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1. LITERATURE REVIEW
1.1. Research Rationale and Scope

Increasing scientific interest in natural products and plant-derived compounds
as potential therapeutic agents has led to a growing demand for reliable and
robust analytical methods capable of detecting, characterizing, and monitoring
these substances. Natural compounds are progressively recognized for their
biological activity and potential applications in pharmaceutical, biomedical,
and health-related fields. Essential Oils (EOs), as complex and highly
concentrated natural mixtures, contain a wide range of biologically active
constituents that contribute to their therapeutic properties [1]. These mixtures
often exhibit antimicrobial, antioxidant, anti-inflammatory, and anticancer
activities, which further emphasizes their importance in modern research and
application [2—4]. As a result, the development of selective sensing systems
targeting individual EOs components plays a crucial role in ensuring product
quality, accurate dosage, and safe use.

Among the numerous constituents of EOs, geraniol has attracted
considerable attention due to its wide range of biological and industrial
applications. Geraniol is a naturally occurring monoterpenoid alcohol
commonly found in rose (Rosa rugosa, Rosa damascena), citronella
(Cymbopogon winterianus), palmarosa (Cymbopogon martini) and many
other EOs [5]. It is widely used in the fragrance, cosmetic, and food industries
because of its pleasant floral aroma. Beyond its sensory properties, geraniol
demonstrates significant pharmacological activities, including antimicrobial,
anti-inflammatory, antioxidant, and anticancer effects [6—9]. These properties
make it a promising candidate for therapeutic applications as well as a
valuable marker compound in quality control analysis.

In addition to pharmaceutical relevance, the analytical monitoring of
natural compounds has gained importance in regulatory, environmental, and
industrial contexts [10]. The increasing commercialization of plant-derived
products, including EOs in cosmetics, nutraceuticals, and alternative
medicine, has raised concerns regarding product authenticity, adulteration,
and variability in composition [11]. These issues can directly affect product
safety, efficacy, and consumer trust. Consequently, there is a strong demand
for analytical tools that are not only accurate but also capable of rapid and
selective detection. There is also increasing interest in developing methods
that can be applied outside of specialized laboratory environments, enabling
on-site analysis and real-time monitoring [12].
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Conventional analytical techniques, such as gas chromatography and
high-performance liquid chromatography, offer high sensitivity, precision,
and reliability in the analysis of complex mixtures. These methods remain the
gold standard for compound identification and quantification [13]. However,
their practical application is often constrained by several factors, including
high operational costs, bulky instrumentation, the need for skilled personnel,
and time-consuming sample preparation procedures. These limitations restrict
their use in field-based applications and routine quality control processes
where rapid decision-making is usually required [14].

These challenges have stimulated interest in alternative sensing
approaches that would provide simpler, faster, and more cost-effective
solutions. Electrochemical sensing systems have emerged as promising
candidates due to their inherent advantages, including high sensitivity,
portability, low cost, and minimal sample preparation requirements [15]. Such
systems also allow for real-time monitoring and can be adapted for
miniaturized and point-of-care devices, making them highly attractive for
applications in environmental monitoring, food safety, and pharmaceutical
analysis [16].

Despite notable progress in analytical technologies, the development of
selective, portable, and efficient sensing platforms for natural compounds
remains a significant scientific challenge. One of the main difficulties lies in
achieving sufficient selectivity when analyzing complex matrices that contain
multiple structurally similar compounds [17]. Interference effects, signal
overlap, and matrix complexity can compromise detection accuracy and
reliability. At the same time, maintaining simplicity, affordability, and ease of
operation is essential for practical implementation [18].

Addressing these challenges requires the integration of advanced
materials, innovative sensor design, and optimized detection strategies. The
continued development of electrochemical sensors tailored for specific target
compounds, such as geraniol, represents an important step toward improving
analytical performance while preserving operational simplicity. Such
advancements have the potential to bridge the gap between laboratory-based
analysis and real-world applications, supporting the broader use of natural
products in science, industry, and healthcare.

1.2. Molecularly Imprinted Polymers in Analytical Applications

Recent progress in analytical chemistry has enabled the development of novel
analytical systems based on synthetic receptors [19], with Molecularly
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Imprinted Polymers (MIP) emerging as one of the most promising classes of
materials [20—22]. These polymers have attracted widespread attention due to
their ability to provide highly selective recognition while maintaining
robustness under harsh chemical and physical conditions. MIP have been
extensively explored in the design of electrochemical and optical biosensors
for clinical diagnostics, environmental monitoring, and food safety
applications. The growing demand for rapid, portable, and cost-effective
diagnostic tools has further accelerated research into MIP-based sensing
platforms [23]. The importance of advancing such technologies became
evident following the COVID-19 pandemic, which exposed limitations in
existing diagnostic systems and emphasized the need for reliable, scalable,
and fast detection strategies [24,25].

Molecular Imprinting Technology (MIT) is based on the formation of
artificial recognition sites within polymer matrices that are complementary to
a target molecule in terms of the size, shape, and spatial arrangement of
functional groups [26]. This biomimetic approach enables the creation of
selective binding sites that resemble natural recognition elements, while
overcoming many of their inherent limitations. These systems can be
fabricated by using several imprinting strategies, including bulk imprinting,
surface imprinting, and epitope imprinting [26]. Each approach offers distinct
advantages depending on the size and nature of the target molecule, as well as
the intended application of the sensor or separation system.

MIP function as synthetic analogues of biological receptors, such as
antibodies and enzymes [27], providing comparable molecular recognition
capabilities [28] while offering superior chemical and thermal stability [29].
Unlike biological receptors, MIP can be stored for extended periods without
significant loss of activity, which makes them highly suitable for long-term
and field-based applications [30,31]. During polymerization, functional
monomers interact with a template molecule to form a pre-polymerization
complex. After cross-linking and removal of the template, complementary
binding cavities remain within the polymer structure, enabling selective
molecular recognition [31]. This process results in the formation of
“molecular memory” within the polymer, which is responsible for its selective
recognition mechanism.

The selection of functional monomers is critical, as they determine the
strength and nature of interactions with the target molecule. Common
interactions include hydrogen bonding [32], electrostatic forces, and
hydrophobic interactions [33]. Functional groups such as amines (NH),
carboxylic acids (COOH), alcohols (OH), amides (CONH>), and aromatic
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rings (containing benzene groups) are frequently used to facilitate these
interactions [33]. The rational design of monomer-template interactions is
important for achieving high binding affinity and selectivity, and it often
requires careful consideration of the physicochemical properties of both the
monomer and the target analyte. The appropriate choice of a monomer
therefore directly influences the analytical performance, sensitivity, and
reproducibility of the resulting MIP system.

Cross-linkers, such as ethylene glycol dimethacrylate (EGDMA), 1,4-
diaminobutane (DAB), and divinylbenzene (DVB), form stable three-
dimensional polymer networks and define the rigidity and porosity of the
material [34]. The degree of cross-linking also affects the accessibility of
binding sites and the diffusion of analytes within the polymer matrix [35].
Solvents and porogenic agents play an essential role in shaping the pore
structure and accessibility of binding sites [34] (Figure 1). Optimizing these
parameters is crucial for ensuring efficient mass transfer and rapid binding
kinetics in sensing applications.

MIP have been widely applied in diagnostics, biomarker detection,
imaging, and drug delivery systems [36—40]. Their versatility allows them to
be tailored for the recognition of a wide range of targets, including small
organic molecules, proteins, and even whole cells. They are highly
advantageous when analyzing complex biological matrices such as blood,
urine, and saliva, where low analyte concentrations and interfering substances
present significant analytical challenges [41]. Their high selectivity reduces
matrix interference, enabling more accurate detection in real-world
samples. In addition, MIP are increasingly utilized in extraction and sample
preparation techniques, such as solid-phase extraction, where they offer
enhanced selectivity, reusability, and cost efficiency [42]. These features
make them attractive alternatives to conventional sorbent materials.
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Molecular imprinting can be broadly classified into covalent, non-
covalent, and semi-covalent approaches, depending on the nature of
interactions between the template and functional monomers during
polymerization [43]. Among these, non-covalent imprinting is the most
widely used due to its simplicity and compatibility with a wide range of target
molecules [44]. This method relies on reversible interactions, which simplifies
template removal and rebinding processes. However, it may result in
heterogeneous binding sites compared to covalent approaches, which offer
more uniformity but are less versatile [44] (Figure 2). Semi-covalent
approaches combine features of both strategies, thus offering a balance
between binding site uniformity and synthetic versatility.
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Figure 2. Schematic illustration of covalent and non-covalent molecular
imprinting approaches [based on 43,45]

Surface imprinting techniques have gained increasing attention in
sensor development, as they facilitate faster binding kinetics and improved
accessibility of recognition sites compared to bulk-imprinted materials [44].
This approach involves creating imprinted sites on or near the surface of a
substrate, which significantly reduces diffusion limitations and enhances the
sensor response time. This is highly beneficial for large or structurally
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complex molecules, where mass transfer within the polymer matrix can be a
limiting factor [46]. As a result, surface-imprinted materials are widely used
in the modern sensor design, where rapid detection and high sensitivity are
required.

In recent years, the integration of MIP with transducer systems — such
as electrochemical sensors, optical sensors, and piezoelectric devices — has
expanded their application potential [47]. These hybrid systems combine the
selectivity of MIP with the sensitivity of advanced detection methods,
enabling the development of highly efficient sensing platforms [48].

Such integration has led to the creation of miniaturized, portable
devices suitable for on-site analysis and real-time monitoring [50,51].
Furthermore, advances in nanomaterials and surface modification techniques
have further enhanced the performance of MIP-based sensors by improving
signal transduction, increasing the surface area, and facilitating electron
transfer processes [51,52].

Despite these advances, several challenges remain in the development
of MIP-based analytical systems. These include achieving uniform binding
site distribution, improving sensitivity toward low-abundance analytes, and
ensuring reproducibility across different batches of polymers [53]. Addressing
these challenges requires continued research focused on material design,
synthesis optimization, and the integration of novel functional components.
The ongoing development of MIP technology is expected to play a significant
role in the future of analytical science, supporting the creation of robust,
selective, and accessible sensing systems for a wide range of applications.

1.3. Essential Oils as Analytical Targets

Essential oils are natural mixtures of volatile, lipophilic compounds derived
from aromatic plants, typically containing 20-60 chemically diverse
constituents [1]. These compounds, primarily monoterpenes and
phenylpropanoids, contribute to the biological activity of EOs [2—4]. Due to
this chemical diversity and biological activity, EOs have become increasingly
relevant in modern scientific research, bridging the fields of pharmacology,
analytical chemistry, and material science.

EOs have demonstrated effectiveness against both Gram-positive and
Gram-negative bacteria , as well as potential antiviral activity through
disruption of viral membranes [4,54]. They have also been investigated for
applications in aromatherapy [55,56], insect control [57,58], and
pharmaceutical formulations [59,60]. Their relevance has further increased
with the growing demand for natural and plant-derived alternatives in
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medicine and consumer products [61,62]. These characteristics make EOs
both valuable and challenging analytical targets in the development of
selective sensing and diagnostic platforms.

The importance of EOs in contemporary pharmaceutical and
biomedical contexts is closely linked to the broader trend toward natural
product-based drug discovery and development. Natural compounds are being
increasingly explored as sources of bioactive molecules that can serve as
templates or precursors for the development of new therapeutic agents [63].
EOs, as highly concentrated mixtures of biologically active compounds,
provide a rich reservoir of such substances. Their composition allows for the
delivery of potent chemical agents in relatively small quantities, which can be
advantageous in acute therapeutic applications where rapid and effective
biological responses are required [64].

At the same time, the use of EOs in clinical and non-clinical settings
requires careful consideration of their composition and purity. In
pharmaceutical applications, the presence of specific active compounds at
controlled concentrations is critical for ensuring therapeutic efficacy and
safety. Similarly, in aromatherapeutic and alternative medicine practices, the
biological effects of EOs depend strongly on their chemical composition. The
use of non-authentic, adulterated, or improperly processed EOs may lead to
reduced effectiveness or even adverse health outcomes. Inaccurate
composition can result in insufficient therapeutic action or unintended
biological effects, ultimately compromising patient outcomes [65—67]. This
highlights the importance of reliable analytical methods capable of verifying
the authenticity and composition of EOs.

Despite their bioactivity, EOs present several analytical and
formulation challenges. Their hydrophobic nature, volatility, and
susceptibility to environmental factors such as light, heat, and oxygen lead to
instability and degradation through oxidation, cyclization, and isomerization
reactions [68]. These processes reduce the concentration of active compounds
and may generate potentially harmful by-products. Such instability not only
affects the shelf life of EOs-based products but also complicates their
analytical characterization, as the composition may change over time or under
different storage conditions [69].

The chemical composition of EOs can vary significantly depending on
factors such as plant species, geographical origin, harvesting conditions, and
extraction methods [70]. This wvariability complicates both analytical
characterization and standardization, thus further emphasizing the need for
selective detection of individual components rather than bulk analysis.
Variations in composition can lead to inconsistencies in biological activity,
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making it difficult to ensure reproducibility in both research and therapeutic
applications. Furthermore, the complex and multicomponent nature of EOs
limits their direct use as template systems in molecular imprinting, since high
selectivity in MIP-based recognition typically requires a single, well-defined
target molecule rather than a mixture of structurally diverse constituents [1].

From an analytical perspective, the presence of structurally similar
compounds within EOs presents a major challenge for selective detection.
Many terpenes and related compounds differ only slightly in functional groups
or stereochemistry, which therefore requires highly selective recognition
systems capable of distinguishing between closely related molecular
structures [71,72]. This structural similarity often leads to cross-reactivity and
interference in conventional analytical methods, thus reducing detection
accuracy and reliability. These limitations strongly motivate the development
of highly selective recognition platforms such as MIP for the discrimination
of individual EOs constituents.

MIP offer a promising solution to many of these challenges by enabling
the selective recognition of target compounds within complex mixtures. On
the grounds of designing imprinting systems for specific EOs components, it
becomes possible to isolate and monitor key bioactive molecules, thereby
improving analytical precision and supporting quality control processes. This
approach is highly relevant for ensuring the authenticity and safety of EOs-
based products, as well as for optimizing their use in pharmaceutical and
therapeutic applications.

Additionally, the lipophilic nature of EOs influences their interaction
with biological membranes and sensor interfaces [73]. This property can
enhance adsorption onto hydrophobic surfaces but may also lead to non-
specific binding, which must be carefully controlled during sensor design.
Non-specific interactions can significantly affect sensor selectivity and lead
to false-positive signals, highlighting the importance of surface modification
strategies and selective recognition elements in sensor development [74].

To improve stability and controlled handling of EOs components in
various applications, different delivery systems have been developed,
including nanoparticles, nanoemulsions, liposomes, and polymer-based
carriers [43,60,75]. These systems enhance solubility [75], stability [68], and
controlled release of EOs components through molecular interactions such as
hydrogen bonding and hydrophobic interactions [76—79]. Such delivery
systems also protect sensitive EOs constituents from environmental
degradation, thereby preserving their biological activity and extending their
functional lifetime. Polymeric systems, especially those based on
biodegradable materials such as chitosan and polysaccharides, further support
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improved handling and controlled interaction of EOs components in analytical
and sensing contexts [52,80]. These materials are also compatible with MIT
strategies, enabling the development of hybrid systems that combine
controlled release with selective recognition.

Overall, the growing importance of EOs in modern science and
industry, combined with their chemical complexity and variability, creates a
strong need for advanced analytical approaches. The integration of selective
recognition systems such as molecularly imprinted polymers with innovative
sensing technologies provides a pathway toward overcoming current
limitations. Such approaches enable precise detection, improved quality
control, and safer application of essential oils across pharmaceutical, clinical,
and industrial domains.

1.4. Geraniol as a Model Compound

Due to the complexity of EOs, the selection of a specific target molecule is
necessary for the development of highly selective MIP. In this study, geraniol
was chosen as the model compound. Geraniol was selected as a representative
EOs constituent due to its relatively well-defined chemical structure and its
occurrence in several clinically and industrially relevant EOs. Its presence
across a wide range of EOs sources makes it a suitable marker compound for
evaluating selective recognition systems within complex natural mixtures.

Geraniol is a naturally occurring terpene alcohol found in several EOs
and is widely used in cosmetic and pharmaceutical applications due to its
pleasant aroma and biological activity [81]. It exhibits antioxidant [5], anti-
inflammatory [5], anticancer [6,7,9], and antibacterial properties [8,82], and
has demonstrated potential in enhancing transdermal drug delivery [81].
These multifunctional properties contribute to its increasing relevance in both
therapeutic and formulation sciences, where it is explored as an active
compound as well as a functional additive. Importantly, geraniol has been
extensively investigated in preclinical studies and widely considered a
promising candidate for future clinical translation due to its demonstrated
antimicrobial and anticancer activities.

As a representative EOs constituent, geraniol provides a suitable model
for developing selective systems capable of distinguishing individual
components within complex EOs matrices. This approach supports the
development of selective sensing strategies for quality control, authentication,
and safe application.

Structurally, geraniol is an acyclic monoterpene alcohol characterized
by a flexible carbon chain and a terminal hydroxyl group [5]. This structural
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flexibility may influence its orientation within the imprinted cavity, affecting
binding affinity and selectivity. Therefore, the design of complementary
binding sites must account for both functional group interactions and
molecular conformation. From a molecular imprinting perspective, geraniol is
well suited as a template molecule due to the presence of a hydroxyl functional
group, which enables the formation of hydrogen bonds with functional
monomers. These interactions facilitate the formation of stable pre-
polymerization complexes [83], which are important for generating well-
defined and selective binding cavities after template removal.

Another important consideration in the selection of geraniol is its
physicochemical profile, which introduces additional experimental
challenges. Geraniol is a lipophilic compound with very limited solubility in
water [84]. During experimental work, it was observed to be poorly soluble
even in commonly used organic solvents such as ethanol; consequently, it
requires the use of alternative solvents, such as acetonitrile, to achieve
sufficient dissolution. This limited solubility has important implications for
both molecular imprinting and sensor development.

In electrochemical MIP-based systems, the solubility of the template
molecule directly affects the preparation of the pre-polymerization mixture,
the homogeneity of the polymer matrix, and the reproducibility of the
imprinting process. Poor solubility may lead to aggregation or uneven
distribution of the template within the polymer, resulting in non-uniform
binding sites and a reduced sensor performance. Furthermore, in
electrochemical sensing setups, the presence of poorly soluble or precipitating
compounds can lead to practical issues such as blockage of microfluidic
channels, fouling of electrode surfaces, or damage to pumping systems. These
effects may compromise the stability and functionality of the sensor, turning
solvent selection and system optimization into critical steps in the
experimental design.

Therefore, when working with geraniol in MIP-based electrochemical
systems, careful consideration must be given to solvent compatibility, system
stability, and the prevention of clogging or deposition within the analytical
setup. This highlights the importance of adapting both the imprinting protocol
and the sensing environment to accommodate the physicochemical properties
of the target analyte.

In addition, geraniol has closely related geometric isomers such as
nerol, differing only in double bond configuration [85]. This structural
similarity not only presents a challenge for selective recognition but also
highlights the importance of precise imprinting conditions in the pursuit to
achieve high discrimination between closely related analytes. The ability to
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distinguish between such isomers is a critical parameter for evaluating the
selectivity of MIP-based systems, as even minor structural differences can
significantly influence biological activity and analytical outcomes (Figure 3).

Geraniol Nerol

H

Figure 3. Chemical structures of geraniol and nerol

Other EOs constituents were not considered in this study due to their
higher structural complexity, lower functional group accessibility, or reduced
suitability for stable template—monomer interactions in MIP systems. Many
EOs components lack functional groups capable of forming strong and
directional interactions with monomers, which limits their applicability as
effective template molecules. No alternative template molecules were
evaluated in this study, and they were deemed to be beyond the scope of this
research, as the objective was to develop and optimize a proof-of-concept MIP
system while using a single representative EOs component.

Previous studies have demonstrated the feasibility of detecting geraniol
by using MIP-based sensor systems. For example, a Quartz Crystal
Microbalance (QCM)-based dual sensor array incorporating MIP technology
successfully distinguished between citronellal and geraniol in citronella
essential oil with high selectivity, as confirmed by principal component
analysis (separability index: 38.996) [86]. In another study, a MIP synthesized
by using geraniol as a template was applied onto a silver-electrode QCM via
drop-casting, enabling sensitive and selective detection at ppm levels in
palmarosa EOs, with performance comparable to gas chromatography
methods [87]. These findings confirm the suitability of geraniol as a target
analyte for selective sensing applications.

In addition to these studies, the use of geraniol as a model compound
provides a practical balance between chemical simplicity and analytical
relevance. Its structure is sufficiently simple to allow controlled imprinting,
while still representing the challenges associated with EOs analysis, such as
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structural similarity, hydrophobicity, and matrix complexity. This makes
geraniol an ideal candidate for evaluating the performance of newly developed
MIP-based sensing platforms.

Overall, the selection of geraniol as a model compound is justified by
its biological relevance, widespread occurrence in essential oils, suitability for
molecular imprinting, and its ability to represent key analytical challenges
associated with EOs components. At the same time, its physicochemical
properties, including low solubility and lipophilicity, introduce important
practical considerations that must be addressed during sensor development.
These combined factors make geraniol a highly appropriate and scientifically
meaningful target for the development and optimization of selective MIP-
based analytical systems.

1.5. Polymeric Materials and Pyrrole-Based Systems

Polymeric materials play a central role in molecular imprinting, drug delivery
systems, and electrochemical sensing platforms due to their structural
versatility and ability to provide controlled morphology, stability, and
functional responsiveness [88]. Their physicochemical properties allow
precise control over parameters such as porosity, surface area, mechanical
strength, and chemical functionality, which are essential for designing high-
performance analytical systems [89]. These characteristics support their use
in selective sensing platforms [90].

Among polymeric materials, conducting polymers have gained
significant attention in electrochemical sensing and molecular imprinting due
to their unique combination of electrical conductivity and chemical
functionality. Polypyrrole (Ppy) is one of the most widely studied conducting
polymers which has been extensively applied in electrochemical sensors and
MIP-based systems [91]. Its popularity is attributed to its straightforward
synthesis, environmental stability, biocompatibility, and ability to form
uniform films on a wide range of substrates. In addition, Ppy contains
functional groups capable of interacting with template molecules through
hydrogen bonding, electrostatic interactions, and m—= stacking, which are
essential for the formation of stable and selective imprinting sites [51].

Ppy is well suited for molecular imprinting due to its ability to form
conductive and stable polymer films via electrochemical polymerization. This
process allows precise control over the film thickness, morphology, and
deposition conditions, which are critical parameters in sensor fabrication [92].
Electropolymerization also enables localized deposition directly onto
electrode surfaces, ensuring strong adhesion and uniform coating, which
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enhances sensor reproducibility and performance. Furthermore, template
molecules can be incorporated directly during electropolymerization, enabling
the formation of molecularly imprinted polymer films directly on electrode
surfaces without additional immobilization steps. This simplifies sensor
fabrication and reduces potential sources of variability [93].

The intrinsic electrical conductivity of Ppy enables efficient
transduction of molecular recognition events into measurable electrochemical
signals, making it highly suitable for label-free sensing applications. Changes
in conductivity, current, or impedance resulting from analyte binding can be
directly correlated with analyte concentration, thus allowing sensitive and
real-time detection [94]. This property is highly advantageous in the
development of portable and miniaturized sensing devices.

Despite these advantages, Ppy is not the only monomer used in
molecular imprinting systems. A wide range of functional monomers has been
explored, each offering specific advantages and limitations depending on the
target analyte and application. Commonly used monomers include
methacrylic acid, acrylamide, styrene, aniline, and dopamine. These
monomers differ in their functional groups, polymerization mechanisms, and
interaction capabilities, which directly influence the performance of the
resulting MIP.

Methacrylic acid is one of the most frequently used monomers in
traditional MIP synthesis due to its ability to form strong hydrogen bonds with
a variety of template molecules [95]. It is widely applied in bulk
polymerization methods and provides good selectivity for small organic
molecules. However, methacrylic acid-based polymers are typically non-
conductive, which limits their direct application in electrochemical sensing
without additional modification or incorporation of conductive materials
[32,96,97].

Acrylamide is another commonly used monomer which forms stable
hydrogen-bonding interactions and is suitable for imprinting polar
compounds. It offers good flexibility in polymer design but may suffer from
lower selectivity in aqueous environments due to competition with solvent
molecules [98,99]. Similarly, styrene-based polymers provide hydrophobic
interactions and structural rigidity but lack functional diversity and
conductivity, which can restrict their application in sensing platforms [100].

Conducting polymers — such as polyaniline and polydopamine — have
also been explored as alternatives to Ppy. Polyaniline offers good electrical
conductivity and environmental stability, but its polymerization process is
more sensitive to pH conditions, which can complicate synthesis and
reproducibility [101,102]. Polydopamine, on the other hand, is known for its
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strong adhesion properties and ability to form thin coatings on various
substrates. It also supports multiple interaction mechanisms, including
hydrogen bonding and n—= interactions [103]. However, its conductivity is
lower compared to Ppy, which may limit signal transduction efficiency in
electrochemical applications.

Compared to these alternatives, Ppy provides a practically preferable
balance of conductivity, chemical stability, functional versatility, and
controllable electropolymerization, making it suitable for MIP-based
electrochemical sensors.

Polymeric systems can be tailored in terms of chemical composition,
structure, and functionality to optimize porosity, mechanical stability, and
responsiveness to environmental stimuli, which are key parameters for
enhancing selectivity and performance in molecularly imprinted sensor
platforms [104]. In the context of EOs analysis, the choice of a polymer is
especially critical due to the hydrophobic nature and structural diversity of
target analytes. The polymer matrix must provide sufficient interaction
strength while maintaining the accessibility of binding sites and compatibility
with the sensing environment.

The selection of pyrrole as the functional monomer in this study is
therefore based on several considerations. First, its ability to undergo
electropolymerization enables direct fabrication of MIP films on electrode
surfaces, simplifying the overall sensor design. Second, its conductive nature
allows efficient signal transduction without the need for additional conductive
modifiers. Third, its functional groups support multiple interaction
mechanisms with target molecules such as geraniol, facilitating the formation
of stable and selective binding sites.

Moreover, pyrrole-based systems are well suited for integration with
electrochemical detection methods, which are central to this work. The
combination of molecular imprinting and conductive polymer matrices
enables the development of highly sensitive, selective, and portable sensing
platforms capable of operating in complex environments. While alternative
monomers may offer stronger or more specific interactions in certain cases,
they often require more complex fabrication procedures or lack the
conductivity needed for direct electrochemical sensing. Therefore, pyrrole
represents a practical and effective choice for developing MIP-based sensors
targeting essential oil components.

Overall, polymeric materials remain a fundamental component in the
design of molecularly imprinted systems. The careful selection of monomers
and polymerization strategies is essential for achieving optimal performance.
Pyrrole-based systems, in this context, provide a versatile and efficient
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platform that balances the ease of fabrication, functional performance, and
compatibility with electrochemical sensing technologies.

1.6. Conceptual Development of the Sensor System

Following the establishment of the research rationale and the selection of
geraniol as the target compound, the study progressed toward the conceptual
development of a sensor system capable of selective molecular recognition.
The design of this system was guided by the need to address the analytical
challenges associated with EOs components, including low aqueous
solubility, structural similarity between the analytes, and the requirement for
selective detection in complex matrices.

Electrochemical sensing techniques were selected because they are
compatible with surface-modified electrodes and allow sensitive monitoring
of interfacial recognition events [105]. Among the available electrochemical
methods, Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) were considered, with EIS serving as the primary
transduction technique for evaluating changes in interfacial properties
associated with analyte binding.

In this context, variations in charge transfer resistance and interfacial
capacitance provide a direct measure of molecular recognition events
occurring at the MIP interface, enabling sensitive and label-free detection of
geraniol. This approach is advantageous because it does not require additional
labelling steps or complex signal amplification strategies, thereby simplifying
the analytical procedure and reducing potential sources of error.

Given the physicochemical properties of geraniol discussed above,
including its limited solubility and lipophilic nature, careful optimization of
the electrochemical environment was necessary. The use of suitable solvent
systems and supporting electrolytes was considered essential to ensure stable
signal acquisition while preventing issues such as electrode fouling or
blockage of fluidic components. This consideration directly influenced the
design of the experimental setup and the selection of the operating conditions
for electrochemical measurements.

To complement the electrochemical measurements, QCM was
employed as a secondary technique to monitor mass changes at the sensor
surface in real time. QCM measurements provide quantitative information on
polymer deposition and analyte adsorption processes, thereby supporting the
evaluation of the imprinting efficiency and the binding mechanism [106]. This
technique enables the detection of nanogram-level mass variations, offering
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high sensitivity for monitoring both film formation and analyte interaction
dynamics.

Surface characterization was further performed by using Atomic Force
Microscopy (AFM) as a supporting structural analysis technique. AFM
enables detailed assessment of surface morphology, roughness, and
uniformity of the deposited polymer films, which are critical parameters
influencing the binding site accessibility as well as the overall sensor
performance [107]. The ability to visualize nanoscale surface features
provides valuable insight into the quality of the imprinted polymer layer and
helps identify structural factors that may affect sensor reproducibility and
sensitivity.

The combined application of electrochemical impedance spectroscopy,
QCM, and AFM provides a complementary and hierarchical framework for
the development and evaluation of MIP-based sensor systems. In this
integrated approach, EIS acts as the primary functional readout, where
changes in charge transfer resistance (R;) and interfacial capacitance are used
to monitor variations in electron transfer kinetics associated with analyte
binding at the MIP interface [108]. QCM provides independent validation of
mass-related processes by monitoring frequency shifts associated with
polymer deposition and analyte adsorption at the sensor interface [109]. AFM
provides additional insight into the structural properties of the sensing
interface by elucidating the surface morphology, roughness, and the
organization of the polymer layers formed during film deposition.

This multi-technique approach enables a comprehensive understanding
of'the relationships between the material structure, film formation, and sensing
performance. By combining these techniques, it becomes possible to correlate
physicochemical properties of the sensing layer with its functional response,
thereby improving the interpretation of experimental results. Correlating
morphological information obtained from AFM with electrochemical
response data from EIS allows for a detailed assessment of how surface
characteristics influence the analyte recognition efficiency. Similarly, QCM
measurements offer independent confirmation of mass changes associated
with polymer formation and binding events, thereby increasing the robustness
and reliability of the overall sensor characterization.

The integration of these analytical methods also supports the
identification of potential limitations in sensor performance, such as non-
specific binding, incomplete template removal, or structural heterogeneity of
the polymer layer. Addressing these factors is essential for optimizing sensor
sensitivity, selectivity, and reproducibility.
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Together, these complementary techniques provide cross-validated
evidence that strengthens the interpretation of interfacial processes occurring
within the sensing layers. Ultimately, this integrated methodology supports a
more reliable structure—function analysis, which is essential for optimizing
MIP-based sensor design. This systematic approach ensures that both material
properties and analytical performance are evaluated in a coordinated manner,
contributing to the development of a robust and reliable sensing platform for
the detection of geraniol and related compounds.

1.7. Translational Potential and Sensor System Implementation

While the conceptual design and laboratory validation of MIP-based sensor
systems demonstrate promising analytical performance, the transition from
laboratory-scale prototypes to real-world applications remains a significant
challenge [110]. Many sensors developed under controlled experimental
conditions do not progress beyond the prototype stage, primarily due to
limitations related to device integration, environmental stability, and
scalability [111]. This gap between scientific innovation and practical
implementation is commonly described within the framework of translational
research.

The term ‘translation’ in a scientific context refers to the process of
transforming fundamental research findings into practical applications that
can be used in clinical, industrial, or field settings [112]. In biomedical
sciences, translational research is often described as a multi-stage process that
bridges the gap between laboratory discoveries (‘bench’) and real-world use
(‘bedside’ or ‘field’) [113]. This concept gained significant importance in the
late 20™ and early 21% centuries, as it became evident that many promising
technologies failed to reach practical application despite strong experimental
performance [116]. The growing emphasis on translational pathways reflects
the need to ensure that scientific advancements lead to tangible societal and
technological benefits [114].

In the context of sensor development, translation involves several
critical steps beyond the initial proof-of-concept validation. These include
optimization of sensitivity and selectivity, reproducibility across multiple
fabrication batches, validation in real and complex sample matrices, device
miniaturization, and integration into user-friendly platforms. Each of these
stages introduces new challenges that are not typically addressed in early-
stage laboratory studies.

For practical implementation, the developed QCM-MIP sensor requires
integration with compact and portable electronic instrumentation.
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Miniaturized potentiostat/galvanostat systems are essential for enabling
electrochemical readout in non-laboratory environments, thus supporting
potential adaptation into field-deployable or handheld analytical
devices. Such integration represents a key step in translating sensor
technology from an experimental setup to a usable analytical tool.

The pathway toward commercialization typically involves sequential
stages, including proof-of-concept validation, optimization of sensor
performance and reproducibility, testing in complex real sample matrices,
device miniaturization, and, finally, system integration and scale-up for
production [16]. For the present system, a critical next step involves validation
in real essential oil matrices, where matrix effects and interfering compounds
may influence the sensor response. This step is important because real samples
introduce variability that cannot be fully replicated under controlled
laboratory conditions.

From a technological perspective, advances in microelectronics and
embedded systems have enabled the development of low-power, portable
potentiostat platforms that can be directly integrated with electrochemical and
QCM-based sensors [115,116]. The incorporation of wireless communication
modules such as Bluetooth or Wi-Fi further enhance functionality by enabling
real-time data acquisition and remote monitoring [117,118]. These
developments support the creation of smart sensing systems that can operate
in decentralized environments, which is increasingly important for
applications in environmental monitoring, healthcare, and industrial quality
control.

Environmental factors represent a key consideration for real-world
deployment. Variations in temperature, pH, humidity, and co-existing
compounds can significantly affect polymer stability, binding kinetics, and
sensor response [119]. Temperature-dependent changes in polymer structure
and binding interactions may influence the performance of the MIP layer,
necessitating systematic stability evaluation under operational conditions
[120]. Long-term stability and resistance to environmental fluctuations are
crucial criteria for ensuring consistent sensor performance outside laboratory
conditions. From an economic standpoint, MIP-based systems offer
advantages due to their low-cost synthesis and chemical stability compared to
biological recognition elements [121]. However, the overall system cost is
largely determined by electronic integration, device packaging, and scalability
of fabrication methods [122]. This highlights the importance of designing
sensor systems with both material efficiency and manufacturing feasibility in
mind. The use of commercially available electronic components and scalable
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fabrication strategies is therefore essential for achieving cost-effective
implementation.

Despite extensive research on MIP-based sensors, relatively few
systems have reached commercialization. Numerous studies have
demonstrated highly selective and sensitive detection of target analytes using
MIP-based platforms, including applications in biomarker detection
[38,123,124], environmental monitoring [51,103,125], and food analysis
[126-128]. However, these systems often remain at the proof-of-concept stage
due to challenges related to reproducibility, standardization, and integration
into fully functional devices. This situation illustrates the broader issue within
translational research, where scientific feasibility does not always translate
into practical applicability.

Examples of MIP-based sensing systems that have shown strong
laboratory performance but have not yet been commercialized include sensors
for pharmaceutical compounds, pesticides, and volatile organic compounds.
In many cases, these systems demonstrate excellent selectivity under
controlled conditions but face limitations when exposed to complex real-
world targets or long-term operational conditions.

In the case of EOs analysis, several studies have reported the
development of MIP-based sensors targeting specific EOs constituents,
including geraniol and structurally related compounds [114,129]. For
instance, research has demonstrated the use of MIP-coated QCM systems
capable of distinguishing geraniol from similar terpenes with high selectivity.
These systems showed promising analytical performance, including
sensitivity at low concentration levels and the ability to differentiate
structurally similar molecules [129]. However, such sensors remain at the
experimental stage, and have not yet been translated into commercially
available devices or routinely used analytical tools.

The lack of commercialization is often associated with challenges such
as limited robustness under variable environmental conditions, difficulties in
scaling up fabrication processes, and the need for integrated electronic and
data-processing systems. Additionally, regulatory requirements and validation
standards for analytical devices can further slow down the transition from
research to application [130].

Overall, the developed QCM-MIP sensor for geraniol represents a
robust proof-of-concept platform. However, further work is required to bridge
the gap between laboratory validation and practical application. This requires
further validation under practical EOs analysis conditions. Addressing these
challenges will be key to advancing the translational potential of MIP-based
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sensing technologies and enabling their broader adoption in industrial,
environmental, and clinical settings.

1.8. Limitations and Future Perspectives

Despite s lengthy list of their advantages, MIP-based sensors still face several
challenges, when applied to complex matrices such as EOs [131]. One of the
main limitations is the achievement of high selectivity in the presence of
structurally similar compounds, such as monoterpene isomers, which can
interfere with target recognition and reduce analytical specificity [132].

In addition, while the developed QCM-MIP system for geraniol
demonstrates promising performance under controlled conditions, its
application to real samples requires further evaluation of matrix effects,
including the influence of co-existing EOs components on the binding
behavior and signal response. Improvement of sensitivity and lowering of
detection limits remain important objectives for enabling reliable detection in
diluted or complex real-world samples [132].

Environmental factors such as temperature, pH, and interfering
substances may further influence sensor performance by affecting polymer
stability, binding kinetics, and analyte—receptor interactions [125]. These
effects are relevant for field-deployable applications and require systematic
stability assessment under operational conditions [133].

Another important limitation is sensor surface fouling, which may
occur during analysis of complex organic matrices and can lead to reduced
sensitivity and reproducibility over time [134]. Addressing this issue will
require the development of regeneration protocols or disposable sensing
formats, depending on the intended application.

Long-term stability and storage conditions of MIP-based sensors also
remain critical considerations for practical deployment, particularly in
portable or point-of-care systems where consistent performance over time is
required [135].

An additional critical limitation of MIP technology is the potential for
incomplete template removal and template leakage. Residual template
molecules trapped within the polymer matrix may lead to false-positive
signals or overestimation of analyte concentration, thereby affecting analytical
accuracy [136]. Similarly, leaching of template residues during operation can
compromise signal stability and reproducibility. This issue is especially
relevant when dealing with hydrophobic and strongly interacting compounds
such as geraniol, where removal from the polymer network can be more
challenging [137].
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Another key challenge is the lack of standardization in MIP synthesis
and characterization protocols. Variations in polymerization conditions,
monomer-to-template ratios, and fabrication methods often result in batch-to-
batch variability, which limits reproducibility between laboratories. This
variability represents a major barrier to the broader adoption of MIP-based
sensors in regulated analytical environments [138].

Advances in these areas could contribute to an improved quality control
of natural products and the detection of adulterated or falsified materials.

From a technological perspective, future development should focus on
the integration of MIP-based sensing layers with miniaturized and portable
instrumentation. The use of low power potentiostat/galvanostat systems,
screen-printed electrodes, and compact QCM platforms represents a key step
toward real-world implementation. These developments would enable
transition from laboratory-based measurements to field-deployable analytical
devices [139].

In parallel, advances in data processing and communication
technologies, including wireless data transfer and digital signal analysis, may
further enhance usability by enabling real-time monitoring and remote data
interpretation. However, such approaches should be implemented in a targeted
manner, while ensuring compatibility with the specific sensing mechanism
rather than introducing unnecessary system complexity.

Another important direction involves the development of multi-analyte
sensing platforms and sensor arrays, often referred to as ‘electronic noses’ or
‘electronic tongues’, which are capable of analyzing complex mixtures such
as EOs [126]. These systems rely on pattern recognition rather than single-
analyte detection and are promising for applications in food quality control,
environmental monitoring, and pharmaceutical analysis.

From a materials perspective, ongoing research is directed toward
improving the performance of MIPs through advanced fabrication strategies,
including nanostructured materials, hybrid composites, and surface-imprinted
layers with an enhanced binding site accessibility [140]. These developments
aim to overcome limitations related to slow binding kinetics and incomplete
template removal. The incorporation of conductive nanomaterials and
hierarchical porous structures has been shown to significantly increase the
effective surface area and improve mass transport within the polymer matrix.
Such approaches also enhance signal transduction efficiency, leading to faster
response times and an improved analytical sensitivity.

A further future direction involves improving the standardization and
regulatory validation of MIP-based sensors. For real-world deployment,
especially in pharmaceutical or clinical contexts, robust validation against
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established analytical methods such as gas chromatography and high-
performance liquid chromatography is required. This comparative validation
is essential for demonstrating accuracy, reliability, and regulatory acceptance.

Additionally, the performance of MIP-based systems should be
benchmarked against biological recognition elements such as antibodies and
enzymes. While MIPs offer superior stability, they still often lag biological
systems in terms of absolute selectivity and affinity. Bridging this
performance gap through hybrid materials or biomimetic strategies represents
a promising research direction.

Despite these advances, the translation of sensor technologies into
commercially viable products remains limited. Future research should
therefore focus on improving reproducibility, environmental robustness, and
practical implementation. In this context, the development of MIP-based
electrochemical sensors for specific natural compounds, such as geraniol,
represents a promising contribution to the field, when combined with portable
instrumentation and integrated data analysis systems.

1.9. Research Hypothesis and Tasks

The aim of this study is to develop and investigate molecularly imprinted Ppy
(MIP) layers on electrochemical sensor surfaces for the selective recognition
of geraniol, with a particular focus on understanding the role of geraniol—
electrode interactions in the formation, structure, and sensing performance of
the polymeric system.
To test this hypothesis, the following tasks were defined:
1. To investigate the adsorption mechanism of geraniol on gold sensor
surfaces and evaluate its influence on polymer layer formation.
2. To develop and optimize molecularly imprinted Ppy layers by using
electrochemical polymerization.
3. To characterize the morphology and structural properties of the
developed polymer layers by using AFM.
4. To evaluate the performance of the developed system as a prototype
electrochemical sensing platform for geraniol detection and assess its
potential for practical applications.

Statements for Defense

1. Geraniol adsorption on gold electrodes alters the electrochemical
polymerization behavior of pyrrole and directly influences the
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structural organization, interfacial properties, and growth dynamics of
molecularly imprinted Ppy layers.

2. The dual-layer NIP/MIP architecture significantly enhances
adsorption capacity and interfacial restructuring, producing
approximately 25-fold higher adsorbed mass (~602 ng vs. ~24 ng) and
a stronger decrease in double-layer capacitance (~2.5-fold) compared
to single-layer systems.

3. QCM and EIS analyses demonstrate that geraniol adsorption in the
developed MIP systems is diffusion-controlled and partially
irreversible, involving both surface binding and penetration into the
polymer network, with estimated surface densities reaching ~10'°
molecules-cm™.

4. AFM analysis confirms the formation of continuous and
morphologically distinct polymer films, while the developed
electrochemical MIP platform provides selective geraniol recognition
in essential-oil-related systems and demonstrates applicability for
sensing hydrophobic fragrance compounds.

Scientific Novelty

The scientific novelty of this work lies in the elucidation of the geraniol-Ppy
interaction mechanism and its influence on the formation of molecularly
imprinted polymer layers in electrochemical systems. Although dual-layer
MIP/NIP architectures and Ppy-based electrochemical sensors have already
been investigated in previous studies, this work introduces several original
aspects related to the target analyte selection, sensing strategy, and
mechanistic understanding of polymer formation.

In particular, the sensor was specifically designed for the detection of
EOs components, namely, geraniol, which remains a relatively unexplored
target in electrochemical molecular imprinting systems. Analysis of the
available literature and scientific databases indicates that electrochemical MIP
sensors for geraniol are still very limited, primarily due to the challenges
associated with detecting hydrophobic EOs compounds that exhibit poor
solubility in aqueous media and are typically analyzed in organic solvent
systems. These limitations reduce the practical transferability of conventional
sensing approaches and make the development of selective sensing platforms
for such analytes particularly challenging.

The choice of geraniol as a target molecule is also significant from a
regulatory and toxicological perspective. In recent years, geraniol has gained
increasing attention because it has been included among the regulated
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fragrance allergens relevant to aromatherapy and cosmetic formulations under
European Union (EU) cosmetic legislation. According to current EU
regulations, fragrance allergens such as geraniol must be individually declared
on cosmetic product labels when their concentration exceeds 0.001% in leave-
on products and 0.01% in rinse-off products. Furthermore, recent amendments
to EU Regulation 1223/2009 have expanded the list of regulated fragrance
allergens from 26 to more than 80 substances, which reflects the increasing
regulatory attention toward sensitizing fragrance compounds.

Compared with more commonly investigated compounds such as
menthol, geraniol remains considerably less explored in electrochemical
sensing applications despite its growing toxicological and industrial
relevance. One of the main reasons is the limited transferability of sensing
systems for essential oil compounds, which are often poorly soluble in
aqueous media and require organic solvent environments. This creates
additional challenges for molecular imprinting and electrochemical detection.
Therefore, the development of selective sensing platforms for geraniol
represents both an analytical and technological challenge with an increasing
practical importance.

It has already been demonstrated that geraniol not only adsorbs onto the
gold electrode surface but also actively influences the kinetics of pyrrole
electrochemical polymerization. This leads to a direct modification of the
structure, growth rate, and organization of the resulting MIP layer. These
findings indicate that the template molecule is not merely a passive imprinting
agent but also an active structural factor that shapes polymer formation during
electropolymerization.

Furthermore, a dual-layer NIP/MIP architecture has been proposed and
experimentally validated, showing a improved electrode—polymer interface
stability, reduced structural defects, and an enhanced reproducibility of the
sensing layer compared to conventional single-layer systems.

In addition, an integrated characterization approach combining CV,
EIS, QCM, and AFM has been developed. This multimodal methodology
enables comprehensive evaluation of electrochemical processes, mass
changes, and surface morphology during MIP formation.

Overall, the results provide new insight into the dual role of small
organic molecules such as geraniol, which act not only as target analytes but
also as active structural modulators in molecular imprinting processes, thereby
influencing the functional properties of sensing materials.
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2. MATERIALS AND METHODS
2.1. Materials and Chemicals

Pyrrole (98%, Alfa Aesar, Karlsruhe, Germany) was distilled prior to use for the
preparation of MIP. Geraniol (Sigma-Aldrich, Burlington, MA, USA) and
acetonitrile (Carl Roth GmbH & Co., Karlsruhe, Germany) were used as received.
Lithium perchlorate (LiClOs, ThermoFisher, Erlangen, Germany) served as the
supporting electrolyte for electrochemical measurements. First-grade freshly
distilled water (resistivity: 0.055 pS/cm at 25 °C) was used in all aqueous solutions.
Ammonium hydroxide solution (25%, pure p.a., CAS No: 1336-21-6, Poland) and
hydrogen peroxide (>30%, p.a., CAS No: 7722-84-1, Slovakia) were used for
sensor regeneration and cleaning procedures (Figure 4).

Pyrrole Acetonitrile Lithium perchlorate

W\

Y (o]
I

Figure 4. Chemical structure of pyrrole, acetonitrile and lithium perchlorate
2.2. Instrumentation

Electrochemical measurements were carried out by using two
potentiostat/galvanostat systems: a Metrohm AutoLAB pAutolab III/FRA2
(u3AUT71079, controlled by NOVA 2.1.3 software, EcoChemie, The
Netherlands) and a Gamry Echem Analyst (version 5.30, USA). Liquid
handling and flow administration for QCM experiments were achieved with a
binary HP 1100 HPLC pump (model G1312A, Hewlett-Packard, Germany),
and sample switching was controlled by using a six-channel, two-position
Rheodyne valve (USA).

A 5 MHz electrochemical quartz crystal microbalance (QCM) sensor
(QSX 301, Biolin Scientific, Sweden) with a gold-coated working electrode
(surface area S = 0.79 cm?, acoustically active area 0.20 cm?) was used to
monitor polymer deposition and template interactions in real time. The sensor
was mounted in a custom 3D-printed flow cell (working volume: 350 puL) and
connected to an oscillator circuit controlled by a Maxtek ROCM device. All
QCM measurements were performed under continuous flow at 0.5—1 mL/min
at ambient temperature.
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Electrochemical experiments were performed in a three-electrode
configuration, with the gold-coated QCM sensor as the working electrode, a
platinum counter electrode, and an Ag/AgCl reference electrode. Cyclic
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were
employed to monitor polymer formation, redox behavior, and template interactions.

2.3. Preparation of Solutions

A series of solutions was prepared for the fabrication of MIP and non-imprinted
polymer (NIP) films, as well as for electrochemical and QCM measurements. All
solutions were based on a mixed solvent system of acetonitrile and distilled water
containing 0.1 mol/L LiClOa4 as a supporting electrolyte.

Solution I consisted of 0.1 mol/L LiCIOs in (50:50 v/v)
acetonitrile/water and was used as the base electrolyte for all electrochemical
experiments.

Solution II contained 0.05 mol/L pyrrole dissolved in Solution I and
was used for the electropolymerization of NIP films and for the formation of
the first layer in double-layer MIP structures.

Solution III contained 0.05 mol/L pyrrole and 0.005 mol/L geraniol in
Solution I and was used for the electropolymerization of MIP films, with
geraniol acting as the template molecule.

For QCM experiments, a separate solvent system was used. QCM
Solution A consisted of a 50:50 (v/v) mixture of acetonitrile and water and was
used to establish baseline frequency stability. QCM Solution B contained 0.05
mol/L geraniol in Solution A and was used for adsorption measurements.

2.4. Experimental Systems

Two experimental setups were used in this study. The first system was used for
electrochemical measurements, including CV and EIS, performed on a gold (Au)
electrode. These measurements were used to optimize experimental conditions
and to evaluate electrode behavior in the selected electrolyte systems. The second
system was based on QCM measurements and was used for monitoring mass
changes during polymer formation and analyte adsorption.

Different solvent systems were used depending on the analytical
technique. For electrochemical measurements, LiClOs4 was included as a
supporting electrolyte so that to ensure sufficient ionic conductivity. For QCM
measurements, a mixed acetonitrile/water solvent system was used to
maintain geraniol solubility while ensuring stable frequency measurements
and minimizing solvent-related effects on the sensor response. This systematic
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separation of solvent conditions allowed each technique to operate under its
optimal physicochemical environment, while improving the reliability and
comparability of the obtained results.

The experimental workflow is presented in Figure 5.

System | System Il
Three - electrode setup QCM sensor setup
Adsorption solutions Solution A Solution B1 Solution B2
1AD 2AD 1P 2P water:acetonitrile 0.05 mol/L 0.5 mol/L
X 50:50 v/V] iol i lei
bl 0.005mol/L  0.05mol/L 0.05 mol/L : ) R L,
acetonitrile geraniol in TAD  pyrrole in TAD pyrrole + 0.005
mol/L geraniol
/ \ in 74D
-500 mV to +1000 mV, 3 / Flow-through QCM experiments at 1 mL/
cycles, scan rate 100 min, repeated twice

mV/s, vs Ag/AgCI

-500 mV to +1000 mV, 5
cycles, scan rate 100

mV/s, vs Ag/AgCI Electrode: 5 MHz gold-coated quartz crystal

(1 mm diameter).
Cell: custom-made from organic glass,
stable against ACN-water mixtures.

Frequency range 10,000 Hz to 2 Hz, 10 points
per decade

Figure 5. Schematic representation of system development and applied
analytical methods [137]

All experiments were performed at least in duplicate so that to ensure
reproducibility. In cases where higher variability was observed, additional
measurements were carried out to confirm consistency of the results. The
reported data therefore represent averaged values, thus providing a more
reliable assessment of experimental trends and minimizing the influence of
random experimental error. This approach ensures that the observed effects
can be attributed to the behavior of the material under investigation rather than
measurement uncertainty.

2.5. Pre-Treatment of Gold Working Electrodes

Prior to polymer deposition, electrodes were pre-treated so that to ensure
clean, reproducible surfaces. Electrochemical cleaning was performed in 0.1
mol/L LiClOs by cycling the potential between —500 mV and +1000 mV vs.
Ag/AgCl at a sweep rate of 100 mV/s. The number of cycles ranged from 3 to

40



10 depending on the application, and cleaning continued until a stable CV
response was observed. This procedure removed adsorbed contaminants and
prepared the electrode for electropolymerization.

2.6. Adsorption Experiments

Adsorption experiments were performed by using two complementary
systems: (i) a classical three-electrode electrochemical setup (System I) and
(i) a QCM sensor system (System I1I).

Both systems were used to investigate geraniol adsorption and MIP
formation under controlled conditions (Table 1).

Table 1. Definitions of the two-electrode systems used in the experiment [137]

System I — Classical Three-Electrode System II - QCM Sensor
Setup Setup

Electrode: 5 MHz gold-
coated quartz crystal (1 mm
diameter).

Cell: custom-made from

Working electrode: gold disk electrode (1
mm diameter).
Electrodes Reference electrode: Ag/AgCl (3 M KCI).
Counter electrode: Pt disk electrode (2 mm

. organic glass, stable against
diameter). & & g

acetonitrile—water mixtures.

Adsorption solutions:
1AD: 0.1 mol/L acetonitrile with
LiClO4 (supporting electrolyte).
2AD: 0.005 mol/L geraniol in 1AD.

Neutral solution A: water:
acetonitrile (50:50 v/v), used as
baseline.

Solutions . . Solution B1: 0.05 mol/L
Polymerization solutions: eraniol in solution A
IP: 0.05 mol/L pyrrole in 1AD. Soluft;ion Bt 05 ol ool
2P: 0.05 mol/L pyrrole + 0.005 mol/L o > O Py
o in solution A.
geraniol in 1AD.
Techniques CV, CA and EIS. QCM

CVv:
In 1AD and 2AD: =500 mV to +1000 mV,
3 cycles, scan rate 100 mV/s, vs. Ag/AgCL
Techniques In 1P and 2P: =500 mV to +1000 mV, 5
conditions cycles, scan rate 100 mV/s, vs. Ag/AgCl,

Flow-through QCM
experiments at 1 mL/min,

repeated twice.
max current 0.2 mA. p

EIS: frequency range 10,000 Hz — 2 Hz,
10 points per decade.
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2.7. Fabrication of Geraniol-Imprinted Polypyrrole Films

Geraniol-imprinted polypyrrole (Ppy-MIP) films were electropolymerized on
gold-coated QCM sensors by using CV. Three architectures were prepared, as
presented below:
1. Single-layer MIP: Polymerization with Solution III.
2. Double-layer MIP: A NIP pyrrole layer was first deposited by using
Solution II, followed by Solution III.
3. Non-imprinted polymer (NIP): Polymerization by using Solution II.

QCM discs were selected as substrates because they provide a well-
defined gold surface suitable for reproducible functionalization and,
simultaneously, represent a platform directly compatible with mass-sensitive
and electrochemical sensing architectures. Thus, the chosen substrate reflects
the intended final sensor configuration rather than serving solely as a model
surface.

The number of cycles was chosen upon considering the need to achieve
mechanically  stable films rather than identical thicknesses.
Electropolymerization was synchronized with QCM measurements to
correlate mass deposition with applied potentials (Table 2).

Table 2. Steps and parameters of MIP/NIP formation [132]

St
Nep Single-Layer MIP Double-Layer MIP NIP
0.
1 CV using solution I performed over a potential window of =500 to +1000 mV,
repeated for four cycles at a sweep rate of 100 mV/s.
Pol izati i Pol izati i
9 ymerization using Polymerization was o.ymenzatlon using
solution III was conducted . ) ted in two st solution IT was conducted
s implemented in two steps:
within a range from —500 P . P between —500 and +850
. Solution II: =500 and +850
mV to +850 mV, with a v te of 50 mV/ mV, at a scan rate of 50
mV, scan rate of 50 mV/s
2 scan rate of 50 mV/s, and a ? > mV/s, with 7 cycles at the

and 7 cycles.
Solution III: =500 mV to
+850 mV, a scan rate of 50
mV/s, and 5 cycles.

total of 8 cycles, to ensure same sweep rate, to
polymer layer growth

while capturing film

ensure polymer layer
growth while capturing

formation dynamics. film formation dynamics.

2.8. Template Extraction

Following electropolymerization, geraniol was removed from the MIP layers
by immersion in a 1:1 (v/v) mixture of acetonitrile and water under gentle
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agitation for a fixed time. Electrodes were then rinsed with distilled water and
dried under ambient conditions prior to characterization.

2.9. Gold Sensor Regeneration

After experiments, gold-coated QCM sensors were regenerated by using a
piranha solution (60:40 v/v ammonium hydroxide 25%: hydrogen peroxide
>30%) for 3—5 minutes depending on the prior experiment. Sensors were then
rinsed three times with distilled water, dried naturally, and stored in a 50:50
water-acetonitrile mixture until further use. All experiments were repeated at
least twice to ensure reproducibility.

2.10. Atomic Force Microscopy Characterization

AFM measurements were performed with the objective to investigate the
nanoscale surface morphology of bare gold substrates (QCM disks), Ppy-NIP
films, and Ppy-MIP films before and after template extraction. AFM imaging
was carried out in the tapping mode under ambient conditions while using
silicon cantilevers with a nominal tip radius of <10 nm. Scan areas ranging
from 1 x 1 um?to 5 x 5 um? were recorded at a fixed scan rate. Height and
phase images were collected simultaneously.

Surface roughness parameters (root-mean-square roughness, R./Rq) and
height distributions were extracted from the AFM topography data by using
standard image analysis software Gwyddion. All samples were imaged at
multiple locations in order to confirm surface homogeneity and
reproducibility.

AFM was selected for surface analysis because it enables nanometer-
scale evaluation of topography and roughness without additional conductive
coatings or vacuum treatment. This allows examination of the functionalized
surface in its native state. Moreover, AFM-derived morphological parameters
have been shown in my previous studies [132,137] to correlate with interfacial
electrochemical stability, making AFM an appropriate and reliable method to
validate the surface preparation quality.
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3. RESULTS AND DISCUSSION
3.1. Adsorption Mechanism of Geraniol on the Sensor Surface

Adsorption is a surface phenomenon in which molecules from a liquid or gas
phase accumulate at the interface of a solid material due to intermolecular
interactions [141]. In electrochemical and sensor systems, adsorption plays a
crucial role because it directly determines how analytes interact with electrode
surfaces prior to any electrochemical reaction [ 142] or polymer formation [143].

Depending on the nature of interactions, adsorption can be physical
(physisorption, governed by weak van der Waals forces) or chemical
(chemisorption, involving stronger specific interactions such as hydrogen
bonding, coordination, or electron transfer). Adsorption may occur via
physisorption, governed by weak intermolecular forces such as van der Waals
and hydrophobic interactions [144], or chemisorption, involving stronger
specific interactions such as hydrogen bonding or charge transfer [145]. In
electrochemical systems, physisorption typically dominates initial surface
accumulation, while chemisorption contributes to stronger and more stable
surface binding.

Understanding adsorption is crucial for MIP systems, as template—
surface interactions directly influence polymer growth, binding site formation,
and the overall sensor performance. If adsorption is too weak, template
molecules may fail to be retained long enough to influence polymer formation.
If it is too strong, they may block active sites or disrupt monomer organization.
Therefore, an optimal adsorption balance is required to ensure controlled
imprint formation and uniform binding site generation [137,146]. Therefore,
adsorption is not only a preliminary characterization step but also a key factor
in rational sensor design.

The adsorption behavior of geraniol on gold electrodes has been
investigated to evaluate its suitability as a template molecule. Electrochemical
and QCM measurements demonstrated that geraniol exhibits a measurable and
persistent adsorption affinity toward the gold surface [ 137]. This indicates that
geraniol does not remain fully solvated in the bulk solution but instead forms
an interfacial layer at the electrode surface prior to polymerization. From a
molecular perspective, geraniol is a lipophilic monoterpene alcohol containing
a terminal hydroxyl group. Its adsorption on gold is likely governed by a
combination of hydrophobic interactions between the carbon chain and the
surface, as well as weak coordination or dipole interactions involving the
hydroxyl group. Although Au is relatively inert, it can support weak

44



adsorption through polarization effects and surface electron density
redistribution. For comparison, pyrrole adsorption was also evaluated, as
pyrrole is the monomer responsible for Ppy formation during
electropolymerization. Pyrrole is known to adsorb efficiently onto conductive
surfaces prior to oxidation, forming an initial monomer layer which facilitates
nucleation and polymer growth [147] (Figure 6).
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Figure 6. Adsorption of 0.05 mol/L geraniol (B1) and 0.5 mol/L pyrrole (B2)
on Au electrode compared to baseline solution A (flow rate 1 mL/min, two
cycles). The red arrows indicate adsorption and desorption phases [137]
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This adsorption step is essential for establishing a uniform conductive
polymer film and controlling polymer growth kinetics.

When both geraniol and pyrrole are present simultaneously, a
competitive adsorption process is observed. Geraniol occupies a significant
fraction of active surface sites on the gold electrode, thereby reducing the
effective adsorption of pyrrole. This phenomenon corresponds to competitive
surface adsorption, where multiple species compete for the same energetic
adsorption sites based on their relative affinity, concentration, and surface
interaction strength [148].

Mechanistically, this competition leads to a dynamic equilibrium at the
electrode interface. Geraniol, due to its hydrophobic character and surface
affinity, can pre-adsorb onto gold and partially block adsorption sites that
would otherwise be available for pyrrole. As a result, pyrrole adsorption
becomes spatially restricted, leading to reduced and non-uniform nucleation
of Ppy. This directly affects polymer growth kinetics, resulting in
heterogeneous film formation and altered interfacial morphology.

From the perspective of molecular imprinting, this effect is highly
significant. Non-uniform monomer distribution during polymerization leads
to variability in binding cavity formation, which may affect both selectivity
and reproducibility of the final MIP layer. Therefore, understanding
competitive adsorption is essential for predicting and controlling the
imprinting efficiency.

The adsorption behavior of such systems can be quantitatively
described by using adsorption isotherm models. The most used models are the
Langmuir and Freundlich isotherms [149].

The Langmuir isotherm assumes monolayer adsorption on a
homogeneous surface with a finite number of identical binding sites and no
interaction between adsorbed species [149]. It is mathematically expressed as:

KLC

6 = (1)

- 1+K1.C

where 6 is the fractional surface coverage, C is the analyte
concentration, and Ki is the Langmuir adsorption constant. This model is
useful for describing an idealized adsorption mechanism and estimating
binding affinity under equilibrium conditions.

The Freundlich isotherm, in contrast, is an empirical model used to
describe adsorption on heterogeneous surfaces [149]. It accounts for
multilayer adsorption and non-uniform binding site energies and is expressed
as:
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q = KgC'/" )

where ¢ is the amount adsorbed, C is the equilibrium concentration, K¢
is the Freundlich constant, and 1/n describes the adsorption intensity. This
model is more suitable for real electrochemical interfaces such as
polycrystalline gold electrodes, where surface heterogeneity and defect sites
are present.

These models provide a theoretical framework for interpreting QCM
and electrochemical data, where mass changes and charge transfer resistance
variations reflect adsorption-driven interfacial processes.

From a broader perspective, similar adsorption patterns have been
reported for other essential oil constituents such as linalool, citronellol, and
limonene [150—-152]. These studies generally confirm that hydrophobic EOs
constituents tend to form surface-associated layers driven by weak
intermolecular interactions and surface energy minimization. However,
compared to smaller non-functional hydrocarbons, oxygen-containing
monoterpenes such as geraniol show stronger and more structured adsorption
due to the presence of polar functional groups.

Overall, adsorption plays a dual role in this system: it governs both
analyte detection and polymer formation. In the present work, geraniol
adsorption is not only a sensing-related phenomenon but also a key factor
influencing the MIP architecture through its effect on monomer organization
at the electrode interface. Therefore, adsorption studies provide essential
mechanistic insight linking the surface chemistry, polymer formation, and
sensor performance.

3.1.1. Cyclic voltammetry analysis of adsorption and polymerization
processes

Cyclic voltammetry was used to evaluate interfacial processes during
adsorption and electropolymerization on the Au electrode [153]. The recorded
voltammograms provide direct insight into how template—surface interactions
influence electron transfer and polymer growth [137,141,154].

In the absence of geraniol (1AD system), well-defined and stable
voltammetric profiles were observed, indicating a reproducible
electrochemical response of the supporting electrolyte and an unmodified
electrode surface. The peak shapes and current intensities suggest that electron
transfer processes occur without significant kinetic limitation. In contrast, the
presence of geraniol (2AD system) resulted in a noticeable decrease in both
anodic and cathodic peak currents. This reduction is consistent with partial
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surface blocking, where adsorbed geraniol molecules reduce the effective
electroactive area of the Au electrode (Figure 7). This phenomenon is
commonly associated with adsorption-controlled processes, where surface
coverage by organic molecules limits charge transfer between the electrode
and electrolyte.

From a mechanistic viewpoint, this indicates that geraniol forms an
interfacial layer prior to any polymerization process. This layer modifies the
double-layer structure at the electrode interface, leading to a decreased
electron transfer efficiency and an altered capacitive behavior. Similar effects
have been reported for other hydrophobic analytes and EOs components,
where adsorption leads to suppression of redox activity due to surface
coverage effects.

20
400 - solution 1AD
04 solution 2AD
solution 1P

-05 0.0 . 0!5 l 1.0 1.5
E, V (Ag/AgCl)

Figure 7. Comparison of CV responses for 1AD, 2AD, and 1P solutions.
Measurements for 1AD and 2AD were performed in the potential range of
=500 mV to +1000 mV vs. Ag/AgCl with three cycles at a scan rate of 100
mV/s. 1P system was measured separately under the same potential range with
five cycles at 100 mV/s. The second cycle of each CV is shown [137]

During pyrrole polymerization (1P system), progressive increases in the
current response were observed across successive cycles. This is a
characteristic of conducting polymer growth, where continuous oxidation of
pyrrole leads to the formation and thickening of a Ppy film. The increasing
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current reflects an enhanced charge storage capacity and an increase in the
electroactive surface area.

When geraniol is present (2P system), a significantly reduced increase
in current is observed over the same potential range and number of cycles.
This indicates that geraniol adsorption interferes with pyrrole oxidation and
limits polymer propagation. As a result, nucleation sites for polymer growth
are reduced, leading to a slower film formation and a lower overall polymer
density.

This effect is particularly important in the context of molecular
imprinting. Uniform polymer growth is essential for forming well-defined
recognition cavities; however, adsorption of template molecules prior to and
during electropolymerization can disturb monomer organization. This leads to
heterogeneous film formation and variability in the binding site distribution,
which directly affects the sensor performance.

The CV results therefore confirm that geraniol influences both
adsorption and electropolymerization kinetics. The observed suppression of
the current growth in the presence of geraniol demonstrates that template—
electrode interactions extend beyond simple binding phenomena and actively
modulate polymer formation pathways.

Overall, CV provides a powerful mechanistic tool for linking interfacial
adsorption processes with polymer growth dynamics. In this system, CV not
only confirms the presence of geraniol adsorption but also reveals its
functional impact on pyrrole oxidation and Ppy formation, thereby directly
connecting the surface chemistry with MIP structural evolution.

3.1.2. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy [155] was used to evaluate
interfacial charge transfer processes and surface modifications induced by
pyrrole and geraniol adsorption [156]. Adsorption directly modifies interfacial
properties such as a double-layer structure, capacitance, and charge transfer
resistance (R [157]. In particular, adsorbed species can block active sites and
alter electron transfer kinetics, which is reflected in changes in Ry and the
constant phase element (CPE) [158].

In the context of MIP systems, EIS is widely used as a label-free
transduction method because polymer formation and analyte binding events
directly influence interfacial impedance. The formation of insulating or
partially conductive polymer layers typically increases R, whereas
conductive polymer growth can decrease R. depending on the film
morphology and the doping state. Similarly, adsorption of organic molecules
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can ecither increase the capacitance (by increasing interfacial polarizability) or
decrease it (by blocking access to the electrode surface), depending on the
coverage and molecular orientation.

In this study, EIS was employed to evaluate interfacial charge transfer
processes and surface modifications induced by pyrrole and geraniol
adsorption in 1AD, 2AD, 1P, and 2P systems, both before and after cyclic
voltammetry treatment (Figure 8).
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Figure 8. Comparison of EIS results for 1AD, 2AD, 1P, and 2P solutions
before and after CV [137]

Measurements were performed over a frequency range of 10,000 Hz to
2 Hz. The impedance spectra were interpreted by using the Randles equivalent
circuit, where R, represents solution resistance, the CPE describes non-ideal
double-layer capacitance, and R reflects the resistance associated with
interfacial charge transfer processes.

From the Nyquist representation, the diameter of the semicircle is
directly associated with R, while deviations from the ideal capacitive
behavior reflect surface heterogeneity and adsorption-induced changes in the
interfacial structure. A reduction in the semicircle diameter indicates
enhanced charge transfer kinetics, whereas enlargement suggests surface
blocking or the formation of an insulating layer.
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The results demonstrate a clear distinction between pyrrole- and
geraniol-containing systems. In the presence of pyrrole (1P system), a
significant decrease in R is observed, accompanied by an increase in
capacitive response. This behavior confirms the formation of a conductive Ppy
layer.

In contrast, geraniol-containing systems (2AD and 2P) show only minor
changes in the impedance response. The relatively small variation in
capacitance along with a limited change in R. suggest weak and non-
conductive adsorption on the gold surface. This indicates that geraniol
primarily acts as a surface-blocking species.

The observed increase in capacitance in pyrrole systems can be
attributed to an enhanced interfacial polarizability and an increased effective
surface area due to polymer growth. In contrast, geraniol adsorption leads to
partial site occupation without significantly altering the electrochemical
pathways, which is consistent with a physisorption-dominated mechanism.

Importantly, comparison before and after CV shows that the 1P system
remains electrochemically active, thus indicating stable polymer formation
and sustained interfacial modification. Geraniol-containing systems, however,
do not show comparable evolution in the impedance parameters, thereby
confirming limited participation in the electrochemical film growth processes.

Fitting of the impedance spectra when using the Randles equivalent
circuit further supports these observations. Pyrrole significantly modifies both
R and CPE values, thus indicating strong interfacial restructuring due to
polymer formation. Geraniol, in contrast, primarily affects the capacitive
component without substantially contributing to conductive pathways. These
results confirm that pyrrole governs electrochemical interface transformation
through conductive polymer formation, while geraniol mainly influences
surface accessibility through competitive adsorption. This distinction is
critical for molecular imprinting, as it determines whether template molecules
interfere with or merely coexist alongside polymer growth.

Overall, the EIS analysis demonstrates that interfacial impedance
changes provide direct evidence of the adsorption strength, surface blocking
behavior, and polymer formation dynamics. Together with CV and QCM,
these results confirm that geraniol adsorption modulates MIP formation
through interfacial competition with pyrrole.
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3.1.3. Quartz crystal microbalance analysis and adsorption kinetics

Quartz crystal microbalance (QCM) was used to monitor adsorption processes
in real time by measuring changes in the resonance frequency (Af), which are
proportional to mass changes at the sensor surface [159,160].

For rigid and thin films, the frequency shift is described by the
Sauerbrey equation:

— 2f¢
Af = A—mAm 3)

where f, is the fundamental resonance frequency, A is the active
electrode area, pq is the density of quartz, and uq is the shear modulus of

quartz. It enables conversion of frequency changes into the surface mass. In
this study, the Sauerbrey approximation was considered valid due to low mass
loading and a rigid adsorption mechanism.

The corresponding mass change can be calculated by rearranging the
Sauerbrey relation:

Am =

Y @

This provides direct evidence of mass accumulation at the interface. In
more complex systems involving viscoelastic films or swelling polymers,
alternative models such as the Voigt viscoelastic model are typically applied
[161]. However, in the present study, the Sauerbrey approximation (Equations
3 and 4) was considered valid due to the low mass loading regime and the
relatively rigid adsorption of the studied species.

QCM measurements in this work were used to investigate and compare
the adsorption of pyrrole (a monomer) and geraniol (a template molecule) on
gold-coated quartz surfaces. This approach provides direct experimental
evidence of mass accumulation at the interface and complements
electrochemical techniques, which primarily reflect electron transfer and
capacitive changes. In the context of molecular imprinting, QCM is
particularly valuable because it allows direct observation of template—
monomer competition during the early stages of film formation.

During the experiments conducted in the framework of thus research, a
technical limitation was encountered due to swelling of the 3D printed flow
cell when exposed to pure acetonitrile. In order to maintain mechanical
stability and ensure reproducible resonance signals, a 50:50 (v/v) acetonitrile—
water mixture was used. This solvent composition preserved sufficient
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solubility of geraniol while maintaining stable acoustic coupling conditions
required for reliable QCM operation.

The adsorption experiments revealed distinct differences between
pyrrole and geraniol. Pyrrole exhibited rapid and strong adsorption on the gold
surface, resulting in a frequency shift of approximately —43 Hz at 0.5 M
concentration. In contrast, geraniol at 0.05 M produced a smaller initial shift
of approximately —10 Hz, thus indicating weaker but still measurable
interaction with the surface.

Time-resolved measurements further demonstrated that geraniol
adsorption is kinetically slower but persistent. Over a 30-minute interval, a
gradual frequency decrease of approximately —38 Hz was observed,
accompanied by a minor change in dissipation resistance (~4 ). This finding
indicates progressive accumulation at the interface rather than instantaneous
saturation, suggesting a diffusion-controlled adsorption regime combined
with weak but stable surface affinity.

By using the Sauerbrey model (Eq. 4), the frequency shifts were
converted into surface mass coverage. The calculated adsorption masses were
approximately 7.6 ng/cm? for pyrrole and 1.77 ng/cm? for geraniol. Although
pyrrole exhibits a higher absolute mass response, this is strongly influenced
by its higher concentration and efficient surface adsorption kinetics.

To enable meaningful comparison between species with different
concentrations, adsorption efficiency was normalized with respect to
concentration. This normalization reveals that geraniol exhibits relatively high
adsorption efficiency per concentration unit compared to pyrrole. This
suggests that despite its lower bulk concentration, geraniol has a strong
intrinsic affinity for the gold surface, consistent with its amphiphilic molecular
structure.

To further interpret adsorption thermodynamics, the Langmuir
adsorption model was applied, which assumes monolayer adsorption on a
homogeneous surface with a finite number of identical binding sites. The
model is expressed as follows:

_ qmaxKCe
T 14KCe )

de

where g, is the equilibrium adsorption capacity, qmax 1S the maximum
adsorption capacity, K is the adsorption constant, and C, is the equilibrium
concentration.

The estimated adsorption constants (Eq. 5) were approximately 31.7
L/mol for pyrrole and 21.5 L/mol for geraniol. These values indicate strong
surface affinity for both species, although pyrrole demonstrates higher
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apparent adsorption strength due to its ability to participate in
electropolymerization and form extended surface-bound networks.

However, because adsorption was evaluated at single concentration
points for each analyte, full Langmuir or Freundlich isotherm fitting could not
be performed. Therefore, the calculated constants should be interpreted as
semi-quantitative indicators of surface affinity rather than full thermodynamic
parameters.

From a mechanistic perspective, the results demonstrate clear
competitive adsorption between pyrrole and geraniol on the gold surface. In
mixed systems, geraniol partially occupies active adsorption sites, reducing
the pyrrole surface availability and thereby influencing the nucleation density
during electropolymerization. This leads to a slower Ppy growth and increased
heterogeneity in the initial polymer layer formation.

These observations are fully consistent with electrochemical impedance
spectroscopy results, which showed a reduced charge transfer efficiency and
an altered interfacial capacitance in mixed systems. The agreement between
QCM and electrochemical data confirms that adsorption is a governing factor
in interfacial restructuring during molecular imprinting.

Overall, pyrrole acts as a strongly adsorbing and electroactive monomer
which drives polymer formation, while geraniol exhibits weaker but persistent
adsorption with significant competitive effects. Even at lower concentrations,
geraniol effectively modifies surface accessibility and influences polymer
growth pathways. These findings highlight the critical role of adsorption
kinetics and surface competition in determining the structural and functional
properties of molecularly imprinted polymer layers.

3.1.4. Implications for molecularly imprinted polymer formation

The adsorption observed for both geraniol and pyrrole have direct
consequences for the formation, structure, and functional performance
of MIP. Their formation at electrode interfaces is governed by three coupled
processes: (i) template adsorption and pre-organization, (i) monomer
adsorption and complex formation, and (iii) electropolymerization-induced
fixation of the supramolecular arrangement. Any imbalance in these steps can
significantly alter the distribution, accessibility, and homogeneity of the
resulting recognition cavities.

Geraniol exhibits strong and persistent adsorption on the gold surface,
as demonstrated by QCM and electrochemical measurements. Although
geraniol does not possess functional groups typically associated with strong
chemisorption on gold surfaces, its adsorption is sufficiently stable to
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influence interfacial electrochemical processes. The interaction is likely
governed by weak physisorption mechanisms, including van der Waals
interactions, hydrophobic effects, partial coordination of the hydroxyl group
at the metal-solution interface, and interfacial molecular ordering effects.
These interactions promote template pre-organization at the interface prior to
polymer growth, thus increasing the likelihood of forming well-defined
template—monomer assemblies required for selective recognition after
template removal.

However, this strong surface affinity also introduces a limitation.
Excessive adsorption of geraniol may lead to partial surface blocking, thus
reducing the availability of active sites required for pyrrole adsorption and
oxidation. This results in non-uniform monomer distribution and altered
nucleation behavior, which can produce heterogeneous polymer thickness,
irregular porosity, and uneven imprint site distribution.

Pyrrole, in contrast, is a well-established electroactive monomer which
readily forms conductive Ppy films under electrochemical conditions. Its
adsorption is strongly dependent on surface availability and is therefore highly
sensitive to competition from pre-adsorbed species such as geraniol. When
geraniol occupies a significant fraction of adsorption sites, pyrrole access to
the electrode is reduced, leading to delayed nucleation and modified polymer
growth kinetics.

Consequently, the formation of a high-quality MIP layer requires a
carefully controlled balance between the template adsorption strength,
monomer accessibility, and the polymerization rate. These parameters
collectively define the organization of the pre-polymerization complex and
determine the structural fidelity of the imprinted cavities.

From a broader perspective, the application of geraniol as a template in
MIP systems is relatively limited compared to other analytes commonly used
in imprinting studies. Most reported MIP systems target more structurally
rigid molecules such as phenolic compounds, pharmaceutical agents (e.g.,
caffeine, dopamine, ibuprofen), and environmental pollutants (e.g.,
pesticides). These analytes typically possess well-defined functional groups
and limited conformational flexibility, thus facilitating stable template—
monomer interactions.

In contrast, geraniol presents several challenges. It is a flexible, acyclic
monoterpene alcohol denoted by high hydrophobicity and conformational
freedom, which can complicate the formation of stable and well-defined
template—-monomer complexes. Additionally, its relatively weak polarity and
a limited number of interaction sites reduce the predictability of binding
orientation during pre-polymerization.

55



Another important consideration is its activity in electrochemical
environments. Geraniol is poorly soluble in water and often requires organic
co-solvents such as acetonitrile or ethanol. As observed in this study, even
under mixed-solvent conditions, interfacial accumulation can still occur,
introducing diffusion limitations, local viscosity changes, and potential
surface fouling. These effects may negatively affect the reproducibility of MIP
formation.

Despite these challenges, structurally related terpenoid compounds
such as linalool, citronellol, and limonene have been successfully incorporated
into MIP-based sensing systems, particularly in applications involving volatile
organic compound detection.

In this context, geraniol can be considered a representative yet
challenging model compound for EOs analysis. Its successful integration into
an MIP-based sensing platform demonstrates the feasibility of extending
molecular imprinting strategies beyond rigid analytes to more flexible and
hydrophobic molecules. However, this study also shows that careful control
of interfacial adsorption and polymer growth is required to achieve
reproducible performance.

Overall, the findings confirm that both the molecular properties of the
template and its adsorption mechanism at the electrode interface are decisive
factors in determining MIP performance. In the case of geraniol, strong
surface affinity enables effective template localization but simultaneously
introduces competitive effects that influence monomer organization and
polymer morphology. These opposing effects must be balanced so that to
achieve selective and reproducible sensor architectures.

3.2. Development and Electrochemical Characterization of MIP Layers
3.2.1. Design rationale and interfacial architecture

The design of MIP architectures in this study was guided by the adsorption of
both pyrrole and geraniol, as established in the preceding sections [also, cf.
137]. In molecular imprinting systems, the performance of the final sensing
layer is not only determined by the chemical composition of the polymer but
is critically dependent on the organization of the pre-polymerization interface,
where template—monomer—electrode interactions occur prior to and during
film growth.

Molecular imprinting is fundamentally based on the formation of
supramolecular assemblies between a functional monomer and a template
molecule, followed by fixation of this arrangement through polymerization.
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After the removal of the template, complementary cavities remain within the
polymer matrix, exhibiting selective recognition properties toward the target
analyte. In electrochemical MIP systems, this process is further influenced by
the electrode surface, which acts not only as a physical support but also as an
active participant in adsorption, nucleation, and electron transfer processes.

In the present system, a key challenge arises from the strong adsorption
affinity of geraniol toward gold surfaces. As shown in previous sections,
geraniol forms a persistent interfacial layer, which stabilizes the template but
simultaneously competes with pyrrole for surface sites. This competition
reduces monomer accessibility and affects nucleation behavior, leading to
non-uniform polymer growth and a reduced control over the imprint site
distribution.

To address this interfacial competition, a double-layer polymer
architecture was implemented. This architecture consists of a NIP underlayer
and a MIP top layer, each fulfilling distinct functional roles. The NIP layer is
defined as a polymer film synthesized in the absence of template molecules,
serving primarily as a structural and electrochemical interface modifier. Its
main function is to improve adhesion of the polymer system to the gold
electrode, stabilize the interfacial environment, and provide a more uniform
surface for subsequent deposition.

Importantly, the NIP layer reduces the influence of substrate
heterogeneity and partially regulates mass transport toward the interface,
leading to more reproducible electropolymerization conditions.

The MIP layer is formed in the presence of geraniol and is responsible
for the generation of selective recognition cavities. During
electropolymerization, pyrrole is oxidized and forms a conjugated Ppy
network around the adsorbed template molecules. After template removal,
cavities complementary to geraniol in terms of the size, shape, and functional
group distribution are retained within the polymer matrix.

The introduction of this bilayer configuration provides an important
mechanistic advantage. It effectively separates two interdependent but
potentially competing processes: interfacial stabilization and molecular
imprinting. In conventional single-layer systems, these processes occur
simultaneously at the electrode surface, which means that strong template
adsorption can interfere directly with monomer organization and polymer
growth. In contrast, the pre-formed NIP layer partially decouples the electrode
surface from template—-monomer competition, thereby enabling more
controlled polymer growth in the upper layer.

This spatial separation leads to an improved regulation of interfacial
phenomena. The NIP layer ensures stable and reproducible electrochemical
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conditions, while the MIP layer preserves the molecular recognition
functionality. As a result, the overall system benefits from an enhanced
structural uniformity, an improved adhesion stability, and better-defined
imprinting domains.

Such bilayer architectures can be interpreted as an interfacial
engineering strategy, where control over surface properties is used to optimize
both polymer growth and molecular recognition. Similar strategies have been
reported in electrochemical MIP sensors where underlayers of conducting
polymers or inert films are used to improve film stability and reproducibility,
particularly in systems involving volatile or weakly polar templates. In this
context, the NIP/MIP bilayer approach can be considered a form of interfacial
engineering that optimizes both electrochemical performance and molecular
recognition capability.

Overall, the proposed architecture demonstrates that successful MIP
fabrication is not solely determined by chemical imprinting conditions but
also by rational control of interfacial processes. In the case of geraniol, where
adsorption is strong, and competitive effects are significant, the introduction
of a structured underlayer is essential to ensure controlled monomer
deposition and to maintain the integrity of the imprinting process. This design
strategy therefore represents a key step toward improving reproducibility and
functional performance in electrochemical MIP-based sensing systems.

3.2.2. Electropolymerization and film formation

The formation of Ppy films in this system was carried out by using CV, which
enables simultaneous control of the oxidation state, polymer growth kinetics,
and interfacial structure formation. Electropolymerization of pyrrole is an
electrochemically driven process, in which, pyrrole monomers are oxidized at
the electrode surface to form radical cation intermediates. These reactive
species undergo rapid coupling reactions, leading to the formation of
oligomers and eventually extended conjugated polymer chains. Continued
potential cycling promotes further oxidation, chain propagation, and
deposition of a conductive polymer film onto the electrode surface.

From a mechanistic perspective, Ppy film formation typically proceeds
through three stages: (1) initial nucleation, (2) progressive growth, and (3)
steady-state film thickening [162]. During the early cycles, adsorption of
pyrrole and formation of radical cations dominate, resulting in localized
nucleation sites on the electrode. As cycling continues, these nuclei grow into
interconnected polymer domains, gradually forming a continuous conductive
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network. The final stage is characterized by diffusion limitations and partial
passivation of the electrode surface due to the increasing film thickness.

In this work, CV was also used as a tool to indirectly monitor interfacial
evolution during polymer growth. Changes in the peak current, peak shape,
and the overall current density were used as indicators of electron transfer
kinetics and the active surface area, thus allowing an indirect evaluation of the
film formation.

To evaluate the influence of interfacial architecture on film formation,
three distinct configurations were designed. These configurations were not
only intended for comparative analysis but also to decouple the contributions
of the template presence, surface conditioning, and polymer growth dynamics
(Figure 9).

The first configuration corresponds to a single-layer MIP system, in
which, pyrrole and geraniol were simultaneously present during
electropolymerization. In this case, polymer formation and molecular
imprinting occur concurrently at the same interface. While this approach
enables direct incorporation of the template into the growing polymer matrix,
it also exposes the electrode surface to strong competitive adsorption effects.
However, as discussed previously, and as it has been demonstrated, geraniol
can occupy active surface sites and interfere with pyrrole adsorption, thereby
influencing the nucleation density and leading to spatially non-uniform
polymer growth. This results in imprint sites that are formed under
dynamically changing interfacial conditions, which may reduce the structural
uniformity of the final recognition cavities (Figure 9A).

The second configuration is a double-layer MIP system, which
introduces a sequentially constructed architecture. In this case, a NIP base
layer is first deposited in the absence of geraniol under identical
electrochemical conditions. This initial layer serves as an interfacial
conditioning and stabilization platform. After the formation of the NIP layer,
a second electropolymerization step is performed in the presence of geraniol,
enabling the imprinting to occur on a pre-stabilized surface (Figure 9B).
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Figure 9. Electropolymerization of polypyrrole films on the QCM (Au) sensor
was carried out under controlled cyclic voltammetry conditions. (A) Single-
layer MIP was formed over 8 CV cycles within =500 to +850 mV at 50 mV
s7'. (B) Double-layer MIP was prepared by using the same conditions with an
initial 7-cycle base layer followed by additional deposition. (C) NIP was
synthesized under identical parameters for 7 cycles to ensure comparable film
formation [132]

From an electrochemical standpoint, the presence of the NIP underlayer
significantly modifies interfacial properties. It reduces heterogeneity
associated with the gold substrate, provides a more uniform energy landscape
for monomer adsorption, and stabilizes electron transfer processes during
polymer growth. This leads to a more reproducible nucleation behavior and
improved control over film thickness and morphology. In addition, the NIP
layer partially decouples the electrode from the direct template—surface
competition, thereby reducing the disruptive influence of geraniol adsorption
during polymerization.

The third configuration corresponds to a NIP reference system,
prepared under identical conditions but in the absence of the template
molecule (Figure 9C). This system provides a baseline for evaluating the
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intrinsic electrochemical and morphological properties of Ppy films without
imprinting effects. It allows discrimination between changes arising from
molecular recognition and those originating from the general polymer growth
process.

Across all configurations, the electrochemical response during
polymerization confirmed successful formation of conductive Ppy films, as
evidenced by the progressive increase in the oxidation peak currents and
stabilization of redox features over successive cycles. However, important
differences were observed in the growth mechanism depending on the
interfacial architecture.

The single-layer MIP system exhibited more variable current evolution,
which was consistent with heterogeneous nucleation and dynamic competition
between pyrrole and geraniol at the electrode surface. In contrast, the double-
layer configuration showed more stable and reproducible current patterns,
thus indicating more controlled polymer growth. This observation suggests
that the NIP underlayer promotes uniform monomer organization and reduces
fluctuations in local interfacial conditions during electropolymerization.

From a materials perspective, these differences are highly significant
for molecular imprinting. Uniform polymer growth is directly linked to
consistent distribution of recognition cavities, while heterogeneous growth
can lead to variability in the binding site accessibility and affinity. Thus, the
improved stability observed in the double-layer system directly supports an
enhanced imprint quality.

Overall, these results demonstrate that electropolymerization in MIP
systems is not solely a chemical polymerization process, but a highly
interface-sensitive phenomenon governed by adsorption dynamics, surface
heterogeneity, and interfacial architecture. The introduction of a NIP base
layer provides a controlled platform for the subsequent imprinting, enabling a
more predictable film growth and an improved structural definition of the
resulting recognition layer.

3.2.3. Interfacial behavior and QCM analysis

The interfacial adsorption of geraniol on the fabricated sensing architectures
was investigated when using QCM, which enables real-time, in-situ
monitoring of mass changes at the electrode interface. In QCM measurements,
variations in Af arise from changes in the effective mass coupled to the
oscillating quartz crystal. This allows direct observation of adsorption,
desorption, and film restructuring processes occurring at the solid—liquid
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interface. In addition to frequency shifts, dissipation-related parameters provide
insight into the viscoelastic properties of the interfacial layer (Figure 10).

From a mechanistic perspective, QCM not only reflects the adsorption
strength but also provides insight into the structural organization and
mechanical stability of the interfacial layers. In rigid systems, frequency shifts
can be interpreted quantitatively by using the Sauerbrey relation (Equations 3
and 4), whereas deviations from the ideal behavior indicate viscoelastic
contributions, structural heterogeneity, or partial mass trapping within porous
polymer networks.

The results obtained in this study demonstrate that geraniol adsorption
is strongly dependent on the architecture of the polymer layer. In the single-
layer MIP configuration, adsorption is characterized by unstable frequency
recovery and incomplete desorption. This indicates partial retention of
geraniol within the polymer matrix, suggesting the presence of heterogeneous
binding environments with varying accessibility and affinity.

This irreversible or partially reversible adsorption can be attributed to non-
uniform  polymer growth during simultaneous template—-monomer
electropolymerization. As previously shown, direct competition between geraniol
and pyrrole at the electrode surface leads to spatially uneven nucleation and
growth of Ppy. Consequently, the resulting polymer film contains regions with
different porosity, crosslinking density, and diffusion accessibility. These
structural irregularities create deep or partially occluded binding sites where
geraniol molecules can become kinetically trapped, leading to incomplete
desorption and baseline drift in the QCM signal (Figure 10A).

In contrast, the double-layer MIP system exhibits a significantly
improved interfacial behavior. In this configuration, the frequency response
stabilizes more rapidly after analyte exposure and shows a higher degree of
reversibility during the desorption phase (Figure 10B). Reduced hysteresis
between adsorption and desorption cycles indicates a more uniform binding
site accessibility and an improved mass transport within the polymer layer.
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Figure 10. QCM response of different polymer layers toward Solution B. The
solid black line represents the change in the Af value of the QCM sensor, while
the dotted blue curve represents the change in the resistive element AR of the
QCM sensor. (A) QCM measurement of the single-layer MIP at a flow rate of
1 mL min~". The rectangle highlights the response to Solution B. (B) QCM
measurement of the double-layer MIP at a flow rate of 1 mL min~'. The
rectangle indicates the response to Solution B at 100% concentration
exposure. (C) QCM measurement of the NIP on the QCM (Au) sensor at a
flow rate of 1 mL min~'. The rectangle marks the response to Solution B at
100% concentration exposure [163]

This improvement can be attributed to the presence of the NIP
underlayer, which modifies the interfacial energy landscape and provides a
structurally homogeneous foundation for subsequent imprinting. By reducing
direct interaction between the gold substrate and the imprinting process, the
NIP layer minimizes surface-induced heterogeneity during polymer growth.
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This leads to more controlled nucleation, an improved film continuity, and
reduced formation of structurally weak or over-constrained binding domains.

From a materials and interfacial mechanics perspective, the differences
between single-layer and double-layer systems can be explained in terms of
the polymer morphology and diffusion accessibility. In the single-layer
system, direct growth on the gold surface results in strong sensitivity to local
variations in the surface energy, which promotes heterogeneous film
formation. These irregularities increase diffusion barriers for analyte removal
and enhance the probability of analyte entrapment within deeper polymer
regions.

In contrast, the double-layer architecture promotes a more defined and
reproducible interfacial structure. The NIP layer acts as a mechanical and
chemical buffer, reducing interfacial disorder and supporting more uniform
distribution of imprinted sites in the upper layer. As a result, the MIP layer
exhibits an improved accessibility of binding cavities, a more efficient mass
transport, and reduced kinetic hindrance during adsorption—desorption cycles.
These structural improvements are directly reflected in the increased stability
of the QCM frequency baseline and reduced signal hysteresis.

Additional QCM analysis further confirms that geraniol adsorption is
not fully reversible under all conditions. A residual frequency shift remains
after repeated adsorption—desorption cycles, indicating partial retention of
analyte molecules within the polymer structure. This behavior is attributed to
a combination of diffusion limitations and heterogeneous binding sites rather
than a single adsorption mechanism.

Such effects are particularly relevant in molecular imprinting systems,
as incomplete analyte removal can reduce the number of available binding
sites in the subsequent cycles and affect sensor regeneration performance.
Therefore, the observed residual mass signal is not only an experimental
artifact but also an important indicator of internal diffusion limitations and
structural heterogeneity within the polymer matrix.

Overall, QCM results provide strong evidence that polymer architecture
plays a decisive role in controlling adsorption reversibility, mass transport,
and interfacial stability. The double-layer configuration offers a more
controlled and reversible adsorption environment, thus confirming its
superiority for reliable molecular recognition in geraniol-based MIP systems.

3.2.4. Quantitative interpretation of mass and molecular uptake

To obtain quantitative understanding of interfacial adsorption, the
experimentally measured frequency shifts obtained by QCM were converted
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into surface mass changes. This conversion is based on the Sauerbrey model
(3-4), which describes the linear relationship between frequency decrease and
rigid mass loading on the surface of a piezoelectric quartz crystal. The
fundamental assumption of this model is that the adsorbed layer behaves as a
rigid, thin, and uniformly distributed film that is fully coupled to the
oscillation of the crystal.

Under these conditions, the relationship between the frequency change
and the mass change is linear and can be simplified by using a calibration
constant (C), which is experimentally determined for a given crystal
frequency:

Am = C - Af (6)

In this study, a Sauerbrey constant of C = 17.7 ng-Hz ' (5 MHz crystal)
was used, allowing direct conversion of frequency shifts into mass changes
(6). While deviations from the ideal Sauerbrey behavior may occur in
viscoelastic polymer systems, the relatively low mass loading observed here
supports the validity of the rigid-layer approximation.

The experimentally derived frequency shifts were converted into
absolute mass changes, which were subsequently normalized by the electrode
area in order to obtain surface coverage (I'):

Am
['=— (7

where A represents the active electrode area. This parameter provides a
direct measure of the extent of the density at which the analyte molecules
occupy the interfacial region.

To further extend the analysis, the mass values were converted into
molar quantities by using the molecular weight of geraniol and then to the
number of molecules calculated.

This step enables transformation of macroscopic QCM signals into
molecular-scale interpretation, allowing estimation of the interfacial
population density and comparative adsorption efficiency between different
polymer architectures.

The quantitative results reveal a clear distinction between single-layer
and double-layer MIP systems (Table 3). The double-layer configuration
exhibits a significantly larger frequency shift ( —34 Hz), corresponding to a
calculated mass increase of approximately 6.02 x 107 g (= 602 ng). In
contrast, the single-layer system shows a substantially lower response (~1.36
Hz), corresponding to approximately 24 ng of adsorbed mass. This indicates
a substantially higher adsorption capacity in the double-layer architecture.
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When normalized to the electrode area, the double-layer system reaches
a surface coverage on the order of 3.0 X 107¢ g-cm™, which is approximately
two orders of magnitude higher than that observed in the single-layer
configuration. This suggests that the interfacial architecture plays a dominant
role in determining effective molecular accumulation at the sensing interface.

At the molecular level, the calculated adsorption corresponds to
approximately 3.90 x 10~° mol of geraniol in the double-layer system, which
translates into approximately 2.35 % 10'> molecules. When expressed as
surface density, this yields values on the order of 10'® molecules-cm™. Such
values exceed those expected for ideal monolayer coverage and therefore
indicate effective mass loading which includes both surface adsorption and
partial incorporation of molecules within the polymer matrix.

Table 3. Quantitative analysis of geraniol adsorption on MIP-modified QCM
electrodes [132]

Formula / Single-layer MIP Double-layer MIP
Parameter

Symbol (0.05 mol-L™) (0.05 mol-L™)
Frequency shift Af ~1.36 Hz —34 Hz
Measured mass
A 2407 x 108 g (24 6.02 x 107 g (~602
change m x 10 g (24 ng) x 107 g (~602 ng)
1.20 x 107 g-cm™ 3.0x10°g-cm™
Surf I'=Am/A
Hrtace coverage " (120.35 ng-cm ) (~3000 ng-cm?)
Moles adsorbed n=Am /MW 1.56 x 107 mol 3.90 x 10 mol
Total molecul
otal mofecuies N=nx Np 9.40 x 10" molecules  2.35 x 10'> molecules
adsorbed
Molecules per 4.70 x 10" 1.18 x 10'¢
) N/A ~ _
unit area molecules-cm™ molecules-cm™

Constants in use: C=17.7 ng-Hz ! (Sauerbrey constant, S MHz crystal); 4 = 0.20 cm?
(active electrode area); MW = 154.25 g-mol ™ (geraniol); Na = 6.022 x 10?* mol™*

It is of importance to note that such high molecular densities should be
interpreted as effective surface loading rather than discrete monolayer
formation, since QCM measurements may include contributions from both
directly adsorbed molecules and partially infiltrated species within the
polymer matrix. This is particularly relevant in porous or heterogeneous MIP
structures, where diffusion into subsurface cavities may contribute to the total
frequency response.

From a mechanistic perspective, these quantitative findings confirm
that the double-layer architecture significantly enhances both the adsorption
capacity and the molecular retention at the interface. This improvement arises
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primarily from an improved structural organization and the accessibility of
binding sites, rather than simply an increased surface area.

Overall, the QCM-based quantitative analysis provides direct
molecular-level evidence that interfacial engineering strongly influences the
adsorption capacity, molecular packing density, and effective recognition site
accessibility in MIP systems.

3.2.5. Kinetic modelling of adsorption and desorption processes

To understand the dynamic interaction of geraniol with the polymer-modified
electrode surface, adsorption and desorption processes were analyzed by using
a kinetic framework based on surface reaction theory. Such modelling is
widely used in studies involving MIP and QCM systems, where the measured
frequency shift reflects real-time changes in interfacial mass loading. In these
systems, kinetic analysis provides not only rate constants but also mechanistic
insight into how molecules interact with heterogeneous polymer interfaces.
From a physicochemical perspective, adsorption at solid—liquid interfaces are
governed by a combination of diffusion, surface collision, and binding
processes. In the case of geraniol, the adsorption process involves transport
from the bulk solution toward the polymer surface, followed by interaction
with available binding sites distributed within the Ppy matrix. These sites
include both non-specific adsorption regions and specific cavities generated
during the imprinting process (Figure 11).

The interaction between geraniol and the polymer surface can be
described as a reversible binding process, where geraniol molecules associate
with and dissociate from active surface sites. These sites are not chemically
uniform but, instead, represent a distribution of energetically different
environments within the polymer structure.

In MIP systems, this behavior is often approximated by using a
Langmuir-type adsorption framework, which assumes: a finite number of
binding sites, monolayer coverage at the interface, and no strong lateral
interactions between adsorbed molecules [164].

Although real MIP systems deviate from the idealist one due to surface
roughness, heterogeneous porosity, and uneven crosslinking density, the
Langmuir model remains widely used because it provides a useful first-order
approximation for interpreting QCM-derived kinetic data.

In the present system, adsorption is governed by interactions between
geraniol molecules in the solution and active binding sites within the polymer
matrix. These interactions arise from a combination of weak intermolecular
forces, including van der Waals interactions, hydrophobic effects, and
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hydrogen bonding associated with the hydroxyl functional group of geraniol
[165]. As a result, the overall binding process is stronger than simple
physisorption, and yet it remains reversible under dynamic flow conditions
typically applied in QCM-based measurements.
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Figure 11. Adsorption and desorption kinetic data for geraniol, derived from
the Af curves, are presented as experimental data points. The corresponding
theoretical Af profiles are displayed as solid lines [132]

From a mechanistic standpoint, adsorption proceeds through a sequence
of steps beginning with the diffusion of geraniol molecules from the bulk
solution toward the polymer interface. Upon reaching the surface, the
molecules transiently interact with the available binding sites and may either
form a stable surface complex or return to the solution phase. At a low surface
coverage, the adsorption rate is relatively high due to the abundance of
unoccupied binding sites. As adsorption progresses, the number of available
sites decreases, leading to a gradual reduction in the adsorption rate until an
equilibrium has been reached. This is a characteristic of saturation-controlled
surface kinetics and is commonly described within the framework of
Langmuir-type adsorption processes.

In QCM experiments, adsorption is directly reflected as a decrease in
the resonance frequency, corresponding to an increase in the interfacial mass.
Consequently, the time-dependent evolution of the frequency signal can be
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interpreted as a direct representation of the surface coverage development.
This relationship enables not only qualitative observation of adsorption but
also quantitative analysis of the adsorption kinetics and equilibrium states.

The kinetic parameters obtained from the adsorption—desorption
analysis provide valuable insights into the interfacial response of geraniol on
different polymer architectures (Table 4). The adsorption rate constant kags
reflects the efficiency of mass transport and binding of geraniol molecules at
the polymer surface, incorporating both diffusion from the bulk solution and
interaction with the available binding sites. The desorption rate constant kqes
characterizes the stability of the formed surface complexes and their tendency
to dissociate over time. The equilibrium association constant Kasec, defined as
the ratio of kags to kaes, represents the overall affinity of geraniol toward the
polymer interface.

As summarized in Table 4, significant differences are observed between
the studied systems. The double-layer MIP exhibits a substantially higher
adsorption rate constant k.is= 0.420 compared to both the single-layer MIP
(7.58 x 10™*) and the NIP (3.35 x 10™%), thus indicating a markedly more
efficient uptake of geraniol at the interface. This enhanced adsorption
behavior suggests an improved accessibility and a higher density of effective
binding sites in the double-layer architecture. At the same time, the desorption
rate constant for the double-layer system kqes = 0.469 remains moderate, which
indicates that the formed complexes are sufficiently stable while still allowing
partial reversibility.

In contrast, the single-layer MIP demonstrates a much lower adsorption
rate combined with a relatively high desorption tendency, resulting in a
significantly lower equilibrium constant Kasec = 6.95 x 10, This behavior
suggests less efficient formation of stable binding interactions, which can be
attributed to structural heterogeneity and limited accessibility of imprinted
cavities when the polymer is formed directly on the electrode surface. The NIP
system further highlights the importance of imprinting, as it exhibits both low
adsorption efficiency and a very high desorption rate kq.s = 14.5, leading to a
negligible affinity constant Kuoc = 2.31 x 10°. This confirms that, in the
absence of specific recognition sites, geraniol interacts only weakly and non-
selectively with the polymer matrix.
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Table 4. Kinetic parameters of geraniol adsorption [132]

kaas Kaes Kasoc
MIP 7.58 x 104+ 0.019 1.09 £ 0.028 6.95 x 107
double-layer MIP 0.420 £0.0215 0.469 £ 0.008 0.895
NIP 3.35x104+0.216 14.5+£0.835 231 x10°°

The desorption process follows first-order kinetics, as it depends on the
concentration of the adsorbed species rather than on the bulk analyte
concentration. In QCM measurements, this is reflected as a gradual recovery
of frequency toward the baseline values. However, complete reversibility is
not observed, thus indicating partial retention of geraniol within the polymer
matrix.

This incomplete desorption arises from heterogeneous binding
environments and diffusion limitations within the polymer structure, where
molecules may be trapped in high-affinity cavities or less accessible regions.

Overall, the kinetic mechanism reflects a heterogeneous interface,
where a fraction of molecules is weakly bound and readily desorbs, while
another fraction exhibits stronger and slower-release interactions. Thus, the
system is better described as an apparent Langmuir-type process rather than
an ideal homogeneous model.

From a practical perspective, adsorption kinetics determine the sensor
response time, while desorption properties influence regeneration and signal
stability. The observed balance between the relatively fast adsorption and
partial reversibility indicates that the double-layer MIP provides a strong
analytical response while maintaining the potential for repeated use.

3.2.6. Electrochemical impedance spectroscopy and interfacial charge
behavior

EIS was employed to investigate the electrical properties of the polymer-
modified interfaces and to obtain mechanistic insights into charge transfer and
adsorption phenomena occurring at the electrode surface. EIS is particularly
suitable for such analysis because it enables the deconvolution of complex
interfacial processes by applying a small-amplitude alternating potential over
a broad frequency range, thereby separating resistive and capacitive
contributions associated with different physicochemical processes.

All measurements were carried out in a classical three-electrode
configuration integrated within the QCM cell. An Au electrode served as the
working electrode and sensing interface, and an Ag/AgCl electrode functioned
as the reference electrode, while a platinum wire was used as the counter-
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electrode. This configuration ensures stable potential control and reliable
separation of faradaic and non-faradaic processes, which is essential for
accurate impedance analysis of surface-modified systems.

The Au working electrode was modified with different Ppy-based
architectures, including single-layer MIP, double-layer MIP (NIP underlayer
+ MIP top layer), and NIP. The resulting impedance spectra, presented as
Nyquist plots, are shown in Figure 12, where experimental data points are
accompanied with fitted curves obtained by using an appropriate equivalent
circuit model.
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Figure 12. EIS were recorded by using the gold working electrode of a QCM
sensor modified with different Ppy layers, including MIP, double-layer MIP,
and NIP configurations. Measurements were carried out in both solution A
and solution B. The experimental data are presented as discrete points, while
the solid lines correspond to the fitted curves obtained by using the proposed
equivalent circuit model [132]

To quantitatively interpret the impedance response, a modified Randles
equivalent circuit was applied. In this model, the symbol R accounts for the
ohmic resistance of the electrolyte, which remained nearly constant across all
experiments due to the identical solution composition. The interfacial region
is described by a CPEg, representing the non-ideal capacitive behavior of the
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electrical double layer arising from surface roughness, heterogeneity, and
polymer morphology. R reflects the kinetics of electron transfer across the
electrode—electrolyte interface and is highly sensitive to the surface coverage
and film conductivity.

In addition to these classical elements, adsorption-related processes
were incorporated into the model through a second constant phase element
(CPEas) and an associated adsorption resistance (R.ds). These elements
account for changes in the interfacial properties caused by analyte binding and
structural reorganization within the polymer layer. Notably, Rass values
exceeded 1 GQ in all cases, thereby indicating that adsorption does not
significantly contribute to resistive impedance under the applied conditions,
but rather manifests primarily through capacitive effects.

The extracted fitting parameters are summarized in Table 5. The
analysis reveals that exposure to a geraniol-containing solution (Solution B)
leads to a consistent decrease in the double-layer capacitance across all
investigated systems, as reflected by reduced CPEq values. This decrease can
be attributed to the displacement of electrolyte ions and solvent molecules
from the interface, as well as to the incorporation of geraniol into the polymer
structure, which alters both the dielectric properties and the effective thickness
of the interfacial region.
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Importantly, the magnitude of this effect strongly depends on the
polymer architecture. The most pronounced change was observed for the
double-layer MIP system, where the double-layer capacitance decreased by
approximately 2.5-fold upon exposure to geraniol. In contrast, the single-layer
MIP and NIP systems exhibited significantly smaller changes, with reduction
factors of approximately 1.4. This indicates that the double-layer architecture
undergoes a more substantial interfacial reorganization in response to analyte
binding.

From a mechanistic standpoint, this behavior suggests that the double-
layer MIP provides a more accessible and structurally defined binding
environment. The NIP underlayer acts as a stabilizing platform which reduces
direct interactions between geraniol and the gold surface, thereby promoting
more uniform polymer growth and facilitating the formation of well-defined
recognition cavities in the overlying MIP layer. As a result, geraniol binding
induces more pronounced changes in interfacial polarization and charge
distribution, which are directly captured by the impedance response.

In contrast, the NIP system exhibits predominantly non-specific
adsorption, leading to only minor perturbations in the interfacial structure and
electrical properties. Similarly, the single-layer MIP shows an intermediate
response, where partial imprinting occurs but is limited by structural
heterogeneity and less controlled film formation.

Changes in charge transfer resistance further support these
observations. Systems with more uniform and conductive polymer films tend
to exhibit lower R values, while increased surface blocking or disordered
structures lead to higher resistance. The relatively stable or moderately
reduced R values observed for the double-layer MIP indicate that, despite
analyte binding, the conductive network of the polymer remains intact, which
is essential for maintaining sensor functionality.

Overall, the EIS results demonstrate that the double-layer MIP
architecture provides the most favorable balance between selective analyte
recognition and stable electrochemical performance. The observed impedance
changes are therefore not merely a consequence of non-specific adsorption but
rather reflect specific interactions between geraniol and imprinted binding
sites, thereby confirming the effectiveness of the designed sensing interface.

3.2.7. Regeneration behavior and stability considerations

Regeneration experiments revealed that the QCM frequency signal does not
fully return to its initial baseline following desorption, which indicates partial
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irreversibility of geraniol binding within the polymer matrix. This mechanism
was observed for both single-layer and double-layer MIP systems; however,
the double-layer configuration demonstrated an improved signal stability and
a reduced baseline drift over repeated adsorption—desorption cycles. This
improvement can be attributed to the presence of the NIP underlayer, which
acts as a mechanically and structurally stabilizing interface. By partially
decoupling the imprinted layer from the gold substrate, this intermediate layer
reduces interfacial stress, limits structural rearrangement, and helps preserve
the integrity of the polymer network during repeated operation.

From a mechanistic perspective, incomplete regeneration can be
explained by several concurrent phenomena. First, a fraction of geraniol
molecules is likely bound within high-affinity imprinted cavities, where
multiple interactions (hydrophobic interactions combined with hydrogen
bonding) stabilize the analyte—polymer complex. Second, diffusion
limitations within the polymer matrix may hinder complete desorption,
particularly for those molecules that penetrate deeper into the porous structure.
Third, structural heterogeneity of the polymer layer results in a distribution of
binding site energies, leading to a combination of reversible and quasi-
irreversible adsorption domains. These effects are characteristic of
molecularly imprinted systems and are commonly associated with non-ideal,
heterogeneous binding activity.

Although the double-layer architecture improves reversibility,
incomplete regeneration remains a limitation for practical sensor applications.
In analytical systems, this manifests as a signal drift, reduced reproducibility,
and gradual loss of active binding sites. To address these challenges, further
optimization strategies should be considered. These include the modification
of washing protocols using stronger eluents, mixed solvent systems, or pH-
adjusted solutions; reduction of the polymer thickness to enhance mass
transport; and tuning of the polymer structure toward lower crosslinking
density or an increased flexibility to facilitate the analyte release.

It is also important to note that the present study was conducted at
relatively high geraniol concentrations (0.025—0.05 mol-L") under controlled
conditions and in the absence of structurally similar interfering compounds.
While these conditions are suitable for fundamental mechanistic investigation,
they do not fully represent real-life analytical environments, and, particularly,
complex matrices such as essential oils. In such systems, multiple terpenoid
compounds with similar structures — such as nerol, linalool, or citronellol —
may compete for the binding sites, thus potentially affecting both selectivity
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and regeneration. Therefore, the current conclusions regarding sensor
performance should be considered as preliminary findings.

Future studies should focus on evaluating sensor performance under
more realistic conditions, including lower analyte concentrations, competitive
binding scenarios, and complex sample matrices. Key performance
parameters such as the limit of detection, selectivity coefficients, regeneration
efficiency, and long-term operational stability should be systematically
assessed in order to determine practical applicability.

From a broader perspective, the observed strong retention of geraniol
within the MIP structure highlights not only limitations but also opportunities.
The ability of the polymer to retain target molecules suggests potential
applications beyond sensing, including selective extraction, preconcentration,
or controlled release systems. However, successful implementation of such
applications will require precise control over the binding strength and
reversibility, as well as a deeper understanding of the mass transport processes
within the polymer network.

Overall, the combined EIS and QCM results demonstrate that the
polymer architecture plays a decisive role in governing interfacial adsorption,
electrical response, and regeneration. The double-layer MIP system represents
a significant improvement in terms of the structural stability and signal
reproducibility; however, further optimization is required to achieve fully
reversible binding and a robust long-term performance. These findings
provide a critical foundation for the rational design of next-generation MIP-
based electrochemical sensors with an enhanced stability, selectivity, and
practical applicability.

3.3. Surface Morphology and Layer Characterization by Using AFM
3.3.1. Role of AFM in characterization of MIP systems

The surface morphology of the fabricated Ppy layers was investigated by
using AFM to evaluate the structural characteristics of the imprinted polymer
interfaces at the nanoscale. AFM is a powerful surface characterization
technique that provides high-resolution three-dimensional topographical
mapping and enables quantitative analysis of parameters such as the surface
roughness, height distribution, grain size, and spatial heterogeneity [166].
Here, quantitative assessment of structural heterogeneity refers to the
statistical evaluation of nanoscale variations in the surface morphology and
organization, including local differences in roughness, feature dimensions,
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grain distribution, and spatial arrangement across the sample surface.
However, in many applications, the main limitation arises not from the AFM
technique itself but from the sample preparation, as obtaining an atomically
flat substrate suitable for reliable nanoscale topographical analysis can be
challenging. In the context of MIP, these parameters are of particular
importance, as the formation of recognition sites is intrinsically related to the
local organization of the polymer matrix generated during template-assisted
polymerization.

From a mechanistic standpoint, the morphology of MIP layers is
governed by several interdependent factors, including monomer adsorption,
nucleation density during -electropolymerization, template—monomer
interactions, and growth kinetics of the polymer chains. The presence of a
template molecule such as geraniol can locally disrupt or direct polymer
growth, leading to the formation of heterogeneous surface features. These may
manifest as variations in roughness, formation of nodular or globular
structures, and the appearance of nanoscale depressions associated with the
template removal. Therefore, AFM analysis provides indirect but highly
valuable insights into the imprinting process by revealing how the presence of
the template influences the polymer organization at the interface.

It is of importance to emphasize that, although the conceptual framework
of molecular imprinting often describes the formation of well-defined cavities that
are complementary in size and shape to the template molecule, direct visualization
of individual binding sites by using AFM remains challenging nevertheless. The
molecular dimensions of geraniol are on the order of a few nanometers, while the
intrinsic roughness of electropolymerized Ppy films and the aggregation of
polymer domains often occur at similar or larger length scales. Consequently,
AFM does not typically resolve discrete, molecule-specific cavities. Instead, it
provides an ensemble-averaged representation of the surface, where imprinting
effects must be inferred from statistical and morphological changes rather than
direct observation.

In practice, differences between MIP and NIP surfaces are commonly
evaluated through comparative analysis of roughness parameters (e.g., root
mean square roughness, Rq), height distribution profiles, and the surface
feature uniformity [167]. MIP surfaces often exhibit an increased roughness
and greater heterogeneity compared to NIP counterparts, thus reflecting the
structural perturbations introduced by the template during polymer growth and
its subsequent removal. In some cases, the presence of shallow depressions or
irregular void-like features can be associated with imprinted regions;
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however, these features cannot be unambiguously assigned to individual
binding sites without complementary techniques.

Furthermore, AFM provides insights into the mechanical and structural
stability of the polymer layers. Variations in the surface continuity,
aggregation, or the presence of defects can indicate non-uniform
polymerization or weak adhesion to the substrate, which are critical factors
influencing the sensor performance. In electrochemically synthesized
systems, such as Ppy-based MIPs, these morphological characteristics are
directly linked to electrochemical behavior, including the charge transfer
efficiency and accessibility of the binding sites.

Despite its limitations in resolving molecular-scale features, AFM remains
an essential tool for MIP characterization because it bridges the gap between the
nanoscale structure and the macroscopic sensor performance. When combined
with techniques such as EIS and QCM, AFM contributes to a comprehensive
structure—function analysis, allowing correlations to be established between the
surface morphology, adsorption, and electrochemical response.

3.3.2. AFM methodology and data reliability

AFM measurements were performed by using a systematic reference—
comparison approach so that to ensure reliable and reproducible interpretation
of the surface morphology across different sample types. The analysis began
with the characterization of bare gold substrates with the objective to establish
a baseline topography and intrinsic roughness of the electrode surface. This
was followed by sequential imaging of NIP, single-layer MIP, and double-
layer MIP films, enabling a direct comparison of the morphological changes
induced by polymer deposition and template incorporation.

Although imaging under liquid conditions was initially considered to
replicate the operational environment of the sensor more closely, wet-mode
measurements exhibited limited reproducibility. This was primarily due to
instability in the tip—sample interactions, fluctuations in cantilever dynamics,
and swelling or softening of the polymer layer in the solvent environment.
These effects led to increased noise levels and a reduced image stability,
making quantitative analysis unreliable. Therefore, all AFM measurements
used for comparative and quantitative evaluation were conducted under dry
conditions, where the imaging stability, resolution, and repeatability were
significantly improved.

Measurements were carried out in the tapping (intermittent contact)
mode, which is particularly suitable for soft polymeric materials, as it
minimizes lateral forces and reduces the risk of surface deformation or
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damage. This mode enables accurate reconstruction of surface features while
preserving the native morphology of the Ppy films. The choice of the imaging
mode is critical in MIP systems, where the polymer surface may contain both
rigid and soft domains with varying mechanical properties.

To ensure consistency and comparability of the acquired data, all AFM
images were processed by using the height channel as the primary source of
quantitative information. Plane correction (median levelling) was applied to
eliminate the sample tilt and scanner-induced vertical drift, thereby ensuring
that height variations reflected true surface features rather than instrumental
artifacts. Subsequently, height normalization was performed by setting the
minimum height value to zero, thus allowing for direct comparison of vertical
distributions across different samples.

Image artifacts, such as line defects caused by a temporary loss of the
tip—sample contact or feedback instability, were corrected by using
interpolation-based scar removal algorithms. This step was performed
cautiously so that to preserve intrinsic morphological features while
eliminating non-physical distortions. Such corrections are essential for
accurate roughness analysis, particularly when evaluating nanoscale
variations associated with imprinting effects.

The selection of representative scan areas was carried out with
particular care. Regions affected by contamination, dust particles, or loosely
bound polymer aggregates were excluded from analysis, as these features can
artificially increase the roughness parameters and lead to misinterpretation of
the surface heterogeneity. This consideration is especially important for
polymer-based systems, where surface contamination can significantly distort
statistical descriptors such as the root mean square roughness (Rq) and the
average roughness (R;).

Overall, the applied methodology ensures that the observed differences
in the surface morphology between Au, NIP, and MIP systems are attributable
to intrinsic structural characteristics rather than experimental artifacts. The
combination of controlled imaging conditions, standardized data processing,
and careful region selection provides a reliable basis for the subsequent
quantitative and comparative analysis of imprinting effects at the nanoscale.

3.3.3. Morphological evolution of polymer layers

AFM analysis was performed with the intent to investigate the surface

morphology  associated  with PPy  film  formation  during

electropolymerization. To minimize interference from the intrinsic grain

structure of gold-coated QCM substrates, AFM imaging was conducted on

films deposited on atomically flat mica substrates, which provide improved
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visualization of the polymer topography. Therefore, the AFM observations
primarily reflect qualitative differences in the polymer growth behavior rather
than the exact morphology of the QCM sensor surfaces.

The NIP films exhibited relatively heterogeneous surface
morphologies, characterized by irregular aggregates and pronounced height
variations, which is consistent with less controlled polymer growth in the
absence of a template. In contrast, polymerization performed in the presence
of geraniol produced films with a more uniform surface organization and a
reduced large-scale roughness, thereby suggesting that the template
influenced the local polymer assembly during film formation.

The observed differences indicate that template-assisted
electropolymerization affects the nanoscale organization of Ppy films and may
contribute to the formation of more structurally ordered polymer architectures.
However, because AFM characterization was performed on mica-supported
films rather than directly on QCM sensor surfaces, and because imprint
cavities were not directly visualized, the results should be interpreted as
indirect morphological evidence of template effects during polymerization.

Overall, the AFM data support the conclusion that the presence of the
template influences polymer growth behavior and surface organization, thus
complementing the adsorption and electrochemical findings obtained from
QCM and EIS measurements.

3.3.4. Quantitative roughness and height distribution analysis

Quantitative AFM analysis provided detailed insights into the structural
differences between the investigated surfaces by evaluating the key roughness
parameters, including the average roughness (S,), root-mean-square roughness
(Sq), total height (S,), maximum valley depth (S\), and surface skewness (Sq).
These parameters collectively describe both the amplitude and the distribution
of surface features, enabling a more comprehensive interpretation of the
polymer morphology beyond qualitative imaging (Figure 13).

The NIP control exhibited the highest S, and S values, as well as the largest
S, variation, thus confirming its highly irregular and disordered morphology. The
elevated S, values indicate the presence of significant peak-to-valley differences,
while reflecting uncontrolled polymer growth and aggregation. In addition, the
strongly negative S« value suggests that the surface topography is dominated by
deep depressions rather than symmetric height fluctuations. This asymmetry is
indicative of structural instability and heterogeneous nucleation processes
occurring in the absence of a template, where polymer chains grow without spatial
constraints or directional organization.
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In contrast, the single-layer MIP displayed the lowest roughness values
among all systems, thereby indicating the formation of a more uniform and
compact polymer film. The reduction in the S, and Sy values suggests that the
presence of geraniol during electropolymerization promotes a more controlled
growth process, likely by influencing the local monomer organization and
limiting excessive aggregation. Despite this overall smoothness, the presence
of measurable Sy confirms that nanoscale features are still present. These
features can be attributed to imprinting effects, where the removal of template
molecules leaves behind localized depressions within the polymer matrix.

The double-layer MIP exhibited intermediate roughness values but
showed a significant increase in the S, and S, values compared to the single-
layer system. This observation is particularly important, as it indicates that the
double-layer architecture enhances the formation of deeper and more
pronounced surface depressions. Unlike the NIP system, however, these
features are not random, but, to the contrary, they appear as more localized
and structurally defined elements. The presence of moderately negative
skewness further supports this interpretation, suggesting a surface dominated
by well-defined valleys associated with imprint-derived cavities rather than
uncontrolled roughness.

From a mechanistic perspective, these results indicate a transition from
disordered to structured heterogeneity. In the NIP system, high roughness and
negative skewness arise from stochastic polymer growth and aggregation. In
the single-layer MIP, the presence of a template suppresses large-scale
irregularities, resulting in a smoother but still functionally modified surface.
In the double-layer MIP, the combination of a stabilizing underlayer and
template-directed polymerization leads to the formation of a more organized
surface, where nanoscale depressions are more pronounced and likely
correspond to accessible binding sites.

This distinction is critical for sensor performance. Random roughness,
as observed in the NIP system, does not contribute effectively to selective
recognition. In contrast, structured heterogeneity — characterized by defined
depressions and controlled surface features — enhances analyte accessibility
and binding specificity. The increased valley depth and controlled distribution
of the surface features in the double-layer MIP therefore provide strong
evidence for an improved imprinting efficiency and a higher density of
functional recognition sites.

The statistical representation of roughness parameters (Figure 11),
including individual data points and 95% confidence intervals, further
confirms the reliability and reproducibility of the measurements. The overlap
of confidence intervals between certain groups indicates consistent surface
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characterization, while still allowing clear differentiation between polymer
architectures. This statistical robustness supports the validity of the observed
trends and strengthens the correlation between the surface morphology and
the functional performance.

3.3.5. Correlation between AFM and EIS analysis

In order to complement the morphological analysis obtained by AFM, EIS
was employed to evaluate the interfacial electrical properties of the polymer-
modified electrodes and to provide additional insights into the surface
structure and functionality (Table 6). While AFM offers direct information
about the surface topography, EIS reflects the electrochemical activity of the
interface, enabling the assessment of both the accessible surface area and the
internal structural features that contribute to the charge storage and transfer.
A key parameter in this analysis is the double-layer capacitance,
represented by the CPEq value. This parameter is commonly associated with
the electrochemically active surface area and the ability of the interface to
store a charge. In ideal systems, capacitance increases with the surface
roughness due to the enlargement of the effective interfacial area. However,
in real-life polymer systems, CPEq also reflects contributions from porosity,
dielectric properties, and the distribution of surface heterogeneities.

Table 6. Parameters of the equivalent circuits obtained by performing the EIS
fitting procedure

CPEdl, CPEads,

§Sxse ad §Sxs® ads Ret, Q
Au 53.0£639  0.832+0.016 - 3 -
Sing;;;fyer 7254466 0.610£0.073 308+39.6 07550021 623876
NIP 20174102 0.647£0.058 333£759 0852£0037 7214132
doul;lfl‘fl,ayer 1030£193  0.571+0.030 545+180  1.00£0.096  273+68.9

The EIS results show that NIP exhibits a significantly higher CPEq
compared to the single-layer MIP, which is consistent with the AFM
observations of an increased surface roughness and structural disorder. The
high roughness of NIP leads to an enlarged interfacial area, but this area is
largely non-specific and poorly organized, as confirmed by its irregular
morphology and high variability in the roughness parameters.

In contrast, the single-layer MIP demonstrates relatively low CPEg
values, corresponding to its smoother and more compact surface observed in
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AFM analysis. This suggests that, although imprinting introduces localized
nanoscale features, the overall accessible surface area is reduced due to denser
polymer packing and limited porosity. As a result, the electrochemical
response is dominated by a relatively uniform but less accessible interface.

The most notable observation is that the double-layer MIP exhibits the
highest CPEq values among all investigated systems, despite displaying a
lower apparent roughness than NIP in AFM measurements. This apparent
discrepancy highlights a fundamental difference between the morphological
and electrochemical characterization techniques. While AFM primarily
probes the outermost surface topography, EIS captures the total
electrochemically active interface, including the internal porosity, subsurface
cavities, and regions accessible to electrolyte ions but not directly visible in
topographical imaging.

The elevated CPEq of the double-layer MIP therefore suggests the
presence of a highly developed internal structure, consisting of nanoscale
pores and interconnected pathways that increase the effective surface area.
These features are likely associated with imprint-derived cavities and a more
open polymer network formed under controlled growth conditions. The
presence of the NIP underlayer plays a crucial role in this process by
promoting uniform nucleation and reducing the direct substrate effects,
thereby enabling the formation of a more porous and electrochemically
accessible imprinted layer.

Additional insight is provided by the oa parameter, which reflects the
degree of deviation from the ideal capacitive behavior. The lower a values, as
observed for the double-layer MIP, indicate an increased surface
heterogeneity and a broader distribution of time constants associated with the
charge storage processes. This behavior is consistent with a complex
interfacial structure containing a mixture of accessible pores, binding cavities,
and heterogeneous domains.

Furthermore, the increased R.; values observed for the double-layer
MIP suggest that, despite its high capacitance, the polymer layer introduces a
barrier to electron transfer. This is expected for thicker or more structured
films, where an increased adsorption and analyte interaction can partially
hinder charge transport. Importantly, this behavior reflects a trade-off between
surface accessibility and electrical conductivity, which is characteristic of
functional MIP systems.

Overall, the combined AFM and EIS analysis demonstrates that surface
roughness alone is not a sufficient descriptor of the functional performance.
While AFM provides valuable information on external morphology, EIS
reveals the presence of internal structural features that critically influence
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electrochemical behavior. The double-layer MIP system exhibits a transition
from simple surface roughness to a hierarchically organized structure with an
enhanced electrochemically active area and imprint-related porosity.

This complementary interpretation confirms that the double-layer
architecture not only improves morphological uniformity but also enhances
functional properties relevant to sensing, including charge storage, analyte
accessibility, and interfacial responsiveness. Such structure—property
relationships are essential for the rational design of high-performance MIP-
based electrochemical sensors.

3.4. Translation and Commercialization of MIP-Based Geraniol Sensor
3.4.1. Translational context and relevance of MIP-based sensing

MIPs have emerged as a versatile class of synthetic recognition materials,
characterized by a high chemical stability, low production cost, and robustness
under harsh environmental conditions. Unlike biological recognition elements
such as antibodies or enzymes, MIPs are resistant to variations in temperature,
pH, and organic solvents, which makes them particularly attractive for
applications beyond controlled laboratory environments. These properties
position MIP-based sensors as promising candidates for real-world analytical
systems, including environmental monitoring, food quality control, and
industrial process analysis [123].

In a broader scientific context, the term translation refers to the process
of converting fundamental research findings into practical, real-world
applications. While the concept is most commonly associated with clinical
sciences — —often referred to as translational research, where discoveries
move from ‘bench to bedside’ — it has increasingly gained importance in
materials science and sensor development [112,113]. In these fields,
translation describes the pathway from proof-of-concept laboratory devices to
robust, scalable, and commercially viable technologies. This transition has
become a central focus over the past two decades, particularly with the rise of
nanotechnology, advanced materials, and portable analytical systems.

Despite extensive research activity, the translation of MIP-based
sensors into commercially available devices remains limited. Many studies
report high sensitivity and selectivity under controlled experimental
conditions; however, only a small fraction of these systems reach the stage of
real-world implementation. This gap arises from several factors, including
limited testing in complex matrices, insufficient long-term stability data,
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challenges in reproducibility, and difficulties in integrating sensing materials
into user-friendly analytical platforms.

Numerous examples illustrate this translational gap. MIP-based sensors
have been successfully developed for compounds such as dopamine
[168], bisphenol A [169], and atrazine [170], demonstrating excellent
analytical performance in laboratory studies. Similarly, MIP systems targeting
volatile organic compounds and EOs constituents — such as linalool
or limonene — have been reported [152,171] . However, most of these systems
remain at the prototype stage and are not commercially available, primarily
due to challenges in device integration, stability under real-life conditions, and
lack of standardized validation protocols.

In the specific case of geraniol and structurally related compounds,
research is even more limited. While there are emerging reports of MIP-based
sensing approaches for geranial and similar terpenoid molecules, these
systems are typically demonstrated only under controlled laboratory
conditions and have not yet been translated into deployable analytical devices
[86,129]. This is partly due to the intrinsic complexity of essential oil matrices,
where multiple structurally similar compounds coexist and compete for
binding, thus making selective recognition significantly more challenging.

The absence of widely adopted MIP sensors for geraniol can be
attributed to several factors. First, geraniol is a relatively small and flexible
molecule, which complicates the formation of highly specific and structurally
well-defined binding cavities. Second, its amphiphilic nature leads to a
complex adsorption behavior at interfaces, as demonstrated in this study,
which can interfere with controlled polymer formation. Third, analytical
demand for geraniol-specific sensing has historically been addressed by using
established techniques such as gas chromatography, reducing immediate
pressure for sensor-based alternatives.

Nevertheless, structurally related compounds have been successfully
incorporated into MIP systems for applications such as flavor analysis,
environmental monitoring, and detection of adulterants in natural products.
These studies demonstrate that terpenoid molecules can be effectively
imprinted, although achieving high selectivity in complex mixtures still
remains a major challenge. Importantly, many of these systems highlight the
same limitations observed in the present work, including partial irreversibility
of binding, matrix effects, and difficulties in achieving reproducible large-
scale fabrication.

From a translational perspective, the present QCM-MIP system for
geraniol contributes to addressing these challenges by combining detailed
interfacial analysis with a rational design strategy. The introduction of a
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double-layer architecture represents an important step toward improving
reproducibility and structural control, which are key requirements for practical
implementation. However, further work is required to advance this system
beyond the proof-of-concept stage. Validation in real EOs matrices,
evaluation of selectivity against structurally similar interferents, and
integration into portable sensing platforms will be essential steps toward
practical deployment.

Overall, while MIP-based sensing technologies have demonstrated
strong potential, their successful translation into real-world applications still
requires a shift in focus from purely analytical performance toward system-
level considerations, including robustness, scalability, and usability. In this
context, the development of MIP-based sensors for specific natural
compounds — such as geraniol — represents not only a scientific challenge but
also an opportunity to bridge the gap between advanced materials research and
applied analytical technologies.

3.4.2. Translational Readiness Model as an evaluation framework

To systematically address the persistent gap between laboratory-scale sensor
performance and real-world applicability, a Translational Readiness Model
(TRM) was introduced as a conceptual evaluation framework for the
developed QCM-MIP system. The TRM extends beyond the conventional
analytical performance metrics — such as sensitivity, selectivity, and detection
limit — by incorporating broader engineering and application-oriented criteria
that determine whether a sensor can realistically transition from a research
prototype to an operational device.

In a general sense, translational readiness refers to the degree to which
a technology is prepared for deployment outside controlled laboratory
conditions. While related to established frameworks such as Technology
Readiness Levels (TRL), which are widely used in engineering and aerospace
disciplines [172], the TRM applied here is adapted specifically for chemical
sensing systems. It emphasizes not only technical maturity but also interfacial
stability, reproducibility of fabrication, environmental robustness, and
integration potential into portable analytical platforms.

The TRM is structured into several interdependent domains, each
representing a key barrier in the translation pathway [173,174]. These include
(1) interfacial stability and reproducibility of the sensing layer, (ii)
performance consistency in complex and variable matrices, (iii) compatibility
with miniaturized and portable readout systems, and (iv) scalability of
material synthesis and device fabrication. Unlike purely performance-based
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evaluation, this framework recognizes that even highly sensitive sensing
platforms may fail in practical applications if structural or operational stability
is deemed to be insufficient.

In the context of molecularly imprinted polymer systems, such as the
geraniol-selective QCM sensor developed in this study, the TRM is
particularly relevant. MIP performance is inherently dependent on nanoscale
structural features formed during polymerization, which are highly sensitive
to small wvariations in the synthesis conditions, template-monomer
interactions, and interfacial adsorption phenomena. As demonstrated in the
present work, factors such as competitive adsorption, polymer layer
architecture, and interfacial charge transfer behavior directly influence not
only the analytical response but also structural reproducibility.

Within this framework, the TRM is not applied as a rigid numerical
scoring system, but rather as an interpretative tool for assessing system
maturity. Experimental results obtained from QCM, CV, EIS, and AFM
measurements are mapped onto TRM domains so that to identify which
aspects of the system are sufficiently developed, and which remain limiting
factors. For example, strong and reproducible interfacial adsorption supports
translational progress in the stability domain, whereas partial irreversibility
and matrix sensitivity highlight remaining challenges in operational
robustness.

This approach allows the geraniol MIP sensor to be positioned within a
broader development continuum, ranging from fundamental material
characterization to application-ready sensing platforms. In this way, the TRM
provides a structured bridge between mechanistic understanding and
technological implementation, enabling a more realistic assessment of
readiness for real-world analytical deployment.

3.4.3. Fabrication reproducibility and the role of polymer architecture

Fabrication reproducibility is one of the most critical limiting factors in the
translational ~ development  of  MIP-based  sensors.  Although
electropolymerization of Ppy is widely used due to its simplicity,
conductivity, and compatibility with aqueous and mixed solvent systems, it is
inherently sensitive to small variations in electrochemical and interfacial
conditions. Parameters such as monomer concentration, a potential window,
scan rate, supporting electrolyte composition, and template distribution at the
electrode surface can significantly influence nucleation dynamics and
polymer growth pathways. As a result, even minor deviations in the synthesis
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conditions may lead to substantial differences in the film morphology,
thickness, porosity, and, ultimately, sensor response.

In this context, polymer formation should not be viewed as a purely
deterministic deposition process, but, rather, as a coupled electrochemical—
interfacial self-organization phenomenon. During CV, pyrrole oxidation
generates radical cations that undergo coupling reactions, and the spatial
distribution of these events is strongly influenced by local adsorption
equilibria at the electrode interface. The presence of a template molecule such
as geraniol further complicates this process by introducing competitive
adsorption and spatial heterogeneity, which can distort monomer organization
during early stages of film formation.

To mitigate these effects, the present work introduces a double-layer
architecture as a rational strategy to improve fabrication reproducibility. The
key concept behind this approach is the separation of interfacial functions into
two distinct stages. First, a NIP underlayer is deposited to stabilize the
electrode surface and establish a chemically and structurally uniform
interface. This layer effectively reduces direct gold—solution interactions and
minimizes the influence of surface heterogeneity during the subsequent
polymer growth. Second, the molecularly imprinted layer is formed on top of
this stabilized platform in the presence of the template molecule, allowing
imprinting to occur under more controlled and reproducible interfacial
conditions.

This architectural separation has important mechanistic consequences.
The NIP base layer acts as an interfacial buffer which homogenizes charge
distribution, reduces local variations in the electric field strength, and provides
a more consistent nucleation environment for Ppy growth. At the same time,
it limits uncontrolled adsorption of geraniol directly onto the gold surface,
thereby reducing template-induced disruption of the monomer organization.
As a result, the imprinting process becomes less dependent on stochastic
surface effects and is more governed by bulk-controlled electrochemical
parameters.

Experimental observations from QCM, AFM, and electrochemical
analyses strongly support this interpretation. The double-layer system
exhibited a more stable resonance frequency response, a reduced signal drift,
and an improved reversibility during the adsorption—desorption cycles, thus
indicating a more uniform and structurally coherent interfacial film comparing
to a single-layer system. AFM measurements further confirmed a reduction in
large-scale morphological heterogeneity, while preserving nanoscale features
associated with the imprint formation. Collectively, these results suggest that
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the double-layer architecture promotes a transition from uncontrolled surface
growth toward a more regulated and reproducible polymerization regime.

From a translational standpoint, this improvement in structural
consistency is particularly significant. In practical sensor applications,
reproducibility is not defined solely by identical analytical performance under
repeated measurements, but also by the ability to reliably reproduce sensor
characteristics across independently fabricated devices. Although full
statistical evaluation of batch-to-batch variation was not performed in this
study, the observed reduction in the morphological and electrochemical
variability indicates a clear improvement in fabrication robustness.

Therefore, the double-layer strategy represents more than a structural
modification; it constitutes a fundamental design principle for improving the
manufacturability of MIP-based electrochemical sensors. By decoupling
surface stabilization from molecular imprinting, this approach directly
addresses one of the key translational barriers in MIP technology — namely,
the sensitivity of polymer formation to uncontrolled interfacial effects.

3.4.4. Analytical robustness and limitations in sensor performance

The analytical mechanism of the developed geraniol sensing system reflects a
combination of strong molecular recognition and well-defined interfacial
kinetics governed by heterogeneous binding phenomena typical for MIP.
Kinetic analysis indicates that adsorption follows an apparent second-order
regime, which reflects the coupled dependence on the analyte transport from
the bulk solution and the availability of active binding sites within the polymer
matrix. In contrast, desorption follows first-order kinetics, consistent with a
unimolecular dissociation process in which the rate is governed by the stability
of the pre-formed surface complexes rather than the concentration of the
analyte in a solution. Collectively, these kinetic features indicate a non-ideal
but structurally organized binding landscape composed of sites with different
affinities and accessibility.

The extracted kinetic and association parameters, together with QCM-
derived mass changes and EIS-derived interfacial responses, consistently
demonstrate that the double-layer MIP exhibits the most pronounced
interaction with geraniol. This enhanced response is attributed to the
synergistic effect of a stabilized interfacial NIP underlayer and a more
controlled imprinting environment, which, together, facilitate the formation of
higher-affinity and more uniformly distributed recognition sites. The
significant frequency shifts observed in QCM measurements, alongside
pronounced variations in double-layer capacitance and charge-transfer
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resistance, confirm that geraniol binding is accompanied not only by mass
accumulation but also by a substantial reorganization of the electrode—
electrolyte interface.

Despite these analytical characteristics, the system exhibits several
limitations that directly influence its robustness. The most critical point is the
partial irreversibility observed during desorption experiments, where the
QCM signal does not fully return to the baseline. This indicates that a fraction
of geraniol remains retained within the polymer matrix. Mechanistically, this
process can be explained by a combination of diffusion-limited transport
within deeper polymer regions, multilayer adsorption effects, and strong
confinement within high-affinity imprinted cavities. Although such retention
is often associated with strong binding performance, it simultaneously
introduces signal hysteresis and reduces the regeneration efficiency.

A second limitation arises from the concentration regime used in this
study. Experiments were conducted at relatively high analyte concentrations,
which are appropriate for mechanistic characterization but may not fully
represent application-relevant conditions. At lower concentrations, adsorption
equilibria, the binding site occupancy, and signal-to-noise ratios may change
significantly, thus potentially revealing transport limitations or reduced
effective sensitivity that are not apparent under near-saturation conditions.

In addition, the absence of systematic interference studies represents a
key gap in the current evaluation. EOs matrices typically contain structurally
related terpenoids with similar physicochemical properties, which may
compete for binding sites or contribute to nonspecific adsorption. In such
environments, selectivity cannot be reliably inferred from single-analyte
experiments alone, as competitive interfacial interactions may alter both
binding dynamics and the signal response.

From a broader perspective, these observations highlight a fundamental
trade-off inherent to MIP-based sensing systems: an increasing binding
strength and imprinting fidelity enhances the analytical sensitivity but often
reduces reversibility and regeneration performance. Accordingly, although the
present system of the NIP/MIP architecture demonstrates strong analytical
performance under controlled conditions, further optimization is required to
balance affinity, reversibility, and long-term operational stability in contrast
to a single-layer MIP-based system.

This balance is essential for ensuring reliable performance in real-world
applications, where sensors must function under variable concentrations,
complex chemical backgrounds, and repeated usage cycles without significant
signal degradation.
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Within this context, the analytical robustness and limitations identified
in this study directly inform the TRM evaluation of the system. In this
framework, the adsorption strength, kinetic mechanism, reversibility, and the
resistance to matrix effects correspond to key domains of the functional
performance stability and operational reliability. The strong and reproducible
interfacial responses observed in QCM and EIS analyses indicate a high level
of maturity in the recognition and signal generation domains. However, the
observed desorption hysteresis, concentration dependence, and lack of
validation in complex matrices indicate that the system has not yet achieved
full readiness in regeneration performance and real-world applicability.

From a TRM perspective, the developed prototype of a NIP/MIP
architecture is therefore positioned at an intermediate stage of translational
maturity. It demonstrates clear proof-of-functionality under controlled
laboratory conditions, while being supported by consistent electrochemical—
gravimetric correlations and stable interfacial response. At the same time, the
identified limitations define the remaining barriers that must be addressed
prior to application-level deployment.

Importantly, the TRM framework allows these findings to be
interpreted as interconnected consequences of the same underlying
mechanism: strong template—polymer interactions that enhance sensitivity
while simultaneously limiting reversibility. This intrinsic coupling represents
a central design constraint in molecular imprinting systems and is a key
determinant of their translational behavior.

Consequently, the present analytical robustness analysis not only
characterizes the sensor performance but also defines its position within the
broader translational development pathway. This provides a structured
foundation for future optimization strategies aimed at improving regeneration
efficiency, expanding matrix validation, and enhancing environmental
robustness while preserving high-affinity molecular recognition.

3.4.5. Matrix compatibility and selectivity challenges

The selectivity limitations discussed in the previous section can be directly
rationalized through the interfacial mechanisms established earlier by
adsorption studies, QCM, and EIS analysis. Across these techniques, a
consistent picture emerges in which geraniol exhibits strong but non-exclusive
interactions with the polymer interface, governed by a combination of specific
imprint recognition and nonspecific surface adsorption.
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From the adsorption and QCM results, it was demonstrated that geraniol
possesses a measurable affinity toward both Au and Ppy surfaces, with
evidence of competitive adsorption against pyrrole during polymer formation.
This competition is not only a fabrication phenomenon but also a fundamental
indicator of the system’s interfacial selectivity. The fact that geraniol can
effectively occupy active surface sites prior to and during polymer growth
suggests that its binding is not strictly limited to imprinted cavities but also
involves broader hydrophobic and weakly polar interactions with the polymer
matrix. Consequently, in complex matrices, structurally related terpenoids are
expected to exhibit a similar interfacial response, leading to a partial overlap
in the adsorption pathways.

This interpretation is further supported by the QCM measurements,
which revealed a significant mass uptake for geraniol and incomplete
reversibility during desorption. The residual frequency shift observed after
regeneration indicates that a fraction of molecules remains trapped within the
polymer structure, either in high affinity imprinted cavities or in non-specific
adsorption domains. Importantly, such kinetically slow or partially
irreversible binding sites are not inherently selective; rather, they reflect a
distribution of interaction strengths across the polymer surface. In a multi-
component system, these same sites may accommodate competing analytes
with comparable physicochemical properties, thereby reducing effective
selectivity.

EIS analysis provides complementary evidence for this interfacial
complexity. The observed changes in double-layer capacitance and charge-
transfer resistance upon geraniol exposure confirm that adsorption is not
confined to discrete recognition sites, but, instead, that it induces a broader
reorganization of the electrode—electrolyte interface. The magnitude of these
changes depends strongly on the polymer architecture, with the double-layer
MIP showing the most pronounced response. While this indicates an enhanced
sensitivity, it also implies a highly reactive and structurally dynamic interface,
which may respond to multiple chemically similar species in a comparable
manner.

Taken together, these findings suggest that selectivity in the present
system is not solely governed by the classical ‘lock-and-key’ cavity
recognition but rather emerges from a combination of imprinted site binding,
nonspecific adsorption, and interfacial charge redistribution effects. In
simplified solutions, these contributions collectively produce a strong and
well-defined analytical signal for geraniol. However, in complex matrices, the
same mechanisms may be simultaneously activated by structurally related
compounds, leading to signal convolution and a reduced specificity.
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Therefore, the selectivity challenge identified in biofluid and real-
sample contexts is not an isolated limitation, but, to the contrary, a direct
consequence of the adsorption and interfacial processes observed in QCM and
EIS experiments. This mechanistic continuity highlights that improvements in
selectivity will require not only optimization of the cavity formation, but also
suppression of nonspecific interfacial adsorption pathways and a better control
of polymer—solution interactions at the electrode surface.

3.4.6. Manufacturability, scalability, and system integration

From a scalability perspective, electropolymerization is nevertheless a
favorable technique because it is directly compatible with a wide range of
electrode architectures, including miniaturized and patterned systems.
Translation toward screen-printed electrodes or microfabricated gold arrays
would allow parallelized fabrication while maintaining control over interfacial
polymer growth. Importantly, the polymer chemistry itself does not require
expensive reagents, and both pyrrole and geraniol are readily available, thus
suggesting that the material cost is not a limiting factor. Instead, the main
barrier lies in the process reproducibility — specifically, in ensuring that the
same interfacial conditions (monomer adsorption, template distribution, and
nucleation behavior) are consistently reproduced across multiple devices.

This issue directly connects to the mechanistic understanding
developed in the adsorption, QCM, and EIS sections. As demonstrated above,
the sensing performance is highly sensitive to the initial interfacial state prior
to polymer growth, where competitive adsorption between geraniol and
pyrrole determines nucleation density and film uniformity. Therefore, any
scaled-up fabrication strategy must preserve control over these early-stage
adsorption equilibria. Without such control, variations in the surface coverage
would propagate into differences in the polymer morphology, binding site
distribution, and, ultimately, in the sensor response variability. In this sense,
manufacturability is not only a technical scaling issue but also a direct
extension of the adsorption-controlled growth mechanism identified
experimentally.

System integration represents a second, equally important translational
challenge. In the present work, QCM and EIS were employed as
complementary analytical platforms to resolve mass loading and interfacial
charge-transfer phenomena with high sensitivity. However, both techniques
in their standard laboratory configuration require relatively complex
instrumentation, including frequency tracking electronics, potentiostats, and
controlled fluidic systems. While these tools are invaluable for mechanistic
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characterization, they are not directly optimized for portable or field-
deployable devices. Therefore, future integration would likely require a
simplification of readout strategies, potentially through single-transduction
modes (e.g., impedance-only or frequency-only sensing), or through
integration into compact electrochemical chips with miniaturized electronics.

Despite these limitations, the strong and reproducible interfacial
responses observed across QCM, EIS, and kinetic analyses indicate that the
underlying sensing mechanism is inherently compatible with miniaturization.
The same adsorption-driven processes that govern frequency shifts and
impedance changes at the laboratory scale can, in principle, be translated into
simplified electronic signals in a device format, if the electrode architecture
and polymer growth conditions are sufficiently standardized.

Overall, manufacturability and system integration considerations
reinforce a key conclusion emerging from the mechanistic sections: the
performance of the system is fundamentally governed by interfacial
adsorption phenomena. This means that a successful scale-up is not only a
question of device engineering but also of preserving the same adsorption-
controlled polymer formation pathway that defines sensor functionality at the
laboratory level.

3.4.7. Overall translational perspective and future directions

The results of this study demonstrate that the developed geraniol-selective
MIP sensor exhibits strong analytical performance, supported by consistent
QCM, EIS, and AFM evidence. Across all techniques, a coherent picture
emerges, in which, the sensor response is governed by interfacial adsorption
processes strongly dependent on the polymer architecture, particularly, on the
introduction of a double-layer configuration.

From a quantitative standpoint, QCM measurements revealed a marked
difference in adsorption capacity between single-layer and double-layer MIP
systems. At 0.05 mol-L ™" geraniol, the double-layer MIP produced a frequency
shift of approximately —34 Hz, corresponding to a mass uptake of ~602 ng
(3.0 x 10°¢ grcm™2), whereas the single-layer system showed only ~24 ng. This
translates to a molecular loading on the order of ~2.35 x 10'* molecules and a
surface density of ~10'® molecules-cm™, indicating not only strong adsorption
but also possible multilayer accumulation or penetration into the polymer
network. This is consistent with the partial irreversibility observed during
desorption.

Kinetic modelling further supports this interpretation. Adsorption
follows an apparent second-order regime, reflecting coupled dependence on
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the analyte transport and available binding sites, while desorption follows
first-order kinetics governed by complex stability. The highest Kasoc Was
observed for the double-layer MIP, thus confirming that structural
modification enhances the overall binding affinity. However, incomplete
desorption indicates diffusion limitations and heterogeneous binding
environments, which improve the sensitivity but reduce the regeneration
efficiency.

EIS analysis provides complementary evidence of interfacial
restructuring. Exposure to geraniol leads to a decrease in double-layer CPEyi,
most strongly in the double-layer MIP (=2.5-fold reduction), thus indicating a
significant rearrangement of the electrical double layer. In contrast, NIP and
single-layer systems show weaker responses (~1.4-fold). These changes
confirm that adsorption is not purely surface-localized, but that it affects the
entire interfacial charge distribution. The relatively high baseline capacitance
of the double-layer MIP further suggests an increased electrochemically active
area, likely due to nanoscale porosity.

AFM results clarify the structural origin of these effects. While the NIP
exhibits the highest roughness and uncontrolled morphology, the double-layer
MIP shows moderate roughness but significantly deeper and more defined
depressions. These features are consistent with imprint-derived cavities rather
than random surface irregularities, supporting the formation of structurally
functional binding domains.

Overall, the data demonstrate that the polymer architecture governs
both the morphology and the electrochemical response. The NIP underlayer
stabilizes the film growth, reduces the interfacial disorder, and enables a more
controlled imprint formation in the upper layer, leading to an improved
reproducibility and stronger analyte binding.

Despite these advantages, several limitations remain. Most importantly,
partial irreversibility of adsorption may limit the regeneration efficiency and
long-term operational stability. In addition, although the sensor was tested by
using real EOs samples, most experiments were still performed in simplified
molecular systems. Therefore, sensor performance in more complex real-
world matrices remains insufficiently validated, which represents one of the
major challenges in the field of molecularly imprinted sensors.

Furthermore, selectivity studies remain limited, particularly regarding
the sensor response toward structurally similar or potentially interfering
compounds. Such investigations are essential for evaluating the practical
applicability under realistic analytical conditions. Additional studies are also
required to better assess the long-term stability, reproducibility, and
robustness under varying operational conditions. Although the proposed
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structure is presented as an improvement, evidence demonstrating stable
performance over extended periods is still limited.

Another potential limitation is template leakage, where residual
template molecules remaining within the polymer matrix may influence
measurement accuracy. In some cases, electrochemical signals may also be
affected by non-specific surface processes, which could contribute to signal
distortion and complicate the interpretation of the analytical response.

Reproducibility and scalability likewise require further development.
Although electropolymerization is compatible with scalable fabrication
approaches, the current manual workflow restricts the throughput. Transition
toward standardized or printed electrode platforms will therefore be important
for the practical deployment and wider application.

Nevertheless, the system demonstrates a clear translational potential.
The double-layer MIP architecture significantly improves the adsorption
capacity, binding strength, and interfacial stability compared to the
conventional designs. Beyond sensing, the strong retention of geraniol
suggests possible applications in selective capture or controlled release
systems, although this remains at an exploratory level. Importantly, the
limitations discussed above — including selectivity toward interfering
compounds, performance in complex real-world matrices, long-term stability,
reproducibility, template leakage, and the influence of non-specific surface
processes — represent important directions for future research and will be
systematically investigated in subsequent studies to further validate the
practical applicability of the proposed sensing platform.

In summary, this work establishes a mechanistic link between
interfacial adsorption, polymer architecture, and analytical performance. It
shows that improved sensing characteristics arise from the same strong
template—polymer interactions that also introduce limitations in reversibility.
Addressing this trade-off will be central to future optimization. The double-
layer strategy therefore represents an important step toward more robust,
scalable, and application-ready MIP-based sensing platforms.
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CONCLUSIONS

1. A geraniol adsorption mechanism on gold sensor surfaces has been
successfully investigated. The results demonstrated that geraniol exhibits
strong affinity for the electrode surface, which significantly influences the
formation and uniformity of the subsequent polymer layers. This
observation highlights the importance of understanding template—surface
interactions in the design of molecularly imprinted polymer systems.

2. Molecularly imprinted polypyrrole layers have been developed and
optimized based on adsorption. A double-layer strategy, consisting of a
NIP base layer followed by an imprinted layer, improved the
polymerization stability and ensured a more controlled formation of
recognition sites, even when relatively high concentrations of geraniol
were used.

3. The morphology and structural properties of the polymer layers have been
characterized by using AFM. These analyses confirmed the formation of
continuous, uniform polymer layers and provided insights into the layer
thickness and surface topography. Although individual molecular cavities
could not be directly visualized, the measurements support the successful
formation of structured polymer films influenced by template adsorption.

4. The feasibility of the developed system as a prototype electrochemical
sensor has been evaluated. The study demonstrates that the constructed
MIPs system can respond to geraniol and establishes a foundation for
further optimization. Additionally, the work highlights potential
opportunities for translating the laboratory-scale sensor into practical
analytical or consumer-oriented devices.
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SANTRAUKA LIETUVIU KALBA
Santrumpos

AJM — atominés jégos mikroskopija

CV - ciklin¢ voltamperometrija

EA — eteriniai aliejai

EIS — elektrocheminio impedanso spektroskopija
MIP — molekuliy jspaudais modifikuoti polimerai
MIT — molekulinio jspaudimo technologija

NIP — nejspaustas polimeras

Ppy — polipirolas

KM — kvarcinés mikrosvarstyklés

Ivadas

Pastaraisiais metais moksliniuose tyrimuose vis daugiau démesio skiriama
natiiraliy produkty ir augalinés kilmés junginiy analizei, nes §ios medziagos
pasizymi dideliu biologiniu aktyvumu ir potencialiu pritaikymu farmacijos,
kosmetikos bei biomedicinos srityse [10].

Ypac svarbi natiiraliy junginiy grupé yra eteriniai aliejai (EA), kurie yra
sudétingi lakiis biologiskai aktyviy komponenty miginiai. Sie junginiai
pasizymi  antimikrobiniu, prieSuzdegiminiu, antioksidaciniu ir net
priesvéziniu poveikiu [2—4]. Taciau jy sudétinga sudétis ir cheminis
nestabilumas kelia nemazy analitiniy sunkumy, ypa¢ siekiant uztikrinti
kokybés kontrole, autentiSkumg ir tiksly dozavima.

Tradiciniai analitiniai metodai, tokie kaip dujy chromatografija ir
superkritiniy skysciy chromatografija, yra tinkami EA analizei, nes yra
tikslis, tac¢iau eksperimentas ilgas, o norint jj atlikti reikia sudétingos jrangos
ir ja naudotis mokanciy darbuotojy [13]. D¢l Siy apribojimy vis daugiau
démesio skiriama alternatyviems, greitiems ir neSiojamiems jutikliams,
galintiems veikti realiu laiku [14]. Nepaisant technologinés pazangos, iSlieka
esminé problema — kaip sukurti selektyvius, paprastus ir ekonomiSkus
jutiklius, kuriuos bty galima naudoti sudétingose matricose.

Sio tyrimo hipotezé — molekuliy jspaudais modifikuoti (MIP) polipirolo
(Ppy) sluoksniai, susidar¢ ant elektrocheminiy jutikliy pavirSiy, gali
selektyviai atpazinti geraniolio molekules dél specifiniy molekuliniy saveiky.

Siekiant patikrinti $ig hipoteze, buvo suformuluoti $ie uzdaviniai:

99



1. IStirti geraniolio adsorbcijos mechanizmg ant auksiniy kvarciniy
mikrosvarstykliy (KM) jutiklio pavirSiy ir jvertinti jos jtaka
polimerinio sluoksnio susidarymui.

2. Sukurti ir optimizuoti MIP polipirolo sluoksnius, taikant
elektrocheming polimerizacija.

3. Apibudinti sukurty polimeriniy sluoksniy morfologijg ir struktiirines
savybes, naudojant atominés jégos mikroskopija.

4. Jvertinti sukurtos sistemos, kaip elektrocheminés geraniolio aptikimo
platformos prototipo, veikimg ir nustatyti jos pritaikymo praktikoje
potenciala.

Ginamieji teiginiai

1. Geraniolio adsorbcija ant aukso elektrodo pavirSiaus keicia
elektrocheming pirolo polimerizacijos eigg ir tiesiogiai veikia
molekuliniu btdu jspausty polipirolo sluoksniy struktiring
organizacija, tarpfazines savybes bei augimo dinamika.

2. Dvisluoksné MIP architektiira reikSmingai padidina adsorbcing geba
ir tarpfazinj persitvarkyma — palyginti su vienasluoksnémis
sistemomis, adsorbuota masé padidéja apytiksliai 25 kartus (~ 602 ng
ir ~ 24 ng), o dvigubo elektrinio sluoksnio talpa sumazéja apie 2,5
karto.

3. KM ir elektrocheminio impedanso spektroskopijos (EIS) analizé
parodé, kad geraniolio adsorbcija sukurtose MIP sistemose yra
difuzijos valdoma ir i§ dalies negrjztama, apimanti tiek pavirSinj
prisijungima, tiek skverbimasi j polimerinj tinkla, o apskaiCiuotas
pavirSiaus tankis siekia ~ 10'® molekuliy-cm™2.

4. Atominés jégos mikroskopijos (AJM) analizé patvirtino istisiniy ir
morfologiskai skirtingy polimeriniy sluoksniy susidaryma, o sukurta
elektrocheminé MIP platforma uztikrina selektyvy geraniolio
atpazinima eteriniy aliejy sistemose ir parodo hidrofobiniy aromatiniy
junginiy jutikliy kiirimo potencialg.

Mokslinis naujumas
Sio darbo mokslinj naujumg sudaro tai, kad iSaidkintas geraniolio ir Ppy
sgveikos mechanizmas ir nustatyta jo jtaka MIP sluoksniy sudarymui. Nors

dvisluoksnés MIP / nejspausto polimero (NIP) architektiiros ir Ppy pagrindu
sukurti elektrocheminiai jutikliai jau buvo tiriami ankstesniuose darbuose,
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Siame tyrime pateikiami keli originaliis aspektai, susij¢ su tiksliniu analités
pasirinkimu ir supratimu apie polimero sluoksniy susidaryma.

Siame darbe jutiklis buvo specialiai sukurtas eteriniy aliejy
komponentui — geranioliui — aptikti. Geraniolis iki Siol yra mazai iStirtas
junginys elektrocheminiy MIP sistemy srityje. Mokslinés literatiiros ir
duomeny baziy analizé rodo, kad elektrocheminiy MIP jutikliy, skirty
geranioliui aptikti, yra labai nedaug. Viena pagrindiniy to priezasCiy —
hidrofobiniy EA junginiy aptikimo sudétingumas, nes Sios medziagos
pasizymi mazu tirpumu vandeninéje terpéje ir dazniausiai analizuojamos
organiniy tirpikliy sistemose. Tai riboja jprasty jutikliy praktinio pritaikymo
galimybes ir apsunkina selektyviy jutimo platformy kiirima tokioms
analitéms.

Geraniolio pasirinkimas kaip tikslinés molekulés yra svarbus ir dél jo
reguliavimo bei toksikologiniy ypatumy. Pastaraisiais metais geranioliui
skiriama vis daugiau démesio, nes pagal Europos Sajungos (ES) kosmetikos
reglamentus jis priskiriamas reguliuojamiems kvapiyjy medziagy alergenams,
aptinkamiems aromaterapijos ir kosmetikos produktuose. Pagal galiojancius
ES reikalavimus, tokie kvapiyjy medziagy alergenai kaip geraniolis turi biiti
atskirai nurodomi kosmetikos gaminiy etiketése, kai jy koncentracija virSija
0,001 % nenuplaunamuose produktuose ir 0,01 % — nuplaunamuose
produktuose. Be to, naujausiais Reglamento 1223/2009 pakeitimais
regulivojamy kvapiyjy medziagy alergeny sarasas buvo iSpléstas nuo 26 iki
daugiau nei 80 medziagy, taip atspindint stipréjantj reguliacinj démesj
alergizuojan¢ioms aromatinéms medZiagoms.

Tyrimo metu buvo nustatyta, kad geraniolis ne tik adsorbuojasi ant
aukso elektrodo pavirSiaus, bet ir aktyviai veikia pirolo elektrocheminés
polimerizacijos kinetika. D¢l to tiesiogiai kinta susidaranc¢io MIP sluoksnio
struktiira ir storéjimo greitis. Sie rezultatai rodo, kad §i analité veikia ne kaip
pasyvus jspaudus formuojantis faktorius, bet daro jtaka aktyviam
strukttriniam polimero formavimui elektropolimerizacijos metu.

Taip pat buvo pasiiilyta ir eksperimentiSkai patvirtinta dvisluoksné
NIP/MIP architekttra, pasizyminti geresniu elektrodo ir polimero sasajos
stabilumu, mazesniu struktiiriniy defekty kiekiu ir didesniu jutimo sluoksnio
atkuriamumu, palyginti su jprastomis vienasluoksnémis sistemomis.

Be to, buvo sukurta integruota charakterizavimo metodologija,
apimanti CV, EIS, KM ir AJM metodus. Si multimodaliné metodika leidzia
iSsamiai jvertinti elektrocheminius procesus, masés pokycius ir pavirSiaus
morfologija MIP sluoksniy susidarymo metu.

Apibendrinant — gauti rezultatai suteikia naujy ziniy apie maZzy
organiniy molekuliy, tokiy kaip geraniolis, dvejopa vaidmenj; molekulinio
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Ispaudimo procesuose — jos veikia ne tik kaip tikslinés analités, bet ir kaip
aktyvis strukttiriniai moduliatoriai, lemiantys jy aptikimo funkcines savybes.

Literatiiros apZvalga

MIP analitinése sistemose. Vienas perspektyviausiy sprendimy selektyviam
atpazinimui yra MIP, kurie pastaraisiais deSimtmeciais tapo svarbia sintetinés
analitinés chemijos kryptimi [20-22]. MIP veikia kaip dirbtiniai receptoriai
[19], imituojantys biologiniy sistemy, tokiy kaip antikiinai ar fermentai,
selektyvuma, taciau pasizymintys didesniu cheminiu ir terminiu stabilumu.

MIP struktira formuojama polimerizacijos metu, kai funkciniai
monomerai sgveikauja su Sablonine molekule ir sudaro kompleksa [26].
Literatiiroje pabréziama, kad MIP savybés labai priklauso nuo monomery
pasirinkimo, kurie lemia sgveiky pobiidi — vandenilinius rySius,
elektrostatines ar hidrofobines saveikas — pasirinkimo [32]. Sie komponentai
reguliuoja sgveiky stipruma, poringuma, struktiiros standumg ir analitiniy
viety prieinamumag, todél yra kritiSkai svarbus jutiklio jautrumui ir
selektyvumui. Po polimerizacijos ir Sablono pasalinimo lieka ertmés,
komplementarios tiksliniam junginiui. Sios ertmés uztikrina selektyvy
atpazinimg [28]. Molekulinis jspaudimas gali buti kovalentinis,
nekovalentinis arba pusiau kovalentinis, tai priklauso nuo saveikos tipo, o
dazniausiai taikomas nekovalentinis metodas dél paprastumo ir universalumo.
Pastaraisiais metais ypac¢ iSpopuliaré¢jo pavirSinis jspaudimas, kuris leidzia
pagreitinti analiCiy prisijungima ir pagerinti jutikliy atsako laika.

MIP gali buti pritaikyti biozymenims aptikti, vaisty pernasos sistemose
ir biojutikliuose. YpaC svarbus jy pritaikymas sudétingose biologinése
matricose, kur tradiciniai receptoriai daznai praranda selektyvumg. Taciau
vienas didZiausiy keblumy yra heterogenisky jungimosi viety susidarymas ir
nepakankamas standartizavimas [48].

Eteriniai aliejai. EA yra sudétingi, lakiy ir lipofiliniy junginiy miSiniai,
sudaryti i§ daugelio chemiskai skirtingy komponenty, daugiausia
monoterpeny ir fenilpropanoidy [1]. Jy cheminé sudétis labai priklauso nuo
augalo rusies, geografiniy salygy ir ekstrakcijos metody, todél jie pasizymi
dideliu kintamumu [70]. EA aptinkami cheminiai junginiai, veikiami aplinkos
veiksniy, lengvai oksiduojasi, garuoja ir palaipsniui degraduoja [68]. Dél to jy
analitinis stabilumas yra ribotas. Be to, jy sudétyje esantys strukturiskai
panasiis junginiai apsunkina selektyvig analize, ypa¢ kai reikia atskirti
izomerus ar artimus analogus [71,72].

Sie keblumai skatina kurti pazangius analizés metodus, leidzian¢ius
selektyviai aptikti individualius EA komponentus. MIP yra perspektyvus
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sprendimas, nes leidZia sukurti selektyvias konkre¢iy junginiy atpaZinimo
vietas net sudétinguose misiniuose. Tai ypac¢ svarbu kokybes kontrolei ir
farmaciniam taikymui. Svarbu pabrézti, kad EA lipofilinés savybés lemia jy
stiprig sgveika su pavirsiais, o tai gali padidinti adsorbcija, bet kartu sukelti
nespecifinj prisijungima. Todél butina kruopsciai optimizuoti jutikliy
pavir$ius ir naudoti selektyvias atpazinimo sistemas.

Geraniolis. Geraniolis pasirinktas kaip pagrindinis $io darbo metu
kurtos MIP sistemos komponentas dél savo aiSkios struktiiros, biologinio
aktyvumo ir paplitimo jvairiuose EA [81]. Jis pasizymi antioksidaciniu [5],
priesuzdegiminiu [5], antimikrobiniu [8,82] ir priesvéziniu poveikiu [6,7,9],
todél placiai tiriamas farmacijos srityje.

Strukturiskai geraniolis — tai aciklinis monoterpeno alkoholis, turintis
hidroksilo grupe, kuri leidzia sudaryti vandenilinius rySius su MIP
monomerais [83]. Tai ypa¢ svarbu formuojant stabily MIP analités ir
monomero kompleksg. Taciau geraniolis turi ir struktiiri§kai panasiy junginiy,
kaip antai nerolis, todél uztikrinti selektyvuma yra sudétinga [85]. D¢l to
reikalingas tikslus MIT proceso optimizavimas.

Polimerinés medziagos ir polipirolo sistemos. Polimerinés
medziagos yra esminé MIT, vaisty tiekimo sistemy ir elektrocheminiy jutikliy
kurimo dalis dél jy strukttrinio lankstumo ir galimybés valdyti morfologija,
poringuma bei chemines savybes. Sios savybés leidzia kurti selektyvias ir
efektyvias analitines sistemas [88]. Tarp jvairiy polimery ypatingas démesys
skiriamas laidiesiems polimerams, ypa¢ Ppy, kuris placiai naudojamas
elektrocheminiuose jutikliuose ir MIP sistemose. Ppy pasizymi paprasta
sinteze, geru cheminiu stabilumu, biologiniu suderinamumu ir gebéjimu
formuoti vienalyCius sluoksnius ant elektrody pavirsiy [92]. Jo struktiira
leidzia sgveikauti su tikslinémis molekulémis per vandenilinius rySius,
elektrostatines bei m—m sgveikas, o tai yra svarbu selektyviy jspaudimo viety
formavimui [91]. Elektropolimerizacija leidzia tiksliai kontroliuoti Ppy
sluoksnio storj, struktiirg ir nusodinimg tiesiogiai ant elektrodo pavirSiaus,
uztikrinant gera sukibima ir pakartojamumg. Be to, Sis metodas leidzia
tiesiogiai jterpti Sablonines molekules polimerizacijos metu, taip
supaprastinama jutikliy gamyba.

Palyginti su kitais monomerais, pavyzdziui, metakriline ragstimi,
akrilamidu, stirenu, polianilinu ar polidopaminu, Ppy pasizymi optimaliu
fizikiniy-cheminiy savybiy balansu. EA analizéje polimero pasirinkimas yra
ypaé svarbus dél tiksliniy junginiy hidrofobiSkumo ir strukttirinés jvairoveés.
Polimeras turi uztikrinti pakankama sgveikg su analite.
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Jutiklio sistemos koncepcija.

Jutiklio sistema Siam darbui buvo kuriama remiantis poreikiu
selektyviai aptikti geraniol] sudétingose EA matricose. Dél tokiy analitiniy
veiksniy kaip mazas tirpumas vandenyje, strukttrinis junginiy panaSumas ir
galimi trukdziai pasirinktas MIP kartu su elektrocheminiu signalo
nuskaitymu.

Pagrindinis jutiklio veikimo principas grindziamas MIP, suformuotu i$
Ppy, kuris elektropolimerizuojamas tiesiai ant elektrodo pavirsiaus. Sitaip
sukuriamos selektyvios atpazinimo ertmés, komplementarios geraniolio
molekulei. Analitinis signalas registruojamas taikant EIS metoda, kuris leidzia
stebéti kriivio pernaSos varzos ir dvigubo sluoksnio talpos pokycius,
atsirandancius dél analités prisijungimo.

Papildomai jutiklio veikimo ir strukttiros analizei buvo taikomi KM ir
AJM metodai. KM leido realiu laiku stebéti masés pokyc¢ius adsorbcijos metu,
0 AJM padéjo suprasti pavirSiaus morfologijg ir polimero sluoksnio struktiirg.

Si keliy metody strategija leidzia susieti jutiklio struktiirines savybes su
jo funkciniu atsaku ir taip uztikrinti i§samesnj supratimg apie molekulinio
atpazinimo mechanizmus. Tokia koncepcija sudaro pagrinda selektyviy ir
jautriy jutikliy, tinkamy realioms analitinéms salygoms, kiirimui.

Transliacinis potencialas. Nors MIP pagrindu sukurti jutikliai
laboratorinémis salygomis pasiZymi geromis analitinémis savybémis, jy
perkélimas | realias taikymo sritis tebéra sudétingas. Pagrindinés klititys
susijusios su prietaisy integracija, stabilumu aplinkos saglygomis ir gamybos
mastelio didinimu. Transliacinis procesas apima ne tik jautrumo ir
selektyvumo optimizavima, bet ir pakartojamumo uztikrinimg, veikima
sudétingose matricose, bei integracija j patogias naudoti sistemas.

Praktiniam pritaikymui bitina integruoti jutikl} su kompaktiska
elektronika, tokia kaip miniatitiriniai potenciostatai ar KM valdymo sistemos,
taip pat uztikrinti duomeny perdavima realiu laiku. Nors vyksta technologiné
pazanga, dauguma MIP jutikliy vis dar yra prototipo stadijos dél riboto
stabilumo, sudétingos standartizacijos ir integracijos problemy. Todél tolesni
tyrimai turi biti orientuoti j veikima realiose eteriniy aliejy matricose ir
jrenginiy pritaikyma praktinéms saglygoms.

MIP trakumai ir ateities perspektyvos. Nepaisant MIP technologijos
pranaSumy, lieka daug svarbiy trikumy, ypac¢ dirbant su sudétingomis
sistemomis, tokiomis kaip EA. Vienas pagrindiniy sunkumy — selektyvumo
uztikrinimas esant strukttri$kai panaSiems junginiams, kurie gali sukelti
interferencija. Taip pat svarbiis veiksniai yra aplinkos salygy jtaka, pavir§iaus
uzsiterSimas, nevisiskas Sablono pasalinimas ir signaly nestabilumas.
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Papildomy problemy kyla dél riboto pakartojamumo tarp skirtingy
polimery partijy ir standartizuoty sintezés metody triikumo. Sie aspektai riboja
MIP jutikliy taikyma reguliuojamose srityse.

Ateities tyrimai turéty buti orientuoti j jutikliy integracijg i neSiojamas
sistemas, pazangiy medziagy (pvz., nanostruktiiry ar hibridiniy kompozity)
taikyma bei analitiniy sistemy, galinciy aptikti kelis komponentus, kiirima.
Taip pat svarbu uztikrinti validacijg lyginant su standartiniais metodais ir
gerinti MIP sistemy konkurencingumg biologiniy receptoriy atzvilgiu.

Tyrimo metodika
MedZiagos ir cheminiai reagentai

Polimery sintezei naudotas pirolas (98 %, ,,Alfa Aesar”, Vokietija), prie§
naudojimg jis buvo distiliuotas. Geraniolis (,,Sigma-Aldrich®, JAV) ir
acetonitrilas (,,Carl Roth GmbH & Co.*, Karlsruhe, Vokietija) naudoti be
papildomo valymo. Kaip foninis elektrolitas naudotas li¢io perchloratas
(LiClOs, ,,ThermoFisher”, Vokietija). Visi vandeniniai tirpalai ruosti
naudojant itin gryna vandenj (0,055 pS/cm, 25 °C). Jutikliy valymui ir
regeneracijai naudoti amonio hidroksidas (25 %, grynas, CAS No: 1336-21-
6, Lenkija) ir vandenilio peroksidas (> 30 %, p. a., CAS No: 7722-84-1,
Slovakija).

Iranga

Elektrocheminiai matavimai atlikti naudojant ,,Metrohm Autolab® ir ,,Gamry*
potenciostatus. QCM eksperimentams naudotas 5 MHz aukso dengtas kvarco
kristalas (QSX 301, ,,Biolin Scientific*) su srautinio tipo kamera. Masés
poky¢iai ir adsorbcija stebéti realiuoju laiku.

Elektrocheminé sistema sudaryta i§ trijy elektrody: aukso darbinio
elektrodo, Ag/AgCl etaloninio elektrodo ir platininio prieSelektrodo. Taikyti
metodai — CV ir EIS.

Tirpaly paruosimas

Tyrimuose naudota acetonitrilo ir vandens sistema su 0,1 mol/L LiClOa.
Pirolas ir geraniolis buvo tirpinami $ioje terpéje skirtingoms funkcijoms.
Adsorbcijos tirpalai:

1AD — 0,1 mol/L LiClOs acetonitrile (naudotas kaip atraminis elektrolitas).
2AD - 0,005 mol/L geraniolio 1AD tirpale.
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Polimerizacijos tirpalai:

1P — 0,05 mol/L pirolo 1AD tirpale.

2P — 0,05 mol/L pirolo ir 0,005 mol/L geraniolio 1AD tirpale.

Neutralus tirpalas:

A tirpalas — vandens ir acetonitrilo miSinys (50:50 tirio santykiu), naudotas
kaip bazinis (pradinis) tirpalas.

B1 tirpalas — 0,05 mol/L geraniolio A tirpale.

B2 tirpalas — 0,5 mol/L pirolo A tirpale.

KM eksperimentams naudotas 50:50 tiirio santykiu acetonitrilo ir vandens
miSinys, uztikrinantis geraniolio tirpumg ir stabily daznio signala.

Eksperimentinés sistemos

Tyrime naudotos dvi pagrindinés sistemos: elektrocheminé CV/EIS sistema ir
KM masés stebéjimo sistema. Kiekviena jy buvo optimizuota atskirai, siekiant
uztikrinti maksimaly matavimy stabiluma.

Skirtingos tirpikliy sistemos buvo taikomos pagal metoda:
elektrocheminiams matavimams naudotas laidus LiClOs elektrolitas, o KM
sistemai — miSrus tirpiklis, uztikrinantis stabily rezonansinj signala.

Visi eksperimentai atlikti bent du kartus, o esant didesniam nuokrypiui
— papildomai pakartoti.

Aukso elektroduy paruosimas

Pries kiekvieng eksperimentg aukso elektrodai buvo valomi elektrochemiskai,
keiciant potencialg nuo —500 mV iki +1000 mV (Ag/AgCl). Procediira kartota
3-10 karty, kol gautas stabilus atsakas.

Adsorbcijos eksperimentai

Geraniolio adsorbcija ir polimero formavimas tirtas taikant CV, EIS ir KM
metodus. Naudoti du eksperimentiniai rezimai: trijy elektrody elektrocheminé
sistema ir KM sistema masés pokyc¢iams registruoti. EIS matavimai atlikti
dazniy intervale nuo 10 kHz iki 2 Hz.

Geraniolio MIP formavimas

MIP plévelés buvo formuojamos elektrocheminés polimerizacijos biidu ant
aukso KM elektrody. Paruostos trys struktiiros: vieno sluoksnio MIP, dvigubo
sluoksnio MIP (NIP + MIP), NIP.
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Polimerizacija atlikta CV metodu, kontroliuojant potencialag nuo —500
iki +850 mV. Dvigubo sluoksnio sistema pasizyméjo didesniu mechaniniu
stabilumu ir geresniu struktiiriniu vientisumu.

Analités pasalinimas

Geraniolis i§ MIP struktiiry pasalintas acetonitrilo ir vandens misiniu (1:1),
paskui elektrodai plauti ir dziovinti. Sis Zingsnis uztikrino atviry atpazinimo
viety formavima.

KM aukso eleketrody regeneracija

Aukso elektrodai regeneruoti naudojant piranijos tirpala (NH«OH:H-0. =
60:40). Po valymo elektrodai buvo skalaujami vandeniu ir laikomi acetonitrilo
ir vandens miSinyje.

AJM charakterizavimas

PavirSiaus morfologija tirta AJM tapping rezimu. Tyrimo metu buvo
analizuoti: Svarus aukso pavirSius, NIP sluoksnis ir MIP sluoksnis prie$
analités pasalinimg ir po jo. Naudojantis AJM metu gautais duomenimis
vertinami SiurkStumo parametrai (Rq), pavirSiaus homogeniskumas ir
struktiriniai skirtumai.

Rezultatai ir aptarimas

Adsorbcijos ir sqveikos mechanizmai

Tyrimo rezultatai parodé, kad geraniolis ir pirolas pasizymi skirtingu
adsorbciniu mechanizmu ant aukso ir polimero pavirSiaus. IS KM duomeny
matyti, jog pirolas adsorbuojasi greitai ir efektyviai, sudarydamas pagrinda
polimerizacijai, o geraniolis adsorbuojasi léciau, taciau stabiliai iSlieka
susijunges. Nors geraniolio koncentracija buvo mazesné, jo adsorbcijos
efektyvumas, perskaiciuotas remiantis koncentracija, buvo santykinai didelis,
o tai rodo stiprig saveika su pavir§iumi.

Nustatyta, kad vyksta konkurenciné adsorbcija tarp geraniolio ir pirolo.
Geraniolis gali uzimti aktyvias pavirSiaus vietas ir taip riboti pirolo
prieinamumg, kas tiesiogiai veikia polimerizacijos pradzig ir struktiiros
susidaryma. Tai patvirtina, kad adsorbcija yra esminis veiksnys, lemiantis
MIP formavimosi mechanizma.
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Polimero formavimasis

Ciklinés voltamperometrijos (CV) rezultatai parodé, kad Ppy sluoksniai
formuojasi etapais: pradinis kristalizaciniy centry susidarymas, augimas ir
sluoksnio stor¢jimas. Vienasluoksné MIP sistema pasizymejo nestabiliu
augimu dél konkurencinés adsorbcijos, tuo tarpu dvisluoksné sistema (su NIP
pagrindu) uztikrino stabilesnj ir tolygesnj polimero formavimasi.

NIP sluoksnis veiké kaip stabilizuojantis tarpinis sluoksnis,
sumazinantis pavirSiaus heterogeniskumg ir leidziantis kontroliuoti tolesnj
polimero augimg. Dél to dvisluoksné architektira pasizyméjo geresniu
strukttiriniu vientisumu, tolygesniu sluoksnio pasiskirstymu ir didesniu
atkartojamumu.

Kiekybiné adsorbcijos analizé

KM analizé parodé ryskius skirtumus tarp vienasluoksnés ir dvisluoksnés MIP
sistemy. Dvisluoksné sistema demonstravo kur kas didesnj daznio pokytj (—34
Hz), atitinkantj apytikriai 602 ng adsorbuotos masés, o vienasluoksné sistema
rodé tik ~ 24 ng.

Apskaiciuota, kad dvisluoksnéje sistemoje susidaro labai didelis
molekuliy tankis (~ 10'® molekuliy/cm?), kas rodo ne tik pavirsing adsorbcija,
bet ir molekuliy difuzija | polimero vidy. Tai paaiSkina matoma dalinj
negrjztamuma desorbcijos metu.

Kinetiné analizé

Kinetiné analizé parodé, kad adsorbcija vyksta pagal pseudo-antros eilés
kinetika, priklausancia tiek nuo difuzijos, tiek nuo aktyviy viety prieinamumo.
Desorbcija atitinka pirmos eilés kinetika, buidinga kompleksy irimui.

Dvisluoksné MIP sistema pasizyméjo didziausiu adsorbcijos greiciu ir
pusiausvyros konstanta, o tai rodo stipresng ir efektyvesne saveika su
geranioliu. Tac¢iau kartu aptiktas ir ribotas desorbcijos efektyvumas, susij¢s su
molekuliy jstrigimu polimero struktiiroje ir heterogeninémis prisijungimo
vietomis.

Elektrocheminé sgsaja ir EIS analize

EIS rezultatai parodé, kad geraniolio prisijungimas sukelia dideliy sgsajos poky¢iy.
Ivyko dvigubo sluoksnio talpos sumazéjimas (ypac dvisluoksnéje sistemoje, ~ 2,5
karto), kas rodo sgsajos reorganizacijg ir dielektriniy savybiy pokyc¢ius.
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Krtivio pernasos varza (R) (angl. charge transfer resistance) dvisluoksnéje
sistemoje isliko santykinai stabili, o tai rodo, kad polimero laidumas islieka net ir
vykstant adsorbcijai. Tai yra svarbu jutiklio funkcionalumui, nes leidzia islaikyti
signalg net esant stipriai sgveikai su analite.

Pavirsiaus morfologija

AJM tyrimai parodé aiSkius morfologinius pokycius. NIP pasizyméjo
didziausiu SiurkStumu ir netvarkinga struktiira, vienasluoksné MIP — lygesniu
pavirSiumi, o dvisluoksné MIP — optimaliu balansu tarp strukttrinio
vientisumo ir funkcinio heterogeniskumo.

Dvisluoksnéje sistemoje nustatyti gilesni ir labiau apibrézti jdubimai,
siejami su jspaustomis atpazinimo vietomis. Tai rodo efektyvesnj molekulinj
ispaudimg ir didesnj aktyviy viety pricinamuma.

Regeneracija ir stabilumas

Tyrimai parodé, kad visiska regeneracija néra pasiekiama — po desorbcijos
iSlieka likutinis signalas. Tai susije su stipria adsorbcija, difuziniais
apribojimais ir heterogenine polimero struktiira. Dvisluoksné sistema
pasizyméjo geresniu stabilumu ir mazesniu signalo dreifu, taciau
negriztamumo problema iSlieka kaip vienas pagrindiniy S$io tyrimo
apribojimy.

Transiliacija

Tyrimo rezultatai rodo, kad sukurta geraniolio selektyvi MIP jutiklio sistema
pasizymi aiSkiu transiliaciniu potencialu, taCiau §iuo metu yra tarpinéje
vystymosi stadijoje. Dvisluoksné polimero architektiira (NIP + MIP) labai
pagerino struktiirinj stabiluma, adsorbcijos efektyvumg ir elektrocheminio
atsako atkuriamuma, o tai yra esminiai reikalavimai pereinant nuo
laboratorinio prototipo prie praktinio taikymo.

KM, EIS ir AJM analizés nuosekliai parodé, kad jutiklio veikimas
tiesiogiai priklauso nuo tarpfaziniy adsorbcijos procesy ir polimero strukttiros
organizacijos. Sis mechanizmo i$aiSkinimas yra svarbus transiliaciniu
pozitriu, nes leidzia kontroliuoti jutiklio savybes optimizuojant sinteze¢ ir
architektirg. Taciau nustatyta ir esminiy apribojimy, ypa¢ dalinis
negriztamumas (nevisiS$ka regeneracija), kuris gali riboti ilgalaikj jutiklio
naudojimg ir pakartotinj pritaikyma.
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Papildomi i$siikiai susij¢ su tuo, kad tyrimai atlikti esant santykinai
dideléms analités koncentracijoms ir paprastose sistemose, todél jutiklio
veikimas realiose, sudétingose matricose (pvz., EA) dar néra kaip reikiant
jvertintas. Taip pat triiksta strukttiriskai panasiy junginiy selektyvumo tyrimy,
o tai yra kritinis aspektas praktiniam pritaikymui.

IS technologinés pusés, elektropolimerizacija yra tinkama mastelio
didinimui, taciau, siekiant uztikrinti pakartojamuma tarp skirtingy jutikliy,
reikia geresnés proceso kontrolés ir standartizacijos. Be to, biitina integruoti
sistema kartu su neSiojamaja elektronika, kad biity galima pereiti prie realiy,
ne tik laboratorijos saglygomis veikianc¢iy prietaisy kiirimo.

Apibendrinant — dvisluoksné MIP architektiira laikytina svarbiu
zingsniu link praktiskai pritaikomy jutikliy kiirimo. Vis délto, siekiant
visiskos transiliacijos, bitina spresti regeneracijos, selektyvumo, darbo
realiose matricose ir technologinés integracijos klausimus.

ISvados

1. Geraniolio adsorbcijos mechanizmas ant aukso elektrody pavirsiy
buvo sékmingai iStirtas. Rezultatai parodé, kad geraniolis stipriai
absorbuojasi ant elektrodo pavirSiaus, o tai stipriai veikia vélesniy
polimeriniy sluoksniy susidarymg ir jy tolyguma. Taigi, pries§ kuriant
MIP sistemas, yra svarbu suprasti analités ir pavirSiaus saveika.

2. MIP polipirolo sluoksniai buvo sukurti ir optimizuoti remiantis
adsorbcijos mechanizmu. Dviejy sluoksniy sistema, susidedanti i$
NIP pagrindo sluoksnio ir vir§ jo formuojamo jspausto sluoksnio,
padidino polimerizacijos stabiluma ir uztikrino labiau kontroliuojama
atpazinimo viety formavimasi net esant santykinai dideléms
geraniolio koncentracijoms.

3. Polimeriniy sluoksniy morfologija ir struktiirinés savybés buvo
analizuotos naudojant atominés jégos mikroskopija (AJM). Sie
tyrimai patvirtino iStisiniy ir tolygiy polimeriniy sluoksniy
susidaryma bei suteiké informacijos apie sluoksniy storj ir pavir§iaus
topografija. Nors atskiry molekuliniy ertmiy tiesiogiai vizualizuoti
nebuvo jmanoma, gauti duomenys patvirtina struktiiruoty polimeriniy
pléveliy susidaryma, kurj lemia analités adsorbcija.

4. Tyrimo metu buvo jvertintas sukurtos sistemos, kaip elektrocheminio
jutiklio prototipo, pritaikomumas. Tyrimas parod¢, kad suformuota
MIP sistema geba reaguoti | geraniolj ir sudaro pagrinda tolesnei
optimizacijai. Taip pat pabréziamos galimybés S$ia laboratoring
jutiklio sistemg pritaikyti praktiniuose analitiniuose tyrimuose arba
jrenginiuose.
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