential, and supporting electrolyte for both sensors, is presented in Table 8.
These results clearly highlight the superior performance of SP/BDD for electrochemical
detection of caffeine, offering a more favorable detection profile for practical applications.

Sensor Linear range LOD LOQ
20-500 2.80 8.40
SP/BDD
33-500 9.40 28.50
SP/IMWCNT

Table 8. A comparative summary of analytical parameters for SP/BDD and SP/MWCNT
sensors in caffeine determination.
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4.2.3.1.2 Lifetime, reproducibility, and repeatability of the sensor

The reproducibility of the SPMWCNT sensor was evaluated using a caffeine concentration of
50 umol L, under conditions optimized during method development. Ten consecutive
measurements at this concentration yielded an oxidation peak current variation of
approximately 6%, indicating satisfactory reproducibility for analytical purposes.

The operational lifetime of the SPMWCNT sensors was determined to be at least one month
without significant deterioration in performance. The electrodes were stored at room
temperature, exposed to air, during this period. These results suggest that SP/MWCNT sensors
are suitable for routine electrochemical analysis over a reasonable period of time, provided
they are used within their validated lifespan.

4.2.3.1.3 Interferences study

To evaluate the selectivity of the SP/MWCNT sensor for caffeine determination, an
interference study was conducted (Figure 58). The purpose was to assess the influence of
various potentially coexisting species commonly present in real beverage samples, such as
energy drinks, coffee, and soft drinks. The selectivity evaluation included a broad range of both
inorganic and organic compounds known to be present in such matrices. Specifically, the tested
organic species included glucose, sucrose, fructose, ascorbic and citric acid. In addition,
inorganic substances such as sodium nitrate, sodium carbonate, sodium chloride, sodium
sulfate, potassium chloride and magnesium chloride were selected due to their frequent
occurrence in commercial beverage formulations.

Each potential interfering species was introduced at a concentration of 1.0 mmol L, ten times
higher than the caffeine concentration (0.1 mmol L), to create a stringent testing environment
for evaluating sensor selectivity. DPV was employed as the detection technique, utilizing the
previously optimized parameters. All measurements were conducted in BRB at pH 2 to ensure
consistency with the established conditions for caffeine detection.

The results demonstrated that none of the tested substances produced additional peaks or
significant signal alterations in the voltammograms. No measurable interference with the
caffeine signal was observed, indicating that the SP/MWCNT sensor maintains high selectivity
for caffeine even in the presence of potentially interfering compounds under simulated real-
sample conditions.
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Figure 58. DPV response of SPPMWCNT for caffeine in the presence of potential interfering
compounds.

4.2.4 Application of SP/MWCNT sensor and proposed methods in the real sample analysis

To evaluate the practical applicability of the developed methods using the SP/MWCNT sensor,
commercially available products were selected as real samples. These included energy drinks
and coffee for the determination of caffeine. All samples were prepared following the
procedure previously described.

All measurements were done in triplicate. Results for both the electroanalytical measurement
and reference (confirmation) methods are summarized in Table 10.

4.2.4.1 Application of SPAMWCNT sensor and proposed method in the coffee sample

The caffeine was quantified again in two different coffee samples using the SPPMWCNT and
DPV method in BRB pH 2, within the potential window from 0.6 V to 1.4 V. The standard
caffeine solution (10 mmol L) was added four times (each time 50 pL) to the prepared real
sample solution. With the SPFMWCNT, the obtained values of caffeine concentration were 32
mg in 100 g of coffee for the first sample (Figure 59a) and 49 mg in 100 g of coffee for the
second sample (Figure 59b). The indicated concentration of caffeine on the packaging was 40
mg and 50 mg per 100 g.
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Figure 59. Standard addition method for coffee samples obtained by SP/MWCNT; (Inset
pictures: Plot of current intensity (1) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked four times with aliquots of 50 uL of (10 mmol L) caffeine
standard.

4.2.4.2 Application of SP/MWCNT sensor and proposed method in soft drink sample

It was not possible to quantify caffeine in Coca-Cola using the SP/MWCNT because the
presence of acids from real samples readily damaged the surface of the silver pseudo-reference
electrode, resulting in inconsistent and unreproducible results.
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4.2.4.3 Application of SPAMWCNT sensor and proposed method in energy drink sample

With the SPMWCNT and the DPV method in BRBS at pH 2, in the same potential range,
caffeine quantification in an energy drink was performed in a potential window from 0.9 V to
1.4 V. 50 uL of a standard caffeine solution of known concentration (10 mmol L) was added
5 times to the real sample solution, after which a standard addition curve was constructed
(Figure 60). The resulting caffeine concentration was 21 mg in 100 mL of energy drink, and
the indicated concentration of caffeine on the packaging is 30 mg in 100 mL.
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Figure 60. Standard addition method for coffee samples obtained by SP/MWCNT; (Inset
pictures: Plot of current intensity (1) vs. concentration of caffeine (c)). The prepared solution
of the real sample was spiked five times with aliquots of 50 uL of (10 mmol L) caffeine
standard.

SP/BDD shows good agreement with the declared values in the range of the standard deviation
of the method. Comparing these results, it can be concluded that SP/BDDE is a more adequate
electrode for this type of sample. The previously identified problems with the SP/MWCNT
surface in the analysis of Coca-Cola samples are likely the cause of the poor results obtained
with this sensor in energy drink samples, whose composition is quite similar to that of Coca-
Cola samples.
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Measurement Coffee 1 Coffee 2 Energy drink
[mg/100 g] [mg/100 g] [mg/100 mL]
| 33.10 47.20 21.20
1 31.60 49.10 23.00
11 32.00 50.00 20.00
Average 32.23 48.77 21.40

Table 9. Obtained results with SP/MWCNT sensor, for theophylline quantification, in real

sample analysis.

Method Coffee 1 Coffee 2 Energy drink
[mg/100 g] [mg/100 g] [mg/100 mL]
Declared value 40 50 30
SP/IMWCNT 32.23+0.63 48.77+1.17 21.40+£1.23
HPLC 35.00 51.00 31.94

Table 10. The obtained results with electroanalytical measurements with the SP/MWCNT
sensor and with reference (confirmation) methods.
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5. Conclusion

In this doctoral dissertation, new voltammetric methods for the determination of xanthine
alkaloids in food samples and pharmaceutical products were developed and validated. Two
different types of sensors were investigated, screen-printed platforms with chemically
deposited boron-doped diamond working electrode (SP/BDD) and a sensor with multi-walled
carbon nanotube (SP/MWCNT) working electrode, each offering specific electrochemical
advantages.

The sensors tested in this research were selected for their advanced material properties,
miniaturized format, and suitability for rapid, low-cost, and sensitive detection. Both sensor
types demonstrated excellent potential for developing electrochemical methods capable of
detecting a wide range of chemical compounds in complex matrices.

The SP/BDD sensor, in particular, proved highly suitable for voltammetric analysis due to its
wide working potential window, excellent chemical and mechanical stability, and low
background current. These characteristics enabled the development of reliable methods with
improved sensitivity, lower limits of detection (LOD), and enhanced selectivity for xanthine
alkaloids in the presence of common interferents.

The SPIMWCNT sensor demonstrated strong potential for voltammetric analysis owing to the
high surface area, excellent electrical conductivity, and electrocatalytic activity of multi-walled
carbon nanotubes. These properties contributed to enhanced signal intensity, enabling the
development of effective methods for caffeine determination. The sensor also showed
satisfactory selectivity in the presence of common interferents and exhibited stable
performance across multiple measurements, confirming its suitability for practical applications
in real-sample analysis.

Overall, the SP/BDD sensor outperformed the SP/MWCNT platform in several key aspects. It
provided significantly lower LOD and LOQ values, demonstrated superior physical and
chemical stability, and maintained reliable performance under more demanding analytical
conditions. Owing to its robustness and wide potential window, a broader range of real samples
could be successfully analyzed with SP/BDD, whereas the SP/MWCNT sensor showed
limitations in harsher environments and could not be applied to all matrices included in this
study.

SP/BDD Sensor

A screen-printed sensor with a chemically deposited boron-doped diamond (BDD) working
electrode was employed for the development of voltammetric methods for the detection and
quantification of xanthine alkaloids: caffeine, theobromine, and theophylline.
The crystal structure and morphology of the BDD electrode surface were characterized using
field emission scanning electron microscopy (FE-SEM) and Raman spectroscopy.

The key findings obtained from the method development with the SP/BDD sensor can be
summarized as follows:

» The calculated electrochemically active surface area of the SP/BDD working electrode
was 0.0662 cm? = 6.62 mmz2.
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>

Cyclic voltammetry experiments at different scan rates confirmed that the oxidation of
all three xanthine alkaloids at the SP/BDD surface is governed by a diffusion-controlled
mechanism.

0.5 mol L't H.SO4 was identified as the optimal supporting electrolyte for the detection
of caffeine, theobromine, and theophylline using the SP/BDD sensor.

Comparative evaluation of DPV and SWV techniques revealed that DPV provided
better sensitivity for caffeine and theobromine, and SWV was more suitable for the
determination of theophylline.

The optimal DPV parameters were:
o For caffeine: 100 mV pulse amplitude, 25 ms pulse time.
o For theobromine: 125 mV pulse amplitude, 50 ms pulse time.

The optimal SWV parameters for theophylline were 50 mV amplitude and 75 Hz
frequency.

The developed methods showed the following linear working ranges:
o Caffeine: 20 - 500 pmol L
o Theobromine: 1 - 60 pmol L™
o Theophylline: 3.8 - 27 umol L
The calculated limit of detection (LOD) and limit of quantification (LOQ) were:
o Caffeine: LOD =2.80 pmol L}; LOQ = 8.40 umol L*
o Theobromine: LOD = 0.51 umol L!; LOQ = 1.55 umol L™
o Theophylline: LOD = 0.24 pmol L?; LOQ =0.73 umol L*

The SP/BDD sensor demonstrated excellent reproducibility, repeatability, and
measurement precision during the detection of all target analytes.

High selectivity was confirmed in the presence of common potential interferents,
indicating reliable performance in complex sample matrices.

The developed method showed high accuracy and practical applicability, as verified
through real sample analysis:

o Caffeine in two types of coffee, a soft drink, and an energy drink;
o Theobromine in two chocolate samples;

o Theophylline in pharmaceutical tablets.
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SP/MWCNT Sensor

The key findings obtained from the method development with the SP/MWCNT sensor can be
summarized as follows:

>

The calculated electrochemically active surface area of the SP/MWCNT working
electrode was 1.51 cm2 = 155 mm?,

Cyclic voltammetry experiments at different scan rates confirmed that the oxidation of
caffeine at the SP/MWCNT surface is governed by a diffusion-controlled mechanism.

BRB pH 2 was identified as the optimal supporting electrolyte for the detection of
caffeine using the SP/MWCNT sensor.

Comparative evaluation of DPV and SWV techniques revealed that DPV provided
better sensitivity for the determination of caffeine with the SPMWCNT sensor.

The optimal DPV parameters were 100 mV pulse amplitude, 25 ms pulse time.
The developed method showed the following linear working range 33-500 umol L.

The calculated limit of detection (LOD) and limit of quantification (LOQ) were 9.40
pmol L and 28.50 umol L.

The SP/MWCNT sensor demonstrated great reproducibility, repeatability, and
measurement precision during the detection of all target analytes.

High selectivity was confirmed in the presence of common potential interferents,
indicating reliable performance in complex sample matrices.

The developed method showed high accuracy and practical applicability, as verified
through real sample analysis in two types of coffee and an energy drink.
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Buorpadmuja
Jenena Ocrojuh je pohena 22.01.1997. y Cyboturm.

OcHoBHy 1Koy ,,JoBan JoBanoBuh 3maj” n Huxy my3ndky mkory y CyOoTHIIM HA Ty1a4KOM
oJiceKy, 3aBpmmia je ca omnmuyauMm ycrexom 2012. Tomune. I'mmuazmjy ,,Cetosap
MapkoBuh”, mpuUpoJHO-MaTEMaTHYKH CMEp, 3aBpIIWiIa je ca omaIuyHuM ycrexom 2016.
TOJIUHE.

Crynuje xemuje Ha XemujckoM akynrery YHuBep3utrera y beorpamy ymucana je 2016.
roguHe. Jlunmnomupana je Ha Kareapu 3a aHanuTuuky Xemujy XeMmHjcKor ¢akyiaTera
VYuusepsutera y beorpagy 30. CentemOpa 2021. roguae noa meHtopctBoM ap lamubopa
CrankoBuha ca TemoM ,,Bonramerpujcko ojapehuBame mpracaHa MTaMIIaHUM €JIEKTpojama
MOTU(UKOBAHUM JIAHTaH TBOKHE OKCHIOM M KapOOH HUTPHIOM . 3aBPIIHU PaJ je OLCHEH
HajBumom orieHoM (10), a cTyauje je 3aBpImia ca IpoCeIHOM OlleHOM 7,43,

Mactep akagemcke cryamje yrnmcana je 2021. romune nma Kareapu 3a aHATUTHYKY XEMHU]Y
Xemujckor (akyrnera YHuBep3utrera y beorpamy mom wmentopctBoM ap [lamuGopa
Crankosuha, a 3aBpumia ux 30. Centem6pa 2022. ronune. Bben mactep paj, 1mojx Ha3MBOM
,,Pa3B0j €IEKTpOAHATUTUUKHUX METO/a 3a KBAaHTUTATUBHO oJipehuBame KohenHa U HUKOTHHA
O0poM  [IOTOBaHMM  JMjaMaHTCKUM  €JIeKTpoJaMa M  IITaMIIaHUM  eleKTpojaamMa
MOAN(GUKOBAaHUM YTIJhEHUYHUM HAHOILIEBUMA®, OIIEH-EH je HajBuioM orieHoM (10), a cTynuje
je 3aBpmmia ca mpocedynom orenoM 10,00.

JlokTopcke akaneMcke cryauje ynucana je 2022. ronuae Ha KaTteapu 3a aHamuTHUKY XeMU]Y
Xemujckor dakynTera YHuBep3utera y beorpany, Takohe moa mentopctBom ap lamubopa
CrankoBuha.

Tokom mactep u noktopckux crymuja, y okBupy CEEPUS (Central European Exchange
Programme for University Studies) nporpama, ocTBapuia je capaamby ca BHIIE eBPOICKHUX
YHHUBEP3UTETA U UCTPAKUBAYKUX MHCTUTYTA. bopaBuia je Ha Xemujckom nHCTUTYTY (Katenpa
3a aHAINTUYKY XeMmHjy) YHuBepsutera y I'pamy (Ayctpuja), XeMHjCKO-TEXHOJIOIIKOM
¢dakynrery (Karenpa 3a ananutuuky xemujy) YHuBepsuterta y llapnyOunama (Yemka) u
WNuctuTyTy 3a eneKTpoHUKY U (oToHUMKY DakynTeTa eNeKTPOTEXHUKE U MH(POPMAIMOHUX
TEXHOJIOTHja Ha CJIOBAYKOM TEXHOJIOMIKOM YHUBep3uTy y bparucnasu (CoBauka).

Unanuna je Cprickor xemujckor apymrsa oa 202 1. roqune u Kiry6a mnanux xemudapa Cpouje
01 2022. ronune. Tokom ctyauja yaectBoBaia je Ha Kondepenuunju mnagux xemuyapa Cpouje
u Ha ,,YISAC” (The 30th Young Investigators’ Seminar on Analytical Chemistry)
KOH(EepeHIH]HU.
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2022. ronuHe OCHOBAJIA je CBOjy GUPMY H OJ] TaJa MOCIyje Ka0 CaMOCTaIHA MPEIy3eTHUIA Y
obnmactu pas3Boja OpeHAOBa, ca (OKyCOM Ha capaamHh ca KOMIaHWjaMa M3 CTpPYKeE,
KOMEpIHMjaJIHUM JlabopaTopdjaMa ¥ CPOJHUM CEKTOpHUMa, IPOMOBHINIYhH KpoO3 CBOje
MOCIIOBAkh-¢ HAYKY M HMHOBAIH]eC.

VY ci10601HO0 Bpeme 0aBu Ce CTPEJhAIlITBOM U CBUPAKEM BUOJIMHE.

TeuHo roBOpH SHIJIECKH je3UK U TIOCEIyje OCHOBHO 3HAHE UTAIIMjAHCKOT je3HKa.
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bubaunorpadmuja

Kao pe3yarar oBe gucepranuje NMpPOMUCTEKJAa Cy TPHM HAY4YHA pajaa, o] KOjHUX je jedaH
ny0JuKoBaH y yaconucuma kareropuje M21 u nBa mydiukoBaHna y kareropuju M22.

M21:

Ostoji¢, J., Savi¢, S., Manojlovi¢, D., Metelka, R., Stankovi¢, V., & Stankovi¢, D. (2025). A rapid,
reusable, and portable electrochemical assay for caffeine monitoring in beverage samples based on
boron doped diamond and multi walled carbon nanotubes. Diamond and Related Materials, 156,
112450. https://doi.org/10.1016/j.diamond.2025.112450

M22:

Ostoji¢, J., Stankovié, V., Miljkovi¢, M., Ortner, A., Metelka, R., & Stankovi¢, D.M. (2025). Fast,
Accurate, and Point-of-Care Electrochemical Sensing Platform for Theobromine Determination in Food
Samples Based on Boron-Doped Diamond Printed Electrode. Journal of The Electrochemical Society,
172, 037523 https://doi.org/10.1149/1945-7111/adc341

Ostoji¢, J., Stankovi¢, D., Manojlovi¢, D., Metelka, R., & Stankovi¢, V. (2025). Theophylline
electrochemical sensing in pharmaceutical drugs using disposable boron-doped diamond thin film
electrodes. Functional Diamond, 5(1). https://doi.org/10.1080/26941112.2025.2579320

PagoBu koju HUCY €0 qucepTanuje:
Hayunm pag y mehynapoanom yaconucy kareropuje M21+

Knezevi¢, S., Ostojié, J., Ognjanovi¢, M., Savi¢, S., Kovacevi¢, A., Manojlovi¢, D., Stankovi¢,
V., & Stankovi¢, D. (2023). The environmentally friendly approaches based on the
heterojunction interface of the LaFeO3/Fe203@g-C3N4 composite for the disposable and
laboratory sensing of triclosan. Science of The Total Environment, 857, 159250.
https://doi.org/10.1016/j.scitotenv.2022.159250

Kondepenmuje

Jelena Ostoji¢, Kurt Kalcher, Astrid Ortner, Dalibor Stankovi¢ (2023, November 4th)
Determination of Theobromine in Chocolate with Screen-Printed Boron-Doped Diamond
Electrode, IX Conference of the Young Chemists of Serbia, Novi Sad, Serbia

Jelena Ostoji¢, Radovan Metelka, Kurt Kalcher, Astrid Ortner, Dalibor Stankovi¢ (2023, June
25-27) Detection and Quantification of Caffeine and Theobromine with Screen-Printed Boron-
Doped Diamond Electrode, 28th Young Investigators’ Seminar on Analytical Chemistry
(YISAC 2023), Belgrade, Serbia
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U3jaBmyjem

J1a je TOKTOpCKa ArcepTallyja moj HacJIOBOM

“Development of voltammetric methods for the detection and quantification of xanthine
alkaloids using disposable printed sensors*

,,Pa3B0j BOJITaMETPUJCKUX METOJIA 33 JETEKIN]y U KBAaHTU(PHUKAIM]y KCAHTUHCKUX allKaJIouaa
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H3jaBa 0 HCTOBETHOCTH IITAMIIAHE U €JIEKTPOHCKE Bep3Hje TOKTOPCKOr pajaa
Nwme u ipesume ayropa: Jenena b. Octojuh

bpoj unngekca: J[X36/2022

Crynujcku nporpam: Xemuja

Hacnos pana: Development of voltammetric methods for the detection and quantification of
xanthine alkaloids using disposable printed sensors

HacoB Ha cprickoMm je3uky: Pa3Boj BOITaMETpHjCKUX METOIa 32 IETSKIN]y U KBAHTH(PUKAIU]Y
KCaHTHHCKHX aJIKJIOU/1a IPUMEHOM jeIHOKPATHHX IITaMIIAaHUX CEH30pa

Menropu: ap JJamm6op Crankosuh, np PagoBan Merenka

W3jaBspyjem na je mramnaHa Bep3uja MOT IOKTOPCKOT pajia UCTOBETHA €JIEKTPOHCKO) BEP3UjU
KOjJy caM IpeJlao/ja pajau HoxpamHBama y JIMTUTaIHOM PErno3uTopujyMy YHUBEp3UTETa Y
beorpany.

Jlo3BosbaBaM na ce 00jaBe MOjU JIMYHM TMOAAIM Be3aHU 3a JoOWjarbe aKaJeMCKOTI Ha3hBa
JOKTOpa HayKa, Kao MITO Cy UME U MPe3nMe, TOJJMHA U MECTO pol)emha U JaTyM oJI0paHe paja.

OBM TMYHU MMO/AIK MOTY Cc€ 00jaBHTH Ha MPEXHHM CTpaHHIIaMa JUTHTAIHE OuOImoTeke, y
€JIEKTPOHCKOM KaTaJloTy U 'y myOnukanujama YHuBepsureta y beorpany.
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H3jasa o kopumhemwy

Osnamhyjem YHupep3utTeTcky Ombmuoreky ,,CBerozap MapkoBuh® na y JlururamHu
perno3uToprjyM YHuBep3UTeTa Yy beorpamy yHece MOjy JOKTOPCKY IHUCEpTalHjy IOA
HACJIOBOM:

Development of voltammetric methods for the detection and quantification of xanthine
alkaloids using disposable printed sensors

KOja je MOje ayTOPCKO JEJ0.

JlucepTaiyjy ca CBUM MPUII03UMa Mpejjaia caM y eJIeKTPOHCKOM (opMaTy OroTHOM 32 TPajHO
apXUBUPAE.

Mojy AOKTOPCKY AMCEpTAIH]jy MOXpameHy y JUruTamHoM perno3uTopujymy YHUBEp3HUTETA Y
Beorpany u 1OCTynHY y OTBOPEHOM IPHUCTYITY MOTY Jla KOPUCTE CBU KOjHU IMOWITY]y oJpende
caapkane y omabpanom tuny nurenne Kpearusue 3ajennuie (Creative Commons) 3a K0jy
caM ce OJUTy4HIIa.

1. AyropctBo (CC BY)

2. AytopctBo — Hekomepujainao (CC BY-NC)

3. AytopcTBo — HekomepuujaiHo — 6e3 npepana (CC BY-NC-ND)

4. AyTopcTBO — HEKOMEpIHjaHo — neiautu moja uctum yciaosuma (CC BY-NC-SA)
5. AyropctBo — 6e3 npepaia (CC BY-ND)

6. AytopcTBo — nenutu noj uctuM ycnosuma (CC BY-SA)

(Monumo n1a 3a0Kpy»KHUTE camo jeHy O LecT NoHyheHux auneHnu. Kparak onuc aumeHn je
CacTaBHU JIEO OBE M3]aBe).
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1. AyropctBo. Jlo3BOJbaBaTe yMHOXaBamwe, TUCTPHOYIM]Y W jaBHO CaOIITaBame Jeia, U
mpepajie, ako ce HaBeJe MME ayTopa Ha Ha4yMH ojpeheH o cTpaHe ayTopa WM JaBaola
JIUIICHIIE, YaK U y KoMepuujaiHe cBpxe. OBO je HajcI000IHH]ja O CBUX JIMIICHIIH.

2. AyrtopcTBO — HekomepuujanHo. Jlo3BoJbaBaTe yMHOXaBame, JUCTPUOYIU]y U jaBHO
caomiuTaBame Jea, ¥ Ipepaje, ako ce HaBeAe MME ayTopa Ha HauMH oapeheH ox crpane
ayTopa WM JaBaona gunenne. OBa JMieHIla He 103B0JbaBa KOMEPIHjaaHy yrnoTpely aena.

3. AyTopcTBO — HEeKOMepIHjatHo — 0e3 mpepana. Jl03BoJbaBaTe yMHOKABAKE, JUCTPUOYIIH]Y
Y JaBHO CaoIIIITaBame Jiea, 0e3 MpoMeHa, IpeoOIMKOBamka WIH YIIOTPeOe Jejia y CBOM JIeIy,
aKo ce HaBeJe MME ayTopa Ha HauMH ojpeleH oJ CTpaHe ayTopa WM JaBaona juieHie. Oa
JIMICHIIA HE JI03BOJbaBa KOMEPIMjaIHY yrnoTpeOy jeia. Y OJHOCY Ha CBE OCTajie JIMIICHIIC,
OBOM JIMIICHIIOM C€ OrpaHn4YaBa HajBehu 0OMM mpaBa Kopulthemwa aena.

4. AyTOpCTBO — HEKOMEPITHjAITHO — EJIUTH IO KICTUM ycJIoBUMa. J[03BOJbaBaTe yMHOXKABAbE,
IUCTpUOYNH]y U jaBHO CAOMIITaBambe JIella, U Ipepasie, ako ce HaBeJe MMEe ayTopa Ha Ha4WH
oapeheH o1 cTpaHe ayTopa WU 1aBaolia JIMLEHIIE U aKo ce Mpepaga JUcTpuOyupa 1o UCTOM
WIN CIMYHOM JnieHioM. OBa JIMIEHIA HE JJ03BOJbAaBAa KOMEpIMjalIHy YHoTpeOy nena u
npepaja.

5. AytopctBo — 0e3 mpepana. Jlo3BosbaBaTe YMHOXKaBame, AUCTPUOYLHU]y U jaBHO
caomiuTaBame Jiena, 0e3 npoMeHa, NpeoOIMKOBamba WK yIOoTpede /1ena y CBOM Jely, ako ce
HaBeJle UMe ayTopa Ha HauuH ojipeleH oJ] cTpaHe ayTopa Uiy JaBaona quueHne. OBa juueHna
7103B0JbAaBA KOMEPIIHjaIHy yIoTpeOy aena.

6. AyTOpCTBO — JCITUTH O] KCTUM ycIoBHMA. J[03BoJbaBaTe yMHOXKaBamke, JUCTPUOYIIH]Y U
jaBHO caomIITaBamke Jeja, ¥ mpepajie, ako ce HaBele UMe ayTopa Ha HaulH ojpel)eH o cTpaHe
ayTopa WM J1aBaolla JIMIEHIIE W aKo ce mpepaja JAUCTPpUOyupa MO MCTOM WM CIMYHOM
nuneHnioM. OBa JHIIEHIIA JT03BOJbaBa KOMEpPIMjaIHy ynoTpedy nena u npepaaa. Cioudna je
copTBepCKUM JHUIIEHIIaMa, OJTHOCHO JIMIIEHIIaMa OTBOPEHOT KOJa.
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