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Introduction

Water pollution is a growing global concern that endangers both environmental and
human health. Among the emerging contaminants, fungicides and antibiotics are
particularly alarming due to their extensive use and persistence in aquatic environments.
Fungicides account for 23-25% of the 2.7 million tons of pesticides used globally in 2020,
reflecting their widespread application in agriculture [1]. Likewise, global antibiotic
consumption increased by 65% between 2000 and 2015 with a prediction of a further
rise up to 200% by 2030 [2]. Both of these compounds frequently escape into water
through wastewater disposal [3], [4], [5], where they can accumulate, disrupt ecosystems,
and pose health risks such as toxicity or DNA damage [6], [7]. The situation is exacerbated
when nearly 8,500 tonnes of antibiotics are released into river water annually, with
3,300 tonnes reaching the oceans, making over 6 million kilometres of rivers worldwide
experiencing antibiotic concentrations above ecological safety thresholds [8]. This
significantly contributes to antimicrobial resistance, a major threat predicted to cause
10 million deaths annually by 2050 [9]. Therefore, the urgent need for effective detection
and monitoring strategies to safeguard the environment and public health cannot be
overstated.

Conventional analytical techniques, including high-performance liquid chromatography,
mass spectrometry, immunoassays, have been widely used to detect fungicides and
antibiotics. Nonetheless, they required expensive equipment and skilled operators,
which are impractical for in-field analysis. As a result, attention has shifted toward
sensor-based approaches, such as biosensors and chemical sensors, which offer portability
and enable daily environmental monitoring [10], [11]. Despite their advantages, many of
them rely on natural receptors or nanomaterials, which limit their stability or selectivity.
To overcome these limitations, the development of synthetic recognition elements has
gained increasing interest [12], [13].

Among such materials, molecularly imprinted polymers (MIPs) have emerged as
effective candidates a recognition element for sensor development. MIPs are stable,
crosslinked polymer network that contain molecular recognition sites specific to target
analytes. They have distinguished themselves as versatile biomimetic receptors in
analytical chemistry, offering promising alternatives to biological receptors for the
selective detection of target analytes [14]. When interfaced with sensor transducers,
molecular recognition events occurring within MIPs can be translated into measurable
electrical signals, enabling the development of versatile tools for a wide range of sensor
applications. Electrochemical transducers, in particular, offer an attractive platform due
to their simplicity, sensitivity, and compatibility with miniaturized formats. In this
context, MIPs act as synthetic recognition elements that provide high selectivity toward
target analytes, supporting the development of portable sensors for accurate and rapid
in-situ environmental analysis. Inevitably, their applications have been expanded to the
selective detection of plenty environmental water pollutants [15].

In most cases, the working principle of MIP-based electrochemical sensors involves
using an external redox probe (e.g., ferricyanide) to monitor the adsorption-dependent
changes in the diffusion of redox probe ions through the target-specific cavities
preformed on the MIP surface [16], [17]. Nevertheless, the dependence on external
redox probes complicates sensor design, can introduce stability issues due to potential
interference from other electroactive species, and produces an indirect signal that
reflects not only target presence but also changes in polymer during sample interaction



[18]. These limitations motivate the exploration of alternative approaches, including the
incorporation of internal redox centers into the polymer matrices or electrode materials,
to remove the need for external redox probes and enhance signal stability [19], [20].

Meanwhile, ruthenium oxide (RuO2) electrodes are exceptionally suited for achieving
high sensitivity in electrochemical detection applications as they are esteemed for their
steadfast catalytic efficacy [21]. Also, it demonstrates remarkable thermodynamic stability,
ensuring consistent performance of RuO: electrodes even under challenging experimental
conditions [22]. The expansive potential window of RuQ: electrodes allows for their
exploration in diverse redox processes [23]. Additionally, the porous structure of RuO:
electrodes provides a large surface area [24], which is crucial for enhancing charge-transfer
characteristics and sensitivity in electrochemical measurements [25] (e.g., pH sensing in
water [26]). Moreover, RuO, exhibits versatile electrochemical behaviour when possessing
multiple accessible oxidation states [27], [28], particularly valuable in MIP-based sensor
configuration, as a single RuO, electrode can serve a dual purpose: an electrochemical
transducer and an internal redox probe. This enables MIP-based electrochemical sensors
to measure signals directly, and reduce contamination risks, thus ensuring more reliable
results.

Despite extensive research on MIP-based electrochemical sensors, practical
implementation for detecting fungicide and antibiotic pollutants in water remains
limited, mostly due to challenges in maintaining reliable performance in complex
real-world samples, such as tap or natural water [29]. For instance, the synthesis of MIPs
tailored for agriculture fungicide azoxystrobin (AZO) recognition and their subsequent
application in electrochemical sensing platforms have not been previously reported.
Additionally, the possibility of class-selective detection can be of great advantage for
monitoring environmental pollutants since they are presented together at varying
concentrations. Moreso, the development of MIP-based electrochemical sensors that
operate without the need of external redox probe remains underexplored, despite their
potential to reduce contaminant risk. Thus, further studies are essential to advance
MIP-based electrochemical sensors for in-field applications.

This thesis aims to develop MIP-based electrochemical sensors for the fast and reliable
detection of both individual pollutants—such as AZO and AMP—and pollutant classes,
specifically ML class of antibiotics. The AZO-MIP-based electrochemical sensor (AZO
sensor) is designed to address the current lack of reported MIPs for AZO recognition,
thereby filling a critical gap in fungicide detection. Furthermore, the synthesis and
implementation of an ML-selective MIP will, for the first time, enable the development
of a sensor capable of cooperatively detecting multiple macrolide antibiotics,
including erythromycin (ERY), clarithromycin (CLA), and azithromycin (AZI). In addition,
the elimination of external redox probe solutions—through the use of inherently redox
active materials such as RuO, electrodes—represents a novel and rational advancement
in the design of MIP-based electrochemical sensors, particularly for applications
targeting antibiotic-origin contaminants in environmental water samples. The successful
implementation of these electrochemical sensors, which could be capable of operating
in complex aqueous environments such as tap and river water, could provide valuable
tools for portable, in-field monitoring of fungicides and antibiotics. This advancement
could facilitate early detection and timely mitigation of potential environmental and
public health risks associated with their presence.
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Abbreviations

AMP
ANI
APBA
AZ|
AZO
CLA
cv
DPV
EIS
ERY
HPLC
IRSE
LOD
LoQ
LSV
MIP
MS
NIP
ML
mPD
PANI
P(ANI-co-mPD)
PBS
PmPD
P(mPD-co-ABPA)
am
RR

SD
SPE
TFME

Ampicillin

Aniline

3-Aminophenylboronic Acid
Azithromycin

Azoxystrobin

Clarithromycin

Cyclic Voltammetry

Different Pulse Voltammetry
Electrochemical Impedance Spectroscopy
Erythromycin

High-Performance Liquid Chromatography
Infrared Spectroscopic Ellipsometry
Limit of Detection

Limit of Quantification

Linear Sweep Voltammetry
Molecularly Imprinted Polymer

Mass Spectrometry

Non-Imprinted Polymer

Macrolide

m-Phenylenediamine

Poly(Aniline)
Poly(Aniline-co-m-Phenylenediamine)
Phosphate-Buffered Saline
Poly(m-Phenylenediamine)

Poly(m-Phenylenediamine-co-3-Aminophenylboronic Acid)

Quantum Mechanic
Relative Response
Standard Deviation
Screen-Printed Electrode
Thin Film Metal Electrode
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1 Literature review

1.1 Water pollution

Environmental pollution has become a critical issue of global concern, endangered
ecosystems and threatening public health. Rapid industrialization and urbanization have
significantly contributed to the increased emission of harmful chemicals into air, water,
and soil [30], [31]. This widespread contamination has severe implications: air pollution
exacerbates respiratory illnesses, while pollutants in soil and water disrupt natural
ecosystems, leading to the environmental and public health problems [32], [33]. The global
scale impact of pollution contributes heavily to climate change and biodiversity loss,
affecting global ecosystems with disproportionately severe impacts on developing
countries [34].

A majority of air and land pollutants ultimately find their way into water systems
through atmospheric deposition, surface runoff, and soil erosion [35]. Agricultural and
industrial activities release a wide range of hazardous substances—such as heavy metals,
toxic chemicals, pesticides, and untreated wastewater—into rivers, lakes, and oceans
[36]. This makes water bodies particularly vulnerable and reduces water safety for daily
human activities such as drinking, cooking, and sanitation [37], causing various human
health issues, from gastrointestinal disorders to neurological diseases [38], [39].

The effects of polluted water do not stop at human; they disturb the balance of water
organisms. For example, pollutants can accumulate in fish tissue, which are then
consumed by other large animals and humans. The process, known as biomagnification,
concentrates toxic substances at higher levels within the food chain, leading to various
health issues such as developmental disorders and chronic diseases [40], [41]. Moreover,
such chemicals as mercury and polychlorinated biphenyls are dangerous since they
accumulate in animals, leading to the death of pieces [42]. The latter can have a domino
effect on human health and a shift in food chains, which is challenging to correct.

Furthermore, the costs incurred in the treatment of water pollution are so high that
many developing nations struggle to resolve [43]. In addition, the erosion of the
environment and the loss of species significantly damage future generations. Thus, it is
necessary to monitor pollutants within water bodies frequently to ensure the water
sources safety for both human and other species [41]. It is more cost-effective to prevent
and control pollutants than to address the latter occurred damage.

1.2 Pesticides and antibiotics as emerging pollutants

Compounds such as fungicides and antibiotics, originally developed to enhance agricultural
productivity and prevent disease in crops and livestock, have now become widespread
pollutants that threaten aquatic ecosystems. Their intense usage made them become
pervasive contaminants and emerging pollutants in aquatic habitats, raising concern
about the long-term effects on living species. Increasing agricultural and healthcare
practices further worsen the issue of water pollutants, as fertilizers and medications are
usually washed into water systems, contributing to water quality degradation. Several
reports demonstrated that most pollutants reaching wastewater treatment plants
were incompletely eliminated during the treatment process and released into the
environment [44], [45], [46]. In particular, eighteen fungicide classes and nine antibiotic
classes are identified across various aquatic environments [47], [48].
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1.2.1 Fungicides

Fungicides are used to control fungal infections in agriculture. The high consumption
makes them the second most globally sold category of agricultural pesticides, with 31%
of the sales attributed to European consumers [1]. It is unfortunate that fungicides often
find their way into nearby water systems through runoff [49] and improper disposal in
treatment plants [50]. Their prolonging persistence in aquatic environments poses risks
to non-target microorganisms (e.g., macrophytes, invertebrates, and vertebrates) [48],
[51]. The disruption of these organisms can have cascading consequences across
ecosystems and reduce biodiversity.

Fungicides pose potential risks directly to human health, including long-term exposure
to certain fungicides, which results in toxic effects [52], genotoxicity, DNA damage, and
cancer risk [53]. They can associate with reproductive issues, including decreased
fertility, hormonal changes, congenital malformations [54], and severe chronic
conditions within respiratory system functions [55]. Additionally, research proved
evidence of neurodevelopmental disorders, attention deficit hyperactivity disorder
(ADHD), and poor developmental brain performance in children [56], [57].

Azoxystrobin

Among common fungicide used in agriculture, azoxystrobin (AZO)—belongs to the
strobilurin class—is renowned for its broad-spectrum effectiveness against a wide range
of fungal pathogens [58]. The methoxyacrylate moiety, specifically the methoxy (—OCH3)
and acrylate groups (Figure 1), allows AZO to suppress the respiratory chain in fungi,
halting energy production in fungal cells and thereby impeding their growth and
reproduction [59].

Maximize Market Research predicted that global AZO market experienced significant
growth, from USD 1.09 billion in 2023 to a remarkable number of USD 2.12 billion by
2030 with the biggest share from North Ameria, Asia-Pacific, and Europe [60].
Consequently, the presence of AZO contamination detected in water systems (as shown
in Table 1) has triggered profound concerns about its environmental impact globally [61],
[62], [63], [64]. One major concern associated with AZO is its significant threat to aquatic
ecosystems due to its highly toxic nature toward a wide range of non-target aquatic

Hy

Erythromycin (ERY) Clarithromycin (CLA) Azithromycin (AZl)

Figure 1. Molecular structures of AZO, AMP and 3 members of macrolide class: ERY, CLA, AZI.
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organisms [65]. This alarming toxicity level causes adverse effects on fishes, including
physiological disruptions, reduced growth rates, reproductive disorders, and even
mortality [65], [66], [67], [68]. Additionally, AZO exhibits high environmental persistence,
with half-life values ranging from 143 to 158 days in water across pH 4 to 9 [69], disrupts
aquatic ecosystems in long-term exposure, including inhibiting eukaryotic algae growth
and damaging aquatic plants by suppressing antioxidant enzymes [70], [71]. AZO
contamination in water also poses human health risks, such as mitochondrial oxidative
respiration suppression, neuronal lipid alterations, and genotoxic effects [72], [73].
Therefore, monitoring this fungicide in water is important to mitigate its potential
impacts, managing pesticide pollution and maintain water quality.

1.2.2 Antibiotics

Nowadays, antibiotics are the most prescribed agents among pharmaceuticals used for
inhibiting pathogen growth through disrupting protein synthesis and cell wall formation.
In EU/EEA countries alone spend USD 1.5 billion annually to treat more than 670,000
antibiotic-resistant infections [82]. Much of this burden stems from the incomplete
metabolism of antibiotics in humans and animals, leading to their excreted into
wastewater [83], [84]. These residues continue entering water systems via improper
pharmaceutical disposal [85], agricultural runoff [86], and inadequate wastewater
treatment [87]. Consequently, varying concentrations of antibiotics have been detected
in surface water and wastewater across nations, contributing to the emergence and
spread of antibiotic-resistant bacteria [88], [89].

Table 1. Representative data on environmental concentrations of AZO, MLs, and AMP reported in
various water matrices.

Compound Water type Location Concentration (nM) | Reference
AZO Stream water Germany 73.6 [74]
Wastewater a1
effluent Hong Kong ' [75]
ERY Sea water 2.4
Wastewater 32
effluent Germany ' [76]
Surface water 2.3
Wastewater
0.3
effluent Germany [76]
CLA Surface water 0.4
Wast t
astewater Switzerland 0.8 [77]
effluent
Surface water South Africa 0.03 [78]
Sea water 0.01
AZI
Wastewater Iran [79]
1.2
effluent
Wastewater Egypt 202,057 [80]
AMP
Wastewater | i atiantic 121 [81]
effluent
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The antibiotic residues reported in water bodies are of diverse genera, with
fluoroquinolones being the most abundant with a frequency of 49%, followed by
sulfonamides with a 30% frequency [90]. Other antibiotics classes have also been found
in water, including tetracyclines, macrolides, and beta-lactams. Such compounds exhibit
long-lasting persistence from several months to years [91]. Conventional water treatment
facilities fail to eradicate them from water completely, hence advanced technologies
integrated membrane and oxidation processes have been proven effective in solving this
problem. However, they are not fully developed for large-scale applications due to high
costs and difficulties in engineering [92].

In aquatic ecosystems, antibiotics can disrupt microbial communities critical for
nutrient cycling and water purification. Their chemical activity may interfere with
essential biological functions, potentially producing toxic effects on humans, animals,
plants, and microorganisms [93]. Research has increasingly linked antibiotic pollution to
DNA damage [94], alterations in enzyme activity [95], disruptions in protein synthesis
[96] and photosynthesis [97]. Additionally, exposure to certain antibiotic pollutants can
alter the composition of the gut microbiome, leading to microbial imbalances and
increasing the susceptibility of animals and humans to diseases [98].

This situation is exacerbated by the development of resistant bacterial strains due to
their exposure to antibiotic residues in the environment, raising substantial public health
concerns with 4.95 million deaths in 2019 [99] and predicted to cause about 10 million
deaths per year by 2050 [9]. As spreading in clinics and environment, antibiotic-resistant
bacterial strains threaten the effectiveness of the treatment regimens, leading to
increased hospitalization times, higher healthcare expenses, and untreatable illnesses in
some cases. This issue rises healthcare costs and reduces workforce productivity due to
prolonged illness. It was predicted that global GDP will decrease 1.1-3.8% by 2050, with
low-income countries potentially experiencing a 5% decline in GDP [100].

Macrolide class

Macrolide (ML) is a class of antibiotic that are characterized by a large macrocyclic
lactone ring and widely used in human and veterinary medicine due to their effectiveness
in treating bacterial infections [101]. They specifically target the bacterial ribosome,
the molecular machine responsible for translating genetic instructions into proteins.
ML interfere ribosome’s function by binding to the 50S ribosomal subunit, preventing
the forming of new amino acids to the growing protein chain. This inhibition of protein
synthesis stops the bacteria from growing and replicating, particularly effective against
gram-positive bacteria and some gram-negative bacteria [102], [103]. They are commonly
used to treat respiratory infections, skin infections, and sexually transmitted infections
[104]. Unfortunately, this intend used of them leads to their presence in natural water
and drinking water [105]. Among ML antibiotics commonly found in aqueous ecosystems,
erythromycin (ERY), clarithromycin (CLA), and azithromycin (AZl) (Figure 1,Table 1) have
been included in the EU surface water watch list of emerging pollutants [106]. ERY has
been reported to exhibit a half-life of approximately 42 days in a natural aquatic system
[107]. Similarly, CLA has demonstrated seasonal variability in degradation rates, with an
estimated half-life up to 40 days under clear-sky conditions [108]. The half-life data for
AZI remain limited, although it is known for its high persistence in soil and biosolid
matrices [109]. Since they remain active in aqueous environments for lengthy periods of
time, certain bacterial strains develop genetic mutations after exposure to MLs, albeit at
low concentrations [110].
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Ampicillin

Ampicillin (AMP), a B-lactam antibiotic, ranks third among the top ten most frequently
sold fixed-dose antibiotic combinations globally [111]. Its function target on the bacterial
cell wall, peptidoglycan layer, particularly important in gram-positive bacteria. AMP
inhibits the capability to form a stable cell wall, leading to their death by rupturing of the
bacterial cell [112]. AMP can exhibit a half-life of up to 27 days in water at pH 7 and 25 °C,
indicating its potential to persist in aqueous environments for extended periods [113].
The high utilization rate, coupled with improper disposal practices, has resulted in the
environmental contamination of water sources with elevated AMP concentrations
(Table 1) [114], raising concerns about the development of antibiotic-resistant bacteria,
especially when up to 40% of certain bacterial isolates in different parts of the world are
currently resistant [115]. Therefore, monitoring AMP pollution plays a key role in limiting
the spread of AMP resistance.

1.3 Traditional methods for detecting emerging water pollutants

Since the persistence of them in aquatic environments poses serious risks to both
ecosystems and human health, the development of accurate and sensitive methods for
detecting antibiotics in water is essential for effective monitoring and mitigating these
threats. Traditionally, fungicides and antibiotics in water samples have been detected
using analytical techniques such as high-performance liquid chromatography (HPLC)
[116], [117] and mass spectrometry (MS) [118], [119]. HPLC separates chemical compounds
based on their interaction with a stationary phase and a mobile phase, while MS provides
molecular identification by measuring the mass-to-charge ratio of ionized compounds.
Also, coupling HPLC with MS (HPLC-MS) further enhances detection capabilities for
environmental pollutants [120]. These methods are highly valued for their sensitivity,
specificity, and ability to identify and quantify a broad spectrum of molecules. However,
they are usually time-consuming, require complex sample preparation on expensive
instruments with highly skilled operators [121]. These limitations impede them for
routine in-field applications.

In recent years, portable devices for the detection of emerging pollutants in
environmental waters have been developed but remain largely at researching phase.
While some commercially available platforms offer real-time monitoring capabilities,
they primarily target general water quality parameters (e.g., pH, conductivity), and do
not provide specific detection of pharmaceuticals or pesticides contaminants at trace
level [122], [123], [124]. This underscores a critical gap in current in-field monitoring
technologies. In response, recent research has focused on developing portable
sensor systems employing electrochemical strategies and advanced biosensing or
nanomaterials to enable detection of these pollutants in complex water matrices [125].
Immunoassay- [126], [127], DNA- [128] and aptamer-based sensors [129], [130]
detection mechanisms have offered a practical balance between sensitivity and
operational simplicity. They rely on the interaction between antigen and antibody,
generating measurable signals allowing for the rapid detection of target compounds,
such as antibiotic residues and pesticides, at low concentrations [131]. Even so, they face
challenges such as cross-reactivity and the natural instability of antibodies [132], [133].

Beyond that, chemical sensors have been widely explored for environmental
monitoring due to their portable size, ability to provide rapid analysis with higher stability
over biosensors, suitable for in-field detection [11]. They determine the presence of
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analytes, and transform chemical information, such as concentration, into analytically
usable signals [134]. For instance, NH,-UiO-66 metal-organic framework and reduced
graphene oxide composites as the sensing material on an electrochemical transducer is
developed for the detection of antibiotic ciprofloxacin in water, offering low detection
limit of 6.67 nM, and excellent reproducibility [135]. Unfortunately, chemical sensors are
still at the developmental stage with limited selectivity remaining as a major drawback,
compromising their reliability [13].

Promising results have been also reported using microfluidic sensor platforms for
electrochemical detection specific emerging pollutants, garnering particular interest due
to their capacity for rapid analysis, compact design, low reagent consumption, and
in-situ operation [136]. For example, Kling et al. developed a microfluidic platform
integrated with electrochemical detection of tetracycline in water, achieving a limit of
detection of 14.24 nM [137]. However, sensor platforms often encounter limitations
related to bubbles, clogging, and challenges in integrating selective detection
mechanisms for complex environmental samples [136], [138]. Therefore, there is still a
need to develop systems that offer not only high sensitivity and portability but also
enhanced selectivity and stability for in-field detection. Incorporating synthetic
recognition elements onto electrochemical electrodes presents a promising approach
that is more reliable for environmental monitoring. One such class of recognition
materials—molecularly imprinted polymers (MIPs)—offers custom-designed binding
sites capable of mimicking natural molecular recognition with enhanced selectivity and
chemical stability.

1.4 Molecularly imprinted polymers

The concept of molecular imprinting started early in the 20™ century and gained
significant recognition in the 1980s. Wulff and colleagues demonstrated that polymers
could be tailored to incorporate specific binding sites for target molecules through
template molecules during polymerization [139]. This discovery laid the groundwork for
the development of MIPs that are functional materials mimic biological receptors in
discriminating between molecules but surpassing them in lower preparation cost and
environmental stability [140]. Since then, there have been substantial advancements in
MIP technology, including improvements in synthesis methods, characterization
techniques, and their applications across diverse fields. These innovations have enabled
MIPs to be produced in various shapes, such as membranes, thin layers, nanoparticles,
regular spherical particles, irregularly ground particles, and composites [141]. MIPs have
become highly versatile materials and are employed in numerous fields such as
determine selected target in analytical chemistry [142], monitoring contaminants in
environmental/ milk/ food samples [143], [144], [145], and enhance the efficiency of
therapeutic compounds in drug delivery [146].

1.4.1 Principle of molecular imprinting

The fundamental concept of MIPs is based on the formation of a polymer network
containing specific binding sites that are complementary toward a target template
molecule. This is achieved by polymerizing suitable functional monomers in the presence
of a target analyte, or similar molecule, acting as a template molecule. The template
molecule is chosen depending on application purpose with a wide variety of them are
available, covering from large molecules (e.g., protein) to smaller organic compounds
(e.g., vitamin) [147], [148]. The suitable functional monomers interact initially with
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template to form a pre-polymerization complex. During the subsequent polymerization,
the template is embedded within the polymer matrix. By removing the template, cavities
that are chemical complementary to the original target molecules are revealed, enabling
highly selective recognition of the target molecules (Figure 2). Based on how templates
interact with functional monomers, molecular imprinting approaches are categorized as
covalent, non-covalent, semi-covalent, and meta-ion interaction.
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Figure 2. A schematic representation of molecular imprinting.

The covalent approach involves the formation of reversible covalent bonds between
the template and functional monomers during the polymerization process. The stability
of template-monomer(s) complexes under a broad range of conditions for polymerization
are the main advantages of this approach. However, this approach has limited numbers
of suitable monomers (e.g., alcohols, aldehydes, ketones, amines or carboxylic acids) and
could be challenging to remove the template during template removal [149]. This
approach may not be ideal for applications requiring fast kinetics [150].

On the other hand, non-covalent approach is favoured for its simplicity with the
variety of possible functional groups and fast template removal [151]. It relies on weak
interactions such as hydrogen bonding, van der Waals forces, and electrostatic
interactions to form the pre-polymerization complex [152]. This makes it widely used in
various application. However, the specificity of the binding sites is compromised due to
the heterogeneity resulting from the formation of various pre-polymerization complexes,
as well as the direct competition from the solvent and the cross-linker [149].

The third approach, semi-covalent, is the combination of both covalent and
non-covalent binding. Covalent and noncovalent interactions are jointly exploited
between the template and the functional monomer throughout the polymerization and
rebinding processes [153]. Imprinting semi-covalent owns the advantages of both
approaches while counterbalancing their disadvantages, may balance stability and
flexibility.

Lastly, the metal-ion interaction approach utilizes coordination bonds to form highly
specific recognition sites, typically preferred for imprinting metal ions or molecules with
strong metal affinity. However, it is limited to strategies involving complex-forming
groups with metals [154], [155].

Building on these foundational imprinting approaches, researchers have extended
MIP functionality beyond single-analyte recognition. For instant, group-selective or
class-selective MIPs were developed, offering the capability to recognize many
structurally similar molecules [156], [157]. During the synthesis process, the use of a
single template as a substitute for a whole class takes full advantage of similar molecular
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structures among compounds. This method optimizes the preparation stage by reducing
the required template amount, particularly advantageous in applications where imprinting
for each member of a class is unnecessary. This phenomenon is useful in environmental
monitoring, pharmaceuticals, or food safety, where detecting entire classes of
contaminants, drugs, or toxins can be more practical and efficient. For example,
class-selective MIPs could result in their enrichment and detection simultaneously for
polychlorinated aromatic compounds that often exist in similar forms, known as
congeners or homologs [158]. However, designing class-selective MIPs requires a
profound comprehension of the complex molecular features that define the target class.
The potential of cross-reactivity toward unwanted molecules is also another challenge.
Thus, further development and optimization of template design and functional
monomers composition are required to improve the class-selective MIPs’ performance
for real-world applications.

1.4.2 Computational approaches for selecting functional monomers for MIP
synthesis

The effectiveness of MIPs primarily depends on the strength of the interactions between
the template molecule and the functional monomers [159]. These interactions facilitate
the formation of molecular memory within the MIP by capturing both the shape
and spatial arrangement of functional groups in the template molecule. Therefore, the
choice of functional monomers is a critical factor in achieving the optimal performance
of a MIP. It can be accomplished by conducting a preliminary study of molecular
complexes between monomers and template molecule to design MIP with optimal
performance. Traditionally, this selection process has been largely involving
experimental screening; however, in recent years, computational approaches have
emerged as powerful tools to rationalize and optimize the choice of functional
monomers in MIP research.

By simulating and estimating the interactions between template and monomer
molecules, computational software helps replace trial-and-error steps, reducing reagent
consumption and saving time in experimental work [160]. Different computational
approaches—including molecular mechanics (MM), molecular dynamics (MD), and
qguantum mechanics (QM)—were reported to provide insights into the molecular
interactions, guide the selection of suitable functional monomers, ultimately optimize
the overall efficiency [161], [162].

Molecular mechanics (MM), refers to the use of Newtonian mechanics to model
molecular systems and is generally preferred for assessing large numbers of molecular
interactions. More than twenty functional monomers can be efficiently evaluated
based on their electrostatic interaction energies and optimal geometries, requiring
relatively small number of computational resources [163]. In classical MM modelling,
molecules are represented as assemblies of atoms, and their behaviour is determined by
force fields that define the system’s potential energy [164]. For example, the selection
of monomers for the synthesis of MIP that is selective for paracetamol were supported
by calculating the interaction energies using Merck molecular force field (MMFF94)
[165].

While MM focuses on static structures, molecular dynamics (MD) captures the
dynamic behaviour of monomer-template complexes over time by solving Newton’s
equations of motion for atoms and molecules in a system. This is particularly valuable for
understanding the stability of interactions and how they behave under realistic
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conditions, such as the solvents influence and temperature fluctuations [166]. Pavel et al.
successfully predicted suitable monomers for the template molecules theophylline,
its derivatives [167], and chemical warfare agents [168] using Cerius® version 4.10 and
Materials Studio. Unfortunately, MD simulations are computationally demanding over
long time periods.

While MM and MD simulations offer valuable insights into molecular conformations
and dynamic behaviour, their reliance on classical Newtonian mechanics limits their
ability to precisely describe electronic interactions. In contrast, quantum mechanics
(QM) approaches, particularly those based on density functional theory (DFT), allow for
a more detailed and accurate estimation of chemical binding energies by explicitly
considering electron density and quantum effects [169]. This makes QM especially
suited for modelling the weak non-covalent interactions—such as hydrogen bonding—
that are critical in the selective recognition processes of MIPs. For instance, binding
energy calculations at the PM3 level have been applied by Lulinski et al. to design
dopamine-imprinted polymers, demonstrating the effectiveness of QM methods in MIP
development [170]. Another example involves screening functional monomers for MIP
fabrication by calculating the binding energies between theophylline and various
monomers via DFT at the B3LYP/6-31+G level [171]. In this work, QM calculations were
employed to evaluate the binding affinities between template molecules and functional
monomers, guiding the monomer selection.

1.4.3 Electrochemical synthesis of MIPs

MIPs are usually prepared by free radical polymerization using a variety of methods, such
as bulk, suspension, precipitation, emulsion polymerizations. Even though these
methods are well-established, they may not precisely control the thickness of polymer
and can be challenging for template removal [146]. Meanwhile, electropolymerization
allows for direct deposition of the polymer onto an electrode surface, enabling precise
control over the thickness, which are critical for sensor applications [172]. Moreover, this
synthesis method has superior properties with respect to adherence to the transducer
surface (e.g., gold, carbon, platinum), along with simplicity and possibility of operation in
aqueous solutions at room temperature [173], [174].

The film thickness is governed by the amount of charge transferred during
electropolymerization under galvanostatic, potentiostatic, or potentiodynamic conditions
[172]. It involves the anodic oxidation of an electropolymerizable monomer employing
different modes of potential stimulus to form radical cation [175]. These unstable
radicals quickly react with other monomers thereby forming oligomers and subsequently
the final polymer chain [176]. Such polymerization requires an electrolyte in the form of
a solvent containing a doping salt or an ionically conducting medium [177].

To achieve optimal imprinting efficiency, it is crucial to preserve the structural integrity
of the template molecules during electrosynthesis by preventing template oxidation during
electropolymerization [178], [179], [180]. A wide range of electropolymerizable monomers
is available, among which commonly used examples are pyrrole [181], aniline [182],
thiophene [183], phenol [184], phenylenediamine [185], 3,4-ethylenedioxythiophene
(EDQT) [186], and aminophenylboronic acid [187].
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1.5 MIP-based electrochemical sensors for environmental monitoring

The integration of MIPs with electrochemical transducers has emerged as a promising
approach to develop sensitive, selective, and field-deployable sensors for environmental
monitoring. Electrochemical sensors are widely favoured in chemical sensor technology
due to their low cost of manufacture, simple experimental set-up, ease in achieving
miniaturisation and wireless control, and adaptability for a wide range of applications
[145], [188]. By coupling MIPs with electrochemical platforms, the highly selective
molecular recognition capability of the imprinted polymer is combined with the
sensitive transduction offered by electrochemical techniques. In a typical MIP-based
electrochemical sensor, the polymer is deposited on the surface of working
electrodes through either spin-coating, electropolymerization, or other surface-initiated
polymerization technique [189].

The sensing mechanism of a MIP-based electrochemical sensor depends on the nature
of the analyte. For non-electroactive compounds, detection is often achieved indirectly
using external redox probes to measure changes in electrochemical reactions that occur
when the target analyte interacts with MIP. Upon binding of the analyte to specific
recognition sites within MIP layer, the accessibility of redox species to the electrode
surface is altered. This interaction typically leads to a measurable change in electrochemical
signals (e.g., shift in current, potential, or impedance) due to hindered ion diffusion,
enabling quantification of the analyte (Figure 3) [190]. To evaluate the permeation of
redox-active markers, electrochemical techniques, such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and different pulse voltammetry (DPV)
can be used [191]. In contrast, electroactive analytes may directly participate in redox
reactions at the electrode surface, generating faradaic currents that serve as measurable
analytical signals [192]. While both direct and indirect electrochemical transduction
mechanisms are possible with MIP-based sensors, indirect detection approach is more
commonly reported, likely due to the prevalence of non-electroactive target analytes in
environmental monitoring applications.

\j |
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Figure 3. Schematic illustration of non-electroactive analyte molecule binding within imprinted
cavities, hindering the diffusion of the redox probe into the MIP layer.

The combination of MIPs and electrochemical transducers has proven to be a highly
efficient synergy, offering cost-effective and robust solutions for real-time monitoring
[193], [194]. It has also demonstrated a growing interest in development of MIP-based
electrochemical sensors for the detection and quantification of fungicides and antibiotics
in agueous media, as evidenced by the increasing number of peer-reviewed articles over
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the last decade (Figure 4). Although MIP-based electrochemical sensors show great
potential, they still have certain limitations that must be considered. One of the
limitations is the binding affinity and kinetics of MIPs, which may be less efficient than
those of biological recognition elements like antibodies or enzymes. This can sacrifice
sensor sensitivity, especially at ultra-low analyte concentrations [145]. Increasing the
specific surface area of the MIP layer by integrating it with nanostructures (e.g.,
nanoparticles, or nanospheres) may help address this issue by improving sensitivity and
operational efficiency [195], [196]. Vu et al. integrated gold nanoparticles into the MIP
layer aiming to detect norfloxacin in aquaculture samples showing excellent sensitivity
and a wide linear detection range of the resulting sensor [197].

The actual sensing environment presents another challenge. Complex environmental
matrices often introduce interfering substances, which can negatively impact sensor
performance. Several studies have attempted to evaluate sensor reliability in such
challenging conditions by testing their performance in complex matrices. For example,
Motia et al. utilized acrylamide as functional monomer and bisacrylamide as cross-linker
to deposit the MIP on the surface of Au SPE for the detection of triclosan, an antimicrobial
agent, in wastewater [198]. Similarly, functional monomer indole-3-acetic acid was used
to obtain MIP on boron-doped diamond electrode for the detection of antibiotic
cefalexin in river water [199]. Despite the ongoing research, the limited real-world
validation under complex environmental conditions raises concerns about sensor
reliability, necessitating extensive field testing before widespread adoption as
commercial products. The scalability of MIP-based electrochemical sensors also remains
areas for improvement, as translating laboratory-scale designs into commercial products
facing technical and economic obstacles, such as long-term storage for transportation,
and affordability in markets [200]. Coming studies thus are expected to focus on
improving polymer design that is suitable for real sample testing, improving sensor
efficiency prior to transition toward commercialization.
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Figure 4. Shares of peer-reviewed articles on MIP-based electrochemical sensors for the detections
of fungicides and antibiotics in aqueous samples from 2015 to 2024.
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1.5.1 MIP-Based electrochemical sensors for fungicide and antibiotic
detection

Detection of azoxystrobin

MIP-based electrochemical sensor has been developed for detection of several
fungicides in water, including enrofloxacin [201], carbendazim [202], and indoxacarb
[203]. Nevertheless, the synthesis of MIPs tailored for AZO recognition and their
subsequent application in electrochemical sensing platforms have not been previously
reported. This gap is particularly concerning due to AZQO’s widespread use and its
persistence in the environment, which contribute to its accumulation in water bodies.
Indeed, AZO have been detected in environmental waters at concentrations up to
approximately 30 pg/L (74 nM) [74], which exceed the aquatic Maximum Acceptable
Concentration-Environmental Quality Standard (MAC-EQS) value for AZO (1.8 ug/L or
4.5 nM) [204]. Therefore, the development AZO sensor facilitates more effective
environmental monitoring and risk management of AZO contamination.

Detection of macrolides

There are numerous studies have reported efforts to imprint ERY, CLA and AZI.
To illustrate, Syritski’s group formed ERY-MIP by electrochemically deposited poly(mPD)
on an Au electrode, with the purpose of detecting ERY in tap water samples [205].
CLA-imprinted poly(arylene phthalide) was obtained using the phase inversion method
on the surface of a glassy carbon electrode for electrochemical detection of the target
molecule [206]. Pan et al. generated AZI-MIP on glassy carbon electrode, adopting
benzothiophene-3-boronic acid as functional monomer [183]. However, no subsequent
demonstration has been reported on the preparation of MIPs capable of detecting an
entire class of ML compounds in a single measurement, aimed at signalling antibiotic
pollution in water. This is notable limitation, especially considering that MLs are often
coexist and share common mechanisms of biological effects. A class-selective sensor
would offer a practical and efficient approach for monitoring antibiotic pollution in
environmental water.

Detection of ampicillin

AMP imprinting has been applied with various MIP-based electrode modifications to
develop electrochemical sensors capable of selectively detecting AMP. For example, Shi
and colleagues electrochemically deposited poly(o-phenylenediamine) in the presence
of AMP to design MIP on a single-walled carbon nanotube modified glassy carbon
electrode [207]. Similarly, Sun et al. developed a MIP-based sensor using pyrrole as
functional monomer, fabricated on a ZrO: nanofiber-modified Au electrode [208]. Also,
Liu's group employed bulk polymerization to generate AMP-MIP on FesN-Co,N modified
carbon electrode using N,N'-dimethylacrylamide as the functional monomer and
ethylene glycol dimethacrylate as the cross-linker [209]. Yet in another report, AMP-MIP
was synthesized, using dopamine as a functional monomer, onto a modified gold
electrode as an electrochemical sensor for analysing AMP in various media [210]. Despite
the outstanding performance of the reported sensors, their reliance on ferricyanide as a
redox mediator to transduce molecular interactions at the electrode-electrolyte
interface remains a drawback. Thus, the development of a ferricyanide-free AMP sensor
would reduce contamination risks and simplify analysis, offering a practical approach for
in-situ monitoring of aquatic antibiotic pollution.
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1.6 Summary of the literature review and objectives of the study

The widespread use of fungicides and antibiotics, coupled with inadequate treatment
and disposal methods, has led to their persistent presence in water bodies and posed
significant risks to not only human health but also ecosystem balance. Many studies have
demonstrated that exposure to these pollutants, both short-term and long-term, leads
to a range of detrimental effects for human and aquatic biota. Notably, chronic exposure
to fungicides is associated with DNA damage and cancer risk, while prolonged antibiotic
exposure has been linked to the emergence of antibiotic-resistant bacteria. The cumulative
impact can manifest in prolonging illnesses, increasing healthcare costs, and even
mortality. Therefore, monitoring water pollutants, including fungicides and antibiotics, is
crucial to ensure ecosystem and human safety, as prevention is more cost-effective than
remediation.

For decades, conventional detection methods (e.g., HPLC-MS) remain gold standard
for detection. However, they are usually expensive, time-consuming, and require skilful
operators. Although latter biosensors and chemical sensors are suitable for in-field
applications of environmental monitoring, they are often accompanied by unstable
natural receptors or limited selectivity.

Meanwhile, highly selective MIPs combined with sensitive electrochemical transducers,
offer portable sensing solutions for in-field detection of fungicides and antibiotics.
Unfortunately, their practical implementation remains limited due to challenges in
ensuring reliable performance when measuring real-world samples. For instance,
the design of MIP-based electrochemical sensing platform to detect AZO in complex
water samples has not been previously reported. Additionally, the possibility of
class-selective detection can further advantage environmental monitoring since pollutants
usually exist together in water samples. Furthermore, the development of electrochemical
sensors without the need of external redox probes remains underexplored, despite their
potential to simplify sensor design and improve overall performance.

This study aims to address these challenges by designing MIP-based electrochemical
sensors capable of fast and reliable detection of both individual targets such as AZO and
AMP, and broader pollutant classes such as the ML class of antibiotics (Figure 5).
To achieve this goal, the following specific objectives are outlined:

1. To design and synthesize a fungicide selective MIP (targeting AZO), integrated

with a miniaturized electrode system for electrochemical detection AZO in water.

2. To develop and synthesize a MIP selective for ML antibiotics, and to integrate it
with a miniaturized electrode system for portable electrochemical detection of
macrolides in aqueous environments.

3. Toexplore the possibility of combining a MIP layer with an inherently redox-active
electrode material (RuO,), aiming to simplify the electrochemical assay for the
target antibiotic (AMP) by enabling reliable detection - eliminating the need of an
external redox probe solution.

The above-mentioned objectives should include but not limited to the following

stages:
e Evaluation of the binding affinity and selectivity of the prepared
MIP-based electrochemical system toward the designated target
analytes using electrochemical techniques.
e  Optimization of the polymerization conditions (e.g., monomer-template
ratio, thickness) for enhanced imprinting efficiency and sensor
performance.
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e Characterization of the physicochemical properties of the synthesizing
ultrathin MIP layers using spectrochemical techniques aiming to confirm
the relevance of used imprinting strategy.

e Assessment of the analytical performance of the developed MIP-based
sensors, including selectivity, linear range, limit of detection (LOD), and
reproducibility.

e Validation of the developed sensors in real water samples (e.g., tap
water or natural surface waters) spiked with the above-mentioned
antibiotics and fungicide.

Figure 5. A graphical representation of the thesis goal.
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2 Experimental

2.1 Selection of functional monomer

The suitable functional monomers for AZO-MIP and AMP-MIP preparation were selected
from several electropolymerizable candidates (Table 2) using computational modelling
based on binding energy estimations obtained through density functional theory (DFT)
calculations. First, a functional monomer candidate and a template molecule underwent
geometric optimization using the Universal Force Field for energy minimization with
Avogadro 1.2.0 software with a 1:1 ratio. Subsequently, potential energies were
computed utilizing the DFT method at the B3LYP/6-31+G(d,p) level of Gaussian’09
software. Binding energies, as the difference between the energy of the complex and the
energy of each molecule, were calculated by the equation:

AE = Etsm — (ET + Em) (1)

where Et+m, Erand Em are the potential energies of the complex and its isolated molecular
components, template and monomer, respectively.

This approach provided insights into the strength of the hydrogen bonding
interactions between template and functional monomer, guiding the selection of the
most suitable candidate for stable complexes formation with the target molecules.

In Paper Il, the interaction between the monomer, 3-APBA, and the antibiotic, ERY,
was additionally studied using C nuclear magnetic resonance (NMR) spectroscopy with
a Bruker SMART X2S benchtop diffractometer to confirm covalent bond formation.
Sample solutions of 3-APBA, ERY, and their 1:1 molar ratio mixture were prepared in PBS.

Table 2. List of electropolymerizable monomers evaluated for functional monomers suitability.

Template Monomers
AZO (Paper |) 2-methyl-4-nitroaniline  (2M4N), 3-aminothiophenol (3ATP),
aniline (ANI), m-phenylenediamine (mPD), pyrazole (PRZ), and
pyrrole (PYR)
AMP (Paper Ill) | 1,8-diaminonaphthalene (1,8-DAN), 3,4-ethylenedioxythiophene
(EDOT), ANI, mPD, and PYR

2.2 Preparation of MIP-based electrochemical sensors

In this study, AZO-, AMP-, and ML-selective MIP films were formed via electrochemical
polymerization on different electrochemical transducer platforms resulting in three
electrochemical sensors: AZO sensor, AMP sensor, and ML sensor.

For AZO sensor the AZO-MIP film was electrochemically deposited on the working
electrode (WE) of a thin-film metal electrode (TFME) acquired from MicruX Technologies
(Gijon, Spain). The TFME configuration included a 1 mm diameter (approximately 0.785
mm?) circular gold (Au) WE, along with Au counter electrode (CE) and reference
electrode (RE). For ML sensor, the ML-MIP was prepared on the Au WE surface of a
screen-printed electrode (SPE) obtained from BVT Technologies, a.s. (Brno, Czech
Republic). The SPE consisted of a 1 mm diameter circular Au WE, an Au CE, and a silver
electrode coated with AgCl serving as the RE. In the case of AMP sensor, the AMP-MIP

26



film was electrodeposited on the RuO, WE of the DRP-810 SPE, purchased from Metrohm
DropSens (Oviedo, Spain). The DRP-810 SPE featured a 4 mm diameter (approximately
12.56 mm?) RuO, WE, a silver RE, and a carbon CE.

All electrodes were interfaced with an electrochemical workstation (Reference series,
Gamry Instruments, Inc., USA). The applied potentials during the electrochemical
deposition process were referenced against the external reference electrode Ag/AgCl/3
M KCl. The parameters of electrochemical polymerization are described in Table 3.
Similar synthesis parameters were used for the reference non-imprinted polymer (NIP),
films preparation, with the polymerization carried out in the absence of template
molecules.

The entrapped template molecules were removed from the electrodeposited polymer
films by immersing the modified electrodes in appropriate solutions under vortex
agitation for 30 minutes, thereby revealing the imprinted binding sites. A 5% acetic acid
solution was used for AZO and ERY, while a mixture of acetic acid and methanol (volume
ratio 1:19) was used for AMP. After thoroughly rinsing with ultrapure water, the MIP
film-modified electrodes—denoted as AZO sensor, ML sensor and AMP sensor—were
subjected to rebinding studies. A similar treatment process was used for NIP-modified
electrodes.

Table 3. Parameters for electrochemical polymerization are used in this work.

Polymerization Electrochemical WE Setup
Template . . .
solution* technique material parameters*
10 mM ANI, 5mM
AZO m »2m . current 0.3 pA,
(Paper I) mPD, and 2mM Galvanostatic Au time 131
P AZO in PBS
10 mM mPD, 5 potential 0.5V,
ERY .
(Paper Il) mM APBA, and 2 | Chronocoulometry Au charge density
P mM ERY in PBS limit 5mC/cm?
scan range 0.2
AMP 10 mM mPD and Cvelic voltammetr RUO to 0.4V, scan
(Paper Ill) | 2mM AMP inPBS | Y y 2| rate 100 mV/s,
5 cycles

* Optimized values.

2.3 Characterization of the MIP films

2.3.1 Infrared Spectroscopic Ellipsometry

Infrared Spectroscopic Ellipsometry (IRSE) is a powerful, polarization-sensitive, and
non-destructive technique for characterizing thin polymer films with high precision.
By utilizing vibrational absorption bands in the infrared region, IRSE provides enhanced
spectral contrast between chemical components within the polymer film. This makes it
particularly well-suited for analysing complex polymer structures such as MIPs, enabling
simultaneous assessment of film thickness, uniformity, and chemically relevant changes
occurring during MIP formation. These structural and compositional insights are critical,
as they directly influence sensor’s performance and selectivity [211].
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In Paper |, IRSE was used to confirm the coexistence of both ANI and mPD within
P(ANI-co-mPD) as well as to evaluate the efficiency of the template removal process.
A custom-built, dry-air purged IR spectroscopic ellipsometer externally coupled to a
Fourier-transform infrared spectrometer (Vertex 70, Bruker, Billerica, MA, USA) was used
for this purpose. Measurements of tan W were acquired in the mid infrared spectral
range at incidence angles of 70° and 80°.

In Paper Il, IRSE was applied to determine the thickness of electrodeposited polymer
films, ensuring equal thickness between NIP and MIP films. The charges passed through
the working electrode during electrosynthesis were correlated with film thickness values
determined by spectroscopic ellipsometry (SE 850, Sentech Instruments GmbH, Berlin,
Germany). The W and A values were recorded in the wavelength range of 370-800 nm at
incidence angles of 70°, 60°, and 50°. Further information regarding the instrument
configurations and measurement procedures can be found in references [211], [212].

2.3.2 Electrochemical characterization

Electrochemical characterization of the modified electrodes was performed using
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), or linear sweep
voltammetry (LSV) to monitor surface modifications by assessing the electron transfer
properties at the electrode/solution interface during different stages of MIP preparation.
CV is a widely used electroanalytical technique that monitors electrochemical processes
at the molecular level on conductive electrode surfaces, allowing rapid assessment of
redox reaction thermodynamics and evaluation of charge transfer blocking by insulating
films [213], [214]. Similarly, EIS offers a non-invasive, highly sensitive method for surface
analysis and system monitoring, with the added benefits of easy operation and does not
require the bulk size of materials [215], [216]. LSV provides a straightforward approach
to analyse redox behaviour by sweeping the potential linearly, enabling clear
identification of oxidation or reduction events.

In Papers |, CV was conducted in redox probe solution containing 0.3 M KCl and 4 mM
redox couple Ks[Fe(CN)s]/Ka[Fe(CN)s] within a potential range of -0.2 to 0.2 V at a scan
rate of 50 mV/s. EIS was performed in the redox probe solution at open circuit potential
with an amplitude of 10 mV over a frequency range of 0.1Hz to 5 kHz. In Papers II, CV
was conducted in redox probe solution within a potential range of 0 to 0.5 V at a scan
rate of 100 mV/s. EIS was performed in the redox probe solution at open circuit potential
with an amplitude of 10 mV over a frequency range of 0.1 Hz to 100 kHz. In Paper IlI, LSV
was carried out in PBS from -0.2 V to +0.5 V, using a scan rate of 50 mV/s and a step size
of 1 mV.

2.4 Performance evaluation of MIP-based electrochemical sensors

2.4.1 Electrochemical signal generation

The electrochemical responses of the MIP-based sensors were generated using either
Differential Pulse Voltammetry (DPV) or Linear Sweep Voltammetry (LSV). For this purpose,
electrode systems modified with analyte-specific MIP layers were incubated for an
optimized duration in solutions containing increasing concentrations of the target
analyte. Following incubation, the electrodes were transferred to either an external
redox probe solution (for AZO and ML sensors) or phosphate-buffered saline (PBS) in the
case of the AMP sensor, where a redox mediator was pre-embedded within the electrode.
These sensors detect changes in charge transfer through the MIP layer, which contains
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selective imprinting cavities formed during polymerization. The binding of analyte
molecules to these cavities hinders charge transfer, resulting in a concentration-dependent
suppression of the current peak observed in DPV or LSV measurements.

The concentration-dependent sensor response, I, was expressed as the normalized
suppression of the current peak obtained via DPV or LSV, according to the following
equation:

n=(lo=1)/1lo (2)

where lo and | represent the current peak values measured after incubation in the
blank (analyte-free) and analyte-containing samples, respectively.

In the case of AZO- and ML- sensors, the MIP-modified electrodes were incubated for
an optimized time in solutions containing increasing concentrations of the analyte.
Subsequently, DPV measurements were performed in 0.3 M KCl solution containing
4 mM redox probe Ks[Fe(CN)e]/Ks[Fe(CN)s]. For AZO sensor, the DPV curves were
recorded at potential range of 0-0.4 V and a sample period of 0.5 s with pulse time of
40 ms, pulse size of 35 mV, step size of 7 mV. For ML sensor, the DPV curves were
recorded at the same potential range and sample period, but with pulse time of 10 ms,
pulse size of 25 mV, step size of 5 mV.

The AMP sensors were incubated in PBS containing increasing analyte concentrations,
followed by LSV. The LSV was conducted in the potential range of -0.2—-0.5 V, with a scan
rate of 50 mV and a step size of 1 mV.

2.4.2 Analyte-induced relative response

The initial evaluation of the capability of the prepared MIPs, when attached to
electrodes, to recognize their target molecules was conducted by calculating so-called
Relative Response (RR). This was determined as the ration of the responses (In) obtained
from MIP- and NIP-modified sensors:

RR = In(MIP)/In(NIP) (3)

where [2(MIP) and In(NIP) represent electrochemical responses of the MIP- and
NIP-modified electrodes, respectively, measured using either DPV or LSV upon binding
of the respective analytes.

RR was used in this thesis in a manner somewhat analogous to the commonly reported
Imprinting Factor (IF). However, while IF typically characterizes the intrinsic properties of
the MIP material itself, RR was employed here to assess the integrated performance of
the MIP/transducer system in responding to target analytes. This approach acknowledges
that the electrochemical signal may not be directly proportional to analyte binding.
Furthermore, RR was also utilized to evaluate the selectivity of the MIP-based systems
against non-target analytes, making it a more appropriate and versatile metric for the
objectives of this study.

Although IF (RR) metric is commonly used to assess the success of molecular
imprinting—indicating the presence of specific recognition sites in the MIP—it should be
interpreted with caution. MIP and NIP are typically two morphologically distinct
polymers, often differing in the number and nature of their binding sites, and IF (RR)
value greater than 1 can indicate both that a MIP that is capable of binding more target
molecules as compared to a corresponding reference material, NIP, but it can be also
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connected with increased porosity introduced during the imprinting process. Also,
the polymer matrix may exhibit significant interactions with target analyte even in NIP
due to non-specific binding [217], and thus IF (RR) should be considered alongside other
affinity binding characteristics to accurately evaluate success of molecular imprinting.
For example, the equilibrium dissociation constants, Ko of MIP and NIP can be measured
and compared.

In Paper I, RR was calculated at saturated analyte concentrations, where the maximal
amount of adsorbed analyte is reached, corresponding to the following expression:

RR = Im(MIP)/Im(NIP) (4)
where In is the sensor response signals after adsorption of the analyte at its saturation

value. Im was extracted by fitting the data to models such as Langmuir (X1), Freundlich
(X2), or the combined Langmuir-Freundlich model (X3):

In = ImC/(Ko+C) (5)
In = lmC™ (6)
In = ImC™/(Kp+C™) (7)

where I, is sensor responses at concentration C of an analyte in a solution; Ko is the
equilibrium dissociation constant, m is the heterogeneity index, which ranges from 0
to 1.

2.4.3 Selectivity

Selectivity refers to a sensor ability to distinguish between a target analyte and other
compounds. In MIP-based sensors, selectivity is imparted by the MIP layer, which formed
through an imprinting process that creates recognition sites complementary in shape,
size and functional groups to the target molecule. High selectivity is especially crucial
when the sensor is intended for use in complex sample matrices, where the presence of
multiple interferents can significantly compromise the sensor’s performance compared
to its behaviour in simplified or controlled matrices.

To assess selectivity, a set of comparison compounds is selected, including structurally
similar analogues from the same chemical class and/or structurally dissimilar interferents
likely to coexist in real-world samples. The sensor's response to each of these compounds
is then measured under the same conditions used for the target analyte. A higher
response to the target analyte compared to non-targets indicates effective molecular
recognition and confirms the sensor's selectivity.

2.4.4 Limit of detection

The performance of MIP-based electrochemical sensors at low analyte concentrations is
commonly evaluated using two parameters: the limit of detection (LOD) and the limit of
quantification (LOQ). LOD refers to the lowest concentration of the analyte that can be
detected, though not necessarily quantified with accuracy. LOQ, on the other hand,
refers to the lowest concentration at which the analyte can be quantitatively determined
with acceptable precision and accuracy. These values are determined from the linear
regression of the sensor’s response to low analyte concentrations in water samples,
using following equations:
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LOD =3SD/b (8)
LOQ = 10SD/b (9)

where SD and b are the standard deviation of the residual and the slope of the regression
line, respectively.

In this thesis, these parameters serve as indicators for practical performance of the
MIP-based electrochemical sensor, validating their suitability for detecting low-level
pollutants in complex water samples.

2.4.5 Recovery

Assessing recovery is essential to validate the reliability and accuracy of the MIP-based
electrochemical sensor, especially in real sample samples. Known amounts of the target
analyte were spiked into water samples and their normalized responses were recorded.
Subsequently, the corresponding antibiotic concentrations were determined using a
previously established linear regression of the sensor’s response to low concentrations
of the analyte in pond water (from Section 2.4.3). The recovery percentage (%R) was
calculated by using equation (6):

%R = (Cestimated/Cspiked)xloo (10)

where Cestimated is the concentration of the antibiotic estimated by the linear regression
equation, and Cspiked is the initial concentration of the antibiotic spiked into the sample.

A recovery percentage (%R) closer to 100% confirms its reliable performance, indicates
good accuracy of the MIP-based sensor for quantifying the target compound, as it shows
that the estimated concentration (Cestimated) is nearly identical to the spiked concentration
(Cspiked).
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3 Results and discussions

3.1 AZO sensor

This section discusses the design of AZO sensor for the application of detection of
fungicide AZO in water environments. The design includes the selection of suitable
functional monomer, synthesis, and characterization, as well as the study of the sensor
analytical performance in complex aqueous sample, such as tap water.

3.1.1 Functional monomer selection

Electropolymerizable monomers capable of engaging in hydrogen bonds with oxygen
atoms of AZO molecule were examined: 2M4N, 3ATP, ANI, mPD, PRZ, and PYR (referred
to Figure 1, Paper | for chemical structures). As can be seen from Table 4, AZO-ANI
complex exhibited the highest binding energy, followed by the AZO-mPD. The results
confirmed that ANI displayed the highest binding energies with AZO, highlighting its
potential to form robust non-covalent interactions with the template. The binding
interactions between ANI and the AZO template (Figure 6) involve hydrogen bonding
from the ANI hydrogen atoms to five oxygen atoms (labelled 01-05, red) of the AZO
molecule.

However, ANI could compromise the stability and recognition capabilities of the
resulting MIP when possessing only a single amino group. To address this concern, mPD
was introduced as a co-monomer to ensure sufficient hydrogen bonding with AZO. It was
found that phenylenediamines can serve as branching or cross-linking sites during
copolymerization with ANI [218], [219], [220], and previous studies have demonstrated
the successful formation of ANI and mPD during electrochemical polymerization [221],
[222]. Additionally, m-1t interactions between the aromatic moieties in the studied
molecules also contribute significantly the strength of non-covalent interaction within
prepolymerization complex as well as in the resulting MIP, resulting in its’ selectivity and
stability.

Hydrogen bond

\
J

Figure 6. A schematic representation of possible binding interactions between ANI and mPD
monomers with template AZO. The AZO structure is represented by five highlighted oxygen atoms
(red color), carbon (gray), hydrogen (white), and nitrogen (purple).
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Table 4. Binding energies of interactions between the functional monomers and AZO as calculated
by Equation (1), using Gaussian’09 software.

ANI mPD PYR PRZ 2M4N 3-ATP
o1 -187 -144 -96 =75 -68 -71
g_? _ 02 -206 -149 -135 -121 -74 -12
S _g 03 -165 -163 -164 -141 -113 -90
E’ E 04 -205 -135 -138 -138 -71 -133
;-% - 05 -104 -89 -86 -87 -84 -86
Total * -867 -680 -619 -562 -410 -392

*A rough estimate of the overall binding energy was calculated as the sum of the individual binding
energies in the 1:1 complex between AMP and the monomer.

3.1.2 Synthesis and characterization of AZO-MIP film

Electropolymerization, a well-established method for depositing a MIP film layer on a
sensor transducer, was used to synthesis AZO-MIP. CV measurements were initially
carried out (Figure 7) to determine the electrochemical potential for the synthesis of the
co-polymer layer of ANI and mPD, denoted as P(ANI-co-mPD), and avoiding unwanted
oxidation of the template molecules AZO. The fragment of first cycle of CV shows ANI
oxidizes at approximately 300 mV and mPD at around 250 mV. This close oxidation
potentials also reveal the feasibility of co-polymerizing these monomers through
electrochemical synthesis, allowing chain growth. Thus, the oxidation of both monomers
in a solution mixture is expected to occur higher than 300 mV.

16 - e AN

| =——mPD
= ANI + mPD

12 - AZO

100 200 300 400 500
Potential (mV)

Figure 7. A fragment of the first cycle of the cyclic voltammogram recorded on Au in PBS at the
presence of 5 mM ANI, 5 mM mPD, or their mixture at a scan rate of 100 mV/s.

The galvanostatic method was employed for AZO-MIP layer synthesis due to its
capability to precisely control polymerization through current regulations to attain the
required electrodeposition potential of above 300 mV. The polymer film thickness
can be precisely controlled by adjusting time during galvanostatic to provide tunability in
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the final MIP film efficiency. The superior performance of P(ANI-co-mPD) over the
homopolymers P(ANI) and P(mPD) in AZO-MIP formation was clearly demonstrated by
the significantly enhanced response of the sensor with the MIP synthesized from the
co-polymer compared to those prepared from P(ANI) or P(mPD) (Figure 8a). In addition,
the MIP-based electrochemical sensor, synthesized using co-monomers, consistently
outperformed its reference non-imprinted polymer (NIP)-based counterpart across all
tested concentrations, as depicted in Figure 8b. The difference in responses observed
between the AZO-MIP and NIP, particularly evident in the RR values (calculated using

Equation (3)), strongly indicates the successful implementation of the molecular
imprinting process.

5
0.06 42 PANI-co-mPD)| o 5 | gl AzO-MIP b
{ NP . .
PANI 0.4 RR " 4a
0.04 - PmPD 1 | .
e _c 0.3 4 " 7] -3 EE
' ” 7 2
0.02 - 027 _ % . -3
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[l PR Sl l
0.00 - 0.0 LT . —- 1
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Figure 8. (a) Responses of AZO sensor based on AZO-MIPs formed from the different polymers upon
incubation in 50 nM AZO solution in ultrapure water. (b) Responses of sensors modified with
AZO-MIP and NIP layers formed from P(ANI-co-mPD) in ultrapure water. Error bars show the
standard deviation of three measurements carried out by three independent AZO sensors.

The electrodeposited thin co-polymer film was characterized using IRSE. In Figure 2a,
Paper |, the spectrum in the region of 1400-1700 cm™ showed that P(ANI-co-mPD)
displayed the characteristic bands of both P(ANI) (red arrows) and P(mPD) (blue arrow)
at wavenumbers of 1498, 1515, and 1630 cm™?, with a shoulder at 1600 cm™. This

suggests that the synthesized co-polymer structure differs from the corresponding
homopolymers structures.

ATR AZO

— T " T T
1400 1450 1500 1550 1600

Wavenumber / cm™

Figure 9. Attenuated total reflection (ATR) absorbance of AZO powder.
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To prepare AZO-MIP, the polymer film synthesized in the presence of AZO, denoted
as P(ANI-co-mPD)/AZO, was treated with removal solution (details in Section 2.2) to
remove entrapped AZO from the polymer matrix. The film before and after the treatment
was evaluated using IRSE to ensure the removal of AZO. As can be seen in Figure 2b,
Paper |, there are changes in the frequency positions in the range 1400-1600 cm™.
Specifically, the peak at 1447 cm™ was attenuated, and peaks at 1463 and 1569 cm™
vanished after washing. Since these peak positions are close to those of AZO (Figure 9),
it can be concluded that the AZO present in the P(ANI-co-mPD)/AZO was removed after
template removal treatment, resulting in the AZO-MIP layer formation.

The formation of AZO-MIP on the Au WE was further evaluated using electrochemical
techniques, including CV and EIS, to monitor changes in charge transfer between the
redox pair in solution and the Au WE surface at each modification stage. In the result of
CV scans (Figure 10a), the reduction in both CV’s anodic and cathodic current peaks
indicated the electrodeposition of P(ANI-co-mPD)/AZO, signifying the development of a
non-conductive film hindering charge transfer at the electrode-solution interface.
The partial recovery of current peaks after template removal suggested improved
permeability of the polymer layer due to the formation of imprinted cavities of AZO-MIP.
Similar trends were observed in the EIS spectra (Figure 10b), where the semicircle
diameter representing charge transfer resistance, Rc, increased after polymer film
electrodeposition (Table 5), and then decreased after subsequent treatment with
template removal. The selective adsorption of AZO by AZO-MIP resulted in changes
observed in both the CVs and the EIS spectra.

To optimize AZO-MIP performance, a series of experiments were conducted (see
section 3.2.1, 3.2.2, 3.3.1, and 3.3.2 in Paper I). The results demonstrated that the sensor
equipped AZO-MIP formed from film generated by concentration ratio of 2:10:5 mM
(AZO:ANI:mPD) in the synthesis solution and charge density 5 mC/cm? demonstrated the
highest responses and consequently selected as optimal for further study. Additionally,
incubation time of 15 minutes in analyzed solution with pH value around 7 would benefit
AZO-MIP the most to achieve optimal analyte binding.

Table 5. Charge transfer resistance (R.) values obtained from fitting EIS spectra to a Randles
equivalent circuit consisting of a solution resistance (Rs), a constant phase element (CPE), a charge
transfer resistance (Rc), and a Warburg impedance (Wy).

Parameters Au P(ANI-co-mPD)/AZO AZO-MIP AZO on AZO-MIP
Rct (kOhms) 0.6 7.5 3.2 7.3
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Figure 10. CVs (a) and EIS (b) characterization of bare Au, P(ANI-co-mPD)/AZO, AZO-MIP and AZO
on AZO-MIP that are prepared on Au TFME.

3.1.3 Performance of AZO sensor

Limit of detection

As shown in Figure 5, paper |, the responses of the AZO sensor exhibited a quasi-linear
increase in response signal with rising analyte concentrations in the range of 6-50 nM for
both ultrapure and tap water. The LOD and LOQ values, calculated using Equations (8)
and (9), were 3.6 nM and 11.8 nM in tap water media, respectively. Since AZO
concentration in the lowland stream water was found to be as high as 73.6 nM,
the results of detection limits promise the practical utility of the AZO sensor for the
analysis of environmental water [74].

Selectivity

Two fungicides, kresoxim-methyl (KSX) and pyraclostrobin (PRC), which belong to the
same group of strobilurin fungicides as AZO, were chosen for evaluating the sensor’s
ability to distinguish between different compounds (refer to Figure 11 for molecular
structures). As evident from Figure 6, Paper |, despite their structural similarities, the AZO
sensor exhibited a stronger response to the target compound (AZO) compared to the
other tested fungicides (KSX and PRC). The signal caused by AZO presence was
approximately 2 and 4 times higher than the signals generated by PRC and KSX,
respectively. Hence, the AZO sensor could discriminate between AZO and other similar
molecules in the tap water.

CHs -
? N\/ ] RN
N N7 SN
HiC_ N o
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KSX PRC AZO

Figure 11. Fungicide molecules used in selectivity experiments, including KSX (313.3 g/mol) and PRC
(387.8 g/mol).
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To validate the accuracy of the sensor’s measurements and assess its practical utility,
recovery experiments were conducted using AZO solutions of varying concentrations in
tap water (as detailed in Table 1, Paper 1). The sensor confirmed its robust performance
with good recoveries within the range of 94% to 119%.

3.2 ML sensor

Although the previously developed ERY-selective MIP-based electrochemical sensor
showed excellent performance towards ERY [205], it failed to detect other ML despite
their similarity in molecule structure. Since many different pollutant molecules tend to
exist together in water samples, it will be interesting and economically beneficial if a
single sensor can detect more than 1 target molecule. This section describes the design
of a ML-based electrochemical sensor that is capable to detect ML class, particularly
3 members ERY, CLA, and AZI that share similarities in molecule structure.

3.2.1 Rational design of the class-selective ML-MIP

Hereby, the double recognition approach combing both non-covalent and covalent was
utilised to generate ML imprinting for class selective. The noncovalent approach relied
on hydrogen bond formation between mPD and hydroxyl group of the ML. Meanwhile,
the covalent approach aimed to form a reversible interaction between the boronic acid
group of APBA and the 1,2-diols moiety of the macrocyclic lactone unique to all ML
antibiotics (Figure 12). This well-known interaction has been employed in preparing
multiple sensors to detect various analytes [223], [224], [225].
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Figure 12. Scheme showing reversible covalent interactions between 3-APBA and 1,2-diols moiety.

To ensure the formation of covalent bond, *3C nuclear magnetic resonance analysis
was carried out on ERY, APBA, and their mixtures in PBS solutions at pH 7.4 and 4.
In Figure 13, the characteristic spectra were clearly seen in the solution of individual
molecules, while ERY spectra disappeared at a pH of 7.4 which re-emerges, albeit with
lower intensity, at a pH of 4. This observation suggested the formation of boronate ester
bonds between the molecules at a pH of 7.4 and their subsequent breakage at an acidic
pH. The result agreed with previous reports where the formation and breakage of
covalent boronate ester bonds in basic and acidic solutions [226].
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Figure 13. Liquid-state 13C NMR spectroscopy of ERY, 3-APBA and their mixture (molar ratio 1:1) at
pH 7.4 and pH 4.

Although the combination of APBA and mPD has previously been reported for the
preparation of aerogels used in silver separation [227], to the best of the author’s
knowledge, this is the first time it has been applied in the preparation of ML-MIP for class
antibiotic recognition. Using multiple functional monomers in ML-MIP synthesis allows
interactions with various regions of the template molecule, thereby improving selectivity
compared to MIPs synthesized with a single monomer.

3.2.2 Synthesis and characterization of ML-MIP film

Two functional monomers mPD and APBA with the presence of template ERY were
electrochemically to synthesis MIP film. CV measurements were caried out to determine
the electrochemical potential for the synthesis of the copolymer P(mPD-co-APBA), while
avoiding unwanted oxidation of the ERY. The CV scans (Figure 1a, Paper Il) showed that
the electropolymerization potential of the co-polymer should be selected in the range of
0.4-0.6 V. Meanwhile, the IRSE spectra (Figure 1b, Paper Il) showed no pronounced
differences in the vibrational signatures of polymer films synthesized at either 0.5 or
0.6 V, although a slight increase in the thickness at 0.6 V. Therefore, a constant potential
of 0.5 V was chosen for the electrodeposition of the P(mPD-co-APBA)/ERY co-polymer
film. The presence of APBA-related IRSE absorption bands (1320 cm™, 1425 cm™, and
1475 cm™ in Figure 1b, Paper Il) and their linear increase in intensity with higher
APBA:mPD ratios (Figure 1c, Paper Il) confirm the successful incorporation of APBA into
the copolymer, indicating the coexistence of both monomers in the poly(mPD-co-APBA)
structure.

To monitor ML-MIP formation on the sensor surface, CV and EIS measurements were
performed to correlate each modification stage with the observed changes in
charge transfer between the Au WE surface and the redox pair. The significant
depression of CV’'s anodic and cathodic current peaks, in Figure 14a, indicated the
formation of a non-electroactive film P(mPD-co-APBA)/ERY obstructs charge transfer at
the electrode/solution interface. However, after template removal treatment, a substantial
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recovery of the peaks was observed, suggesting the increased permeability of the
polymer layer to the redox probe ions via the imprinted cavities formed after the removal
of entrapped ERY molecules from the polymer; hence, ML-MIP formation.

Similar behaviour was observed in EIS spectra (Figure 14b) where the semicircle
diameter, which corresponds to the charge transfer resistance (Rct) greatly increased
after electrodeposition (Table 6), followed by a subsequent decrease after treatment in
5% acetic acid to form ML-MIP.

Nevertheless, the treatment of reference sensor (NIP) with acetic acid yielded much
less changes in the measured parameters for both CV and EIS. This validated the
suggestion that the removal of ERY from P(mPD-co-APBA)/ERY film resulted in the
observed increase in charge transfer via the imprinted cavities created in the polymer.
Furthermore, after the adsorption of 1.6 uM ERY, ML-MIP revealed more significant
change in both CV voltammogram and Rct value of EIS compared to the NIP (see Table 6),
indicating an enhanced adsorption of the target on the ML-MIP based sensor.
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Figure 14. (a) CV and (b) EIS characterization of ML-MIP preparation on SPE.

To enhance ML-MIP performance, the optimal molar concentration ratio of
Ery:mPD:APBA of 2:10:5 mM and a charge density of 5.0 mC/cm? were adopted for
preparing mMIP films (see more section 3.2.1 and 3.2.2, Paper Il). Furthermore, the
solution with pH value close to 7 could be considered optimal for ML analysis (see more
section 3.2.3, Paper Il). This is especially beneficial for ML sensor in practical application,
as environmental water typically exists at the pH ranging from 6.5 to 8.5 [228], [229].

Table 6. Charge transfer resistance (R.) values obtained from fitting EIS spectra to an equivalent
circuit consisting of a solution resistance, Rs, a charge transfer resistance, R, a constant phase
element, CPE, and a Warburg impedance, W,,.

Parameter Au P(mPD-co- | ML- ERY on P(mPD- NIP ERY on
APBA)/ERY | MIP ML-MIP | co-APBA) NIP
Rct (kohms) | 0.3 54.6 9.1 31.5 53.5 29.6 29.8
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3.2.3 Performance of ML sensor

Evaluation of molecular recognition via RR

To evaluate the molecular recognition properties of the prepared ML-MIP toward target
analytes, the responses of ML sensors to the increasing analyte concentration were
plotted as an adsorption isotherm and fitted to common models, including Langmuir;
Freundlich and LF (more detail in section 2.4.2). As observed in Figure 15 and Tables 7,
the LF model accurately describes the experimental binding interactions between
ML-MIP and analytes. These results lend credibility to the notion that the MIP
preparation process introduces a certain degree of heterogeneity into the polymer
layer which differs from either homogeneous or heterogeneous surfaces, as reported
previously [230]. This aligns with literature reports showing that the LF model more
accurately fits the practical adsorption isotherms of MIPs than either the Langmuir or
Freundlich models [205], [231], and has been successfully applied to simulate metal ion
adsorption [232], gas adsorption on surfaces [233], and adsorption on both MIP and NIP
materials [234].

Consistent with the LF model-based analysis, ML sensor signaled about a 4-fold higher
response (RR values of 3.8, 3.5 and 4.4 for ERY, CLA and AZI, respectively, in Table 7) than
the NIP-based reference as saturation. Since the NIP differs from the ML-MIP solely by
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Figure 15. Adsorption isotherms of ML-MIP and NIP-based sensors upon binding of increasing
concentrations of (a) ERY, (b) CLA, and (c) AZI. Fits to the Langmuir (L), Freundlich (F), and Langmuir-
Freundlich (LF) isotherms are represented by dashed, short-dashed, and solid lines, respectively.
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the absence of ERY during polymerization, such a significant difference highlights the
molecular recognition ability of ML-MIP, attributed to binding cavities formed in the

presence of ERY during polymerization.

Table 7. Parameters derived from fitting the adsorption isotherms of target analytes on ML-MIP and

NIP to Langmuir, Freundlich and LF models.

Langmuir Freundlich LF
ML-MIP NIP ML-MIP NIP ML-MIP NIP
Imax 0.6 0.2 0.20 0.04 0.84 0.22
10.1 $0.1 +0.01 +0.01 +0.06 +0.02
ERY Kp(uM) 12.8 25.2 - - 6.0 10.1
m - - 0.2 0.2 0.5 0.6
RR .0 5.0 3.8
R? 0.919 0.992 0.993
Imax 0.70 0.20 0.40 0.10 0.77 0.22
+0.03 +0.04 +0.02 +0.01 +0.03 +0.01
Kp(uM) 2.2 9.7 - - 2.0 6.0
CLA m - - 0.1 0.2 0.5 0.6
RR 5 4.0 3.5
R? 0.963 0.991 0.986
Imax 0.80 0.20 0.20 0.08 0.96 0.22
+0.04 +0.04 +0.02 +0.02 +0.05 +0.01
AZI Ko(uM) 9.6 5.0 - - 5.1 3.4
m - - 0.2 0.2 0.5 0.6
RR 4.0 2.5 4.4
R? 0.952 0.980 0.990

Limit of detection

In Figure 3d, Paper I, the response increases linearly with the analyte concentrations of
each ML at a low analyte concentration range of 2-20 nM. The LOD and LOQ within
the range of ca. 1-2 nM and 4-5 nM (Table 8), respectively, indicated a significant
improvement over previously reported MIP-based electroanalytical sensors (Table 9) for
macrolide antibiotic detection.

Table 8. Parameters obtained from the linear regression of the sensor’s response to low
concentrations of the analytes as Figure 3d, paper II.

Analyte Slope SD LOD (nM) LOQ (nM) R?
ERY 1.76E-3 6.7E-4 1.1 3.8 0.996
CLA 2.02E-3 9.5E-4 1.4 4.7 0.994
AZl 1.87E-3 0.001 1.6 5.3 0.992




Table 9. Recent electroanalytical methodologies of MIP-based sensor platforms for macrolide
detection in water.

Platform Analyte | Interaction LOD (nM) LOQ (nM) Ref
Surface plasmon ERY non-covalent 400 Not found [235]

resonance
Microcantilever ERY non-covalent 1000 3000 [236]
Electrochemical AZI non-covalent 120 340 [183]
Electrochemical AZI non-covalent 80 300 [237]
Electrochemical ERY non-covalent 0.1 0.4 [205]
Electrochemical ERTA’ZCILA’ semi-covalent 1.1-16 34-53 This work

Selectivity

Three antibiotic candidates, including sulfamethizole (SMZ), ciprofloxacin (CIP), and
amoxicillin (AMO) were chosen to test the sensor’s selectivity (refer to Figure 16 for
molecular structures). They belong to different antibiotic classes of penicillin,
fluoroquinolones, and sulfonamides, respectively, which coexist with targets in the same
environment due to their broad prescription and the possibility of being combined with
ML. The result in Figure 4, Paper Il demonstrated that ML sensors responded higher
towards the three MLs than AMO, CIP, and SMZ in PBS.
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Figure 16. Antibiotic molecules used in used in selectivity experiments, including SMZ (270.3 g/mol),
CIP (331.3 g/mol), and AMO (365.4 g/mol).

To test in a more complex matrix, tap water was spiked with the required amount of
each analyte to prepare the sample solutions. Figure 5a, Paper Il indicated that the
sensor clearly distinguished between the recognition of MLs and other molecules.
As the concentration of interfering analytes increases, there were no significant changes
in the sensor’s responses observed. In contrast, the responses exhibited a proportional
increase with rising concentrations of ML. Thus, the sensor’s selective property is preserved
even in the intended media such as tap water, which contains multiple dissolved ions
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Table 10. Recoveries of each ML antibiotic on ML sensor in tap water samples as calculated by
Equation (10).

Macrolide Amount spiked (uM) Found Ery (uM) Recovery (%)
0.04 0.0410.01 9312
ERY 0.20 0.19%0.03 95+2
8.00 8.16+0.10 102+1
0.04 0.04+0.01 9612
CLA 0.20 0.20+0.03 98+2
8.00 8.60+0.02 108+1
0.04 0.04+0.01 95+2
AZI 0.20 0.19+0.02 9612
8.00+ 7.9210.05 99+1

(e.g., bicarbonate, calcium, sodium, potassium, manganese, sulphate, and fluoride),
along with trace compounds that meet drinking water quality standards [238], [239].

Moreover, the sensor’s response was studied in the exposure to an aqueous solution
containing a mixture of MLs. Thus, tap water spiked with 0.04, 0.2 and 1 uM
concentrations of MLs and their equimolar mixture were prepared, and the induced
responses were analyzed. As shown in Figure 5b, Paper Il, the responses generated by
the mixtures were comparable with those caused by individual MLs at the same
concentration (differences range from 3% to 10%). This observation suggested that the
sensor selectively recognizes the parent macrocyclic lactone central to all MLs, thereby
crediting the significance of the imprinting strategy.

The recoveries of the analytes were examined in tap water fortified with different
concentrations of each ML. The results (Table 10) showed good recoveries ranging from
93% to 108%, indicating the sensor’s adaptability for use in the intended media.

3.3 AMP sensor

This section describes the design of an AMP sensor, which employs RuO; electrode as
both an electrochemical transducer and an intrinsic redox probe. This innovative
approach eliminates the reliance of traditional MIP-based sensors on external redox
probes. The working principle, rational design, key characteristics of the sensor, and its
performance in natural complex aqueous samples are thoroughly examined.

3.3.1 AMP sensor working principle
The working principle of the AMP sensor is illustrated in Figure 17. During LSV, the RuO>
electrode undergoes oxidation, prompting anions from the electrolyte to diffuse toward
the electrode through the empty imprinted binding cavities of the AMP-MIP layer to
compensate for the positive charge close to electrode’s surface, thereby sustaining the
current flow between the electrode and the solution within the electrochemical cell.
With the present of AMP in the solution, its molecule rebind to the imprinted cavities,
obstructing the diffusion of ions and leading to a noticeable change in the measured
current. Therefore, the sensor detects the presence and quantity of AMP by changing in
peak current observed during LSV.
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Figure 17. Scheme of working principle of the AMP sensor, which utilizes RuO, as both a transducer
and an internal redox probe material. In the absence of AMP, the charge is transferred through the
binding cavity, providing a strong current peak (blue curve). After AMP rebinding, the non-conducting
antibiotic molecules obstruct the charge transfer, resulting in a reduced current peak (red curve).

3.3.2 Functional monomer selection

Electropolymerizable monomers, including 1,8-DAN, ANI, EDOT, mPD, and PYR (Figure 2,
Paper IIl) were considered as potential functional monomers for MIP synthesis. Following
the calculation of binding energies, the results (Table 1, Paper Ill) showed that mPD
exhibited the greatest overall binding energy, signifying its capability to form robust
hydrogen interactions with AMP. Therefore, further experimental work uses mPD as a
functional monomer.

3.3.3 Synthesis and characterization of AMP-MIP films

The initial experiments to assess the performance of AMP-MIP for the detection of AMP
were conducted on the Au slide, which is well-known for its stable surface chemistry and
electrochemical properties [240], [241]. CV measurements were performed to
determine the suitable electrochemical potential for synthesizing PmPD while avoiding
the undesired oxidation of AMP. The fragment of the first cycle of CV scans (Figure 18a)
revealed that mPD undergoes oxidation at approximately 250 mV, while AMP shows
negligible activity. Based on this, a potential range of -0.2 to 0.4 V at a scan rate of
50 mV/s over 15 cycles was used to synthesize PmPD/AMP film on the Au slide (Figure
18b). The modified electrode was immersed in a washing solvent of acetic acid and
methanol in a volume ratio of 1:19 and vortexed for 60 minutes to remove AMP, resulting
in the formation of AMP-MIP. The results of CV characterization in redox solution
(Figure 18c) indicated a decrease in both the anodic and cathodic current peaks after
the electrodeposition of PmPD/AMP. This suggested the formation of a non-conductive
film that hinders the charge transfer at the interface between the electrode and the
solution. The increase in current peaks after the washing out process showed that the
polymer layer has become more permeable, proving the formation of imprinted cavities
on polymer film. Following AMP rebinding, a substantial depression of the current
peaks could be observed. This is most likely indicative of the adsorption of AMP
molecules on the preformed binding cavities on AMP-MIP resulting in the expected
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reduction of the charge transfer. This experiment was crucial in the AMP sensor
development process as it demonstrated the initial selectivity of AMP-MIP, suggesting its
potential effectiveness when later combined with the RuO> WE.
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Figure 18. CV recorded on the gold slides at a scan rate of 50 mV/s, showing (a) a fragment of the
first cycle in PBS containing either 10 mM mPD or 2 mM AMP, and (b) their electrodepolimerization
resulted in PmPD/AMP in PBS (c) the characterization of bare gold Au, PmPD/AMP modified Au,
AMP-MIP modified Au before, and after AMP adsorption.

The gradual decrease in redox peak currents upon the addition of mPD into PBS
solution confirms the successful electropolymerization of a non-conductive PmPD film
on the RuO, working electrode, as it increasingly hinders charge transfer (Figure 4, Paper
). To further modify the electrode with the PmPD/AMP layer, CV was employed,
enabling precise control over film thickness. By adjusting the number of CV cycles to 5,
the thickness of the layer ensured the optimal synergy between the AMP-MIP and the
RuO2 WE, enhancing the sensor's performance (see Section 3.3.1, Paper Ill). The AMP
sensor’s incubation time of 30 minutes was used for further experiments (see Section
3.3.2, Paper lll).

Each stage of the AMP sensor preparation process was closely monitored by LSV,
where the modifications of the RuO: electrode surface were expected to induce changes
in charge transfer capability through the electrode surface. As shown in Figure 5a, Paper
Ill, a marked reduction in peak currents was observed following the electrochemical
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deposition of PmPD/AMP, indicating surface passivation by electrochemically inactive
materials. However, upon treatment with a washing solution to form AMP-MIP, a partial
recovery of the previously diminished peaks indicates the removal of the trapped
template molecules, thus forming molecular cavities in the polymer and facilitating
charge transfer at the electrode/solution interface.

Conversely, similar treatments on NIP, or the PmPD-modified RuO, electrode, caused
no significant changes in the LSV voltammograms (Figure 5b, Paper lll). This result
supported, indirectly, that the current rise after treatment with the washing solution of
PmPD/AMP was likely due to AMP removal. Thus, the imprinting of AMP in the PmPD
film could be said to be successfully achieved.

3.3.4 Performance of AMP sensor

Limit of detection

From Figure 8d, Paper lll, the response of the AMP sensor linearly increased with analyte
concentrations up to 50 nM in pond water, resulting in LOD and LOQ values of 6 nM and
19 nM, respectively. This indicated the suitability of the sensor for analyzing AMP in
environmental water samples, as AMP is found in surface water at approximately 46 nM
and in wastewater effluents in the range of 7-121 nM [81], [242].

Selectivity

Two antibiotic candidates, AMO and doxycycline (DOX), were chosen to evaluate the
sensor’s ability to distinguish between different compounds (molecule structures are
presented in Figure 7, Paper Ill). AMO shares structural similarity with the target molecule
(AMP), as both belong to the aminopenicillin class, while DOX represents a structural
distinct from tetracycline class. The results in Figure 8a-b, Paper Ill, demonstrated that
the AMP sensor exhibits significantly higher response and RR for 10 uM of the target
AMP compared to AMO and DOX, in both PBS and pond water.

Additionally, the sensor's performance was evaluated in pond water spiked with a low
concentration (50 nM) of each antibiotic, mimicking real-world conditions as found for
AMP in surface water and wastewater effluents. As shown in Figure 8c, Paper I, the AMP
sensor demonstrated the highest response towards AMP compared to AMO and DOX.
The RRs were also higher for AMP, underscoring the significance of forming an AMP
imprinted cavities within the AMP-MIP layer that allows the discriminatory recognition
of the target over other antibiotics.

To validate the reliability and accuracy of the sensor, recovery experiments were
conducted using AMP solutions of varying concentrations in pond water (as detailed in
Table 2, Paper IIl). The recoveries within the range of 98% to 114% confirms sensors’
robust performance.
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Conclusions

This thesis presents several novel contributions to the field of MIP-based electrochemical
sensors for environmental monitoring. First, an AZO-selective MIP-based
electrochemical sensor was developed, enabling rapid detection of AZO at
environmentally relevant concentrations and representing a significant advancement
in agricultural pollutant monitoring. Second, a class-selective MIP was synthesized,
allowing the creation of an electrochemical sensor capable of detecting structurally
similar compounds—particularly ML antibiotics—in a single measurement. Third, by
combining a RuO, electrode with an AMP-selective MIP, a sensor was developed
that enables reliable and accurate detection of AMP without the need for an external
redox probe solution. More specifically, the following significant conclusions can be
drawn from this study:

e The developed AZO-selective MIP exhibited strong selectivity when
integrated with the electrode, enabling the construction of a sensor capable
of rapid and accurate AZO detection. The sensor demonstrated a LOD of
3.6 nM and a LOQ of 11.8 nM in tap water. Given that AZO concentrations in
lowland stream water can reach up to 73.6 nM, the sensor demonstrated the
promising utility for cost-effective and routine monitoring of agricultural
fungicide contamination.

e By targeting a MIP against a shared chemical structure common to a group
of compounds, a class-selective material can be generated. In this study,
selective recognition of ML antibiotics (ERY, CLA, and AZl) was achieved by
employing APBA and mPD as functional monomers, leveraging the synergistic
effects of covalent and noncovalent interactions. Specifically, SPE modified
with the ML-selective MIP yielded the portable sensor element exhibiting
appreciable recognition for macrolides, including ERY, CLA, and AZI, with low
LOD (1-2 nM) and LOQ (4-5 nM) in tap water. Considering the low-cost and
scalable SPE format, the finding offers strong potential for practical
implementation in routine environmental monitoring of pharmaceutical
pollutants.

e A MIP-based electrochemical sensor was developed for the reliable detection
of AMP, employing RuO, as both the transducer and internal redox probe.
Eliminating the need for an external redox solution enhanced detection
reliability by reducing interference from external electroactive species.
The sensor achieved a LOD of 6 nM in natural pond water, clearly
demonstrating its potential for accurate analysis for antibiotic pollutants in
environmental water.

e The combination of computational modelling and experimental studies
enabled the rational selection of functional monomers, improving the
performance of the sensors for their respective targets.

e All prepared sensors effectively distinguished target analytes from both
structurally similar and dissimilar compounds across complex water
matrices and achieving high recoveries between 93% and 119% in real
water samples, confirming their robust and accurate performance, as well as
suitability for environmental monitoring applications. The miniaturized
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design of all sensors enables portable electrochemical detection of target
contaminants, making them highly suitable for in-field environmental
applications.

This study demonstrates validated and effective strategies for developing
MIP-based electrochemical sensors targeting environmental pollutants in
aqueous media.
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Summary

Molecularly Imprinted Polymer-modified Electrodes for Electrochemical
Sensing of Emerging Aqueous Pollutants

Environmental pollutants released into the environment from healthcare and
agricultural activities have exaggerated the situation of pollution and posed a significant
threat to both public health and the balance of ecosystems. The spread of fungicides and
antibiotics in water bodies causes toxicity and promotes the development of antibiotic-
resistant bacterial strains, which affect human health by posing significant challenges to
disease treatment. Therefore, the detection of these compounds in environmental water
is crucial for safeguarding aquatic and human life.

For decades, conventional techniques such as high-performance liquid chromatography
and mass spectrometry have been utilized to quantify such pollutants. However, they are
usually associated with high cost, complex systems, or required skillful operators that are
not suitable for routine pollutants monitoring. Even though biosensors and chemical
sensors are developed for in-field environmental monitoring applications, they often
accompanied by unstable natural receptors or limited selectivity, which can be improved
using synthetic recognition elements.

Recent research thus has been focused on artificial molecular recognition material
called molecularly imprinted polymer (MIP). MIPs are stable crosslinked polymer
matrices containing engraved molecular recognition sites specific to the target analytes,
which act as a synthetic recognition element when paired with electrochemical
transducers, providing a portable sensors platform for accurate and rapid analysis.
However, their practical implementation remains limited due to challenges in ensuring
reliable performance when measuring real-world environmental samples. For instance,
the design of MIP-based electrochemical sensing platform to detect AZO in complex
water samples has not been previously reported. Additionally, the possibility of
class-selective detection can further advantage the environmental monitoring since
pollutants usually exist together in water samples. Furthermore, the performance of
MIP-based electrochemical sensors usually replies to external redox probes which retain
design complexity and potential interference with electroactive species. Hence,
the development of an alternative strategy that enables direct signal generation while
minimizing interference and simplifying sensor design would be highly beneficial.

This thesis aims to develop MIP-based electrochemical sensors for fast and reliable
detection of both individual targets such as AZO and AMP, and broader pollutant classes
such as the ML class of antibiotics.

To trace fungicide AZO amounts in water, the AZO-selective MIP was synthesized on
a gold electrode to generate AZO-MIP based electrochemical sensor (AZO sensor).
Aniline and m-phenylenediamine (mPD) were used as functional monomers, providing
stronger binding energy to the AZO, as demonstrated by quantum chemical modeling
results estimating the complex’s energy.

ML antibiotic members, including erythromycin (ERY), clarithromycin, and azithromycin
are commonly found in aqueous ecosystems according to EU surface water watch list of
emerging pollutants. To detect them, class-selective MIP film was electrochemically
deposited on the surface of gold electrode to form ML-MIP based electrochemical
sensor (ML sensor). The MIP film was prepared by electrochemical polymerization of
3-aminophenylboronic acid (APBA) and mPD as dual-functional monomers in the
presence of ERY as a template. By employing the reversible covalent interactions

69



between diols of macrolide and boronic acids of APBA as well as the noncovalent
interactions between macrolide and mPD, a dual recognition involving the central
macrocyclic lactone exclusive to all macrolides was successfully achieved, thus permitting
the possible broad recognition of individual members of the class.

To overcome limitations associated with external redox probes, a single ruthenium
oxide (RuO,) electrode can serve a dual purpose—an electrochemical transducer and an
internal redox probe—allowing direct signal measurement and eliminating the need for
external probe solutions. Thus, poly(mPD) was deposited in the presence of AMP on a
RuO; electrode to fabricate an AMP sensor for direct detection of AMP in pond water.

All the designed sensors in this thesis are characterized by electrochemical
measurements, AZO and ML sensors were additionally characterized by ellipsometry
method. Following optimizations of the pre-polymerization composition, polymerization
parameters, and rebinding conditions, low limit of detections were achieved for AZO
(3.6 nM), ML (1.1-1.7 nM), and AMP sensor (6.0 nM), demonstrated their capabilities to
detect relevant concentration. Moreover, all sensors exhibited satisfactory selectivity
and good recoveries (93-119%) for target analytes in tap or pond water samples,
indicated their practical application in complex aqueous media. The presented approaches
of preparing MIP-based electrochemical sensors hereby demonstrated their potential for
selective and direct detection of fungicide and antibiotic contaminants in water at nM
levels in which they naturally exist. The developed protocols offer a promising foundation
for the reliable and effective design of portable analytical devices, suitable for routine
in-field monitoring of emerging evironmental pollutants in aqueous media.
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Lihikokkuvote

Molekulaarselt jiljendatud poliimeeriga modifitseeritud elektroodid
esilekerkivate veesaasteainete elektrokeemiliseks tuvastamiseks

Tervishoiu- ja pollumajandustegevusest parinevad keskkonnasaasteained on siivendanud
keskkonnareostuse ulatust ning kujutavad tésist ohtu nii rahvatervisele kui ka
okosiisteemide tasakaalule. Fungitsiidide ja antibiootikumide levik veekeskkonnas
pohjustab toksilisi mojusid veedkosiisteemidele ning antibiootikumide puhul soodustab
ka resistentsust pGhjustavate geenide levikut, mis mdjutab inimtervist, raskendades
nakkushaiguste ravi. Seetdttu on nende Uhendite usaldusvaarne ja tdpne tuvastamine
keskkonnavees llioluline nii veedkostisteemide sailitamiseks kui ka rahvatervise kaitseks.
Traditsiooniliselt on saasteainete kvantitatiivseks madaramiseks kasutatud klassikalisi
analtusimeetodeid, nagu vedelikkromatograafia ja massispektromeetria. Kuigi need
meetodid on vdga tdpsed ja tundlikud, kaasnevad nende rakendamisega markimisvaarsed
kulud, keerukas seadmestik ning vajadus kdrge kvalifikatsiooniga personali jarele, mis
piirab nende sobivust rutiinseks keskkonnaseireks. Viimastel aastatel on keskkonnaseiresse
integreeritud ka keemilisi ja bioloogilisi sensoreid, kuid nende laiemat kasutust
takistavad sageli bioloogiliste retseptorite ebastabiilsus ja selektiivsuse puudulikkus.
Neid kitsaskohti aitavad Uletada stinteetilise tundlikku elemendiga sensorid, mis pakuvad
alternatiivina paremat stabiilsust ja sihtmargipd&hist tuvastust.

Viimaste aastate teadusuuringud on keskendunud tehislikele molekulaarse aratundmise
materjalidele, eeskatt molekulaarselt jiljendatud polimeeridele (MIP, molecularly
imprinted polymers). MIP-id on keemiliselt ja mehhaaniliselt stabiilsed vorkstruktuuriga
poliimeerid, mis sisaldavad sihtmolekulidele spetsiifilisi aratundmiskohti, nn “malupesi”.
Need toimivad slinteetiliste retseptoritena, jiljendades bioloogiliste retseptorite
selektiivsust. Integreerituna elektrokeemiliste muunduritega vdimaldavad MIP-d luua
miniatuurseid, kaasaskantavaid ja kuluefektiivseid sensorplatvorme kiireks ja tapseks
anallisiks. Kuigi MIP-pdhiseid elektrokeemilisi andureid on ulatuslikult uuritud, on
nende praktiline rakendamine saasteainete tuvastamiseks veekeskkonnas seni piiratud.
Peamiseks takistuseks on raskused tagada moodtmiste reprodutseeritavus ja tundlikkus
keerukates reaalsetes proovides. Lisaks, puudub kirjanduses seni MIP-pGhise
elektrokeemilise sensorplatvormi valjaté6tamine fungitsiidi asoksustrobiini (AZO)
tuvastamiseks. Samuti vdib Uhendiklassile selektiivne tuvastusvGime osutuda eriti
kasulikuks keskkonnaseires, arvestades, et saasteained esinevad veeproovides sageli
segudena. Enamasti viiakse MIP-pohiste elektrokeemiliste sensorite signaali mé6tmine
labi vdlise redoksindikaatori, naditeks heksatstanoferriidi, juuresolekul. Sellisel juhul
soltub redoksreaktsioonist tingitud voolutugevus sellest, kui efektiivne on elektrilaengu
tlekanne elektroodi ja lahuse piirpinnal. Sihtmolekulide seostumine MIP-iga
avaldub tavaliselt voolutugevuse vahenemisena. Antud ldhenemine lisab aga
moodtmisprotseduurile  keerukust, vdib pdhjustada hairinguid elektroaktiivsete
komponentide olemasolul ning annab ainult kaudse signaali, mis peegeldab mitte Gksnes
sihtmolekuli sidumist poliimeeriga, vaid ka vBimalikke muutusi polimeeri struktuuris
interaktsiooni kdigus. Seetdttu on oluline tédtada valja alternatiivne lahendus, nditeks
redoksindikaatori integreerimine elektroodimaterjali, et véimaldada otsest
signaalimdotmist, vahendada hairinguid ja lihtsustada mddtmisprotseduuri.

Kéesoleva doktorit6é eesmark oli vilja tootada MIP-pohised elektrokeemilised
sensorid, mis voimaldavad kiirelt ja usaldusvaarselt tuvastada nii individuaalseid
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saasteaineid — nagu asoksistrobiin (AZO) ja ampitsilliin (AMP) — kui ka laiemat
saasteainete klassi, naiteks antibiootikumide makroliidide (ML) klassi.

Esmakordselt tootati valja AZO suhtes selektiivne MIP-pShine elektrokeemiline sensor
(AZO-sensor), mis tdidab olulise teadusliku ja praktilise linga fungitsiidide tuvastamise
valdkonnas. Funktsionaalsete monomeeridena kasutati aniliini (ANI) ja m-feniileendiamiini
(mPD), mis tagasid AZO molekulile parema sidumisenergia, nagu néitasid kvantkeemilise
modelleerimise tulemused kompleksi energia hindamiseks.

Vastavalt ELi pinnavee jalgimisnimekirjale esilekerkivatest saateainestest esinevad
makroliidid, sealhulgas erttromitsiin (ERY), klaritromutsiin (CLA) ja asitromutsiin (AZI),
tavaliselt veekeskkondades. Selles t60s t66tati nende tuvastamiseks valja makroliidide
klassile selektiivne MIP -pdhine elektrokeemiline sensor (ML-sensor). MIP-kile
valmistati kahe funktsionaalse monomeeri 3-aminofeniilboroonhappe (APBA) ja
m-feniileendiamiini (mPD) elektrokeemilise polliimerisatsiooni teel ERY juuresolekul.
Makroliididele Ghise struktuurielemendi — makrotsiklilise laktooni — molekulaarne
seondumiskoht moodustus poliimeeris poolkovalentse (semi-covalent) jaljendamise
meetodil, mis pobhines poorduvatel kovalentsetel interaktsioonidel makroliidi
cis-dioolrihmade ja APBA boroonhapperiihmade vahel ning mittekovalentsetel
interaktsioonidel (peamiselt vesiniksidemed) ERY ja mPD vahel.

Vilise redoksindikaatori kasutamise vajaduse kdrvaldamiseks too6tati vélja AMP-sensor,
kus MIP polimeerikiht slnteesiti RuO, elektroodile, mis tditis samaaegselt
redoksindikaatori ja elektrokeemilise muunduri rolli. Selline ldhenemine vilistas
vajaduse tdiendavate mdGtmisetappide jarele ning voimaldas AMP otsest ja selektiivset
tuvastamist tiigivees.

Kdiki selle doktorit6o raames valja to6tatud sensoreid iseloomustati elektrokeemiliste

modtmiste abil, nagu tsiukliline voltammeetria (CVA) diferentsiaalne impulss
voltammeetria (DPV), elektrokeemiline impedantsspektroskoopia (EIS). AZO- ja
ML-sensoreid tdiendavalt iseloomustati ka ellipsomeetrilise spektroskoopia (IRSE)
meetodiga. Parast polimerisatsiooni tingimuste ja analliiidi taassidumise parameetrite
optimeerimist saavutati jargmised avastamispiirid: AZO-sensori puhul 3,6 nM,
ML-sensori puhul 1,1-1,7 nM ning AMP-sensori puhul 6,0 nM, mis kinnitas nende
vOimekust tuvastada sihtanalliti keskkonnale olulistes kontsentratsioonides. Lisaks
naitasid kdik sensorid head selektiivsust ja rahuldavat analtdtilist taastumist (93—119%)
sihtanalGiidi madramisel kraani- ja tiigivee proovides, mis nditab nende praktilist
rakendatavust keerukametes vesikeskkondades.
Doktoritd6 uudsus seisneb selles, et esmakordselt on valja tootatud MIP-pShised
elektrokeemilised sensorid fungitsiidi AZO ja makroliidide (ML) maaramiseks
veekeskkondades ning valmistatud sisseehitatud redoksindikaatoriga MIP-sensor
RuO, elektroodil AMP tuvastamiseks. Esitatud |dhenemisviisid MIP-pdhiste
elektrokeemiliste sensorite valmistamiseks tdestavad nende potentsiaali fungitsiidide
ja antibiootikumide saasteainete selektiivseks ja otseseks mdaramiseks nanomolaarses
kontsentratsioonivahemikus, milles neid looduslikult veekeskkonnas leidub. Valjato6tatud
meetoditel on markimisvaarne potentsiaal usaldusvaarsete ja tohusate kaasaskantavate
anallitiliste seadmete arendamiseks, mis voimaldavad keskkonnasaasteainete
kohapealset rutiinset seiret vesikeskkonnas.
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Abstract: This work presents an electrochemical sensor detecting a fungicide-azoxystrobin (AZO) in
aqueous environments. This AZO sensor utilizes a thin-film metal electrode (TFME) combined with
an AZO-selective molecularly imprinted polymer (AZO-MIP). The AZO-MIP was directly generated
on TEME through electrochemical polymerization from the solution containing two functional
monomers: aniline (Ani) and m-phenylenediamine (mPD), and the template: AZO, which was
afterwards removed to form AZO-selective cavities in the polymer matrix. The AZO-MIP preparation
was characterized by electrochemical and ellipsometry measurements. Optimization of the synthesis
parameters, including the charge density applied during electrodeposition, the monomer-to-template
ratio, was performed to enhance the sensor’s performance. The results demonstrated that the AZO
sensor achieved a low limit of detection (LOD) of 3.6 nM and a limit of quantification (LOQ) of
11.8 nM in tap water, indicating its sensitivity in a complex aqueous environment. The sensor also
E':)e‘f:tfg; exhibited satisfactory selectivity for AZO in both ultrapure and tap-water samples and achieved a
. good recovery (94-119%) for the target analyte. This study highlights the potential of MIP-based
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M : contributing to the advancement of analytical tools for water-quality monitoring and risk assessment.
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1. Introduction
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The presence of various organic pollutants in environmental water poses significant

risks to both human and environmental health. Agrochemicals, namely fungicides, have
Received: 29 March 2024 garnered significant interest among these pollutants. This is because they are essential for
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Accepted: 9 May 2024 in consumption comes with a significant level of toxicity to a broad range of organisms and
Published: 14 May 2024 aquatic biota [1]. Azoxystrobin (AZO), a common fungicide used in agriculture, belongs to

the strobilurin class and is renowned for its broad-spectrum effectiveness against a wide
range of fungal pathogens [2]. It functions by suppressing the respiratory chain in fungi,
therefore impeding their growth and reproduction [3].

According to a recent report from Maximize Market Research, the global AZO market
exhibited a substantial growth trajectory, escalating from USD 0.91 billion in 2021 to a
remarkable projection of USD 1.93 billion by 2029 [4]. This remarkable surge in AZO usage
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to aquatic ecosystems due to its highly toxic nature. According to the European Food
Safety Authority, AZO can rapidly eradicate up to 50% of aquatic organisms within a short
period, even at concentrations as low as 1 mgL~! [8]. This alarming toxicity level is a
cause for concern, especially when considering its adverse effects on fishes, particularly
those where exposure to the pollutant can cause them to suffer from various health issues,
including physiological disruptions, reduced growth rates, reproductive disorders, and
even mortality [9-12]. Studies have demonstrated that AZO causes oxidative stress and
apoptosis in aquatic species, impacting their mitochondrial respiration. [11]. Moreover,
prolonged exposure to AZO could disturb the fragile equilibrium of aquatic ecosystems. For
example, AZO concentrations in the range of 0.2-0.5 mgL ! significantly reduce the growth
of eukaryotic algae in freshwater [13], and they can harm aquatic plants by inhibiting
antioxidant enzymes and causing DNA damage [14].

Furthermore, the potential risks of AZO exposure extend to human health by contami-
nating water supplies. Extended exposure to AZO has been associated with suppression
of mitochondrial oxidative respiration and changes in neuronal cell lipid abundance [15].
Also, genotoxic activity risk has been identified, showing varying effects with short-term
and long-term exposure, depending on age groups [16].

Conventional analytical techniques, including high-performance liquid chromatogra-
phy (HPLC) [17,18] and gas chromatography-mass spectrometry (GC-MS) [19] have been
widely used for analyzing azoxystrobin. However, these techniques often require expensive
equipment and skilled personnel, rendering them impractical for quick on-site evaluations.
Given the widespread use and persistence of AZO in water bodies, the development of
simple and commercially feasible sensing technologies to detect AZO becomes imperative
to assess and mitigate the associated risks.

In designing chemo/biosensors, molecular imprinting technique stands out as an indis-
pensable means of generating the state-of-the-art recognition elements called molecularly
imprinted polymers (MIPs). MIPs, crosslinked polymer matrices with engraved molec-
ular recognition sites specific for the target analyte [20], have distinguished themselves
as versatile biomimetic receptors in analytical chemistry, offering promising alternatives
to biological receptors for sensitive and selective target analyte detection [21]. MIPs inte-
grated with various sensor transducers have been extensively studied for the detection of
numerous environmental pollutants [22,23]. Electrochemical sensors, in particular, have
garnered significant interest. They offer real-time monitoring of analytes, simplicity in
handling, and sufficient sensitivity at a reduced cost. Additionally, their compatibility with
microfluidic systems, large-scale fabrication, and multiplexing technologies makes them an
ideal starting point for realizing low-cost and portable sensing platforms suitable for the
in-field detection and quantification of environmental contaminants [24,25].

Despite the potential of MIP-based electrochemical sensors, their development for
AZO detection in water remains limited. To the best of our knowledge, the synthesis of
MIPs tailored for AZO recognition and their subsequent application in electrochemical
sensing platforms have not been previously reported.

This work aims to address this knowledge gap by developing a MIP-based elec-
trochemical sensor for the sensitive and selective detection of AZO in aqueous media.
Two functional monomers, namely, aniline (Ani) and meta-phenylenediamine (mPD), were
selected among other electropolymerizable monomers through computer modelling. This
involved estimating the geometric optimization using Universal Force Field (UFF) and the
binding energies using density functional theory (DFT)-based quantum chemical calcu-
lation. The successful implementation of this AZO-MIP-based sensor (AZO sensor) will
provide a valuable tool for the rapid on-site monitoring of AZO in water, facilitating early
detection and mitigation of potential risks associated with its presence.
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2. Materials and Methods
2.1. Chemicals and Materials

All used chemicals, except acetic acid supplied by Lach-ner, were purchased from
Sigma, St. Louis, MO, USA. The chemicals were received and stored under standard
conditions. The aqueous solutions were prepared with ultrapure water (Direct-Q 3 UV
Water Purification system, resistivity 18.2 M(Q) cm at 25 °C, Merck KGaA, Darmstadt,
Germany). The polymer synthesis was conducted in phosphate buffered saline (PBS)
(0.01 M, pH 7.4) containing 20% of acetonitrile. Analyte solutions were meticulously
prepared using ultrapure as well as tap water. All electrochemical measurements were
conducted in a 0.3 M KCl solution containing 4 mM redox probe K3[Fe(CN)g]/K4[Fe(CN)g].
Thin-film metal electrodes (TEME) were obtained from MicruX Technologies, Gijon, Spain,
and consisted of a 1 mm diameter circular (approximately 0.785 mm?) gold working
electrode (WE), a gold reference electrode (RE), and a gold counter electrode (CE). To
perform all electrochemical measurements, TEFME were connected to an electrochemical
workstation (Reference 600, Gamry Instruments, Warminster, PA, USA). The potentials
associated with the TFME activation process were referenced against the Ag/AgCl/3 M
KCl external reference electrode, while all other potentials were referenced against the RE
of TFME.

2.2. Functional Monomer Selection

To select the suitable functional monomer, electropolymerizable monomers including 2-
methyl-4-nitroaniline (2M4N), 3-aminothiophenol (3ATP), aniline (Ani), meta-phenylenediamine
(mPD), pyrazole (PRZ), and pyrrole (PYR) were selected. The binding energy between each
monomer and AZO was estimated with a 1:1 ratio. The initial structures of their pre-polymerization
complexes were prepared and subjected to geometric optimization using Avogadro 1.2.0 software,
employing the Universal Force Field (UFF) for energy minimization. Subsequently, binding
energies were computed utilising density functional theory (DFT) method at B3LYP/6-31+G level,
employing Gaussian ‘09 software packages.

2.3. Sensor Preparation

The AZO sensor was prepared by the electrodeposition of an AZO-MIP film on the WE
surface of gold TEME. Prior to electrodeposition, the WE and RE of TFME were activated
by cycling the potential between 0.5 and 1.55 V in a 0.05 M sulfuric acid solution, with a
scan rate of 100 mV /s, for a minimum of 10 cycles. Subsequently, they were rinsed with
ultrapure water and dried under a nitrogen atmosphere.

Co-polymer of Ani and mPD film containing AZO, denoted as poly(Ani-co-mPD)/AZO,
was synthesized at the constant current of 0.3 pA in a setup where the electrodes of TFME were
exposed to a PBS with 20% of acetonitrile containing Ani, mPD and AZO, at the determined opti-
mal concentrations. Molecular imprints of AZO were generated within poly(Ani-co-mPD)/AZO
by immersing the modified electrode in a 5% acetic acid solution on vortex for 30 min, followed
by ultrapure water for 30 min to remove AZO, resulting in AZO-MIP formation.

To ensure the coexistence of Ani and mPD in the poly(Ani-co-mPD), and to evaluate
the efficiency of the removal process using a 5% acetic acid solution, a custom build dry-air
purged IR spectroscopic ellipsometer externally attached to a FI-IR spectrometer (Vertex 70,
Bruker, Billerica, MA, USA) was employed. The tan¥ measurements were taken in the
mid infrared spectral range at incidence angles of 70° and 80°. Additional information
regarding the configuration and procedure can be found at [26,27].

The sensor preparation stages were characterized by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) in a 0.3 M KCl solution containing 4 mM re-
dox probe K3[Fe(CN)s]/K4[Fe(CN)g]. CV was performed by cycling the potential between
—0.2 and 0.2 V at a scan rate of 50 mV /s while EIS measurements were carried out at an
alternating potential with an amplitude 10 mV and a frequency range of 0.1 Hz to 10 kHz.
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2.4. Evaluation of Sensor Performance

The sensor senses the changes in charge transfer between AZO-MIP-modified WE of
TFME and redox probe ions ([Fe(CN)6]3>~ /[Fe(CN)s]*~) before and after incubation in a
sample solution containing the target analyte, AZO. Following incubation of the sensor in
a sample solution, AZO binds AZO-MIP and hinders the charge transfer to WE of TEME.

Differential pulse voltammetry (DPV) was used to measure this effect and conducted
in a 0.3 M KCl solution containing 4 mM redox probe (K3[Fe(CN)g]/K4[Fe(CN)g]) at a
potential range of 0 to 0.4 V, pulse amplitude of 35 mV, a pulse width of 0.04 s, a sample
period of 0.5 s and a step potential of 7 mV (the optimization details of DPV parameters in
Section S1).

Thus, the concentration-dependent sensor response, I,,, can be represented as a
normalized-suppression of the DPV current peak as follows:

Ih=>o—D/Io @

where Iy and I are the current peak values measured by DPV after incubation in ultrapure
water without and with the target analyte, respectively.

All analyte solutions were prepared in ultrapure as well as tap water except otherwise
stated in which case the pH was adjusted to the desired value using drops of 1 M HCl or 1 M
NaOH.

The limits of detection (LOD) and quantification (LOQ) were determined from the
linear regression of the sensor’s response to low concentrations of the analyte in PBS, using
Equations (2) and (3), as follows:

LOD =3SD/b (2)

LOQ =10SD/b 3

where SD and b are the standard deviation of the residual and the slope of the regression
line, respectively.

The selectivity of the AZO sensor was evaluated by comparing the sensor’s response
upon rebinding of AZO and other interfering fungicides, including pyraclostrobin (PRC),
kresoxim-methyl (KSX) at the same concentrations in ultrapure water. Similar experiments
were conducted in tap water spiked with the desired analyte concentrations. For this
purpose, tap-water samples were collected from the water-supply line of Tallinn University
of Technology and used without further treatment.

3. Results and Discussion
3.1. Functional Monomers Selection

The choice of functional monomer is a critical factor in achieving the optimal per-
formance of a MIP. The effectiveness of MIPs primarily depends on the strength of the
interaction between the template molecule and the functional monomer [28]. This inter-
action facilitates the formation of molecular memory within the MIP by considering both
the shape and arrangement of functional groups in the template molecule. The following
electropolymerizable monomers with functional groups capable of engaging in hydrogen
bonds with AZO’s oxygen atoms were examined: 2M4N, 3ATP, Ani, mPD, PRZ, and
PYR (Figure 1). A computational modelling was utilized to compare the binding energies
between the monomers and AZO to identify a more stable complex (Table S1). As can
be seen, Ani showed the highest binding energies with AZO, signifying its potential to
form robust non-covalent interactions (hydrogen bonding) with the template. However,
Ani possesses only one amino group, which is capable of hydrogen bonding with AZO
and is also involved in the formation of the polymer chain during polymerization. This
could potentially compromise the recognition capabilities of the resulting MIP. To address
this concern, mPD was introduced as a co-monomer to ensure the hydrogen bonding
with AZO, which, along with the contribution of 7-7t interactions between AZO and both
monomers, resulted in enhanced selectivity and stability of the polymer structure. The
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CH,
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feasibility of the formation of a co-polymer of Ani and mPD during electrochemical poly-
merization has been successfully demonstrated in previous studies [29,30]. Additionally, it
was found that phenylenediamines can act as branching or crosslinking sites when they
undergo copolymerization with Ani [31-33]. Hence, by incorporating mPD into the func-
tional monomer mixture, it was expected that a more stable MIP structure with enhanced
molecular recognition capabilities would be achieved.

CH, NH, NH,

-
N* HS

2-methyl-4-nitroaniline (2M4N)  3-aminothiophenol (3ATP) Aniline (ANI)

T X
CH,3 o)
AN N N
F
N \ 7
NH,

Azoxystrobin (AZO)

meta-Phenylenediamine (mPD) Pyrazole (PRZ) Pyrrole (PRR)

Figure 1. Structural formula of Azoxystrobin (AZO) and electropolymerizable monomers examined
as potential functional monomers for AZO-MIP synthesis.

Furthermore, it should be noted that the possible non-covalent interactions between
AZO and monomers, mPD and Ani, include, in addition to hydrogen bonding, 7-7t interac-
tions between the aromatic moieties present in the studied molecules. These interactions
can contribute significantly to the strength of non-covalent interaction in the prepoly-
merization complex as well as in the resulting MIP. Therefore, the composition of the
polymerization solution including the use of single or dual monomers as well as the ratio
of monomers to the template was optimized experimentally (see Section 3.2 and Figure S5a
in Supplementary Information).

3.2. Synthesis and Characterization of AZO-MIP Film

In electrochemical MIP synthesis, it is essential to preserve the structural integrity of
the template molecules during electropolymerization at an applied potential. Therefore,
a preliminary test was conducted to confirm that the AZO remained unoxidized at the
electrodeposition potential of the selected monomer.

CV measurements (Figure 52) were performed to determine the appropriate electro-
chemical potential for synthesis of the co-polymer poly(Ani-co-mPD) while preventing the
undesired oxidation of AZO. The CV scans revealed that Ani undergoes oxidation at approx-
imately 300 mV, while mPD oxidizes at around 250 mV. Remarkably, the proximity of Ani’s
oxidation potential to that of mPD, suggesting the feasibility of generating a co-polymer
using these two monomers due to the potential combination of their electrochemically
generated radical cations, enabling the propagation of chain growth. Consequently, it is
expected that the oxidation of both monomers in their solution mixture will occur at a
potential higher than 300 mV.

In this study, the galvanostatic method was employed for AZO-MIP film synthesis.
This method was chosen for its ability to precisely control polymerization through current
regulation, enhancing the reproducibility and uniformity of the resulting AZO-MIP films.
The current was adjusted to attain the required electrodeposition potential of above 300 mV.
By adjusting the time of the galvanostatic process, the polymer film thickness can be
precisely controlled, providing tunability in the final MIP film efficiency.
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The electrochemical polymerization in this study was performed under neutral pH
conditions. In these conditions, Ani molecules easily undergo oxidation, resulting in the
formation of a stable non-conductive emeraldine base [33-35]. Furthermore, the poly(m-
phenylenediamine), or poly(mPD), film synthesized under neutral pH conditions exhibits
excellent stability coupled with imprinting capability, making it an ideal choice for MIP
layer formation [36-38].

The electrodeposited thin co-polymer film was characterized using IRSE (Figure 2a).
The spectra of polyaniline (poly(Ani)) and poly(mPD) electrodeposited under similar con-
ditions as those of the poly(Ani-co-mPD) film, were presented for comparison. Examining
the region of 1400-1700 cm ™! of spectra, several characteristic bands can be clearly distin-
guished. Specifically, the absorption bands in poly(Ani) spectrum at 1498 and 1515 cm ™!
are attributed to benzenoid (aromatic) ring stretching, while the band at 1595 cm~! with a
shoulder at 1570 cm ! is attributed to C=C stretching in a quinoid ring. This may indicate
the partially oxidized (emeraldine) form of poly(Ani) [39]. However, in the spectrum of
poly(mPD), only one broad absorption band near 1630 cm~! is present, which can be
attributed to the stretching mode of quinoid imine [40,41] as well as to the C=C stretching
vibration in a phenazine-like segment [40,42]. The spectrum of poly(Ani-co-mPD) now dis-
plays the characteristic bands of both poly(Ani) (red arrows) and poly(mPD) (blue arrow)
at wavenumbers of 1498, 1515, and 1630 cm ™!, with a shoulder at 1600 cm ™. This suggests
that the synthesized co-polymer structure differs from the corresponding homopolymers
structures and obviously contains the aromatic rings in combination with quinoid rings as
well as phenazine-like segments.

— poly(Ani) a —— poly(Ani-co-mPD)/AZO b
—— poly(mPD) ° ——AZO-MIP |
o 5 =
= | —— poly(Ani-co-mPD) > |
?:- c |
s g \
\Q \%-
£ g
& L I
> Ea
§ s |
‘I - T T ‘
1400 1500 1600 1700 1400 1450 1500 1550 1600
Wavenumber / cm™ Wavenumber / cm™

Figure 2. (a) Referenced IRSE spectra of poly(Ani), poly(mPD), and poly(Ani-co-mPD) films on ITO;
and (b) referenced IRSE spectra of poly(Ani-co-mPD)/AZO films on ITO before washing (solid red
line) and after washing (solid blue line). Vertical dashed lines show varied responses post-washing
process, including disappearance or attenuation.

To prepare AZO-MIP, the polymer film synthesized in the presence of AZO (poly(Ani-
co-mPD)/AZO) was treated with 5% acetic acid to remove AZO from the polymer matrix.
To confirm the removal of AZO, the film before and after the treatment was evaluated using
IRSE (Figure 2b). As can be seen, there are changes in the frequency positions in the range
1400-1600 cm ™. Specifically, the peak at 1447 cm~! was attenuated, and peaks at 1463 and
1569 cm ™! vanished after washing. Since these peak positions are close to those of AZO
(Figure S3), it can be concluded that the AZO present in the poly(Ani-co-mPD)/AZO was
removed after treatment in an acetic acid solution, presumably resulting in the formation
of the AZO-MIP film.

In addition, the formation of AZO-MIP on the Au WE was evaluated by electrochemi-
cal techniques, including CV and EIS. These measurements helped to establish a connection
between each stage of modification by monitoring alterations in charge transfer between
the redox pair in solution and on the Au WE surface. CV analysis indicated a reduction in
both anodic and cathodic current peaks following poly(Ani-co-mPD)/AZO electrodeposi-
tion (Figure S4a), signifying the development of a non-conductive film hindering charge
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transfer at the electrode-solution interface. The observed recovery of current peaks after
acetic acid treatment suggested improved permeability of the polymer layer due to the
formation of imprinted cavities of AZO-MIP. Similar trends were observed in the EIS
spectra (Figure S4b), where the semicircle diameter representing charge transfer resistance,
Rct, increased after polymer film electrodeposition (Table S2), and then decreased after
subsequent treatment with acetic acid to form AZO-MIP. The selective adsorption of AZO
by AZO-MIP resulted in changes observed in both the CVs and the EIS spectra.

The advantage of poly(Ani-co-mPD) over the homopolymers poly(Ani) or poly(mPD)
for AZO-MIP formation was unequivocally demonstrated by comparing the response
signals of the sensors equipped with corresponding MIPs for AZO detection (Figure S5a).
As shown, the sensor with the MIP synthesized from the co-polymer exhibits a superior
response compared to the sensors with the MIPs prepared from poly(Ani) or poly(mPD).
In addition, the MIP-based sensor synthesized using co-monomers also shows better
performance in comparation with its reference non-imprinted polymer (NIP)-based sensor
(Figure S5b), indicating the effectiveness of molecular imprinting.

3.2.1. Effect of Thickness

To determine the optimal polymer thickness of the AZO-MIP, at which the sensor
produces the highest response towards AZO, the WE of TEME was modified with poly(Ani-
co-mPD)/AZO films of various thicknesses generated by passing different charge densities,
ranging from 3 to 6 mC/cm?. As can be seen, the sensor equipped with AZO-MIP formed
from film generated by 5 mC/cm? demonstrates the highest response and was consequently
selected as optimal for further study (Figure 3a).
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a Thickness b Monomer ratio

0.4 0.4

0.31 0.3
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c Template concentration
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Figure 3. Optimization of AZO-MIP preparation. Responses of the sensors equipped with various
AZO-MIPs after incubation in 10 uM AZO in ultrapure water. AZO-MIPs were prepared using
different: (a) charge densities; (b) Ani:mPD ratios; and (c) AZO concentrations at constant Ani:mPD
ratio of 10:5.

3.2.2. Effect of the Monomer to Template Ratio

The recognition capabilities of an MIP can be influenced by the template:monomer ratio
used to build the MIP [36]. A high amount of monomer may reduce binding selectivity
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due to increased non-specific binding, while a low amount of monomer may decrease the
number of binding sites in the formed polymer due to insufficient interactions with the
template [43]. Therefore, the optimal Ani:mPD and AZO:Ani-co-mPD molar ratios were
determined. As can be seen, the sensor equipped with AZO-MIP prepared from the synthesis
solution containing 10 mM of Ani and 5 mM of mPD exhibits the most favorable response
towards AZO (Figure 3b). Furthermore, by keeping these concentrations in the synthesis
solution constant and varying the concentrations of AZO from 1 to 5 mM, it was determined
that the presence of 2 mM of AZO resulted in the highest responsiveness of the AZO sensor
(Figure 3c). Thus, the optimal concentration ratio of AZO:Ani:mPD in the synthesis solution
was determined to be 2:10:5 mM and was used for further experimental investigations.

3.3. Performance of AZO Sensor
3.3.1. Effect of pH

The influence of the pH of the analyzed solution on the sensor’s response was studied
to ensure accurate and reliable detection of AZO in real-world aqueous environments.
The responses of AZO sensor were evaluated upon incubation in 10 uM AZO aqueous
solution at pH values ranging from 5 to 8, aligning with the natural pH levels found in
environmental water [44—47]. Hydrolysis and decomposition of AZO molecules can occur
at lower pH values, while higher pH values may cause degradation due to nucleophilic
substitution reactions [48]. The data presented in Figure 4a demonstrated an ascending
trend in sensor response with increasing pH until 7, followed by a subsequent lowering of
the signal.
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Figure 4. (a) Responses of AZO sensor upon incubation in 10 uM AZO solution in ultrapure water of
different pH values; and (b) effects of incubation times on the DPV responses of AZO sensor after
rebinding in 50 nM AZO solution in ultrapure water.

3.3.2. Effect of Incubation Time

A rapid response time is a desirable characteristic for chemical sensors in environmen-
tal monitoring. In this study, the total time required to obtain the detection result includes
the electrochemical DPV measurements, which take a maximum of 5 min, and sensor
incubation in an analyte solution to allow for its rebinding on MIP, which may require
a longer amount of time. Hence, the optimal incubation time for the AZO sensor was
experimentally determined by measuring the sensor’s responses upon incubating in the
50 nM AZO solution for various durations, including 5, 10, 15, and 30 min (Figure 4b). The
findings indicate that the sensor’s response substantially increases as the incubation time is
prolonged up to 15 min. Beyond this point, any further increase is marginal. Considering
the response signal values and the plateau effect observed beyond 15 min, this incubation
time was deemed sufficient to achieve optimal analyte binding to the AZO-MIP.

3.3.3. Sensitivity Study

The purpose of the sensitivity study was to evaluate the performance of the AZO
sensor in detecting low analyte concentrations and to determine LOD and LOQ. As shown
in Figure 5, the response of the AZO sensor exhibited a quasi-linear increase in response



Polymers 2024, 16, 1394

90f13

signal with rising analyte concentrations in the range of 6-50 nM. In the case of AZO spiked
into ultrapure water (Figure 5a), the sensor could detect it with LOD and LOQ of 2.0 nM
and 6.7 nM, respectively. However, when the sensor was tested in AZO solutions prepared
in tap water (Figure 5b), its responses exhibited higher variations, as indicated by an
elevated standard deviation, and subsequently raised the LOD and LOQ values of 3.6 nM
and 11.8 nM, respectively. This could be attributed to tap water, which predominantly
contains multiple dissolved ions, minerals, and other compounds [49-51], thereby leading
to an increased background signal and noise. Nevertheless, AZO concentrations in the
lowland stream water were found to be as high as 73.6 nM [52], indicating the practical
utility of the AZO sensor for the analysis of environmental water.
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Figure 5. Performance of the AZO sensor at low analyte concentrations (6-50 nM) in: (a) ultrapure
water; and (b) tap water. The solid line is a linear regression fit. The error bars represent standard
deviation of three measurements carried out by three independent AZO sensors.

3.3.4. Selectivity Study

Two fungicides, kresoxim-methyl (KSX) and pyraclostrobin (PRC), which belong to
the same group of strobilurin fungicides as AZO, were chosen for evaluating the sensor’s
ability to distinguish between different compounds (refer to Figure S6 for detailed structures).
Despite their structural similarities, the AZO sensor exhibits a stronger response to the target
compound (AZO) compared to the other tested fungicides (KSX and PRC) (Figure 6). In
general, the signal caused by the AZO presence was approximately two and four times higher
than the signals generated by PRC and KSX, respectively (Table S3). Hence, the AZO sensor is
capable of discriminating between AZO and other molecules in the tap-water matrix.

0.06 A

[ ultrapure water
[ Tap water

AZO PRC KS8X

Fingicide
Figure 6. Responses of the AZO sensor after incubating in a 50 nM concentration of each different
fungicide (AZO, PRC, and KSX) in ultrapure and tap water.

To validate the accuracy of the sensor’s measurements and assess its practical utility, a
series of recovery experiments were conducted using AZO solutions of varying concentra-
tions in tap-water (as detailed in Table 1). The sensor showed good recoveries within the
range of 94% to 119%, confirming its robust performance.
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Table 1. Recoveries of the AZO sensor in tap-water samples.

Spiked AZO (nM) Found AZO (nM) Recovery (%)
15+0.1 18+1 119+ 6
30+£02 29+1 95+ 4
50+ 0.4 47 £3 94 +7

4. Conclusions

This report showcases the successful development of an electrochemical sensor with a
robust MIP-based sensing element for detecting the fungicide AZO in water. The sensor
combines the selectivity of AZO-MIP with the low-cost and compact TEME. To enhance
the selectivity of AZO-MIP, it was synthesized by co-polymerization of two functional
monomers, Ani and mPD. Following optimization, the sensor exhibited appreciable recog-
nition of AZO and was capable of detecting low levels of analyte with an LOD value of
3.6 nM and an LOQ value of 11.8 nM in tap water. Importantly, the sensor showcased good
selectivity, effectively distinguishing AZO from similar fungicide compounds (PRC and
KSX) both in ultrapure and tap-water samples. Additionally, the sensor demonstrated a
good recovery, ranging from 94% to 119% in tap-water samples. Considering that AZO
concentrations can be found in the lowland stream water that are as high as 73.6 nM,
the practical utility of the AZO sensor for the cost-effective on-site detection of AZO in
environmental water is evident.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym16101394/s1, Figure S1: The influence of DPV parameters:
step size (a), pulse time (b) and pulse size (c) on the oxidation peak current of AZO sensor recorded in
0.3 M KCl solution containing 4 mM K3[Fe(CN)4]/K4[Fe(CN)s]. Each DPV underwent an individual
baseline; Figure S2: A fragment of the first cycle of the cyclic voltammogram recorded on Au TFME in
PBS at the presence of 5 mM Ani, 5 mM mPD, or mixture of 5 mM mPD and 5 mM Ani (see color codes
on the graphs) at a scan rate of 100 mV/s; Figure S3: Attenuated total reflection (ATR) absorbance of
AZO powder; Figure S4: CVs (a) and EIS (b) characterization of bare gold, poly(Ani-co-mPD)/AZO,
AZOMIP and AZO on AZOMIP that are prepared on Au TEME. The measurements were performed
in 0.3 M KClI solution containing 4 mM K3[Fe(CN)g]/K4[Fe(CN)g]; Figure S5: (a) Responses of AZO
sensor based on AZO-MIPs formed from the different polymers upon incubation in 50 nM AZO
solution in ultrapure water. (b) Responses of sensors modified with AZOMIP and NIP layers formed
from poly(Ani-co-mPD); Figure S6: Structures of fungicides used for selectivity study; Scheme S1:
AZO structure with highlighted oxygen atoms; Scheme S2: A schematic representation of possible
binding interaction between Ani and mPD monomers with template AZO; Table S1: Binding energies
(kcal/mol) of interactions between the functional monomers and AZO at O5 site as calculated by
Gaussian’09 software; Table S2: Hydrogen bond binding energy of mPD and Ani towards different
oxygen atoms of AZO as calculated by Gaussian’09 software; Table S3: Charge transfer resistance
(Rct) values obtained from fitting EIS spectra to a Randles equivalent circuit consisting of a solution
resistance (Rs), a constant phase element (CPE), a charge transfer resistance (Rct), and a Warburg
impedance (Wd); Table S4: Selectivity coefficient (k) for rebinding of the fungicides to AZO sensor as
calculated by Equation (SE1). References [53,54] are cited in the Supplementary Materials.
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ARTICLE INFO ABSTRACT
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This work demonstrates the determination of macrolide antibiotics in aqueous environments using a screen-
printed electrode (SPE) combined with a molecularly imprinted polymer (MIP) prepared from dual functional
monomers. By employing the reversible covalent interactions between diols of macrolide and boronic acids of 3-
aminophenylboronic acid (APBA) as well as the noncovalent interactions between macrolide and m-phenyl-
enediamine (mPD), a dual recognition involving the central macrocyclic lactone exclusive to all macrolides was
successfully achieved, thus permitting the possible broad recognition of individual members of the class. The
prepared macrolide MIP (mMIP) was characterised by electrochemical and ellipsometric measurements.
Following optimization, the sensor demonstrated about four times better recognition for macrolides, including
erythromycin (Ery), clarithromycin (Cla), and azithromycin (Azi), than its non-imprinted reference. In addition,
low analytical limits were achieved (LOD 1.1-1.6 nM and LOQ 3.8-5.3 nM). Moreover, an excellent selectivity
was displayed towards the macrolides in both buffer and tap water samples, and a good recovery (93-108%) of
the analytes was achieved. The analytical approach described herein could be further developed as a portable
sensing device capable of on-site monitoring of macrolides in environmental water.

1. Introduction

Water pollution is a well-known global challenge that threatens
human and animal health. Although it is estimated that most people
have access to safe drinking water, increasing reports about the presence
of harmful contaminants in tap water samples from different parts of the
world make water pollution more alarming [1]. This situation is wors-
ened by the increasing usage and escape of antibiotic molecules into the
aqueous environment, culminating in the prevalence of antibiotic
resistance [2-4]. Antibiotics have become one of the most frequently
prescribed medicines in the last few decades. Between 2000 and 2015,
global antibiotic consumption climbed by 65%, and antimicrobial
resistance is predicted to cause about 10 million deaths per year by 2050
[5,6]. Also, the European Antimicrobial Resistance Surveillance
Network (EARS-Net) data estimate that EU/EEA countries’ healthcare
systems spend about USD PPP 1.5 billion each year treating more than
670,000 infections caused by antibiotic-resistant bacteria.

* Corresponding author.
E-mail address: vitali.syritski@taltech.ee (V. Syritski).
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Unfortunately, it is reported that approximately 33,000 deaths annually
are due to these infections [7,8].

Many reports demonstrate that most antibiotics that reach the
municipal wastewater treatment plants are incompletely eliminated
during the treatment process and are consequently released into the
environment [9-11]. Moreover, trace amounts of antibiotics in drinking
water have also been reported [12,13]. Among the antibiotics
commonly found in aqueous ecosystems, macrolides including eryth-
romycin (Ery), clarithromycin (Cla), and azithromycin (Azi) are iden-
tified, hence their continual inclusion in the EU surface water watch list
of emerging pollutants [14]. This is due to their wide usage in human
and veterinary medicines [15]. Also, a growing number of reports
demonstrate that certain bacterial strains develop genetic mutations
after exposure to macrolides, albeit at a low concentration [16].

For decades, traditional methods such as high-performance liquid
chromatography [17], atomic absorption spectroscopy [18], mass
spectrometry [19], enzyme-linked immunosorbent assay [20], and
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biosensors [21], etc. were commonly used for detecting antibiotics from
environmental water. However, these techniques require expensive
instrumentation, well-trained operators, and the use of unstable natural
receptors (e.g., in biosensors). Moreover, since the analysis of macro-
lides in water presents significant challenges due to their existence at
very low concentrations, portable and highly sensitive sensor devices
that can outperform traditional analytical methods are still in high de-
mand [22,23].

Molecularly imprinted polymers (MIPs) are functional materials with
target-driven molecular recognition capable of mimicking biological
receptors in discriminating between molecules but outperforming them
in environmental stability and preparation cost [24]. MIPs have been
shown as prospective materials for many analytical applications,
including selective separation, purification, and chemical sensors [25].
Acting as a synthetic recognition element, MIP combined with an
inexpensive and disposable sensor chip such as a screen-printed elec-
trode (SPE) represents a potential for constructing a portable electro-
chemical sensor platform for rapid and accurate in-situ environmental
analysis [26,27]. Thus, numerous publications detailing the integration
of MIPs with SPEs have been reported for a wide variety of antibiotics
[28-30]. Similarly, several research papers have illustrated the use of
MIP-based sensors for the determination of a single individual member
of macrolide antibiotics, especially Ery, Cla, and Azi [31-33].
Notwithstanding, fabricating a single sensor device capable of antibiotic
class recognition could be more beneficial for daily routine macrolide
monitoring in environmental water [31]. However, such sensors which
could be formulated either by an array of MIPs or by carefully selecting a
template or surrogate molecule that would induce the generation of
binding cavities possessing a high affinity for all class members [34,35],
are scarcely presented. In our previous research, the noncovalent
imprinting strategy where hydrogen bonds were formed between Ery
and a computationally-assisted selected functional monomer, mPD, was
intended to fabricate MIP-based sensors for macrolide determination
[31]. Although the sensor shows an excellent performance towards Ery,
it failed in analysing other macrolides, including Cla and Azi, despite
their close structural similarity.

To overcome this limitation, the fabrication of a class-selective MIP
capable of recognizing a group of closely related compounds rather than
one constituent becomes imperative. Such an approach was first re-
ported for detecting amphenicol antibiotics in food samples [36]. It has
also been reported that applying a single template to synthesise
class-selective MIP helped maximise time efficiency and save costs by
reducing the number of required templates in the preparation stage
compared to the multi-template synthesis approach [37]. In environ-
mental waters, all antibiotic pollutants, including macrolides, coexist at
varying concentrations; thus, the possibility of a class-selective detection
would be of great significance to environmental monitoring.

This study aims to prepare macrolide-selective MIP (mMIP) on a
disposable electrochemical sensor platform — SPE - that would be
capable of determining Ery, Cla, and Azi as representative macrolide
antibiotics in tap water. To ensure a macrolide class selective detection,
we adopt a dual molecular recognition using a combination of covalent
and noncovalent interactions with Ery, a selected macrolide template
molecule.

2. Experimental
2.1. Chemicals and materials

All used chemicals, besides acetic acid given by Lach-ner, were
purchased from Sigma. The chemicals were received and stored under
standard conditions. The aqueous solutions were dissolved completely
with ultrapure water (resistivity 18.2 MQ cm at 25 °C, Merck KGaA,
Darmstadt, Germany). The synthesis and analyte solutions were pre-
pared in phosphate-buffered saline (PBS) (0.01 M, pH 7.4). All electro-
chemical measurements were conducted in a 1 M KCl solution
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containing 4 mM redox probe K3[Fe(CN)g]/K4[Fe(CN)g]. SPEs were
ordered from BVT technologies, a.s. in the Czech Republic and included
a 1 mm diameter circular gold working electrode (Au WE), a gold
counter electrode, and silver coated by AgCl as the reference electrode to
which all potentials were quoted. To perform all electrochemical mea-
surements, SPEs were connected to an electrochemical workstation
(Reference 600, Gamry Instruments, USA).

2.2. Sensor preparation

The mMIP sensor was prepared by the electrodeposition of an mMIP
film on the Au WE surface of SPE. Prior to the electrodeposition, the Au
WE of the SPE was activated in 0.1 M sulfuric acid solution, cycling the
potential between 0.1 and 1.15 V at a scan rate of 100 mV/s for 15
cycles, followed by washing in ultrapure water and drying under a ni-
trogen atmosphere. Co-polymer of mPD and APBA, poly(mPD-co-
APBA), was synthesised at the constant potential of 0.5 V (see Section
3.2) in a set-up where the electrodes of the SPE were exposed to a PBS
containing the monomers, mPD and APBA, at the determined optimal
concentrations. Similarly, the poly(mPD-co-APBA) film containing Ery,
poly(mPD-co-APBA)-Ery, was synthesised under the same condition but
including Ery in the pre-polymerization solution. Molecular imprints of
Ery were generated within poly(mPD-co-APBA)-Ery by immersing the
modified electrode in a 5% acetic acid solution for 30 min to remove Ery,
resulting in mMIP formation. Poly(mPD-co-APBA) was similarly treated
to generate a reference of non-imprinted polymer (NIP) film.

To ensure equal thickness between mMIP and NIP films, the charges
passed through the working electrode during electrosynthesis were
correlated to the thickness determined by spectroscopic ellipsometry (SE
850, Sentech Instruments GmbH, Berlin, Germany) from ¥ and A
measurements between 370 and 800 nm at incidence angles of 50°, 60°
and 70°. Further details of the set-up and method can be found in [38].

The sensor preparation stages were characterised by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) ina 1 M
KCl solution containing 4 mM redox probe K3[Fe(CN)g]/K4[Fe(CN)g].
CV was achieved by cycling the potential between 0 and 0.5 V at a scan
rate of 50 mV/s, while EIS measurement was performed at an alternating
potential with an amplitude 10 mV and frequency range of 0.1-100 kHz.

2.3. Evaluation of sensor performance

The performance of the sensor was studied by electrochemical
analysis using differential pulse voltammetry (DPV) in a 1 M KCl solu-
tion containing 4 mM redox probe (K3[Fe(CN)g]/K4[Fe(CN)s]) at a po-
tential range of 0-0.4 V, pulse amplitude of 25 mV, a pulse width of 0.1
s, a sample period of 0.5 s and a step potential of 5 mV. The sensor
monitors the changes in charge transfer between Au WE of the SPE and
redox probe ions ([Fe(CN)5]3'/ [Fe(CN)6]4') via the imprinting cavities
created within the polymer. Following sensor incubation for 15 min in
PBS-containing analyte solution, the charge transfer would be greatly
hindered by the analyte molecules bound to the imprinted cavities of
mMIP, thereby resulting in a concentration-dependent suppression of
the DPV current peak. This suppression is defined as the sensor response
and expressed as follows:

Iy = o= Dily (€8]

where Iy and I are the current peak values measured by DPV after in-
cubation in PBS without and with the target analyte, respectively. All
analyte solutions were prepared in PBS (pH 7.4) except otherwise stated,
in which case the pH was adjusted to the desired value using drops of
either 1 M HCl or 1 M NaOH.

The limits of detection (LOD) and quantification (LOQ) were deter-
mined from the linear regression of the sensor’s response to low con-
centrations of the analyte in PBS, using Eqs. (2) and (3):

LOD = 3eSD/b 2



V.B.C. Nguyen et al.

LOQ = 10eSD/b 3

where SD and b are the standard deviation of the residual and the slope
of the regression line, respectively.

The selectivity of the sensor was evaluated by comparing the sensor’s
response upon rebinding of macrolides and other interfering antibiotics,
including ciprofloxacin (Cipro), sulfamethizole (SMZ), and amoxicillin
(AMO), at the same concentrations. Similar experiments were conducted
in tap water spiked with the desired analyte concentrations. For this
purpose, tap water samples were collected from Tallinn University of
Technology water supply line and used without further treatment.

3. Results and discussion
3.1. Rational design of the class-selective mMIP

The recognition properties of mMIP are highly dependent on the
chemical interactions formed between the target molecule and the
functional monomers at the pre-polymerization stage that are subse-
quently memorised and retained by the formed polymer [39]. The
double recognition approach used in this work is achieved by combining
covalent and noncovalent strategies. The covalent strategy aims at
forming a reversible interaction between the 1,2-diols moiety of the
macrocyclic lactone unique to all macrolide antibiotics and the boronic
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acid group of functional monomers such as APBA. This interaction is
well known and has been employed in preparing several sensors for
various analytes [40-44]. Herein, this reversible covalent interaction
was confirmed between Ery and APBA by nuclear magnetic resonance
spectroscopic measurements carried out in solutions of individual mol-
ecules as well as their mixture (see section S1). In addition, the non-
covalent strategy adopts the previously established hydrogen bonds
between Ery and mPD as complementary recognition centres to further
enhance macrolide selective recognition [31]. The scheme showcasing
the chemical interactions between macrolide (e.g Ery) and the mono-
mers (APBA and mPD) is depicted in Fig. S1.

3.2. Synthesis and characterization of class-selective mMIP

The co-polymerization of the selected functional monomers, mPD
and APBA, in the presence of Ery was initiated electrochemically. To
determine the electrochemical potential for the synthesis of the co-
polymer poly(mPD-co-APBA), while at the same time avoiding un-
wanted oxidation of the template molecules during electro-
polymerization, CV measurements were carried out (Fig. 1a). The CV
scans show that the oxidation of mPD and APBA start at a potential of
about 0.2 V and 0.4 V, respectively. The close oxidation potentials of
mPD and APBA make it plausible to generate a co-polymer with the two
monomers since their electrochemically generated radical cations could
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Fig. 1. (a) Cyclic voltammetry of the gold electrode recorded at a scan rate of 100 mV/s in the presence of 5 mM mPD, 5 mM APBA, mixture of 5 mM mPD and 5 mM
APBA or 5 mM Ery. (b) IRSE spectra of poly-mPD and poly-APBA layer (top) and co-polymer poly(mPD-co-APBA) polymerised at 0.5 V and 0.6 V (bottom, baseline
corrected to visualise the difference). (c) IRSE spectra of poly(mPD-co-APBA) polymerised at 0.5 V from the different molar ratio of APBA to mPD. (d) Calibration
graph of integrated IRSE peak intensities vs. APBA:mPD ratio. (c) and (d) were obtained after normalisation to poly-mPD spectra and baseline corrected for a better
visualisation of the bands evolution with increasing amount of APBA in the electrolyte.
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combine to propagate the chain growth [45]. Thus, the oxidation of both
monomers in their solution mixture at a potential starting from 0.4 V is
expected. However, since at 0.6 V, the onset of Ery oxidation already
appears (Fig. 1a), the electropolymerization potential of the co-polymer
should be selected in the range of 0.4 — 0.6 V. Nevertheless, for the
rational choice of electrodeposition potential, possible changes in the
vibrational signatures between polymer films synthesised using either
0.5 or 0.6 V were analysed by IRSE. As observed in Fig. 1b, both layers
show no pronounced differences, but rather a slight increase in the
thickness of the film synthesised at 0.6 V was observed. Therefore, to
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ensure the formation of poly(mPD-co-APBA)-Ery without interfering
with the possible oxidation of Ery molecules, electrodeposition of the
co-polymer film was carried out using a constant potential of 0.5 V.
Furthermore, the tan ¥ spectra of poly-mPD and poly-APBA are similar
with a slight difference in the spectral range between 1300 and 1500
cm™! as can be seen in Fig. 1b (top) [46,47]. Therefore, we focus on the
IRSE measurements within this spectral range to confirm poly
(mPD-co-APBA) formation while using solutions containing different
molar ratios of APBA and mPD for the electropolymerization process.
The spectra in Fig. 1c shows 3 APBA-related absorption bands at about
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Fig. 2. Optimization of mMIP preparation. Responses of mMIP-modified SPE upon incubation in 40 uM Ery solution in PBS, MIPs were prepared using: (a) different
mPD: APBA ratios, (b) different Ery concentrations while keeping mPD and APBA concentrations at 10 and 5 mM, respectively. (¢) Charge-time dependences of poly
(mPD-co-APBA) and poly(mPD-co-APBA)-Ery electrodeposition on Au of the SPE until the charge density reaches 10 mC/cm?. (d) Calibration graph obtained from
spectroscopic ellipsometry measurements correlating the thickness of mMIP and NIP films to the amount of charge used during electrodeposition. (¢) mMIP and NIP
based sensors’ responses upon rebinding of 40 pM Ery solution in PBS. (f) Responses of mMIP-based sensor upon incubation in 40 pM Ery solution in PBS of different

pH values.
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1320 cm’l, 1425 cm’l, and 1475 cm™! that increase in intensity with the
increasing amount of APBA in the solution. Moreover, the integrated
IRSE peak intensities plotted as a function of the APBA:mPD ratio
(Fig. 1d) demonstrate a linear increase of the amount of poly-APBA
incorporated in the co-polymer with increasing APBA:mPD ratio.

To monitor mMIP formation on the sensor surface, CV and EIS
measurements were performed to associate each modification stage with
the observed changes in charge transfer between the redox pair and the
Au WE surface. Following electrodeposition of poly(mPD-co-APBA)-Ery,
the anodic and cathodic current peaks of CV suffer significant depression
(Fig. S3a), indicating the formation of a non-conducting film that ob-
structs charge transfer at the electrode/solution interface. However,
after acetic acid treatment, a substantial recovery of the peaks was
observed, suggesting the increased permeability of the polymer layer to
the redox probe ions via the imprinted cavities formed after the removal
of entrapped Ery molecules from the polymer; hence, mMIP formation.
Similar behaviour is observed in EIS spectra (Fig. S3b) where the semi-
circle diameter, which corresponds to the charge transfer resistance
(Rct) greatly increased after electrodeposition (Table S1), followed by a
subsequent decrease after treatment in acetic acid to form mMIP.
Furthermore, to confirm the formation of Ery-induced imprints in the
polymer, the preparation of the reference sensor (NIP) was subjected to
similar CV and EIS measurements. It was noted that while poly(mPD-co-
APBA) formation resulted in similar depression of CV current peaks and
increase in EIS Rct, treatment with acetic acid yielded much less changes
in the measured parameters thus validating the suggestion that the
removal of Ery from poly(mPD-co-APBA)-Ery film resulted in the
observed increase in charge transfer via the imprinted cavities created in
the polymer. Moreover, after the adsorption of 1.6 pM Ery on mMIP a
much more significant change is observed in both CV voltammogram
and EIS Rct value on the mMIP as compared to the NIP (see Table S1),
indicating an enhanced adsorption of the target on the mMIP based
sensor. Furthermore, scanning electron microscopic analyses revealed
morphological differences between the bare and polymer film modified
electrodes as well as between mMIP and NIP (See section S3).

3.2.1. Effect of the monomer to template ratio

The MIP-based sensor’s performance could be affected by the molar
ratio of template to monomers used during the imprinting stage. Thus, to
enhance mMIP performance, we optimised first the molar ratio of mPD
to APBA and then the molar ratio of template to monomers. As shown in
Fig. 2a, mMIP prepared with 10 mM mPD and 5 mM APBA exhibited the
highest sensor response. To achieve the optimal concentration ratio of
template to monomers, the sensor’s response following incubation in
PBS containing an increasing concentration of Ery (1 — 5mM) and a
fixed amount of mPD and APBA, 10 and 5 mM, respectively, were
studied. Fig. 2b indicates an increasing response with decreasing Ery
concentration from 5 to 2 mM, followed by a decline with a lower
concentration. These results further established that a too high ratio of
functional monomers to templates is not beneficial for molecular
imprinting. Moreover, it has been demonstrated that such arrangement
usually leads to an increase in non-specific interactions, whereas too low
ratios result in fewer complexation events because of insufficient
chemical interactions with the template [48]. Thus, the optimal molar
concentration ratio of Ery:mPD:APBA required to prepare an
mMIP-based sensor for macrolide determination was derived as
2:10:5 mM and was used in further experiments.

3.2.2. Effect of mMIP thickness

The thickness of a MIP layer is critical to the performance of a MIP-
based sensor and is also significant in ensuring its reproducibility and
accurate analysis. Thus, to synthesise a mMIP with an optimal thickness,
poly(mPD-co-APBA)-Ery was electrodeposited by passing a required
amount of electrical charge to the working electrode of the SPE.
Notwithstanding, an accurate evaluation of MIP performance, especially
on a label-free sensor platform, demands a reference polymeric material
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— a non-imprinted polymer (NIP) — prepared using the same protocol as
the MIP but in the absence of the template [29]. Accordingly, a NIP
consisting of poly(mPD-co-APBA) was electrodeposited using the same
charge density as for the mMIP. As seen in Fig. 2c, the growth rate for
both films was sharp at the initial stage of electrosynthesis but gradually
slowed down until a charge density of 10 mC/cm? was reached (100%
current efficiency is assumed). The higher growth rate of poly
(mPD-co-APBA) as compared to poly(mPD-co-APBA)-Ery is evident,
indicating that the presence of Ery, an electrochemically inactive
molecule, in the pre-polymerization solution slightly affects the growth
of poly(mPD-co-APBA)-Ery by slowing down the oxidation of the
monomers and the conductivity of the growing polymer chain. Thus
more charges would be applied for mMIP to generate the same polymer
thickness as the NIP. Therefore, to ensure an objective similarity in
mMIP and NIP thicknesses, spectroscopic ellipsometry measurements
were performed that calibrate the polymer thicknesses with respect to
the amount of the electrical charge passing through the electrode [49].
The ellipsometric ¥ and A data were evaluated in SpectraRay 3 (Sen-
tech) using an optical layer model of air/film/gold. We performed a
multi-sample fit on the spectra of all mMIP (NIP) samples, which min-
imises the correlations between thicknesses and dielectric function of
the polymer films, thus resulting in robust calibration curves even for
thin films. Fig. 2d shows the thickness vs. charge density calibration plot
for mMIP and NIP films deposited by applying charge densities ranging
from 1 to 10 mC/cm?. As seen, the thicknesses of mMIP and NIP films
increase rather linearly with the applied charge; hence, their objective
similarity could be obtained by using the charge densities that corre-
spond to the same film thickness on the calibration graph (Table S2).
Thus, to derive an optimal thickness for mMIP-based sensor preparation,
the responses induced by 40 uM concentration of Ery on different
thickness of mMIP- and NIP-based sensors were compared (Fig. 2e). As
observed, the mMIP and NIP responses decrease with increasing thick-
ness from 3 to 18 nm. However, at a thickness of 12 nm, the best per-
formance of the mMIP relative to the NIP (Table S1) was achieved, as
estimated from their relative response values, i.e., I,(mMIP)/I,(NIP)
where I,(mMIP) and I,,(NIP) are the responses obtained from mMIP and
NIP sensors respectively. Thus, for an accurate analysis of mMIP per-
formance, a charge density of 5.0 mC/cm? and 3.7 mC/cm? were
adopted for preparing mMIP and NIP films, respectively.

3.2.3. Effect of pH

The rebinding of a macrolide antibiotic to the prepared mMIP is
expected to proceed through hydrogen bonding as well as the reversible
covalent interaction between 1,2-diols moieties of macrolide and
boronic acid groups of mMIP. It is known that the latter is pH-
dependent; namely, the boronate ester linkage formation is favoured
at pH> 7 and is cleaved under acidic conditions [50]. Thus, the effect of
the pH of analyte solution on macrolide recognition by the mMIP sensor
was studied. For this purpose, the sensor was incubated in aqueous so-
lution containing 40 uM Ery at different pH values (3—11), and their
responses were measured (Fig. 2f). The sensor response increased with
increasing pH achieving its maximal value at pH 7 and then slightly
decreased. The increase in sensor response from pH 3-7 can be
explained based on the consideration of the influence of pH on the
interaction between boronic acid and diols. At a low pH the interaction
is less likely to occur, resulting in lower binding of Ery to the mMIP and
consequently lower sensor response, whereas the interaction becomes
more favourable with increasing pH hence, the sensor response becomes
more significant due to an enhanced binding of the analyte on the mMIP
modified sensor.

Although a further increase in response with pH above 7 could be
generally expected for the interaction involving a boronic acid and diol,
the substantial amount of noncovalent interactions involved in the
molecular recognition of mMIP is assumed to have contributed to the
slight decrease in sensor response at pH> 7. Moreover, a previous report
has advised against the generalisation of the binding constants of
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boronic acid and diols and that each situation should be examined on a
case-by-case experimental study [51]. In addition, a previous report has
indicated that the rebinding of macrolide i.e azithromycin on a
MIP-based sensor could be achieved at a pH of 7 [50]. Thus, the solution
with a pH of around 7 can be considered optimal for macrolide analysis
with the prepared mMIP sensor. Fortunately, a pH value close to 7 is
even more beneficial for this research since environmental water usually
exists at the pH ranging from 6.5 to 8.5 [52,53].

3.3. Evaluation of sensor performance

3.3.1. Rebinding study

To evaluate the performance of the sensor towards macrolides
recognition, its response to three representative members of the class,
including Ery, Cla, and Azi were studied. These three antibiotics are
included in the EU watch list of environmental pollutants [14]; hence,
their detection is crucial. After incubation in increasing concentration of
each analyte, the sensor’s responses were recorded and plotted as
adsorption isotherms (Fig. 3(a-c)). As seen, the sensor showed similar
adsorption profiles to the three macrolides, and the Langmuir-Freund-
lich (LF) model provides accurate fits to the experimental data (see
section S5 for details) indicating a heterogeneous character of the
binding sites created within the polymer layer [54].

We estimated the rebinding performance of mMIP-modified sensors
relative to NIP by comparing their responses at saturation (Imq). The
mMIP-based sensor signalled about a 4-fold higher response (3.8, 3.5
and 4.4 for Ery, Cla and Azi, respectively) than the NIP-based reference
(Tables S3-S5). Since the NIP differs from the mMIP only in the exclu-
sion of Ery during polymerization, such a significant difference in their
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responses could mainly arise from the pre-formed binding cavities
created within the mMIP that ultimately defined its enhanced analyte
recognition.

Additionally, the sensor’s performance at a low analyte concentra-
tion range was studied by recording the sensor’s response to sub-
nanomolar concentrations of each macrolide. As shown in Fig. 3d, the
response increases linearly with the analyte concentrations up to about
20 nM. The parameters obtained from the linear regression of their re-
sponses (Table S6) are utilised in computing the limits of detection
(LOD) and quantification (LOQ) using Eqs. (2) and (3), respectively. As
seen, the LOD and LOQ are within the range of ca. 1-2 nM and 4-5 nM,
respectively, indicating a significant improvement over previously re-
ported MIP-based electroanalytical sensors (Table S7) for macrolide
antibiotic detection.

3.3.2. Selectivity study

Three antibiotic candidates, including amoxicillin (AMO), cipro-
floxacin (Cipro), and sulfamethizole (SMZ) (See Fig. S6 for detailed
structures) belong to different antibiotic classes such as penicillins,
fluoroquinolones, and sulfonamides, respectively, which were chosen to
test the sensor’s selectivity. These choices stem from their broad pre-
scription and the possibility of being used in place of, or in combination
with, macrolides, thus suggesting their coexistence with the targets in
the same environment.

Fig. 4 shows the response induced by individual antibiotics at a
concentration of 40 pM. Clearly, the mMIP-based sensor demonstrates
much higher responses towards the three macrolides (Ery, Clari, and
Azi) than other molecules (Cipro, Amo, SMZ). Although the NIP also
shows higher responses towards macrolides than interferents, the
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Fig. 3. (a-c) Adsorption isotherms of mMIP- and NIP-based sensors towards increasing Ery, Cla and Azi concentrations (1.6, 8, 40, 200 and 1000 pM). Solid lines
represent fits to Langmuir-Freundlich (LF) isotherm and insets are the DPV voltammograms induced on mMIP-based sensors; (d) Performance of mMIP/SPE sensor at

low analyte concentration (2-20 nM). The solid lines are linear regression fits.
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Fig. 4. mMIP- and NIP-based sensor responses obtained upon incubating in
40 pM concentration of individual antibiotics (Cipro, AMO, SMZ, Azi, Clari, and
Ery) in PBS.

responses are about four times lower than those on mMIP. Moreover, the
responses of both mMIP- and NIP-based sensors towards Cipro, Amo,
and SMZ are either comparable or are less significantly different. To
further quantify the selective properties, the selectivity coefficient k,
was calculated (See Table S8). The mMIP based sensor preferably binds
macrolides as compared to other antibiotics giving selectivity coefficient
of an average of 3. These observations reveal that the imprints created
within mMIP confer selectivity towards macrolides. Hence, the sensor’s
response could be less impeded by the presence of other antibiotics.

Tap water contains mainly dissolved ions such as bicarbonate, sul-
phate, fluoride, calcium, and various minerals such as sodium, potas-
sium, manganese as well as trace amounts of other compounds that meet
the drinking water quality standards [55,56]. Thus, tap water can be
considered a sufficiently complex matrix for the selectivity study and
was therefore spiked with the required amount of each analyte to pre-
pare the sample solutions. Fig. 5a indicates that the sensor clearly dis-
tinguishes between the recognition of macrolides and other molecules.
Whereas increasing concentrations of interfering analytes do not yield a
significant increase in response, the rising amount of each macrolide
induced a corresponding growth in the sensor’s response. Thus, the
sensor’s selective property is preserved even in tap water, and the
presence of other molecules, notwithstanding the concentration, may
not appreciably affect the performance of the sensor in the intended
media.

Moreover, we considered it interesting to study the sensor’s response
following exposure to an aqueous solution containing a mixture of
macrolides. Thus, tap water spiked with an equimolar mixture of Ery,
Clari, and Azi (0.013, 0.07 or 0.33 uM) amounting to a total concen-
tration of either 0.04, 0.21 or 1 uM respectively were prepared, and the
induced responses were analysed. As shown in Fig. 5b, the responses
generated by the mixtures are comparable with those caused by indi-
vidual macrolides at the same concentration (differences range from 3%
to 10%). This observation more likely suggests that the sensor selec-
tively recognizes the parent macrocyclic lactone central to all macro-
lides, thereby crediting the significance of the imprinting strategy.

Additionally, the recoveries of the analytes were examined in tap
water fortified with different concentrations of each macrolide. As
presented in Table S9, the analytes show good recoveries ranging from
93% to 108%, thus indicating the sensor’s adaptability for use in the
intended media.

4. Conclusions

This work demonstrates the use of an electrochemical sensor
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Fig. 5. Responses of mMIP-based sensors upon incubation in tap water con-
taining (a) increasing concentrations (0.04 — 0.2 pM) of different analytes cipro,
Amo, SMZ, Ery, Cla, Azi and (b) 0.04, 0.2 and 1 pM concentrations of macro-
lides and their equimolar mixture. The solution mixtures were prepared in a
way to obtain the required final macrolide molar concentrations.

modified with a class-selective MIP as the recognition element for
determining macrolide antibiotics in aqueous solution. By selecting
APBA and mPD as functional monomers, selective macrolide recognition
is achieved by the synergistic effects of covalent and noncovalent in-
teractions. Following careful optimization, the sensor exhibits appre-
ciable recognition for macrolides, including Ery, Cla, and Azi, with low
limits of detection (LOD is 1 — 2 nM) and quantification (LOQ is 4 —
5 nM). Importantly, the sensor demonstrated an impressive selectivity
towards macrolides against interfering antibiotic compounds in buffer
and tap water samples. Additionally, the sensor has excellent recovery
from 93% to 108% in tap water, demonstrating its practical utility in the
intended media. Thus, the described analytical approach could be
further developed as a portable sensing device capable of on-site
monitoring of macrolides in environmental water. However, to detect
macrolides from other environmental water samples such as waste water
from sewage treatment plants, where the highest concentration of azi-
thromycin was found to be about 598 ng/L (or 0.8 nM) [9], the sensi-
tivity of the sensor would need to be improved. This could be achieved,
for example, by increasing the surface area of the mMIP layer using
nanostructures, e.g., nanoparticles, nanospheres, or mesoporous struc-
tures [57-59].
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ARTICLE INFO ABSTRACT

Handling Editor: Prof Agata Michalska Ampicillin (AMP) ranks third among the top ten most frequently sold antibiotic combinations globally, raising
concerns due to its extensive use. Improper disposal practices in agriculture, aquaculture, and healthcare have
led to environmental contamination of water sources with elevated AMP levels. Current methods for detecting
such contamination are costly, require sophisticated equipment, and depend on skilled personnel and unstable
natural receptors. To address these limitations, we introduce AMP sensor for direct electrochemical detection of
AMP in aqueous media. This sensor employs a molecularly imprinted polymer (MIP) integrated with a ruthenium
oxide electrode, which serves as both a substrate transducer and an internal redox-active probe, eliminating the
need for an external probe solution. The sensor exhibited a low limit of detection (LOD) of 6 nM and high re-
covery rates (98-114 %) in pond water samples, highlighting its sensitivity and practical application. This study
demonstrates the potential of MIP-based electrochemical sensors for affordable, rapid, and accurate detection of
antibiotic contaminants in water, contributing to improved tools for environmental and public health protection.

Keywords:

Molecularly imprinted polymer
Electrochemical sensor
Ruthenium oxide electrode
Antibiotic detection

Ampicillin

1. Introduction

Antibiotics constitute one of the most widely prescribed pharma-
ceuticals in human and animal medicines. Between 2000 and 2015
alone, global antibiotic consumption rose by 64 % with a predicted
further increase of 200 % by 2030 [1]. This alarming trend in the
increasing usage of antibiotics has led to their presence either as whole
or residual compounds in aquatic environments, posing serious risks to
aquatic flora and fauna [2,3]. Also, unregulated exposure to antibiotics
has demonstrated toxic effects on animals and plants, disrupting vital
metabolic processes involving renal and nerve cells, and impairing plant
growth and photosynthesis [4-6]. This situation is exacerbated by the
development of resistant bacterial strains due to their exposure to
antibiotic residues in the environment, raising substantial public health
concerns with 4.95 million deaths in 2019 [7]. Thus, leading interna-
tional health institutions, such as the World Health Organization (WHO)
and the United Nations Children’s Emergency Fund (UNICEF), have
identified antibiotic resistance as an urgent threat that necessitates
robust collaborative efforts to combat [8-10].

To evaluate contamination levels and ensure water safety, current
methods such as high-performance liquid chromatography [11-13],
mass spectrometry [14-16], immunoassays [17,18], aptamer-based

* Corresponding author.
E-mail address: vitali.syritski@taltech.ee (V. Syritski).
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sensor [19-21], and surface-enhanced Raman spectroscopy [22,23]
have been widely employed to detect AMP residues in water. Regret-
tably, they are accompanied by high costs, sophisticated analytical
equipment, the need for skilled personnel, as well as unstable natural
receptors (e.g., antibodies and enzymes) that are not suitable for field
analyses [24]. To overcome these limitations, there is a pressing need to
develop portable and simple sensing techniques that incorporate
low-cost and stable biomimetic receptors, for on-site analysis.
Molecular imprinting is a synthesis strategy that is used to generate
remarkably selective materials - molecularly imprinted polymers
(MIPs), which mimic the functionality of natural antibodies [25]. MIPs
as alternative receptors possess superior properties including, excellent
chemical and thermal stability, cost-effective fabrication, and extended
shelf life [26,27]. These attributes make MIPs ideal recognition elements
in advanced chemical sensors. By combining MIPs and electrochemical
transducers, effective electrochemical sensors that afford real-time
monitoring, ease of usage, high sensitivity, and a lower cost than
traditional methods can be achieved [26,28,29]. Moreover, the
compatibility of electrochemical sensors with microfluidic systems and
multiplexing technologies facilitates the large-scale fabrication of
portable sensing platforms, positioning them as promising analytical
tools for detecting and quantifying environmental pollutants [28,30].
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Ampicillin (AMP), a p-lactam antibiotic, ranks third among the top
ten most frequently sold fixed-dose antibiotic combinations globally and
has elicited increasing concern due to its high utilization rates [31]. This
widespread use, coupled with improper disposal practices in aquacul-
ture, and healthcare, has resulted in the environmental contamination of
water sources with elevated AMP concentrations [32,33]. Thus, AMP
imprinting has been reported in literature where the MIPs were inter-
faced with various electrode transducers to develop MIP-based electro-
chemical sensors capable of selectively detecting AMP. For example, X.
Shi et al. reported an electrochemically deposited poly(o-phenylenedi-
amine) in the presence of AMP on a gold nanoparticle and single walled
carbon nanotube modified glassy carbon electrode to fabricate an
AMP-MIP that demonstrated high surface area and a limit of detection
(LOD) of 1 nM [34]. Similarly, Y. Sun et al. developed a MIP-based
sensor using pyrrole as functional monomer. The MIP was fabricated
on a ZrO, nanofiber modified gold electrode, achieving a wide linear
range and excellent repeatability [35]. Furthermore, Z. Liu’s group
employed bulk polymerization to generate AMP-MIP on FesN-Co2N
modified carbon electrode using N,N'-dimethylacrylamide as the func-
tional monomer and ethylene glycol dimethacrylate as the cross-linker
[36]. The sensor demonstrated a high electrical conductivity and sta-
bility as well as large surface area. Moreso, a LOD of 0.4 nM was
demonstrated in addition to a good recovery (97-102 %) when used in
the analysis of pre-treated milk samples. Yet in another report, AMP-MIP
was synthesized on the surface of a modified gold electrode as an elec-
trochemical sensor for analysing AMP in various media, adopting
dopamine as a functional monomer [37]. Following optimization, the
authors reported the sensor’s capacity to detect AMP at femtomolar
concentration range.

Notwithstanding the outstanding performances of the sensors
documented in the above reports, the monitoring of their performance
requires the use of an additional external redox probe solution (e.g.,
ferricyanide) that helps to convert the molecular interaction on the
sensor surface to a measurable signal. Unfortunately, most MIP-based
electrochemical sensors targeted towards inactive target molecules
depend on such detection principle i.e., monitoring the adsorption-
dependent changes in the diffusion of redox probe molecules through
the target-specific cavities preformed on the MIP surface [38,39].
However, the dependence on external redox probe introduces several
limitations. This includes the complication of sensor design and the
introduction of stability issues arising from potential interference from
other electroactive species. In addition, employing a redox marker
produces an indirect signal that reflects not only target presence but also
polymer changes during sample interaction [40]. The existence of these
limitations motivates the exploration of alternative approaches, such as
incorporating internal redox centres into the electrode material [41,42].

Meanwhile, ruthenium oxide (RuO;) electrodes offer numerous ad-
vantages in electrochemical analysis. Primarily, RuO is esteemed for its
steadfast catalytic efficacy, rendering it exceptionally suited for
achieving high sensitivity in analytical applications [43]. Furthermore,
it demonstrates remarkable thermodynamic stability, ensuring consis-
tent performance of RuO; electrodes even under challenging experi-
mental conditions [44]. Also, the expansive potential window of RuOy
electrodes allows for their exploration in diverse redox processes [45].
Additionally, depending on the synthesis method, RuO, electrodes can
exhibit a porous structure that provides a large surface area [46], crucial
for enhancing charge-transfer characteristics and sensitivity in electro-
chemical measurements [47]. For example, the pH sensing electrodes
based on RuO; presented a high sensitivity with minimal
cross-sensitivity towards numerous cations and anions, making them
well-suited for pH monitoring in complex water samples [48]. More-
over, RuO: exhibits versatile electrochemical behavior by possessing
multiple accessible oxidation states [49,50], particularly valuable in
MIP-based sensor configuration, as a single RuO: electrode can serve a
dual purpose: an electrochemical transducer and an internal redox
probe. This enables MIP-based electrochemical sensors to measure
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signals directly, eliminating the need for external probe solutions. As a
result, the measurement procedure is simplified and accelerated,
reducing contamination risks and ensuring more reliable results. These
improved electrochemical characteristics significantly enhance the
overall sensor performance.

Despite these advantages, consolidating RuO; electrode with MIPs to
implement real-life analysis of environmental samples had not received
much attention from molecular imprinting community. To the best of
our knowledge, the synthesis of MIPs on RuO; screen-printed electrodes
(SPEs) and their subsequent application in electrochemical sensing
platforms for antibiotic determination have not been previously
reported.

This study aims to bridge the knowledge gap by developing an
electrochemical sensor consisting of a RuO: electrode, serving a dual
role as an electrochemical transducer and an internal redox probe. Prior
to AMP-MIP synthesis, an appropriate functional monomer was selected
among several electropolymerizable monomers by employing computer
modeling that involved estimating binding energies using density
functional theory (DFT)-based quantum chemical calculations. Most
important, the performance of the AMP-MIP-based sensor (AMP sensor)
was evaluated in a pond water sample to demonstrate its potential for
practical on-site applications in environmental water analysis.

2. Experimental
2.1. Chemicals and materials

Ampicillin (AMP) sodium salt, amoxicillin (AMO), doxycycline
(DOX), m-Phenylenediamine (mPD) were obtained from Sigma-Aldrich.
Acetic acid 99.8 %, potassium dihydrogen phosphate (KH5PO4), di-
sodium hydrogen phosphate dodecahydrate (NagHPO,4), and potas-
sium chloride (KCI) were from Lach-ner. Sodium chloride (NaCl) was
supplied by Honeywell, and methanol was purchased from Thermo
Fisher Scientific Inc. The chemicals were received and stored under
standard conditions. The aqueous solutions were prepared with ultra-
pure water (Direct-Q 3 UV Water Purification system, resistivity 18.2
MQ cm at 25 °C, Merck KGaA, Darmstadt, Germany). Phosphate-
buffered saline (PBS) was prepared from KHyPO4, NagHPO4, KCI and
NaCl in ultrapure water. The polymer synthesis and all electrochemical
measurements were conducted in PBS with a molar concentration of 10
mM and a pH value of 7.4. AMP sodium salt, a highly water-soluble form
of AMP, was used as template and analyte. Analyte solutions were
meticulously prepared using PBS and pond water.

The pond water was collected from a small and shallow pond located
at latitude 59°23'44”’N and longitude 24°39'36"’E in Tallinn, Estonia.
The water sample was filtered through filter paper to remove solid
matter, such as debris, dirt, and other organic matter. The filtered
sample was then poured into a glass bottle and stored at room temper-
ature in a dark place to inhibit algae growth.

The Drop Sense RuO; screen-printed electrodes (SPEs) DRP-810
were obtained from Metrohm, a.s. in Spain. DRP-810 consists of a
working electrode (WE) with a 4 mm diameter (approximately 12.56
mm?) made of RuO,, a silver reference electrode (RE), and a carbon
counter electrode (CE).

2.2. Functional monomers selection

Five electropolymerizable monomers, including 1,8-diaminonaph-
thalene (1,8-DAN), aniline (ANI), 3,4-ethylenedioxythiophene (EDOT),
mPD, and pyrrole (PYR) were considered for the selection of a suitable
functional monomer. The binding energy of complexes between each
monomer and AMP with a 1:1 ratio was estimated. First, the structures
of the individual compounds and monomer-template complexes un-
derwent geometric optimization using Avogadro 1.2.0 software,
employing the Universal Force Field (UFF) for energy minimization.
Subsequently, binding energies were computed utilizing DFT method at
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the B3LYP/6-31+G level of Gaussian’09 software.
2.3. Sensor preparation

The AMP sensor features an electrochemically deposited AMP-MIP
film on the RuO; WE of the DRP-810 SPE, and connected to a poten-
tiostat (Interface 1000™, Gamry Instruments, Inc., USA) enabling the
detection of AMP in solution using linear sweep voltammetry (LSV). The
AMP containing PmPD polymer film, denoted as PmPD/AMP, was
synthesized on the WE by cyclic voltammetry (CV) in PBS solution
containing mPD and AMP sodium salt at a potential range of —0.2 to 0.4
V with a scan rate of 100 mV/s vs the Ag/AgCl/3 M KCl external
reference electrode. Subsequently, molecular imprints of AMP were
generated after removing the entrapped AMP from PmPD/AMP film.
This was achieved by immersing the modified electrode in a washing out
solvent of acetic acid-methanol (volume ratio 1:19) for 30 min on vor-
tex, resulting in AMP-MIP formation. A similar process was used for the
reference film, non-imprinted polymers (NIPs), with the absence of
AMP.

The sensor preparation stages were characterized by LSV in a PBS-
based analyte solution, which utilized internal ruthenium oxide redox
probe characteristics. The LSV was conducted in the potential range of
—0.2 - 0.5 V vs external Ag/AgCl/3 M KCl reference, with a scan rate of
50 mV and a step size of 1 mV.

2.4. Evaluation of sensor performance

To conduct the rebinding investigation, sensors were incubated in
PBS containing increasing analyte concentrations, followed by LSV. The
anodic current peaks corresponding to each analyte concentration were
normalized to represent the concentration-dependent sensor response
(I,) using Equation (1):

L=>I-0)/I 1)

where Iy and I are the LSV current peaks measured after incubation in
PBS buffer solutions or pond water without and with analyte, respec-
tively. For similar analysis in pond water samples, the AMP sensor was
incubated in pond water spiked with AMP concentrations and then
transferred to PBS for LSV measurement (see section S1 for more
details).

The selectivity of AMP sensor was evaluated in both PBS and pond
water samples by comparing its response upon rebinding of AMP with
those induced by other interfering antibiotics, including AMO and DOX.
In this case, the AMP sensor’s ability to recognize analyte molecules was
evaluated by its relative response (RR), i.e. the response related to the
respective “blank sensor” containing all components of AMP sensor
except for AMP-MIP layer, which was replaced with a NIP layer:

RR =1, (MIP) /I, (NIP) )

where I,(MIP) and I,(NIP) represent the responses of AMP-MIP- and
NIP-modified WEs of DRP-810, respectively, against the analytes.

The limits of detection (LOD) and quantification (LOQ) were deter-
mined from the linear regression of the sensor’s response to low con-
centrations of the analyte in pond water, using Equations (3) and (4).

LOD =3SD/b 3)
LOQ=10SD/b [©)]

where SD and b are the standard deviation of the residual and the slope
of the regression line, respectively.

To evaluate the accuracy and reliability of the sensor, a series of
recovery experiments were conducted in pond water samples. Thus,
known amounts of the target antibiotic (AMP) were spiked into pond
water samples and their normalized responses were recorded. Subse-
quently, the corresponding antibiotic concentrations were determined
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using a previously established linear regression of the sensor’s response
to low concentrations of the analyte in pond water. The recovery per-
centage (%R) was then calculated using Equation (5):

%R = (Cmeasured / Cspiked) -100 (5)

where Cpeasured (NM) is the concentration of the antibiotic estimated by
the linear regression equation, and Cgpikeq (nM) is the initial concen-
tration of the antibiotic spiked into the sample. The experiment was
performed in triplicates (n = 3) to evaluate the reproducibility.

3. Results and discussion
3.1. Sensor operating principle

In AMP sensor configuration, the RuO; electrode functions as both an
electrochemical transducer and a redox probe, serving as an electro-
chemical indicator for monitoring target binding to the AMP-MIP-
modified electrode surface. The working principle of the AMP sensor
is illustrated in Fig. 1. During LSV, the RuO, electrode undergoes
oxidation, prompting anions from the electrolyte to diffuse toward the
electrode through the empty imprinted cavities of the AMP-MIP layer to
compensate for the positive charge, thereby sustaining the current flow
between the electrode and the solution within the electrochemical cell.
If the solution contains AMP, its molecules rebind to the imprinted
cavities of AMP-MIP obstructing the diffusion of anions towards the
RuO; electrode surface, leading to a noticeable reduction in the
measured current. The level of current reduction can be correlated with
the concentration of AMP in the solution. Thus, the sensor detects the
presence and quantity of AMP by measuring the resulting change in peak
current observed during LSV.

3.2. Functional monomer selection

The selection of the functional monomer significantly influences
MIP’s performance, relying on the strength of interactions with the
template molecule to form molecular memory based on its shape and
arrangement of functional groups [51,52]. Hence, it is necessary to
conduct a preliminary study of molecular complexes between a mono-
mer and template molecule to design MIP with optimal performance.
This study investigated electropolymerizable monomers containing
functional groups that can form hydrogen bonds with oxygen and
hydrogen atoms of template AMP: 1,8-DAN, ANI, EDOT, mPD, and PYR
(Fig. 2).

Given that AMP molecule contains 4 oxygen atoms (01, 02, 03, and
04) and 3 hydrogen atoms (H1, H2, and H3) with potential for hydrogen
bonding, we estimated the binding energies between each monomer and
the template by individually linking hydrogen atom of the amino group
from each of the monomers 1,8-DAN, ANI, mPD or PYR to each oxygen
atom of the template AMP (Table 1). Similarly, the binding energies
between EDOT and the template AMP were calculated by linking oxygen
atom of EDOT to each hydrogen atom of amino or hydroxyl group of
AMP. Fig. 3 demonstrates possible points of interaction between AMP
and mPD while other monomer-template interactions are depicted in
Figs. S2(a—d) of SI. As seen in Table 1, mPD exhibited the greatest overall
binding energy, signifying its capability to form robust hydrogen in-
teractions with AMP. Consequently, further experimental work was
carried out using mPD as a functional monomer.

3.3. AMP-MIP preparation and characterization

To assess the performance of AMP-MIP for the detection of AMP,
initial experiments were conducted on gold slide before proceeding to
the RuO, WE (see more in section S3). Gold was chosen due to its well-
characterized electrochemical properties and stable surface chemistry
[53,54]. The results in Fig. S3c indicate the formation of the polymer
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Fig. 1. Scheme showing the operating principle of AMP sensor. (a) In the absence of AMP, the charge is transferred through the binding cavity, providing a strong
current peak (blue line). (b) After AMP rebinding, the non-conducting antibiotic molecules obstruct the charge transfer, resulting in a reduced current peak (red line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Structural formula of electropolymerizable monomers examined as potential functional monomers for AMP-MIP synthesis.

film in the presence of AMP (PmPD/AMP), the efficiency of AMP
washing out treatment to form AMP-MIP, and the subsequent rebinding
behavior of AMP-MIP. This experiment was crucial in the AMP sensor
development process as it demonstrated the initial selectivity of

Table 1
Hydrogen binding energy of monomers towards different oxygen (O) and
hydrogen (H) atoms of AMP as calculated by Gaussian’09 software.

mPD  ANI 18 PYR  EDOT AMP-MIP, suggesting its potential effectiveness when later combined
DAN with the RuO, WE.

Binding energy (kJ/ 01 -231  -141  -146 -123 - For the modification of the RuO; WE, CV was employed. This tech-
mol) g; _;gf _;:; _;gz _;22 - nique is particularly convenient for monitoring the electrochemical ac-
04 :327 :321 :282 :231 - tivity of RuO2 WE upon its modification with the PmPD/AMP layer. By
H1 - - - - —278 adjusting the number of CV cycles, the thickness of the layer could be
H2 - - - - —168 finely tuned to ensure optimal synergy between the AMP-MIP and the

H3 - - - - ~107 RuO; WE, enhancing the sensor’s performance in the end.

Total’ -1091 -952 863 -726  -553

# A rough estimate of the overall binding energy was calculated as the sum of
the individual binding energies in the 1:1 complex between AMP and the

monomer.

To assess the feasibility of electropolymerizing mPD on RuOz WE, a
preliminary test was performed to confirm the electrodeposition of the
polymer film over a potential range of —200 to 400 mV in PBS (Fig. 4).
As can be seen in Fig. 4a, stable voltammograms, demonstrating the
overlay of the 7 successive cycles, were obtained in the absence of mPD
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Hydrogen bond

A

Fig. 3. Schematic representation of possible binding interaction positions be-
tween template AMP and mPD.

in PBS. The pair of anodic and cathodic peaks observed at 173 and 0 mV
respectively, are attributed to the redox pair of Ru(IIll)/Ru(IV) (refer to
Section S3 in Supplementary Information for more details).

After adding mPD to the PBS solution, a continuous decrease in both
anodic and cathodic current peaks with each cycle were observed
(Fig. 4b). This trend indicates the formation of a non-conductive film,
which hinders charge transfer, providing clear evidence of the poly
(mPD) (denoted as PmPD) film’s presence and its impact on the elec-
trochemical process on the RuO> WE surface.

400 @ ——Cycle 1
4 ——Cycle 2
—~ ] ——Cycle 3
< 200 onise
5 O
= 1 ——Cycle 5
5 -200 - ~———Cycle 6
] ——Cycle 7
-400
T 5 T i T ¥ T
-200 0 200 400

Potential (mV)
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Furthermore, each stage of the AMP sensor preparation process was
closely monitored by LSV, where the modifications of the RuO, elec-
trode surface were expected to induce changes in charge transfer
capability through the electrode surface. As shown in Fig. 5a, a marked
reduction in peak currents was observed in the LSV following the elec-
trochemical deposition of PmPD/AMP, indicating surface passivation by
electrochemically inactive materials. However, upon treatment with a
washing solution to form AMP-MIP, a partial recovery of the previously
diminished peaks was observed. This indicates that the washing pro-
cedure engenders the removal of the trapped template molecules, thus
forming molecular cavities in the polymer and facilitating charge
transfer at the electrode/solution interface.

Conversely, similar treatments of the PmPD modified RuO; electrode
showed no appreciable change in the LSV voltammograms, rather the
signals following PmPD electrodeposition, NIP formation, and rebinding
with AMP are closely related (Fig. 5b). This result supports, indirectly,
that the current rise after treatment with the washing solution is likely
due to AMP removal rather than a compromise in the quality of the
PmPD layer. Thus, the imprinting of AMP in the PmPD film could be said
to be successfully achieved.

3.3.1. Effect of polymer thickness

To determine the optimal thickness of the AMP-MIP layer, at which
the sensor produces the strongest response towards AMP, the RuO; WE
was modified with AMP-MIP films generated from increasing number of
CV cycles (4-6 cycles). As seen, the AMP-MIP film formed from 5 CV
cycles demonstrated the highest normalized response (I,) and was thus
selected as optimal for further study (Fig. 6a).

3.3.2. Effect of rebinding time

A rapid response time is a desirable characteristic for chemical sen-
sors in environmental monitoring. Accordingly, to determine the
optimal recognition time of AMP-MIP towards the target, several AMP
sensors were each incubated in PBS containing 10 pM AMP for different

400 b Cycle 1
1 ——Cycle 2
= - Cycle 3
g 200+ —
5 O
5 1 ——Cycle 5
8 -200 —czleG
4 ——Cycle 7
-400 -
T X T T T % T
-200 0 200 400

Potential (mV)

Fig. 4. CV of RuO, WE in PBS (a) without and (b) with 5 mM mPD at a scan rate of 100 mV/s.

—— bare RuO,
400~ a ----PmPD/AMP
1 ----AMP-MIP
<3004 [\
=
S 200
3 100 -
0
. : , : .
0 100 200 300

Potential (mV)

400 - b ~—— bare RuO,
-==-PmPD
1 ----NIP
3004 /) e AMP on NIP

100

0 100 200 300
Potential (mV)

Fig. 5. LSV characterization of (a) AMP-MIP and (b) NIP film modification of RuO, WE. The data were recorded in PBS at scan rate of 50 mV/s.
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Fig. 6. Responses of AMP sensors (a) generated from different numbers of CV cycle and (b) generated from 5 CV cycles vs. the time of incubation (i.e. rebinding

time). Sensor incubation was performed in PBS containing 10 pM AMP.

times, including 10, 20, 30, and 40 min (Fig. 6b). Evidently, a sharp
increase in the response was observed with the increase in incubation
time from 10 to 30 min. However, further incubation beyond 30 min
showed a marginal growth in response. Consequently, 30 min was
selected as the appropriate incubation time at which AMP sensor per-
forms optimally and was used for further experiments.

3.4. Evaluation of sensor performance

3.4.1. Selectivity study

Two antibiotic candidates, AMO and DOX, were chosen to evaluate
the sensor’s ability to distinguish between different compounds (refer to
Fig. 7 for their structures). The results presented in Fig. 8a demonstrate
that the AMP sensor exhibits significantly higher response for the target
compound, AMP. Specifically, the response was 2.4 times higher
compared to AMO and 9.5 times higher compared to DOX in PBS. The
relative responses (RRs) were also greater for AMP, reaching 4.2,
compared to AMO at 2.1 and DOX at 1.6 (refer to Table S2).

Upon testing in pond water (Fig. 8b), the sensor showed even higher
response values. This is likely due to the presence of diverse organic
matter, microorganisms, potential pollutants, and inorganic substances
such as minerals in natural pond water [55-57], which increase

e

‘NH,

background noise. In this context, the signal response of AMP sensor in
the presence of AMP was 2.4 times higher than that for AMO and 5.2
times higher than for DOX. Likewise, the RRs were higher for AMP in
comparison to both AMO and DOX (refer to Table S3). These findings
indicate that the AMP sensor can effectively discriminate between AMP
and other antibiotic molecules at high concentrations (10 pM) in both
PBS and pond water samples.

Additionally, the sensor’s performance was evaluated in pond water
spiked with a low concentration (50 nM) of each antibiotic, mimicking
real-world conditions as found for AMP in surface water at approxi-
mately 46 nM and in wastewater effluents in the range of 7-121 nM [58,
59]. As shown in Fig. 8c, the AMP sensor demonstrated the highest
response towards AMP compared to AMO and DOX. The RRs were also
higher for AMP, with a value of 2.4, compared to 1.7 for AMO and 1.6 for
DOX (refer to Table S4). This underscores the significance of forming
AMP-imprinted cavities within the AMP-MIP layer, which allows for the
discriminatory recognition of the target over other antibiotics.

3.4.2. Detection limit

The successful implementation of a sensor in detecting low analyte
concentrations is of paramount interest in MIP-based sensor develop-
ment. Hence, further study was planned to evaluate the performance of

HO,

CH,

CH,

Ampicillin (AMP)

HO,
o
CH,
o}
HO CH,
NH,

Amoxicillin (AMO)

OH ) OH (0] NH,

Doxycycline (DOX)

Fig. 7. Antibiotic molecules used in selectivity experiments, including AMO (365.4 g/mol) which belongs to the same class of aminopenicillin antibiotic as AMP
(394.4 g/mol), and DOX (444.4 g/mol) that is a member of tetracycline antibiotic class.
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Fig. 8. Responses of AMP-MIP and NIP-based sensors following incubation in different antibiotic solutions (AMP, AMO, DOX) at concentrations (a) 10 pM in PBS, (b)
10 pM in pond water, and (c) 50 nM in pond water. (d) Performance of AMP sensor at low analyte concentration (10-50 nM) in pond water. The solid line is a linear
regression fit. The error bars represent the standard deviation of three measurements conducted using three independent AMP sensors.

the AMP sensor in low concentration range and to determine its quan-
titative limits, including LOD and LOQ. As shown in Fig. 8d, the response
of the AMP sensor linearly increases with analyte concentrations up to
50 nM in pond water (referred to Fig. S5 for LSV responses). The LOD
and LOQ values, calculated using Equations (3) and (4), are 6 nM and 19
nM respectively. This indicates the suitability of the sensor for analyzing
AMP in environmental water samples, as AMP is found in surface water
and wastewater treatment plant effluents within the nanomolar range
[58,59].

To validate the accuracy and reliability of the sensor, a series of re-
covery experiments were conducted using AMP solutions of varying
concentrations in pond water (as detailed in Table 2). The sensor showed
good recoveries within the range of 98 %-114 %, confirming its robust
performance.

4. Conclusion

The results obtained in this report showcase the uniqueness and
significance of combining a MIP-based sensing element with an RuO,
electrode for the development of an electrochemical sensor applicable in
environmental monitoring. While the AMP-MIP provides a robust
selectivity for AMP target, the RuO, electrode serves a dual purpose of a
transducer and an internal redox probe that permits a direct detection of
the non-electroactive analyte, deviating from the traditional require-
ment of an external probe solution. The strong discriminatory recogni-
tion of AMP in the presence of other aminopenicillin antibiotic and other
antibiotics class in both buffer and pond water samples establishes the
suitability of the sensor for the intended usage in environmental water.
In addition, the LOD of 6 nM obtained in pond water samples accurately
positions the sensor for potential deployment in the analysis of the target
molecules since AMP presents itself within the nM concentration range
in the aqueous environment. Lastly, the achieved recoveries (98-114 %)
indicate the reliability of the sensor for accurate analysis beyond the
margin of errors. Thus, by adopting the approach presented in this work,
the potential for a sensitive, direct, accelerated, and accurate analysis of
antibiotic pollutants in environmental water is achievable.

Table 2
Recoveries of AMP sensor in pond water samples as calculated by Equation (5).

Spiked AMP (nM) Found AMP (nM) Recovery (%)

20 23+1 114+7
35 34+2 98 £ 5
50 52 +3 104+ 6
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