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Abstract

The presence of antibiotic drug residues in food and water sources poses a critical challenge to the
public health and environmental sustainability. Addressing this challenge requires the development
of highly sensitive and selective detection methods capable of accurately quantifying trace levels of
the residues in complex sample matrices. The aim of this study was to contribute to this vital area
of research by focusing on the designing, fabrication, characterization, and application of advanced
electrochemical sensors for the detection of antibiotic residues in various matrices. In this study,
eight cutting-edge electrochemical sensors were developed, characterized, and successfully applied
for the individual and simultaneous determination of selected antibiotic drug residues in food and
water samples. Through thorough experimentation and optimization, novel electrochemical sensor
architectures have been developed using innovative materials, including gold-silver alloy nanocoral
clusters (Au-Ag-ANCCs), thermally annealed gold-silver alloy nanoporous matrices (TA-Au-Ag-
ANpM), iron-doped polyaniline (Fe-dop-PANI), nickel oxide nanoparticles (NiO-NPs), zinc oxide
nanoparticles (ZnO-NPs), functionalized multi-walled carbon nanotubes (f-MWCNTSs), reduced
graphene oxide (r-GO), poly(L-histidine), poly(L-serine), poly(glycine), polyethylene oxide (PEO),
and choline chloride (ChCI), to improve sensitivity, selectivity, and stability. The surface
morphology, elemental composition, and electrochemical properties of the developed sensors were
characterized using an array of analytical techniques, including UV-Vis spectroscopy, Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction spectroscopy (XRD), energy dispersive
X-ray spectroscopy (EDX), scanning electron microscopy (SEM), electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV). Among the developed sensors, ChCI/CPE was
designed for the determination of ciprofloxacin (CPRO) in eye drops, river water, and egg samples.
It exhibited outstanding performance with a wide linear range (0.005-200 uM), and impressive
detection and quantification limits of 0.36 nM and 1.2 nM, respectively. ChCI/GCE was prepared
for the simultaneous determination of tinidazole (TIN) and chloramphenicol (CAP) in egg, honey,
and milk samples. It showed exceptional detection capability with a wide linear range of 0.010-170
uM and 0.005-300 uM for TIN and CAP, respectively. The limit of detection (LOD) and limit of
quantification (LOQ) were 0.90 nM and 3.0 nM for TIN, and 0.27 nM and 0.89 nM for CAP,
respectively. TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE was developed for the detection of life-

threatening residues of metronidazole (MTZ) in milk powder, pork, and chicken meat samples. It

Xi



performed exceptionally in the detection of MTZ with a wide linear range from 2.0 pM to 410 uM.
The LOD and LOQ were determined to be 0.0312 pM and 0.104 pM, respectively. Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE was used for the simultaneous determination of vancomycin
(VAN) and ceftriaxone (CFT) residues in chicken meat, fish, and milk samples. The sensor
demonstrated outstanding performance in the determination of the analytes over a wide dynamic
range, from 1.0 pM to 120 uM for VAN and from 1.0 pM to 290 uM for CFT. The LOD and LOQ
values were determined to be 0.11 pM and 0.36 pM for VAN and 0.017 pM and 0.057 pM for CFT,
respectively. TA-Au-Ag-ANpM/f-MWCNTSs-CPE/poly(L-serine) was prepared for the
simultaneous detection of sulfathiazole (SFT) and sulfamethoxazole (SFM) residues in honey, beef,
and egg samples. It showed exceptional performance in a wide linear range (4.0 pM to 490 uM for
SFT and 4.0 pM to 520 uM for SFM), with picomolar detection and quantification limits (0.53 pM
and 1.75 pM for SFT, 0.41 pM and 1.35 pM for SFM). Au-Ag-ANCCs/f-MWCNTs-CPE/ChCI was
developed for the simultaneous determination of rifampicin (RAMP) and norfloxacin (NFX)
residues in water samples. It exhibited outstanding performance in a broad linear range, from 14 pM
to 115 uM for RAMP and from 0.9 nM to 200 uM for NFX, with LOD and LOQ values of 2.7 pM
and 8.85 pM for RAMP and 0.14 nM and 0.47 nM for NFX, respectively. Au-Ag-ANCCs/ZnO-
NPs-CPE/PEO was prepared for the simultaneous detection of nitrofurantoin (NFT) and
furazolidone (FZD) in poultry, fish, honey, dairy products, and municipal wastewater samples. The
sensor demonstrated exceptional performance over a wide linear range, from 1.0 pM to 250 uM for
NFT and 0.9 nM to 360 uM for FZD. The LOD and LOQ were found to be 0.26 pM and 0.88 pM
for NFT and 0.023 pM and 0.076 pM for FZD, respectively. Finally, TA-Au-Ag-ANpM/Fe-dop-
PANI/NiONPs/GCE was developed for simultaneously determining azithromycin (AZM) and
enrofloxacin (ENF) residues in food and water samples. The sensor exhibited exceptional
performance in a broad dynamic range from 0.8 pM to 250 uM for AZM and 0.1 pM to 550 uM for
ENF, with LOD and LOQ values of 0.053 pM and 0.18 pM for AZM and 0.013 pM and 0.042 pM
for ENF, respectively. In order to maximize the efficiency of the proposed sensors, an extensive
optimization of various experimental parameters was performed. The optimization process included
the selection of the appropriate supporting electrolytes, choice of the pH of the electrolyte solutions,
determination of the number of electropolymerization cycles, optimization of the mixing ratio of
the nanocomposites, adjustment of the volume of the drop-casting species, and selection of the

square wave voltammetry (SWV) parameters, such as amplitude, frequency, and step potential, as
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well as other instrumental parameters. Under these optimized experimental conditions, the
developed sensors exhibited remarkable selectivity and effectively discriminated between the target
analytes and interferents present in complex sample matrices. In addition, the developed sensors
exhibited exceptional reproducibility, repeatability, and long-term stability. Subsequently, the
developed sensors were validated using real food and water samples that were suspected to contain
antimicrobial drug residues. The results revealed impressive recoveries ranging from 95.6 to 103%,
with relative standard deviations below 5%. In general, the results presented in this paper represent
a significant advance in the field of electrochemical sensor technology, particularly in the vital area
of identifying antibiotic residues in food and water samples. The introduction of these state-of-the-
art sensors heralds a new era characterized by increased sensitivity, selectivity, and reliability. This
advancement will change the landscape of monitoring, regulating, and controlling antibiotic
residues in food chains and water sources. Beyond enriching scientific knowledge, this
breakthrough offers tangible benefits for public health and environmental sustainability, and

embodies the laudable pursuit of advancing knowledge for the benefit of society.

Keywords: Antibiotic resides; Electrochemical sensors; Nanocomposite modifiers; Food samples;

Water samples
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Chapter One

1.1. Introduction

1.1.1. Antibiotics

The word "antibiotics” originally used to describe substances naturally produced by
microorganisms, like bacteria or fungi, which could inhibit the growth of other microbes or disrupt
their cellular integrity. However, with the advent of semi-synthetic derivatives, a new terminology
was used. Now, "antimicrobials™ encompasses a broader category that includes synthetic, semi-
synthetic, and natural compounds, all of which are effective in hindering microbial proliferation
and inducing apoptosis [1]. Before the discovery of antibiotics, humanity was highly vulnerable
to various infectious diseases like pneumonia, meningitis, and tuberculosis presenting significant
challenges in treatment, often with limited or no effective options. Major epidemics threatened
public health, and medical specialties such as surgery, pediatrics, and hematology faced elevated
mortality rates due to infectious complications [2]. The emergence of antibiotics brought a
significant transformations in the medical field. Physicians were freed from the fear of infection,
allowing them to expand and enhance their research efforts. Specialized areas like surgery and
hematology saw a remarkable growth and advancement. Consequently, humanity has been spared
from major pandemics and effectively managed afflictions like tuberculosis. Antibiotics became
synonymous with medical salvation in public perception [3]. Over time, numerous novel
antimicrobial agents with diverse mechanisms of action have been discovered, resulting in an

extensive armamentarium that offers broad protection against almost all pathogens [4].

The use of antibiotics dates back over 2,500 years to ancient Chinese civilization, where the
therapeutic properties of moldy soybeans were discovered and utilized to treat various infections,
such as furuncles and carbuncles. Similarly, other ancient civilizations, such as the Egyptians and
Greeks, resorted to molds and plants to combat infections, although the understanding of
compounds that displayed antibiotic properties was limited at the time [5]. In 1665, Robert Hooke
made significant advancements in microbial observation by utilizing a simple microscope to study
small organisms, plants, microbes, and fungi, marking the initiation of cell theory “the concept

that all living organisms are composed of cells”. Notably, in 1674, Anton van Leeuwenhoek further



enhanced the field by constructing powerful microscopes, enabling him to observe live
microorganisms, leading to the recognition of bacteria and protozoa [6]. It wasn't until the late
19th century that the history of antimicrobial drugs began to unfold. In the 1890s, German
researchers Rudolf Emmerich and Oscar Low discovered the first antibiotic pyocyanase [7].
Subsequently, in 1909, Paul Ehrlich introduced Salvarsan, an arsenic-based drug that is effective
against syphilis, laying the groundwork for further antimicrobial development. The milestone in
this evolution came in 1928 with the discovery of penicillin by Alexander Fleming, which
revolutionized clinical therapies [8,9]. The mid-20th century saw the rise of streptomycin and
tetracycline in the late 1940s and the early 1950s, ushering in an era of antibiotic chemotherapy in
clinical medicine. These antibiotics have demonstrated efficacy against various pathogenic
bacteria, including Bacillus tuberculosis. Additionally, the evolving interest in pharmaceuticals
and environmental substances, such as heavy metals, pesticides, and antibiotics, has become a
focal point of research in recent decades, highlighting the ongoing exploration of antimicrobial

agents and environmental factors [5].

Antibiotics can be classified based on their route of administration, origin, spectrum of
activity, molecular structure, and mode of action. Antibiotics belonging to the same structural
group generally demonstrate comparable efficacy, similar side effects, and toxicity [10-12].
Classification by mode of action divides antibiotics into four main groups (Figure 1). The first
group involves the inhibition of cell wall synthesis, mainly effective against gram-positive
bacterial infections due to their ability to interfere with cell wall formation, leading to cell lysis
and death. The second group disrupts cell membranes and includes polycationic peptide antibiotics
such as polymyxins. These antibiotics target gram-negative bacteria by interacting with their cell
membranes, causing changes in permeability and cell death. Polymyxins are often reserved for use
as a last resort against multi-drug-resistant strains because of their potency and potential toxicity.
The third group inhibits nucleic acid synthesis, with notable examples being quinolones,
rifampicin, and sulfonamides. Fluoroquinolones, a subclass of quinolones, are synthetic
antimicrobial agents widely used in clinical settings due to their broad-spectrum activity and
effectiveness in treating various infections by interfering with DNA replication and transcription.
The fourth group focuses on the inhibition of protein synthesis and includes antibiotics, such as

tetracycline, aminoglycosides, chloramphenicol, and macrolides. These antibiotics target



ribosomal RNA-rich regions of ribosomes, disrupting the protein synthesis necessary for bacterial

growth and replication. Some of these antibiotics, such as aminoglycosides, have shown efficacy

against specific infections,

including tuberculosis, making them vital tools for the treatment of

severe bacterial diseases [13,14].
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Figure 1. Classification of antibiotics.

1.1.2. The role of antibiotics in human health and animal husbandry

Antibiotics have dramatically transformed healthcare, revolutionizing the infectious diseases

treatment and significantly lowering mortality and morbidity rates across the globe. They are

essential for treating a wide range of bacterial infections, from common issues, like respiratory

and urinary tract infections, to more serious conditions, including skin abscesses and sexually

transmitted infections (STIs) [8,15]. For instance, antibiotics such as penicillin and amoxicillin



effectively combat streptococcal throat infections, whereas azithromycin and ciprofloxacin are
frontline treatments for bronchitis and sinusitis [16]. In surgical practice, antibiotics administered
before procedures, such as prophylaxis, significantly mitigate the risk of postoperative infections,
crucially averting surgical site infections and associated complications. Antibiotics such as
cefazolin and clindamycin are commonly employed for this purpose, and are selected based on
their efficacy against pathogens relevant to specific surgeries [17]. In managing severe infections
like tuberculosis (TB), meningitis, and sepsis, timely antibiotic therapy is paramount for reducing
morbidity and mortality. TB necessitates prolonged antibiotic regimens for the cure and prevention
of relapse, whereas prompt antibiotic treatment is imperative in meningitis to prevent serious
complications [18]. In sepsis, early administration of broad-spectrum antibiotics is vital to halt the
progression of systemic infection and forestall organ dysfunction. Chronic diseases like chronic
obstructive pulmonary disease (COPD) and cystic fibrosis (CF) often feature recurrent bacterial
infections, warranting antibiotic therapy to suppress bacterial growth and minimize exacerbations
[19]. Prophylactic antibiotics, such as azithromycin and tobramycin, are utilized in CF to prevent
Pseudomonas aeruginosa lung infections, while antibiotics like doxycycline and ciprofloxacin,
mitigate exacerbation symptoms in COPD [20]. Immunocompromised individuals, such as those
with HIV/AIDS or those undergoing chemotherapy, are particularly vulnerable to opportunistic
infections, necessitating antibiotic treatment for both therapeutic and prophylactic purposes. For
instance, trimethoprim-sulfamethoxazole is widely used to prevent pneumocystis pneumonia in
HIV/AIDS patients, whereas invasive fungal infections may require antifungal antibiotics such as

fluconazole and itraconazole for effective management [21].

Antibiotics play a critical role in animal husbandry and agriculture, used for various purposes
from therapeutic interventions to non-therapeutic applications. In animal healthcare, therapeutic
antibiotic use is essential to combat bacterial infections, ensure livestock well-being, and maintain
productivity. This targeted approach involves administering antibiotics under veterinary guidance,
effectively managing diseases, and preventing their spread within the herds [22]. Similarly,
antibiotics are crucial in agriculture to prevent and treat bacterial diseases in crops and to safeguard
agricultural productivity [23]. However, concerns have arisen regarding the non-therapeutic use
of antibiotics, particularly their historical application at sub-therapeutic doses to boost growth

rates, improve feed efficiency, and prevent diseases in high-density and stressful environments



[24]. While initially beneficial, these practices are now under scrutiny because of their potential
contribution to antimicrobial resistance (AMR) and environmental contamination. To address
these concerns, concerted efforts have been made to reduce and regulate non-therapeutic antibiotic
use in animal agriculture [25]. This shift involves promoting alternative strategies such as
enhanced biosecurity, vaccination, and probiotic integration into animal diets. The overarching
objective is to promote sustainable animal production practices that balance disease prevention
with responsible antibiotic stewardship to mitigate the risks associated with antibiotic misuse in
agriculture [26].

1.1.3. Antibiotic resistance

Antibiotic resistance is an escalating global issue, where bacteria evolve to resist the effects
of antibiotics, rendering the treatments inefficient against infections they were once treated
successfully. Key contributors to antibiotic resistance include the misuse and overuse of
antimicrobials in animal husbandries and human medications, incomplete treatment procedures,
agricultural practices such as the non-therapeutic use of antibiotics in livestock, poor infection
control measures, and worldwide dissemination of resistant bacteria [23,27]. The phenomenon has
a profound effect on human health, economy, and the environment. The rise in resistant infections
has made the treatment more challenging, resulting in longer illnesses, increased healthcare
expenses, treatment failures, and higher mortality rates [28]. Economically, antibiotic resistance
places a substantial burden on healthcare systems and productivity owing to longer hospital stays,
elevated medication costs, and lost workdays. The uncontrolled discharge of antibiotics to the
surrounding contributes to antibiotic pollution, affects ecosystems, and potentially pollutes food
and water sources [29]. Therefore, combating antibiotic resistance requires multifaceted strategies.
These include promoting prudent antibiotic use through improved stewardship practices,
enhancing infection prevention and control measures to reduce the spread of resistant bacteria,
developing new antibiotics and alternative treatments, investing in research and development of
novel antimicrobial agents, and fostering global collaboration to tackle this critical issue
comprehensively [30,31]. By implementing these strategies, stakeholders can preserve the
effectiveness of antibiotics, protect public health, sustain economies, and safeguard the

environmental integrity.



1.1.4. Antibiotic residue pollution

Antibiotic residue pollution is a global problem arising from various sources, such as
agricultural practices and pharmaceutical waste disposal. This pollution causes extensive
contamination of soil, water, and food, and severely affects the environment and public health
[32,33]. Livestock farming and aquaculture are responsible for a considerable amount of this
pollution because antibiotics are administered to animals for various purposes. Moreover,
improper disposal of medications and inadequate wastewater treatment worsen the issue, leading
to long-lasting antibiotic residues in the environment [22,34]. These residues pose significant risks
to ecosystems and public health by promoting the development and spread of antibiotic resistant
bacteria. This, in turn, compromises the effectiveness of antibiotic treatments in both human and
veterinary medicine. Antibiotic residue pollution has far-reaching consequences that extend
beyond environmental harm, including economic and social effects [35,36]. For instance, the rise
of antibiotic-resistant bacteria elevates healthcare costs, necessitating alternative treatments and
prolonged hospitalization. In agriculture, antibiotic residues can decrease livestock productivity
and result in trade restrictions on contaminated food products, thereby impacting food security and
economic stability. Furthermore, antibiotic residue pollution exacerbates existing health disparities
and socioeconomic inequalities, especially affecting vulnerable populations with limited access to
clean water and healthcare services [37,38]. Addressing this complex issue demands collaborative
efforts across sectors to enact sustainable agricultural practices, enhance wastewater management,
and endorse responsible antibiotic use to mitigate adverse impacts on human health, the

environment, and the global economy.

1.1.5. Overview of antibiotic residues in food and water

Antibiotics are widely used in animal husbandry for treating infectious diseases and as
growth promoters. The overuse and abuse of veterinary antibiotics resulted in the presence of their
residues in animal organs, body tissues, and milk [39]. It was found that animals cannot absorb all
antibiotics and approximately, 30-90% were extracted to the aquatic environment through urine,
faces, and wastewater effluent [40]. Recently, antibiotic residues from animal husbandry are one
of the major hazardous pollutants of aquatic ecosystems including aquatic animals. Among several

antibiotics used in the livestock farms, tetracycline, quinolones, streptomycin, and lincomycin are



the most common in milk, tissue, and marine animals [41]. The residues are relatively stable in the
environment, and even latest wastewater treatment plants cannot remove the residues completely.
As a result, they can be easily ingested by humans through the food chain. Therefore, antibiotic
residues from food-producing animals are a growing public health concern across the whole world.
The residues in foods mainly results in allergic problems, carcinogenic risk, toxicity, and the
development of antibiotic-resistant bacteria [39]. On the other hand, multi-drug resistant bacteria
are health risk issues that can spread from various environmental settings, like livestock farm
waste, sewage treatment effluent, and aquatic environment to the human body [42]. Considering
the emerging health risk issues with antibiotic residues in food-producing animals, researchers are
devoted to finding alternatives for antibiotics to use in livestock farms. Recently, plants and their
extract having bioactive compounds, organic acids, probiotics, prebiotics, and other natural
materials have been studied to replace antibiotics in animal husbandry [43].

The presence of antibiotic residues in aquatic ecosystems is a global concern. In addition to
the direct use of antibiotics in aquaculture, several other pathways also contribute to the discharge
of these residues into the environment. Figure 2 shows the various routes through which antibiotics
enter aquatic environments [44]. The introduction of human-used antibiotics into aquatic
environments poses a significant threat to water quality and ecosystem health through various
pathways. A major route is through the excretion of antibiotics in the urine and feces following
human consumption. Antibiotics can also enter water bodies through sources such as direct
effluent discharge from sewage treatment plants, leachate from landfills, leaks from sewers and
manure storage tanks, runoff from fields fertilized with contaminated manure, and leaching from
polluted soils. Consequently, antibiotic residues have the potential to contaminate surface,
groundwater, and drinking water sources, illustrating the complex and multifaceted nature of
antibiotic pollution in aquatic ecosystems [45,46]. The highest concentrations of antibiotic
residues are typically found in water bodies contaminated with effluents from hospitals, sewage
treatment plants, and manure with antibiotic contamination [47]. Several studies have confirmed
the presence of various antibiotics in animal manures. For instance, oxy-tetracycline showed the
highest concentrations, reaching 416.8 mg/kg in chicken manure, while chlortetracycline had the
highest concentrations, peaking at 764.4 mg/kg in swine manure. In addition, another study has

indicated that the presences of chloramphenicol, sulfonamide, and tetracycline in animal manure



at concentrations ranging from 3.27 to 17.85 mg/kg, 5.85 to 33.37 mg/kg, and 4.54 to 24.66 mg/kg,
respectively [48,49]. Furthermore, through extensive monitoring, a range of antibiotic residues
have been identified in surface water and river sediments. Sulfamethoxazole, oxytetracycline,
ciprofloxacin, norfloxacin, ofloxacin, clarithromycin, and erythromycin are among the most
commonly detected antibiotics [50]. Sabri et al. [51] shows the presence of antibiotics in the water
and sediment samples obtained from a river located within 20 km downstream of the effluent
discharge points. Generally, these findings emphasize the widespread existence of antibiotic
residues, the complex pathways by which antibiotic pollutants can affect both aquatic ecosystems

and human health, and the need for effective strategies to mitigate this global challenge.
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1.2. Chemically modified electrodes

Electrochemical reactions play a crucial role in analytical chemistry, involving the intricate
exchange of electrons between the working electrode and analyte at the interfacial boundary. To
determine the full potential of electrochemical analysis, it is essential to understand and optimize
the properties of the electrode surface. This interfacial complexity is influenced by various factors,
such as the detailed microstructural features of electrode materials, inherent characteristics of the
electrode, pristine cleanliness of the electrode surface, and diverse array of functional groups
present on its surface [52]. A significant challenge arises from the heterogeneous nature of these
reactions, which are often characterized by slow electron transfer kinetics when bare electrode
surfaces are used. This limitation not only impedes sensitivity but also affects selectivity and sets
stringent constraints on the detection limits. Consequently, the direct application of bare electrodes
for trace-level quantification remains a challenging endeavor in electrochemical analysis [53]. In
addition, it is difficult to distinguish analytes with closely spaced electrochemical oxidation and
reduction potentials. The sluggish electron transfer kinetics at the bare electrode surface further
complicates this issue, leading to the merging of redox peaks and hindering precise analyte
identification and quantification [54]. To improve the electron transfer Kinetics, enhance
sensitivity, and achieve better differentiation among analytes, electrode surfaces can be modified
using a range of enhancement techniques, from surface functionalization to nanomaterial
deposition. This pursuit not only broadens the scope of analytical prospects but also enriches the
capabilities of electrochemical analysis with exceptional sensitivity and selectivity, marking a new

era of advanced electrochemical methodologies.

Chemically modified electrodes refer to electrodes intentionally modified by immobilizing
various modifiers such as polymers, organic ligands, nanocomposites, lipids, ion exchangers,
surfactants, organic and inorganic compounds, organometallic or inorganic catalysts, clays,
biological materials, zeolites, and silicates onto the electrode surface. Selecting an appropriate
modifier for electrode modification can effectively reduce the overpotential, prevent surface
fouling, and enhance the sensitivity, selectivity, stability, and reproducibility of electrodes [55].
The most common modification techniques are surface functionalization, polymer coatings,

nanomaterial deposition, enzyme immobilization, and molecular monolayer formation.



Surface functionalization involves attaching specific functional groups or molecules to the
electrode surface through self-assembly, chemical reactions, or physical adsorption. This
technique offers enhanced stability, as functional groups form strong chemical bonds with the
electrode surface, improving its durability. It also improves the electron transfer kinetics, as certain
functional groups can facilitate faster electron transfer reactions, leading to better electrochemical
performance. Additionally, functionalized surfaces can selectively interact with target analytes,

enhancing selectivity in sensing applications [56].

Polymer coatings are applied to electrode surfaces through techniques such as
electropolymerization, drop-coating, or spin coating using conducting polymers such as
polypyrrole, polyaniline, and polythiophene. The advantages of polymer coatings include high
surface area, which increases analyte accessibility and sensitivity. They also offer enhanced
conductivity, which facilitates rapid electron transfer kinetics. Furthermore, polymer coatings are
versatile and can be tailored by incorporating functional groups or dopants, allowing diverse

applications in sensing and electrocatalysis [57].

Nanomaterial deposition involves placing nanomaterials, such as nanoparticles, nanotubes,
or graphene sheets, on electrode surfaces through methods such as electrodeposition, drop-casting,
or chemical vapor deposition. The benefits of this technique include a high surface-area-to-volume
ratio, which increases the number of active sites available for electrochemical reactions.
Nanomaterials also exhibit enhanced catalytic activity, which improves the efficiency of the
electrocatalytic reactions. In addition, the presence of nanomaterials increases the sensitivity of
the electrode, enabling the detection of trace analytes with high precision [58].

Enzyme immobilization involves attaching enzymes to electrode surfaces using techniques
such as physical adsorption, covalent attachment, or encapsulation within matrices, such as
hydrogels or nanomaterials. This approach offers high substrate specificity, enabling the selective
detection of target analytes in complex samples. Immobilization also protects enzymes from
denaturation and degradation, thereby enhancing their stability and shelf-life. Moreover, enzyme-
based electrodes can be regenerated by replenishing the enzyme, allowing multiple uses and long-
term stability [59].
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Molecular monolayer formation involves the creation of self-assembled monolayers (SAMs)
of organic molecules on electrode surfaces using techniques such as immersion, vapor deposition,
or Langmuir-Blodgett deposition. SAMs provide controlled surface properties, allowing precise
control over surface chemistry and tailored functionalities. They also offer reproducibility,
providing uniform and consistent surface modification across multiple electrodes. Additionally,
certain SAMs mimic biological membranes or receptor sites, enabling the development of

biomimetic sensors with enhanced affinity and specificity [60].

These modification techniques are crucial for enhancing the electrode properties tailored for
specific applications, ranging from environmental monitoring to biomedical diagnostics. By
harnessing the benefits of chemically modified electrodes, researchers can improve performance
metrics, such as sensitivity, selectivity, stability, and reproducibility, advancing the field of
electrochemical sensing and analysis. A wide range of materials, including graphene, carbon
nanotubes, polymers, metal oxide nanoparticles, metal nanoparticles, and nanocomposites have

been extensively used to modify electrode surfaces.
1.3. Materials used for electrode modification

In this study, various materials were used to prepare modified electrodes, which were then
used to detect antibiotic residues in different samples. Below, we explore the different types of

modifiers employed in this work.
1.3.1. Choline chloride

Choline chloride, (ChCl), ((CHs)sN(CH2).OH)*CI"), is a versatile organic compound with
multifaceted applications. It is a cheap, environmentally friendly and non-toxic quaternary
ammonium salt, consisting of choline cation ((CH3)sN(CH2)>OH)* and chloride anion (CI"). Itis
a bifunctional compound, containing both a quaternary ammonium (-N*(CHs)3) and a hydroxyl (—
OH) functional groups (Figure 3). ChCl is a white, water-soluble salt that is primarily utilized in
animal feed formulations. Its significance extends across various fields, including fundamental

biological processes, industrial uses, and applications in analytical chemistry [61].
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Figure 3. Structure of choline chloride.

In biological systems, ChCl serves as a precursor for the synthesis of the neurotransmitter
acetylcholine, which is crucial for the transmission of signals between neurons. Additionally, it is
a crucial component of cell membranes and contributes to membrane integrity and fluidity. ChCl
is also involved in lipid metabolism and serves as a methyl donor in phospholipid synthesis, which
is vital for cell structure and signaling. Moreover, ChCl serves as a methyl donor in the synthesis
of other important molecules such as betaine, which involves in homocysteine metabolism [62].
ChCl is widely used in the industrial sector, particularly in the agricultural and food industries. As
a feed additive for livestock, it plays a crucial role in promoting animal growth, improving feed
efficiency, and preventing disorders, such as fatty liver syndrome in poultry. ChCI
supplementation in animal diets also enhances reproductive performance and overall health [63].
Furthermore, it is employed in the formulation of dietary supplements for humans to address
deficiencies associated with inadequate dietary intake [64]. In addition to its role in nutrition, ChCl
is utilized in the production of pharmaceuticals, where it serves as a precursor for various drugs
that target neurological disorders, liver diseases, and other health conditions. Additionally, ChCl
has applications in cosmetics, where it functions as a skin conditioning agent in skincare products
[65].

ChCl plays a vital role in analytical chemistry, particularly in electrochemical analysis. It
serves as an outstanding electrode modifier, enhancing the performance of electrodes used in
electrochemical techniques. Upon incorporation onto electrode surfaces, ChCl enhances
conductivity and promotes electrochemical activity [66]. The modification process involves the
utilization of the —OH group to immobilize ChCl at the electrode surface through covalent bonding.
Additionally, the cationic polar group (—N*(CHs)s3) enhances electrostatic interactions, leading to
a uniformly positively charged surface that facilitates electron transfer between the analyte and
electrode (Figure 4) [67]. This modification enhances electron transfer Kinetics, resulting in

increased sensitivity and selectivity for analyte detection.
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Figure 4. Schematic representation for the preparation of a ChCl modified electrode.

ChCI-modified electrodes play a significant role in a wide range of electrochemical methods
for quantifying analytes in complex matrices. Several studies have been reported the versatility of
ChCl as an electrode modifier for electrochemical determination of various analytes in
environmental monitoring, pharmaceutical analysis, and biomedical diagnostics. A notable study
by Bahrani et al. [67] introduced the ultrasonically accelerated synthesis of AUNP-ChCI-GO for
the detection of meloxicam in human plasma samples. Shahamirifard et al. [68] developed a
zirconia-ChCI-AuNP/CPE sensor for the simultaneous detection of gallic acid and uric acid in
human urine. Parsaee et al. [66] fabricated Ag-ChCI-GO/CPE for electrochemical detection of
celecoxib in human plasma. Biya et al. [69] reported voltammetric sensor for the determination of
brucine in artificial urine sample based on ChCI/GCE. Moreover, Hung et al. [70] engineered a
Pd/Ag hollow structure-modified electrode using galvanic replacement reactions in deep eutectic
ChCl-based solvents to detect hydrazine in ponds and tap water. These innovative initiatives
emphasize the fundamental role of ChCl-modified electrodes in advancing electrochemical

sensing techniques in diverse domains.
1.3.2. Carbon-based modifiers

Carbon-based modifiers such as graphene and carbon nanotubes (CNTSs) have attracted a
significant attention and extensive exploration in electrochemical sensor development. This
intense interest stems from their exceptional properties, including outstanding electrical
conductivity, impressive mechanical strength, durable chemical stability, inherent
biocompatibility, and a notably high surface-to-volume ratio. These characteristics make carbon-

based materials highly attractive for electrode modification, leading to enhanced electrochemical
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performance [71]. Furthermore, carbon-based materials offer an opportunity for synergistic
integration with other nanomaterials, presenting avenues for improving the electron transfer
kinetics of electrodes. The synergistic effects stemming from the combination of various
nanomaterials resulted in significant enhancements in both the sensitivity and selectivity of the
modified electrode [72]. Among carbon-based materials, derivatives of graphene and CNTs have
emerged as attractive candidates for electrode modification. This is primarily due to their
exceptional characteristics, including large surface area, excellent conductivity, and robust thermal
and mechanical stability. These unique properties place carbon-based materials at the forefront of
research efforts, highlighting their crucial role in advancing electrochemical sensing applications
[73].

1.3.2.1. Graphene oxide

Graphene, a single atomic layer of carbon atoms arranged in a hexagonal lattice, represents
one of the most intriguing materials in modern science. Its structure consists of carbon atoms
bonded in a two-dimensional honeycomb lattice, forming a planar sheet that is only one atom thick
[74,75]. Graphene serves as the foundational building block for a vast array of graphitic materials
of different dimensions, ranging from zero-dimensional fullerenes to one-dimensional carbon
nanotubes and three-dimensional graphite [76]. Graphene-based nanomaterials, including
graphene, graphene oxide (GO), and reduced graphene oxide (r-GO), exhibit remarkable structural
versatility and functional diversity. Graphene comprises pristine, unmodified sheets of carbon
atoms, while GO features oxygen-containing functional groups such as hydroxyl, epoxy, and
carboxyl groups, imparting it with increased hydrophilicity and chemical reactivity. Reduced
graphene oxide, obtained through the chemical or thermal reduction of GO, exhibits a partially
restored graphene structure, retaining some oxygen functionalities but with improved electrical
conductivity compared to GO [77]. The structures of graphene, GO, and r-GO are shown in Figure
5[78].

The unique properties of graphene and its derivatives have sparked immense interest and
exploration since their discovery. These properties include an exceptionally high specific surface
area, which provides abundant active sites for chemical interactions; high electrocatalytic activity

facilitating efficient electrochemical reactions; remarkable mechanical flexibility allowing for
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bending and deformation without breaking; facile functionalization enabling tailored surface
modifications; exemplary electrical and thermal conductivity facilitating rapid charge and heat
transfer; strong adsorptive capability for capturing molecules and ions from the surrounding
environment; facile synthesis methods ranging from mechanical exfoliation to chemical vapor
deposition; low production cost due to abundant carbon sources; and non-toxicity, making them

suitable for various biomedical and environmental applications [79,80].

Graphene

Figure 5. Structures of graphene, GO, and r-GO.

One of the primary challenges in utilizing graphene directly as an electrode modifier is its
poor solubility and dispersion in aqueous solutions, which can be attributed to van der Waals forces
and strong m—m stacking interactions between aromatic rings [74,81]. Consequently, graphene
tends to aggregate in aqueous environments, which impedes its effective utilization. To address
this issue, efforts have been focused on converting the hydrophobic surface of graphene to a

hydrophilic one, thereby resolving the dispersion problem in aqueous media.

Graphene oxide (GO) is synthesized via the chemical oxidation of graphite, resulting in a
material rich in oxygen-containing functional groups such as hydroxyl, carboxyl, carbonyl, and
epoxy moieties [82]. The presence of these polar functional groups imparts hydrophilicity and
biocompatibility to GO, facilitating its dispersion in polar solvents, such as water. This
characteristic allows for the easy deposition of dispersed GO onto various substrates using
techniques such as dip coating, drop casting, or spin coating, making it an ideal candidate for
electrode material applications. However, the electrical conductivity of GO is lower than that of
pristine graphene because of the disruption of the sp? bonding network during the oxidation
process [79]. Therefore, the reduction of GO is essential for enhancing its conductivity by reducing
the abundance of oxygen-containing functional groups and increasing the degree of conjugation

[83]. Various reduction methods, including thermal, chemical, and electrochemical techniques,
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have been employed to achieve this transformation [79]. These reduction processes are pivotal for
optimizing the electrical properties of GO, thereby broadening its utility across a wide range of

applications, including electronics and energy storage.

Chemical reduction is a highly efficient and extensively used method for reducing GO due
to its cost-effectiveness and suitability for large-scale production. However, it involves the use of
strong acids, multiple reduction steps, and is time-consuming [81,82]. Furthermore, chemical
reduction often results in the incomplete removal of oxygen functionalities. The thermal reduction
method relies on high temperatures to eliminate oxygen-containing functional groups from the
GO. Although it is considered environmentally friendly and yields graphene with a high surface
area, drawbacks such as structural damage to graphene, mass loss, high production costs, and the
need for meticulous control of experimental conditions are notable [84,85]. On the other hand, the
electrochemical reduction process, which employs various voltammetric techniques, such as LSV,
CV, and amperometry, offers a viable alternative. Electrochemical reduction effectively removes
the oxygen functionalities from GO by directly attaching the r-GO to the electrode surface.
Compared to thermal and chemical reduction, electrochemical reduction is relatively cost-
effective, simple, rapid, allows for precise control of the film thickness, enables the formation of
stable films, and is environmentally friendly; however, it is not suitable for large-scale production
[74,84]. In general, r-GO exhibits enhanced interactions with polymers and diverse nanoparticles,
forming composites owing to its defect sites and fewer oxygen-containing functional groups.

These properties make it an ideal material for electrode modifications.

1.3.2.2. Carbon nanotubes

Carbon nanotubes (CNTSs) are cylindrical nanostructures composed entirely of carbon atoms
arranged in a hexagonal lattice, similar to graphene, but rolled up into a tube. They exhibit
extraordinary mechanical, electrical, and thermal properties owing to their unique structure. CNTs
can be single-walled (SWCNTS), consisting of a single layer of carbon atoms, or multi-walled
(MWCNTS), comprising several concentric layers of graphene (Figure 6) [86,87]. The discovery
of carbon nanotubes dates back to 1991, when Sumio lijima observed needle-like carbon structures
while studying the carbon arc evaporation of graphite. These structures, later identified as CNTSs,

sparked significant interest in the scientific community due to their remarkable properties [88].
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Since their discovery, extensive research has been conducted to understanding their synthesis,
properties, and potential applications, leading to significant advancements in nanotechnology and
materials science. SWCNTs and MWCNTSs differ in their electrical and mechanical properties.
SWCNTSs typically exhibit a higher electrical conductivity and are more flexible than MWCNTS.
However, MWCNTSs are generally more robust and exhibit superior mechanical properties. The
choice between SWCNTs and MWCNTSs depends on specific application requirements, such as

the desired conductivity, mechanical strength, and surface area [89].

MWCNTSs

Figure 6. Stractural view of SWCNTs and MWCNTS.

CNTs are widely used in electronics, materials science, aerospace, and medicine owing to
their exceptional properties, such as high surface area, chemical stability, mechanical strength,
electrocatalytic activity, biocompatibility, and resistance to surface fouling [90,91]. In
electrochemical sensors development, CNTs are valuable electrode modifiers that enhance the
electrical conductivity, surface area, and electron transfer kinetics when incorporated onto
electrode surfaces. CNT-modified electrodes play a critical role in electrochemical applications in
detecting and quantifying various analytes, ranging from environmental pollutants to biomolecules
and pharmaceuticals, in electrochemical applications [92]. Their superior surface area,
conductivity, and biocompatibility make them ideal for sensing applications. Furthermore, CNT-
modified electrodes offer several benefits such as enhanced stability, reproducibility, and lower
detection limits than conventional electrodes, highlighting their importance in advancing

electrochemical sensing technologies [93].

The development of CNTs-based devices faces challenges related to poor solubility,
hydrophobicity, and dispersibility, which hinders their progress [94]. CNTs tend to aggregate in
aqueous solutions due to strong n—r interactions and strong van der Waals forces between their

aromatic rings, making it difficult to disperse them in common solvents [90]. Overcoming this

17



limitation necessitates the modification of CNTs surfaces to be hydrophilic through
functionalization. Functionalization involves attaching chemical groups or molecules to the
nanotube surface to enhance their compatibility with different matrices and to improve their
solubility in solvents. This process not only enhances solubility and biocompatibility, but also
enables specific molecular recognition, making CNTs suitable for sensing applications and
biomedical devices. Furthermore, it enhances the interaction of CNTs with solvents, polymers,

and organic molecules, thereby expanding their potential applications [95,96].

The two main functionalization techniques are covalent and non-covalent modifications.
Covalent functionalization involves the chemical bonding of functional groups or molecules at the
surface of CNTs through strong covalent bonds. This technique mainly results in stable attachment
and significant changes in the surface chemistry of the CNTs. The most common method of
covalent functionalization is the oxidation of CNTs using strong oxidizing acids, such as H2SO4
and HNOg, due to its efficiency and ease of preparation [97]. This oxidation method results in the
opening of CNT tips and the introduction of oxygen-containing functional groups, such as
carboxyl, hydroxyl, ketone, and epoxy groups, as well as amine groups [98]. Covalent
modification can enhance the dispersibility of CNTs in different solvents, improve their
compatibility with polymers or other materials, and introduce specific chemical functionalities for
targeted applications. However, covalent functionalization may degrade the mechanical properties
of CNTs, disrupts the delocalize m-electron systems, and alter their intrinsic properties [97].

Non-covalent functionalization involves the adsorption or physical attachment of molecules
or polymers onto the surface of CNTs through weak non-covalent interactions, such as n-n
stacking, Van der Waals forces, hydrogen bonding, or electrostatic interactions [99]. Unlike
covalent modification, non-covalent functionalization does not alter the structure of CNTs and
generally preserves their intrinsic properties. Common non-covalent modifiers include surfactants,
polymers, proteins, and DNA [100]. Non-covalent functionalization can improve the dispersibility
of CNTs in solvents, enhance their compatibility with other materials, and introduce specific
functionalities without significantly affecting their structure. However, non-covalent interactions
may be less stable than covalent bonds, due to the leaching of modifiers over time [101]. Generally,

the choice between covalent and non-covalent functionalization depends on the specific
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requirements of the application, including the desired stability, compatibility, and functionality of

the modified carbon nanotubes, because both methods offer unique advantages and challenges.

1.3.3. Amino acid polymers

Amino acids stand as key components in electrochemistry, serving as electroactive
substances crucial for modifying electrode surfaces in the development of advanced
electrochemical sensors. Their unique chemical composition makes them ideal for electrode
modification. Amino acids contains electron-donating amino functional groups (-NH2), a
characteristic part for their role in electropolymerization [102]. Their electropolymerization
involves the oxidation of amino functional groups, generating free cation radicals capable of
forming stable covalent bonds with the carbon atoms at the electrode surface [103]. Subsequently,
these monomeric units undergo condensation reactions between amino and carboxylic groups,
resulting in the formation of peptide linkages. This results in the polymerization of amino acids,
thereby yielding amino acid polymers, which characterized by a diverse array of interconnected
monomeric units via peptide bonds [104]. The incorporation of amino acids into electrode
modification utilizes their inherent electrochemical properties to impart unique functionalities to
the electrode surface. For example, amino groups facilitate the formation of stable covalent bonds
with electrodes, ensuring robust and durable modifications [105]. In addition, amino acid polymers
enhance electron transfer kinetics and stability, which are critical attributes for developing high-
performance electrochemical sensing platforms. Furthermore, the incorporation of amino acids
into electrode surfaces enables the formation of customized molecular architectures capable of
recognizing specific molecules, thereby improving the selectivity and sensitivity of

electrochemical sensors and biosensors [106].

Amino acid polymer-modified electrodes represent a versatile approach in electrochemical
sensor development, offering a range of advantages that contribute to their widespread use in
various applications. One significant advantage is their ability to form stable covalent bonds with
electrode surfaces, ensuring robust and long-lasting modifications. This feature is particularly
advantageous, as it provides a solid foundation for the attachment of the polymer to the electrode,
enhancing the stability and durability of the modified electrode [107]. Additionally, amino acid

polymers enhance electron transfer kinetics, facilitating rapid and efficient electron transfer
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between the analyte and the electrode surface. This improved electron transfer is crucial for
achieving high-performance electrochemical sensing platforms, enabling accurate and precise

detection of target analytes [108].

Amino acid polymers such as poly (L-serine), poly (glycine), and poly (L-histidine) are
among the widely used materials for electrode modification, each offering unique properties and
functionalities that contribute to their efficacy in electrochemical sensor development. Poly(L-
serine), for example, possesses a hydrophilic nature due to the presence of hydroxyl (-OH) groups
in its side chain, making it suitable for enhancing the stability of the electrode [109]. Additionally,
poly(glycine), being the simplest amino acid polymer, offers a high degree of flexibility and
biocompatibility, making it ideal for designing a novel architectures at the electrode surfaces [110].
Furthermore, poly(L-histidine) exhibits pH-responsive behavior due to the imidazole group in its

side chain, allowing for selective and sensitive sensing under different pH conditions [111].

Amino acid polymers introduce various functional groups to the electrode surface, including
amino (-NH), carboxyl (-COOH), and peptide linkages (-CONH) [112]. These functional groups
play critical roles in facilitating the attachment of the polymer to the electrode and providing sites
for specific molecular recognition. For instance, the -NHz groups in poly(L-histidine) enable
protonation and deprotonation reactions depending on the pH of the supporting electrolyte [111].
Similarly, the -COOH groups in poly(glycine) and poly(L-serine) can undergo chemical
modifications to introduce additional functionalities or facilitate the immobilization of
biomolecules or nanoparticles, enhancing the selectivity and sensitivity of the modified electrode
[109,110].

Electrodes modified with poly(L-serine), poly(glycine), and poly(L-histidine) find diverse
applications across various analytes and target molecules. Poly(L-serine)-modified electrodes are
utilized for detecting heavy metal ions in environmental samples due to their capability to chelate
metal ions via the carboxyl groups within the polymer backbone [109]. In biosensing,
poly(glycine)-modified electrodes are employed for detecting biomolecules like proteins and
enzymes, benefiting from the polymer's biocompatibility and flexibility [113]. Similarly, poly(L-
histidine)-modified electrodes are applied in biomedical diagnostics for pH-responsive sensing of

biological analytes such as DNA and enzymes [114]. In general, amino acid polymers like poly(L-
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serine), poly(glycine), and poly(L-histidine) play a significant role in advancing electrochemical
sensor technology. These polymers exhibit distinct properties such as hydrophilicity, flexibility,
biocompatibility, and pH responsiveness, making them versatile materials for electrode
modification. Their application spans across a range of fields, including analytical chemistry, food
safety, environmental monitoring, and biomedical research, illustrating the diverse utility of amino

acid polymers in enhancing sensor development.
1.3.4. Metal oxide nanoparticles

Nanoparticles, which are between 1 and 100 nm in size, have distinct properties that
differentiate them from bulk materials. Their tiny size contributes to a remarkable surface area-to-
volume ratio, which increases reactivity and enables applications in catalysis, sensing, and imaging
[115]. In particular, nanoparticles exhibit different optical properties due to the plasmonic effect,
which, in the case of metallic nanoparticles, manifests in bright colors and underpins their utility
in sensing and imaging [116]. The surface chemistry of nanoparticles is crucial as it enables
functionalization to improve interactions with other molecules for precise drug delivery and
biosensing [117]. Magnetic nanoparticles, such as iron oxide nanoparticles, play an important role
in magnetic resonance imaging (MRI), drug delivery systems, and magnetic separation techniques
[118]. In addition, nanoparticles exhibit exceptional thermal properties, including high thermal
conductivity and heat capacity, leading to applications in thermoregulation, thermoelectric
devices, and photo-thermal therapy [119]. In voltammetry, nanoparticles have attracted much
attention due to their high surface area, numerous electroactive sites, high conductivity, good
adsorption performance, and strong catalytic activity. They can also be used as catalysts in
electrochemical processes to speed up the transfer of electrons and catalyze electrochemical

reactions [120].

Metal oxide nanoparticles, particularly zinc oxide (ZnO) and nickel oxide (NiO), have
emerged as essential materials in voltammetry due to their numerous beneficial properties. These
nanoparticles exhibit exceptional catalytic activity, enabling efficient catalysis of various chemical
reactions relevant to electrochemical sensing. Additionally, they possess strong adsorption
capacities that enhance the effective binding of target analytes to their surfaces, thereby increasing

electrode sensitivity [121,122]. Their biocompatibility makes them suitable for biological and
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medical applications. Furthermore, they are characterized by high stability, ensuring long-lasting
and reliable performance in sensor applications [123]. Importantly, they have low toxicity,
minimizing potential health and environmental hazards associated with their use. Their ability to
facilitate rapid electron transfer processes further contributes to their effectiveness in
electrochemical sensing, enabling fast and accurate detection of analytes. Generally, metal oxide
nanoparticles offer a cost-effective solution for the development of sensors, making them ideal for

widespread use in various fields [124].

Zinc oxide (ZnO) is a semiconductor material with a wide band gap of about 3.37 eV and a
large exciton binding energy of 60 meV [125]. It exhibits excellent physical and chemical
properties, including a large surface area, a high isoelectric point, excellent film-forming ability,
easy availability, good electrical conductivity, high crystallinity, synthesis at low temperatures,
strong catalytic activity, and biocompatibility. ZnO-NPs are known for their large surface-to-
volume ratio, which enables high sensitivity in sensor applications [126]. They possess unique
properties such as piezoelectricity, UV absorption, and photocatalytic activity, making them
suitable for various applications, from gas sensing to biomedical devices. In electrochemical
sensors, ZnO-NPs are widely used due to their excellent catalytic properties, fast electron transfer
Kinetics, and ability to improve the sensitivity and selectivity of sensors for detecting various
analytes, including gases, heavy metals, and biomolecules [127]. Nickel oxide (NiO) is another
metal oxide nanoparticle with a narrower band gap, typically around 3.6 eV. It exhibits special
physical and chemical properties, including high electrical conductivity, chemical stability, and
corrosion resistance [128]. NiO-NPs are often used in electrochemical sensors due to their unique
redox properties and catalytic activity. They can facilitate electron transfer reactions, increase the
stability of electrode surfaces, and improve the sensor performance for the detection of different
analytes [129]. Generally, nanoparticles, including ZnO and NiO, are widely used in
electrochemical applications for several reasons. First, their large surface-to-volume ratio provides
a large active surface area for interactions with analytes, resulting in higher sensitivity and better
detection limits. Secondly, their tunable physical and chemical properties allow them to be adapted
to specific sensing requirements. They offer better stability, reproducibility, and durability

compared to conventional sensor materials. In addition, the ease of synthesis and functionalization
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of nanoparticles enables the development of versatile and efficient electrochemical sensors for a

wide range of applications.

In addition to the metal oxide nanoparticles mentioned previously, iron-doped polyaniline
(Fe-dop-PANI) and polyethylene oxide (PEO) are known for their unique properties and
applications, particularly in the development of electrochemical sensor. Fe-dop-PANI represents
a subclass of conductive polymers characterized by their unique electrical properties and
flexibility. The doping process, in which iron atoms are introduced into the polyaniline structure,
increases conductivity and sensitivity to the target analytes [130]. These materials are used in
electrochemical sensor applications where the interactions between Fe-dop-PANI and the analytes
lead to measurable changes in electrical properties [131]. Fe-dop-PANI layers can be tactically
deposited on electrode surfaces to create sensor interfaces optimized for the detection of specific
analytes. Through precise manipulation of polymer morphology and chemical composition, Fe-
dop-PANI sensors provide selectivity for target molecules, enabling robust detection amidst
complex sample matrices [132]. Similarly, PEO serves as a versatile binder and matrix material in
the development of electrochemical sensors and offers a unique combination of mechanical
stability, biocompatibility, and ionic conductivity [133]. As a binder, PEO immobilizes sensing
elements such as metal oxide nanoparticles or conductive polymers within sensor architectures,
preserving structural integrity and preventing material loss [134]. The high ionic conductivity of
PEO, especially when complexed with certain salts, facilitates ion transport through solid-state
electrolytes and thus improves sensor performance. In addition, PEO-based sensor matrices ensure
compatibility with biological systems and exhibit chemical resistance that ensures long-term
reliability under various operating conditions [135]. The porous nature of PEO matrices promotes
the diffusion of analytes to the active sensor sites, resulting in increased sensitivity and fast

response times, thus improving electrochemical sensor functions in various fields [136].

1.3.5. Gold-silver alloy nanoparticles

Gold and silver are precious metals that are known for their distinct physical and chemical
properties. Gold is a dense, malleable, and ductile metal known for its bright yellow color, which
makes it highly desirable for decorative and ornamental purposes. Due to its exceptional thermal

and electrical conductivity, it is often used in electronics and electrical applications. Due to its
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noble nature, gold does not tarnish or corrode and retains its shiny appearance for a long time.
Although it is generally unreactive, it can form compounds with certain elements, such as cyanide
or mercury, which are used in gold extraction processes such as cyanidation [137]. Silver, a shiny
white metal known for its exceptional reflectivity and luster, is also malleable and ductile, so it
can be molded into various shapes. It has high thermal and electrical conductivity, and used in
mirrors, jewelry, and electrical contacts. Although it tarnishes over time when exposed to sulfur
compounds and forms a dark oxide layer, silver remains relatively stable and does not react to
most acids. However, it can react with sulfur, halogens, and other reactive elements to form
compounds such as silver nitrate, which has antiseptic properties and is used in medicine
[138,139].

Gold and silver nanoparticles are tiny particles that are typically 1 to 100 nanometers in size
and have unique physical and chemical properties due to their small size. Due to their extraordinary
properties, gold nanoparticles (Au-NPs) have become key players in various fields. In
biomedicine, they are extensively researched for targeted drug delivery, utilizing their ability to
penetrate cell membranes and deliver therapeutic agents to specific tissues [140]. In addition, they
serve as contrast agents in imaging modalities such as computed tomography (CT) and
photoacoustic imaging, providing high-resolution images for disease diagnosis [141]. Recent
advances include the development of multifunctional gold nano-platforms that can combine
therapeutic and diagnostic functions, paving the way for personalized medicine [142]. In addition,
Au-NPs are being used in the field of plasmonics to enhance the interactions between light and
matter, enabling advances in areas such as photo-thermal therapy and surface-enhanced Raman
spectroscopy (SERS). Their applications in environmental sensing are constantly evolving.
Researchers are exploring their use in the detection of pollutants, heavy metals, and pathogens in

water and air [143].

Silver nanoparticles (Ag-NPs) play an important role in various fields, especially in
healthcare, where their strong antimicrobial properties are used to heal wounds and fight
infections. Recent research has focused on optimizing their antibacterial efficacy while minimizing
potential cytotoxicity to mammalian cells to ensure their safe use in medical applications [144]. In
electronics, silver nanoparticles are an integral part of conductive inks used in printed electronics,

enabling the production of flexible and stretchable electronic devices. They also play a critical role
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in the development of next-generation catalysts for green chemistry applications, including
selective oxidation reactions and carbon dioxide reduction [145,146]. In nanotechnology,
advances in the synthesis and functionalization of silver nanoparticles have led to their
incorporation into advanced materials with tailored properties such as increased conductivity,
mechanical strength, and optical transparency, enabling new applications in energy storage,
sensing, and catalysis [147]. In general, gold and silver nanoparticles continue to drive innovation
in various disciplines, with ongoing research focused on expanding their capabilities and
applications. By using their unique properties at the nanoscale, scientists can revolutionize fields
ranging from healthcare and electronics to environmental monitoring and sustainable chemistry,

finding solutions to pressing global challenges and pushing technological boundaries.

Gold and silver alloys nanoparticles (Au-Ag-ANPs) are an emerging field of research with
significant advances in recent years. These alloyed nanoparticles combine the unique properties of
both metals and offer advantages such as tunable physical and chemical properties, enhanced
electrochemical activity, and improved stability [148]. Recent developments in alloyed
nanoparticle synthesis techniques, such as controlled colloidal synthesis and nanoscale alloying,
have enabled precise control of particle size, composition, and morphology, resulting in tailored
properties optimized for specific sensor applications [149]. In addition, advances in surface
functionalization strategies have facilitated the integration of alloyed nanoparticles into sensor
platforms with improved biocompatibility, stability, and selectivity. For example, the development
of novel ligands and surface modification techniques has enabled the immobilization of alloy
nanoparticles on electrode surfaces, ensuring efficient electron transfer and improving sensor
performance. In addition, new strategies such as template synthesis and bottom-up assembly
approaches offer new opportunities for the development of complex nanostructures with unique

properties for advanced sensor applications [150].

In the development of electrochemical sensors, the alloying of Au-Ag-NPs offers several
distinct advantages over single metal nanoparticles. Recent studies have shown that the synergistic
effects between gold and silver atoms result in alloyed nanoparticles with enhanced catalytic
activity, enabling faster electron transfer and higher sensitivity to target analytes [151]. This
increased electrochemical activity has been utilized for the development of high-performance
sensors capable of detecting trace amounts of analytes with unprecedented sensitivity and
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selectivity. In addition, the versatility of Au-Ag-ANPs enables the development of multifunctional
sensor platforms that can detect multiple analytes simultaneously or be integrated with other
sensing elements to improve performance [152]. Recent advances in microfabrication technology
and sensor miniaturization have enabled the integration of alloy nanoparticles into compact,
portable sensor devices for on-site analysis in various fields, including environmental monitoring,

biomedical diagnostics, and food safety analysis [153].

Beyond traditional electrochemical sensing applications, Au-Ag-ANPs hold promise in
emerging fields such as wearable sensors, point-of-care diagnostics, and environmental
monitoring. Their compatibility with flexible substrates and integration into miniaturized sensor
devices facilitate the development of wearable and portable sensor platforms for real-time
monitoring of physiological parameters, environmental pollutants, or food contaminants.
Additionally, the biocompatibility and stability of alloy nanoparticles make them suitable for
implantable biosensors and biomedical devices, offering opportunities for advanced healthcare
monitoring and personalized medicine. The high sensitivity and selectivity of alloy nanoparticle-
based sensors, combined with their robustness and ease of use, make them promising tools for
monitoring environmental quality and safeguarding public health [154]. Furthermore, advances in
nanomaterial characterization techniques, such as transmission electron microscopy (TEM), XRD,
and SERS, have provided insights into the structure-property relationships of alloy nanoparticles,
aiding in the rational design of sensors optimized for environmental sensing applications
[155,156].

Gold-silver alloy nanocoral clusters (Au-Ag-ANCCs) represent a novel nanostructure
comprising Au and Ag atoms structured in a coral-like morphology, characterized by intricate
porosity and interconnectedness. The formation of these nanocoral clusters typically involves
controlled synthesis techniques, such as template-assisted deposition or galvanic replacement
reactions, which allow precise control over the size, shape, and composition of the clusters. This
structural design results in a highly porous network with numerous active sites available for
electrochemical interactions, making them advantageous for sensor applications [157]. One of the
primary advantages of Au-Ag-ANCCs in electrochemical sensor development is their
exceptionally high surface area-to-volume ratio. This large surface area provides a vast number of

active sites for analyte adsorption and electrochemical reactions, enhancing the sensitivity of the
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sensor. Additionally, the porous structure of nanocoral clusters facilitates rapid diffusion of
analytes to the electrode surface, enabling faster response times and improved detection limits
compared to conventional sensor materials. This enhanced mass transport is particularly beneficial

for detecting low-concentration analytes in complex sample matrices [158].

The alloying of gold and silver in nanocoral clusters offers synergistic effects that further
enhance their electrochemical performance. Gold is well-known for its excellent electrical
conductivity and catalytic activity, while silver possesses antimicrobial properties and contributes
to the overall stability of the alloy structure. By combining these properties, Au-Ag-ANCCs
exhibit enhanced electrochemical activity, enabling efficient electron transfer and improved sensor
response [159]. Moreover, the presence of silver in the alloy composition enhances the sensor's
resistance to fouling and biofouling, ensuring reliable and robust performance in practical
applications [160]. Furthermore, the three-dimensional morphology of nanocoral clusters imparts
mechanical stability and durability to the sensor platform. This structural robustness enables the
sensor to withstand mechanical stress and environmental factors, making it suitable for long-term
monitoring applications. Additionally, the interconnected pore network of nanocoral clusters
allows for efficient electrolyte penetration and ion transport, leading to stable and reproducible
electrochemical responses over multiple measurement cycles. These attributes make Au-Ag-
ANCCs ideal candidates for the development of high-performance electrochemical sensors for
various applications, including environmental monitoring, biomedical diagnostics, and industrial

process control [161].

Thermal annealed gold-silver alloy nanoporous matrices (TA-Au-Ag-ANpM) are advanced
nanostructures with intricate designs that are promising for the development of electrochemical
sensors. These matrices are synthesized through meticulous processes that often involve controlled
thermal annealing to create a porous framework of Au and Ag atoms. The result is a three
dimensional network of interconnected nanoporous structures that provide a large surface area
with many active sites for electrochemical interactions [162]. Advanced techniques such as self-
assembly and template synthesis are used to synthesize these matrices, allowing precise control
over their composition, morphology, and pore size distribution. TA-Au-Ag-ANpMs offer
numerous advantages in the development of electrochemical sensors. Firstly, their intricate

nanoporous structure confers an exceptionally high surface area to volume ratio, a property that is
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essential for improving sensor sensitivity. This increased surface area facilitates the adsorption of
analytes to the sensor surface, resulting in improved electrochemical signal transduction. In
addition, the porous nature of these matrices promotes efficient mass transport of analytes to the
electrode surface, alleviating diffusion limitations and enabling fast response times. Consequently,
sensors using these matrices have a higher sensitivity and allow the detection of trace analytes with

remarkable precision and accuracy [163].

The composition of Au and Ag in the nanoporous alloy matrices can be precisely tuned
during synthesis, which offers further advantages in the development of electrochemical sensors.
By adjusting the alloy composition, the electrochemical behavior of the matrices can be modulated
to meet the specific requirements of different sensor applications. For example, the ratio of gold
to silver can influence the conductivity, catalytic activity, and stability of the matrices, allowing
fine-tuning of sensor performance. This versatility in composition allows researchers to optimize
sensor properties based on factors such as the type of analyte, detection limits, and environmental
conditions, increasing the versatility and applicability of these matrices in sensor technology [164].
Mechanical stability and durability are of paramount importance in the development of
electrochemical sensors, and TA-Au-Ag-ANpM excels in these aspects. The robust nanoporous
structure provides the matrices with a mechanical resistance that ensures their integrity and
functionality under harsh operating conditions. This resilience enables the integration of
nanoporous matrices into durable sensor platforms that function reliably over long periods. In
addition, the structural stability of these matrices increases the robustness of the sensors, making
them suitable for use in various environments, such as field and industrial applications [165].
Furthermore, the versatility of TA-Au-Ag-ANpM also extends to their functionalization and
adaptation to specific capture tasks. Researchers can incorporate additional components, such as
enzyme catalysts, molecular recognition elements, or nanomaterials, into the matrices to increase
sensor functionality. The functionalization of the matrices improves the selectivity and specificity
of the sensor and enables the detection of target analytes amidst complex sample matrices with

minimal interference from other species [166].

In general, TA-Au-Ag-ANpMs represents an innovative approach to the development of
electrochemical sensors. They offer a variety of advantages, such as increased surface area, fast

mass transport, tailored composition, mechanical stability, and versatile functionalization. These
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matrices have immense potential to revolutionize sensor technology and enable the development
of highly sensitive, reliable, and customizable sensor platforms for a variety of applications. With
continued research efforts focused on refining synthesis techniques and exploring novel
functionalization strategies, TA-Au-Ag-ANpM is poised to drive innovation in sensor technology

and address new challenges in analytical chemistry and biosensing.

1.3.6. Nanocomposite materials

A nanocomposite material represents a sophisticated combination of different substances,
each retaining its own unique chemical and physical characteristics while synergistically
interacting at their interfaces to produce enhanced properties not achievable by any individual
component alone [167]. Nanocomposites typically comprise two primary constituents: the
reinforcement, or filler, and the matrix. The reinforcement imparts desirable traits, such as
mechanical strength, electrical conductivity, thermal stability, or optical transparency, augmenting
the inherent properties of the matrix material. This combination results in a material with enhanced
characteristics suitable for a wide range of applications [168]. In the search for advanced materials
with exceptional attributes, the development of novel nanocomposite materials has emerged as a
focal point of scientific research and technological innovation. Among the countless types of
nanocomposites, those based on conducting amino acid polymers have garnered significant
attention in recent years. The nanocomposites offer a surplus advantages, including flexibility,
facile synthesis, ease of film formation, cost-effectiveness, high electrical conductivity, a large
surface area, and the ability to encapsulate biomolecules. These properties render them highly
appealing for diverse applications, spanning from flexible electronics and wearable devices to

energy storage systems and biosensors [169].

However, the widespread adoption of conducting polymer-based nanocomposites has been
hindered by inherent challenges associated with processing and performance. The extended
conjugated chain structure and tendency to agglomerate pose significant hurdles, leading to
diminished electrical conductivity and solubility. To overcome these limitations, researchers have
turned to the development of nanocomposite materials that leverage the complementary properties
of individual components to enhance overall performance [170]. By carefully designing

nanocomposite configurations, scientists aim to optimize properties such as electrical conductivity,

29



mechanical strength, thermal stability, and chemical resistance, thereby unlocking the full potential
of conducting polymer-based nanocomposites for various applications. In recent years, significant
strides have been made in the exploration of nanocomposite configurations specifically for
electrochemical sensor development. These configurations aim to combine the unique advantages
of individual modifier-based composites to achieve hypersensitivity, ultra-selectivity, and
enhanced sensor performance. By integrating conducting polymers with suitable reinforcement
materials, such as metal oxides, r-GO, or -MWCNTSs, researchers seek to develop sensor
platforms capable of precisely detecting target analytes at trace levels across diverse sample
matrices [171]. Furthermore, advancements in nanomaterial synthesis, characterization
techniques, and sensor fabrication methods have enabled precise control over composite
morphology, composition, and interface properties, resulting in the development of novel sensor
architectures with superior sensitivity, stability, and reliability.

1.4. Research gap and motivation

Antibiotic residues in food and water are a pressing global issue due to their adverse effects
on human health and the environment. Current detection methods, such as chromatography and
mass spectrometry, although highly accurate, are often limited by their complexity, high costs,
time-consuming nature, and the need for extensive sample preparation. These methods are not
easily adaptable for rapid, on-site, or real-time monitoring, which is crucial for timely decision-
making and intervention. Furthermore, traditional electrochemical sensors, while promising, often
struggle with issues related to sensitivity, selectivity, and stability, particularly in complex
matrices like food and water. Many existing electrochemical sensors fail to detect antibiotic
residues at the low concentration levels required to ensure safety and compliance with regulatory
standards. There is also a significant gap in the ability to simultaneously detect multiple antibiotic
residues using a single sensor platform, which would greatly enhance efficiency and reliability in

monitoring practices.

Given the limitations of current methodologies, there is a compelling need to develop
advanced electrochemical sensors that can overcome these challenges. The motivation for this

research stems from the urgent necessity to provide a more effective, reliable, and user-friendly
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approach to detect antibiotic residues. The development of such sensors would have profound

implications for public health, food safety, and environmental protection.

The proposed research aims to fill this gap by designing and fabricating novel
electrochemical sensors that integrate cutting-edge materials and nanotechnology. Specifically, the
use of Au-Ag-ANCCs, TA-Au-Ag-ANpM, poly amino acids, carbon based modifiers, and metal
oxide nanocomposites offers a promising pathway to significantly enhance sensor performance.
These materials are chosen for their exceptional properties, such as high surface area, excellent
electrical conductivity, catalytic activity, and robust chemical stability, which are crucial for
achieving high sensitivity and selectivity. By developing a sensor capable of detecting antibiotic
residues at picomolar levels, this research seeks to provide a powerful tool for ensuring food and
water safety. The ability to perform simultaneous detection of multiple antibiotics will streamline
monitoring processes and offer more comprehensive insights into contamination levels. This
advancement not only addresses a critical gap in current detection technologies but also aligns

with global efforts to combat antibiotic resistance and safeguard public health.

In general, the motivation behind this study is to develop an innovative, and practical
solution that enhances the detection of antibiotic residues through advanced electrochemical
sensing. This research aspires to contribute significantly to the fields of analytical chemistry and
environmental monitoring, ultimately leading to safer food and water supplies and a healthier

population.

1.5. Objectives of the study

1.5.1. General objective

The main objective of this work is to develop novel, hypersensitive, ultraselective, and
exceptionally performing electrochemical sensors for simultaneously and individually
determining residues of selected antimicrobial drugs (ciprofloxacin, tinidazole, chloramphenicol,
rifampicin, norfloxacin, vancomycin, ceftriaxone, sulfathiazole, sulfamethoxazole, metronidazole,
azithromycin, enrofloxacin, nitrofurantoin, and furazolidone) in various food matrices and water

samples.
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1.5.2. Specific objectives

The specific objectives of the study include:

To synthesize gold-silver alloy nanocoral clusters (Au-Ag-ANCCs), thermally annealed
gold-silver alloy nanoporous matrices (TA-Au-Ag-ANpM), iron-doped polyaniline (Fe-
dop-PANI), nickel oxide nanoparticles (NiO-NPs), and zinc oxide nanoparticles (ZnO-
NPs) for the modification of different electrodes.

To functionalize and characterize multi-walled carbon nanotubes (MWCNTSs) and
graphene oxide (GO).

To develop a simple, highly sensitive and selective electrochemical sensors by modifying
CPE and GCE using choline chloride (ChCl).

To develop a novel electrochemical sensor by integrating Au-Ag-ANCCs with f-
MWCNTCPE and ChCI.

To develop a pioneering electrochemical sensor by incorporating Au-Ag-ANCCs with
reduced graphene oxide (r-GO) and poly(L-histidine) composites at the surface of GCE.
To fabricate hypersensitive voltammetric sensor by decorating TA-Au-Ag-ANpM with f-
MWCNTSs-CPE and poly(L-serine) nanocomposites.

To fabricate ultraselective voltammetric sensor comprising TA-Au-Ag-ANpM integrated
with r-GO and poly(glycine) at the surface of a GCE.

To develop multi-elemental nanocomposite electrochemical sensor by integrating TA-Au-
Ag-ANpM with Fe-dop-PANI and NiO-NPs at the surface of a GCE.

To fabricate a cutting-edge electrochemical sensor by integrating Au-Ag-ANCCs with
ZnO-NPs-CPE and polyethylene oxide (PEO) nanocomposites.

To characterize the structural and electrochemical properties of the developed sensors and
their constituting composite materials using CV, EIS, UV-Vis, FT-IR, XRD, SEM and
EDX techniques.

To use the developed electrochemical sensors under the optimized experimental conditions

for the simultaneous and individual determination of the intended antibiotics via SWV.
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Chapter Two

2.1. Electrochemical methods and instruments

2.1.1. Electrodes in voltammetry

In most voltammetric measurements, a three-electrode system is typically employed to
accurately measure and facilitate the electrochemical processes. This system is crucial for
providing precise control and measurement capabilities, which are essential for studying the
kinetics, thermodynamics, and mechanisms of the electrochemical reactions. The three electrodes
used for the voltammetric measurements were the reference, counter, and working electrodes. Each
electrode plays a unique role in accurately performing the electrochemical reactions. A schematic
representation of a typical three-electrode system electrochemical cell is presented in Figure 7
[172].
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Figure 7. Schematic representation of a typical three-electrode system voltammetric cell.

2.1.1.1. Reference electrode

The reference electrode functions as a stable benchmark for controlling and measuring the

potential of the working electrode without current passing through it. This maintains a consistent
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and known potential against which the working electrode potential is referenced. As the name
suggests, the reference electrode served as the standard for referencing the working electrode
potential [173]. Importantly, the potential remained unaffected by the electrolyte composition
being investigated. Reference electrodes are typically manufactured using materials that exhibit
stable and reversible redox reactions. They must exhibit reversible half-reactions with potentials
dictated by the Nernst equation and maintain consistent and constant potentials over time [174].
Common reference electrodes include a saturated calomel electrode (SCE)
(Hg/Hg2Clx(s)/saturated KCI) and silver/silver chloride electrode (Ag/AgCl). SCE contains liquid
mercury in contact with a saturated solution of mercury (1) chloride and potassium chloride, with
a Pt wire linked to the solution of interest. The Ag/AgCI electrode consisted of Ag wire coated

with AgCl immersed in a saturated KCI solution [175].

2.1.1.2. Counter electrode

The counter electrode, also known as the auxiliary electrode, plays a vital role in enabling
the passage of current between the working and the reference electrodes. Its primary function is to
efficiently conduct the necessary current to drive electrochemical reactions at the working
electrode efficiently. An ideal counter electrode should exhibit low resistance to promote
unhindered current flow and should not participate in the redox processes of the target analyte
[176]. Counter electrodes are typically fabricated from both electrochemically and chemically inert
materials. The most common materials used as counter electrode include platinum, graphite, gold,
and conductive carbon. To prevent reactions from occurring in the vicinity of the electrode by
dictating the overall current flow in the system, the surface area of the auxiliary electrode must

surpass that of the working electrode [177].

2.1.1.3. Working electrode

The working electrode serves as the focal point in electrochemical sensors, where the
intended redox reactions and charge transfer takes place, a fundamental component influencing
the performance of voltammetric devices [178]. As a result, careful selection of the working
electrode material is vital for experimental success. Several factors govern the choice of working

electrode for electrochemical analysis, including the potential window, redox behavior of the target

34



analyte, electrical conductivity, surface reproducibility, chemical inertness, cost-effectiveness,
availability, and toxicity considerations [179]. The most commonly used electrode materials
includes mercury, noble metals (silver, platinum and gold), and carbon-based electrodes. Mercury
electrodes were predominant in earlier voltammetric techniques, notably polarography [180]. They
offer distinct advantages, including renewal of the electrode surface, prevention of surface
passivation, the capacity to form amalgams with different metals, and a high hydrogen
overpotential [181]. However, recently the widespread use of mercury electrodes was reduced,
mainly due to environmental and health concerns associated with mercury toxicity. Furthermore,
the limited anodic potential range of mercury electrodes poses challenges for examining some

analytes in the oxidation mode, as the mercury itself undergo oxidation at low potentials [182].

Metal-based electrodes, such as gold, silver, and platinum, are widely utilized as working
electrodes in electrochemical applications due to their inherent properties. These electrodes are
prized for their inertness, ease of manipulation, nontoxic nature, wide potential windows, high
electrical conductivity, and minimal background currents [183]. Despite these advantages, metal
electrodes have certain limitations. One notable limitation is the low overpotential for hydrogen
evolution exhibited by these electrodes, which constrains the cathodic potential range that is
available for electrochemical processes. Moreover, under high anodic potentials in aqueous
environments, these metals may corrode to generate metal oxide layers, impeding electron transfer

kinetics and compromising the reproducibility of the measurements [184].

Like that of metal electrodes, carbon based electrodes also have played a vital role in the
construction of working electrode due to their numerous beneficial properties. They are known for
their low background currents, wide potential range, versatile surface chemistry that can be easily
modified, easy renewal of electrode surface, high hydrogen and oxygen over voltages, cost-
effectiveness, and chemical inertness [185]. However, carbon-based electrodes are noted for their
slower electron transfer kinetics when compared to their metal-based counterparts. There are
various types of carbon electrodes, including carbon fiber, glassy carbon electrodes, carbon paste
electrodes, screen-printed carbon electrodes, and pyrolytic graphite [186]. These electrodes can be
classified into homogeneous types, which consist of purely carbon materials like glassy carbon

electrodes, fullerenes, carbon nanotubes, diamond, and graphite, and heterogeneous types that
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combine carbon with other substances, such as carbon paste and screen-printed carbon electrodes
[178,187].

Recently, working electrodes based on nanocomposite materials have gained a significant
attention for various electrochemical applications due to their exceptional properties and
versatility. Nanocomposites, consisting of nanostructured materials incorporated within a matrix,
offer unique advantages, such as enhanced electrical conductivity, increased surface area,
improved mechanical strength, and tailored functionalities, making them promising candidates for
diverse electrochemical applications [188]. For instance, carbon-based nanocomposites, such as
graphene-based nanomaterials and carbon nanotubes incorporated into polymer matrices, have
shown remarkable performance as working electrodes for electrochemical sensor development
[189]. These nanocomposites exhibited high electrical conductivity and mechanical stability,
enabling efficient charge transfer. Additionally, metal oxide-based nanocomposites such as
titanium dioxide-graphene hybrids and zinc oxide-carbon nanotube composites have demonstrated
excellent performance in electrochemical sensors and biosensors [190]. These nanocomposites
exhibit enhanced sensing capabilities, rapid response times, and increased sensitivity owing to
their large surface-to-volume ratios and synergistic effects between the components [191].
Moreover, nanocomposite catalysts, such as gold, platinum nanoparticles supported on carbon
nanotubes or graphene, have shown remarkable catalytic activity and durability in voltammetric
applications. This underscores the growing significance of nanocomposite materials in advancing
various electrochemical technologies, offering tailored solutions for efficient sensing and catalytic

applications [192].
2.1.2. Supporting electrolyte solutions

In voltammetry, the supporting electrolyte solution acts as a crucial component that goes
beyond merely facilitating the electrochemical reactions; it is essentially the backbone of the entire
process. Its primary function is to maintain a stable environment within an electrochemical cell,
which is paramount for obtaining reliable and reproducible results [193]. One of its key roles is to
increase the ionic strength of a solution. By providing a high concentration of electrolyte ions, the
supporting electrolyte ensures that the solution maintains a consistent ionic environment, which is

vital for proper functioning of the electrochemical cell. This stability prevents fluctuations that can
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skew measurements and compromise the accuracy of the analysis [194]. Moreover, the presence
of ions in the supporting electrolyte solution significantly increases the electrical conductivity of
the solution. This heightened conductivity facilitates efficient electron transfer at the electrode-
electrolyte interface, thereby enhancing the overall performance of the electrochemical system
[195]. Furthermore, the supporting electrolyte solution plays a pivotal role in minimizing the
background noise and interference, thus improving the signal-to-noise ratio of the measurements.
This is particularly crucial for obtaining clear and accurate electrochemical signals, especially in
complex samples or when dealing with low analyte concentrations [196].

Various factors must be carefully considered while selecting a supporting electrolyte
solution to ensure an optimal performance. These include compatibility with the analyte and
electrode material, chemical stability under experimental conditions, appropriate ionic strength for
specific electrochemical measurements, maintenance of the desired pH range, and easing of
background noise and interference [197]. The supporting electrolyte solution should be highly pure
chemicals and resist rapid oxidation or reduction. In voltammetry, commonly used supporting
electrolyte solutions are inorganic salts (potassium chloride, sodium sulfate, and potassium
nitrate), mineral acids (perchloric acid and sulfuric acid), and buffer solutions, each offering
unique advantages and chosen based on the specific requirements of the experiment [198]. In
general, the selection of an appropriate supporting electrolyte solution is important for successful
electrochemical experiments. It not only ensures the reliability, reproducibility, and accuracy of
the measurements but also serves as a foundation for achieving meaningful insights in various

fields ranging from analytical chemistry to environmental monitoring and beyond.

2.1.3. Modes of mass transfer in voltammetry

Voltammetry is a highly effective analytical method for investigating electrochemical
reactions that quantifies the current as a function of the applied potential. Mass transfer is a critical
aspect of voltammetry as it regulates the movement of electroactive species to and from the
electrode surface, thereby impacting the recorded electrochemical behavior. The three primary

modes of mass transfer in voltammetry are diffusion, convection and migration [172].
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2.1.3.1. Convection

Convection refers to the movement of electroactive species induced by the bulk fluid flow.
In voltammetry, convection can occur owing to external stirring or flow of the electrolyte solution,
vibration of the electrochemical cell, and rotation of the electrode. Convection enhances mass
transfer by rapidly replenishing the electroactive species at the electrode surface. However,
excessive convection can disrupt the diffusion layer near the electrode surface, leading to

deviations from ideal diffusion-limited behavior [199].

2.1.3.2. Migration

Migration involves movement of charged species in an electric field. In voltammetry, this
occurs when an external potential is applied to the working electrode, leading to the migration of
ions towards or away from the electrode surface based on their charge. For example, if the
electrode carries a positive charge, the anion will move toward the electrode, and the cation will
move toward the bulk solution, and vice versa. Unlike diffusion and convection, migration only

affects the mass transport of charged particles [173].

2.1.3.3. Diffusion

Diffusion is the primary mode of mass transfer in voltammetry, it involves the movement of
electroactive species from regions of high concentration (bulk solution) to regions of low
concentration (near the electrode surface). Concentration gradients between the bulk solution and
the vicinity of the electrode arise because of electro-oxidation or the reduction of electroactive
species around the electrode surface. As a result, the concentration of the analyte at the electrode
surface decreases, and thus, more reactants diffuse from the bulk solution towards the electrode
surface at a speed proportional to the concentration gradient. In voltammetry, diffusion-limited
conditions are often desired to ensure that the rate of the electrochemical reaction at the electrode

surface is higher than the rate of mass transfer of the electroactive species to the electrode [172].
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2.1.4. Types of electrode reactions in voltammetry

In electrochemical reactions, kinetic effects play a crucial role in determining the rate at
which electrons are transferred between the electrode and electroactive species present in the
solution. The rate of the electrode reaction depends on two main factors: the transport of the
electroactive species to the electrode surface and the rate of electron transfer between these species
and the electrode interface. Assessing the electron transfer rate at the electrode surface allows the
classification of the electron transfer kinetics of a redox pair into three main categories: reversible,

irreversible, or quasi-reversible, each exhibiting distinct characteristics [200].
2.1.4.1. Reversible electrode reaction

An electrochemical reaction is considered reversible when the electron transfer rate at the
electrode surface surpasses the mass transport rate of electroactive species from the solution to the
electrode surface [200]. In reversible systems, the current is primarily governed by mass transport.
At the electrode-solution interface of reversible systems, equilibrium between the reduced and
oxidized forms of the electroactive species is rapidly established, typically with a minimal
overpotential [174]. The equilibrium is described quantitatively by the Nernst equation (Equation
1), where the ratio of the concentrations of the reduced species (Cr) to the oxidized species (Co)

at the interface corresponds to the electrode potential [172].

= 04+ Xp &R
E=E +nFlnC0 1)

where E = applied potential, Cr = concentration of reduced species, Co = concentration of oxidized
species, E° = standard electrode potential, n = number of electrons, F = Faraday constant, R =
universal gas constant and T = temperature. The Nernst equation describes the correlation between
the concentrations and the electrode potential, irrespective of the current flow. A cyclic
voltammogram for a reversible process contains essential parameters such as anodic peak potential
(Epa), cathodic peak potential (Epc), anodic peak current (lpa) and cathodic peak current (lpc). The
peak current (Ip) of a reversible electrode reaction (at 25 °C) is related to concentration by the
Randles-Sevcik equation (2) [172].
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where Ip, n, A, D, C and v are peak current, number of electrons transferred at the electrode surface,
electroactive surface area (cm?), diffusion coefficient (cm?s™), concentration (molcm) and scan
rate (Vs™), respectively. According to equation (2), the peak current in a reversible process is
directly proportional to the square root of the diffusion coefficient, the concentration of the
electroactive species, and the square root of the scan rate. For a reversible electrode reactions,
anodic and cathodic peak potential separation is independent of scan rate (Figure 8). Peak potential

separation is equal 0.059/n (equation 3) [201].

2.3RT __ 0.059
nF  n

AE, = [Epa — Epc| = 3)
where AEp = peak potential separation, Epa = anodic peak potential and E,c = cathodic peak
potential, n = number of electrons transferred, F = Faraday constant, R = universal gas constant
and T = absolute temperature. The formal potential (E°) centered between Epa and Epc in the

voltammogram is the average of the two peak potentials (equation 4) [202].

Epa + Epc

E® = Eypp = = (4)

For a reversible system, both s and Ipc increase proportional to v'/2. The ratio of the forward and

reverse peak currents is independent of the scan rate and is equal to unity (equation 5) [203].

=1 (5)

Ipc
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Figure 8. Cyclic voltammogram of reversible electrode reaction at different scan rates.
2.1.4.2. Irreversible electrode reaction

In an irreversible electrochemical reaction, the rate of electron transfer at the electrode
surface is slower than the mass transfer, establishing electron transfer as the rate-limiting step.
This scenario is characterized by a significantly low exchange current density and standard
heterogeneous rate constant. Consequently, the electron transfer rate is insufficient to maintain an
equilibrium; thus, the concentrations of the oxidized and reduced species are no longer related to
the Nernst equation at a given scan rate. To facilitate this reaction, an irreversible electrochemical
reaction requires a substantial overpotential. A distinguishing feature of an irreversible system is
the absence of a reverse peak in the cyclic voltammogram, as illustrated in Figure 9. Moreover, it
is known by a shift in the peak potential at varying scan rates [172]. For an irreversible electrode
process, the peak potential (Ep) is given by equation 6.

@) n aFv

_ po _ RT v
Ep = E° — =2[0.780 +ln(KS =3 (6)
where o = charge-transfer coefficient, Ks = heterogeneous electron-transfer rate constant, R =
universal gas constant, F = Faraday constant, T = absolute temperature, D = diffusion coefficient,

and v = scan rate. In an irreversible electrode process, a substantial overpotential is necessary to
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initiate the charge transfer reaction. Equation (7) describes the peak current for an irreversible
system [204].

I, = 2.99x 10°a*/2ADY/?n3/2p1/2C (7

At 25°C, the peak potential and the half-peak potential differ by 47.7 mV/a (equation 8).

RT 47.7
Ep - E% = 1.857 E = T mV (8)

2.1.4.3. Quasi-reversible electrode reaction

Quasi-reversible systems represent an intermediate state between fully reversible and
irreversible electrochemical systems and are characterized by moderate electron transfer kinetics.
In these systems, the rate of electron transfer is neither extremely slow nor exceptionally high.
Compared to fully reversible processes, the voltammograms of quasi-reversible systems display
broader peaks with a greater separation between their peak potentials. Additionally, the
voltammograms exhibit a more elongated shape and the peak intensities are reduced (Figure 9).
Notably, the increase in the peak current with the square root of the scan rate (v'/?) is not linear.
The separation between the anodic and cathodic peak potentials (AE) exceeds the theoretical value
of 0.059/n, and tends to increase at higher scan rates. In quasi-reversible processes, both the mass
transfer and charge transfer mechanisms influence the peak current, as described by the Randles-
Sevcik equation (9) [55,201].

I, = 2.65x 10°AD*/2n3/2y'/2¢C 9)

In quasi-reversible systems, with increasing scan rates, both the reduction and oxidation peak
potentials exhibit slight shifts in the negative and positive directions, respectively. The
interrelation between the peak potentials, heterogeneous rate constant, and scan rate is described
by equations (10), (11), and (12) [205,206].

2.303RT
= E° =
pa + (1—a)nF
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E
RTKs

(log v + log (10)
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where E° = formal potential, T = temperature, R = universal gas constant, a = transfer coefficient,
v = scan rate, n = number of ¢lectrons transferred, F = Faraday’s constant, Ks = heterogeneous
electron transfer rate constant and AE, = peak-to-peak potential separation. The equations provided
above are used to determine the electron transfer coefficient (o), number of electrons (n), and
heterogeneous electron transfer rate constant (ks) for both reversible and quasi-reversible electrode
reactions. A comparison of the cyclic voltammograms obtained for the reversible, quasi-reversible,

and irreversible systems at the same formal potential (E®) is shown in Figure 9.
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Figure 9. Comparison of cyclic voltammograms of the electron transfer processes for reversible,

quasi-reversible, and irreversible electrode reactions.

Cyclic voltammetry serves as a valuable tool for investigating both the diffusion and
adsorption behaviors of electroactive species, while also providing kinetic insights. The nature of
the electrode reaction can be deduced from the relationship between the scan rate and peak current.
When the peak current varies proportionally to the square root of the scan rate, it indicates

diffusion-controlled kinetics. Conversely, if the peak current is proportional to the scan rate, then
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the electrode reaction is governed by adsorption. Moreover, valuable information regarding
electrode processes can be obtained from the slope of the linear plot depicting the logarithm of
peak current (log Ip) vs. the logarithm of the scan rate (log v). Specifically, slope values of 0.5 and
1 correspond to diffusion and adsorption-controlled processes, respectively [207]. Intermediate
slope values may indicate a "mixed" diffusion-adsorption mechanism. Furthermore, CV facilitates
the determination of the quantity of electroactive species adsorbed onto the electrode surface,
which is known as the surface coverage. In adsorption-controlled processes, the peak current is
directly correlated with surface coverage and scan rate, as given in equation (13) [204].

n?F?T'Av
Ip = =t (13)

where I = absorption capacity (mol cm™?), A = electrode surface area (cm?), n = number of
electrons, F = Faraday’s constant, v = scan rate, R = universal gas constant, and T = temperature.
The equation is used to calculate the surface concentration of the adsorbed species at the electrode

surface for adsorption-controlled process.
2.1.5. Electrochemical methods

Voltammetry is an electrochemical method in which a specific voltage profile is applied to
a working electrode as a function of time and the current produced by the system is measured. The
applied potential induces the oxidation or reduction of electroactive species at the electrode
surface. The resulting current is directly proportional to the analyte concentration [208]. In
voltammetric techniques, the measured current comprises two components: faradaic and non-
faradaic currents [209]. The faradaic current arises from the oxidation or reduction of electroactive
species in the electrolyte solution at the electrode surface, which directly correlates with the
concentration of the analyte. Moreover, it relies on the electron transfer rate at the electrode surface
and mass transport of the electroactive species [210]. The non-faradaic current arises from the
change in the structure of the electrode-solution interface owing to the movement of electrolyte
ions in the electrolyte solution [211]. A charging current, or capacitive current, occurs when the
electrical double layer at the working electrode is charged or discharged. This double layer arises
from electrostatic interactions between the cations or anions and the electrode surface, balancing

the electrode charge [212]. Voltammetric techniques are prized for their high sensitivity and
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selectivity, enabling the precise quantification of analyte concentrations. Widely utilized in
analytical chemistry, environmental monitoring, and biomedical research, these methods offer
versatility and applicability to a broad range of analytes and sample matrices [213]. Voltammetric
techniques can be classified into several categories based on the method used to apply a potential
to the working electrode and to measure the resulting current. Some common classifications of

voltammetric techniques are discussed below.

2.1.5.1. Sweep voltammetric techniques

Linear sweep voltammetry

Linear sweep voltammetry (LSV) is a fundamental voltammetric technique that is simple
and useful for electrochemical analysis. In this method, a linearly changing potential is applied to
the working electrode, starting from an initial potential and progressing to a final potential as a
function of time (Figure 10A) [214]. In LSV, the working electrode undergoes a linear potential
scan at a constant rate in one direction, from positive to negative or vice versa, corresponding to
reduction and oxidation, respectively [215]. As the potential scan progressed, current was
generated from the oxidation or reduction of electroactive species at the electrode surface upon
reaching their oxidation or reduction potentials. The resultant current, measured as a function of
the applied potential, yields valuable insights into redox behavior, Kinetics, and analyte
concentration [216]. A linear sweep voltammogram, represented by plotting the current against
the applied potential (Figure 10B), reveals a characteristic trend where the current increases with
potential until it reaches a maximum, after which it diminishes owing to the consumption of
electroactive species near the electrode interface [217]. However, LSV is seldom employed for
quantitative determination because of the increasing charging current with increasing scan rate.
This phenomenon led to an amplified contribution of the charging current to the total current,
thereby diminishing the signal-to-noise ratio of the LSV. Consequently, the decrease in the ratio
of faradaic current to capacitive current results in reduced sensitivity and detection limits [218].
Thus, LSV primarily provides qualitative insights into the electrochemical behavior of a given
analyte, rather than providing precise quantitative data. Key parameters in LSV include the peak
potential (Ep), half-peak potential (Epr), half-peak current (ip2), and peak current (ip), which offer

valuable information regarding the electrochemical system under investigation [219].
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Figure 10. Excitation signal for LSV (A) and linear sweep voltammogram (B).

Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most extensively employed sweep potential
techniques and is primarily utilized to obtain qualitative insights into electrochemical reactions.
Owing to its reliability and rapid characterization capabilities, CV offers valuable information
regarding the redox behavior of analytes at the electrode surfaces [220]. It serves as a powerful
tool for understanding crucial aspects of electrochemical processes, including the potential at
which oxidation or reduction occurs, adsorptive or diffusive nature of electrode processes, reaction
mechanisms, number of electrons, rate of electron transfer, and associated chemical processes
[221,222]. In a CV experiment, the current is monitored while cycling the potential at a fixed scan
rate between the initial potential (Ei) and the final potential (Ef) in both the forward and reverse
directions [223]. Upon reaching the end of the first scan (Es), the potential scan direction was
reversed to E; to obtain a cyclic scan. The potential applied to the working electrode changes over
time at a certain rate, which is termed the excitation signal. For CV, the excitation signal commonly
consists of a linear potential scan with a triangular waveform, as shown in Figure 11A. The
selection of potential values (Ei and Ey) is crucial to ensure that the oxidation or reduction processes
of electroactive species occur within the potential interval. During the experiment, the potentiostat
measures the current generated in the redox process, resulting in a plot of current versus applied

potential, known as a cyclic voltammogram [224]. This graphical representation offers valuable
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insights into the electrochemical behavior of the system under investigation, aiding the

interpretation of various electrochemical phenomena.

A characteristic cyclic voltammogram representing a reversible electrochemical process is
given in Figure 11B. Consider the reversible process R = O + ne, where R is the reduced species,
O is the oxidized form of the same species, and ne represents the number of electrons transferred
during the electrochemical reaction. Initially, the bulk solution contains only R, resulting in no net
conversion of R to O at potentials lower than the initial potential. Upon the application of a positive
potential from the value where no reaction occurs during the first half of the cycle, an anodic
current is observed. This current steadily increases with potential until it reaches a peak (point B).
At this anodic peak (point B), the redox potential becomes sufficiently positive such that any R
reaching the electrode surface is instantaneously oxidized to O. Subsequently, upon reversing the
potential scan direction (point C), the electrochemically generated oxidized species (O) from the
forward scan are reduced back to R, resulting in the observation of a cathodic peak (point D) [225].
Hence, the development of a diffusion layer near the electrode surface resulted in the formation of
characteristic peaks in the cyclic voltammogram. The parameters typically measured from cyclic
voltammograms include the anodic peak potential (Epa), cathodic peak potential (Epc), anodic peak
current (ipa), and cathodic peak current (ipc). These parameters provide crucial insights into the
kinetics and thermodynamics of the electrochemical reaction under investigation, aiding in the

comprehensive understanding and interpretation of cyclic voltammetric data.
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Figure 11. Excitation signal for CV (A) and cyclic voltammogram (B).
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2.1.5.2. Pulse voltammetric techniques

Pulse voltammetric techniques were used to analyze the current response as a function of
changes in potential and time. These methods have been developed to improve the sensitivity and
lower detection limits of voltammetric analysis by addressing the challenge of charging currents
[200]. The difference in potential between the working and reference electrodes initiates the
oxidation or reduction of electroactive species and causes charging and discharging of the
electrical double layer at the electrolyte-electrode interface [226]. Although the current generated
by the electrical double layer (non-faradaic current) is typically insignificant for analytical use, it
can interfere with the faradaic current. In the case of low analyte concentrations, the non-faradaic
current may overshadow the faradaic current, resulting in reduced sensitivity and higher detection
limits [227]. Pulse techniques address this issue by introducing pulsed current through potential
variations. These techniques operate based on the difference in the decay rates of the faradaic and
charging currents following a potential step or pulse. The charging current (ic) decreases
exponentially with time (™), whereas the faradaic current (i) decreases as t*/2 [228]. This causes
the non-faradaic current to decay significantly faster than the faradaic current after the potential
pulse ceases, leading to a higher ratio of faradaic to capacitive currents (it/ic) when utilizing pulse
techniques. Consequently, pulse techniques enhance the sensitivity and reduce the detection limits
in electrochemical measurements, making them ideal for quantitative analysis. The key parameters
in pulse techniques include pulse width (duration of the potential pulse), pulse amplitude (height
of the potential pulse), and sampling period (time when the current is measured at the end of the
potential pulse) [229]. Optimizing these parameters is crucial for maximizing the performance and

efficiency of the pulse techniques in analytical applications.
Normal pulse voltammetry

Normal pulse voltammetry (NPV) is a widely employed technique for electrochemical
analysis. In NPV, a series of distinct potential pulses is applied to the working electrode with a
constant pulse duration and increasing amplitude, followed by return to the initial potential value
after each pulse [230]. The current signal was sampled at the end of the applied potential pulse,
allowing sufficient time for the decay of the non-faradaic current. Pulse durations typically range

from 1 to 200 ms, while the intervals between pulses typically range from 0.1 to 5 s [231]. NPV
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offers advantages such as enhanced sensitivity, selectivity, and temporal resolution compared with
traditional sweep voltammetry methods because of its thinner diffusion layer, resulting in a higher
faradaic current [232]. By analyzing the resulting current relative to the applied potential, the NPV
provides valuable insights into the redox behavior, kinetics, and concentration of electroactive
species at the electrode surface [230]. This technique is widely applied in different fields such as
analytical chemistry, environmental monitoring, and biomedical research owing to its versatility
and ability to deliver rapid and accurate analysis of electrochemical systems. Figure 12 illustrates

a typical potential-time excitation signal and the resulting voltammogram.
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Figure 12. Potential excitation signals (A) and voltammograms for NPV (B).
Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a well-established electrochemical technique
known for its high sensitivity and low detection limits for the analysis of electroactive species.
Unlike NPV, it involves the application of a series of pulses of constant amplitude on a linear ramp
potential [233]. Each pulse consisted of a small constant amplitude superimposed on a slowly
changing base potential. In DPV, the current is sampled at two key points for each pulse: first,
immediately before the pulse is applied, and second, at the end of the pulse [234]. The resulting
current response is obtained by subtracting the current measured during the reverse pulse from that
measured during the forward pulse. This process effectively eliminates the background and
capacitive currents, leading to enhanced sensitivity. The peak height in the differential pulse

voltammogram is directly proportional to the concentration of the analyte [235]. DPV is
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particularly useful for detecting low concentrations of analytes in complex matrices because of its
high signal-to-noise ratio, which is characterized by a significant faradaic current compared to the
charging current [236]. DPV is widely utilized in analytical chemistry, biochemistry,
environmental monitoring, and pharmaceutical analysis owing to its advantages, such as low
detection limits and minimal interference from background currents. Its robust capabilities make
DPV an essential tool in electrochemical analysis, enabling the precise and reliable determination
of analyte concentrations even in challenging sample matrices [237]. Figure 13 illustrates a typical

potential-time excitation signal and the resulting voltammogram.
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Figure 13. Potential excitation signals (A) and voltammograms for DPV (B).
Square-wave voltammetry

Square wave voltammetry (SWV) is a pulse technique that involves the application of a
combined square wave and staircase potential to a working electrode. Their applications span
various fields, including food, medicine, and the environment [238]. In SWV, the potential-current
curve is shaped by applying potentials of height AE (pulse amplitude), which vary based on the
potential step (Estep) and T duration. On the potential-time curve, the pulse width (1/2) is represented
as t, and the pulse frequency is denoted as f (1/t). The currents were measured at the end of the
forward (I1) and reverse (I2) pulses and the signal was obtained as the intensity of the resulting
differential current (AI). SWV offers exceptional sensitivity and effectively rejects capacitive

currents. The measurement began at the initial time (ti) when the working electrode was polarized
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at a potential where no redox reaction occurred [239,240]. Figure 14(A) provides a detailed
illustration of the potential application of SWV, defining the parameters used. Figure 14(B) depicts
the theoretical voltammograms for reversible (a) and irreversible (b) systems, showing the
separation of the forward, reverse, and resulting currents. Because the reverse current sign is
opposite to that of the forward current, the net current is the sum of the absolute values of both
current components, resulting in a higher value than either the reverse or forward current alone
[241]. SWV exhibits higher sensitivity compared to most voltammetric techniques because of the
measurement of both forward and reverse currents, leading to a net current extent greater than that
of the individual forward or reverse current components [242]. This technique offers numerous
advantages, including exceptional sensitivity, low detection limit, ability to discriminate
background currents, and rapid analysis capabilities. Moreover, SWV enables the elucidation of
electrochemical reaction mechanisms and evaluation of fast electron transfer kinetics. Currently,
SWV has emerged as a crucial analytical tool, considering the time-consuming, intricate, and

costly methods of chromatography and spectrophotometry [243].
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Figure 14. (A) Potential excitation signals and (B) schematics of SWV voltammogram
representing a redox process for a reversible (a) and an irreversible system (b).

2.1.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a highly sensitive characterization
technique used to establish the electrical response of chemical systems in a nondestructive manner.
EIS systems characterize the time response of chemical systems using low amplitude alternating
current (AC) voltages over a range of frequencies [244]. It plays a crucial role in uncovering the

kinetic and mechanistic details across various electrochemical systems, with applications spanning
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corrosion studies, semiconductor research, energy conversion and storage, chemical sensing,
biosensing, and noninvasive diagnostics [245]. Impedance, a measure of a circuit resistance to
electrical current flow, differs from resistance by not following Ohm's law, and is influenced by
the frequency of the applied signal [246]. Evaluating the electrochemical impedance involves
applying an AC potential to the working electrode and measuring the resulting current. When an
electrochemical cell is subjected to sinusoidal potential excitation, the current response displayed
a sinusoidal pattern at the corresponding frequency with a different phase. In EIS analysis, the
outcomes are separated into real and imaginary components upon applying an AC potential to an
electrochemical cell. The complex impedance (Z) comprises the real part Z', corresponding to
resistors in line with the voltage, and the imaginary part Z”, associated with capacitors that show
a phase shift with respect to the applied potential. The absolute impedance |Z| is determined by the
vector sum of Z' and Z”, as described in equation 14 [247].

1/2

Z| = |@Z)? + (Z))?] (14)

The response of EIS is typically depicted through Nyquist and Bode plots, with the Nyquist
plot being the more widely utilized representation. In the Nyquist plots, the imaginary components
of impedance, derived from the double-layer capacitance, are plotted against the real part of the
impedance at different frequencies. The electrical circuits exhibit frequency-dependent impedance
variations [244]. The Nyquist plot involves plotting the real impedance on the x-axis and the
imaginary impedance on the y-axis across varying frequencies. As illustrated in Figure 15, the EIS
plot contains two distinctive sections: a semicircle at high frequencies and a linear segment at low
frequencies. The high frequency semicircle indicates the charge transfer resistance (Rct) of the
electrode, whereas the low-frequency linear line indicates a diffusion-limited process (the rate-
limiting step during the transportation of reactants and products to and from the electrode surface).
Moreover, a smaller semicircle diameter indicates a faster electron transfer rate, whereas a larger

diameter indicates a slower electron transfer rate [248,249].
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Figure 15. Nyquist plot (Insets: Randle's equivalent circuit).

The variation of impedance with frequency is a distinctive characteristic of electrical circuits.
When analyzing EIS data, researchers use an equivalent electrical circuit model that is customized
to represent the system being studied. One such widely used model is Randle's equivalent circuit,
which is shown in the inset of Figure 15, and includes components such as the solution resistance
(Rs), the double layer capacitance (Cal), the charge transfer resistance (Rct), and the Warburg
impedance (Zw) [250].

The solution resistance (Rs), also known as electrolyte resistance, is the resistance that
appears in the electrolytic solution between the working and reference electrodes. Rs is
independent of frequency and can be observed at the highest frequency interception of the real
axis, marking the starting point of the semicircle in the Nyquist plot. A high Rs value will shift the
semicircle to higher x-axis values. At higher frequencies, impedance is entirely dictated by Ohmic
resistance, with the entire current flowing through this element. Hence, Rs is introduced as a series
element in the equivalent circuit [248]. The double-layer capacitance (Cal) arises from the charges
accumulated at the electrode-electrolyte interface, resembling a pure capacitor. The extent of
charge accumulation is influenced by factors such as the electrode surface area and ion size.
Double-layer capacitance is impervious to Faradaic processes and increases with enlarging

electrode surface area [251].
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Warburg impedance (Zw) indicates resistance to mass transfer or diffusion processes, and its
magnitude is influenced by the perturbation frequency. The linear impedance portion at lower
frequencies indicates a diffusion-limited process. High-frequency impedance indicates low
Warburg impedance as the reactants require minimal diffusion. Conversely, at low frequencies,
the distance traversed by diffusing reactants elevates the Warburg impedance, predominantly
manifesting in the low-frequency spectrum [252]. Charge transfer resistance (Rct) represents the
resistance linked to charge transfer mechanisms during electrode reactions, governing electron
transfer kinetics at the electrode interface. The high-frequency semicircle in the Nyquist plot
corresponds to the R at the electrode surface. The diameter of the semicircle represents the charge
transfer resistance at the electrode surface, with larger semicircles indicating sluggish electron
transfer kinetics. R¢t is mathematically related to the heterogeneous electron transfer rate constant
(k°) and exchange current density (Jo) via equations (15) and (16), respectively [253].

RT

Ree = o (19
RT

ct = o AF (16)

where Ret = electron transfer resistance (©2), R = universal gas constant (8.314 JK*mol?), T =
temperature (298 K), F = Faraday constant (96485 C mol™), Jo = exchange current density (A/cm?),

° = electron transfer rate constant (cms™), A = electrode surface area (cm?), C = concentration of
the bulk species, and n = number of electrons involved in the electrode reaction.

2.2. Characterization techniques
2.2.1. Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy operates on the principle of molecular absorption
of light in the UV and visible regions of the electromagnetic spectrum. When a beam of UV-Vis
light passes through a sample, molecules within the sample absorb specific wavelengths of light
based on their electronic structure. The absorption of light leads to electronic transitions within the
molecules, causing electrons to move from lower to higher energy levels [254]. The working
principle of UV-Vis spectroscopy involves measuring the intensity of transmitted or absorbed light

as a function of wavelength. A spectrophotometer, the instrument used for UV-Vis spectroscopy,
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typically consists of a UV-Vis light source, a monochromater to select specific wavelengths of
light, a sample holder, and a detector to measure the intensity of light passing through the sample
[239]. In a UV-Vis spectrophotometer, a beam of polychromatic light is directed through the
sample. The monochromater selects a specific wavelength of light, which passes through the
sample. The detector then measures the intensity of the transmitted light. By scanning across a
range of wavelengths and measuring the corresponding absorbance or transmittance values, a UV-
Vis spectrum can be obtained. The concentration of a sample can be determined through the
absorption spectra produced at specific wavelengths using the Beer-Lambert law. The law states
that for a given material, the path length and concentration of the sample are directly proportional
to the absorbance of the light. Hence, UV-visible spectroscopy enables the determination of the

sample concentration based on the Beer-Lambert Law given by equation (17) [255,256]:
A= ecl (17)

where A = absorbance, | = optical path length (cm) of the cell or cuvette, ¢ = concentration of the
solution (mol dm™), and & = molar absorptivity of the compound or molecule in solution. Molar

absorptivity remains constant for a specific substance at a particular wavelength (dm®mol-cm™).

The absorption spectrum produced by UV-Vis spectroscopy provides information about the
electronic transitions occurring in the molecules within the sample. Each compound absorbs light
at characteristic wavelengths, leading to unique absorption spectra that can be used for
identification and quantification purposes [257]. UV-Vis spectroscopy is particularly useful for
analyzing samples containing chromophores, which are chemical groups capable of absorbing UV
or visible light. Common chromophores include conjugated double bonds, aromatic rings, and
transition metal complexes. By studying the absorption patterns of these chromophores,
researchers can gain insights into the composition, structure, and concentration of compounds in
a sample [254]. Overall, UV-Vis spectroscopy is a powerful analytical technique with broad
applications in chemistry, biochemistry, environmental science, pharmaceuticals, and materials
science, providing valuable information about molecular composition and electronic transitions in

a wide range of samples.
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2.2.2. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectroscopy is a powerful analytical technique widely
used in various scientific fields to analyze the chemical composition of samples. Its principle relies
on the interaction of infrared (IR) radiation with molecules, which causes specific chemical bonds
to absorb IR radiation at characteristic frequencies. These frequencies correspond to the vibrational
modes of the bonds within the molecule, providing valuable information about its structure and
composition [258]. FT-IR spectroscopy is based on the Fourier transform mathematical technique
that converts the time-domain interferogram signal obtained from the instrument into the
frequency-domain spectrum, allowing for the identification of specific absorption peaks associated
with different functional groups. The instrumentation of FT-IR spectroscopy consists of several
key components, including an IR radiation source, an interferometer, a sample compartment, and
a detector [259]. The IR radiation source emits a broad spectrum of IR light, typically generated
by a heated filament or a ceramic source. This IR radiation is directed towards the interferometer,
where it is split into two beams by a beam splitter. One beam travels through the sample, while the
other serves as a reference. After passing through the sample, both beams are recombined, creating
an interference pattern known as an interferogram. This interferogram contains information about

the absorption of IR radiation by the sample as a function of wavenumber [260].

The interferogram obtained from the interferometer is subjected to Fourier transformation,
a mathematical process that converts the signal from the time domain to the frequency domain.
This transformation separates the individual frequency components of the interferogram, revealing
the IR absorption spectrum of the sample. The resulting spectrum represents the intensity of
absorbed IR radiation as a function of wavenumber, providing detailed information about the
molecular vibrations present in the sample [261]. FT-IR spectroscopy is sensitive to various types
of molecular vibrations, including stretching, bending, and combination modes of different
chemical bonds. Each functional group within a molecule exhibits characteristic absorption peaks
in the FTIR spectrum, allowing for the identification and quantification of specific chemical
moieties within the sample. For example, the presence of functional groups such as C-H, O-H, N-
H, C=0, and C-C bonds can be identified based on their unique absorption frequencies [262]. FT-
IR spectroscopy finds applications in a wide range of scientific disciplines, including chemistry,

material science, pharmaceuticals, environmental science, and forensics. It is commonly used for
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chemical analysis, material characterization, quality control of pharmaceuticals and polymers,
environmental monitoring of air and water pollutants, and forensic analysis of trace evidence. Its
non-destructive nature, high sensitivity, and ability to provide detailed molecular information
make it an indispensable tool in modern analytical laboratories [263].

2.2.3. X-ray diffraction

X-ray diffraction (XRD) is a versatile analytical technique based on the principle of
scattering of X-rays by crystalline materials. When X-rays interact with the atoms in a crystalline
sample, they undergo scattering due to the interaction with the electron cloud around each atom
[264]. This scattering leads to the generation of diffracted X-rays, which can interfere
constructively or destructively depending on the angles and phases of the scattered waves. The
resulting diffraction pattern contains information about the arrangement of atoms within the crystal
lattice [265]. The basic principle of XRD is governed by Bragg's law, which describes the
relationship between the angle of incidence (0), the wavelength of the incident X-rays (A), and the
spacing between the crystal planes (d) within the sample. Mathematically, Bragg's law is expressed
as (equation 18) [266]:

2dsin(6) = nA (18)

where n is an integer representing the order of diffraction. The law explains why certain angles of
incidence produce peaks in the diffraction pattern, corresponding to constructive interference

between the diffracted X-rays.

XRD instruments typically consist of three main components: an X-ray source, a sample
holder, and a detector. The X-ray source emits monochromatic X-rays, usually with wavelengths
in the range of 0.1 to 1 nm. These X-rays are directed towards the sample, which is mounted on a
sample holder. The detector measures the intensity of the diffracted X-rays at various angles as the
sample is rotated, allowing the generation of a diffraction pattern [267]. The diffraction pattern
obtained from XRD experiments provides valuable information about the crystal structure of the
sample. By analyzing the positions and intensities of the diffraction peaks, researchers can
determine various structural parameters, such as lattice parameters, unit cell dimensions, crystal

symmetry, and atomic arrangement. This information is crucial for understanding the physical and
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chemical properties of the material under investigation [268]. One important application of XRD
is in the determination of particle size in crystalline materials. This is often achieved using the
Scherrer’s equation, which relates the broadening of diffraction peaks to the size of crystalline
domains within the sample. The equation (19) is given by [269]:

KA
" Bcos(0)

(19)

where D is the average crystallite size, K is a dimensionless shape factor (typically around 0.9), A
is the wavelength of the X-rays, B is the full width at half maximum (FWHM) of the diffraction
peak, and 0 is the Bragg angle. By measuring the FWHM of specific diffraction peaks and applying
the Scherrer equation, one can estimate the average size of the crystalline domains in the sample.
Generally, XRD is a powerful technique for characterizing the structure of crystalline materials
and is widely used in materials science, chemistry, geology, and other fields. Its ability to provide
detailed information about crystal structure, phase composition, and particle size makes it an
invaluable tool for both research and industrial applications [270].

2.2.4. Scanning electron microscopy

Scanning electron microscopy (SEM) is an advanced imaging technique used to examine the
surface morphology, composition, and properties of materials at high resolution. It operates on the
principle of interacting a focused beam of electrons with a sample to generate various signals that
provide detailed information about its surface characteristics [271]. In SEM, a beam of electrons
is generated by an electron gun and accelerated towards the sample. When the electrons interact
with the atoms in the sample, they undergo various interactions, including elastic scattering,
inelastic scattering, and secondary electron emission. These interactions provide valuable
information about the topography, composition, and other properties of the sample surface [272].
The interaction between the primary electron beam and the sample leads to various processes, each
offering unique insights into the properties of the sample. Elastic scattering occurs when some
electrons interact with the atomic electrons of the sample without losing energy. This process
provides valuable information about the atomic structure of the material, including details about
the arrangement of atoms and the crystal lattice [273]. Inelastic scattering, on the other hand,

involves electrons transferring energy to the sample atoms, resulting in excitation or ionization.
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This interaction can lead to the emission of characteristic X-rays or Auger electrons, which can be
analyzed to determine the elemental composition of the sample [274]. Additionally, a significant
portion of the primary electrons undergo secondary electron emission, where low-energy electrons
are ejected from the surface of the sample due to the impact of the primary beam [275]. These
secondary electrons carry essential information about the surface morphology, topography, and
texture of the material, allowing for detailed characterization of surface features and structures.
Together, these interactions in SEM provide comprehensive information about the composition,
structure, and surface properties of a sample, making SEM a powerful tool for material

characterization and analysis [276].

SEM instruments, at their core, integrate a sophisticated array of components to facilitate the
intricate process of sample analysis and imaging. The electron gun, functioning as the primary
electron beam source, employs advanced mechanisms such as filaments or field emission sources
to generate electrons. These electrons are accelerated by an anode, preparing them for their crucial
role in sample interrogation [277]. As the electron beam navigates through the instrument, it
traverses a meticulously designed pathway comprising electromagnetic lenses and precision
apertures. These components meticulously focus and shape the electron beam, ensuring optimal
interaction with the sample surface. Meanwhile, the sample stage serves as the platform for sample
mounting, offering impeccable precision in positioning and versatile movement capabilities along
multiple axes [278]. Additionally, advanced SEM setups often integrate temperature control
mechanisms within the sample stage, enabling meticulous investigation of sample behavior under
varied thermal conditions. To capture the rich array of signals emanating from the sample, SEMs
incorporate a diverse array of detectors [279]. These detectors, including secondary electron
detectors (SED), backscattered electron detectors (BSED), and energy-dispersive X-ray (EDX)
spectroscopy detectors, meticulously capture and analyze emitted or scattered signals, unraveling
intricate details about the sample's composition and structure. This system governs every aspect
of SEM operation, from beam control and image acquisition to intricate data processing and
analysis, ensuring that each captured image and data point provides invaluable insights into the
sample under analysis [280]. SEM is widely used in various fields, including materials science,
biology, geology, and nanotechnology, for characterizing a wide range of materials such as metals,

semiconductors, polymers, ceramics, and biological specimens. It helps to study surface features,
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particle size and distribution, fracture surfaces, and other important characteristics of materials.
Moreover, SEM can be coupled with other analytical techniques, such as EDX and BSED, to
obtain additional information about the chemical composition and crystallographic structure of the
sample [281].

2.2.5. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray (EDX) spectroscopy is an indispensable analytical technique used
in conjunction with SEM to offer profound insights into the elemental composition and spatial
distribution of materials. EDX capitalizes on the interactions between the high-energy electrons
emitted by the SEM electron beam and the atoms constituting the sample under examination. When
bombarded by these energetic electrons, the atoms in the sample undergo ionization, leading to the
ejection of inner-shell electrons and subsequent relaxation by outer-shell electrons, resulting in the
emission of characteristic X-rays that are indicative of the elemental constituents present [282].
The intricate EDX instrumentation was designed to capture and analyze the emitted X-rays with
precision and accuracy. Central to this setup is the X-ray detector, strategically positioned within
the SEM chamber to intercept X-rays emanating from the sample. Detectors, often made from
materials such as lithium-drifted silicon or germanium, act as sensitive receptors, converting
incoming X-rays into electrical pulses proportional to their energy. These pulses are then
channeled into a pulse processor for amplification and conditioning before being directed to a
multichannel analyzer (MCA). MCA serves as the command center, segregating the pulses based
on their energy levels and generating an energy spectrum that serves as a fingerprint of the
elemental composition of the sample [283,284].

In EDX analysis, the discernment of elements hinges on the thorough comparison of the
obtained energy spectrum with the established X-ray spectra of standard reference materials. Each
element exhibits distinct characteristic X-ray lines at specific energy levels, facilitating the
identification of constituent elements within the sample. Moreover, the intensity of these X-ray
peaks correlates directly with the abundance of the corresponding elements, enabling semi-
quantitative or quantitative elemental analysis. This robust analytical framework enables the
elucidation of the elemental composition of diverse materials with remarkable precision and

accuracy [285,286]. The advantage of EDX lies in its ability to offer elemental insights into
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localized regions of interest within the sample owing to its seamless integration with SEM imaging
capabilities. By connecting the exceptional spatial resolution of SEM, specific microstructures,
particles, or features can be pinpointed for elemental examination. The spatial resolution not only
facilitates targeted analysis, but also enables comprehensive investigations into the elemental
distribution and concentration gradients across intricate material designs [287]. Furthermore, the
relentless march of technological innovation has ushered in a new era of EDX systems,
characterized by enhanced sensitivity, resolution, and elemental mapping capabilities. Modern
EDX platforms can rapidly acquire high-resolution elemental maps, affording unprecedented
insights into the intricate microstructural landscapes and elemental heterogeneities of complex
materials and nanostructures. The integration of EDX with SEM imaging produces a potent
analytical arsenal that has found multifarious applications across an array of disciplines. Generally,
EDX is a beacon of scientific inquiry that light up the elemental tapestry of the microscopic world
with unparalleled clarity and depth [288,289].
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In this study, a simple, ultrasensitive, inexpensive, and environmentally friendly sensor was developed for the
electrochemical determination of ciprofloxacin (CPRO) using a choline chloride-modified carbon paste electrode
(ChCl/CPE). The electrochemical properties of ChCl/CPE were examined by square wave voltammetry (SWV).
Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM),
ultraviolet-visible (UV-Vis) spectroscopy, and Fourier transform infrared (FT-IR) spectrometry were used for
electrochemical and morphological characterizations. The sensor exhibits excellent conductivity and superior
electrocatalytic activity, within the linear range of 0.005-200 pM, for the detection of CPRO in citrate buffer
solution (CBS) at pH 5, with detection and quantification limits of 0.36 nM and 1.2 nM. The electroactive surface
area of ChCl/CPE was calculated to be 0.123 cma, which is four times higher than that of the bare CPE (0.037
cm?). The ChCI/CPE is not only simple, inexpensive and time-saving, but also has the lowest detection limit and
widest linear range compared to the recently reported sensors for the determination of CPRO. The developed
sensor also showed excellent reproducibility, repeatability, long-term stability, and exceptional selectivity
against potentially interfering organic, inorganic, and antibiotic species. In addition, ChCl/CPE was successfully
applied for the determination of ciprofloxacin in eye drops, river water, and egg samples with very good re-
coveries of 97-102% and relative standard deviations (RSD) of 0.27-3.85%. Therefore, the proposed electro-

chemical sensor is a potential candidate for the determination of ciprofloxacin in various matrices.

1. Introduction

Antibiotics are the most commonly used drugs to treat human and
animal diseases caused by pathogenic microorganisms such as bacteria,
microalgae, fungi, viruses, and protozoa. Antibiotics are also widely
used in animal husbandry as growth promoters in poultry and livestock
[1,2]. However, improper use and disposal of antibiotics harm the
environment and ecology. Antibiotic residues seriously threaten the
ecological balance and cause various human health problems, such as
nausea, cardiac arrhythmia, hearing loss, acute and chronic toxicity, and
allergic problems [3]. In addition, the efficiency of antibiotics against
diseases decreases due to improper use and the increased occurrence of
antibiotic resistant genes [4]. Antibiotic buildup in food and water is a
growing food and environmental safety concern, urging researchers to
develop more efficient methods to analyze antibiotic residues in water
and food samples.

Fluoroquinolones are an important class of antibiotics with a broad
spectrum of antibacterial activity. Ciprofloxacin (CPRO) is a second-

* Corresponding author.
E-mail address: bscv2006@yahoo.com (B.S. Chandravanshi).
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generation fluoroquinolone antibiotic, the fifth generic antibiotic man-
ufactured worldwide, and accounts for 24% of therapeutic prescriptions
in the market. It is characterized by bactericidal activity against both
gram-positive and gram-negative bacteria. CPRO is widely used to treat
infectious diseases in livestock, poultry, and humans, including respi-
ratory, urinary tract, gastrointestinal, eye, and skin infections [5,6].
However, excessive consumption of CPRO can lead to tendon rupture
and chondrotoxic effects in young animals and to photo-toxicity, al-
lergies, diarrhea, nausea, alterations in liver function, headache, and
vomiting in humans [7]. Prolonged exposure to CPRO can cause several
facets of effects, including immunotoxicity, carcinogenicity, hyperten-
sion, genotoxicity, and endocrine disruption [8]. Furthermore, the
presence of CPRO and other antibiotic residues in the environment is of
great concern due to the potential emergence of antibiotic-resistant
bacteria [9]. Therefore, the development of fast, sensitive, and effi-
cient techniques to monitor antibiotic levels in various matrices such as
food, pharmaceuticals, and water samples is an active area of research.

In recent decades, analytical and electroanalytical methods have

Received 2 October 2022; Received in revised form 4 December 2022; Accepted 9 December 2022

Available online 10 December 2022

2214-1804/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:bscv2006@yahoo.com
www.sciencedirect.com/science/journal/22141804
https://www.elsevier.com/locate/sbsr
https://doi.org/10.1016/j.sbsr.2022.100547
https://doi.org/10.1016/j.sbsr.2022.100547
https://doi.org/10.1016/j.sbsr.2022.100547
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

W.D. Adane et al.

been widely used for the determination of inorganic, organic, pharma-
ceutical and neurochemical substances in biological and environmental
samples [10]. CPRO has been quantified using different analytical
methods in a variety of samples, such as food, animal tissue, body fluids,
wastewater, pharmaceuticals, and dairy products. The most commonly
used techniques for the determination of CPRO are high performance
liquid chromatography (HPLC) [11], liquid chromatography-mass
spectroscopy (LC-MS) [12], capillary electrophoresis [13], spectropho-
tometry [14], and chemiluminescence [15]. Although these techniques
have proven to be sensitive and accurate, they have several disadvan-
tages, such time-consuming, expensive and labor-intensive procedures
that require tedious sample pretreatment and longer analysis times
[16,17]. Electrochemical techniques have advantageous over other
analytical methods due to their simplicity, small sample consumption
and inexpensive equipment, higher selectivity and sensitivity, fast
response times, and suitability for miniaturization and portability
[10,17,18]. As a result, electrochemical methods have been widely
applied for the determination of CPRO in various fields such as
biomedical, pharmaceutical, environmental, and food [7].

Carbon-based electrodes are one of the most commonly used elec-
trodes in electroanalytical methods due to their low cost, wide potential
window, low electrical resistivity, and versatility of chemical modifi-
cation. Many types of carbon-based electrodes, such as glassy carbon,
carbon composites, and carbon pastes, have been used as modified
electrodes [19]. A carbon paste electrode (CPE) is a special type of
electrode, consisting of a mixture made from carbon powder and a non-
conductive binder [20]. CPEs are widely used for the development of
electrochemical sensor due to their characteristic properties such as low
background current, wide potential window, lower detection limit, low
cost, simplicity of surface renewal, and modification using different
modifiers [10,21,22]. Furthermore, the feasibility of incorporating
different substances during the paste preparation allows the fabrication
of carbon paste electrodes with the desired composition and hence with
predetermined properties [19]. The electrochemical determination of
CPRO has been thoroughly studied using a variety of carbon-based
electrodes, such as Nafion-MWCNTs [9], copper-zinc ferrite nano-
particles [23], reduced graphene oxide [24], BiPO4/GO-MMIPs/PGE
[25], and carbon nanotube V05 chitosan nanocomposites [26]. How-
ever, these methods have drawbacks such as complicated modification
steps, high cost, time consumption, and chemical toxicity. Therefore, it
is important to develop sensors with simple, inexpensive, and environ-
mentally friendly modifiers such as choline chloride.

Choline chloride is a cheap, environmentally friendly and non-toxic
quaternary ammonium salt with —OH and -N"(CHs)3 groups. The -OH
group facilitates the immobilization of ChCl on the carbon paste surface
through covalent bonding, and the cationic polar group (-N*(CHz)s3)
enhances electrostatic attraction and forms a uniform positively charged
surface to promote the transfer of electrons between the analyte and the
electrode surface [27]. Bahrani et al. [27] reported an ultrasonically
accelerated synthesis of the AuNPs-ChCl-GO sensor for the detection of
meloxicam in human plasma samples. A zirconia-ChCl-AuNPs/CPE
sensor was developed by Shahamirifard et al. [28] for the simulta-
neous detection of gallic and uric acid in human urine. Parsaee et al.
[29] prepared Ag-ChCl-GO/CPE for the detection of celecoxib in human
plasma. However, to the best of our knowledge, there are no previous
reports on the electrochemical determination of ciprofloxacin using
ChCl modified CPE.

The objective of this study is to develop a simple, sensitive, envi-
ronmentally friendly, and inexpensive electrochemical sensors for
determining ciprofloxacin in various types of samples such as eye drops,
river water, and egg samples, using choline chloride-modified carbon
paste electrode.
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2. Experimental
2.1. Chemicals and reagents

Ciprofloxacin (>98%), amoxicillin (95.0-102.0%), chloramphenicol
(>98%), norfloxacin (>98%), and doxycycline (>98%) standards were
obtained from Ethiopian Pharmaceutical Manufacturing S.C.
(EPHARM), Addis Ababa, Ethiopia. Choline chloride (>99%) in KCl
(98%) (Wagtech International Ltd., UK) was purchased from Sigma-
Aldrich, USA. Sodium citrate (98%) (BDH Chemicals Ltd., England),
citric acid (99%) (Research-Lab Fine Chem. Industries, India), dipotas-
sium hydrogen phosphate (98%) (Riedel-de Haen, Germany), potassium
dihydrogen phosphate (98%) (BDH Chemicals Ltd., England), boric acid
(99.5%) (Carlo Erba Reagents, Italy), acetic acid (99.8%) (Sigma-
Aldrich, Germany), phosphoric acid (85%) (UniChem, China), ammo-
nium chloride (>99.5%) (BDH Chemicals Ltd., England) and sodium
acetate (>99%) (Sigma-Aldrich, Germany) were used to prepare buffer
solutions. Graphite powder (Spectroscopic Grade, RBW) from SGL Car-
bon (Ringsdorff, Germany) and paraffin oil (Uvasol, Merck, Germany)
were used to prepare the CPE. Potassium hexacyanoferrate(IlI) (99%)
(BDH Chemicals Ltd., England) in KCl, magnesium sulfate (>97%), so-
dium hydroxide (98%), hydrochloric acid (37%), calcium bicarbonate
(99%), potassium nitrate (99%), copper carbonate (>95%), ferric
chloride (97%), ascorbic acid (>99.7%), uric acid (99%), folic acid
(>97%), urea (98%), glucose (>99.5%), lactose (>99%), fructose
(>99%), and sucrose (>99.5%) were purchased from Sigma-Aldrich,
USA. Ciprofloxacin eye drops (ZOXAN) (FDC, Limited, India) were
purchased from a local pharmacy in Addis Ababa, Ethiopia.

A stock standard solution of 0.01 M CPRO was prepared in 0.005 M
HCI and stored at 4 °C until analysis. Citrate buffer solution (CBS) was
prepared by mixing 0.1 M citric acid and 0.1 M sodium citrate, and the
pH was adjusted using 0.1 M HCI and 0.1 M NaOH. The CPRO working
solutions were prepared by diluting the stock solutions with 0.1 M CBS
(pH 5.0). A 0.002 M ChCl solution was prepared by dissolving 75 mg of
KCl and 28 mg of ChCl in 0.1 M phosphate buffer solution (PBS) (pH
7.0).

2.2. Apparatus and instruments

Electrochemical measurements were conducted with a CHI 760D
electrochemical analyzer (CH Instruments, USA) in a 20 mL cell using
three-electrode system, a platinum wire (counter) electrode, bare CPE or
ChCI/CPE (working electrode), and silver-silver chloride (reference)
electrode. A pH meter (Senses Ion™ + MM150, China) was used for
measuring the pH. An electronic digital balance (Model: Scientech: ZSA
120, USA) was used for weighing solid chemicals. A centrifuge (model
800-1, China) and an ultrasonic cleaner (model YJ5120-B, China) were
used during egg sample preparation. The surface morphologies of bare
CPE and ChCl/CPE were examined by SEM (CX-200plus-Coxem, Korea).
UV-Vis spectra were recorded in the range of 225-400 nm using a
PerkinElmer (Lambda 950, USA) dual-beam UV-Vis spectrometer fitted
with a standard 1 cm quartz cuvette. Infrared spectra were recorded on a
Fourier transform infrared spectrometer (FT-IR, PerkinElmer, Spectrum
100, USA).

2.3. Sample preparation

2.3.1. Egg sample

Egg samples were obtained from the Elfora Agro-Industries plc
poultry farm in Bishoftu, Ethiopia, and stored at 4 °C until analysis. The
egg sample was prepared as described by Chullasat et al. [30] with slight
modification. The egg was homogenized with continuous stirring. Then,
10 mL of acetonitrile was added to 5.0 g of egg in a 15 mL centrifuge
tube. The mixture was ultrasonically extracted for 15 min and centri-
fuged at 2240 relative centrifugal force (RCF) for 10 min, then the su-
pernatant was transferred to another 15 mL polypropylene centrifuge
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Fig. 1. (A) Nyquist plots of bare CPE (a) and ChCl/CPE (b) in 0.1 M KCI containing 5.0 mM [Fe(CN)G]s’/ 4= (B) CV results for the bare CPE (a) and ChCl/CPE (b) in
0.1 M KCl containing 5.0 mM [Fe(CN)5]3’/ 4~ at a scan rate of 100 mVs ™. (C) CVs of 5 mM [Fe(CN)5]3’/ 4~ at different scan rates using ChCl/CPE and (D) plot of Ip

(pA) versus v2 (mvs H1/2

tube. After that, 1.0 mL of 4.0 M ammonium acetate buffer (pH 6.75)
was added to the mixture and vortexed. Additionally, 20 mL of
dichloromethane was added to the mixture and centrifuged at 2240 RCF
for 10 min. The supernatant was then collected and evaporated at 40 °C.
Finally, the extract was re-dissolved in 2.0 mL of phosphate buffer (pH
7.0) and filtered through a 150 mm filter membrane before analysis.

2.3.2. River water sample

A 300 mL river water sample was collected from Akaki River in Addis
Ababa, Ethiopia, and stored at 4 °C until analysis. The sample was
filtered three times through a 150 mm filter membrane, a portion of the
sample was taken and diluted 1:5 (v/v) in citrate buffer (pH 5.0) to a
total volume of 25 mL, and spiked with 0, 5.0, 10.0, and 20.0 pM CPRO
standard solutions in triplicate. After an incubation time of 30 min, the
samples were analyzed without further treatment.

2.3.3. CPRO eye drops sample

A 5.5 pL portion of the CPRO eye drops sample was transferred to a
10 mL volumetric flask and diluted to the mark with 0.1 M citrate buffer,
pH 5.0. The samples were spiked with 0, 5.0, 10.0, and 20.0 pM CPRO
standard solutions in triplicate. The samples were stored at 4 °C until
analysis and analyzed without further treatment.

2.4. Preparation of CPE

The CPE was prepared by mixing 70% (w/w) graphite powder and
30% paraffin oil, and homogenizing the mixture with a mortar and
pestle for 25 min. Then, the paste was filled into a 1 mL syringe,

electrically contacted with a copper wire, and the surface was smoothed
on a clean piece of paper until it had a shiny surface. Whenever electrode
renewal was required, a thin layer of the surface was carefully removed,
filled with a new paste and polished.

2.5. Preparation of ChCl/CPE

Before modification, the bare CPE was rinsed with distilled water and
dried at room temperature. Then, for the electrochemical deposition of
ChCl at the CPE (Fig. S1), CV was performed for 14 cycles in 0.1 M PBS
(pH 7.0) containing 0.002 M ChCl in 0.01 M KCl in a potential range of
0.7 V to 1.6 V at a scan rate of 25 mVs~!. The electrode was then cleaned
with distilled water and made ready for use.

3. Results and discussion
3.1. Electrochemical characterization

Electrochemical impedance spectroscopy was performed to study the
interface properties of bare CPE and ChCl/CPE in the frequency range
from 0.1 Hz to 100 kHz at an applied potential of 100 mV. The Nyquist
plots of bare CPE (curve a) and ChCl/CPE (curve b) in 0.1 M KCl con-
taining 5 mM [Fe(CN)6]3’/ 4 couple as a redox probe are shown in
Fig. 1A. The impedance data was fitted, and the corresponding Randles
equivalent circuit model is given as an inset in Fig. 1A. The circuit dis-
plays, Warburg impedance (Zy,), charge transfer resistance (R.t), double
layer capacitance (Cqp), and electrolyte solution resistance (Rg). As
depicted in Fig. 1A, both curves have two distinct parts: a semicircle in
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Fig. 2. SEM images of (A) bare CPE and (B) ChCl/CPE.

the high frequency range and a straight line in the low frequency range.
The semicircular portion of the curve at high frequency represents the
charge transfer resistance (R.¢) of the electrode, and the linear segment
at lower frequencies indicates a diffusion-limited process. In addition, a
smaller semicircle diameter indicates a rapid rate of electron transfer
and a larger semicircle diameter indicates a slower electron transfer rate
[31]. The calculated R values are 4062 Q for bare CPE and 628.1 Q for
ChCl/CPE. The enhanced electron transfer between the electrode and
the electrolyte solution is made possible by the superior electrical con-
ductivity of ChCl and higher specific surface area, which also contribute
to the significantly lower charge transfer resistance of ChCl/CPE
compared to bare CPE.

CV scans were performed at a scan rate of 100 mVs~! for a5 mM [Fe
(CN)g]® 74~/ redox probe containing 0.1 M KCI to investigate the surface
areas of bare CPE and ChCl/CPE. Cathodic and anodic peak currents
obtained at the ChCl/CPE were higher than that of the bare CPE, as
shown in Fig. 1B. In addition, the peak-to-peak separation (AEp) was
lower at the ChCIl/CPE than that of the bare CPE, which indicates a
significant increment of reversibility. The results showed that ChCl/CPE
exhibited excellent conductivity and faster electron transfer capability
than the bare CPE due to the increase in its electroactive surface area.
Furthermore, ChCl/CPE and bare CPE were examined at various scan
rates (25-275 mVs’l) (Figs. 1C and S2A). As shown in Figs. 1D and S2B,
the redox peak currents increased linearly with the square root of the
scan rate. It indicated that the mass transfer at the electrodes was mainly
diffusion controlled. The electroactive surface area of the CPE and the
ChCl/CPE was also determined using the Randles-Sevcik Eq. (1) [32].

Ip = 2.69 x 10°n*? ADV2Cy'/? (€))

where Ip, D, C, A, n, and v are the peak current, diffusion coefficient
(cmz/s), concentration of [Fe(CN)6]3’/ 4- (mol cm’3), surface area of
electrode, number of electrons, and scan rate (Vs 1), respectively. The
regression equations obtained from CV analysis for the bare CPE and
ChCI/CPE are Ip = 4.38 v'/2 (mVs )12 + 27.75 (R? = 0.993) and Ip =
10.75 V12 (mVs 12 1 66.65 (R = 0.992), respectively (Fig. 1C, D and
S2). The electroactive surface areas were calculated from the slopes of
the plot Ip versus v/2. The calculated active surface area values are
0.037 cm? for the bare CPE and 0.123 cm? for the ChCl/CPE. This result
demonstrates that ChCl is an effective modifier that enhances the elec-
troactive surface area of the electrode. The CV results are consistent with
those obtained from EIS.

Furthermore, the heterogeneous rate constant (k°) for the electrodes
was calculated from the EIS and CV data using the following Eq. (2)
[33].
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Fig. 3. (A) FT-IR spectra of bare CPE, (B) pure ChCl, (C) ChCl/CPE and (D)
ChCl/CPE in 50 pM CPRO.

RT
K = 5 (2
R, ACF

where k°, F, Ret, T, C, A, and R, are the standard heterogeneous electron
transfer rate constant (cm s_l), Faraday constant (96,485C mol_l), the
electron transfer resistance (Q2), temperature (298 K), the concentration
of [Fe(CN)6]3’/ 4= solution (mol cm’3), the electrode surface area (cmz),
and gas constant (8.314 J K~! mol™1), respectively. The k° values ob-
tained for bare CPE and ChCl/CPE were 3.54 x 10™* and 6.89 x 10™*
cm s~1, respectively. The higher k° value for the ChCl/CPE shows a
faster electron transfer and a higher active surface area than the bare
CPE.

3.2. Surface characterization

The surface morphologies of the bare CPE and the ChCl/CPE were
examined by SEM image analysis. As shown in Fig. 2, significant dif-
ferences are observed between the morphologies of the two electrodes.
The bare CPE surface (Fig. 2A) is characterized by evenly distributed
pores and tightly curled graphite flakes. In contrast, after modification
(Fig. 2B), at the surface of the modified electrode, the number of pores
and their size increased, with uneven distribution and irregular shapes.
The SEM image of ChCl/CPE also shows a denser film with granular and



W.D. Adane et al.

0.6 4
0.5- —C
—B
o 0.4 —A
[>]
=
<
£ 0.3
2
o
< 0.2
0.1+
N——
0.0 1 —
T T T T 1
200 240 280 320 360 400
Wavelength (nm)

Fig. 4. UV-Vis spectra of (A) pure ChCl, (B) CPRO and ChCl mixture, and (C)
CPRO in aqueous solution.

rough structures, increasing the surface area and active sites for CPRO
oxidation.

The FT-IR spectra of bare CPE, pure ChCl, ChCl/CPE, and ChCl/CPE
in 50 pM CPRO are given in Fig. 3. As shown in Fig. 3A, no significant
bands were observed at the bare CPE surface. The C—H stretching of the
alicyclic (-CHy-) group of the paraffin oil used to prepare the bare CPE,
is observed in the region between 2853 and 2923 cm™*. The appearance
of a very intense and broad band at the frequency of 3262 cm ™! corre-
sponds to the O—H stretch of the ChCl used to modify CPE (Fig. 3B). The
bands at 3000-2800 cm™! are attributed to the C—H stretches of the
~CH3 and —CHy- groups and the band at 1090 cm ™! is attributed C—O of
ChCl. A specific set of quaternary ammonium compounds is present in
the range of 900-1000 cm ™ and the peak at 950 cm ™! is believed to be
the peak for the C—N group of ChCl [34]. As shown in Fig. 3C, the
spectrum of ChCl/CPE shows a slight decrease in band intensity and
width, and a small shift in the O—H stretch to 3415 cm ™! due to the
decrease in hydrogen bonding. Similar to the pure ChCl, the frequencies
at 480, 618, 1618, and 2924 cm ™! are not changed but reduced the band
intensity, indicating the presence of ChCl at the surface of the modified
electrode. In addition, the characteristic absorption originating from the
(CH3)3N ™ group of pure ChCl is observed at 1464 cm ' [27]. Asa result,
the above observations confirm the electrodeposition of ChCl at the
surface of CPE. As illustrated in Fig. 3C and D, there is no difference
between the two spectra. The result gives clear evidence for the absence
of interaction between ChCl/CPE and CPRO, whereas the modifier ChCl
electro-catalyzes the oxidation of CPRO at the surface of ChCl/CPE by
increasing the electroactive area of the modified electrode.

The UV absorption spectrum of CPRO in water was measured in the
range 225-400 nm, and showed an absorption band at Amax (water) = 275
nm (Fig. 4C). The absorption band was attributed to the n-n* transition
of CPRO, since it is a nitrogen-containing compound [35]. From Fig. 4B,
it was observed that the absorption band of CPRO did not shift with the
addition of ChCl to the CPRO solution. This result further confirms the
absence of interaction between CPRO and ChCl. However, the ChCl film
exhibits exceptional electrocatalytic activity by providing high specific
surface area and excellent electron transfer ability to the modified
electrode for the oxidation of CPRO [36]. Fig. 4A shows that pure ChCl is
UV inactive due to the lack of conjugation in the molecule.

3.3. Electrochemical behaviors of CPRO at bare CPE and ChCl/CPE

The voltammetric behaviors of CPRO at the bare CPE and ChCl/GCE
were investigated using CV and SWV at a scan rate of 100 mVs ! in the
potential range of 0.7 to 1.2 V. Both bare CPE and ChCl/CPEs showed no
CV and SWV signals in the blank solution. This may be due to poor
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containing 50 pM CPRO at a scan rate of 100 mVs ! and (B) SWVs of bare CPE
(a) and ChCl/CPE (b) in 0.1 M CBS (pH 5.0) containing 50 pM CPRO at a scan
rate of 100 mVs~?.

electron transfer kinetics at the bare CPE and the absence of the target
analyte in the blank solution. The CVs of a bare CPE (a) and ChCl/CPE
(b) in 0.1 M CBS (pH 5.0) containing 50 pM CPRO are shown in Fig. 5A.
The oxidation of CPRO is irreversible, with oxidation peak potentials of
1.037 V at the bare CPE and 1.073 V at the ChCl/CPE with no reduction
peaks in the reverse scan. The oxidation signal of CPRO at the bare CPE
is weak and appears at a lower potential. In contrast, the oxidation of
CPRO at the ChCl/CPE produced a well-defined peak at 1.073 V with a
shift in potential by about 0.036 V to a more positive value under the
same conditions. A 5-fold increase in the peak current for the oxidation
of CPRO at the modified electrode confirms the increase in active surface
area and strong electrocatalytic activity of the ChCl film. The electro-
chemical response of CPRO was also studied by SWV using both elec-
trodes, and similar results were obtained in terms of peak current
enhancement and potential shifts (Fig. 5B).

3.4. Optimization of experimental conditions

3.4.1. Effect of supporting electrolytes

The effects of different supporting electrolyte solutions, such as ac-
etate buffer (AB), Britton-Robinson buffer (BRB), citrate phosphate
buffer (CPB), citrate buffer solution (CBS), and phosphate buffer solu-
tion (PBS), on the oxidation peak current response of CPRO were
examined by SWV. As shown in Fig. S3, the peak current response ob-
tained in CBS was significantly higher than that of the other supporting
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electrolyte solutions. Therefore, 0.1 M CBS was chosen as a suitable
supporting electrolyte for the electrochemical determination of CPRO at
the ChCl/CPE.

3.4.2. Effect of pH

The electrochemical response of 50 pM CPRO in 0.1 M CBS was
studied using SWV in the pH range 3.0-6.0 at a scan rate of 100 mVs ™ _.
The peak potential and current responses of CPRO varied dramatically
as the pH of CBS increased from 3.0 to 6.0, as depicted in Fig. 6A,
proving that the oxidation of CPRO depends on the pH of the supporting
electrolyte solution. The oxidation peak current increased with
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increasing pH up to 5.0 and then decreased with further increase
(Fig. 6B). Therefore, pH 5.0 was chosen as the optimal value for sub-
sequent experiments. Additionally, the influence of pH on the peak
potential of CPRO was investigated. With increasing pH, it was found
that the peak potential shifted to a more negative value, suggesting the
involvement of protons in the electrode process. According to the Nernst
equation [37], the relationship between Ep and pH is described as
follows:

Ep (V) = 0.059(m/n) pH+b 3)

where Ep is the peak potential, n and m are the numbers of electrons
and protons participating in the electrode reaction, and b is the inter-
cept. From the plot of Ep (V) versus pH (Fig. 6C), the linear relationship
was expressed by: Ep (V) = —0.057 pH + 1.3 (R%®=0.998). A typical shift
of 57 mV per pH unit is nearly equal to the theoretical Nernst value of 59
mV per pH, proving that the number of electrons and protons involved in
the electro-oxidation reaction of CPRO are equal [38]. The proposed
reaction mechanism for the oxidation of CPRO is given in Scheme 1
[39].

3.4.3. Effect of scan rate

The effect of scan rate on the peak current and peak potential of
CPRO in 0.1 M CBS (pH 5.0) was investigated using CV at scan rates
ranging from 25 to 300 mVs~!. As shown in Fig. 7A, there is a pro-
gressive increase in peak current with increasing scan rates from 25 to
300 mVs ! along with a shift in peak potential to a more positive value,
confirming that the oxidation of CPRO at the surface of ChCl/CPE is
irreversible. The graph of Ip (pA) versus square root of scan rate (Fig. 7B)
is linear, with the regression equation Ip (pA) = 5.46v/2 (mvs~ )V
2.10.25 (R? = 0.996). In addition, the log Ip versus log v plot yields the
regression equation log Ip (pA) = 0.61 log v (mVs_l) +0.42, R% =0.998
(Fig. 7C) with a slope of 0.61, which is close to the theoretical value of
0.5. The above results together with FT-IR and UV-Vis experiments (in
Section 3.2), thus confirm that the voltammetric oxidation of CPRO at
the surface of ChCl/CPE is primarily an irreversible diffusion controlled
electrode process [38].

The number of electrons involved in the oxidation of irreversible
electrode reactions was determined using the Laviron theory [40]. Ep
(V) is given by the equation:

E, =E°

2.303RT
- 1

RTK’ | 2303RT,
anF Logv

anF anF

P 08 @
where EO, o, n, k% v, F, R, and T denote the formal potential, electron
transfer coefficient, number of electrons, heterogeneous rate constant,
scan rate, Faraday constant (96,485C/mol), universal gas constant
(8.314 J/K mol), and temperature (298 K). According to Eq. (4), the plot
of Ep versus log v shows very good linearity. The slope (0.07) corre-
sponds to 2.303RT/onF, yielding an = 0.845. For an irreversible elec-
trode process, it is assumed that a is equal to 0.5 [37]. Using Eq. (4), the
number of electrons transferred (n) was calculated to be 1.7, which is
close to 2, indicating that the electrochemical oxidation of CPRO at the
surface of ChCl/CPE involves a transfer of two protons and two elec-
trons, which is consistent with previously reported literature values
[41].

3.4.4. Optimization of SWV parameters for the determination of CPRO
Square wave parameters were optimized to obtain maximum peak
current response for the oxidation of CPRO at the surface of ChCl/CPE.
The relationship between SWV parameters and the peak current was
examined by keeping two of the parameters constant and measuring the
other in the frequency range (20-70 Hz), step potential (2-16 mV), and
amplitude (20-90 mV). The optimal values for determining CPRO were
selected by taking into account the lowest background current, the
highest peak current signal, and sharp SWV peaks. These values are 40
Hz frequency, 10 mV step potential, and 40 mV amplitude (Fig. S4).

Sensing and Bio-Sensing Research 39 (2023) 100547

350 A)
300

Concentration
200 pM
A

Current (nA)

ot e [\*] [
(=3 wn =4 n
< < < <>

0.7 0.8 0.9 1.0 1.1 1.2
Ep (V) vs Ag/AgCl
400 - (B)
Ip (A) = 1.73C (uM) + 2.74
(R*=0.9998)

300

Current (nA)
[
>
S
1

100

T T T 1
0 50 100 150 200 250
Concentration (uM)

Fig. 8. (A) SWVs of 0.005, 0.06, 0.1, 0.8, 2.0, 5.0, 10.0, 30.0, 50.0, 95.0, 130.0,
160.0 and 200.0 pM CPRO at the ChCl/CPE in 0.1 M CBS and (B) plot of Ip (pA)
versus concentration of CPRO.

3.5. Analytical determination of CPRO

Under the optimal experimental conditions, square wave responses
were recorded for different CPRO concentrations in 0.1 M CBS. As
depicted in Fig. 8A, when the concentration of CPRO increases, the peak
current for the oxidation of CPRO also increases. The oxidation peak
current is linearly correlated with concentration of CPRO from 0.005 pM
to 200 pM, with a regression equation of Ip (pA) = 1.73C (uM) + 2.74
(R? = 0.9998) (Fig. 8B). Theoretically calculated detection, LOD, (3c/
m), and quantification limits, LOQ, (106/m), (S/N = 3), (where m and ¢
denote the slope of the calibration curve and standard deviation of the
lowest values of the linear range), were found to be 0.36 nM and 1.2 nM,
respectively. However, the developed sensor practically detects 2 nM
CPRO (not inside the linear range) (Fig. S5). In addition, the perfor-
mance of ChCl/CPE was compared to recently published literature
values in terms of linear range and the limit of detection. As shown in
Table 1, the ChCl/CPE demonstrates superior performance by offering
the lowest detection limit and a broader linear range than recently re-
ported sensors for the electrochemical determination of CPRO. Due to its
low coat, simplicity, and fast response, ChCl/CPE is an excellent
candidate for the electrochemical determination of CPRO in real
samples.
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Table 1

Comparison of ChCl/CPE with recently reported techniques for determining CPRO.
Sensors Method Real samples Linear range (M) LOD (uM) References
Co-MOFs/PLA @ DPV Drug 0.5-150 0.017 [42]
GO/SPCE [ DPV Milk 1-8 0.3 [43]
TiO,/PVA/GCE [ DPV Rain water 10-120 0.04 [44]
f-MWCNTs/PANI/GCE ! LSV Pharmaceuticals 0.1-1, 1-20 0.08 [45]
f-MWCNT-coated GCE © SWV Hospital effluent, wastewater, natural water 5-100 0.16 [46]
BaCuSis010/GCE ! DPV Pharmaceuticals 0.05-150 0.0009 [471
Pt-RGO/GCE ¢! DPV Tap water, river water 10-25 1.53 [48]
CRGO/GCE M Swv Pharmaceuticals, milk 6-60 0.5 [24]
Ch-AuMIP/GCE DPV Tap water, milk, mineral water, pharmaceuticals 1-100 0.21 [49]
BiPO4/GO-MMIPs/PGE 1/ SWSV Blood serum, milk 39-740 0.4 [25]
Fe-g-CsN,4/PGE ¥ DPV Blood serum 0.001-1 0.0054 [50]
ChCl/CPE Swv CIP eye drops, eggs, river water 0.005-200 0.00036 This work

Abbreviations: ¥/Co-MOFs/PLA: Co-metal organic frameworks/poly lactic acid, lGO/SPCE: Graphene oxide - screen printed electrode, ''TiO,/PVA: Titanium di-
oxide polyvinyl alcohol, “f-MWCNTs/PANI: Functionalized multiwall carbon nanotube-polyaniline, "'f-MWCNT: Functionalized multiwall carbon nanotube,
I BaCuSi4010: Phyllosilicate effenbergerite, [#/Pt-RGO: Platinum nanoparticles - reduced graphene oxide, "/CRGO: Chemically reduced graphene oxide, 'Ch-AuMIP:
Chitosan gold nanoparticles decorated molecularly imprinted polymer, ¥BiPO,/GO-MMIPs/PGE: Bismuth phosphate, graphene oxide, magnetic molecularly
imprinted polymer modified pencil graphite electrode, /Fe-g-C3N4/PGE: Iron decorated graphitic carbon nitride modified pencil graphite electrode.

3.6. Reproducibility, repeatability and stability of ChCl/CPE

The performance of the proposed sensor was assessed based on its
repeatability, reproducibility and stability. The reproducibility of the
sensor was evaluated by SWV responses for the oxidation of 20 pM CPRO
in 0.1 M CBS (pH 5.0) using seven different ChCl/CPEs prepared in
identical procedures (Fig. S6A). A RSD of 1.8% was obtained for the
oxidation peak current responses, showing an excellent reproducibility
of the proposed sensor for the determination of CPRO.

Intraday and interday repeatability studies were performed to eval-
uate the precision of the developed method. In the intraday repeatability
study, 10 consecutive SWV measurements were performed on the same
day using 20 pM CPRO in 0.1 M CBS. The RSD value obtained for the
anodic peak current responses was 1.52% (Fig. S6B). In the interday
repeatability study, the oxidation peak current response of the electrode
was examined on three different days (n = 3), and the RSD value was
calculated to be 1.26%. Therefore, the intraday and interday results
showed that the proposed ChCl/CPE sensor has exceptional repeat-
ability (Fig. S6C).

The stability of the ChCl/CPE was studied by measuring its response
for the oxidation of 20 pM CPRO. The electrode was kept at 4 °C for a
month and its response was checked every week. The initial oxidation
current response was reduced by 2% after the first week, by 3.8% after
the second week, by 4.8% after the third week, by 6.1% after one month,
and the peak potential remained unchanged (Fig. S7). The RSD calcu-
lated for the current responses was 1.7%, indicating that the ChCl/CPE
had very good long-term stability. Thus, it can be concluded that ChCl/
CPE exhibits exceptional reproducibility and repeatability, as well as
remarkable long-term stability for the electrochemical determination of
CPRO.

Table 2

Table 3
Summary of the comparison results between the labeled CPRO content and the
value detected by the sensor.

Sample Labeled content (% w/v) Detected (% w/v) % detected RSD

Eye drops 0.3 0.298 99.3 1.7

3.7. Interference studies

The selectivity of ChCl/CPE for the detection of CPRO was investi-
gated in the presences of a variety potentially interfering organic,
inorganic, and antibiotic species. 50-fold concentrations of biologically
interfering organic compounds such as uric acid, ascorbic acid, fructose,
lactose, glucose, sucrose, folic acid, and urea were added to 5 pM CPRO
in 0.1 M CBS, and the results show that these potential interferents did
not significantly affect the oxidation signal of CPRO (Fig. S8 (A)). In
addition, 100-fold excess concentrations of inorganic ions including
ca%t, cu?*, Fe3*, Mg?*, K*, C0%™, NO3, CI-, SO3~, and HCO3 were
introduced into the same CPRO solution, and no significant interference
was observed for these common inorganic ions (Fig. S8 (B)). Further-
more, the interfering effects of common antibiotics, such as amoxicillin,
chloramphenicol, doxycycline, and norfloxacin, was evaluated using a
20-fold excess concentration of each. It was observed that the presence
of the antibiotics did not significantly affect the electrochemical re-
sponses of the sensor. As shown in Table 2, the relative percentage errors
in the peak current response are <5%, indicating that the oxidation
current of CPRO is unaffected even in the presences of excess concen-
trations of possibly interfering species. The voltammetric curves for the
data given in Table 2 are shown in Fig. S8 (C). Therefore, the above
observations are strong evidence for the excellent performance of ChCl/
CPE for the selective determination of CPRO.

The influence of commonly interfering inorganic, organic, and antibiotic species on the determination of 5 pM CPRO in 0.1 M CBS at the ChCl/CPE.

Interferents Concentration (pM) Relative percentage error (%) Interferents Concentration (pM) Relative percentage error (%)
cu?t 500 -1.15 Uric acid 250 -1.37
K+ 500 -0.99 Lactose 250 -2.38
Fe** 500 -1.32 Glucose 250 ~2.44
Ca®" 500 -0.9 Sucrose 250 —1.84
Mgt 500 —0.89 Urea 250 —-2.34
co%~ 500 -1.15 Ascorbic acid 250 -2.79
NO3 500 —0.99 Folic acid 250 -3.75
Ccl™ 500 —-1.32 Amoxicillin 100 —-3.98
HCO3 500 -0.9 Chloramphenicol 100 -3.23
S0% 500 —0.89 Doxycycline 100 —3.57
Fructose 250 —-2.3 Norfloxacin 100 -3.91
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Table 4
Summary of the recovery results for the determination of CPRO in eye drops,
river water and egg samples using ChCl/CPE (n = 3).

Samples Spiked (pM) Found (uM) Recovery (%) RSD (%)
Eye drops 0 4.95 - 1.72
5 9.85 98 0.51
10 15.15 102 0.3
20 24.42 97.4 0.27
River water 0 0.12 - 3.27
5 4.98 97.2 3.48
10 10.2 100.8 3.85
20 19.68 97.8 3.01
Egg 0 - - -
5 4.92 98.4 2.78
10 9.76 97.6 3.71
20 19.4 97 2.51
1@
34 ——nl
— 2
2 Lh —n3
3
= 14
=
o
=
= 0
©]
-14
22
'3 T T T T T T T T T 1
0.7 0.8 0.9 1.0 1.1 1.2
Ep (V) vs Ag/AgCl
40 (B)
04— 0 splking .
= 5 nM spiking
—_ =10 pM spiking
S 20— 20 uM spiking
-
=
5}
E
= 10+
O
0
-10 T T 1

0.7 0.8 0.9 1.0 1.1 1.2
Ep (V) vs Ag/AgCl

Fig. 9. (A) SWVs of unspiked water sample in 0.1 M CBS at ChCl/CPE and (B)
SWVs of water samples in 0.1 M CBS (pH 5.0) spiked with 0, 5.0, 10.0, and 20
uM standard solutions of CPRO.

3.8. Analytical application

The determination of ciprofloxacin in eye drops, river water, and egg
samples illustrated the practical application of the proposed sensor. For
CPRO eye drops, experimentally obtained results and values labeled by
the manufacturer are compared in Table 3. The results obtained with the
ChCl/CPE are remarkably close to the labeled amount (RSD = 1.7%)
provided by the manufacturer. Therefore, ChCl/CPE can be successfully
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applied for the electrochemical determination of CPRO in pharmaceu-
tical eye drops. The standard addition method was used to quantify
CPRO in river water samples, and the results are shown in Table 4. As
illustrated in Fig. 9A, an oxidation peak was observed for CPRO in the
unspiked river water sample, and the peak current increased with suc-
cessive additions of standard solutions, indicating that the river water
contains CPRO (Fig. 9B). However, no voltammetric response was
observed for CPRO in unspiked egg samples, suggesting that CPRO is not
present in egg samples or its concentration is below the detection limit.

Additionally, the reliability of the developed method was examined
by spiking CPRO into eye drops, river water, and egg samples with an
appropriate amount of standard solution and calculating the percentage
recoveries. As presented in Table 4, very good recoveries ranging from
97% to 102% were obtained. Therefore, ChCl/CPE has excellent po-
tential for the determination of CPRO in real samples with high selec-
tivity, accuracy, and precision.

4. Conclusions

In this study, an ultrasensitive and inexpensive voltammetric sensor,
ChCl/CPE, was developed for the accurate and precise determination of
ciprofloxacin Compared to recently reported modified electrodes, the
proposed sensor showed superior performance with a lower detection
limit and a broader linear range, indicating high sensitivity of the
method. The sensor demonstrated high selectivity for detecting CPRO in
the presence of commonly interfering organic, inorganic, and antibiotic
species, as well as excellent reproducibility, repeatability, and long-term
stability. The proposed sensor showed good recovery results (97% to
102%) for the electrochemical detection of CPRO in real samples,
including eye drops, river water, and egg samples without the need for
complicated and time-consuming pretreatment procedures.
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60 — ABS
—— CPBS
60 — CBS
504 —— PBS
—— BRB
40

N
o
1
Current (UA)
8 08

=
o
!

N
o
1

ABS CB-PBS CBS PBS  BRB
Buffer Solutions

Current (LA)

10+

04 05 06 07 08 09 10 L1 12 13
Ep (V) vs Ag/AgCI
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Fig. S5. SWV of practically detected 0.002 uM CPRO.
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ARTICLE INFO ABSTRACT

Keywords: In this study, an environmentally friendly, highly selective, and sensitive electrochemical sensor was developed
Tinidazole for the simultaneous determination of tinidazole (TIN) and chloramphenicol (CAP) using a choline chloride-
Chloramphenicol

modified glassy carbon electrode (ChCl/GCE). Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), scanning electron microscopy (SEM), and Fourier transform infrared (FT-IR) spectrometry tech-
niques were utilized for electrochemical and morphological characterization. The proposed sensor showed an
excellent performance with a wide linear range of 0.010-170 pM and 0.005-300 pM for TIN and CAP, respec-
tively. The limit of detection (LOD) and quantification (LOQ) were 0.90 nM and 3.0 nM for TIN and 0.27 nM and
0.89 nM for CAP, respectively. ChCl/GCE demonstrated remarkable selectivity over potentially interfering
species, including antibiotics, organic and inorganic substances, as well as exceptional repeatability, reproduc-
ibility, and long-term stability. The sensor was successfully applied to simultaneously determine TIN and CAP in
food samples (eggs, honey, and milk) with acceptable recovery values of 93.0-104 % and relative standard
deviations (RSD) below 5 %. Therefore, the developed electrochemical sensor is an excellent alternative for
simultaneously determining TIN and CAP in food samples.

Simultaneous determination
Choline chloride

Glassy carbon electrode
Electrochemical sensor

1. Introduction

Antibiotics have saved millions of lives and brought most infectious
diseases that have plagued humanity for centuries under control [1].
Antibiotics are drugs commonly used to treat infectious diseases in
humans and animals caused by particular microorganisms, including
fungi, protozoa, microalgae, viruses, and bacteria [2]. They are utilized
as growth promoters in animal husbandry (livestock and poultry) by
altering the gut microbiota at a sub-therapeutic dose. Antibiotics sup-
press bacterial cell wall synthesis, restrict bacterial DNA synthesis,
inhibit protein synthesis, block nascent RNA elongation, restrict the
transcription cycle, and eliminate microbial communities [3]. They are
used in humans to treat various bacterial infections, including gastro-
intestinal, urinary, genital, skin, and abdominal infections [4]. Due to
the widespread and increasing usage of antibiotics, foods, drinks, and
environmental resources have been contaminated with the parent
chemicals and their metabolites. Antibiotic residues can be present in
the food chain and accumulate in food, primarily through their use by
food-producing animals when added to dairy products as chemical

* Corresponding author.
E-mail address: bscv2006@yahoo.com (B.S. Chandravanshi).

https://doi.org/10.1016/j.snb.2023.134023

preservatives [5].

Humans are mainly affected by poor cell membrane permeability,
myalgia, hepatotoxicity, nephrotoxicity, skin rash, tendon rupture, hy-
peractivity, gastrointestinal and cardiovascular diseases, and cancer due
to antibiotic residues in foods of animal origin and water sources [6].
Widespread use, low production costs, misuse, and abuse of antibiotics
in the pharmaceutical and animal husbandry industries result in their
extensive presence in humans, animals, the environment, and food. As a
result, some microorganisms have developed antibiotic resistance [1].
Antibiotic resistance is an adaptive genetic phenomenon possessed or
acquired by bacteria, in which they can develop and persist even in the
presence of therapeutic levels of antibiotics [7]. Antibiotic resistance has
led to the failure of antibiotic treatments, higher mortality rates, and
rising healthcare expenses, significantly endangering the public health
of the entire world [8].

Tinidazole  (TIN)  (1-(2-ethyl sulfonyl ethyl)-2-methyl-5-
nitroimidazole) is a widely used antibiotic belonging to the nitro-
imidazole derivatives, with anti-amoebiasis and anti-giardiasis proper-
ties [9]. It is an antiprotozoal agent used to treat infections caused by

Received 11 February 2023; Received in revised form 23 May 2023; Accepted 23 May 2023
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Giardia lamblia, Entamoeba histolytica, and Trichomonas vaginalis [10].
TIN is currently used to treat periodontitis in adults and is more effective
against periodontal anaerobic bacteria and in combination with ami-
nopenicillin used to treat Helicobacter pylori, Clostridium difficile, and
Bacteroidetes in children. Dizziness, physical fatigue, headache, upset
stomach, and diarrhea are the common side effects of TIN [11,12].
Continuous consumption of TIN-containing foods can affect the human
DNA system. Cytotoxic effluents from animal husbandry can also
contaminate food and water sources and cause many adverse effects on
humans, including carcinogenicity, and mutagenicity [13].

Chloramphenicol (CAP) was the first mass-produced antibiotic, also
known as 2,2-dichloro-N-[2-hydroxy-1-(hydroxymethyl)-2-(4-nitro-
phenyl)ethyl] acetamide. It is a broad-spectrum antibiotic and is
commonly used to treat infections in humans and animals. CAP is
effective against Gram-positive and Gram-negative bacteria and is also
used to treat typhoid fever and pediatric meningitis [14]. In addition,
due to its low cost and high potency, CAP is widely used in animal feed
production and domestic poultry as a therapeutic and prophylactic
agent against bacteria, for superficial eye infections, aquaculture, and
beekeeping. However, the abuse of CAP has resulted in the introduction
of residues from animal products to the human body through the food
chain and causes many chronic diseases such as cardiovascular collapse,
leukemia, and aplastic anemia [14,15].

Various analytical techniques, including high-performance liquid
chromatography (HPLC) [16], liquid chromatography-mass spectros-
copy (LC-MS) [17], gas chromatography-mass spectroscopy (GC-MS)
[18], capillary electrophoresis (CE) [19], and chemiluminescence [20],
were previously reported for the determination of TIN and CAP.
Although these techniques are accurate and precise, they have limita-
tions, such as complicated operations, long analysis time, high instru-
ment costs, and the need for skilled operators [21]. In contrast,
electroanalytical methods are inexpensive, easy to use, highly sensitive
and selective, amenable to miniaturization and portability, have short
analysis times, and require minimal sample consumption [22].

Electrochemical sensors are devices widely used in public health,
clinical diagnostics, food safety, and environmental analysis to detect a
variety of target analytes, including antibiotics, proteins, metabolites,
neurotransmitters, electrolytes, and heavy metals [23]. The working
principle is that the electrical signal generated by the reaction of the
target analyte is converted into an identifiable signal proportional to the
concentration of the target substance [24]. Electrochemical sensing is
the most effective method for antibiotic determination due to its high
sensitivity, ability to work with small mass and volume samples with
high reliability, and selectivity [25]. In addition, electrochemical sen-
sors have several advantages, including simple measurement proced-
ures, fast response time, low power consumption, a linear output,
remarkable repeatability and accuracy, convenience and
cost-effectiveness, and excellent sensitivity and selectivity [26,27].
Accordingly, in this study, the electrochemical method became the first
choice for simultaneously determining TIN and CAP in food samples.
Among the electrochemical methods, square-wave voltammetry in
particular was employed to determine the analytes, as it offers advan-
tages such as short analysis time, minimal sample consumption, back-
ground discrimination, and excellent sensitivity compared to other
electrochemical analysis techniques [28].

Choline chloride (ChCl) is a non-toxic quaternary ammonium salt
with N*(CHs3); and OH functional groups. The cationic polar group
NT(CH3); enhances electrostatic attraction, resulting in a uniformly
positively charged surface to facilitate electron transfer between the
analytes and the electrode. The OH group facilitates the immobilization
of ChCl to the GCE surface by covalent linkage [21]. Hung et al. [29]
reported the development of a Pd/Ag hollow structure-modified elec-
trode by the galvanic replacement reaction in deep eutectic ChCl-based
solvents to determine hydrazine in ponds and tap water. Parsaee et al.
[30] reported the development of Ag-ChCl-GO composite-modified CPE
for the detection of celecoxib in a human plasma sample. However, no

Sensors and Actuators: B. Chemical 390 (2023) 134023

previous literature report was found on the simultaneous electro-
chemical determination of TIN and CAP using ChCl-modified GCE.

This study reports a simple, low-cost, eco-friendly, ultrasensitive,
super selective, and highly stable electrochemical sensor for the simul-
taneous determination of TIN and CAP in food samples (eggs, honey, and
milk) using ChCl/GCE.

2. Experimental
2.1. Chemical and reagents

In this experiment, analytical-grade chemicals and reagents were
used. Choline chloride (>99 %) in KCl (98 %) (Wagtech International
Ltd., UK) was purchased from Sigma-Aldrich, USA. Potassium hex-
acyanoferrate(Ill) (99 %) was purchased from (BDH Chemicals Ltd.,
England). All other chemicals and antibiotic standards were purchased
from Sigma-Aldrich, USA.

2.2. Apparatus and instruments

The surface morphology of unmodified and modified electrodes was
characterized using a scanning electron microscope (CX-200plus-
Coxem, Korea). Electrochemical measurements were performed in 20
mL cells using a CHI 760D electrochemical analyzer (CH Instruments,
USA). A Fourier transform infrared spectrometer was used to record
infrared spectra (FT-IR, PerkinElmer, Spectrum 100, USA).

2.3. Sample preparation

The preparation of real samples was discussed in the Supplementary
material.

2.4. Preparation of ChCl/GCE

Before modification, GCE was polished with 0.3 and 0.05 pm
alumina slurry on a polishing pad and cleaned with distilled water.
Then, the electrode was sonicated for 5 min in a 1:1 (v/v) mixture of
ethanol and distilled water. For the electrochemical deposition of ChCl
at the GCE (Fig. S1), CV was performed for fourteen cycles in 0.1 M
phosphate buffer solution (PBS) (pH 7.0) containing 0.002 M ChCl in
0.01 M KCl in the potential range from —1.7 to 1.6 V at a scan rate of 25
mVs~ L Then, the modified electrode (ChCl/GCE) was washed with
distilled water to remove any physically adsorbed and unreacted
species.

3. Results and discussion
3.1. Electrochemical characterization

EIS was used to examine the interfacial characteristics of the un-
modified and modified electrodes in the frequency range from 0.1 Hz to
100 kHz. The Nyquist plots of bare GCE (a) and ChCl/GCE (b) in 5 mM
[Fe(CN)5]3'/ 4 containing 0.1 M KCl are shown in Fig. 1A. Charge
transfer resistance (R.y) is the resistance associated with the charge
transfer mechanisms in electrode reactions. It controls the electron
transfer kinetics of a substance at the electrode interface. The diameter
of the semicircle in the Nyquist plot determines the charge transfer
resistance at the electrode surface, and larger semicircles are obtained
when there is slow electron transfer kinetics. R¢ is bound to the
dielectric and insulating properties of the electrode/electrolyte inter-
face; therefore, it is affected by changes in the electrode surface. R¢t
values are 2.58 x 10 Q for bare GCE and 44.4 Q for ChCl/GCE. ChCl/
GCE has lower resistance (lower impedance) than the bare GCE because
the electrodeposition of ChCl on the surface of GCE results in reduced
interfacial charge transfer resistance and increased electron exchange
due to high conductivity and more electroactive sites provided by the
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Fig. 1. (A) Nyquist plots of bare GCE (a) and ChCl/GCE (b) in 0.1 M KCl containing 5.0 mM [Fe(CN)613~4". (B) CV curves for the bare GCE (a) and ChCl/GCE (b) in
0.1 M KCl containing 5.0 mM [Fe(CN)s]>~/*~ at a scan rate of 100 mVs ™. (C) CVs of 5 mM [Fe(CN)s]>~*" at different scan rates using ChCl/GCE and (D) plot of Ip

(uA) vs. v/2 (mVs )12 (n = 3, error bar = standard deviation (SD)).

ChCl to allow more [Fe(CN)ﬁ]S’/ 4 to reach the electrode surface easily.

As shown in Fig. 1B, the anodic and cathodic peak currents of ChCl/
GCE were higher than those of bare GCE. In addition, the peak current
responses of the ChCl/GCE and bare GCE at different scan rates
(25-325 mVs~!) are shown in Fig. 1C and S2A. The linear relationship
observed between the redox peak currents and the square root of scan
rate (Fig. 1D and S2B) indicates that the mass transport is a diffusion-
controlled process. Furthermore, CV scans were performed at a scan
rate of 100 mVs~! fora 5 mM [Fe(CN)el 3/4 redox probe in 0.1 M KClI to
investigate the surface areas of bare GCE and ChCl/GCE. The electro-
active surface areas of the bare GCE and the ChCl/GCE were determined
by the Randles-Sevcik Eq. (1) [31].

Ip = 2:69 x10°n*?AD"?Cy!? )

where I, =peak current (A), D = diffusion coefficient ((:rn2 s’l),
n = number of electrons (n = 1), v = scan rate (Vs’l), C = concentration
of [Fe(CN)6]3’/ 4= (mol cm’g), and A = electrode surface area (cmz). As
shown in Fig. 1D, the regression equation of the ChCl/GCE is Ipa (uA)
=11.1vY2 mvs 112 + 48.0 (R2 = 0.999), and that of the bare GCE is
Ipa (A) = 4.21 v/2 (mvs 12 4 18.8 (R% = 0.999) (Fig. S2B). The
slope of the graph Ipa (pA) vs. v/2 (mVs™1)!/2 is used to calculate the
electroactive surface areas. The calculated surface area for the modified
electrode is 0.134 cm? and 0.027 cm? for the unmodified electrode. This

finding demonstrates that the modified electrode has an electroactive
surface area that is five times higher than that of the bare electrode. The
heterogeneous rate constant (k°) was calculated using the following
equation [32].

RT

K=
R4 ACF?

2

where k° = heterogeneous rate constant (cm s’l), C = concentration
of [Fe(CN)g] 3-/4 solution (mol cm’3), Rt = charge transfer resistance
(Q), A = surface area of electrode (cm?), R = universal gas constant
(8.314JK ! mol’l), T = temperature (298 K), and F = Faraday con-
stant (96485 Cmol_l). The calculated k° value for the unmodified
electrode is 7.66 x 10™* and 8.95 x 10> cms™! for the modified
electrode. A higher k° value for ChCl/GCE indicates faster electron
transfer and a higher electroactive surface area when compared to the
bare GCE.

3.2. Morphological characterization

As shown in Fig. 2, there is a significant difference in the morphology
of the two electrodes. The bare GCE surface has a smooth and homog-
enous appearance, as shown in Fig. 2A. In contrast, after modification
(Fig. 2B), the number and size of pores at the surface of ChCl/GCE
increased, resulting in irregular shapes with heterogeneous
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Fig. 2. SEM images of (A) bare GCE, (B) ChCl/GCE and (C) ChCl/GCE (deep resolution).

distributions. The SEM images of ChCl/GCE (Fig. 2C) (deep resolution)
also show a non-uniform distribution of the ChCl with granular and
coarse structures that increase the number of electroactive sites and the
surface area of the modified electrode.

3.3. Electrochemical behaviors of TIN and CAP

The electrochemical behavior of 5 uM TIN and CAP was simulta-
neously investigated at bare GCE and ChCl/GCE in 0.1 M H3SO4 using
cyclic voltammetry (CV) and square wave voltammetry (SWV) at a scan
rate of 100 mVs ! in the potential range of —0.7 to 0.0 V. No CV or SWV
signals were observed for the target analytes in the blank solutions for
either the bare GCE or ChCl/GCE. The electrochemical reduction of TIN
and CAP is an irreversible reaction at the bare GCE and ChCl/GCE sur-
faces, with no oxidation peaks in the reverse scan (Fig. 3A). In addition,
the reduction peak currents of the analytes at the bare GCE are weak,
suggesting a slow rate of electron transfer kinetics. However, after
modification, a significant increase in the current response was
observed, and the peak potential shifted to a more negative potential
compared to the bare GCE. The results show that the ChCl film has an
excellent catalytic effect on the electrochemical reduction of TIN and
CAP. The voltammetric responses of TIN and CAP were studied by SWV.
Fig. 3B shows that the reduction peak current of the analytes at the
ChCl/GCE was higher than the bare GCE. In addition, the peak-to-peak
separation (AEp) of TIN and CAP was calculated to be 168 mV, indi-
cating that the two analytes do not interfere with each other, and it is
high enough for the simultaneous determination of TIN and CAP.

3.4. Optimization of experimental conditions

3.4.1. Effect of pH

SWV was used to investigate the effect of the supporting electrolyte
solution pH on the electrochemical response of 5 uM TIN and CAP at a
scan rate of 25 mVs~! in the pH range of 0.5-2.5 (Fig. 4A). As shown in
4B (a) and 4C (a), the cathodic current responses for both analytes
increased sharply from pH 0.5-1.0, and further increases in pH reduced
the current responses of both TIN and CAP. Therefore, for subsequent
experiments, pH 1.0 was selected as the optimal value. The poor
response at lower pH can be attributed to the consumption (participa-
tion) of protons in the electrode processes. While the cathodic current
responses decreased with increasing pH, this suggests that proton
shortage may occur, or the analytes may become deprotonated at higher
pH and switch from cations to anions, resulting in electrostatic attrac-
tion between the individual analyte and the modified electrode,
reducing the current response. As shown in Fig. 4A, the cathodic po-
tentials of TIN and CAP shifted to more negative values as the pH of the

201(A)

15

10

5. ~—TIN

Ipc (nA)

cap —

-0.8 -0.6 -0.4 -0.2 0.0 0.2
Epc (V) vs Ag/AgCl

-5

Ipc (nA)

-10

b

-0.8 -0.6 -0.4 -0.2 0.0 0.2
Epc (V) vs Ag/AgCl

Fig. 3. (A) CVs and (B) SWVs of bare GCE (a) and ChCl/GCE (b) in 5 uM TIN
and CAP at a scan rate of 100 mVs ..
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a scan rate of 100 mVs’l, (B) and (C) plot of Ipc (nA) vs. pH (a) and Epc (V) vs.
pH (b) for CAP and TIN, respectively (n = 3, error bar = SD).

supporting electrolyte increased. This indicates that protons are
involved in the reduction of both analytes. The peak potentials exhibit
linear relationships with pH (Epc (V) = —0.266 to 0.065 pH (R2 =
0.996) for CAP (Fig. 4B (b)) and Epc (V) = —0.112 to 0.059 pH (R> =
0.979) for TIN (Fig. 4C (b))). The slope values of 65 mV/pH unit for CAP
and 59 mV/pH unit for TIN are close to the Nernstian theoretical value
of 59 mV/pH unit, indicating that the voltammetric reduction of both
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analytes involves a transfer of an equal number of protons and electrons,
which is consistent with previous studies [12].

3.4.2. Effect of scan rate

In a 0.1 M H3SO4 solution containing 5 pM of TIN and CAP, CV was
used to investigate the effect of scan rate in the range of 25-225 mVs ™.
As shown in Fig. 5 A, the peak current of CAP gradually increased as the
scan rate increased from 25-225 mVs~'. Furthermore, the peak poten-
tial shifts to more positive values, indicating the irreversibility of the
electrochemical reduction of CAP. The peak current is linearly corre-
lated with the square root of the scan rate given by the regression
equation Ipc (pA) = —2.26 V2 (mVs 1)/2 - 2,68, R? = 0.995 (Fig. 5B).
In addition, the plot of log Ipc (uA) vs. log v (mVs 1) yields the linear
regression equation log Ipc (uA) = 0.44logv (mVs_l) + 0.53, R?
= 0.992 (Fig. 5C) with a slope of 0.44, which is approximately close to
the theoretical value of 0.5. The above results show that the electro-
chemical reduction of CAP is a diffusion-controlled electrode process
[33]. Similarly, as shown in Fig. 6 A, the peak current of TIN gradually
increased in the scan rate range from 25 m to 225 mVs ™!, with the peak
potential shifting to a more positive value, confirming the reduction of
TIN is an irreversible process. The peak current is linearly correlated
with the square root of the scan rate given by Ipc (LA) = - 0.975 v1/2
(mVs’l)l/2 - 2.8, R? = 0.999 (Fig. 6B). In addition, the plot of log Ipc
(uA) vs. log v (mvs™h) gives a linear regression equation: log Ipc (nA)
=0.48 log v (mVs ™) + 0.05, R? = 0.999 (Fig. 6C) with a slope of 0.48,
which is close to the theoretical value of 0.5. The above findings
demonstrate that the reduction of TIN is a diffusion-controlled process
[34]. Eq. (3) is applied to determine the number of electrons involved in
an irreversible electrode reaction [21].

2.303RT . RTK’ 2.303RT

onF 8 onF onF

E, =E’+ logv 3)
where E° = formal potential, v = scan rate (Vs’l), T = temperature
(298 K), F = Faraday constant (96485 C rnol’l), K0 = heterogeneous
rate constant, R = universal gas constant (8.314J (K mol)’l), and
n = number of electrons. As shown in Fig. S3A and B, the Ep vs. log v
graph shows good linearity for both TIN and CAP. The slope of the plot is
2.303RT/onF, giving an = 1.87 for TIN and 1.78 for CAP. For an irre-
versible electrode process, a is equal to 0.5. Using Eq. (3), the estimated
number of electrons is 3.75 for TIN and 3.56 for CAP, which is nearly
equal to four, indicating that the reduction of TIN and CAP involves the
transfer of four protons (4H™) and four electrons (4e”), which is
consistent with previous studies [12,35]. The proposed reaction mech-
anisms for the electrochemical reduction of TIN and CAP are given in
Scheme 1 (the detailed reduction reaction mechanism for each analyte is
given in Scheme S1) [12,35].

3.5. Simultaneous determination of TIN and CAP

In 0.1 M H,SO4, SWV was used to simultaneously determine TIN and
CAP in the potential range of —0.9 to 0.0 V. It is noted that the cathodic
peak current increases proportionally as the concentration of each an-
alyte increases (Fig. 7A). A linear relationship was found between
cathodic peak current and concentration in the range of 0.005-300 pM
for CAP and 0.01-170 pM for TIN. The linear regression equations are
Ipc (pA) = —1.86 C (pM) - 18.6 (R? = 0.999) for CAP (Fig. 7B (a)), and
Ipc (pA) = —0.98 C (uM) — 2.57 (R2 = 0.996) for TIN (Fig. 7B (b)). The
limit of detection (LOD) is the lowest concentration of analyte in a
sample that can be detected but not quantified (the lowest concentration
of analyte that can be statistically distinguished from a blank signal).
The limit of quantification (LOQ) is the lowest concentration of an an-
alyte in a sample that can be quantified with acceptable accuracy and
precision. The LOD (36/m, n = 3) and LOQ (106/m, n = 3) for CAP were
found to be 0.27 nM and 0.89 nM, and for TIN are 0.9 nM and 3.0 nM,
respectively (where m = slope of the calibration curve and ¢ = standard
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deviation of the lowest value of the linear range). The performance of
ChCl/GCE was compared with recently reported sensors for the elec-
trochemical determination of TIN and CAP in terms of linear range and
detection limit. As shown in Table 1, the proposed sensor performs best
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Scheme 1. Proposed reaction mechanisms for the electrochemical reduction of TIN and CAP.

100 (A) Table 1
— Comparison of the performance of ChCl/GCE with recently reported sensors.
01— mY=———— 10 llNi Sensors Analytes  Real Linear LOD References
Concentratio samples range (uM)
-100 5nM (uM)
— t2lFe-MOF/ TIN Tablets, 0.02-525 0.43 [36]
< 200 Pt NPs/ biological
3 GCE samples
2. 300 170 pM blag/7r0,/  TIN Blood serum  0.2-415 0.073 [12]
o] GCE
lelcpE TIN Tablet 5-200 0.51 [10]
-400 14INj-MOF/ TIN Blood 0.7-101 0.09 [34]
PEDOT serum, urine 101-255
300 pM ChCl/GCE TIN Egg, honey,  0.01-170 0.0009 This work
-500 1 milk
CAP [JSWCNHs-  CAP Lake water  0.1-100 0.1 [15]
-600 T T T T T T 1 COOH/
07 -06 -05 -04 -03 -02 -0.1 0.0 mGCE
Epc (V) Vs Ag/AgCl ZnO-NPs/ CAP Eye drops 10-140 0.03 [35]
SWCNTS
slag/cMc/ CAP Tap, lake 0.01-100 0.01 [37]
100 - (B [h]TiOZ/LIG water
Ipc (P-A) —_0.98C (PM) _2.57 ;gl(\;gs/ CAP Ezzev}\llater, 0.05-1 0.05 [38]
0+ (R?=0.996) GCE
ChCl/GCE CAP Egg, honey, 0.005-300  0.00027  This work
milk
-100 b
Abbreviations: '*JFe-MOF/Pt NPs: iron-metal organic framework/platinum
—_ nanoparticles, [b] Ag/ZrO,: silver/zirconium oxide, []CPE: carbon paste elec-
§-200 7 trode, YNi-MOF/PEDOT: nickel-metal organic framework/poly(3,4-
~ ethylenedioxythiophene), [®) SWCNHs-COOH: carboxylic-group-functionalized
a_300 . single-walled carbon nanohorns, f1ZnO-NPs/SWCNTs: zinc oxide
= nanoparticles/single-wall carbon nanotubes, 8 Ag/CMC/TiO,/LIG: silver/so-
dium carboxymethyl cellulose/titanium oxide/laser-induced graphene, ™G0/
-400 PdNPs: palladium nanoparticles decorated graphene oxide.
Ipc (nA) =-1.86C (uM) — 18.6
-500 - (RZ =0.999) a with lower detection limits and broader linear ranges compared to
others, due to the high electroactive surface areas, excellent electro-
-600 T T

T T T T T catalytic activity, and improved electrical conductivity of the ChCl film.
0 50 100 150 200 250 300

Concentration (uM) 3.6. Repeatability, reproducibility and stability

Fig. 7. (A) SWVs of different concentrations of CAP and TIN, and (B) plot of Ipc
(pA) vs. concentration of CAP (a) and TIN (b) (n = 3, error bar = SD). Ten consecutive SWV measurements were performed to examine the
repeatability of the proposed sensor (Fig. 8A). The RSD values were 2.28
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Fig. 8. (A) Repeatability and (B) reproducibility study results of ten consecu-
tive SWV measurements, and (C) Stability study results of ChCl/GCE, Inset: bar
graphs (n = 3, error bar = SD).

% for TIN and 2.54 % for CAP, indicating excellent repeatability of the
sensor. The reproducibility of ChCl/GCE was evaluated by SWV analysis
of ten identically prepared electrodes (Fig. 8B). The RSD values were
calculated to be 3.28 % for TIN and 3.34 % for CAP, showing ChCl/GCE
has very good reproducibility. The stability of the sensor was also tested
by measuring current responses each week for six weeks (Fig. 8C). For
5mM CAP, the RSD was 2.55 %, indicating that the peak current
response was precise and the decline in the response over four weeks
was insignificant. Generally, the sensor maintained its sensitivity for
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four weeks without significantly losing its current response. For 5 mM
TIN, the RSD was 0.8 %, and the decline in the peak current response
over three weeks was negligible. Therefore, the lifetime of the sensor to
determine the TIN with high sensitivity was at least three weeks. There
was a decline in the current response for CAP after four weeks and after
three weeks for TIN. By the end of the sixth week, the peak currents for
CAP and TIN had been reduced by 10.8 % and 10.5 %, respectively
(Fig. 8C). This confirms the long-term stability of the sensor for the
simultaneous determination of TIN and CAP.

3.7. Interference study

The effects of different potentially interfering species on the current
responses of 5 pM TIN and CAP were assessed by SWV. Amoxicillin,
doxycycline, norfloxacin, cloxacillin, and ampicillin, each at 100-fold
excess concentrations, were tested for their interfering effects. The an-
tibiotics have no significant effect on the electrochemical response of the
sensor. Additionally, 200-fold excess concentrations of organic sub-
stances (uric acid, lactose, glucose, folic acid, sucrose, ascorbic acid, and
fructose) were examined, and the interferents did not significantly affect
the current responses of TIN and CAP. Finally, 500-fold excess concen-
trations of Cu®", K*, Fe3*, Ca?t, Mg?*, CO%, NO3, CI', HCO3 and SO
were tested, and no significant interference effects were observed. As
shown in Fig. 9 and Table S1, the relative percentage errors for the
current responses were less than 5 %, indicating the electrochemical
responses were unaffected in the presence of excess concentrations of
potentially interfering species.

3.8. Analytical application

SWYV was performed to determine the concentrations of TIN and CAP
in unspiked egg, honey, and milk samples, and neither TIN nor CAP
showed any voltammetric responses. The result suggests that there are
no TIN or CAP residues in the samples or that their concentrations are
below the detection limit. Fig. 10 shows the current responses of egg
samples spiked with standard solutions of TIN and CAP. As shown in
Table 2, for the egg samples, very good recovery was obtained from 97.5
% to 103 % for TIN and 93-101 % for CAP. Figs. S4A and S4B show the
peak current responses of honey and milk samples spiked with TIN and
CAP. The honey samples yielded satisfactory recoveries of 94.7-99.5 %
for TIN and 98.4-104 % for CAP. Similarly, milk samples yielded

5 -
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© 34
&n
8
=
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g 24 500 fold
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0- T T
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Fig. 9. Histogram showing the effect of potentially interfering species on the
current responses of TIN and CAP.
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Fig. 10. SWVs of egg samples spiked with 5.0, 10.0, 20.0, and 30.0 uM stan-
dard solutions of TIN and CAP (Inset: n = 3, error bar = SD).

Table 2
Simultaneous determination of TIN and CAP in food samples.

Samples Spiked (uM) Found (uM) Recovery (%) RSD (%)
TIN CAP TIN CAP TIN CAP
Egg 0 - - - - - -
5 5.14 4.65 103 93 3.01 3.14
10 10.2 9.93 102 99.3 1.31 1.47
20 19.7 20.2 98.6 101 2.98 3.16
30 29.3 29.7 97.5 99.1 3.42 3.25
Honey 0 - - - - - -
5 4.87 5.27 97.4 104 4.9 4.44
10 9.68 9.84 96.8 98.4 3.44 3.53
20 18.9 20.0 94.7 100 3.91 3.61
30 29.9 29.6 99.5 98.5 3.92 3.19
Milk 0 - - - - - -
5 5.13 4.95 103 99 1.92 2.13
10 9.82 9.78 98.2 97.8 1.14 2.4
20 19.6 20.1 97.8 101 1.46 2.87
30 28.9 30.3 96.5 101 1.21 2.48

satisfactory recoveries of 96.5-103 % for TIN and 97.8-101 % for CAP.
In general, average recoveries ranged from 93 % to 104 % with RSD less
than 5 %, confirming the reliability of the proposed method for the
simultaneous determination of TIN and CAP in food samples.

4. Conclusion

In this study, a highly sensitive, selective, and stable electrochemical
sensor, ChCl/GCE, was developed for simultaneously determining TIN
and CAP in food samples (eggs, honey, and milk). The outstanding
performance of the sensor is due to the significantly increased electro-
active surface area, electrocatalysis, and conductivity resulting from the
extraordinary properties of the modifier. The proposed sensor demon-
strates excellent repeatability, reproducibility, long-term stability, and
high selectivity. The ChCl/GCE showed acceptable recoveries of 93-104
% with RSD of less than 5 % for the electrochemical determination of
TIN and CAP in food samples. Therefore, the proposed electrochemical
sensor has a high potential for real-time monitoring of TIN and CAP in
food samples.
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Preparation of ChCI/GCE
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Fig. S1. CVs of 0.002 M ChClI solution containing 0.01 M KCI in 0.1 M PBS (pH 7.0) at GCE
for fourteen cycles at a scan rate of 25 mVs™* in the potential ranges of -1.7 to 1.6 V.
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Fig. S2. (A) CVs of 5 mM [Fe(CN)s]*"* at different scan rates using bare GCE and (B) plot of

peak current vs. square root of scan rate.
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Fig. S3. (A) Plot of Epc (V) vs. log v (mVs™) for 5 uM CAP in 0.1 M H2SO;4 and (B) Plot of
Epc (V) vs. log v (mVs™) for 5 uM TIN in 0.1 M HzSO.a.
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26 Fig. S4. (A) SWV of honey samples spiked with 5.0, 10.0, 20.0, and 30.0 pM standard solutions
27 of TIN and CAP, and (B) SWV of milk samples spiked with 5.0, 10.0, 20.0, and 30.0 uM
28  standard solutions of TIN and CAP.
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Scheme S1. Detailed reaction mechanisms for the electrochemical reduction of TIN and CAP

1. Preparation of solutions

By dissolving an adequate quantity of the analyte in 50 mL of 5% ethanol and distilled
water (1:1, v/v), a 0.01 M stock solution of TIN was prepared. In addition, a 0.01 M CAP stock

solution was prepared by adding a sufficient amount of the analyte to 50 mL of distilled water.

The working solutions of TIN and CAP were prepared by diluting the stock solutions with 0.1 M
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H>SO4. 75 mg potassium chloride and 28 mg choline chloride were added to 0.1 M phosphate
buffer solution (PBS) (pH 7.0) to prepare a 0.002 M choline chloride solution.

2. Sample preparation

2.1. Milk sample

Milk samples were collected from Sebeta town in Oromia Regional State, Ethiopia. The
samples were prepared by the following methods: 20 mL of acetonitrile and 5.0 mL of the milk
sample were first mixed. The mixture was shaken for 10 min after 15 min of sonication and then
centrifuged at 10,000 rpm for 10 min. The supernatant was then filtered through a 150 mm filter
membrane. The filtrate was then transferred to a 25 mL volumetric flask, diluted with 0.1 M PBS

(pH 7.0) to the appropriate concentration, and spiked with standard solutions of TIN and CAP.

2.2. Honey sample

Honey was purchased from a local supermarket in Addis Ababa, Ethiopia. The samples
were prepared as follows: 1 g of honey was dissolved in 1 mL of 0.1 M HCI by magnetic
stirring. A dilution ratio of 1:10 (v/v) in PBS (pH 7.4) was used to reduce the matrix effects, and
the solution was filtered through a 150 mm filter membrane before analysis. The sample was

then spiked with known concentrations of TIN and CAP standards.

2.3. Egg sample

ELFORA Agro-Industries Plc, a poultry farm in Bishoftu, Oromia Regional State,
Ethiopia, provided egg samples. The sample was prepared as follows: the entire egg was first
pureed with frequent stirring, and a 5.0 g egg sample was placed in a 15 ml centrifuge tube with
10 ml acetonitrile. After sonicating for 15 minutes, the solution was centrifuged at 2240 relative
centrifugal force (RCF) for 10 min and the supernatant was filtered and poured into new
centrifuge tubes. The mixture was then added and vortexed with 1.0 mL of 4.0 M ammonium
acetate buffer (pH 6.75). 20 mL of dichloromethane was also added to the solution before
centrifugation for 10 min at 2240 RCF. Before analysis, extracts were filtered through a 150 mm

filter membrane and re-dissolved in a 2.0 ml pH 7.0 phosphate buffer.
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3. Analytical procedure

After the preparation of the modified electrode (ChCI/GCE), its characteristics were
investigated by SWV and CV. After this step, the electrochemical characterizations of the bare
and modified electrodes were performed by CV and EIS. Based on the results, the
electrochemical behavior of TIN and CAP was analyzed with CV, followed by the optimization
of the experimental conditions, such as the effect of the supporting electrolyte (types and pH)
and the SWV parameters (amplitude, frequency, and increment). Next, the calibration curve was
constructed using successive additions of TIN and CAP standard solutions. Schematic of the
experimental setup for the overall electrochemical determination process was given in Fig. S5.
All measurements were performed in triplicate, and the TIN and CAP concentrations were
determined simultaneously under the optimized experimental conditions. The limit of detection
(LOD) was calculated as three times the standard deviation for the blank divided by the slope of
the analytical curve. Likewise, the limit of quantification (LOQ) was calculated as ten times the
standard deviation for the blank divided by the slope of the analytical curve. The repeatability,
reproducibility, and stability of the proposed method were verified using repeatability studies
followed by interference studies for various potentially interfering species on the current
responses of 5 mM TIN and CAP by SWV. Finally, the accuracy and precision of the developed
method were tested by spiking standard solutions of TIN and CAP into the eggs, honey, and milk
samples and calculating the percentage recovery.
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Fig. S5. Schematic representation of the experimental setup for the electrochemical

determination process
4. Morphological characterization

The FT-IR spectra of pure choline chloride, the modified electrode, and the modified
electrode in 5 uM TIN and CAP solution are shown in Fig. S6. As shown in Fig. S6A, the
appearance of very strong broadband at the frequency of 3262 cm™ corresponds to the OH
stretching vibration of the ChCl modifier. The bands assigned to the C-H stretch of choline
chlorides -CHs and -CHa, as well as the C-C-O groups, range from 3000 to 2800 cm™ and 1090
cm®. Between 900 and 1000 cm™, a distinct group of quaternary ammonium compounds is
present, with the peak at 950 cm™ attributed to the C-N of choline chloride. The ChCI/GCE
spectra exhibit a little reduction in band strength and width along with a slight shift in the OH
stretch to 3415 cm™, (Fig. S6B) due to less hydrogen bonding. The frequencies at 480, 618,
1618, and 2924 cm™ decreased but remained unchanged compared to pure choline chloride. It
indicates the presence of choline chloride on the modified electrode surface. (CHs)sN* in pure
choline chloride is responsible for the distinctive absorption observed at 1464 cm™. Therefore,
the above results indicate the deposition of choline chloride on the modified electrode surface.
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Fig. S6C shows the spectra of ChCI/GCE in 5 uM TIN and CAP solution. There is no difference
between the spectra of ChCI/GCE alone and ChCI/GCE in 5 uM TIN and CAP solution (Figs.
S6B and S6C). The results show that there is no interaction between the target analytes and the
electrode, whereas the modifier (ChCI) increases the number of electroactive sites and the

surface area of the electrode and catalyzes the electrochemical reduction of TIN and CAP.
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Fig. S6. FT-IR spectra of (A) pure ChCI, (B) ChCI/GCE and (C) ChCI/GCE in 5 uM TIN and
CAP solution.

5. Effect of supporting electrolytes

The type of supporting electrolyte solution used in the voltammetric measurement has a
significant influence on the peak current response and the shape of the voltammogram.
Therefore, the selection of a suitable supporting electrolyte is of utmost importance before
voltammetric determinations of target analytes. Based on the peak current intensity and the shape
of the voltammogram, SWV was used to examine the effects of various supporting electrolyte
solutions, including Britton-Robinson buffer (BRB), phosphate buffer solution (PBS), sulfuric
acid, citrate buffer (CB), perchloric acid, and acetate buffer (AB). The peak current responses for

both analytes obtained from H>SO4 were noticeably higher than the others (Fig. S7). Therefore,
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for the simultaneous determination of TIN and CAP, H.SO4 was chosen as an appropriate

supporting electrolyte.
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Fig. S7. SWVs of 5 uM TIN and CAP in different supporting electrolyte solutions.

6. Optimization of SWV parameters

The peak current response and shapes of a voltammogram are affected by SWV
parameters such as pulse amplitude, step potential, and frequency. Therefore, in this study, the
SWYV parameters were optimized to obtain the maximum peak current response for the reduction
of 5 uM TIN and CAP at the surface of ChCI/GCE. First, the effect of amplitude was
investigated in the range of 10—80 mV by keeping the step potential and the frequency constant.
The reduction currents of TIN and CAP increased up to 50 mV and then decreased (Fig. S8A).
Therefore, an amplitude of 50 mV was chosen as the optimal value for the simultaneous
determination of TIN and CAP in subsequent experiments. Likewise, we investigated the effect
of step potentials in the range of 2—12 mV by keeping the amplitude and the frequency constant.
The reduction peak currents of TIN and CAP increased up to 8 mV, and a further increase in the
step potential decreased the peak currents of both analytes (Fig. S8B). Finally, the effect of
frequency on the sensitivity of 5 uM TIN and CAP in 0.1 M H2SO4 was investigated in the range

10
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of 30—120 Hz by keeping the amplitude and step potential constant. The maximum peak current

response was obtained at 80 Hz for both analytes (Fig. S8C). Therefore, the frequency of 80 Hz

was chosen as the optimal value for the simultaneous determination of TIN and CAP in

subsequent experiments.
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Fig. S8. The effect of SWV parameters: (A) amplitude; (B) step potential; and (C) frequency on
the reduction peak current of 5 uM TIN and CAP in 0.1 M H2SOa.
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7. Selective determination of TIN and CAP

SWYV responses were recorded for different concentrations of TIN and CAP in 0.1 M
H>SO4 under the optimal experimental conditions for selective determinations. As shown in Fig.
S9A and C, for both analytes, when the concentration of each analyte increases, the
corresponding reduction peak current also increases. For CAP, the reduction peak current was
linearly correlated with a concentration between 4 nM and 320 uM with the regression equation
of Ipc (nA) = -1.86C (uM) - 22.55 (R? = 0.999) (Fig. S9A and B). The LOD (3c/m, S/N=3, n=3)
is 0.15 nM, and the LOQ (10c/m, S/N=3, n=3) is 0.49 nM (where m = slope of the calibration
curve and o = standard deviation of the lowest value of the linear range). Similarly, the linear
range for TIN is 9 nM to 200 uM (Ipc (uA) = -1.12C (UM) + 0.13, R? = 0.998) (Fig. S9C and
S9D). The LOD and LOQ are 0.49 nM and 1.63 nM, respectively.
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Fig. S9. (A) SWVs of 0.004, 0.007, 0.01, 0.8, 12, 20, 30, 60, 85, 130, 170, 210, 250, 280 and 320
uM CAP in 0.1 M H2SO4 at the ChCI/GCE, (B) plot of Ipc (LA) vs. concentration of CAP, (C)
SWVs of 0.009, 0.1, 15, 20, 30, 50, 90, 125, 175 and 200 uM TIN in 0.1 M H>SO4 at the
ChCI/GCE, and (D) plot of Ipc (1A) vs. concentration of TIN.

Table S1

The influence of coexisting substances on the determination of TIN and CAP.

Interferents Conc. (uM) | Relative Percentage Error (%)
Antibiotics 100 fold <4.3%

Organic 200 fold <3.2%

Inorganic 750 fold <1.8%
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ABSTRACT

The widespread use and misuse of antibiotics in pharmaceuticals and animal farming has resulted in their
accumulation in food sources and the environment, posing significant threats to human health, the environment,
and the global economy. In this study, we have developed a hypersensitive, and ultra-selective electrochemical
sensor, the first of its kind, by integrating a thermally annealed gold-silver alloy nanoporous matrix (TA-Au-Ag-
ANpM) with reduced graphene oxide (r-GO) and poly(glycine) at the surface of a glassy carbon electrode (GCE).
This sensor aims to detect life-threatening metronidazole (MTZ) residues in food samples. TA-Au-Ag-ANpM/r-
GO/poly(glycine)/GCE was thoroughly characterized using a range of analytical techniques, including UV-Vis,
FT-IR, XRD, SEM, and EDX. Furthermore, its electrochemical properties were investigated by cyclic voltammetry
(CV), square wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS). The sensor exhibited
outstanding performance, with a broad linear range of 2.0 pM-410 pM. The limits of detection (LOD) and
quantification (LOQ) were determined to be 0.0312 pM and 0.104 pM, respectively. The TA-Au-Ag-ANpM/r-GO/
poly(glycine)/GCE exhibited exceptional reproducibility, repeatability, stability, and resistance to interferences.
Moreover, the sensor demonstrated outstanding performance in detecting MTZ residues in milk powder, pork,
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and chicken meat samples, achieving very good recoveries (96.9%-101.4%) with a relative standard deviation
(RSD) below 5%. This performance highlights the potential for practical applications in food safety and quality
monitoring. Therefore, the developed sensor contributes to the advancement of electrochemical sensing tech-
nology and its application in ensuring food safety and integrity by combating antibiotic residues.

1. Introduction

Antibiotics, well-known for their efficacy against pathogenic mi-
crobes, are extensively used to treat a variety of infectious diseases in
both animals and humans. Apart from their therapeutic uses, antibiotics
are also utilized as performance enhancers and growth promoters in
animal farming. They play key roles in regulating reproductive cycles,
improving breeding performance, and serving as prophylactic agents
(Majdinasab et al., 2020; Wang et al., 2022). In humans, antibiotics
predominantly target infections of the genital, abdominal, urinary tract,
skin, and gastrointestinal systems. They exhibit effectiveness against
conditions such as leprosy, tuberculosis, strep throat, bronchitis, pneu-
monia, arthritis, sinusitis, and typhoid fever. Their mechanisms of action
primarily involve inhibiting bacterial cell wall and protein synthesis,
interfering with bacterial DNA synthesis, impeding nascent RNA elon-
gation, and eradicating microbial populations (Adane et al., 2023a). The
extensive use of antimicrobials has led to the release of their residues
into the environment through the direct disposal of unused or expired
medications from medical facilities and pharmaceutical industries.
Furthermore, due to incomplete absorption and metabolism in humans
and animals, a significant portion of ingested antibiotics is excreted
relatively quickly, entering the environment as metabolites or pre-
cursors (Vatovec et al., 2021). This environmental contamination ex-
tends to consumables such as fish, meat, eggs, honey, milk, and poultry,
raising concerns about potential health hazards for humans. The accu-
mulation of antibiotic residues in food products poses significant health
risks, including hepatotoxicity, nephropathy, allergies, oncogenicity,
myelotoxicity, reproductive anomalies, mutagenicity, immunopatho-
logical effects, and anaphylactic shock (Kogularasu et al., 2023; Majdi-
nasab et al., 2020).

Antibiotic resistance, a critical public health concern, arises from
bacteria evolving to withstand antibiotics, primarily due to their wide-
spread and inappropriate usage in human and animal medicine. The
environment, including soil, water, and waste disposal sites, serves as a
significant breeding ground for antibiotic-resistant bacteria and genes
(Larsson and Flach, 2022). Excessive antibiotic use in agriculture,
pharmaceutical manufacturing, and healthcare exacerbates the problem
(Kumar and Pal, 2018). The presence of antibiotic residues in the
environment further amplifies resistance, posing a substantial risk to
human health. These residues exert selective pressure on bacteria, pro-
moting the survival and proliferation of antibiotic-resistant strains.
Persistent exposure to residual antibiotics in food, water, and soil per-
petuates a continuous stimulus for the evolution of resistance genes in
bacterial populations (Manyi-Loh et al., 2018). Antibiotic resistance
poses a significant public health challenge and has serious conse-
quences. It escalates the complexity of treating infections, resulting in
higher healthcare costs, elevated mortality rates, and prolonged illness
duration. Additionally, antibiotic resistance diminishes the efficacy of
vital medical procedures, including organ transplantation, chemo-
therapy, and surgery (Dadgostar, 2019). Hence, the development of
innovative analytical approaches is imperative to tackle the escalating
antibiotic residue crisis.

Metronidazole (MTZ), a nitroimidazole antibiotic, was initially
introduced in 1959 for treating T. vaginalis infections but has since
expanded its therapeutic reach to encompass a wide array of diseases
caused by Bacteroides, Fusobacteria, and Clostridia species. Its appli-
cations now include treating conditions such as rosacea, endocarditis,
septicemia, Helicobacter pylori-related ailments, Giardia lamblia in-
fections, Crohn’s disease, and various dental, gynecological, bone, joint,

and respiratory infections (Yu et al., 2023). In livestock farming, MTZ
serves as both a nutritional and medicinal supplement to enhance the
growth and well-being of animals while combating parasitic infections
(Lan et al., 2023). Recent studies have highlighted significant side ef-
fects associated with prolonged exposure to MTZ. These include mi-
graines, anorexia, blurred vision, hormonal imbalance, convulsions,
potential damage to human DNA, and mutagenic and carcinogenic
toxicities such as optic nerve damage, epileptic seizures, and malignant
tumors (Huang et al., 2023; Qi et al., 2023). The improper use and
overuse of MTZ in livestock can result in the presence of its residues in
animal tissues, endangering consumers along the food chain. The misuse
and uncontrolled release of antibiotics into the environment contribute
to the development of drug-resistant genes, poising a significant global
health hazard (Lan et al., 2023). Therefore, the development of an
innovative electroanalytical sensor to quantify life-threatening MTZ
residues in food samples is crucial for ensuring both human well-being
and food safety.

Several monometallic nanoparticles have been utilized as electrode
modifiers in electroanalytical and catalytic applications. However,
bimetallic alloy nanoparticles have gained considerable interest due to
their enhanced electrical conductivity and electrocatalytic capabilities.
The nanoparticles have been extensively explored for both electro-
catalytic and electroanalytical purposes. Their catalytic performance
and electroactive surface area benefit from synergistic effects arising
from factors such as elemental composition, shape, and structure of the
constituent metals (Sangkaew et al., 2022). The diverse morphologies of
bimetallic alloy nanoparticles have captivated researchers, offering
promising avenues for innovation in various fields. For instance, Yu
et al. (2017) demonstrated the fabrication of hollow Au-Ag nanorices,
unlocking potential applications in surface plasmon-related technolo-
gies such as surface-enhanced Raman spectroscopy (SERS),
plasmon-driven chemical reactions (PDSC), multipolar antennas, and
metamaterials. Li et al. (2018) achieved remarkable advancements in
hydrogen peroxide detection using highly sensitive microelectrodes
featuring Pt-Pd nanocorals fabricated via one-step electrochemical
deposition. Swathy et al. (2023) developed a turn-off fluorescence
sensor for rapid histamine detection in biological samples using
tryptophan-capped Au/Ag bimetallic nanoclusters. Mao et al. (2022)
fabricated Pt-Fe alloy nanoparticles on 3D N-doped carbon
nano-flowers, paving the way for efficient electrochemical biosensors in
the early diagnosis and treatment of squamous cell carcinoma (SCCA).
These innovative studies underscore the versatility and potential of
bimetallic alloy nanoparticles in advancing electroanalytical and cata-
lytic technologies for various applications.

Carbonaceous electrodes are widely used in the development of
electrochemical sensors because of their wide potential range, cost-
effectiveness, low electrical impedance, and the ability to be chemi-
cally modified (Adane et al., 2023b). Graphene, known for its excep-
tional physicochemical characteristics such as mechanical strength,
significant surface area, high conductivity, elasticity, tunable optical
properties, biocompatibility, and durability, stands out among
carbon-based materials. Reduced graphene oxide (r-GO) is particularly
favored for electrode modification due to its impressive thermal stabil-
ity, large surface area, and excellent electrical conductivity (Chai et al.,
2023). Furthermore, -GO demonstrates robust electrocatalytic capa-
bilities, a heightened electroactive surface area, minimal surface
fouling, and cost-effectiveness, making it a preferred choice for sensor
fabrication. Consequently, electrochemical sensors incorporating r-GO
exhibit outstanding performance due to their wide electrochemical
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potential range. Integration of bimetallic nanocomposites with
carbon-based substrates as supporting materials offers synergistic en-
hancements to sensor electrochemical behavior, leading to improved
signal response, sensitivity, and precision (Duan et al., 2020). In this
study, r-GO was combined with TA-Au-Ag-ANpM nanocomposites to
develop an innovative electrochemical sensor, broadening its analytical
applications. The incorporation of -GO enhances conductivity, reduces
internal resistance, and promotes charge transfer, ultimately elevating
sensor performance (Mummoorthi et al., 2023).

Conductive polymers have emerged as compelling candidates for
fabricating voltammetric sensing platforms, offering improved repro-
ducibility, sensitivity, and stability. The electropolymerization of
various monomers allows the formation of conductive polymers with
unique physicochemical properties (Wang et al., 2023). Poly(amino
acids), particularly poly(glycine), have gained a significant attention for
their distinctive electrochemical sensing capabilities of various analytes,
due to their outstanding electrocatalytic performance, compatibility,
and electrical conductance (Sedhu et al., 2023). Electropolymerization
of glycine offers several advantages, such as affordability, increased
electroactive surface area, selectivity, remarkable sensitivity, and sta-
bility. Poly(glycine) has been extensively explored in electrochemical
detection applications. For instance, Matijasevic et al. (2023) developed
a simple voltammetric sensor using a poly(glycine)-modified GCE to
detect ibuprofen in pharmaceutical formulations. Sedhu et al. (2023)
fabricated a voltammetric sensing platform by modifying a platinum
electrode (PGE) with poly(glycine) to quantify riboflavin in pharma-
ceuticals and food products. Islamoglu et al. (2023) introduced a poly
(glycine)-coated GCE to detect paracetamol in antipyretic baby syrup.
Bhimaraya et al. (2023) introduced a rapid analytical tool that utilizes a
poly(glycine)-layered carbon paste electrode (CPE) for detecting levo-
floxacin in medical samples.

Several analytical techniques, such as spectrophotometry (Rasheed,
2023), LC-ESI MS/MS (Islam et al., 2023), chromatographic methods
(Elmansi et al., 2023), fluorescence (Qi et al., 2023), chemiluminescence
(Shishavan and Amjadi, 2021), and UPLC-MS/MS (Stancil et al., 2018),
have been employed for determining MTZ in various matrices. Despite
their sensitivity and selectivity, these methods are encumbered by
complex operational procedures, time-consuming sample preparation,
extended analysis times, high equipment costs, and the necessity for
skilled operators (Adane et al., 2023b; Maheshwaran et al., 2023). In
contrast, voltammetric techniques offer cost-effectiveness, rapidity,
user-friendliness, high specificity, sensitivity, portability, and the po-
tential for miniaturization (Adane et al., 2023a). As a result, electro-
chemical methods were chosen to determine MTZ residues in food
samples in this study. Among these, square wave voltammetry (SWV)
was selected for its numerous advantages, including ultra-fast analysis,
minimal sample usage, background differentiation, and heightened
specificity (Williams et al., 2021).

Accurate and efficient electrochemical sensors are essential for
detecting antibiotic residues in various matrices due to the significant
threat they pose to human health. Various electrochemical sensors have
been documented for the detection of MTZ in different matrices, such as
GR/Fe304NPs/GCE (Zokhtareh et al., 2023), CNF-NiCo-LDH-GCE (Vil-
ian et al., 2020), f-Co/r-GO/GCE (Huang et al., 2023), and CeVO4/GCE
(Radha and Wang, 2023). Despite their innovative features, they often
exhibit some limitations such as higher detection limits and narrow
linear ranges. Herein, we introduce a groundbreaking electrochemical
sensor that demonstrates exceptional performance and represents a
significant advancement in this field. The sensor was developed by
integrating TA-Au-Ag-ANpM with r-GO and poly(glycine) nano-
composites to detect MTZ residues in pork meat, chicken meat, and milk
powder samples. TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE was thor-
oughly characterized using analytical methods such as UV-Vis, FT-IR,
XRD, SEM, and EDX, as well as electrochemical techniques including
EIS, CV, and SWV. The sensor demonstrated remarkable capability in
detecting MTZ across a wide concentration range, down to the
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picomolar level. The combination of the distinct characteristics of the
individual nanocomposite modifiers within the sensor resulted in a
synergistic effect, enhancing sensitivity, selectivity, and stability. This
was demonstrated by the improved and well-defined current responses
to the ultra-trace analyte concentrations. Furthermore, the sensor
exhibited outstanding reproducibility, repeatability, and selectivity.
Finally, it was effectively used to quantify MTZ residues in food samples,
showing good recoveries and relative standard deviation (RSD) values
below 5%.

2. Experimental

The chemicals, reagents, apparatus, and instruments used in this
research, as well as the rationale behind material choice and the detailed
sample preparation procedures, are described in the Supplementary
Material.

2.1. Preparation of r-GO

NaBHy, a potent hydride donor, readily reduces the oxygen func-
tional groups in GO. The NaBH4-mediated reduction process induces
conjugation within the graphene lattice, leading to the formation of r-
GO (Khan and Shaida, 2023). The reduction of GO suspension with
NaBH,4 was performed as follows: first, 1 g of GO was solubilized in 100
mL of deionized water. Subsequently, 0.5 g of NaBH4 was added to the
solution and stirred at room temperature for 30 min. After the stirring
step, the solution was filtered to remove any remaining unreduced GO
residues. Finally, the resulting r-GO was subjected to multiple rinses
with distilled water and dried under vacuum. This method facilitates the
conversion of GO into r-GO and potentially enhances its electrical and
mechanical properties for electrochemical applications.

2.2. Synthesis of TA-Au-Ag-ANpM

The TA-Ag-NpM was synthesized as follows. Initially, 0.1 M solutions
of AgNO3 and CTAB were mixed in a 1:1 vol ratio, serving as the pre-
cursor solution for stabilizing the nanoporous matrices. Subsequently,
for the controlled development of nanoporous structures in the
following reduction steps, the pH was regulated within the range of
10-11 by adding 0.1 M NaOH. The reduction of silver ions to form Ag
nanoporous structures was initiated by gradually adding NaBH4 (0.1 M,
10 mL). Heating the mixture for 7 h at 120 °C in an oil bath promoted the
interaction of AgNOs; and facilitated the formation of a stable Ag
nanoporous matrix. The solution was cooled, centrifuged, and thor-
oughly washed with ethanol to obtain the desired nanoporous Ag ma-
trix. A crucial step in the synthesis involved controlled thermal
treatment in an oven for 2 h at 175 °C. The annealing process plays a
pivotal role in consolidating the nanoporous Ag structure, leading to
enhanced stability and improved properties. The synthesized TA-Ag-
NpM was stored as a colloidal suspension by dispersing it in distilled
water.

The TA-Au-Ag-ANpM was synthesized using the galvanic replace-
ment reaction method (Yu et al., 2017). During this process, TA-Ag-NpM
was collected by centrifugation from a colloidal suspension, and then
re-dispersed in distilled water. The obtained dispersion was mixed with
6 mL 0.15 M PVP in a 100 mL flask and placed in an oil bath at 90 °C
with continuous stirring. Subsequently, 4 mL of 0.001 M HAuCls was
gradually introduced at a rate of 3 mL/h. Lastly, the resulting
TA-Au-Ag-ANpM was subjected to centrifugation, washing, and
re-dispersion in 96% CyHsOH for subsequent experiments.

2.3. Preparation of TA-Au-Ag-ANpM/r-GO/GCE
Before modification, the GCE was polished using 0.3 and 0.05 pm

alumina slurries, rinsed with distilled water, sonicated in ethanol/water
(1:1), and activated voltammetrically in 0.1 M H2SO4 through ten-cycle
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potential scans ranging from —0.4 to 1.2 V (100 mvVs ™, scan rate). To
fabricate the TA-Au-Ag-ANpM/r-GO nanocomposite, 4 mL of the TA-Au-
Ag-ANpM dispersion was mixed with 2 mL of -GO dispersion and stirred
vigorously at ambient temperature for 30 min. This ensured a complete
integration of TA-Au-Ag-ANpM into the r-GO surface. Then after, the
mixture was heated at 30 °C for 25 min in a water bath. The resulting
TA-Au-Ag-ANpM/r-GO composite was subjected to ultrasonication,
centrifugation, and repeated washing. The dried nanocomposite was
then dispersed in deionized water through ultrasonication for 15 min,
resulting in a 10 mL dispersion for subsequent use.

To prepare the TA-Au-Ag-ANpM/r-GO/GCE, 10 pL of the TA-Au-Ag-
ANpM/r-GO dispersion was drop-casted onto the activated GCE and
dried at room temperature. Similar procedures were applied to fabricate
the other modified electrodes.

2.4. Preparation of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE

To fabricate the intended electrode, cyclic voltammetry was con-
ducted for 14 cycles in pH 4.0 ABS (0.1 M) containing 0.04 M glycine in
the potential range of —1.7 V-1.6 V at a scan rate of 25 mVs™! for the
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electro-polymerization of glycine at the surface of TA-Au-Ag-ANpM/r-
GO/GCE (Fig. S1A). Subsequently, the fabricated sensor (TA-Au-Ag-
ANpM/r-GO/poly(glycine)/GCE) was prepared for further applications
by rinsing it with distilled water.

3. Results and discussion
3.1. Analytical characterization

The UV-Vis spectrum of TA-Ag-NpM exhibited a sharp absorption
peak at Amax = 401 nm, which is indicative of the localized surface
plasmon resonance characteristics of the Ag particles (Fig. 1A(a)). The
sharpness of the peak indicates that the nanoparticles are well-dispersed
and uniformly sized. The average size of TA-Ag-NpM particles was
calculated to be approximately 38 nm. TA-Au-Ag-ANpM displayed a
distinct broad peak at Ana.x = 416 nm, suggesting that the incorporation
of Au into the alloy decreased the size to 25 nm and shifted the ab-
sorption peak to a longer wavelength (Fig. 1A(b)). The observed varia-
tions in the two spectra arise from changes in the composition and
dimensions of the annealed nanoporous matrices, which affect their
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Fig. 1. (A) UV-Vis spectra of TA-Ag-NpM (a), TA-Au-Ag-ANpM (b), (B) FT-IR spectra and (C) XRD patterns of TA-Ag-NpM (a), TA-Au-Ag-ANpM (b), TA-Au-Ag-

ANpM/r-GO (c), and TA-Au-Ag-ANpM/r-GO/poly(glycine) (d).
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optical characteristics. As surface area directly influences catalytic ac-
tivity, the alloyed nanoporous matrix with the smallest particle size and
largest surface area exhibited superior catalytic performance in pre-
paring the intended sensor.

The FT-IR spectrum of TA-Ag-NpM (Fig. 1B(a)) showed a reduced
intensity of the Ag-O stretching vibration at 572 em™!, suggesting
partial breaking of the Ag—O bonds during annealing. Likewise, the
reduced stretching vibrations of C-O and C=0 suggest the reorganiza-
tion of oxygen-related functional groups on the nanoporous surface. The
peak at 1754 cm™! indicates the introduction of COOH groups onto the
TA-Ag-NpM surface. FT-IR analysis of TA-Au-Ag-ANpM (Fig. 1B(b)) re-
veals a characteristic peaks associated with the Au and Ag nanoporous
matrices. Confirmatory stretching signals included Au-O at 540 cm™!
and Au-Ag at 860 cm ™}, confirming alloying of Au and Ag. Silver-related
stretching vibrations, such as Ag-O at 568 em L, C-0at1078 ecm™ !, and
C-H at 2856 and 2929 cm ™}, suggest the presence of silver atoms that
stabilize alkyl chains. The peaks at 1629 cm ™ and 3459 cm ™ indicate
the presence of C=0 and O-H groups on the nanoporous structure. The
FT-IR analysis of TA-Au-Ag-ANpM/r-GO (Fig. 1B(c)) demonstrates the
integration of -GO into nanoporous matrices. The characteristic peaks
of -GO, C=C (1612 cm 1), and the aromatic ring stretching vibration at
1553 cm™! confirm their incorporation into the electrode. The FTIR
spectra of TA-Au-Ag-ANpM/r-GO and TA-Au-Ag-ANpM/r-GO/poly
(glycine) (Fig. 1B(d)) are similar, with a few distinct peaks setting them
apart. The presence of amide I (1736 cm’l), amide II (1578 crn’l), C-N
(1289 cm’l), and N-O (1120 cm’l) vibrations in the spectra of TA-Au-
Ag-ANpM/r-GO/poly(glycine) unequivocally differentiates it from TA-
Au-Ag-ANpM/r-GO. These peaks strongly confirm the successful incor-
poration of poly(glycine) into the nanoporous matrix.

X-ray diffraction (XRD) analysis was conducted to investigate the
dimensions and crystal structure of the nanoporous matrices. Consistent
results obtained from UV-Vis and XRD measurements of the nanoporous
matrix size validated the structural features determined using these
techniques. The consistency of the results enhances the reliability and
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validity of the findings, enabling a comprehensive understanding of the
material. The XRD diffraction peaks of TA-Ag-NpM at 26 = 34.3°, 38.1°,
39.9°, 44.2°, and 57.68° (Fig. 1C(a)) were indexed to the (100), (111),
(200), (220), and (311) planes, respectively, and are characteristic of
face-centered cubic (FCC) structured Ag metal crystals (JCPDS PDF card
number 04-0783), consistent with previous reports (Al-Ansari et al.,
2019). The distinctive XRD peak observed at 26.54° (Fig. 1C(b)) corre-
sponds to the (111) crystal plane in TA-Au-Ag-ANpM, suggesting the
formation of a potential intermetallic alloy. The amorphous structure of
the nanoporous matrix was further confirmed by the characteristic peak
at 23.92°, which was assigned to the (100) plane (Zhao et al., 2023). The
XRD peaks with diminished intensity at 32.2° and 46.46° (Fig. 1C(c))
correspond to the (002) and (111) planes of r-GO, respectively (Kumar
et al., 2019), confirming the successful incorporation of r-GO into
TA-Au-Ag-ANpM. The diffractogram of the TA-Au-Ag-ANpM/r-GO/poly
(glycine) (Fig. 1C(d)) exhibited characteristic peaks of its constituent
components, TA-Au-Ag-ANpM, r-GO, and poly(glycine), confirming the
successful preparation of the sensor.

The SEM image of r-GO (Fig. 2a) provides valuable insight into its
morphology. The multifunctional material exhibits a rough, irregular,
and heterogeneous structure, as well as porosity, all of which contribute
to its distinctive characteristics. As shown in the EDX spectra (Fig. S2
(d)), r-GO is mainly composed of C (77.6%) and O (22.4%), indicating its
high degree of purity. The SEM analysis of TA-Ag-NpM revealed a
porous crystalline structure with agglomerated silver matrices that were
baked and had irregular shapes (Fig. 2b). These matrices are non-
uniformly distributed and possess rough surfaces, which enhance the
conductivity and overall performance of TA-Ag-NpM. The average size
of TA-Ag-NpM was found to be 36-41 nm, which is consistent with
UV-Vis and XRD measurements. The SEM analysis of TA-Au-Ag-ANpM
(Fig. 2c) reveals a more or less uniform size distribution ranging from
21 to 26 nm. TA-Au-Ag-ANpM, similar to TA-Ag-NpM, has a porous
structure with rough and irregular crystalline surfaces. The EDX spectra
of TA-Ag-NpM (Fig. S2(e)) show the presence of C (43.18%), O (4.8%),
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Ag Br 3.9 34
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Fig. 2. SEM images of r-GO (a), TA-Ag-NpM (b), TA-Au-Ag-ANpM (c), TA-Au-Ag-ANpM/r-GO (d), and TA-Au-Ag-ANpM/r-GO/poly(glycine) (e), and EDX spectra of

TA-Au-Ag-ANpM/r-GO/poly(glycine) (f).
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Br (4.05%), and Ag (47.97%); those of TA-Au-Ag-ANpM (Fig. S2(f))
contain C (38.70%), O (4.30%), Br (3.63%), Ag (42.99%), and Au
(10.38%), indicating that gold has been successfully incorporated into
TA-Ag-NpM. TA-Au-Ag-ANpM particles were evenly dispersed within
the r-GO, resulting in crystalline nanoporous matrices with irregular
shapes, uniform sizes, and noticeable cavities (Fig. 2d). This observation
clearly indicates that TA-Au-Ag-ANpM particles have been successfully
incorporated into the r-GO structure. The elemental mapping of TA-Au-
Ag-ANpM/r-GO (Fig. S2(i)) showed the presence of C (30.8%), O (7.7%),
Br (3.6%), Ag (45.2%), and Au (12.7%). The SEM image in Fig. 2e de-
picts a well-executed coating of the TA-Au-Ag-ANpM/r-GO surface with
a poly(glycine) film, resulting in a crystalline amorphous nanoporous
matrix with a uniform arrangement. The corresponding EDX spectra in
Fig. 2f show the presence of C (31.1%), N (4.5%), O (10.4%), Br (3.9%),
Ag (39.9%), and Au (10.2%), confirming the successful preparation of
the designed sensor.

3.2. Electrochemical characterization

EIS was conducted using a 5.0 mM [Fe(CN)g] 3/4 redox probe in a
0.1 M KCl solution across frequencies ranging from 0.1 Hz to 100 kHz
(inset Fig. 3A). Employing a Randles equivalent circuit model for data
fitting, the Nyquist plot provides values for the charge transfer resistance
(Rep) and diffusion coefficient of reactants and products. These values
are deduced from the semicircle diameter and the slope of the straight-
line. A lower R value indicates higher efficiency in the electrochemical
reaction, as it signifies reduced impedance to electron transfer between
the bulk solution and the reaction interface. The unmodified GCE
exhibited a larger Ry (4152 Q) (Fig. 3A), due to its poor electrical
conductivity. In contrast, the r-GO/poly(glycine)/GCE exhibited a
significantly lower R value (2746.5 Q) compared to that of the un-
modified GCE, owing to the admirable conductivity of the r-GO/poly
(glycine) composite. At the TA-Au-Ag-ANpM/GCE surface, the value of
Rt was further reduced to 1624 Q, highlighting the exceptional elec-
trical conductivity and catalytic properties of TA-Au-Ag-ANpM. This
demonstrates the outstanding ability to facilitate electron movement
between the electrode and electrolyte. The semicircle diameter of TA-
Au-Ag-ANpM/r-GO/GCE (Rt = 596 Q) was significantly decreased,
compared to TA-Au-Ag-ANpM/poly(glycine)/GCE (Rt = 1114.3 Q). The
semicircle diameter reached its minimum value at the surface of TA-Au-
Ag-ANpM/r-GO/poly(glycine)/GCE (R = 172.4 Q), suggesting that the
TA-Au-Ag-ANpM/r-GO/poly(glycine) nanocomposite significantly
enhanced the electrical conductivity of the developed sensor.

To delve deeper into interfacial and electrical properties, CV was
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conducted on both the modified and unmodified electrodes at different
stages in a 5.0 mM [Fe(CN)¢] 3-/4- solution with 0.1 M KCl at a scan rate
of 50 mVs L. The prominent redox peaks observed, spanning from —0.2
to +0.8 V across all electrodes, validate the reversible nature of the
redox reaction of the probe. However, the bare GCE (Fig. 3B(a))
exhibited the lowest current and the highest AEp (186 mV), a conse-
quence of its limited electrical conductivity. Modification of the bare
electrode with r-GO/poly(glycine) nanocomposites increased the elec-
trical conductivity of r-GO/poly(glycine)/GCE and decreased the AEp
value to 135 mV (Fig. 3B(b)). Modification of the bare electrode with
TA-Au-Ag-ANpM increased the redox current response of TA-Au-Ag-
ANpM/GCE by further lowering the AEp value to 98 mV (Fig. 3B(c)),
which suggests that TA-Au-Ag-ANpM has very good electrical conduc-
tivity and electron transfer ability. In the case of TA-Au-Ag-ANpM/poly
(glycine)/GCE and TA-Au-Ag-ANpM/r-GO/GCE, the voltammogram
exhibits a more symmetrical shape, accompanied by an increase in peak
current response and a reduction in AEp values. This is attributed to the
superior conductivity of the modified nanocomposites, resulting in a
potential shift towards more negative values (Fig. 3B(d and f)). At the
TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE (Fig. 3B(f)), the peak current
response reached its maximum value with AEp decreasing to 55 mV,
indicating that the modifiers synergistically improved the overall per-
formance of the sensor; these results are consistent with the EIS findings.

Electroactive surface area measurement is a critical phenomenon in
voltammetric reactions as it directly affects the catalytic efficiency and
sensitivity of the sensor. CV was employed to determine the electro-
active surface areas of the electrodes at various modification stages. The
surface areas of the electrodes were determined by applying Equation
(1) from Randles-Sevcik. (Adane et al., 2023a).

I, =2.69x10°n”2AD /2 Cy"/2 ey
where I, = peak current, C = concentration of [Fe(CN)g]>~/*~ (mol
em %), v = scan rate (Vs 1), D = diffusion coefficient (cm? s 1), n =

number of electrons (n = 1), and A = electrode surface area (cm?). The
electroactive areas of bare GCE, r-GO/poly(glycine)/GCE, TA-Au-Ag-
ANpM/GCE, TA-Au-Ag-ANpM/poly(glycine)/GCE, TA-Au-Ag-ANpM/r-
GO/GCE, and TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE were deter-
mined to be 0.038, 0.061, 0.089, 0.106, 0.127, and 0.154 cmz, respec-
tively. The electroactive area of TA-Au-Ag-ANpM/r-GO/poly(glycine)/
GCE exceeded that of the bare GCE by four times and also the other
electrodes. Furthermore, the electroactive surface area of the developed
sensor exceeds that of several previously reported electrochemical sen-
sors, including ZnCo/C800-Nafion/GCE (0.082 em?) (Baikeli et al.,
2020), Fe304/N/C@MWCNTs-2-600/GCE (0.134 em?) (Yuan et al.,
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Fig. 3. Nyquist plots (A) and CVs (B) of bare GCE (a), r-GO/poly(glycine)/GCE (b), TA-Au-Ag-ANpM/GCE (c), TA-Au-Ag-ANpM/poly(glycine)/GCE (d), TA-Au-Ag-

ANpM/r-GO/GCE (e), and TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE (f).
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2019), ZnV MS/GCE (0.067 c¢m?) (Kesavan and Chen, 2021), and
Fe/NC-Nafion/GCE (0.091 c¢m?) (Doulache et al., 2020). Overall, the
results suggest a synergistic effect among TA-Au-Ag-ANpM, r-GO, and
poly(glycine) nanocomposites, which enlarged the electroactive area
and facilitated the electron transfer kinetics of the sensor.

3.3. Electrochemical behavior of MTZ

CV and SWV experiments were conducted to investigate the vol-
tammetric properties of both modified and unmodified electrodes in a
solution containing 15 pM MTZ in 0.1 M HSO4 (pH 2) with a scan rate of
100 mVs~!. Notably, the blank solution exhibited no distinct CV or SWV
peaks, implying the absence of the analytes or their presence below
detectable thresholds. However, modifying of the electrodes signifi-
cantly enhanced the electrochemical signal of the analytes and shifted
their peak potentials towards more negative values. The bare GCE shows
a weak cathodic current response (Figs. S3A and B) during the reduction
of MTZ, suggesting sluggish electron transfer kinetics and low electrical
conductivity. Modifying the bare electrode with r-GO and poly(glycine)
increases the surface area and conductivity, resulting in a substantial
enhancement in current at the r-GO/poly(glycine)/GCE electrode.
Furthermore, the TA-Au-Ag-ANpM/GCE demonstrates a higher response
due to the unique porous structure of the annealed alloy matrices and its
crystalline composition. The framework provides a high surface area-to-
volume ratio and eliminates grain boundaries, thereby improving elec-
trode conductivity (Sharma et al., 2017). The voltammetric reduction of
the analyte resulted in a higher cathodic current response at the
TA-Au-Ag-ANpM/r-GO/GCE compared to the TA-Au-Ag-ANpM/poly
(glycine)/GCE. The results suggest that r-GO has superior electron
transfer capabilities and higher conductivity than the poly(glycine).
Moreover, the highest current response was achieved with the
TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE configuration. This suggests
that the synergistic effect of the nanocomposites enhances the sensitivity
of the sensor to detect ultra-trace concentrations of the analyte, boosts
the electroactive surface area, and facilitates efficient electron transfer.

3.4. Optimization of experimental conditions

The supplementary material provides a brief summary of the opti-
mization process for the proposed sensor, detailing the number of
electropolymerization cycles, the effect of supporting electrolyte solu-
tions, the mixing ratio of nanocomposites, and the volume of drop-
casting species.

3.4.1. Effect of pH
The pH of the supporting electrolyte is critical in electrochemical

514)

"%‘e’
- —leS
310 =——pH2.0
3] pH 2.5
5‘15_—pH30
B pH3.5
=204

354—10

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
Epc (V) vs Ag/AgCl

Epc (V) vs Ag/AgCl

Chemosphere 359 (2024) 142279

analysis as it influences various factors such as current response, elec-
trode potentials, analyte mobility, electrode stability, and the shape of
the voltammogram. Optimizing the pH of the supporting electrolyte
solution is imperative to achieve precise and consistent electrochemical
outcomes. As depicted in Fig. 4A, the effect of H,SO4 pH on the elec-
trochemical response of 15 pM MTZ was investigated across a pH
spectrum from 1.0 to 3.5 using SWV. The cathodic current of the analyte
showed an increasing trend with the rising pH of H>SO4 up to 2.0, fol-
lowed by a sharp decrease (Fig. 4B(a)). At lower pH values (pH 1.0 to
2.0), the acidic environment promotes the protonation of MTZ mole-
cules, leading to the formation of protonated species. The protonation
facilitates the reduction of MTZ, leading to an increase in the cathodic
current. Beyond pH 2.0, however, the pronounced decrease in reduction
current may be attributed to the deprotonation of the molecules. At
higher pH values, the solution becomes more alkaline, leading to the
deprotonation of the MTZ molecules and the generation of negatively
charged species. These deprotonated species show weakened electro-
chemical activity and a lower tendency for reduction at the electrode
surface. Consequently, the cathodic current experiences a sharp decline
when the pH value exceeds 2.0. Therefore, a pH of 2.0 was selected as
the optimal condition for the subsequent experiments. The peak po-
tential of MTZ shifts towards less positive values with increasing pH,
indicating the active involvement of protons in the electro-reduction of
MTZ. A strong relationship between pH and the reduction potential of
MTZ was observed, as described by the equation Ej. (V) = —0.22 - 0.05
pH (R2 = 0.996) (Fig. 4B(b)). The slope value of 0.05 V/pH was close to
the Nernstian theoretical value (0.059 V/pH), suggesting that the elec-
trochemical reduction of MTZ involves the transfer of an equal number
of electrons and protons, which is in good agreement with previous
studies (Nikodimos and Amare, 2016).

3.4.2. Effect of scan rate

Electrochemical investigation was conducted using CV to investigate
the effect of varying scan rates from 25 to 350 mVs ! on the Ipc (pA) and
Epc (V) of 15 pM MTZ. The absence of an anodic peak in the reverse scan
and the shift of Epc (V) towards less positive values as the scan rate
increased (Fig. S4A), suggest that the electro-reduction of the analyte at
the TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE surface is an irreversible
process. A linear correlation was observed between Ipc (pA) and the
square root of the scan rate Y 2), expressed as Ipc (pA) = —1.17vY2
(mVvs HY2 + 3.76 (R% = 0.990) (Fig. S4B). This result strongly indicates
that the electrode process governing the reduction of the MTZ is pre-
dominantly diffusion-controlled. Furthermore, a linear relationship was
established between log Ipc (pA) and log v (mVs™!), given by the
equation log Ipc (A) = —0.51 log v (mVs 1) + 0.53 (R? = 0.998) with a
slope of 0.51 (Fig. S4C). The close proximity between the slope and the
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Fig. 4. (A) SWVs of 15 uM MTZ at different pH of 0.1 M H,SOy4, (B) Ipc vs. pH (a) and Epc vs. pH (b).
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theoretical value (0.5) further confirms the diffusion-controlled nature
of the analyte electro-reduction at the TA-Au-Ag-ANpM/r-GO/poly
(glycine)/GCE surface.

Laviron’s theory provides a method to calculate the number of
electrons involved in an irreversible reduction process using Equation
(2) (Adane et al., 2023a).

2.303RT, RTK’ 2.303RT
+——log——+——

E,=E°
P anF onF anF

log v 2)
where, E® = formal potential, v = scan rate, T = temperature, F =
Faraday constant, k° = heterogeneous rate constant, R = universal gas
constant, and n = number of electrons. A strong correlation between Epc
(V) and log v (mVs~ 1) was observed for the analyte. The slope of the plot,
representing 2.303RT/anF, was used to calculate an, which yielded a
value of 1.945. Typically, the transfer coefficient (a) for irreversible
electrode reactions is assumed to be 0.5 (Adane et al., 2023b). There-
fore, the number of electrons (n) involved in the electro-reduction of
MTZ was determined to be 3.89 (x4) (Scheme 1). This finding agrees
with a previous investigation (Mao et al., 2017) that shows the vol-
tammetric reduction of MTZ involves the transfer of four electrons and
four protons.

3.5. Electrochemical determination of MTZ

This study aimed to introduce a novel ultra-sensitive electrochemical
sensor for detecting MTZ residues in food samples. SWV was conducted
under optimized experimental conditions within the potential range of
—1.2 to 0.1 V in H3SO4 solution (0.1 M, pH 2.0). The cathodic current
exhibited a linear increase with the analyte concentration (Fig. 5),
indicating a strong correlation between Ipc (pA) and MTZ concentration
in the range of 2.0 pM-410 pM. This relationship is described by the
equation: Ipc (pA) = —0.98C (uM) - 1.55 (R? = 0.9994) (inset Fig. 5).
The limits of detection (LOD) and quantification (LOQ) were determined
to be 0.0312 pM and 0.104 pM, respectively. The remarkably low LOD
and LOQ values of the sensor emphasize its exceptional ability to detect
even trace amounts of MTZ residues in food samples. The exceptional
performances observed in the sensor were mainly due to its nano-
composite compositions. TA-Au-Ag-ANpM nanoparticles offer a large
electroactive area and catalytic activity, enhancing sensitivity and
electron transfer kinetics. The r-GO enhances conductivity, stability, and
surface area, facilitating effective charge transfer and analyte adsorp-
tion. Furthermore, poly(glycine) immobilizes the target analyte,
enhancing selectivity and potentially reducing nonspecific adsorption
and interference. Therefore, the extremely high sensitivity of the TA-Au-
Ag-ANpM/r-GO/poly(glycine)/GCE positions it at the forefront of
electroanalytical chemistry, making it a pioneering analytical device.

The comparison presented in Table 1 highlights the exceptional
performance of the developed sensor, showing a significantly lower
detection limit and a wider linear range compared to all the methods
reported. This is attributed to its high electroactive surface area, excel-
lent electrocatalytic activity, and improved electrical conductivity
compared to previously reported values. These achievements are supe-
rior when compared with previously reported values, indicating a sig-
nificant advancement in electrochemical sensor technology. Such
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Scheme 1. Schematic illustration of the electro-reduction reaction of MTZ.
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Fig. 5. SWVs of different concentrations of MTZ (Inset: Ipc vs. conc.).

Table 1
Comparison of the developed sensor to sensors in recent literature.
Samples Linear range LOD Ref.

Sensors (uM) (nM)

f-Co/r-GO/ Serum 25 pM-0.5 0.015 Huang et al.
GCE (2023)

GR/ Aqueous samples 0.05-5 0.23 (Zokhtareh
Fe304NPs/ 5-120 et al., 2023)
GCE

CuCo,04/N- Tablets, human 0.005-0.1 0.48 (Wang et al.,
CNTs/MIP- serum and urine 0.1-100 2019)

GCE
GCE/Gr/Bi Tap Water 0.005-260 0.9 Yu et al.
(2023)

LFO/rGO/ Human urine and 0.2-1221 48 (Pandiyan
GCE milk et al., 2023)

CNF-NiCo- Pharmaceuticals 0.003-0.057 0.13 (Vilian et al.,
LDH-GCE and urine 2020)

Ag,TiO3/GCE Urine and tablet 0.1-104.3 11 Vinothkumar

et al. (2021)

CeV0O4/GCE Environmental 0.02-75 4.5 (Radha and

samples Wang, 2023)

TA-Au-Ag- Food samples 2.0 pM-410 0.0312 This work
ANpM/r- pM
GO/poly
(glycine)/

GCE

4pM = Picomolar.

advancements not only mark a major milestone in the field but also
signify a substantial contribution to the broader scientific community.
Overall, this comparative analysis highlights the transformative impact
of our study and its potential to drive further innovations in electro-
chemical sensing.

3.6. Reproducibility, repeatability and stability

Reliable and consistent scientific results depend on crucial factors
such as reproducibility, repeatability, and stability. To assess repro-
ducibility, ten batches of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE
were fabricated using the same experimental procedure. SWV mea-
surements, performed with a 15 pM MTZ solution containing 0.1 M
H5SO4 under the optimized conditions, revealed remarkable reproduc-
ibility with RSD of 3.2% (Fig. S5A). Regarding repeatability, nine
consecutive SWV measurements were conducted for 15 pM MTZ,
resulting in a very low RSD of 2.43% (Fig. S5B), thereby demonstrating
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the outstanding repeatability of the sensor. The stability of the sensor
was thoroughly investigated over a span of two months by monitoring
its current response to the analyte on a weekly basis (Fig. S5C). Despite
weekly use and storage at 4 °C, the response of the sensor decreased by
only 4.4% by the end of the eighth week, highlighting the long-term
stability of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE. In general, the
developed sensor demonstrated exceptional reproducibility, repeat-
ability, and long-term stability.

3.7. Selectivity

The anti-interference capability of TA-Au-Ag-ANpM/r-GO/poly
(glycine)/GCE was assessed by detecting 15 pM MTZ in the presence of
excess concentrations of commonly co-existing interferents. The
cathodic currents for 15 pM MTZ remained unaffected in the presence of
a 200-foldexcess concentration of antibiotics (cephalexin, erythromycin,
azithromycin, tinidazole, ampicillin, amoxicillin, cloxacillin, chloram-
phenicol, and ciprofloxacin), a 600-fold excess of organic molecules
(dopamine, glucose, ascorbic acid, fructose, folic acid, urea, sucrose,
uric acid, and lactose), and an 850-fold excess of inorganic substances
(Cu?*, Fe3*, HCO3, NO3, Ca?*, Mg?*, S0%~, and CO3"). Table S1 il-
lustrates that the relative percentage error of the current response
remained below 5% for all tested interferents. It confirms the remark-
able selectivity of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE in detect-
ing MTZ in the presence of excess concentrations of co-existing
interferents.

3.8. Analysis of real samples

The practical utility of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE
for real sample application was assessed through a spiking experiment to
determine the residues of MTZ in milk powder, pork, and chicken meat
samples. The percentage recoveries were determined by adding known
concentrations of MTZ standards (0, 5, 15, 25, and 30 pM) to the food
samples (Table S2). Before spiking the MTZ standards into the food
samples, the initial current response of the food samples was recorded.
Voltammetric currents were not observed in unspiked food samples,
indicating that MTZ residues were either absent or below the detection
limit. Afterwards, the percentage recoveries of the analyte in spiked food
samples were determined. The recovery values of the three food samples
were consistently high (96.9-101.4%), demonstrating the reliability of
the method. The RSD values were found to be very low and comparable
(1.55-2.89%), indicating the precision of the method. In addition, the
validity of the developed method was investigated by analyzing MTZ
tablets obtained from a local pharmacy, which were used as reference
material. As shown in Table S3, the detected amounts by the developed
sensor were largely comparable to the values labeled by the manufac-
turer. The results provide additional conformation for the accuracy and
precision of the developed method. Furthermore, to assess the signifi-
cance of the difference between the experimental results and the labeled
amount, a statistical analysis (t-test) was conducted at a 95% confidence
level. As shown in Table S4, the t-test statistical analysis result revealed
no significant difference between the experimental results and the
amount specified by the manufacturer, further confirming the effec-
tiveness of the developed method. In general, the better recoveries,
lower RSD values, and results of statistical analysis indicate that TA-Au-
Ag-ANpM/r-GO/poly(glycine)/GCE is a highly effective and reliable
device for detecting MTZ residues in practical applications.

4. Conclusion

In this study, a pioneering hypersensitive electrochemical sensor was
developed for detecting hazardous residues of MTZ in food samples. The
morphological, interfacial, and elemental composition of the proposed
sensor were examined using an array of analytical and electrochemical
techniques. The TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE sensor
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outperformed recently reported sensors in terms of lowest LOD and a
wider linear range due to its outstanding characteristics: increased
electroactive surface area, elevated electrocatalytic activity, and
improved electrical conductivity. The sensor’s response remained un-
affected in the presence of numerous coexisting interferents, including
organic, inorganic, and antibiotic species, demonstrating remarkably
high selectivity and specificity. Furthermore, the sensor exhibited long-
lasting stability, exceptional reproducibility, and repeatability. There-
fore, TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE is an ideal candidate
for real-time monitoring of hazardous residues of MTZ in food samples.
In our upcoming research endeavors, we plan to delve into the detection
of various antibiotics and environmental toxins, including hazardous
heavy metals and micro-plastics. This expansion aims to enhance the
utility and versatility of our sensor. Through these efforts, we aspire to
make meaningful contributions to ongoing initiatives in food safety and
environmental monitoring.
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Experimental

Chemical and reagents

All chemicals and reagents used in this experiment were of analytical grade and used without
further purification. Graphite oxide (GO) was obtained from Nanjing Xianfeng Nano Co. (Nanjing,
China). Tetrachloroauric acid (HAuCls), silver nitrate (AgNOs3), sodium borohydride (NaBHa),
and sodium citrate (NasCsHsO7) were purchased from Shanghai Sinopharm Chemical Reagent
Co., Ltd. (China). Nitric acid (HNOs3), and sulfuric acid (H2SO4) were bought from Merck
Chemicals, Germany. Glycine was obtained from Labtech Chemicals, India. Potassium
hexacyanoferrate (I11) (99%) was purchased from BDH Chemicals Ltd., England. Polyethylene
glycol 600 (PEG 600, MW ~ 570-630) was obtained from Chengdu Kelong Chemical Reagent
Factory (Chengdu, China). Polyvinyl pyrrolidone (PVP, K15, MW = 40,000) was obtained from
Research Lab Fine Chem Industries (Mumbai, India). All other chemicals and antibiotic standards
were purchased from Sigma-Aldrich, USA. Glassware was washed with aqua regia (HCI:HNOgz in
a 3:1 ratio by volume) and rinsed with deionized water before the experiments. All aqueous
solutions were prepared with Milli-Q water (18.2MQ cm), which was obtained from a Millipore
water purification system. Metronidazole capsules (Metroleb-250) (Lenen Laboratories PVT.

LTD., India) were purchased from a local pharmacy in Addis Ababa, Ethiopia.

85.58 mg of metronidazole standard was dissolved in 50 mL of distilled water to produce a
0.01 M stock solution. The stock solution was then diluted with 0.1 M H2SO4 (pH 2) to prepare

working solutions for the analyte.
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Apparatus and instruments

Electrochemical measurements were performed in 20 mL cells using a CHI 760D
electrochemical analyzer (CH Instruments, USA). A conventional three-electrode system was used
throughout the experiment, consisting of a working electrode (either the bare or modified GCE), a
platinum wire counter electrode, and silver-silver chloride (Ag/AgCl (3M KCI)) reference
electrode. The structural morphology was characterized using a scanning electron microscope
(SEM, CX-200plus, Coxem, Korea), and the elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDS). The X-ray diffraction (XRD) pattern of the nanocomposites
was recorded using a BRUKER ECOD 8 advance diffractometer with Cu Ko radiation
(wavelength A = 0.15406 nm) at room temperature. Fourier transform infrared (FT-IR) spectra
were recorded using a PerkinElmer Spectrum 100 FT-IR spectrometer (PerkinElmer, USA). UV-
Vis spectra were recorded using a Lambda 950 UV-Vis spectrometer (PerkinElmer, USA). pH was
measured using a Senses lon + MM150 pH meter (China). Solid chemicals were weighed using
an electronic digital balance (Model: Scientech ZSA 120, USA). A centrifuge (model 8001, China)
and an ultrasonic cleaner (model YJ5120-B, China) were used during nanocomposite preparation.

In addition, a magnetic stirrer and a vacuum pump were used throughout the experiments.

Sample preparation

Preparation of milk powder sample

Milk powder samples were purchased from a local supermarket in Addis Ababa, Ethiopia.
Real samples for analysis were prepared as follows. First, milk powder (5.0 mg) was accurately
weighed and mixed with 20 mL acetonitrile solution. After 15 min of sonication and 10 min of
shaking, the mixture was centrifuged at 10,000 rpm for 10 min, and the supernatant was filtered
through a 150 mm filter membrane. A portion of the filtrate solution was then transferred to a
volumetric flask and diluted with 0.1 M PBS (pH 7) to a total volume of 25 mL. Finally, the diluted
sample solutions were spiked with 0, 5, 15, 25, and 30 uM MTZ standard solutions in triplicates.

After an incubation time of 45 min, the samples were analyzed without further treatment.



Preparation of pork and chicken meat samples

Pork and chicken meat samples were purchased from a local supermarket in Addis Ababa,
Ethiopia. Each sample was thoroughly homogenized before extraction. To extract the target
analyte, 5 g of the homogenized meat sample was mixed with 20 mL of a 0.1 M PBS (pH 5)
solution. The meat sample and PBS solution were thoroughly mixed using a vortex mixer for 35
min to ensure complete dispersion of the sample in the solvent. Subsequently, the mixture was
subjected to ultrasonic treatment for 45 min. This step aimed at facilitating the efficient extraction
of the desired components from the meat matrix, thereby enhancing the quality and accuracy of
the analysis. Then, the mixture was centrifuged at 4,000 rpm for 15 min. This centrifugation step
was performed precisely to separate the constituents, and as a result, a clear solution containing
the extracted analyte was collected. Afterwards, a portion of the filtrate solution was transferred
to a volumetric flask and diluted with 0.1 M PBS (pH 5) to a total volume of 25 mL. Finally, the
diluted solutions were spiked with 0, 5, 15, 25, and 30 UM MTZ standard solutions in triplicates.
Following a one hour incubation period, the samples were analyzed without any additional

treatment.
The rationale behind material choice

The choice of materials for fabricating the envisioned sensor was guided by careful consideration

of the following pivotal factors:

1. The rationale behind choosing gold (Au) and silver (Ag) as electrode modifiers lies in their
respective unique properties and surface chemistry, including excellent conductivity, chemical
stability, surface reactivity, biocompatibility, and catalytic activity.

a. Both gold (Au) and silver (Ag) demonstrate notable chemical stability, with Au known for
its exceptional resilience in agueous environments, ensuring sustained electrode integrity
and performance under harsh conditions, while Ag exhibits excellent stability in various
electrochemical settings, particularly in aqueous solutions, guaranteeing the enduring
performance and reliability of silver-modified electrodes.

b. Gold and silver are both biocompatible materials, with gold being well suited for use in

electrochemical systems because of its compatibility and effectiveness in biomedical and



biosensing applications. On the other hand, silver is widely acknowledged as biocompatible
and non-toxic material, making it an ideal choice for different electrochemical applications.
Both Au and Ag exhibit outstanding electrical conductivity, facilitating efficient electron
transfer at the electrode interface, thereby enhancing the sensitivity and response of
electrochemical sensors and detection systems.

Both Au and Ag nanoparticles, along with silver-modified electrodes, have a remarkable
catalytic activity in specific electrochemical reactions, thereby enhancing the sensitivity,
selectivity, and overall performance of electrochemical sensors and catalysts.

2. The rationale behind choosing gold-silver alloyed nanoporous matrices as electrode modifiers

stems from their unique combination of properties, which leverage the advantages of both

metals while offering additional benefits.

a.

Synergistic properties: Au and Ag alloys can combine the desirable characteristics of both
metals, such as high conductivity, chemical stability, and catalytic activity, resulting in
enhanced overall performance compared with individual metals.

Tunable properties: The composition of gold-silver alloys can be precisely controlled to
tailor the material properties, such as conductivity, catalytic activity, and surface
morphology, to meet specific application requirements.

Nanoporous structure: The nanoporous structure of the alloyed matrices provides a high
surface-area-to-volume ratio, which promotes increased analyte accessibility and
facilitates rapid mass transport of the target analyte to the electrode surface, improving
sensitivity and response times in electrochemical sensing and detection.

Enhanced catalytic activity: The presence of gold and silver nanoparticles within the
nanoporous matrix can synergistically enhance the catalytic activity towards various
electrochemical reactions, further improving the performance and selectivity of
electrochemical sensors and catalysts.

Chemical stability: alloyed nanoporous matrices exhibit excellent chemical stability,
ensuring long-term electrode integrity and performance under a range of electrochemical

conditions.

Generally, the chemistry behind using gold-silver alloyed nanoporous matrices as electrode

modifiers involves interactions between the alloyed metal surface, electrolyte, and analyte species.



The composition and morphology of the alloyed matrices influence the surface reactivity, electron
transfer kinetics, and catalytic behavior, ultimately determining the electrochemical performance
of the modified electrode. Furthermore, the nanoporous structure provides ample active sites for
analyte adsorption and reaction while facilitating the efficient mass transport of ions and molecules
to the electrode surface. Surface modification or functionalization can further enhance the
electrochemical properties of a material, allowing for tailored surface chemistry and improved

performance in specific applications.

3. The rationale behind choosing thermally annealed gold-silver nanoporous matrices as electrode
modifiers lies in their unique combination of properties and the chemistry behind their
formation, which offers significant advantages for electrochemical applications.

a. Synergistic properties: gold and silver alloys possess complementary characteristics such
as high electrical conductivity, chemical stability, and catalytic activity. Annealing
nanoporous matrices at elevated temperatures allows for the formation of a well-defined
alloy structure, optimizing the synergistic effects between gold and silver to enhance the
electrochemical performance.

b. Controlled morphology: the annealing process enables precise control over the
morphology and composition of the nanoporous matrices, allowing for the creation of
tailored structures with optimized surface area, pore size distribution, and surface
roughness. This controlled morphology enhances the accessibility of active sites for analyte
interactions and promotes efficient mass transport of ions and molecules to the electrode
surface.

c. Improved stability: thermally annealed gold-silver nanoporous matrices exhibit enhanced
chemical and thermal stability compared to their non-annealed counterparts. The annealing
process helps stabilize the alloy structure and minimize surface defects, ensuring long-term
electrode integrity and performance under a range of electrochemical conditions.

d. Enhanced catalytic activity: the annealing-induced structural changes in nanoporous
matrices can lead to the formation of active catalytic sites on the alloy surface, enhancing
the catalytic activity towards specific electrochemical reactions. This enhanced catalytic
activity contributes to improved sensitivity, selectivity, and response time in

electrochemical sensing and catalysis applications.



e. Surface modification: the annealed nanoporous matrices can be further functionalized or
modified with specific molecules, nanoparticles, or surface coatings to tailor their
electrochemical properties for specific applications. Surface modification strategies can
enhance the surface reactivity, promote selective analyte binding, or introduce additional
functionalities to the electrode surface.

4. The rationale behind integrating reduced graphene oxide (r-GO) and poly(glycine) with
thermally annealed gold-silver nanoporous matrices as electrode modifiers is to leverage the
unique properties of each component to create a multifunctional composite with enhanced
electrochemical performance.

a. Synergistic properties: reduced graphene oxide (r-GO) possesses high electrical
conductivity, a large surface area, and excellent mechanical strength, making it an ideal
candidate for improving electron transfer kinetics and enhancing the overall conductivity
of the electrode. On the other hand, poly(glycine) offers biocompatibility, hydrophilicity,
and potential for functionalization, enabling tailored surface chemistry and specific
interactions with the analytes.

b. Enhanced stability: integrating r-GO and poly(glycine) with thermally annealed gold-
silver nanoporous matrices enhanced the stability and mechanical robustness of the
electrode, ensuring long-term performance and resistance to degradation under harsh
electrochemical conditions.

c. Surface functionalization: the presence of poly(glycine) allows for the surface
functionalization of the electrode with biomolecules, enzymes, or other functional groups,
enabling selective analyte detection and tailored sensing applications. Additionally, the
integration of r-GO provided a conductive scaffold for efficient electron transport,
enhancing the sensitivity and response of the electrode.

d. Catalytic activity: the synergistic combination of thermally annealed gold-silver
nanoporous matrices, r-GO, and poly(glycine) may lead to the formation of active catalytic
sites on the electrode surface, promoting specific electrochemical reactions and improving
the overall catalytic activity of the composite material.

e. Electrochemical performance: the integration of r-GO and poly(glycine) with thermally
annealed gold-silver nanoporous matrices resulted in a composite material with enhanced

electrochemical performance, including improved sensitivity, selectivity, and stability.



This multifunctional composite holds promise for various electrochemical applications
such as sensing, detection, and energy storage.

Generally, the chemistry behind this integration involves the interaction between the functional
groups present in r-GO, poly(glycine), and the surface of thermally annealed gold-silver
nanoporous matrices. Covalent and non-covalent interactions between these components facilitate
the formation of a stable composite structure with synergistic properties, enabling enhanced

electrochemical performance and tailored functionality for specific applications.
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Fig. S1. (A) CV for the electropolymerization of 0.04 M glycine with 0.1 M ABS (pH 4.0) at the
surface of TA-Au-Ag-ANpM/r-GO/GCE for 14 cycles in a potential ranges of -1.7 to 1.6 V at a
scan rate of 25 mVs™, and (B) Ipc vs. the number of polymerization cycles for 15 uM MTZ.
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Fig. S2. SEM and EDX spectra of r-GO (a and d), TA-Ag-NpM (b and €), TA-Au-Ag-ANpM (c
and f), TA-Au-Ag-ANpM/r-GO (g and i), and TA-Au-Ag-ANpM/r-GO/poly(glycine) (h and j).



Electrochemical behavior of MTZ
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Fig. S3. CVs (A) and SWVs (B) of 15 uM MTZ in 0.1 M H3SO4 (pH 2) at the bare GCE (a), r-
GO/poly(glycine)/GCE (b), TA-Au-Ag-ANpM/GCE (c), TA-Au-Ag-ANpM/poly(glycine)/GCE
(d), TA-Au-Ag-ANpM/r-GO/GCE (e), and TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE (f).

Effect of electrolyte solutions

The selection of an appropriate electrolyte solution significantly influences the shapes of
voltammograms and the resulting current intensity in voltammetric experiments. Therefore, it is
vital to select the appropriate supporting electrolyte before conducting any electrochemical
analysis. To assess the influence of different supporting electrolytes, SWV was used. Several
supporting electrolytes, each with its unique effect on the electrochemical response of the analyte,
were investigated. The supporting electrolytes included acetate buffer, BRB, PBS, H2SO4, CBS,
HCIO4, and CB-PBS. Among the examined electrolytes, H2SO4 provided the maximum current
response (Fig. SM1). The response of H.SO4 was well-defined and large enough, confirming its
superiority as the optimal medium. Therefore, H.SO4 was selected as the suitable electrolyte

solution for determining MTZ.
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Fig. SM1. SWVs of 15 uM MTZ in different supporting electrolyte solutions.
Optimization of experimental conditions
Optimization of the number of electropolymerization cycles

The performance of the modified electrode is affected by the number of polymerization
cycles. The more cycles, the thicker the film and the more porous the structure. The structural
change affects the sensitivity of the sensor by enhancing the active surface area available for
interaction with the analyte. However, if the film becomes too thick, it can act as an insulator and
hinder the flow of electrons, reducing sensitivity. The optimal number of polymerization cycles
for poly(glycine) was determined by performing a series of CV experiments in 0.1 M ABS (pH
4.0) with 0.04 M glycine at the surface of TA-Au-Ag-ANpM/r-GO/GCE (potential range: -1.7 V
to 1.6 V, and scan rate: 25 mVs™). As shown in Fig. S1B, the peak current response increased with
the number of cycles up to 14, after which it started to drop. The drop is due to the formation of a
thicker and more insulating poly(glycine) film at the surface of TA-Au-Ag-ANpM/r-GO/GCE.

Therefore, 14 polymerization cycles were selected as the optimal value for next experiments.
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Optimization of the ratio of TA-Au-Ag-ANpM and r-GO

Optimizing the ratio of different nanocomposites at the surface of modified electrodes is
essential for achieving the best balance of electrical conductivity, electroactive surface area,
catalytic activity, stability, and cost-efficiency. The mixing ratio of the two nanocomposites, TA-
Au-Ag-ANpM and r-GO, was optimized to achieve the highest performance for the proposed
sensor. A thorough evaluation was conducted to determine the optimal ratio that maximizes the
performance of the sensor. Different mixing ratios of TA-Au-Ag-ANpM and r-GO were tested
while keeping other experimental parameters constant. The highest peak current response for 15
MM MTZ at the surface of TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE was observed when the
mixing ratio of TA-Au-Ag-ANpM and r-GO was equal to 2:1 (Fig. SM2A). The ratio revealed
greater performance over all other combinations experimented. Therefore, the 2:1 ratio of TA-Au-
Ag-ANpM and r-GO was chosen as the optimal amount for fabricating the proposed sensor. This
ensures that the modified electrode maintains an ideal balance between the nanocomposites,
resulting in an electrode that offers exceptional performance for electrochemical sensing
applications in determining MTZ in food samples.
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Fig. SM2. Plot for the optimization of the mixing ratio of TA-Au-Ag-ANpM and r-GO (A) and

the volume of drop-casting TA-Au-Ag-ANpM/r-GO dispersion (B) to prepare TA-Au-Ag-
ANpM/r-GO/poly(glycine)/GCE for the determination of 15 uM MTZ.

11



Optimization of the volume of drop-casting TA-Au-Ag-ANpM/r-GO dispersion

Optimizing the drop-casting volume of TA-Au-Ag-ANpM/r-GO dispersion over the
modified electrode surface is critical to ensure the efficiency of the modifications. The chosen
amount affects the thickness and uniformity of the resulting layer, which has a significant effect
on the overall performance of the electrode. To optimize the drop-casting volume, we conducted
a systematic study of different amounts of TA-Au-Ag-ANpM/r-GO and examined how each
affected the performance of the electrode in the determination of 15 uM MTZ. As shown in Fig.
SM2B, the optimal drop-casting volume of TA-Au-Ag-ANpM/r-GO dispersion was 8 uL. This
volume not only produced the highest cathodic current response, but it also maintained excellent
electrochemical performance. We decided to use 8 pL of TA-Au-Ag-ANpM/r-GO dispersion as
the optimal volume for preparing TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE in all subsequent
experiments. The choice strikes an ideal balance, ensuring that the coating of the modified

electrode has the right thickness for superior performance for detecting MTZ in food samples.

Effect of scan rate
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Fig. S4. CVs of 15 uM MTZ (A) at different scan rates, Ipc vs. v’ (B), and log Ipc vs. log v (C).

Optimization of SWV parameters

Accurate and reliable electrochemical results depend on the efficient optimization of SWV
parameters. In SWV analysis, the three instrumental variables (frequency, amplitude, and step
potential) plays a crucial role. This study investigates the effect of these parameters on the cathodic
current response of 15 pM MTZ in 0.1 M H2SO4 (pH 2). Initially, we examined the effect of
frequency within the range of 40 to 120 Hz while keeping the amplitude and step potential
constant. The current response showed an ascending trend with increasing frequency, peaking at
80 Hz (Fig. SM3A). Consequently, 80 Hz was selected as the optimal frequency for subsequent
experiments. Next, the amplitude was optimized within the range of 40-110 mV while keeping
the frequency and step potential constant. Notably, the cathodic current for the analyte increased
until it reached its maximum at an amplitude of 80 mV, followed by a decline (Fig. SM3B).
Therefore, 80 mV was identified as the optimal amplitude for the next measurements. Finally, the
influence of step potential was examined in the range of 2-14 mV while keeping other SWV
variables constant. The current response increased with the step potential until it peaked at 8 mV,
after which it declined (Fig. SM3C). Consequently, 8 mV was designated as the optimal step

potential for subsequent experiments.
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Selectivity

Table S1: The effect of coexisting substances on the electrochemical response of the sensor

Conc. | Relative Percentage Conc. | Relative Percentage
Interferents (M) Error (%) Interferents (M) Error (%)
Cephalexin 200 3.31 Folic Acid 600 2.98
Erythromycin 200 4.03 Urea 600 2.18
Azithromycin 200 3.98 Sucrose 600 2.39
Tinidazole 200 3.57 Uric Acid 600 2.77
Ampicillin 200 412 Lactose 600 2.21
Amoxicillin 200 4.27 Cu? 850 1.57
Cloxacillin 200 3.25 Fed* 850 1.63
Chloramphenicol | 200 3.38 HCOs 850 1.82
Ciprofloxacin 200 3.61 NOs 850 1.08
Dopamine 600 2.36 Ca®* 850 1.24
Glucose 600 251 Mg?* 850 1.51
Ascorbic Acid | 600 2.64 SO4* 850 0.98
Fructose 600 2.49 COs* 850 0.76
Analysis of real samples
Table S2: Result of triplicate spiking experiments.
Samples Spiked (UM) | Found* (uM) | Recovery (%) | RSD (%)
0 - - -
5 4.89 +£0.24 97.8 1.74
Milk 10 10.14 + 0.96 101.4 2.65
powder 25 24.71+1.38 98.8 1.94
30 30.33 +1.85 101.1 1.55
0 - - -
5 5.04 £ 0.33 100.8 3.01
10 9.93 +0.65 99.3 2.37
Pork meat 25 25.32+1.11 101.3 2.89
30 29.55+1.76 98.5 2.49
0 - - -
5 4,93 +0.27 98.6 1.61
Chicken 10 9.71+£0.84 97.1 2.42
meat 25 24.22 +1.63 96.9 1.89
30 30.06 + 1.42 100.2 2.21

*Mean values of triplicate measurements
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Table S3. The amount of MTZ detected in tablet samples using the developed sensor.

Sample Detected | Labelled amount | Recovery RSD

Tablet (uM) | Found* (uM) | (mg/tablet) (mg/tablet) (%) (%)

5 492 +0.42 246.00 250 98.4 1.85

Metroleb- 15 | 1475+1.13 | 24583 250 98.3 1.94
250 (India) ["30 | 2071177 | 244.87 250 97.9 2.11
45 | 4458+2.02 247.67 250 99.1 1.73

*Mean values of triplicate measurements

Table S4. Comparison of an experimentally detected amount with labelled value at a 95%

confidence level (t-test).

Detected | Labelled amount teritical
(mg/tablet) (mg/tablet) tealcutated | (N =3, p = 0.05) Remarks
246.00 250 1.52 4.3 No significant difference
245.83 250 1.51 4.3 No significant difference
244.67 250 1.73 4.3 No significant difference
247.67 250 0.95 4.3 No significant difference
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Cutting-edge sensor for simultaneously
detecting antibiotic residues in water
bodies.

e The sensor excels with the lowest LOD,
wide linear range, and exceptional
features.

e Current response was unaffected in the
presence  of  several  coexisting
interferents.

o Ideal candidate for real-time monitoring
of RAMP and NFX residues in water

L}
samples.
ARTICLE INFO ABSTRACT
Handling Editor: Nicola Cioffi Background: The widespread use and abuse of antibiotics has resulted in the pollution of water sources with
antibiotic residues, posing a threat to human health, the environment, and the economy. Therefore, a highly
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3, n = 5) values of 2.7 pM and 8.85 pM for RAMP, and 0.14 nM and 0.47 nM for NFX, respectively. The sensor
also exhibited exceptional reproducibility, stability, and resistance to interference.

Significance: The developed sensor was effectively utilized to determine RAMP and NFX residues in hospital
wastewater, river, and tap water samples, yielding recoveries within the range of 96.8-103 % and relative
standard deviations below 5 %. Generally, the proposed sensor demonstrated remarkable performance in
detecting the target analytes, making it an ideal tool and the first of its kind for addressing global antibiotic
residue pollutants in water sources.

1. Introduction

Since their discovery, antibiotics have served as crucial medications
to treat a wide range of infectious diseases, such as those affecting the
gastrointestinal tract, urinary tract, genitourinary tract, skin, and
abdomen. They are also prescribed for conditions like pneumonia,
typhoid, bronchitis, sinusitis, arthritis, tuberculosis, strep throat, and
leprosy [1]. In addition, antibiotics are frequently used in animal hus-
bandry as feed additives to enhance performance and promote growth.
Antibiotics target the primary function of microbes, such as inhibiting
cell wall and protein synthesis, restricting bacterial DNA synthesis, and
impeding the elongation of newly formed RNA. This action prevents the
growth and reproduction of microorganisms [2]. Excessive use and
abuse of antibiotics have resulted in life-threatening reactions in the
host body, such as allergies, liver toxicity, blood disorders, kidney
toxicity, nerve toxicity, hearing loss, and skin sensitivity [3]. Most an-
tibiotics are excreted as parent drugs or metabolites through feces or
urine, entering the environment and contributing to soil and water
pollution due to their complex molecular composition. Waste from
pharmaceutical factories, hospitals, and animal husbandry exacerbates
pollution. The presence of antibiotic residues in water sources and the
environment significantly contributes to the development of resistance
in certain microorganisms [4,5]. Moreover, the presence of excess
antibiotic residues in water sources poses serious health threats,
including childhood obesity, digestive and reproductive system disor-
ders, bone marrow toxicity, mutagenicity, anaphylactic shock, and
cancer [6]. Therefore, the development of effective and sensitive
analytical devices for quantifying life-threatening antibiotic residues in
water sources is crucial for protecting human health and the
environment.

Rifampicin (RAMP), (3-[(4-methyl-1-piperazinyl)imino] methyl), is
widely prescribed for the treatment of severe bacterial infections,
including tuberculosis, meningitis, leprosy, and HIV-associated in-
fections [7]. Recent research has also revealed that RAMP has a strong
binding affinity for the COVID-19 protease. Thus, it is currently pre-
scribed for the prevention of coronavirus [8]. Despite its significance,
prolonged use and overdose of RAMP may result in adverse toxic effects,
including loss of appetite, vomiting, hepatotoxicity, nausea, gastroin-
testinal upset, allergic rashes, and renal failure [9,10]. RAMP residues
contaminate water sources, primarily from human urine or fecal extracts
as well as from waste generated by pharmaceuticals and animal hus-
bandry. Owing to its high solubility and environmental stability, RAMP
is not completely removed by wastewater treatment systems [11].
Consequently, the residues in the aquatic environment can result in the
development of antibiotic-resistant bacteria (ARB) and the potential
transmission of ARBs to humans and terrestrial animal pathogens [12].
Therefore, to prevent toxicity and maximize the effectiveness of RAMP
therapy, its residues should be strictly monitored in the environment
and various water sources.

Norfloxacin (NFX), (1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(pipera-
zine-1-yl)-1H-quinolone -3-carboxylic acid), is extensively used for
treating a wide range of infectious diseases, such as gonococcal ure-
thritis, respiratory, ophthalmic, urinary, skin, and gastrointestinal in-
fections [13,14]. Its mechanism of action involves the inhibition of DNA
gyrase A, an essential enzyme responsible for bacterial DNA replication,
making NFX effective against a broad spectrum of monoderm and

diderm bacteria [15]. Despite its efficiency, NFX has several side effects,
including vomiting, depression, nausea, giddiness, anorexia, drowsi-
ness, headache, and a bitter taste in the mouth [13]. Furthermore, owing
to its frequent misuse in animal husbandry and medical practices, poor
absorption, and inefficient metabolic breakdown, NFX residues accu-
mulate in water bodies, posing potential ecological risks, including
disruption of aquatic ecosystems, the development of
antibiotic-resistant bacteria, alteration in microbial communities, bio-
accumulation of residues in food chains, and contamination of drinking
water. The presence of NFX residues in drinking water and food sources
has toxic effects on animals, plants, and microorganisms, posing a public
health hazard [16]. Hence, it is imperative to design an electrochemical
tool that is selective and practical for addressing the challenges of NFX
residue in water bodies.

Bimetallic alloy nanoparticles have been extensively studied for
electrochemical sensing applications because of their exceptional
sensitivity, outstanding detection capabilities, and robust stability [17].
Their morphology, size, and composition further enhance their catalytic
performance and synergistic properties, broadening their potential ap-
plications in cancer treatment, nanomedicine, catalysis, and DNA de-
livery [18]. In particular, gold-silver alloy nanoparticles have gained
significant attention due to their exceptional electrocatalytic activity,
electrical conductivity, and optical features [19]. Similarly, multiwalled
carbon nanotubes (MWCNTSs) possess exceptional physicochemical
characteristics, rendering them ideal electrode modifiers for electro-
chemical sensors [20]. However, their poor solubility and dispersion in
solvents necessitate functionalization before use to optimize their sur-
face properties and ensure uniform dispersion [21]. This involves the
addition of functional groups, such as carboxyl, amine, and hydroxyl
groups, using various methods including electrochemical, chemical,
mechanical, and plasma processing [22]. Additionally, choline chloride
(ChCl), a nontoxic ammonium salt, possesses bifunctional groups that
enable its attachment to electrode surfaces, establishing a positively
charged interface that enhances the transfer of electrons. This makes
ChCl an attractive material for electrode surface modification [23].
Herein, a novel electrochemical sensor, the first of its kind, was devel-
oped by considering the benefits of the above three modifiers. It is
capable of accurately detecting life-threatening residues of RAMP and
NFX in water samples.

Several analytical methods have been reported for quantifying
RAMP and NFX across various matrices, including capillary electro-
phoresis [24], spectrophotometry [25], chemiluminescence [26], and
HPLC [27]. While these methods boast sensitivity and selectivity, they
have several limitations, including intricate operational procedures,
protracted sample preparation, extended analysis time, the need for
skilled personnel, and high equipment costs. Whereas, voltammetric
approaches are economical, expeditious, user-centric, highly specific,
portable, and can be miniaturized [23]. Hence, electrochemical ap-
proaches are the preferred method for simultaneously detecting RAMP
and NFX residues. Among these electrochemical techniques, SWV stands
out for its numerous advantages, including rapid analysis, minimal
sample consumption, background discrimination, and increased sensi-
tivity [28], which makes it suitable for the simultaneous determination
of targeted analytes.

The global concern regarding water contamination by antibiotic
residues has reached unprecedented levels. These persistent pollutants
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pose significant threats to ecosystems, human health, and aquatic life,
while also jeopardizing water supplies. Urgent actions are imperative to
mitigate the adverse effects of antibiotic residue pollution and safeguard
the integrity of ecosystems and the health of future generations. To
address this pressing issue, this study aimed to develop a novel elec-
trochemical sensing platform comprising Au-Ag-ANCCs decorated with
f-MWCNT-CPE and ChCl composites for simultaneously detecting RAMP
and NFX residues in water samples. The precursors for preparing the
intended sensor were selected by considering several important factors.
Au-Ag-ANCCs offer superior electrical conductivity and facilitate elec-
tron transfer during the electrochemical reactions. Additionally, their
bimetallic nature enhances catalytic activity, sensitivity, and selectivity.
The high surface area of the nanocoral clusters improves the sensing
capability of the sensor. The f-MWCNTSs boost the stability and disper-
sion, facilitate rapid electron transfer, and amplify the sensitivity.
Finally, ChCl modification imparts ionic liquid properties, enhancing
analyte recognition, stability, and reproducibility for reliable analytical
results. Before electrochemical analysis, Au~Ag-ANCCs/f-MWCNT-CPE/
ChCl was subjected to extensive surface characterization. The sensor
demonstrated exceptional performance in detecting RAMP and NFX
residues, with wide linear ranges and picomolar detection limits. The
remarkable selectivity, sensitivity, and real-time applicability of the
device were demonstrated by the intense current responses to ultra-low
concentrations of the analytes in hospital wastewater, river water, and
tap water samples.
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2. Experimental
2.1. Chemical and reagents

Pristine multi-walled carbon nanotubes (MWCNTs) with 99 % purity
were obtained from Sigma-Aldrich (USA). Tetrachloroauric acid
(HAuCly), silver nitrate (AgNOs), sodium borohydride (NaBH4), and
sodium citrate (NagCgHs07) were purchased from Shanghai Sinopharm
Chemical Reagent Co. Ltd., China. Nitric acid (HNOs3), sulfuric acid
(H2S04), and sodium citrate were purchased from Merck Chemicals,
Germany. Choline chloride (99 %) in potassium chloride (KCl, 98 %)
(Wagtech International Ltd., UK) was obtained from Sigma-Aldrich
(USA). Graphite powder (BDH Laboratory Supplies, Poole, England)
and paraffin oil (Uvasol Merck, Germany) were used for the preparation
of the carbon paste electrode. Potassium hexacyanoferrate(III) (99 %)
was purchased from BDH Chemicals Ltd. (England). All other chemicals
and antibiotic standards were purchased from Sigma-Aldrich (USA). All
chemicals and reagents used in this experiment were of analytical grade
and used without further purification. All aqueous solutions were pre-
pared using Milli-Q water (18.2 MQ cm) obtained from a Millipore water
purification system. Glassware was washed with aqua regia (HCI:HNO3
in a 3:1 ratio by volume) and rinsed with deionized water before the
experiments. 411.47 mg of RAMP was dissolved in 50 mL of distilled
water to make a 0.01 M RAMP stock solution. Similarly, a 0.01 M stock
solution of NFX was prepared by dissolving 159.67 mg of the analyte in
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50 mL of glacial acetic acid. The stock solutions are diluted with 0.1 M
PBS (pH 5) to prepare working solutions for each analyte.

2.2. Apparatus and instruments

Electrochemical measurements were conducted in 20 mL cells using
a CHI 760D electrochemical analyzer (CH Instruments, USA). A con-
ventional three-electrode system was used throughout the experiment,
consisting of a working electrode (either bare CPE or modified CPE), a
platinum wire counter electrode, and a silver-silver chloride (Ag/AgCl
(3 M KCD) reference electrode. The structural morphology was charac-
terized using a scanning electron microscope (SEM, CX-200plus, Coxem,

10inm
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Korea), and the elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDS). The X-ray diffraction (XRD)
pattern of the nanocomposites was recorded using a BRUKER ECOD 8
advance diffractometer with Cu Ka radiation (wavelength A = 0.15406
nm) at room temperature. Fourier transform infrared (FT-IR) spectra
were recorded using a PerkinElmer Spectrum 100 FT-IR spectrometer
(PerkinElmer, USA). UV-Vis spectra were recorded using a Lambda 950
UV-Vis spectrometer (PerkinElmer, USA). The pH was measured using a
Senses Ion + MM150 pH meter (China). Solid chemicals were weighed
using an electronic digital balance (Model: Scientech ZSA 120, USA). A
centrifuge (Model 8001, China) and an ultrasonic cleaner (Model
YJ5120-B, China) were used during the preparation of the

Fig. 2. SEM images and EDX spectrums of f-MWCNTs-CPE (a and d), Ag-NCCs (b and e), Au-Ag-ANCCs (c and f), Au-Ag-ANCCs/f-MWCNTs-CPE (g and i), Au-Ag-

ANCCs/f- MWCNTSs-CPE/ChCl (h and j).
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nanocomposite. In addition, a magnetic stirrer and a vacuum pump were
used throughout the experiment.

2.3. Preparation of water samples

Water samples, each 500 mL, were collected from three distinct sites
in Addis Ababa, Ethiopia: St. Paulos Hospital, Akaki River, and Arat Killo
Campus of Addis Ababa University. The samples were stored at 4 °C to
maintain their original condition until analysis. Before analysis, each
sample was filtered three times using 150 mm filter paper to remove
impurities. Then, the filtered samples were diluted with a phosphate
buffer solution at a 1:5 ratio to facilitate accurate analysis. For analysis,
the samples were spiked with different concentrations of standard so-
lutions of the analytes to demonstrate the overall robustness of the
analytical process. No additional pretreatment steps were taken before
the comprehensive analysis, ensuring that the analytical results would
accurately reflect the exact composition of the collected water samples.

2.4. Preparation of f-MWCNTs and CPE

The chemical oxidation process for synthesizing f-MWCNTs was
conducted as described by Ref. [29], with slight modifications. In this
procedure, 3 g of pristine MWCNTs was refluxed for 24 h in a 150 mL
solution containing a 1:3 mixture of HNO3 and H2SOj4. The reflux pro-
cess was enhanced by magnetic stirring to facilitate the introduction of
functional groups onto the surface of the nanotubes. Subsequently, the
mixture was cooled overnight, centrifuged, washed, and filtered until
the pH of the solution reached 7.0. The acid-functionalized MWCNTs
(FMWCNTSs) was then dried in an oven at 80 °C for 24 h.

CPE was prepared by thoroughly mixing 70 mg of graphite powder
with 30 pL of paraffin oil for 25 min using an agate mortar and pestle.
The homogenized paste was then packed into a 1.0 mL syringe equipped
with a copper wire for electrical contact. Subsequently, the surface of the
electrode was meticulously polished on white paper to a mirror-like
finish. When a fresh electrode was required, the previous electrode
was carefully removed from the upper tip surface, replaced with a new
paste, and subjected to further polishing.

2.5. Synthesis of Au-Ag-ANCCs

The synthesis of Ag-NCCs was conducted as follows: initially, 2 mL of
0.1 M AgNO3 and 10 mL of 0.1 M PVP were added into a 100 mL flask
containing 15 mL of 0.1 M PEG 600 solution under vigorous stirring for
20 min. Then, 4 mL of 1 % Na3CgHsO; was added to initiate the
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reduction of Ag ions. The addition of a stabilizing agent prevents
agglomeration and regulates the size and morphology of the clusters.
Subsequently, the mixture was heated in an oil bath at 130 °C for 10 h.
During this process, AgNOs; and PVP reacted to form Ag nanocoral
clusters stabilized by PEG 600 molecules. Controlled temperature and
stirring conditions facilitated the gradual formation of Ag nanocoral
clusters, exhibiting distinctive branch-like structures. The yellowish
solution was allowed to cool, undergo centrifugation, and washed
several times.

The synthesis of Au-Ag-ANCCs begins with a precise alloying pro-
cess, converting the prepared Ag-NCC into its gold-based counterpart.
Initially, 5 mL of 0.01 M HAuCly solution was mixed with the Ag-NCC
suspension in a vessel under vigorous stirring for 15 min to ensure the
uniform distribution of gold ions. This step facilitates the incorporation
of gold into the silver nanostructures, forming the basis for alloyed
nanocoral clusters. Subsequently, the reaction mixture was heated in an
oil bath at 90 °C for 3 h with continuous stirring. Following this, 3 mL of
0.1 M NaBH,4 was gradually added to activate the reduction process,
leading to the formation of Au-Ag alloy nanocoral clusters. The pH of
the reaction mixture was maintained at 10 throughout the process by
periodically adding 0.1 M NaOH, which facilitated gold ion reduction
and stabilized the resulting alloy nanostructures. Additionally, 4 mL of a
1 % PVP solution was added as a stabilizing agent to maintain the
colloidal stability and create a protective layer. This layer helps to
prevent aggregation by promoting electrostatic repulsion and inhibiting
the formation of larger agglomerates. Finally, the synthesized Au-Ag-
ANCCs were centrifuged, washed, and dried under vacuum. To the best
of our knowledge, when gold and silver combine to form an alloy, there
is typically no change in the oxidation state of each element. Both gold
and silver generally maintain their stable oxidation states (i.e. zero
oxidation state) in most chemical environments.

2.6. Preparation of Au-Ag-ANCCs/f-MWCNTs-CPE

To prepare the nanocomposite, 5 mg of f-MWCNTs was first
dispersed in 2.5 mL N,N-dimethylformamide and sonicated for 45 min.
Then, the -MWCNTs dispersion was mixed with the Au-Ag-ANCCs
dispersion (ratio 1:1) and ultrasonicated for 50 min. Finally, 8 pL of
Au-Ag-ANCCs/f-MWCNTs dispersion was drop-casted onto a CPE, dried
at 40 °C for 15 min, and termed as Au-Ag-ANCCs/f-MWCNTs-CPE.

2.7. Fabrication of Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl

To fabricate the desired electrode, electrodeposition of 0.002 M ChCl
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Fig. 3. (A) Nyquist plots and (B) CVs of bare CPE (a), f-MWCNTs-CPE/ChCl (b), Au-Ag-ANCCs/CPE (c), Au-Ag-ANCCs/ChCl/CPE (d), Au-Ag-ANCCs/f-MWCNTs-
CPE (e), and Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl (f) in 5.0 mM [Fe(CN)6]3'/ 4- containing 0.1 M KCl at a scan rate of 50 mvs L.
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containing 0.01 M KCl was performed at the surface of Au-Ag-ANCCs/f-
MWCNTs-CPE using CV for 16 consecutive potential sweeps between
—1.7 Vand +1.6 V in 0.1 M PBS (pH 7.0) at a scan rate of 25 mVs !
(Fig. S1A). Subsequently, the fabricated sensor (Au-Ag-ANCCs/f-
MWCNTs-CPE/ChCl) was rinsed with deionized water and prepared for
subsequent utilization.

3. Results and discussion
3.1. Analytical characterizations

The UV-Vis spectrum of Ag-NCCs revealed a distinct absorption
peak at Apmax = 461 nm, indicating the localized surface plasmon reso-
nance properties of the Ag particles (Fig. 1A(a)). The sharpness of the
peaks implies mono-dispersity and uniformity in particle size, with an
average calculated size of around 33 nm. As shown in Fig. 1A(b), Au-Ag-
ANCCs displayed a distinct broad peak at Aax = 515 nm, suggesting that
the incorporation of Au into the alloy reduced the size (22 nm) and
shifted the absorption peak to a longer wavelength. The observed vari-
ations in the two spectra arise from changes in the composition and sizes
of the nanocoral clusters, which influence their optical characteristics.
As surface area directly influences catalytic activity, the alloyed nano-
coral clusters with the smallest particle size and largest surface area
exhibited superior catalytic performance in preparing the intended
sensor.

The FT-IR spectra of the Ag-NCCs (Fig. 1B(a)) exhibited character-
istic peaks corresponding to Ag-O (568 cm™!), C-H bending (1037 and
1120 cm™Y), C-0 (1385 cm™ 1), C=0 (1629 cm ™), C-H (2856 and 2929
cm’l), and O-H (3459 cm™ ) stretching vibrations. The FT-IR spectra of
the Au-Ag-ANCCs (Fig. 1B(b)) displayed peaks attributed to Ag-O (540
cm’l), Au-0 (620 cm’l), Au-Ag (860 ecm™ ) (confirming the alloying of
Au and Ag), C-O (1078 em™1), C-H (2856 and 2929 cm™ ), and O-H
(3438 and 1640 cm™ 1) stretching vibrations. The FT-IR spectrum of
Au-Ag-ANCCs/f-MWCNT-CPE (Fig. 1B(c)) exhibited a peak at 1567
cm™!, associated with to the C=C stretching vibration of -MWGCNTSs,
and a peak at 1150 cm ™}, linked to the C-O-C stretching vibration of the
CPE. The FT-IR spectra of Au-Ag-ANCCs/f-MWCNT-CPE/ChCl (Fig. 1B
(d)) displayed peaks at 867 em™! (C-Cl stretching), 952 em ! (quater-
nary ammonium group stretching), and 1481 em™! ((CH3)3sN* group
stretching), confirming the incorporation of ChCl into the bimetallic
alloy nano cluster.

XRD was used to assess the crystal structure and size of the nanocoral
clusters. Consistent results obtained from the UV-Vis and XRD mea-
surements of the nanocoral clusters size validated the structural features
determined using these techniques. The consistency of the results
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enhances the reliability and validity of the findings, enabling a
comprehensive understanding of the material. The XRD peaks of
Ag-NCCs (Fig. 1C(a)) at 20 = 34.42°, 38.24°, 40.08°, 44.46°, and 57.72°
were indexed to the (100), (111), (200), (220), and (311) planes,
respectively. These peaks are characteristic of face-centered-cubic (FCC)
structured Ag metal crystals, consistent with previous reports [30]. The
20 values for the Au-Ag-ANCCs and Ag-NCCs are almost identical
because Au and Ag have similar lattice constants. However, XRD anal-
ysis of Au—-Ag-ANCCs (Fig. 1C(b)) revealed an additional characteristic
peak at 26.48°, which was attributed to the (111) crystal plane, sug-
gesting the formation of a potential intermetallic alloy substance [31].
The peaks at 27.86°, 32.36°, and 46.36° (Fig. 1C(c)) correspond to the
(002), (004), and (100) planes of typical graphite, respectively [32],
confirming the successful incorporation of fMWCNT into
Au-Ag-ANCCs. The XRD spectra of the
Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl (Fig. 1C(d)) exhibited character-
istic  peaks of its constituent components, Au-Ag-ANCCs,
f-MWCNTs-CPE, and ChCl, confirming the successful fabrication of the
Sensor.

The morphology of Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl and its
constituents were examined using SEM. The SEM image of f-MWCNT-
CPE displayed a uniform distribution of carbon nanotubes within the
CPE, along with well-dispersed pores and cavities, irregularly shaped
agglomerates, and a uniform surface roughness (Fig. 2a). The EDX
spectra revealed that the -MWCNT-CPE was predominantly composed
of C (78.9 %) and O (21.1 %) (Fig. 2d), indicating high purity. Subse-
quent SEM analysis of the Ag-NCCs revealed a striking morphology
characterized by irregularly shaped, three-dimensional nanocoral clus-
ters with interconnected branches resembling coral reefs (Fig. 2b). These
clusters exhibited non-uniform distributions, rough surfaces, and porous
networks, contributing to enhanced catalytic activity, and electrical
conductivity. Further SEM examination of Au-Ag-ANCCs (Fig. 2c)
revealed highly irregular, non-uniform nanocoral clusters with a rough
porous network, contributing to exceptional catalytic, electrical, and
sensing applicability. The EDX spectra of Ag-NCCs (Fig. 2e) showed the
presence of C (32.0 %), N (3.3 %), O (7.1 %), and Ag (57.6 %). The
Au-Ag-ANCCs (Fig. 2f) contained C (26.5 %), N (3.1 %), O (7.3 %), Ag
(52.6 %), and Au (10.5 %), confirming the successful incorporation of
Au into the Ag-NCCs. This incorporation enhances their electroactive
surface area, electrical conductivity, and catalytic properties. Fig. 2g
illustrates the uniform dispersion of Au-Ag-ANCCs particles in the f-
MWCNTs-CPE composite. These particles retained their non-uniform
distribution, rough surfaces, and porous networks with irregular
shapes and prominent cavities, indicating their successful incorporation
into f-MWCNT-CPE. The elemental mapping of Au-Ag-ANCCs/f-
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Fig. 4. (A) CVs and (B) SWVs of 15 yM RAMP and NFX in 0.1 M PBS (pH 5) on different electrodes at a scan rate of 100 mVs L.
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MWCNT-CPE (Fig. 2i) confirmed the presence of C (31.9 %), N (2.9 %),
O (9.9 %), Ag (47.4 %), and Au (7.9 %). Furthermore, the effective
electrodeposition of the ChCl film at the surface of Au-Ag-ANCCs/f-
MWCNTSs-CPE is shown in Fig. 2h, forming three-dimensional nanocoral
clusters with rough and asymmetrical surfaces. This coating signifi-
cantly contributes to the enhancement of electrical conductivity, cata-
lytic capability, and electroactive surface area of Au-Ag-ANCCs/f-
MWCNT-CPE/ChCl. The corresponding EDX spectra (Fig. 2j) confirmed
the presence of C (30.1 %), N (2.9 %), O (7.7 %), C1 (3.1 %), Ag (45.0 %),
and Au (11.2 %), thus validating the successful preparation of the
intended sensor.

3.2. Electrochemical characterizations

Electrochemical impedance spectroscopy (EIS) analysis was con-
ducted on various electrodes in a frequency range from 0.1 Hz to 100
kHz with 5.0 mM [Fe(CN)]>/# containing 0.1 M KCl (Fig. 3A). The
experimental data were fitted using a Randles equivalent circuit model,
and the resulting values were presented in the form of a Nyquist plot
(inset Fig. 3A). The semicircular segment of the EIS curve corresponds to
the rate-limiting step in the electrochemical reaction. The diameter of
this semicircle represents the charge transfer resistance (Rcy). The linear
segment corresponds to the diffusion process, which becomes the rate-
limiting step during the transportation of reactants and products to
and from the electrode surface [33]. The type of modifier used in-
fluences the diameter of the semicircle. The R values of the bare CPE,
f-MWCNTs-CPE/ChCl, Au-Ag-ANCCs/CPE, Au-Ag-ANCCs/ChCl/CPE,
Au-Ag-ANCCs/f-MWCNTs-CPE, and Au-Ag-ANCCs/f-MWCNTs-CPE/Ch
Cl were calculated to be 4684, 2359, 1787, 1145, 613, and 216 Q,
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respectively. The R, value is the lowest for Au-Ag-ANC
Cs/f-MWCNTs-CPE/ChCl, indicating that the modifier (Au-Ag-ANC
Cs/f-MWCNTs/ChCl) has the best electron transfer capability and elec-
trical conductivity.

Cyclic voltammetry (CV) was conducted to examine the electrical
and interfacial properties of different electrodes at various stages in 5.0
mM [Fe(CN)G]B'/ 4 containing 0.1 M KCl at a scan rate of 50 mVs !
(Fig. 3B). Due to the poor electrical conductivity, weak redox peaks with
a peak-to-peak separation (AEp) of 126 mV were observed at the bare
CPE (Fig. 3B(a)). After modifying the bare electrode with f-MWCNTs and
ChCl nanocomposites, the peak current response of f-MWCNTSs-CPE/
ChCl increased and AEp decreased to 103 mV (Fig. 3B(b)). Au-Ag-
ANCGCs further decreased AEp to 89 mV (Fig. 3B(c)), suggesting that the
modifier enhanced the electron transfer capacity and electrical con-
ductivity of Au-Ag-ANCCs/CPE. For Au-Ag-ANCCs/ChCl/CPE and
Au-Ag-ANCCs/f-MWCNTs-CPE (Fig. 3B(d and e)), the peak current re-
sponses increased significantly, and AEp decreased to 81 mV and 67 mV,
respectively, due to the synergistic effects of the composite modifiers.
The peak current response reached its maximum value at the surface of
Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl (Fig. 3B(f)), with a decrease in
AEp to 51 mV. The combined effects of the nanocomposite modifiers
significantly improved the overall performance of the suggested sensor,
as evidenced by the agreement between the CV and EIS findings.

Electroactive surface area measurement is a critical phenomenon in
voltammetric reactions as it directly affects the catalytic efficiency and
sensitivity of electrodes. As a result, CV was employed to measure the
electroactive surface area of electrodes at different modification stages
using the Randles-Sevéik equation (1) [28].
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Fig. 5. (A) SWVs of 15 pM RAMP and NFX at different pH values of PBS, (B) and (C) Ipa (pA) vs. pH (a) and Epa (V) vs. pH (b) for RAMP and NFX, respectively.
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I, = 2.69x10°n/2AD /2 Cy"/2 @

where I, = peak current, D = diffusion coefficient, n = number of
electrons, v = scan rate, C = concentration of [Fe(CN)6]3_/ 4= and A =
electrode surface area. Electroactive areas were determined for bare
CPE, fMWCNTs-CPE/ChCl, Au-Ag-ANCCs/CPE, Au-Ag-ANCCs/ChCl/
CPE, Au-Ag-ANCCs/f-MWCNTs-CPE, and Au-Ag-ANCCs/f-MWCNTs-
CPE/Ch(l, resulting in values of 0.036, 0.078, 0.097, 0.119, 0.152, and
0.185 cm?, respectively. The surface area of Au-Ag-ANCCs/f-MWCNTs-
CPE/ChCl is five times higher than that of the unmodified carbon paste
electrode. This increase is attributed to the synergistic effect of Au-Ag-
ANCCs, f-MWCNTs, and ChCl, which improve electron transfer kinetics
and enhance the surface area.

3.3. Electrochemical behaviors of RAMP and NFX at different electrodes

The voltammetric characteristics of 15 pM RAMP and NFX were
simultaneously examined using square wave voltammetry (SWV) and
CV at a scan rate of 100 mVs~ ! within a potential range of 0.3-1.4 V at
various electrodes (bare CPE and other modified electrodes) (Fig. 4A).
No voltammetric currents were recorded from the blank solution across
the different electrodes, indicating either the absence of analytes or their
presence below the detection limit. The absence of reduction peaks
during the reverse CV scan suggests the irreversibility of the electro-
oxidation of RAMP and NFX. Notably, the electrode modifications
significantly enhanced the electrochemical responses of the analytes and
shifted the peak potentials to more positive values. The weak peak
currents observed for the bare CPE indicate sluggish electron transfer
kinetics and its poor electrical conductivity. The f-MWCNT-CPE/ChCl
exhibited a notable increase in the peak current, which is attributed to
the high surface area and conductivity of the -MWCNTs. ChCl, known
for its substantial adsorption capacity and effective film-forming prop-
erties, plays a crucial role in the accumulation of target analytes [23].
The higher anodic currents observed at Au—-Ag-ANCCs/CPE are attrib-
uted to the combined effects of alloying and restructuring in
Au-Ag-ANCCs. The alloying of Au and Ag enhances the electrical
properties, while the nanocoral cluster structure increases conductivity
by providing a large surface area for electron movement and reducing
the distance that electrons travel [34]. The successive modification of
Au-Ag-ANCCs/CPE with ChCl and f-MWCNTs resulted in a gradual
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enhancement in the peak current. Therefore,
Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl exhibited the highest peak current
response due to the synergistic effects of all modifying nanocomposites.

As shown in Fig. 4B, SWV was utilized to further examine the vol-
tammetric behavior of RAMP and NFX. The bare electrode had low
anodic peak currents due to its low catalytic activity and negligible
adsorption capacity. In contrast, Au—Ag-ANCCs/f-MWCNTs-CPE/ChCl
exhibited the highest anodic peak current response because of its syn-
ergistically enhanced conductivity, large surface area, and strong elec-
tron transfer kinetics. This agreed well with the CV results. The AEp
between RAMP and NFX was 632 mV, which is more than enough for the
simultaneous determination of the analytes. Therefore, Au-Ag-ANCCs/
f-MWCNTs-CPE/ChCl was successfully applied to simultaneously
determine RAMP and NFX residues in water samples.

3.4. Optimization of experimental conditions

The Supplementary Material provides comprehensive information
on optimizing the mixing ratio of nanocomposites, and the volume of
drop-cast dispersions.

3.4.1. Effect of electrolyte solutions

The selection of an appropriate electrolyte solution significantly in-
fluences the voltammogram shapes and the resulting current intensity in
voltammetric experiments. Therefore, it is vital to select a suitable
supporting electrolyte before conducting electrochemical analysis. To
assess the influence of different supporting electrolytes, SWV was
employed. Various electrolyte solutions were tested, including phos-
phate buffer solution (PBS), citrate-phosphate buffer solution (CT-PBS),
citrate buffer (CTB), Britton-Robinson buffer (BRB), acetate buffer so-
lution (ABS), and H2SO4. Among the electrolytes examined, PBS showed
the highest peak current response (Fig. S2). The current response of PBS
was well-defined and sufficiently large for both analytes, confirming its
superiority as an optimal medium. Therefore, PBS was selected as a
suitable electrolyte solution to simultaneously determine the residues of
RAMP and NFX.

3.4.2. Effect of pH
The influence of pH variation on the voltammetric responses of 15
uM RAMP and NFX was examined using SWV at a scan rate of 25 mVs ™1,

+ H,0

Norfloxacin

Au-Ag-ANCCs/-MWCNT-CPE/ChCI F
| OH

Scheme 1. Schematic illustration of the electro-oxidation of RAMP and NFX.
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The Ipa (pA) of both RAMP and NFX gradually increases with an in-
crease in pH, ranging from 3.0 to 5.0 (Fig. 5B(a) and C(a)). However, a
subsequent increase in pH resulted in a decrease in current responses.
The increase in anodic current up to pH 5.0 and the subsequent decline
at higher pH values are due to a complex interplay of factors, including
the availability of protons, changes in electrolyte composition, alter-
ations in electrode potential, and other side reactions. Consequently, the
optimal pH for further use was determined to be 5.0. Furthermore, the
anodic potential of both RAMP and NFX shifted to less positive values
with an increase in pH (Fig. 5A). The shift in potential indicates the
active involvement of protons (H") in the analytes electro-oxidation. To
quantify this relationship, a linear correlation was established between
pH and oxidation potential, given by the equations Epa (V) = —0.05 pH
+ 0.79 (R? = 0.996) (Fig. 5B(b)) for RAMP and Epa (V) = —0.051 pH +
1.41 (R? = 0.997) (Fig. 5C(b)) for NFX. Notably, the slope values of 50
and 51 mV/pH for RAMP and NFX, respectively, closely equals the
Nernstian theoretical value (59 mV/pH). It suggests that the electro-
oxidation of RAMP and NFX involves the transfer of an equal number
of electrons and protons, which aligns with the findings of previous
reports [7,13].

3.4.3. Effect of scan rate

Electrochemical examination was performed using CV to investigate
how varying the scan rate from 25 to 300 mVs ! affects Ipa (uA) and Epa
(V) of 15 pM RAMP and NFX. As depicted in Figs. S3A and B, the current

intensity of both RAMP and NFX steadily increases with an increase in
the scan rate, accompanied by a shift in potential towards less negative
values. These findings imply that the electro-oxidation of both analytes
at the surface of Au—-Ag-ANCCs/f-MWCNTs-CPE/ChCl follows an irre-
versible electrode process. Regression equations were formulated to
establish a correlation between the current response and the square root
of the scan rate. The equations are Ipa (pA) = 21.22y1/2 (mVs_l)l/
2_46.09 (R? = 0.992) (Fig. $3C(a)) and Ipa (pA) = 7.96 v/ (mVvs 1)1/
+ 5.92, (R? = 0.993) (Fig. S3C(b)) for RAMP and NFX, respectively.
Furthermore, log Ipa vs. log v plots were constructed to analyze the
behavior of the analytes towards the electrode. The log Ipa (pA) vs. log v
(mVs™1) for RAMP and NFX resulted in linear regression equations with
slopes of 0.48 and 0.59, respectively (Fig. S3D(a and b)). The proximity
of the slope values to the theoretical value of 0.5 suggests that the re-
action of RAMP and NFX at the Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl
surface is predominantly controlled by diffusion processes [35,36]. To
quantify the number of electrons involved in the electrode reaction,
Equation (2) was employed [23].

2.303RT
+ -

RTK® 2.303RT
- JF -
anF

E,=E°
P anF anF

log logv (2)
where, E® = formal potential, v = scan rate, T = temperature, F =
Faraday constant, k® = heterogeneous rate constant, R = universal gas

constant, and n = number of electrons. A strong linear correlation was
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Table 1
Comparison of the developed device in the context of existing sensors.
Electrodes Analytes  Samples Linear LOD Ref.
range (UM) (kM)

GCE/NiHCF RAMP Urine 19.6-170 0.65 [38]

PMel-Aupano/ RAMP Biological 0.08-15 0.03 [71
GCE samples

TFA@Nb,CTy RAMP Pharmaceutical 100 pM-1.0 4.8 pM [9]

and blood serum

C-dots/ RAMP Biological fluids 0.07-8 0.022 [39]
CuFey04/ and
CPE pharmaceuticals

MWCNT/ RAMP Blood serumand  0.75-200 0.25 [40]
MnO,/ Tablets
AuNPs/
GCE

Au-Ag- RAMP Water samples 14 pM-115 2.7 pM This
ANCCs/f- work
MWCNTs-
CPE/ChCl

MWCNT- NFX Pharmaceutical 0.03-1.0 0.016 [15]
CPE/pRGO- and rat plasma 1.0-50
ANSA/Au

MIP/ NEX Urine 0.1-8 0.046 [41]
MWCNT/
GCE

APT-BDD NFX Urine 0.157-12.5 0.04 [42]

CuO/ NEX Tablets 1.0-47.7 0.321 [14]
MWCNTs/
GCE

Au-Ag- NFX Water samples 0.0009-200  0.00014  This
ANCCs/f- work
MWCNTs-
CPE/ChCl

observed between Epa (V) and log v (mVs~1) for RAMP and NFX. The
slope of each plot corresponding to 2.303RT/anF was used to calculate
an. The values of an were 0.865 for RAMP and 0.804 for NFX. The
transfer coefficient () is typically assumed to be 0.5 for irreversible
electrode reactions [37]. The number of electrons (n) involved in the
electro-oxidation of RAMP and NFX are 1.73 and 1.61, respectively,
which is closely to two. It is in close agreement with previous reports [7,
15], which showed that the voltammetric oxidation of RAMP and NFX
involves the transfer of two protons and two electrons. The schematic
illustration for the electro-oxidation of RAMP and NFX is given in
Scheme 1.

3.4.4. Optimization of SWV parameters

SWV responses are largely dependent on three instrumental param-
eters: the amplitude, frequency, and step potential. Herein, the effect of
these experimental parameters on the current responses of 15 pM RAMP
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and NFX was examined. First, the effect of amplitude was examined
within the range of 10-70 mV while keeping the step potential and
frequency constant. The anodic current gradually increased up to 50 mV
for both analytes and then declined (Fig. S4A). Therefore, 50 mV was set
as the optimal amplitude for next the measurements. Next, while
keeping the amplitude and step potential constant, the frequency was
varied from 20 to 90 Hz. As shown in Fig. S4B, both analytes exhibited
the maximum current response at 70 Hz. Therefore, 70 Hz was selected
as the optimal frequency to determine the analytes. Finally, the influ-
ence of the step potential was examined within the range of 2-14 mV
while maintaining constant amplitude and frequency. The current re-
sponses of both RAMP and NFX increased up to 10 mV, but further in-
creases in the step potential resulted in a decrease in peak current
(Fig. S4C). Consequently, a step potential of 10 mV was selected as the
optimal value for subsequent experiments.

3.5. Determination of RAMP and NFX

3.5.1. Individual determination of RAMP and NFX

The SWV responses were carefully monitored in 0.1 M PBS under
optimized experimental conditions, using various concentrations of
RAMP and NFX. The anodic current response of RAMP and NFX
exhibited a significant increase with increasing concentration (Fig. 6A
and B). While examining RAMP individually, the oxidation current and
concentration showed a strong correlation in the linear range of 10
pM-120 pM, given by the equation Ipa (pA) = 0.72C (uM) + 2.85, (R2 =
0.999) (Fig. 6A and the inset graph). The LOD (36/m, S/N = 3, n = 5)
and LOQ (106/m, S/N = 3, n = 5) were calculated to be 2.33 pM and
7.78 pM, respectively. Similarly, NFX exhibits a linear response from
0.8 nM to 220 pM, expressed by the equation Ipa (pA) = 0.68C (uM) -
0.33 (R2 = 0.998) (Fig. 6B and inset graph). Notably, LOD and LOQ are
found to be 0.16 nM and 0.53 nM, respectively. The exceptionally low
LOQ and LOD values highlight the remarkable sensing capability of the
developed sensor, positioning it as an ideal tool for the accurate and
precise detection of RAMP and NFX residues in water samples.

3.5.2. Simultaneous determination of RAMP and NFX

This research aimed to develop an ultra-sensitive voltammetric
sensor for simultaneously detecting RAMP and NFX residues in water
samples using Au-Ag-ANCCs/f-MWCNTs-CPE/ChClL. Subsequently,
SWV was conducted under the optimized experimental conditions
within a potential range of 0.2-1.4 V. Fig. 7A illustrates a linear increase
in oxidation current corresponding to the concentrations of the analytes.
A strong correlation was observed between concentration and the
anodic current, ranging from 14 pM to 115 pM for RAMP and 0.9 nM to
200 pM for NFX, given by the equations: Ipa (pA) = 0.73C (pM) + 2.94
(R? = 0.996) for RAMP (Fig. 7B inset plot) and Ipa (uA) = 0.68C (pM) +

Table 2
Summary of spiking experiment results.
Samples Spiked (pM) Found (uM) Recovery (%) RSD (%)
RAMP NFX RAMP NFX RAMP NFX
Tap water 0 - - - - - -
5 4.93 4.86 98.6 97.2 2.46 2.33
15 15.24 14.87 101.6 99.1 2.59 2.51
25 24.69 24.26 98.8 97 3.23 1.62
35 35.17 35.82 100.5 102.3 1.74 1.89
River water 0 0.11 0.24 - - 3.49 3.27
5 5.12 5.08 98.2 98.8 2.49 2.65
15 14.74 15.39 96.9 101.7 1.53 1.52
25 25.26 24.56 100.2 97.7 2.84 2.6
35 36.22 34.83 102.9 99.1 2.59 2.38
Hospital wastewater 0 0.17 0.29 - - 3.56 4.16
5 5.42 5.25 103 101.2 2.56 2.43
15 15.02 14.71 98.3 96.8 1.78 1.94
25 25.71 25.91 101.8 102.9 2.52 2.69
35 34.43 34.98 97.6 99.4 2.72 2.59
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3.85 (R? = 0.998) for NFX (Fig. 7B). The LOD and LOQ for RAMP were
calculated as 2.7 pM and 8.85 pM, respectively, and for NFX, determined
as 0.14 nM and 0.47 nM, respectively. The remarkably low LOD and
LOQ values obtained while simultaneously determining RAMP and NFX
affirm the exceptional capability of the sensor in detecting ultra-trace
concentrations of these potentially hazardous residues in environ-
mental samples. Moreover, the sensor’s heightened sensitivity elevates it
to the forefront of electroanalytical chemistry, demonstrating its status
as a cutting-edge analytical tool. This combination of sensitivity and
analytical performance distinguishes the Au-Ag-ANCCs/f-MWCNTs-
CPE/ChCl as a pioneering platform in the field.

The efficiency of the developed sensor was assessed in comparison to
sensors recently documented in the literature. The comparison relies on
the basic parameters, particularly LOD and linear range. The proposed
sensor outperformed existing sensors with significantly lower LOD and a
broad linear range, as shown in Table 1. The remarkable performance
can be ascribed to the outstanding characteristics of the sensor,
including a higher electroactive surface area, high electrocatalytic ac-
tivity, and enhanced electrical conductivity, due to the synergistic ef-
fects of the introduced modifiers, Au-Ag-ANCCs, f-MWCNTs-CPE, and
ChCl. Therefore, Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl emerged as a
new standard for simultaneously determining RAMP and NFX residues
in water samples.

3.6. Repeatability, reproducibility and stability

SWV is a versatile electrochemical method for assessing the perfor-
mance of modified electrodes. It is an ideal technique for evaluating the
reproducibility, repeatability, and stability of modified electrodes. Here,
SWV was used to evaluate these aspects for Au—Ag-ANCCs/f-MWCNTs-
CPE/ChCl while quantifying RAMP and NFX simultaneously. First, the
repeatability was assessed by performing nine consecutive measure-
ments of 15 pM RAMP and NFX (Fig. S5A). The RSD values for the
anodic current responses were 4.32 % for RAMP and 4.28 % for NFX,
indicating acceptable repeatability for simultaneously determining the
analytes. Next, nine replicate square wave measurements were per-
formed using a single electrode to evaluate the reproducibility of Au-Ag-
ANCCs/f-MWCNTs-CPE/ChCl. The RSD values were 1.75 % for RAMP
and 1.49 % for NFX (Fig. S5B), indicating that the sensor exhibits
exceptional reproducibility in quantifying the analytes. Finally, the
current responses of the sensor were monitored weekly for seven weeks
to assess its storage stability. It was stored at 4 °C after each weekly use.
Remarkably, the sensor demonstrated long-term stability, with anodic
current responses decreasing by 10.09 % for RAMP and 9.8 % for NFX
over the entire storage period (Fig. S5C).

3.7. Selectivity

The selectivity of Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl was evalu-
ated by measuring the current response to 15 pM of RAMP and NFX in
the presence of potentially interfering substances. The tolerance limit,
which is the highest concentration of interferents that results in a rela-
tive percentage error of less than 5 % for analyte determination, was
determined. As illustrated in Table S1, the detection of 15 pM RAMP and
NFX was not significantly affected by the presence of potentially inter-
fering substances, even at higher concentrations. Commonly co-existing
antibiotics (cephalexin, chloramphenicol, tinidazole, azithromycin,
ampicillin, cloxacillin, and amoxicillin) at 150-fold excess amounts,
organic compounds (sucrose, folic acid, fructose, glucose, uric acid,
dopamine, urea, vitamin C, and lactose) at 250-fold excess concentra-
tions, and inorganic species (HCO3, NO3, SO?{, CO%f, cl, Caz+, KT,
Mg, Ccu?*, and Fe3*) at 750-fold excess concentrations did not
considerably affect the detection of RAMP and NFX. The relative per-
centage error values were below five percent for all interferents, con-
firming the high selectivity of the developed sensor.
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3.8. Real sample analysis

The performance of the fabricated sensor for simultaneously deter-
mining RAMP and NFX residues in water samples was assessed using
SWV. Various concentrations (0, 5, 15, 25, and 35 pM) of RAMP and NFX
were spiked into the water samples and analyzed without any pre-
treatment. The practical applicability of Au-Ag-ANCCs/f-MWCNTs-
CPE/ChCl was examined using the standard addition method (Table 2).
No voltammetric signals were detected for either RAMP or NFX in
unspiked tap water samples, indicating either the absence of the ana-
lytes or concentrations below detectable limits. Whereas, the current
responses increased linearly with the successive addition of standard
solutions. The recoveries of RAMP and NFX ranged from 96.9 % to 103
% and 96.8 %-102.9 %, respectively, demonstrating the accuracy and
precision of the developed method. In contrast, unspiked river and
hospital wastewater samples exhibited strong peak current responses,
suggesting the presence of polluting residues of RAMP and NFX. The
recoveries for river water (96.9 %-102.9 % for RAMP and 97.7 %-101.7
% for NFX) and hospital wastewater (97.6 %-103 % for RAMP and 96.8
%-102.9 % for NFX) were impressive and reassuring, confirming the
reliability and efficiency of the sensor. The overall average recoveries
ranged from 96.8 % to 103 %, with RSD below 5 %. This consistent and
robust performance highlights the practical utility of Au-Ag-ANCCs/f-
MWCNTs-CPE/ChCl for simultaneously detecting RAMP and NFX resi-
dues in water samples.

4. Conclusions

Herein, a novel ultrasensitive electrochemical sensing platform was
developed for simultaneously detecting RAMP and NFX residues in
water samples. Thorough comprehensive analyses of surface
morphology and elemental composition were performed using various
analytical and electrochemical techniques, Au-Ag-ANCCs/f-MWCNTs-
CPE/ChCl exhibited superior performance, surpassing recently reported
sensors by its lowest LOD and broader linear range. This superiority is
attributed to its exceptional features, including a larger electroactive
surface area, high electrocatalytic activity, and enhanced electrical
conductivity. The sensor showed excellent selectivity; even in the
presence of several coexisting interferents, including organic, inorganic,
and antibiotic species, its current response was not significantly
affected. Furthermore, it exhibited long-lasting stability, outstanding
reproducibility, and repeatability. Finally, the sensor was successfully
applied for simultaneously detecting RAMP and NFX residues in hospital
wastewater, river water, and tap water samples. The analysis result
showed the presence of RAMP and NFX residues in Akaki River and
hospital wastewater samples, suggesting a potential threats to human
health and ecosystems. To mitigate these risks, different measures such
as proper medication disposal, enhanced wastewater treatment, strin-
gent regulations, prudent antibiotic use, and public awareness are
imperative. Collaboration among scientists, policymakers, and stake-
holders is vital to addressing this issue through research, advocacy,
technological advancements, and community engagement. In general,
Au-Ag-ANCCs/f-MWCNTs-CPE/ChCl emerges as an ideal candidate for
real-time monitoring of life-threatening residues of RAMP and NFX in
water sources, offering promising solutions to safeguard water quality
and human health.
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Rifampicin and norfloxacin selection and their relationship

The selection of rifampicin and norfloxacin for the present study stems from their essential
role in clinical settings, where they are commonly prescribed for bacterial infections across a range
of illnesses. Given their widespread use, these antibiotics are commonly found in environmental
matrices such as water, soil, and food products, highlighting the importance of monitoring them to

ensure public health and safety.

Regarding the relationship between rifampicin and norfloxacin, it is important to note that
they belong to different classes of antibiotics and are used to treat different types of bacterial
infections. Rifampicin is a broad-spectrum antibiotic commonly used to treat tuberculosis and
other bacterial infections, while norfloxacin belongs to the fluoroquinolone class of antibiotics and
is primarily used to treat urinary tract infections and certain gastrointestinal infections. Despite
their differences, both rifampicin and norfloxacin are frequently found together in environmental
samples because of their widespread use. Therefore, studying the occurrence and behavior of these
antibiotics collectively provides valuable insights into their environmental fate, potential

interactions, and overall effect on public and environmental health.

The development of innovative electrochemical sensors for detecting rifampicin and
norfloxacin in water samples is crucial for ensuring human and environmental safety. Given that

antibiotic residues in water sources pose risks such as antibiotic resistance and adverse effects on
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aquatic ecosystems. Therefore, sensitive and selective electrochemical sensors play a vital role in

monitoring and mitigating antibiotic contamination, safeguarding human and environmental
health.
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Fig. S1. (A) CV for the electrochemical deposition of 0.002 M ChCl with 0.01 KCI in 0.1 M PBS
(pH 7.0) at the surface of Au-Ag-ANCCs/f-MWCNTs-CPE for 16 cycles at scan rate of 25 mVs ™
in the potential range of -1.7 V to 1.6 V, and (B) plot for the optimization of the number of
electrodeposition cycles vs. peak current of 15 uM RAMP and NFX.

Material characterization and electrochemical properties

Material characterization techniques, such as UV-Vis, FT-IR, XRD, EDX, and SEM play a
crucial role in understanding the composition, structural and surface properties of the modified
electrodes. By examining the structure and surface morphology, one can gain insights into the

nature of the modifications and the resulting changes in electrochemical behavior.

1. Surface characterization helps in elucidating the nature of the modifications applied to the
electrodes. For instance, SEM analysis can reveal changes in surface morphology, such as
roughness or the presence of deposited layers. This information aids in understanding the
structural changes induced by modifications and provides insights into the surface

chemistry, composition, and functional groups introduced. These modifications can



significantly affect the electrochemical properties of the electrode by altering the surface
energy, charge-transfer kinetics, and adsorption/desorption behavior of the analytes.

2. Modification of the electrodes often leads to changes in their functionality and electroactive
surface area. For example, functionalization with specific molecules or nanoparticles can
enhance electrocatalytic activity or increase the available surface area for electron transfer
reactions. Material characterization techniques can quantify these changes by measuring
parameters such as the surface roughness, surface area, and elemental composition. The
observed increase in the electroactive surface area directly influences the sensitivity,
selectivity, and detection limits of the sensor, in general, the electrochemical properties.

Therefore, the correlation between material characterization and electrochemical properties lies in
understanding how structural modifications affect surface properties relevant to electrochemical
processes. Characterization techniques provide valuable insights into the structural,
morphological, and compositional properties of the electrodes, which directly influence their
electrochemical behavior. By understanding how modifications impact the surface morphology,
surface chemistry, composition, and electroactive surface area, electrode design can be optimized
for enhanced electrochemical performance. This correlation underlines the importance of
employing comprehensive characterization approaches to tailor the electrode properties and
improve the sensor sensitivity, selectivity, and overall performance in electrochemical

applications.

Effect of electrolyte solutions
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Fig. S2. SWVs of 25 uM RAMP and NFX in different supporting electrolyte solutions.



Optimization of the number of electrodeposition cycles

The number of polymerization cycles has a significant effect on the performance of the
modified electrode. Increasing the number of cycle results in a thicker and more porous film, which
enhances sensor sensitivity. However, an excessively high number of cycles can reduce film
conductivity, diminishing the sensitivity of the sensor. We optimized the number of
polymerization cycles by conducting polymerizations in a 0.1 M PBS (pH 7.0) containing 0.002
M ChCl and 0.01 M KCI in the potential range of -1.7 V to 1.6 V at a scan rate of 25 mVs™ on
Au-Ag-ANCCs/f-MWCNTs-CPE surface. As shown in Fig. S1B, the peak current response
increased with the number of ChCI electrodeposition cycles at the Au-Ag-ANCCs/f-MWCNTs-
CPE surface up to 16 cycles, after which it decreases. This decrease is due to the excessive
accumulation of the ChCI film, which becomes thicker and more insulating. The thick layer
hinders efficient electron transfer between the Au-Ag-ANCCs/f-MWCNTs-CPE/ChCI and the
analytes, reducing electrode conductivity and sensitivity to analytes. Therefore, 16

electrodeposition cycles were chosen as the optimal value for subsequent experiments.
Optimization of the ratio of Au-Ag-ANCCs and f-MWCNTSs

In the field of electrochemical sensors, optimizing the mixing ratio of nanocomposites is of
great importance. This process allows researchers to improve the performance of a sensor to meet
the specific requirements for different applications. In this study, we investigated the mixing ratio
of Au-Ag-ANCCs and -MWCNTSs to achieve the highest peak current response in simultaneously
detecting 15 uM RAMP and NFX in environmental samples. As shown in Fig. SA, the optimal
mixing ratio of Au-Ag-ANCCs and f-MWCNTSs, which produced the highest anodic peak current
response was 1:1. The result indicates a remarkable synergy between the two nanocomposites. Au-
Ag-ANCCs have the inherent properties of high electrical conductivity and electroactive surface
area, which contribute significantly to the electrochemical response of the sensor. On the other
hand, -MWCNTSs have unique properties such as robust mechanical strength and exceptional
flexibility. When these two nanocomposites are mixed in a 1:1 ratio, their complementary
properties helps to develop a sensor with remarkable sensitivity to the target analytes. This
synergy, resulting from the interaction of Au-Ag-ANCCs and f-MWCNTSs, is reflected in the

ability of the sensor in the detection of RAMP and NFX. This makes it novel and an excellent



candidate for electrochemical applications that require high precision and accuracy. Therefore, we
determined that the 1:1 ratio of Au-Ag-ANCCs and f-MWCNTSs is the optimal configuration for
fabricating Au-Ag-ANCCs/f-MWCNTs-CPE/ChCI.
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Fig. SM1. Optimization diagram for the mixing ratio of Au-Ag-ANCCs and f-MWCNTSs (A) and
drop-casted volume of Au-Ag-ANCCs/f-MWCNTSs dispersion (B) to prepare the sensor.

Optimization of the drop-casted volume of nanocomposites

The volume of the drop-casted dispersion is vital because it can affect the thickness of the
coating and the performance of a sensor. The optimal volume of the drop-casted dispersion
depends on the specific sensor design and properties of the nanocomposite solution. A very small
volume will result in a thin layer that may not be sufficient to cover the entire surface of the sensor.
It can result in a poor signal transduction and reduced sensitivity. However, excess volume of the
dispersion can result in a thick layer that can block the pores of the sensor and hinder the
electrochemical reaction. Herein, the drop-casting volume of Au-Ag-ANCCs/f-MWCNTSs
dispersion was optimized to achieve the highest peak current response in simultaneously
determining 15 pM RAMP and NFX in water samples at the surface of Au-Ag-ANCCs/f-
MWCNTSs-CPE/ChCI. As shown in Fig. SB, the optimal drop casting volume of the Au-Ag-
ANCCs/f-MWCNTSs dispersion, which produced the highest anodic peak current response was 8



ML. Therefore, 8 uL of Au-Ag-ANCCs/f-MWCNTSs dispersion was selected as the optimum value

for preparing the proposed sensor in subsequent experiments.

Effect of scan rate
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Optimization of SWV parameters
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Repeatability, reproducibility and stability
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Selectivity

Table S1: The effect of co-existing species on the current response of the sensor in detecting
RAMP and NFX.

Relative Percentage Relative Percentage
Conc. Error (%) Conc. Error (%)

Interferents (M)  RAMP NFX Interferents (LM) RAMP NFX
Cephalexin 150 -4.7 -4.69 Sucrose 250 -2.15 -2.15
Chloramphenicol 150 -3.14 -3.05 Vitamin C 250 -2.21 -2.22
Tinidazole 150 -3.27 -3.26 Lactose 250 -2.15 -2.17
Azithromycin 150 -3.99 -3.98 HCOs 750 -0.76 -0.78
Ampicillin 150 -4.39 -4.38 NOs 750 -1.01 -1.02
Cloxacillin 150 -4.34 -4.25 SO4* 750 -0.96 -0.97
Amoxicillin 150 -4.02 -4.01 COz* 750 -1.1 -1.12
Fructose 250 -2.03 -2.11 CI 750 -1.2 -1.21
Uric Acid 250 -2.09 -2.09 Ca?* 750 -0.76 -0.78
Dopamine 250 -1.88 -1.89 K* 750 -1.01 -1.02
Glucose 250 -1.6 -1.68 Mg?* 750 -0.96 -0.97
Folic acid 250 -2.3 -2.31 Cu?* 750 -1.1 -1.12
Urea 250 -1.83 -1.85 Fe3* 750 -1.2 -1.21
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ARTICLE INFO ABSTRACT

Keywords: In this study, we have developed a novel, hypersensitive, and ultraselective electrochemical sensor containing
Anﬁbioitic residues thermally annealed gold-silver alloy nanoporous matrices (TA-Au-Ag-ANpM) integrated with f-MWCNTs-CPE
Sulfathiazole and poly(L-serine) nanocomposites for the simultaneous detection of sulfathiazole (SFT) and sulfamethoxazole
Sulfamethoxazole

(SFM) residues in honey, beef, and egg samples. TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) was charac-
terized using an extensive array of analytical (UV-Vis, FT-IR, XRD, SEM, and EDX), and electrochemical (EIS, CV
and SWV) techniques. It exhibited outstanding performance over a wide linear range, from 4.0 pM to 490 pM for
SFT and 4.0 pM to 520 pM for SFM, with picomolar detection and quantification limits (0.53 pM and 1.75 pM for
SFT, 0.41 pM and 1.35 pM for SFM, respectively). The sensor demonstrated exceptional repeatability, repro-
ducibility, and anti-interference capability, with percentage recovery of 95.6-102.4% in food samples and RSD
below 5%. Therefore, the developed sensor is an ideal tool to address the current antibiotic residue crisis in food

Gold-silver alloy nanoporous matrices
Electrochemical sensor
Food samples

sources.

1. Introduction

Antibiotics are substances that can kill microorganisms or inhibit
their proliferation. They are produced naturally by living organisms or
artificially in controlled laboratory environments (Bacanli & Basaran,
2019). Antibiotics represent a revolutionary breakthrough for the
treatment of infectious diseases. They are widely available, highly
effective, and have proven success in fighting bacterial infections. An-
tibiotics are among the most commonly prescribed therapeutic agents in
the world. They are also used in animal husbandry to improve feeding
performance, productivity, and growth (Ghasemabadi & Sadeghi,
2023). However, due to their ability to accumulate in the food chain,
even traces of antibiotics have detrimental effects on human well-being,
leading to harmful consequences, such as organ toxicity and hearing
impairment (Tadic et al., 2021). In addition, the widespread use and
misuse of antibiotics reduce the effectiveness of their therapy by pro-
moting the spread of resistance genes. Consequently, animals and
humans encounter a severe threat from the emergence of antibiotic-
resistant bacteria (ARB), which are expected to spread to other groups
of microorganisms (Tran et al., 2022). Therefore, the control of antibi-
otics is of utmost importance for human health and safety.

* Corresponding authors.

The misuse of antibiotics causes significant environmental pollution
and the accumulation of residual traces in edible products, such as dairy
products, eggs, honey, and milk (Wei et al., 2023). These residual
compounds can cause a spectrum of adverse effects including immu-
nopathological effects, carcinogenicity, genetic alterations, allergic re-
actions, fertility problems, and bone marrow and liver toxicity in
humans (Bacanli & Basaran, 2019). Furthermore, the misuse of antibi-
otics has led to the emergence of ARB, even without direct exposure to
antibiotics (Zainab et al., 2020). ARBs pose a global challenge that
threatens human and animal welfare, economic stability, food security,
and ecological balance. The annual number of ARB-related deaths has
exceeds 700,000, and projections indicate further escalation if not
intervened quickly (Hanna et al., 2023). The presence of antibiotic
residues in the environment plays an important role in the emergence
and spread of ARBs. There are different sources of antibiotic residues in
the environment, including the pharmaceutical and chemical sectors,
agricultural and food-related activities, healthcare facilities, and
municipal wastewater (Van Boeckel et al., 2014). Antibiotic residues in
the environment are emerging contaminants that pose latent health
risks. The most pressing hazard posed by antibiotic residues to the
environment and human well-being is their potential to accelerate the
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spread of ARB (Gokulan et al., 2017). Given the growing global concern
over antibiotic residues and their far-reaching consequences, the
development of a revolutionary analytical approach becomes an urgent
necessity to closely monitor and effectively address this pressing issue.

Sulfathiazole (SFT) (4-amino-N-(1,3-thiazol-2-yl)benzenesulfona-
mide) is a synthetic antibiotic with low-cost and potent therapeutic
properties. It is commonly used to treat bacterial infections in both
humans and animals. Its primary action is to induce bacteriostasis by
impeding the formation of dihydrofolic acid (Khan et al., 2006). The
extensive use of SFT in animal husbandry is the main reason for its
accumulation in various animal organs, leading to profound effects on
the hematopoietic system of humans and animals (Sun et al., 2020). SFT
is widely used in beekeeping to control Bacillus larvae. However, when
mixed with sucrose powder for administration to bees, the honey is
unintentionally contaminated with SFT residues. Moreover, SFT resi-
dues can contaminate animal products intended for human consump-
tion, such as meat, milk, and eggs, posing a potential risk (Sadeghi &
Oliaei, 2021). The extensive use of SFTs in healthcare and animal hus-
bandry has led to increased residues that are released into the envi-
ronment via human and animal excreta, either in their original form or
as metabolites (Wang et al., 2023). These residues are often found in
water bodies and food sources due to their increased mobility and
resistance to conventional wastewater treatment methods. SFT residues
not only pose potential risks to human health and ecological stability,
but can also induce genetic mutations in bacteria, thereby contributing
to the development of ARBs. Several countries have introduced strict
regulations for the use of pharmaceuticals, including SFTs, to protect
food safety by preserving the quality of animal products (Sun et al.,
2020). Therefore, the development of selective and sensitive electro-
chemical sensors to detect SFT residues in various matrices is crucial and
an active area of research.

Sulfamethoxazole (SFM) is a versatile bacteriostatic sulfonamide
antibiotic with a broad spectrum of activity that exhibits inhibitory ac-
tivity against a variety of bacterial strains, including both gram-positive
and gram-negative. SFM is commonly prescribed for the treatment of
chronic bronchitis and various infections affecting the intestine, respi-
ratory tract, and urinary tract in humans. SFM has also been used as a
growth promoter in animal husbandry (Chokkareddy et al., 2022; Pan
et al., 2023). At its core, it interferes with bacterial enzymes critical for
folic acid synthesis, an important component of bacterial proliferation
(De Oliveira et al., 2023). Folic acid is derived from dihydropteroic acid,
and SFM interferes with dihydropteroate synthase, thereby stopping the
production of dihydropteroic acid (Kumar et al., 2022a). The main
adverse effects of SFM include queasiness, gastrointestinal problems,
allergic reactions, dermatitis, vomiting, and loss of appetite. In addition,
prolonged exposure to SFM results in various blood-related abnormal-
ities, including a decreased platelet count, absence of granulocytes,
abnormal red blood cell formation, increased eosinophil levels, and
sulfhemoglobinemia (Yeh et al., 2022). SFM is the most important drug
used to treat tract infections, despite the fact that treatment failure has
been linked to growing bacterial resistance to this drug. In developing
countries, SFM is often used as first-line treatment, making bacterial
resistance a challenge, especially in the treatment of patients with severe
respiratory infections. The use of SFM to prevent Pneumocystis carinii
infections has led to a rapid increase in multidrug resistance of bacterial
pathogens in HIV/AIDS patients (Eliopoulos & Huovinen, 2001). In
addition, SFM is non-biodegradable; therefore, its residues and metab-
olites pose a significant threat to both food safety and the ecosystem.
SFM residues that accumulate in the environment result in bacterial
resistance, which ultimately leads to severe toxicity (Kumar et al.,
2022b). Therefore, the development of electroanalytical sensors capable
of accurately and sensitively detecting SFM residues in food samples is of
paramount importance to ensure consumer well-being and safety.

Nanoparticles made of bimetallic alloys have been thoroughly
investigated in the field of electrochemical sensing and have shown
remarkable features, such as increased sensitivity, high detection
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capability, and robust stability. These nanoparticles have attracted
considerable attention due to their superior properties compared with
their monometallic counterparts (Veerakumar et al., 2023). Their
morphology, size, and composition enhance their catalytic performance
and synergistic properties, which expand their potential applications in
cancer treatment, nanomedicine, catalysis, DNA delivery, and bio-
sensing (Das et al., 2023). Therefore, various studies have been con-
ducted on alloy nanoparticles with different morphologies to investigate
their potential applications in diverse fields. Yu et al. (2017) fabricated
hollow Au—Ag nanorices, opening up promising possibilities for surface
plasmon applications, such as SERS, PDSC, multipolar antennas, and
metamaterials. Li et al. (2018) pushed the limits of HoO, detection with
a highly sensitive microelectrode using Pt—Pd nanocorals prepared by
one-step electrochemical deposition. Swathy et al. (2023) developed a
turn-off fluorescence sensor for rapid detection of histamine in bi-
ologicals using tryptophan-capped Au/Ag bimetallic nanoclusters. Mao
et al. (2022) fabricated nanoparticles of Pt—Fe alloy on 3D N-doped
carbon nano-flowers, paving the way for efficient electrochemical bio-
sensors for early diagnosis and therapy of SCCA.

Multi-walled carbon nanotubes (MWCNTSs) are multipurpose mate-
rials with exceptional physicochemical properties, including
outstanding electrical conductivity, high surface area, broad potential
window, excellent electrocatalytic activity, robust surface antifouling
properties, and remarkable chemical stability. These properties make
MWCNTs a ubiquitous choice for electrode modifiers in electrochemical
sensors (Geng et al., 2024; Huang et al., 2021). However, due to the lack
of functional groups and limited number of active sites, MWCNTs are
poorly soluble and dispersible in organic and aqueous solvents.
Accordingly, the functionalization of MWCNTs prior to their use maxi-
mizes their surface properties and ensures homogeneous dispersion
(Arumugam et al., 2023). During functionalization, various groups,
including -COOH, -NH,, and —OH, are incorporated into the surface of
the nanotube. MWCNTSs can be functionalized using various techniques
including mechanical, chemical, electrochemical, and plasma methods
(Farag & Fattah, 2023).

Electropolymerization of i1-serine results in a conductive film con-
taining electroactive -NHy and -C=0 moieties. These moieties enable
interactions with the target analyte via hydrogen bonding or electro-
static forces, thereby increasing the sensitivity of the electrode (Rabie
et al., 2023). Poly(r-serine)-modified electrodes exhibit a high surface
area, exceptional flexibility, enhanced catalytic performance, and
improved chemical stability due to the robust attachment of the anionic
functional group of the polymer onto the electrode surface (Narayana
et al., 2015). Due to their strong interactions with the electrode surface,
they are promising materials for electrochemical sensing applications.
Modification of an electrode with poly(i-serine) can reduce over-
potential, improve electron transfer dynamics, and enrich analytes
during voltammetric reactions (Hung et al., 2022). Poly(i-serine) has
proven to be effective for the detection of a variety of analytes. Hung
et al. (2022) prepared a GCE modified with poly(i-serine)/r-GO/nafion
for the electrochemical identification of naproxen in aqueous solution.
Naderi and Jalali (2020) described the use of poly(i-serine)/AuNPs/
MWCNTs/GCE for the electrochemical detection of progesterone in
human blood serum. Harshitha et al. (2021) employed an electro-
polymerization technique to develop a poly(L-serine) modified CPE for
the electrochemical determination of catechol in coffee powder. Prinith
etal. (2021) developed and used a composite paste electrode containing
poly(i-serine), graphite, and carbon nanotubes to electrochemically
quantify riboflavin in pharmaceutical, beverage, and dairy samples.

Several analytical methods have been reported for the quantification
of SFT and SFM in a range of matrices, including HPLC-MS/MS (For-
nazari et al., 2021), chemiluminescence (Huamin et al., 2013), capillary
electrophoresis (Jamal et al., 2019), HPLC (Amini & Ahmadiani, 2007),
and immunoassay (Nesterenko et al., 2023). Although these methods are
sensitive and selective, they have some limitations, including complex
operational procedures, time-consuming sample preparation, longer
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analysis times, high equipment prices, and the need for skilled operators
(Adane et al., 2023a). However, voltammetric methods are cost-
effective, fast, user-friendly, highly selective, sensitive, portable, and
can be miniaturized. They also offer rapid analysis and require minimal
sample volume (Adane et al., 2023b). Therefore, electrochemical tech-
niques were the preferred choice for the simultaneous determination of
SFT and SFM in this study. Among the various electrochemical tech-
niques, SWV was chosen because of its several merits, including ultra-
fast analysis, negligible sample usage, background differentiation, and
enhanced selectivity (Williams et al., 2021).

In this study, we have developed a hypersensitive electrochemical
sensor, the first of its kind, by integrating TA-Au-Ag-ANpM with f-
MWCNT-CPE and poly(i-serine) nanocomposites for the simultaneous
detection of SFT and SFM residues in honey, beef, and egg samples. The
TA-Au-Ag-ANpM component enhances catalytic activity and stability
due to its nanoporous structure, whereas f-MWCNTs improve the con-
ductivity and surface area of the sensor. Additionally, poly(i-serine)
ensures biocompatibility and promotes effective analyte interactions.
Thus, the integrated nanocomposites synergistically contribute to the
superior performance of the sensor, offering exceptional sensitivity and
extraordinary selectivity. Before the electrochemical analysis, TA-Au-
Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) was exhaustively examined
using several analytical methods, including UV-Vis, FT-IR, XRD, SEM,
and EDX. Under the optimized experimental conditions, the developed
sensor exhibited remarkable performance, achieving picomolar detec-
tion limits and a wide linear range for the detection of target analytes.
The sensor outperformed recently reported sensors in terms of the
lowest LOD and a wider linear range, which is attributed to its
outstanding properties, including a larger electroactive surface area,
exceptional electrocatalytic activity, and remarkable electrical conduc-
tivity. Furthermore, the hypersensitivity and ultra-selectivity of the
sensor were proved by enhanced and well-defined current responses to
ultra-trace concentrations of the analytes. The current response of TA-
Au-Ag-ANpM/f-MWCNT-CPE/poly(i-serine) to the target analytes
remained unaffected in the presence of excess concentrations of poten-
tially interfering co-existing species. Consequently, the developed sensor
was successfully applied for the simultaneous detection of SFT and SFM
residues in different food samples.

2. Experimental
2.1. Chemical and reagents

All chemicals and reagents used in this study were of analytical
grade. Pristine multi-walled carbon nanotubes (MWCNTSs) with 99%
purity was purchased from Sigma-Aldrich, USA. Nitric acid (HNO3), and
sulfuric acid (H2SO4) were bought from Merck Chemicals, Germany.
Tetrachloroauric acid (HAuCly), silver nitrate (AgNOs), sodium boro-
hydride (NaBHj4), and sodium citrate (NagCgHs07) were purchased from
Shanghai Sinopharm Chemical Reagent Co. Ltd., China. Graphite pow-
der (BDH Laboratory Supplies Poole, England), and paraffin oil (Uvasol
Merck, Germany) were used for the preparation of carbon paste elec-
trode. i-serine (C3H;NOs3) was obtained from Aladdin (Shanghai,
China). Potassium hexacyanoferrate(IlI) (99%) was purchased from
BDH Chemicals Ltd., England. Polyethylene glycol 600 (PEG 600, MW =
570-630) was obtained from Chengdu Kelong Chemical Reagent Fac-
tory (Chengdu, China). Polyvinyl pyrrolidone (PVP, K15, MW = 40,000)
was obtained from Research Lab Fine Chem Industries (Mumbai, India).
All other chemicals and antibiotic standards were purchased from
Sigma-Aldrich, USA. Glassware was washed with aqua regia (HCI:HNOg
in a 3:1 ratio by volume) and rinsed with deionized water before the
experiments. All aqueous solutions were prepared with Milli-Q water
(18.2 MQ cm), which was obtained from a Millipore water purification
system.

A stock solution of 0.01 M SFT was prepared by dissolving 127.66 mg
of the SFT standard in 50 mL of DMSO. Similarly, a 0.01 M SFM stock
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solution was prepared by dissolving 126.64 mg of the SFM standard in
50 mL of DMSO. The stock solutions were diluted with 0.1 M PBS (pH 6)
to prepare working solutions for each target analyte.

2.2. Apparatus and instruments

Electrochemical measurements were performed in 20 mL cells using
a CHI 760D electrochemical analyzer (CH Instruments, USA). A con-
ventional three-electrode system was used throughout the experiment,
consisting of a working electrode (either bare CPE or modified CPE), a
platinum wire counter electrode, and silver-silver chloride (Ag/AgCl (3
M KCD)) reference electrode. The structural morphology was character-
ized using a scanning electron microscope (SEM, CX-200plus, Coxem,
Korea), and the elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDX). The X-ray diffraction (XRD)
pattern of the nanocomposites was recorded using a BRUKER ECOD 8
advance diffractometer with Cu Ka radiation (wavelength A = 0.15406
nm) at room temperature. Fourier transform infrared (FT-IR) spectra
were recorded using a PerkinElmer Spectrum 100 FT-IR spectrometer
(PerkinElmer, USA). UV-Vis spectra were recorded using a Lambda 950
UV-Vis spectrometer (PerkinElmer, USA). pH was measured using a
Senses Ion + MM150 pH meter (China). Solid chemicals were weighed
using an electronic digital balance (Model: Scientech ZSA 120, USA). A
centrifuge (model 8001, China) and an ultrasonic cleaner (model
YJ5120-B, China) were used during nanocomposite preparation. In
addition, a magnetic stirrer and a vacuum pump were used throughout
the experiment.

2.3. Sample preparation

2.3.1. Honey samples

Honey was purchased from a local supermarket in Addis Ababa,
Ethiopia. The samples were prepared as follows: 1.0 g of honey was
dissolved in 1.0 mL of 0.1 M HCl with magnetic stirring. A dilution ratio
of 1:10 (v/v) in PBS (pH 7.4) was used to reduce the matrix effect, and
then filtered through a 150 mm filter membrane before analysis. Af-
terwards, the samples were spiked with known concentrations of SFT
and SFM standards.

2.3.2. Beef samples

Beef samples were purchased from local butcheries in Addis Ababa,
Ethiopia. First, the samples were homogenized before extraction. To
extract the target analyte, 8 g of the homogenized beef sample was
mixed with 20 mL of a 0.1 M PBS solution. The meat sample and PBS
solution were thoroughly mixed using a vortex mixer to ensure complete
dispersion of the sample in the solvent. Subsequently, the mixture was
subjected to ultrasonic treatment for 45 min. This facilitates the efficient
extraction of the target analyte from the beef matrix, thereby enhancing
the quality and accuracy of our analysis. Then, the mixture was centri-
fuged at 4000 rpm for 15 min. Centrifugation was performed to separate
the constituents, and as a result, a clear solution containing the extracted
analyte was collected. Finally, the samples were spiked with appropriate
concentrations of SFT and SFM standard solutions.

2.3.3. Egg samples

Egg samples were collected from the Elfora Agro-Industries plc
poultry farm in Bishoftu, Ethiopia, and stored at 4 °C until analysis. The
samples were prepared as described below: first, the whole egg was
homogenized with constant stirring. Then, 10 mL of acetonitrile was
added to 5.0 g of egg in a 15 mL centrifuge tube. The mixture was
sonicated for 15 min, centrifuged at 2240 relative centrifugal force
(RCF) for 10 min, and then the supernatant was transferred to another
15 mL polypropylene centrifuge tube. 1.0 mL of 4.0 M ammonium ac-
etate buffer (pH 6.75) was then added to the mixture and vortexed.
Additionally, 20 mL of dichloromethane was added to the mixture and
centrifuged at 2240 RCF for 10 min. The supernatant was then collected
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and evaporated at 40 °C. Finally, the extract was re-dissolved in 2.0 mL
of PBS (pH 7.0) and filtered through a 150 mm filter membrane before
analysis.

2.4. Preparation of -MWCNTs and CPE

The f-MWCNTs was synthesized using a chemical oxidation process
(Konni et al., 2017). In this method, 3 g of pristine MWCNTs was
refluxed for 24 h in a 150 mL solution consisting of a 1:3 mixture of
HNOj3 and H3SO4. The reflux procedure was augmented by magnetic
stirring, facilitating the introduction of functional groups onto the sur-
face of carbon nanotubes. Subsequently, the mixture was allowed to cool
overnight. The resulting mixture was subjected to centrifugation, fol-
lowed by successive washings with distilled water and several filtrations
until the solution reached pH 7.0. The resulting acid-functionalized
MWCNTs (f-MWCNTs) was subjected to drying in an oven at 80 °C for
24 h.

A carbon paste electrode was crafted by thoroughly grinding 70 mg
of graphite powder with 30 pL of paraffin oil for 25 min using a mortar
and pestle. This homogenous mixture was then carefully packed into a 1
mL syringe fitted with a copper wire for electrical contact. The electrode
surface was meticulously smoothed on white paper until a mirror-like
finish was achieved. When a fresh electrode was required, the previ-
ous paste was carefully removed from the upper tip surface, replaced
with a new paste, and subjected to further polishing.

2.5. Synthesis of TA-Au-Ag-ANpM

The synthesis of TA-Ag-NpM was conducted as follows: initially, 0.1
M AgNOs3 and 0.1 M CTAB solutions were mixed in a 1:1 volume ratio,
serving as the precursor solution for stabilizing the nanoporous
matrices. Subsequently, for the controlled development of nanoporous
structures in subsequent reduction steps, the pH was regulated within
the range of 10 to 11 through the addition of 0.1 M NaOH. The reduction
of silver ions to form Ag nanoporous structures was initiated with a
gradual addition of 10 mL of 0.1 M NaBHjy4. Heating the mixture at
120 °C for 7 h in an oil bath promoted the interaction of AgNO3 and the
formation of a stable Ag nanoporous matrix. The solution was cooled to
room temperature, centrifuged to remove excess reactants, and thor-
oughly washed with ethanol to obtain the desired nanoporous Ag ma-
trix. A crucial step in the synthesis involved controlled thermal
treatment in an oven at 175 °C for 2 h. This annealing process plays a
pivotal role in consolidating the nanoporous Ag structure, leading to
enhanced stability and improved properties. The synthesized TA-Ag-
NpM was stored as a colloidal suspension by dispersing in distilled
water.

TA-Au-Ag-ANpM was synthesized using the galvanic replacement
reaction method (Yu et al.,, 2017). In this process, TA-Ag-NpM was
collected by centrifugation from a colloidal suspension, followed by re-
dispersion in distilled water. The resulting dispersion was mixed with a
solution of PVP (0.15 M, 6 mL) in a 100 mL flask. The assembled flask
was placed in an oil bath operating at 90 °C under continuous stirring,
and 4 mL of HAuCly4 solution (0.001 M) was added at a rate of 3 mL/h.
Ultimately, the synthesized TA-Au-Ag-ANpMs were centrifuged,
washed, and re-dispersed in 97% ethanol for subsequent experiments.

2.6. Preparation of TA-Au-Ag-ANpM/f-MWCNTs-CPE

To prepare the nanocomposite, 4 mg f-MWCNTSs was first dissolved
in 3 mL DMSO and homogenized with an ultrasonic device for 45 min.
Then, the f-MWCNTs solution was mixed with the TA-Au-Ag-ANpM
suspension (ratio 1:1) and sonicated for 45 min. Finally, 7 pL of TA-
Au-Ag-ANpM/f-MWCNTs dispersion was drop-casted onto CPE, dry at
40 °C for 15 min, and termed as TA-Au-Ag-ANpM/f-MWCNTs-CPE.
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2.7. Fabrication of TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(1-serine)

To fabricate the desired electrode, electropolymerization of r-serine
was performed at the surface of TA-Au-Ag-ANpM/f-MWCNTs-CPE by CV
for 12 consecutive potential sweeps between —1.7 Vand +1.6 Vin 0.1 M
BRB (pH 5.0) containing 0.04 M i-serine at a scan rate of 25 mVs !
(Fig. S1 A). Subsequently, the fabricated sensor (TA-Au-Ag-ANpM/f-
MWCNTs-CPE/poly(i-serine)) was rinsed with distilled water and made
ready for subsequent utilization.

3. Results and discussion
3.1. Analytical characterizations

The analytical investigation of TA-Au-Ag-ANpM/f-MWCNT-CPE/
poly(i-serine) provides a comprehensive understanding of the compo-
sition and structural features of the sensor. The complexity of the
developed sensor was investigated using various analytical techniques
such as UV-Vis, FT-IR, XRD, SEM, and EDX.

The UV-Vis spectrum of TA-Ag-NpM shows a sharp absorption peak
at Amax = 401 nm, indicating the localized surface plasmon resonance
properties of the Ag particles (Fig. 1A(a)). The sharpness of the peak
indicates that the particles are monodisperse and uniform in size. The
average size of TA-Ag-NpM particles was calculated to be approximately
38 nm. As shown in Fig. 1A(b), TA-Au-Ag-ANpM exhibited a pro-
nounced broad peak at Ay,ax = 416 nm, indicating that the incorporation
of Au into the alloy reduced the size (25 nm) and shifted the absorption
peak to a longer wavelength. The observed variations in the two spectra
were due to changes in the composition and dimensions of the thermally
annealed nanoporous matrices, which affected their optical properties.
Since the surface area has a direct influence on the catalytic activity, the
alloyed nanoporous matrix with the smallest particle size and largest
surface area showed superior catalytic performance during the prepa-
ration of the intended sensor.

The FT-IR spectrum of TA-Ag-NpM (Fig. 1B(a)) showed a reduced
intensity of the Ag—O stretching vibration at 572 cm™?, indicating the
partial breaking of Ag—O bonds during thermal annealing. Likewise, the
diminished stretching vibrations of C—O and C—O suggest the
restructuring of oxygen-related functional groups on the nanoporous
surface. The peak at 1754 em™! indicates the introduction of COOH
groups onto the TA-Ag-NpM surface. The FT-IR spectrum of TA-Au-Ag-
ANpM (Fig. 1B(b)) displays characteristic peaks associated with the
Au and Ag nanoporous matrices. Confirmatory stretching signals
included Au—O at 540 cm ™! and Au—Ag at 860 cm ™! (confirming the
alloying of Au and Ag). Silver-related stretching vibrations, such as
Ag—O at 568 cm ™', C—O at 1078 cm ™', and C—H at 2856 and 2929
cm™!, suggest the presence of silver atoms and stabilizing of alkyl
chains. The peaks at 1629 cm ™! and 3459 cm ™ indicate the presence of
C=0 and O—H on the nanoporous structure. The FT-IRs of TA-Au-Ag-
ANpM/f-MWCNT-CPE (Fig. 1B(c)) and TA-Au-Ag-ANpM/f-MWCNT-
CPE/poly(i-serine) (Fig. 1B(d)) exhibited high degree of similarity,
sharing the characteristic peaks associated with TA-Au-Ag-ANpM and f-
MWCNT-CPE. However, the electropolymerization of poly(i-serine)
onto TA-Au-Ag-ANpM/f-MWCNT-CPE introduced distinct peaks that
unequivocally differentiated the two materials. These peaks included
amide I (1460 crn’l) and amide II (1385 cm’l) stretching vibrations,
indicative of C=0 groups and N—H bending vibrations in poly(t-
serine). Additionally, the presence of the C—N stretching vibration at
1258 cm~! and the N—H bending vibration at 1168 cm™! further
confirmed the integration of poly(i-serine) into TA-Au-Ag-ANpM/f-
MWCNT-CPE.

XRD was used to evaluate the crystal structure and size of the
nanoporous matrix. Consistent results obtained from UV-Vis and XRD
measurements of the nanoporous matrix validated the structural fea-
tures determined using these techniques. The consistency of the results
enhances the reliability and validity of the findings, enabling a
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Fig. 1. (A) UV-Vis spectra of TA-Ag-NpM (a), TA-Au-Ag-ANpM (b), (B) FT-IR spectra, and (C) XRD patterns of TA-Ag-NpM (a), TA-Au-Ag-ANpM (b), TA-Au-Ag-

ANpM/f-MWCNTs-CPE (c), and TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) (d).

comprehensive understanding of the material. As shown in Fig. 1C(a),
the XRD diffraction peaks of TA-Ag-NpM at 20 = 34.3°, 38.1°, 39.9°,
44.2°, and 57.68° were indexed to the (100), (111), (200), (220), and
(311) planes, respectively, and are characteristic of face-centered-cubic
(FCC) structured Ag metal crystals (JCPDS PDF card number 04-0783),
which is consistent with previous reports (Al-Ansari et al., 2019). XRD
analysis of TA-Au-Ag-ANpM (Fig. 1C(b)) revealed a characteristic peak
at 26.54°, attributed to the (111) crystal plane, indicating the formation
of a potential intermetallic alloy compound. The amorphous structure of
the nanoporous matrix was further confirmed by the characteristic peak
at 23.92°, which was assigned to the (100) plane (Zhao et al., 2023). The
XRD peaks at 27.86°, 32.36°, and 46.36° (Fig. 1C(c)) correspond to the
(002), (004), and (100) planes of typical graphite, respectively (Zhu
et al., 2022), confirming the successful incorporation of -MWCNT into
TA-Au-Ag-ANpM. The XRD spectra of the TA-Au-Ag-ANpM/f-MWCNTs-
CPE/poly(i-serine) (Fig. 1C(d)) exhibited characteristic peaks of its
constituent components, TA-Au-Ag-ANpM, f~-MWCNTs-CPE, and poly(t-
serine), confirming the successful fabrication of the sensor.

The surface morphology of TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly
(i-serine) and its constituents were examined by SEM. The f-MWCNT-
CPE exhibited a uniform distribution of carbon nanotube within the CPE
(Fig. 2(a)). In addition to adequately dispersed pores and cavities, f-
MWCNT-CPE exhibited irregularly shaped agglomerates and uniform
surface roughness. As shown in the EDX spectrum of f-MWCNT-CPE

((Fig. S2(d)), it was primarily composed of C (78.9%) and O (21.1%),
indicating a high degree of purity. SEM examination of TA-Ag-NpM
revealed a porous crystalline structure with baked agglomerated silver
matrices of irregular shapes (Fig. 2(b)). These matrices were non-
uniformly distributed and possessed rough surfaces, which enhanced
the conductivity and overall performance of TA-Ag-NpM. The average
sizes of TA-Ag-NpM were found to be 36-41 nm, consistent with the
UV-Vis and XRD results. SEM analysis of TA-Au-Ag-ANpM (Fig. 2(c))
reveals a more or less uniform size distribution, with an average size of
21-26 nm. TA-Au-Ag-ANpM, similar to TA-Ag-NpM, had a porous
structure with rough and irregular crystalline facets. The EDX spectrum
of TA-Ag-NpM (Fig. S2(e)) showed the presence of C (43.18%), O
(4.8%), Br (4.05%), and Ag (47.97%); those of TA-Au-Ag-ANpM (Fig. S2
(f)) contained C (38.7%), O (4.3%), Br (3.63%), Ag (42.99%), and Au
(10.38%), indicating the successful integration of Au into TA-Ag-NpM.
The integration of gold into TA-Ag-NpM not only boosted the electro-
active area, but also facilitated electron transport, resulting in superior
catalytic performance. The TA-Au-Ag-ANpM particles were evenly
dispersed in the f-MWCNT-CPE (Fig. 2(d)), resulting in irregular and
porous cavities, suggesting that TA-Au-Ag-ANpM nanoparticles were
effectively integrated into the f-MWCNT-CPE. The elemental mapping of
TA-Au-Ag-ANpM/f-MWCNT-CPE (Fig. S2(i)) showed the presence of C
(41.2%), O (20.5%), Br (4.5%), Ag (26%), and Au (7.8%). The SEM
image of TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) (Fig. 2(e))
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Fig. 2. SEM images of f-MWCNTSs-CPE (a), TA-Ag-NpM (b), TA-Au-Ag-ANpM (c), TA-Au-Ag-ANpM/f-MWCNTs-CPE (d), and TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly
(i-serine) (e), and EDX spectra of TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) (f).

shows an amorphous and nanoporous matrix with an irregular
arrangement, significantly increasing the electroactive surface area. The
EDX spectra of TA-Au-Ag-ANpM/f-MWCNT-CPE/poly(i-serine) (Fig. 2
(f)) shows the presence of C (31.4%), N (3.0%), O (25.2%), Br (2.7%), Ag
(30.1%), and Au (7.6%), confirming the successful preparation of the
intended sensor.

3.2. Electrochemical characterization

EIS analysis was conducted using a 5 mM [Fe(CN)6]3’/ 4_ redox
probe containing 0.1 M KCl in the frequency range of 0.1 Hz to 100 kHz
(inset Fig. 3A). By fitting the data to a Randles equivalent circuit model,
the Nyquist plot provides values for the charge transfer resistance (Rep)
and diffusion coefficient of reactants and products, obtained from the
semicircle diameter and straight-line slope, respectively. As shown in
Fig. 3A, the bare CPE electrode exhibited the highest R value (4753 Q)
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due to its low conductivity. After modifying the CPE with f-MWCNTSs
and poly(i-serine) nanocomposites, the Rt reduced significantly (2674
Q). At the surface of TA-Au-Ag-ANpM/CPE, the R further decreased to
1921 Q. This demonstrates the excellent electrical conductivity of TA-
Au-Ag-ANpM and its ability to facilitate the flow of electrons between
the electrode and electrolyte solution. The given EIS curves also showed
that the R¢ of TA-Au-Ag-ANpM/f~-MWCNTs-CPE is much lower (718 Q)
compared to TA-Au-Ag-ANpM/poly(i-serine)/CPE (1223 Q). The
decreased R value of TA-Au-Ag-ANpM/f-MWCNTs-CPE can be attrib-
uted to the high electrical conductivity of the ffMWCNTs. Finally, the
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(r-serine) showed a significant
decrease in the Rq (194 Q) value, indicating its larger electroactive
surface area and excellent electrical conductivity due to the synergistic
effect of the nanocomposites.

CV was conducted to examine the electrical and surface properties of
individual electrodes at different stages within 0.5 mM [Fe(CN)6]3’/ 4
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Fig. 3. Nyquist plots (A) and CVs (B) of bare CPE (a), - MWCNTs-CPE/poly(i-serine) (b), TA-Au-Ag-ANpM/CPE (c), TA-Au-Ag-ANpM/poly(i-serine)/CPE (d), TA-Au-
Ag-ANpM/f-MWCNTs-CPE (e), and TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) (f).
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containing 0.1 M KCl at a scan rate of 50 mVs'. As shown in Fig. 3B,
both modified and bare electrodes exhibited a pair of redox peaks,
indicating a quasi-reversible electron transfer mechanism. Due to the
poor electrical conductivity, weak redox peaks with a peak-to-peak
separation (AEp) of 194 mV were observed at the bare CPE (Fig. 3B
(a)). A pair of distinct redox peaks with increased peak current responses
and a reduced AEp (141 mV) were observed at the surface of the f-
MWCNTs-CPE/poly(i-serine) compared to the bare electrode (Fig. 3B
(b)) due to the enhanced electrical conductivity of the modifiers. When
TA-Au-Ag-ANpM/CPE was used, a sharp and well-defined redox peak
with a remarkable increase in the peak current was observed (Fig. 3B
(c)). The observed decrease in AEp (0.101 mV), accompanied by
significantly elevated peak currents for TA-Au-Ag-ANpM/CPE, is the
best evidence for its exceptional electrical conductivity and electron
transfer ability. Furthermore, the CV of TA-Au-Ag-ANpM/f-MWCNTs-
CPE showed a higher redox peak current response and lower AEp than
that of TA-Au-Ag-ANpM/poly(i-serine)/CPE (Fig. 3B(d and e)), indi-
cating improved transfer of electrons and increased electroactive area
due to f-MWCNTs. However, the maximum current response was ach-
ieved at the TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) electrode
(Fig. 3B(f)), by decreasing AEp to 52 mV. The synergistic effects of the
nanocomposite modifiers enhanced the overall performance of the
proposed sensor, as supported by the agreement between the CV and EIS
results.

Electroactive surface area measurement is a critical phenomenon in
voltammetric reactions as it directly affects the catalytic efficiency and
sensitivity of the electrodes. As a result, CV was utilized to measure the
electroactive surfaces of the electrodes at different modification stages.
The electroactive surface areas were calculated using the Randles-Sevcik
eqg. (1) (Adane et al., 2024).

I, = 2.69x10°n*/2AD /2Cy"/2 @

where I, = peak current (A), A = electrode surface area (cmz), n=
number of electrons (n = 1), D = diffusion coefficient (cm? s’l), y = scan
rate (Vs’l), and C = concentration of [Fe(CN)6]3*/ 4= (mol cm ™). The
electroactive surface areas of bare CPE, f-MWCNTSs-CPE/poly(r-serine),
TA-Au-Ag-ANpM/CPE, TA-Au-Ag-ANpM/poly(i-serine)/CPE, TA-Au-
Ag-ANpM/f-MWCNTSs-CPE, and TA-Au-Ag-ANpM/f-MWCNTs-CPE,/poly
(-serine) were calculated as 0.041, 0.074, 0.111, 0.127, 0.146, and
0.179 cm? respectively. TA-Au-Ag-ANpM/f-MWCNTSs-CPE/poly(L-
serine) has more than a fourfold higher electroactive surface area than
the bare CPE due to the synergistic enhancement achieved by the inte-
gration of TA-Au-Ag-ANpM, f-MWCNTs, and poly(i-serine)
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nanocomposites.

3.3. Electrochemical behavior of SFT and SFM at different electrodes

The voltammetric characteristics of electrodes at different stages of
modification were studied using CV and SWV in 15 pM SFT and SFM
solutions in 0.1 M PBS (100 mVs ! scan rate). No discernible CV or SWV
peaks were observed in the blank solution, suggesting that the analytes
may be either absent or exist below the detection limits. The modifica-
tions made to the electrodes significantly enhanced the electrochemical
response of the analytes and shifted their peak potentials towards more
positive values. As depicted in Fig. 4A and B, the bare CPE displayed
weak and less pronounced anodic peak currents for SFT and SFM
oxidation, suggesting weak conductivity and sluggish electron transfer.
Modification of the bare electrode with f-MWCNTs-CPE/poly(i-serine)
enhanced the conductivity and electroactive area, resulting in an
elevated peak response compared to that of the unmodified electrode,
owing to the synergistic influence of f-MWCNTSs and poly(i-serine). TA-
Au-Ag-ANpM/CPE showed a more pronounced peak current response
than the bare and f-MWCNTs-CPE/poly(i-serine) electrodes. The
enhanced conductivity of the electrode was due to the porous structure
and single-crystal nature of the thermally annealed alloy matrix. The
porosity maximizes the active site exposure, whereas the single-crystal
composition minimizes the interfacial resistance owing to the absence
of grain boundaries (Sharma et al., 2017). The electrochemical oxida-
tion of SFT and SFM resulted in higher current responses with TA-Au-Ag-
ANpM/f-MWCNTs-CPE compared to TA-Au-Ag-ANpM/poly(i-serine)/
CPE. This suggests that the f-MWCNTSs have superior electron transfer
ability, enhanced conductivity, and a more active surface than poly(i-
serine). However, the maximum peak current response was observed for
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine). This indicates that the
nanocomposites synergistically boosted the electron flow, electroactive
area, and trace analyte detection. In general, the SWV results agreed
well with the CV findings. The SWV plot showed that the AEp between
SFT and SFM was 648 mV, which was large enough for the simultaneous
determination of the analytes.

3.4. Optimization of experimental conditions

3.4.1. Effect of electrolyte solution

Herein, we have investigated the effects of different supporting
electrolytes using SWV. The electrolytes tested were phosphate, acetate,
citrate, HoSO4, BRB, and citrate-phosphate buffer solutions. The exper-
imental findings showed that phosphate buffer solution (PBS) had the
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Fig. 4. Electrochemical responses of various electrodes to 15 pM SFT and SFM in 0.1 M PBS (pH 6) at 100 mVs ! using CV (A) and SWV (B).
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highest current response among all the electrolytes (Fig. S3). PBS was
superior to the other supporting electrolytes due to its remarkable per-
formance and pronounced influence on the shape of a voltammogram
and current response. Therefore, PBS was the best choice for simulta-
neously determining SFT and SFM.

3.4.2. Optimization of the number of electropolymerization cycles

To find the optimal number of polymerization cycles for r-serine, a
series of repetitive cycles were performed in a solution containing 0.04
M r-serine and 0.1 M BRB (pH 5.0). The cycles were performed within a
specified potential range (—1.7 V to 1.6 V) at a scan rate of 25 mVs " at
the TA-Au-Ag-ANpM/f-MWCNTs-CPE surface. The results show that the
peak current response increased as the number of i-serine electro-
polymerization cycles at the surface of TA-Au-Ag-ANpM/f-MWCNTs-
CPE increased (Fig. S1B). However, the response reached its maximum
at 12 cycles and started to decline afterward. The decline is due to an
excessive electropolymerization process, resulting in the formation of a
thicker and more insulating 1-serine layer at the surface of TA-Au-Ag-
ANpM/f-MWCNTs-CPE. As the 1-serine film becomes thicker, it impedes
the transfer of electrons between the TA-Au-Ag-ANpM/f-MWCNTs-CPE/
poly(i-serine) and the analytes detected. Consequently, electrode con-
ductivity and sensitivity decreased. Therefore, 12 polymerization cycles
were determined to be the optimal value for subsequent experiments.

3.4.3. Optimization of the ratio of TA-Au-Ag-ANpM and f-MWCNTs

To accomplish the optimization, the mixing ratio of two vital nano-
composites, namely TA-Au-Ag-ANpM, and f-MWCNTs, was closely
examined and adjusted to reach the sensor's peak performance level. A
methodical assessment was carried out to get the precise ratio that
would yield the highest performance for the sensor. Various combina-
tions of TA-Au-Ag-ANpM and f-MWCNTs were examined while all other
experimental parameters remained constant. Notably, the investigation
revealed that the highest peak current response, particularly in the
detection of 15 pM SFT and SFM at the surface of TA-Au-Ag-ANpM/f-
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MWCNTs-CPE/poly(i-serine), was observed when the mixing ratio of
TA-Au-Ag-ANpM to f-MWCNTs was at 1:1 (Fig. S5 A). Consequently, the
1:1 ratio of TA-Au-Ag-ANpM and f-MWCNTs was chosen as the optimal
ratio for fabricating the proposed sensor. The choice ensures that the
modified electrode maintains a perfect balance between the two com-
posites, thereby resulting in an electrode that excels in performance for
electrochemical sensing applications, particularly for determining SFT
and SFM residues in food samples.

3.4.4. Optimization of drop-casted volume

A small volume results in a thin layer that may not cover the entire
sensor surface, which can result in poor signal transmission and reduced
sensitivity. A large volume can result in a thick layer that can block the
pores of the sensor and disrupt the electrochemical reaction. In this
study, the drop-cast volume of TA-Au-Ag-ANpM/f~-MWCNTs dispersion
was optimized to achieve the highest peak current response from the TA-
Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) sensor while detecting 15
pM SFT and SFM. As shown in Fig. S5B, the optimal amount is 7 pL as it
produces the highest anodic current responses.

3.4.5. Effect of pH

Electrochemical measurements are very sensitive to the pH of the
electrolyte. It affects the electrode stability, current response, analyte
mobility, and stability. Therefore, the selection of an appropriate pH is
essential for accurate and reliable measurements. SWV was employed to
evaluate how the electrochemical responses of 15 pM SFT and SFM
varied with the PBS pH, ranging from 4.0 to 8.0 using TA-Au-Ag-ANpM/
f-MWCNTs-CPE/poly(i-serine). Fig. 5A shows that the anodic current
responses of the SFT and SFM increased as the pH increased from 4 to 6
and then decreased at higher pH values. Therefore, 0.1 M PBS pH 6.0
was chosen as the optimal pH for subsequent experiments, as it gave a
well-defined voltammogram with higher sensitivity (Figs. 5B(a) and 5C
(a)). Moreover, as the pH of the PBS solution increased, the anodic po-
tentials of both SFT and SFM steadily shifted towards lower positive
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Fig. 5. (A) SWV of 15 uM SFT and SFM at different pH of PBS, (B) and (C) pH vs. Ipa (pA) (a) and pH vs. Epa (V) (b) of SFT and SFM, respectively.
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values. This trend indicates the crucial role of protons in the electro-
oxidation reaction. The regression equations are Epa (V) =
0.296-0.054 pH (R? = 0.998) (Fig. 5B(b)) and Epa (V) = 0.901-0.049
pH (R2 = 0.994) (Fig. 5C(b)) for SFT and SFM, respectively. The slope
values of 0.054 and 0.049 V/pH for SFT and SFM, respectively, were
close to the theoretical Nernstian value of 0.059 V/pH. This suggests
that an equal number of electrons and protons are involved in the
electro-oxidation of the analytes, which is in accordance with earlier
reports (Balasubramanian et al., 2018; Ghasemabadi & Sadeghi, 2023).

3.4.6. Effect of scan rate

Electrochemical responses of 15 pM SFT and SFM at the surface of
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) were studied in 0.1 M
PBS (pH 6) using SWV within a scan rate ranges of 25-325 mVs '
Fig. S4A shows that increasing the scan rate resulted in a higher Ipa (nA)
response and a shift to a more positive oxidation potential. Furthermore,
the absence of cathodic peaks in the back-scan confirms the fully irre-
versible nature of the electrochemical reactions at the sensor surface.
The Ipa (pA) of the SFT and SFM increased linearly with the square root
of the scan rate. The correlation equations are found to be Ipa (pA) =
0.49 y1/2 (mVs’1)1/2—0.17 (R2 = 0.997) for SFT and Ipa (pA) = 0.77 yl/2
(mVs’l)l/ 21 2.81 (R? = 0.994) for SFM, as illustrated in Fig. S4B(a and
b), respectively. This observation suggests that the electrochemical ox-
idations of SFT and SFM are primarily controlled by diffusion processes,
which agrees well with previous research findings (Balasubramanian
etal., 2018; Maheshwaran et al., 2022). Furthermore, the plots of log Ipa
(pA) vs. log v (mVs 1) are linearly correlated and given by log Ipa (pA) =
0.55 v (mVs’l) ~0.47 (R? = 0.991) for SFT and log Ipa (pA) = 0.47 v
(mVs™1) + 0.28 (R% = 0.994) for SFM, as depicted in Figs. S4C(a and b)).
Notably, the slopes of the lines are 0.54 and 0.47, closely approximating
the theoretical value of 0.5. This correspondence highlights the domi-
nant effect of diffusion-controlled mechanisms on TA-Au-Ag-ANpM/f-
MWCNTs-CPE/poly(i-serine). Laviron's theory of irreversible electrode
processes, as described in Eq. (2) (Adane et al., 2024) was used to
determine the number of electrons (n) involved in the electrode reac-
tion, establishing a relationship between Ep (V) and log v (mvs™h.

2.303RT, RTK® 2.303RT
+ log + logv

E,=F°
P onF anF onF

(2)

where, E® = formal potential, v = scan rate, T = temperature, F =
Faraday constant, k® = heterogeneous rate constant, R = universal gas
constant, and n = number of electrons. A strong correlation was found
between the plots of Epa vs. log v (mVs 1), for both SFT and SFM. The
slope of each plot, corresponding to 2.303RT/anF, was used to calculate
an. The values of an were 0.984 and 0.899 for SFT and SFM, respec-
tively. The transfer coefficient () is typically assumed to be 0.5 for
irreversible electrode reactions (Adane et al., 2023a). The numbers of
electrons (n) involved in the electrochemical oxidation of SFT and SFM
were 1.968 and 1.798, respectively, which were close to two. It is in line
with earlier research that reported the transfer of two protons and two
electrons during the electrochemical oxidation of SFT and SFM (Bala-
subramanian et al., 2018; Maheshwaran et al., 2022). Schematic illus-
trations of the possible electrochemical reactions of the SFT and SFM at
the surface of the sensor are provided in Scheme S1.

3.4.7. Optimization of SWV parameters

SWV responses are largely dependent on three instrumental param-
eters: amplitude, frequency, and step potential. Herein, the effect of
these experimental parameters on the current responses of 15 pM SFT
and SFM were examined in 0.1 M PBS (pH 6). First, the effect of
amplitude was investigated in the range of 40-120 mV at a constant
frequency and step potential. The anodic current increased to 90 mV for
both analytes and then decreased (Fig. S6 A). Therefore, 90 mV was set
as the optimal amplitude for next measurements. Subsequently, the in-
fluence of frequency was investigated in the range of 20-80 Hz while
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keeping amplitude and step potential constant. The current response
showed a direct correlation with frequency, peaking at 50 Hz (Fig. S6B).
As a result, 50 Hz was selected as the optimal frequency for subsequent
experimental procedures. Finally, the influence of the step potential was
investigated in the range of 2-16 mV while keeping the other parameters
constant. As shown in Fig. S6C, the anodic currents for both analytes
increased with increasing step potential, reaching a maximum at 10 mV
before decreasing. Consequently, 10 mV was chosen as the optimal
value for subsequent experiments.

3.5. Simultaneous determination of SFT and SFM

The relationship between analyte concentration and peak current
response is essential for quantifying analytes in real samples and
determining their LOD and LOQ. To evaluate the electroanalytical per-
formance of TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine), SWV was
used to determine varying concentrations of SFT and SFM under the
optimized experimental conditions. Fig. 6A demonstrates a direct rela-
tionship between the anodic current and the concentrations of SFT and
SFM. The oxidation current gradually increases with consistent in-
creases in analytes concentration. The anodic current was linearly
correlated with concentrations between 4 pM and 490 puM for SFT, and 4
pM to 520 pM for SFM. The corresponding linear regression equations
were Ipa (pA) = 0.78C (uM) + 7.04 (R? = 0.9992) for SFT (Fig. 6B(a))
and Ipa (pA) = 1.01C (uM) + 8.88 (R% = 0.9991) for SEM (Fig. 6B(b)).
The LOD (36/m, S/N = 3, n = 7) and LOQ (106/m, S/N =3, n = 7)
values for SFT were determined to be 0.53 pM and 1.75 pM, while for
SFM, they were found to be 0.41 pM and 1.35 pM, respectively.

Furthermore, the performance of the developed sensor was exten-
sively compared with those of recently reported sensors in terms of the
linear range and detection limit. As shown in Table 1, TA-Au-Ag-ANpM/
f-MWCNTs-CPE/poly(i-serine) exhibited superior performance with
extremely low detection limits and wide linear ranges, outperforming all
recently reported sensors. It is because of the improved electroactive
surface area, excellent electrocatalytic activity, and enhanced electrical
conductivity of the constituents of the sensor. This significant advance in
electrochemical sensor technology represents a breakthrough and
remarkable contribution to the scientific community, making the sensor
an excellent candidate for the simultaneous determination of SFT and
SFM residues in food samples.

3.6. Reproducibility, repeatability and stability

SWV is a powerful electrochemical technique that can provide ac-
curate and quantitative information on the performance of modified
electrodes. Its versatility makes it ideal for evaluating the reproduc-
ibility, repeatability, and stability of modified electrodes. Herein, SWV
was used to assess the reproducibility, repeatability, and stability of TA-
Au-Ag-ANpM/f-MWCNTs-CPE/poly(r-serine) ~while simultaneously
quantifying 15 pM SFT and SFM in 0.1 M PBS. First, ten different elec-
trodes were prepared under identical conditions to evaluate the repro-
ducibility of the fabricated sensor. The RSD values were 2.96% for SFT
and 2.77% for SFM (Fig. S7A). These results demonstrate the excep-
tional reproducibility of the sensor, confirming its capability to detect
SFT and SFM residues in honey, beef, and egg samples. Next, nine
replicate square wave measurements were performed using a single
electrode to evaluate the repeatability of TA-Au-Ag-ANpM/f-MWCNTs-
CPE/poly(i-serine). The RSD values were 2.2% for SFT and 2.36% for
SFM (Fig. S7B), suggesting that the sensor has a very good repeatability
to quantify the analytes. Finally, the current responses of the sensor were
monitored weekly for two and a half months to measure its stability. It
was stored at 4 °C after each weekly use. Remarkably, the sensor
demonstrated long-term stability, with anodic current responses
decreasing by only 5.27% for SFT and 5.11% for SFM over the entire
storage period (Fig. S7C).
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6. SWV corresponding to various concentrations of the analytes (A) and Ipa (pA) vs. conc. (B).

Table 1

Evaluating the performance of developed sensor in comparison to recent technology.
Electrodes Targets Matrices Linear range (uM) LOD (M) Ref.
MIP/CuS/Au-COF/GCE SFT Chicken and pork liver 10 pM-100 4.3 pM (Sun et al., 2020)
TASV/GCE SFT River water and urine 0.01-364 0.0058 (Maheshwaran et al., 2022)
N, B, F-CDs SFT River water, soil, milk, and egg samples 31.3-39.2 0.216 (Chen et al., 2021)

39.2-176

Mn304/g-C3N4/CPE SFT Water and milk samples 0.75-100 0.11 (Ghasemabadi & Sadeghi, 2023)
Poly(IL)CuNCs SFT Milk and honey 99.8-509 27.4 (Sadeghi & Oliaei, 2021)
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) SFT Honey, beef, and egg samples 4 pM - 490 0.53 pM This work
Ce(III)-doped CuO/SPE SFM Biological and drug samples 0.03-360 0.01 (Akbari et al., 2022)
IL-f-ZnONPs/MWCNTs-GCE SFM Pharmaceuticals 0.025-2.53 0.025 (Chokkareddy et al., 2022)
TFAB-COF/PANI/GCE SFM Environmental water 1-450 0.107 (Pan et al., 2023)
3Ds-CME/AgNPs SFM Different samples 10-50 0.96 (De Oliveira et al., 2023)
GR-ZnO/GCE SFM Lake water, tap water, urine and serum 1-220 0.4 (Yue et al., 2020)
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(i-serine) SFM Honey, beef, and egg samples 4 pM-520 0.41 pM This work

3.7. Selectivity

Determining the selectivity of TA-Au-Ag-ANpM/f-MWCNTs-CPE/
poly(i-serine) is essential for its practical applicability. SWV was
employed to assess its selectivity for detecting 15 pM SFT and SFM in the
presence of potentially interfering substances. SFT and SFM measure-
ments were considered to be unaffected by interfering species if resulted
in a relative error of less than 5%. As shown in Table S1, the detection of
25 uM SFT and SFM was not affected by up to 800-fold excess of
commonly co-exiting species in food samples (lactose, ascorbic acid,
urea, dopamine, uric acid, folic acid, glucose, sucrose, and fructose), 250
times for antibiotics (ciprofloxacin, azithromycin, metronidazole, tini-
dazole, cloxacillin, ampicillin, amoxicillin, chloramphenicol, erythro-
mycin, and cephalexin), and 1000 times higher for inorganic species
(Ca®*, HCO3, K*, NO3, Mg?*, c0%~, S02-, Ccu*, CI-, and Fe*"). In
general, the fabricated sensor is a promising tool for ensuring food safety
and public health. Its exceptional selectivity makes it a valuable device
for regulatory agencies, pharmaceuticals, food producers, and
consumers.

3.8. Analytical applications

The practicability of TA-Au-Ag-ANpM/f-MWCNT-CPE/poly(i-
serine) for application in real samples was evaluated by spiking exper-
iments using SWV. The standard addition method was used to determine
the percentage recoveries. Known concentrations of the SFT and SFM
standards (0, 5, 10, 25, and 50 uM) were added to the food samples
(Table 2). Before the standards were added to the honey, beef, and egg
samples, their initial current responses were recorded. No current re-
sponses were observed in the unspiked samples, indicating the absence
of SFT and SFM residues or their concentrations were below the
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Table 2
Summary of triplicate spiking experiment results.
Samples Spiked (pM) Found (uM) Recovery (%) RSD (%)
SFT SFM SFT SFM SFT SFM
Honey 0 - - - - - -
5 5.12 5.08 102.4 101.6 2.21 1.98
10 9.68 10.12 96.8 101.2 1.76 1.79
25 25.37 24.76 101.5 99.04 2.53 2.49
50 48.78 47.82 97.6 95.6 2.07 2.11
Beef 0 - - - - - -
5 4.87 5.09 97.4 101.8 1.89 2.03
10 10.26 10.23 101.6 102.3 1.56 1.78
25 25.12 24.89 100.5 99.6 2.54 2.26
50 51.18 48.98 102.4 98 2.84 2.98
Egg 0 - - - - - -
5 5.07 5.06 101.4 101.2 1.56 1.58
10 10.03 10.08 100.3 100.8 1.82 1.76
25 24.18 24.69 96.7 98.8 1.94 1.94
50 48.87 51.11 97.7 102.2 1.75 1.67

detection limit. Then, the percentage recoveries were determined in
spiked food samples, which ranged from 96.7 to 102.4% for SFT and
95.6 to 102.3% for SFM. The RSD values were also low, ranged from
1.56 to 2.84% for SFT and 1.58 to 2.98% for SFM. In addition, the
validity of the developed method was verified by performing analyses
for SFT and SFM drugs from a local pharmacy, which were used as
reference materials. As shown in Tables S2 and S3, the amounts of SFT
and SFM detected with the developed sensor were comparable to those
values labeled by the manufacturers of the analytes. The results further
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conform the accuracy and precision of the developed method. In gen-
eral, the exceptional recoveries, lower RSD values, and results from
method validation analysis show that TA-Au-Ag-ANpM/f-MWCNT-CPE/
poly(i-serine) is a highly effective and reliable innovation for the
simultaneous detection of SFT and SFM residues in practical
applications.

4. Conclusion

In this study, a novel electrochemical sensor comprising a thermally
annealed gold-silver alloy nanoporous matrix decorated with f-
MWCNTs-CPE and poly(i-serine) composites was developed for the
simultaneous determination of SFT and SFM residues in honey, beef, and
egg samples. The morphological and elemental composition of the
developed sensor were examined using various analytical techniques.
TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(r-serine) was found to be supe-
rior to recently reported sensors with the lowest LOD and a broader
linear range owing to its exceptional features: higher electroactive sur-
face area, high electrocatalytic activity, and enhanced electrical con-
ductivity. The sensor responses withstanding the influence of potentially
interfering substances, including organic, inorganic, and antibiotic
species, demonstrate its remarkably high selectivity. In addition, the
sensor exhibited exceptional repeatability, reproducibility, and long-
term stability. Therefore, TA-Au-Ag-ANpM/f-MWCNTs-CPE/poly(L-
serine) is the best tool for real-time monitoring of life-threatening resi-
dues of SFT and SFM in food samples.
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Fig. S1. CV for the electropolymerization of 0.04 M L-serine with 0.1 M BRB (pH 5.0) at the
surface of TA-Au-Ag-ANpM/f-MWCNTs-CPE for 12 consecutive potential sweeps between -1.7
to 1.6 V, and (B) plot for the optimization of the number of electropolymerization cycles vs. Ipa
(LA) of 15 pM SFT and SFM.
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Fig. S2. SEM and EDX spectra of f-MWCNTSs-CPE (a and d), TA-Ag-NpM (b and e), TA-Au-
Ag-ANpM (c and f), TA-Au-Ag-ANpM/-MWCNTSs-CPE (g and i), and TA-Au-Ag-ANpM/f-
MWCNTs-CPE/poly(L-serine) (h and j), respectively.
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Fig. S3. SWVs of 15 uM SFT and SFM in different supporting electrolyte solutions.
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Scheme. S1. Schematic illustrations for the possible electrochemical reactions of SFT and SFM at
the surface of the sensor.
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Fig. S6. The effect of SWV parameters: amplitude (A); frequency (B); and step potential (C) on

the anodic current responses of 15 uM SFT and SFM.

Reproducibility, repeatability and stability

70
60-
50-
<404
3|
< 304

20-

10+

1™

SFT
RSD
2.96%

709
604
504

404

Iga (¢
C".)

20+

10

EF E6 E7

El E2 E3 E4
NQ of Electrodes

E8

E9 EI0

SFM
/ RSD
2.36%
%SFT {» — M1
{, SFM —_— M2
% 1] i -
— M4
—— M5
—— M6
— M7
— M8
— M9
3 M4 M5 /M6 M7 9\/
Ne of Measufements

0.0

0.2

04 06
Epa (V) vs Ag/AgCl

0.8

0 o0

0.

2 0.4 0.6 0.8
Epa (V) vs Ag/AgCl

1.0



70 s (C)

Initial (100%)

W10 (94.73%)

Initial
— W1
— W2
— W3
W4
W5
— W6
— W7
— W8
el — W8
W10

W = N2 of Weeks

02

0.4 0.6 0.8

Epa (V) vs Ag/AgCI

1.0

Fig. S7. (A) Reproducibility of ten electrodes, (B) repeatability of nine consecutive SWV
measurements, and (C) ten week stability of TA-Au-Ag-ANpM/f-MWCNTSs-CPE/poly(L-serine)

(Inset: bar graphs).

Selectivity

Table S1: The effect of co-existing species on the current response of the sensor

Relative Percentage Relative Percentage
Conc. Error (%) Conc. Error (%)

Interferents (LM) SFT SFM Interferents (LM) SFT SFM
Lactose 800 2.21 2.19 Amoxicillin 250 4.52 4.47
Ascorbic Acid 800 2.54 2.52 Chloramphenicol 250 4.37 4.31
Urea 800 2.67 2.69 Ampicillin 250 4.53 4.58
Dopamine 800 2.57 2.57 Cephalexin 250 4.12 4.19
Uric Acid 800 2.06 2.09 Ca®* 1000 0.97 0.97
Folic Acid 800 2.87 2.88 HCOs 1000 1.02 1.06
Glucose 800 2.11 2.14 K* 1000 1.54 151
Sucrose 800 2.49 2.51 NOs 1000 1.78 1.71
Fructose 800 2.28 2.32 Mg?* 1000 1.35 1.29
Ciprofloxacin 250 4.27 4.27 COs* 1000 1.18 1.06
Azithromycin 250 4.13 4.16 SO4* 1000 1.72 1.64
Metronidazole 250 4.28 4.33 Cu®* 1000 1.66 1.62
Tinidazole 250 451 4.49 CI 1000 1.27 1.24
Cloxacillin 250 4.33 4.33 Fe¥* 1000 1.05 1.05




Table S2. The amount of SFT detected in the pharmaceutical sample using the developed sensor.

Sample Detected | Labelled amount | Recovery RSD

SFT (uM) | Found* (uM) | (mg/tablet) (mg/tablet) (%) (%)

Eli Lilly and 5 4.94 247.0 250 98.8 2.43
Company 10 9.83 24538 250 98.3 1.85
Indianapolis, |25 24.77 2477 250 99.1 1.76
USA 50 48.91 2446 250 97.8 2.24

*Mean values of triplicate measurements

Table S3. The amount of SFM detected in the pharmaceutical sample using the developed sensor.

Sample Detected | Labelled amount | Recovery RSD

SFM (uM) | Found* (uM) | (mg/mL) (mg/mL) (%) (%)
TEVA 5 4.86 77.8 80 97.2 2.31
Pharmaceutical 10 9.88 79.1 80 98.8 1.86
Ind. Ltd., 25 24.67 78.9 80 98.7 1.97
Israel 50 49.56 79.3 80 99.1 2.42

*Mean values of triplicate measurements
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ABSTRACT

The extensive use of antibiotics in humans and animals has resulted in the presence of their
residues in food and the environment, posing a substantial threat to human health, the environment,
and the global economy. Herein, we developed a pioneering, hypersensitive, and ultraselective
electrochemical sensor using gold-silver alloy nanocoral clusters (Au-Ag-ANCCs) decorated with
reduced graphene oxide (r-GO) and poly(L-histidine) composites for the simultaneous
determination of vancomycin (VAN) and ceftriaxone (CFT) residues in food samples. The
developed sensor (Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE) was characterized using a wide
variety of analytical techniques, including UV-Vis, FT-IR, XRD, SEM, and EDX. The
electrochemical behavior of the sensor was examined by electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and square wave voltammetry (SWV). The sensor demonstrated
extraordinary performance within a broader linear range from 1.0 pM to 120 uM for VAN and
from 1.0 pM to 290 uM for CFT. The limit of detection (LOD, 3o6/m, S/N = 3 and n = 10) and
limit of quantification (LOQ, 106/m, S/N = 3 and n = 10) are 0.11 pM and 0.36 pM for VAN, and
0.017 pM and 0.057 pM for CFT, respectively. Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE
exhibited exceptional reproducibility, stability, and anti-interference capability. Moreover, the
sensor was successfully applied to detect VAN and CFT residues in food samples (chicken meat,
fish, and milk) and provided remarkable recoveries (96.2-102.1%) and relative standard
deviations below 5%. Therefore, the fabricated sensor exhibited outstanding performance in
detecting the target analytes, making it an ideal tool for addressing the prevailing global antibiotic

residue crisis in food samples.
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1. Introduction

Antibiotics are highly effective agents that have both bacteriostatic and bactericidal
properties against harmful microorganisms. They are therefore widely used in the treatment of
various infectious diseases in humans and animals. In addition, antibiotics are frequently used in
animal husbandry to promote growth and to improve feeding performance. Antibiotics are also
administered to animals to control their reproductive cycle, breeding performance, and prophylaxis
[1]. In humans, antibiotics are mainly used to treat infections of genitals, abdomen, urinary tract,
skin, and gastrointestinal tract. They are also used to treat leprosy, tuberculosis, streptococci,
bronchitis, pneumonia, arthritis, sinusitis, and typhoid fever. Their main mechanisms of action
include preventing the synthesis of bacterial cell walls and proteins, limiting the synthesis of
bacterial DNA, impeding the elongation of nascent RNA, and killing microbial communities [2].
Antibiotic residues, which are persistent organic pollutants, are released into the environment from
hospitals and pharmaceutical industries, as well as through the direct disposal of unused or expired
drugs. In addition, most antibiotics are poorly absorbed and not fully metabolized by humans and
animals. Therefore, a high percentage of the ingested dose of most antibiotics is excreted through
urine and feces within a few hours of administration, either as precursors or metabolites, and is
released into the environment [3]. The administration of antibiotics in livestock farming can also
result in the accumulation of their residues in animal derived food. As a result, humans are
susceptible to the fatal toxic effects of antibiotic residues, including liver toxicity, kidney damage,
allergic reactions, carcinogenic effects, mutagenicity, reproductive disorders, immunopathological

consequences, and others [1].

The excessive use of antibiotics, cheap production, and misuse have together contributed to
the development of antibiotic resistance in certain microorganisms. At therapeutic doses of
antibiotics, bacteria can evolve and survive due to an adaptive genetic process known as
antimicrobial resistance (AMR). In recent years, AMR has emerged as a significant threat to public
health worldwide, leading to failure of antibiotic therapy and an increase in mortality rates and

healthcare costs [2]. In recent years, several alarming reports have been published describing this
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burning problem. In 2020, the World Health Organization (WHO) classified AMR as one of the
top ten global threats to public health. It is currently estimated that around 700,000 deaths per year
are attributable to AMR. Without the implementation of preventive measures, this number could
rise to 10 million deaths by 2050. If this were to happen, the associated global costs would amount
to 100 trillion US dollars by 2050 [4]. Without effective antimicrobial agents, the success of
modern medicine, which depends on the availability of effective antimicrobial therapies, including
cancer chemotherapy, organ transplantation, and other major surgeries, would be severely
jeopardized [5]. Therefore, researchers are actively developing effective, sensitive, and selective
methods to quantify life-threatening antibiotic residues in various matrices to protect human health

and ensure safety.

Vancomycin (VAN), a glycopeptide antibiotic, is widely used in the treatment of severe
gram-positive bacterial infections. These include infections caused by methicillin-resistant
Staphylococcus aureus (MRSA), methicillin-resistant Staphylococcus epidermidis (MRSE),
pseudomembranous colitis associated with Clostridium difficile, and an alternative for people with
B-lactam allergies. It is also used to prevent endocarditis and to manage infections associated with
prosthesis implantation [6,7]. The antibiotic acts via three primary mechanisms: it inhibits
peptidoglycan synthesis, alters the permeability of the cell membrane, and interferes with RNA
synthesis in the cytoplasm [7]. Treatment with VAN is considered as the last alternative and is
only recommended if other antimicrobial agents are ineffective due to the patient’s response. Due
to its narrow therapeutic window, the low dose of VAN results in inadequate bacterial Killing and
the development of AMRs, while overdose is mainly associated with severe toxic side effects, such
as nephrotoxicity, red man syndrome, thrombocytopenia, ototoxicity, and mortality [8]. The
widespread use and misuse of antibiotics in animal husbandry contributes significantly to the
emergence of AMR bacteria in the environment. Salmonella, E. coli, and S. aureus are the most
prominent bacteria responsible for food safety. S. aureus has been detected in a variety of locations,
including on the skin and in the noses of humans, poultry, milk, and livestock. According to recent
studies, S. aureus is a vancomycin-resistant pathogen that increases the burden of antimicrobial
resistance [9]. Therefore, to minimize toxicity and optimize therapy of VAN, its residues should

be strictly monitored in environmental and food samples.
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Ceftriaxone (CFT), a versatile cephalosporin, is an effective antibiotic for treating numerous
infections caused by both gram-negative and gram-positive bacteria, making it valuable for human,
animal, and aquatic healthcare. CFT is mainly prescribed for the treatment of numerous diseases,
including Salmonella spp., gonorrhea, pneumonia, meningitis, and urinary tract infections [10].
Prolonged use of CFT may result in the formation of asymptomatic kidney stones, while increased
doses can frequently induce transient deposits in the gallbladder and bile ducts. The temporary
formation of CFT in the gallbladder can lead to abdominal pain, bloating, and an unsettled
stomach. Infant red syndrome, also known as severe erythroderma, often occurs in infants treated
with CFT. In addition, excessive use of CFT prolongs bleeding time and leads to hemolysis,
diarrhea, and skin rash [11]. Large amounts of CFT residues are discharged into rivers, lakes, and
the environment from pharmaceuticals, hospitals, humans, and animal husbandry. Due to their
misuse and resistance to biodegradation, CFT residues remain in the environment and pose
potentially hazardous risks to humans [12]. Therefore, it is essential to develop an electrochemical
sensor that is sensitive, selective, and reliable to detect CFT residues in food and environmental

samples.

Nanoparticles made of bimetallic alloy have been thoroughly investigated in the field of
electrochemical sensing and have shown remarkable properties, such as increased sensitivity, high
detection capability, and robust stability [13]. Their morphology, size, and composition endow
them with enhanced catalytic performance and synergistic properties, expanding their potential
applications in cancer treatment, nanomedicine, catalysis, DNA transfer, and biosensing [14].
Gold-silver alloy nanoparticles have generated excitement in the scientific community due to their
exceptional catalytic abilities, electrical conductivity, and optical properties [15]. Zhao et al.
reported a novel and simple voltammetric sensing platform for the detection of dissolved H.S using
GCE modified with Au-Ag core-shell nanoparticles [16]. Kong et al. proposed a voltammetric
sensor for the detection of the anthracycline anticancer drug daunorubicin in human serum samples
by modifying GCE with nitrogen-doped r-GO loaded with Au-Ag nanoparticles [17]. Zhao et al.
reported a voltammetric sensor assembly using SPCE modified with Au-Ag NPs for the
simultaneous detection of chromium ions (Cr®* and Cr®") [18]. Bao et al. designed a sensing
platform by constructing a core-shell of Au-Ag NPs on carboxylated graphene, which enabled the

simultaneous detection of I and NO2" in water samples [19]. In another application, Yu et al.
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highlighted the excellent antioxidant properties of hollow Au-Ag alloy nanorice, showing its broad
potential in the domains associated with surface plasmons [20]. To the best of our knowledge, the
development of an electrochemical sensor by integrating Au-Ag-ANCCs with r-GO and poly(L-
histidine) composites has not yet been reported. It is crucial to fill this gap and develop a novel

electrochemical sensor utilizing the advantages of Au-Ag-ANCCs as a modifier.

The distinctive properties of carbon-based materials, including their broad potential window,
low electrical resistance, affordability, and ease of chemical modification, make them an ideal
choice to advance the field of electroanalytical sensors [21]. Graphene exhibits exceptional
physical and chemical properties, including excellent conductivity, large surface area,
biocompatibility, and durability [22]. Reduced graphene oxide (r-GO) is widely used to modify
various electrodes due to its exceptional conductivity, higher electroactive area, exceptional
electrical conductivity, outstanding thermal stability, and mechanical properties [23]. In addition,
r-GO exhibits strong electrocatalytic ability, large electroactive area, minimal surface fouling, and
favorable price. As a result, electrochemical sensors containing r-GO show excellent performance
due to the wide range of electrochemical potential [22]. The combination of bimetallic
nanocomposites as catalysts with carbon-based substrates as supporting materials would
synergistically improve the performance of an electrode, resulting in improved signal response,
sensitivity, and accuracy [24]. Herein, we integrated r-GO into Au-Ag-ANCCs nanocomposites
to develop an electrochemical sensor with extended analytical applications. The integration of r-
GO improved the electrical conductivity, minimized the internal resistance, and increased the
charge transfer during electrochemical reactions, which ultimately improved the performance of
the sensor [25].

Electrodes modified with amino acid-based polymers have gained a significant attention in
electrochemical sensing applications due to their stability, non-toxicity, compatibility, cost-
effectiveness, and tunable physicochemical properties [26]. In this study, poly(L-histidine), an
excellent polyelectrolyte, was inventively integrated with r-GO and Au-Ag-ANCCs to modify
GCE and develop a novel electrochemical sensor. R-GO interacts non-covalently with the
lipophilic n-n conjugated imidazole groups in the side chain of poly(L-histidine). Furthermore, the
free amino groups of poly(L-histidine) interact covalently with the COOH group of r-GO by

forming amide bonds [27]. The transfer of electrons relies heavily on n-n interactions; therefore,
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their incorporation into Au-Ag-ANCCs significantly enhances electrocatalytic activities [28]. In
general, the poly(L-histidine) layer boosts the electron transfer ability of the electrode and
improves the catalytic activity of the nanocomposites. The enhancement arises from the various
functional groups formed after modification, including imidazole rings, COOH, and NH> groups
[26].

Several analytical methods have been reported for the quantification of VAN and CFT in
various matrices, including capillary zone electrophoresis [29], UHPLC-MS/MS [30],
spectrophotometry [31], chemiluminescence [32], and LC-MS/MS [33]. Although these
techniques are sensitive and selective, they have some limitations, such as complex operational
procedures, time-consuming sample preparation, longer analysis times, high equipment prices, and
the need for skillful operators [21]. On the other hand, voltammetric methods are inexpensive,
user-friendly, highly specific, sensitive, portable, and can be miniaturized. They also offer rapid
analysis and require minimal reagent volume [2]. Therefore, electrochemical techniques were the
preferred choice for the simultaneous detection of VAN and CFT residues in this study. Among
the various electrochemical techniques, SWV was selected due to its numerous advantages,
including ultra-fast analysis, minimal sample consumption, background discrimination, and high

sensitivity [34].

Electrochemical sensors with high sensitivity, selectivity, and efficacy are crucial for the
detection of life-threatening antibiotic residues in various matrices, as these residues pose a
significant risk to human health. Herein, we have developed a pioneering electrochemical sensing
platform by integrating Au-Ag-ANCCs with r-GO and poly(L-histidine) composites for the
simultaneous detection of VAN and CFT residues in food samples. Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE was extensively characterized by various analytical methods such as UV-Vis, FT-
IR, XRD, SEM, and EDX. The sensor showed a wide linear range and ultra-small detection limit
for both analytes. The combination of the different properties of the individual modifiers in the
sensor resulted in a synergistic effect, which enhanced sensitivity, selectivity, and stability. This
was reflected by the improved and well-defined current responses to ultra-trace analyte
concentrations. In addition, the sensor exhibited excellent reproducibility, repeatability, and

remarkable selectivity. Finally, the sensor was effectively utilized for the simultaneous detection
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of VAN and CFT residues in real samples, showing high recoveries and RSD values below 5%.

These results underline the exceptional performance of the developed sensor.

2. Experimental

The chemicals and reagents, apparatus, and instruments used in this study as well as the
sample preparation procedures are detailed in the Supplementary Material.

2.1. Preparation of r-GO

NaBHjs, a potent hydride donor, readily reduced the oxygen functional groups in GO. The
NaBHs-mediated reduction process produces conjugation within the graphene lattice and results
in the formation of r-GO [35]. The reduction of GO suspension with NaBHs was performed as
follows: first, 1.0 g GO was dissolved in 100 mL deionized water. Then, 0.5 g of NaBH4 was added
to the solution and stirred for 30 min at ambient temperature. After the stirring, the solution was
filtered to remove residuals of unreduced GO. Finally, the resulting r-GO was subjected to multiple
rinsing with distilled water and dried in vacuum. This method facilitates the conversion of GO into
r-GO and potentially improves its electrical and mechanical properties for electrochemical

applications.

2.2. Synthesis of Au-Ag-ANCCs

A complex preparation procedure was employed for the synthesis of Ag-NCCs, requiring a
careful control of reaction parameters and a precise chemical reduction process to reveal its
exceptional characteristics. Initially, 2 mL of 0.1 M AgNOs and 10 mL of 0.1 M PVP were added
into a 100 mL flask containing 15 mL of 0.1 M PEG 600 solution under vigorous stirring for 20
min. Then, 4 mL of 1% NazCeHsO7 was added to initiate the reduction of Ag ions. The addition
of stabilizing agent prevents agglomeration and regulates the size and morphology of the clusters.
Subsequently, the mixture was heated in an oil bath at 130 °C for 10 h, during which AgNO3z and
PVP reacted to form Ag nanocoral clusters stabilized by PEG 600 molecules. Controlled
temperature and stirring conditions facilitated the gradual formation of Ag nanocoral clusters,
exhibiting distinctive branch-like structures. The yellowish solution was allowed to cooling,

centrifugation, and washing several times.
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The synthesis of Au-Ag-ANCCs employs a precise and controlled alloying process,
transforming the prepared Ag-NCCs into their gold-based counterparts. Initially, 5 mL 0.01 M
HAUCI4 solution was mixed with the Ag-NCCs suspension in a separate vessel under vigorous
stirring for 15 min to ensure the uniform distribution of gold ions. This step facilitates the
incorporation of gold into the silver nanostructures, forming the basis for alloyed nanocoral
clusters. Subsequently, the reaction mixture was heated in an oil bath at 90 °C for three hours with
continuous stirring. Alongside, 3 mL 0.1 M NaBH4 was gradually added to activate the reduction
process, leading to the formation of Au-Ag alloy nanocoral clusters. The pH of the reaction mixture
was maintained at 10 throughout the process by the periodic additions of 0.1 M NaOH, promoting
gold ion reduction and stabilizing the resulting alloy nanostructures. Additionally, 4 mL of 1%
PVP solution was introduced as a stabilizing agent to preserve the colloidal stability and form a
protective layer, preventing aggregation through electrostatic repulsion and inhibiting the
formation of larger agglomerates. Finally, the synthesized Au-Ag-ANCCs was centrifuged,

washed, and dried in vacuum.
2.3. Preparation of Au-Ag-ANCCs/r-GO/GCE

Before modification, the GCE undergo polishing with 0.3 and 0.05 pum alumina slurries,
rinsing with distilled water, sonication in ethanol/water (1:1), and electrochemical activation in 0.1
M H2S04 through ten cycle potential scans from -0.4 to 1.2 V (100 mVs™, scan rate). To fabricate
the Au-Ag-ANCCs/r-GO nanocomposite, 6 mL of Au-Ag-ANCCs dispersion was mixed with 4
mL of r-GO dispersion and stirred vigorously for 30 min at ambient temperature. This ensured a
comprehensive integration of Au-Ag-ANCCs into the r-GO surface. Then, the mixture was heated
in a water bath at 30 °C for 25 min. The resulting composite was subjected to ultrasonication,
centrifugation, and repeated washing. The dried nanocomposite was then dispersed in deionized

water through 20 min ultrasonication, resulting in a 15 mL dispersion for subsequent use.

To prepare the Au-Ag-ANCCs/r-GO/GCE, 8 pL of the Au-Ag-ANCCs/r-GO dispersion was
drop-casted at the activated GCE and subjected to drying at room temperature. A similar procedure

was applied to fabricate other modified electrodes.
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2.4. Preparation of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE

To fabricate the proposed electrode, cyclic voltammetry was performed for 14 cycles in 0.1
M PBS (pH 7.0) containing 0.06 M L-histidine in the potential range of -1.7 V to 1.6 V at a scan
rate of 25 mVs? for electropolymerization of L-histidine at the surface of Au-Ag-ANCCs/r-
GO/GCE (Fig. S1A). Afterwards, the fabricated sensor (Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE) was rinsed with distilled water and readied for subsequent application. The

general preparation procedures for the developed sensor are illustrated in Scheme 1.
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Scheme 1. Schematic illustration of the preparation procedures for the proposed sensor.

3. Results and discussion

3.1. Analytical characterizations

The in-depth investigation of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE reveals a
comprehensive understanding of the sensor's composition and interfacial makeup. The
complexities of the developed sensor were examined using various analytical methodologies
including UV-Vis, FT-IR, XRD, SEM, and EDX.



247
248
249
250
251
252
253
254
255
256

257
258
259
260
261
262
263
264
265
266
267
268

269
270
271
272
273
274
275
276

The UV-Vis spectrum of Ag-NCCs revealed a distinct absorption peak at Amax = 461 nm,
signifying the localized surface plasmon resonance properties of the Ag particles (Fig. 1A(a)). The
peak's sharpness implies mono-dispersity and uniformity in particle size, with an average
calculated size of around 33 nm. As shown in Fig. 1A(b), Au-Ag-ANCCs displayed a distinct
broad peak at Amax = 515 nm, suggesting that the incorporation of Au into the alloy decreased the
size (22 nm) and shifted the absorption peak to a longer wavelength. The observed variations in
the two spectra arise from changes in the composition and sizes of the nanocoral clusters, which
influence their optical characteristics. As surface area directly influences catalytic activity, the
alloyed nanocoral clusters with the smallest particle size and largest surface area exhibited superior

catalytic performance in preparing the intended sensor.

As shown in Figs. 1B(a-d), FT-IR was employed for the characterization of Ag-NCCs, Au-
Ag-ANCCs, Au-Ag-ANCCs/r-GO, and Au-Ag-ANCCs/r-GO/poly(L-histidine) composites. FT-
IR of Ag-NCCs exhibited characteristic peaks corresponding to Ag-O stretching (568 cm™), C-H
bending (1037 and 1120 cm™), Ag-O stretching (1385 cm™), C=0 stretching (1629 cm™), C-H
stretching (2856 and 2929 cm™), and O-H stretching (3459 cm™). FT-IR of Au-Ag-ANCCs
displayed peaks attributed to Ag-O stretching (540 cm™), Au-O stretching (620 cm™), Au-Ag
stretching (860 cm™) confirming the alloying of Au and Ag, C-O stretching (1078 cm™), C-H
stretching (2856 and 2929 cm™), and O-H stretching (3438 and 1640 cm™). The incorporation of
r-GO into the Au-Ag-ANCCs was confirmed by the presence of C=C stretching (1612 cm™) and
aromatic ring stretching (1553 cm™) vibrations. The successful integration of poly(L-histidine)
into the Au-Ag-ANCCs/r-GO composite was confirmed by the amide I (1625 cm™) and 11 (1578

cmY) stretching vibrations.

XRD was used to evaluate the crystal structure and size of the nanocoral clusters. Consistent
results obtained from the UV-Vis and XRD measurements of the nanocoral cluster size confirmed
the structural features determined using these techniques. Consistency of the results enhances the
reliability and validity of the findings, enabling a comprehensive understanding of the material.
As shown in Fig. 1C(a), the XRD diffraction peaks of Ag-NCCs at 260 = 34.42°, 38.24°, 40.08°,
44.46°, and 57.72° were indexed to the (100), (111), (200), (220), and (311) planes, respectively,
and were characteristic of face-centered-cubic (FCC) structured Ag metal crystals (JCPDS card
number 04-0783), consistent with previous reports [36]. The 260 values for the Au-Ag-ANCCs and

10
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Ag-NCCs are almost identical, as Au and Ag have similar lattice constants (JCPDS: 4-0783 and
4-0784). However, XRD analysis of Au-Ag-ANCCs (Fig. 1C(b)) revealed an additional
characteristic peak at 26.52°, which was attributed to the (111) crystal plane, suggesting the
formation of a potential intermetallic alloy compound [37]. The XRD peaks at 32.42° and 46.34°
(Fig. 1C(c)) correspond to the (002) and (111) planes of r-GO, respectively [38], with diminished
intensity, confirming the successful incorporation of r-GO into Au-Ag-ANCCs. The spectra of the
Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (Fig. 1C(d)) exhibited characteristic XRD peaks of
its constituent components, Au-Ag-ANCCs, r-GO, and poly(L-histidine), confirming the

successful preparation of the sensor.
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Fig. 1. (A) UV-Vis spectra of Ag-NCCs (a), Au-Ag-ANCCs (b), (B) FT-IR spectra and (C) XRD
patterns of Ag-NCCs (a), Au-Ag-ANCCs (b), Au-Ag-ANCCs/r-GO (c), and Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE (d).

The SEM image of r-GO presented in Fig. 2(a) provides valuable insight into its
morphology. This multifunctional material exhibits a rough, irregular, and heterogeneous
structure, as well as porosity, all of which contribute to its distinctive characteristics. As shown in
the EDX spectra (Fig. S2(d)), r-GO is mainly composed of C (77.6%) and O (22.4 %), indicating
its high degree of purity. The SEM analysis of Ag-NCCs revealed a beautiful morphology
characterized by irregularly shaped, and three-dimensional nanocoral clusters with interconnected
branches resembling coral reefs (Fig. 2(b)). These nanocoral clusters exhibit non-uniform
distribution, rough surfaces, and porous networks. The average size of the Ag-NCCs was
determined to be 31-35 nm, which is consistent with the UV-Vis and XRD findings. SEM
examination of Au-Ag-ANCCs in Fig. 2(c) revealed highly irregular, non-uniform nanocoral
clusters comprising a rough porous network (average size of 20-24 nm). The EDX spectra of Ag-
NCCs (Fig. S2(e)) showed the presence of C (32.0%), N (3.3%), O (7.1%), and Ag (57.6%), as
well as Au-Ag-ANCCs (Fig. S2(f)) contained C (26.5%), N (3.1%), O (7.3%), Ag (52.6%), and
Au (10.5%), indicating that Au was successfully incorporated into the Ag-NCCs. The
incorporation of Au into Ag-NCCs enhanced the conductivity, active area, and catalytic properties
of Au-Ag-ANCCs. Fig. 2(d) shows the uniform distribution of Au-Ag-ANCCs particles into the
r-GO matrix. The Au-Ag-ANCC particles maintained their crystalline nano-porosity and
interconnectivity with irregular shapes and noticeable cavities. This indicates that Au-Ag-ANCC
particles were successfully incorporated into r-GO, resulting in a delicate balance between their
irregular shape and the interconnected network of r-GO. Elemental mapping of Au-Ag-ANCCs/r-
GO (Fig. S2(i)) confirmed the presence of C (35.3%), O (7.4%), Ag (46.9%), and Au (10.4%). As
shown in Fig. 2(e), the coating of the Au-Ag-ANCCs/r-GO surface with a poly(L-histidine) film,
forms an amorphous coral nanoporous cluster with a rough and irregular surface. This coating
significantly enhanced the electrical conductivity, electroactive surface area, and catalytic
capability of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE. The corresponding EDX spectra in
Fig. 2(f) confirm the presence of C (31.4%), N (4.7%), O (7.4%), Ag (46.0%), and Au (10.5%),

thus validating the successful fabrication of the proposed sensor.

12
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Fig. 2. SEM images of r-GO (a), Ag-NCCs (b), Au-Ag-ANCCs (c), Au-Ag-ANCCs/r-GO (d), and
Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (e), and EDX spectra of Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE (f).

3.2. Electrochemical characterization

EIS served as a powerful tool for examining the transfer of electrons and interfacial
characteristics across diverse electrodes in electrochemical reactions. Its significance in
electroanalytical research lies in its capacity to provide crucial insights into reaction dynamics. In
this study, EIS was employed to probe the interface properties of both unmodified and modified
electrodes across a frequency range from 0.1 Hz to 100 kHz with 5 mM [Fe(CN)s]*"* solution in
0.1 M KCI. Applying a Randles equivalent circuit model for data fitting (inset Fig. 3A), the
corresponding values are presented in the Nyquist plot, where the semicircular diameter represents
the charge transfer resistance (Rct). As shown in Fig. 3A, a larger diameter semicircle with an Rt
value of 4121 Q is obtained at the bare GCE. The diameter of the r-GO/poly(L-histidine)/GCE
semicircle is reduced to 2574 Q due to the combined conductivity of r-GO and poly(L-histidine)
composites. At the surface of Au-Ag-ANCCs/GCE, the Rt has further decreased to 1795 Q due
to the excellent electrical conductivity of Au-Ag-ANCCs. At the surface of Au-Ag-
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ANCCs/poly(L-histidine)/GCE, the Rt (559 Q) decreased more than that of Au-Ag-ANCCs/r-
GO/GCE (Rct = 871 Q) because of the high electrical conductivity of the poly(L-histidine) film.
Furthermore, the semicircular diameter of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE is the
smallest of all (164 Q), suggesting that the synergistic effect of all modifiers significantly enhanced

the sensor’s performance.

To examine the electrochemical properties of the electrodes at different stages of
modifications, CV was performed in a redox probe solution of 5 mM [Fe(CN)s]*"* in 0.1 M KCI
(scan rate: 50 mVs™?). The unmodified GCE exhibited the lowest current response compared to the
others, attributed to its sluggish electrical conductivity (Fig. 3B(a)). The peak current response of
the r-GO/poly(L-histidine)/GCE surpassed that of the bare GCE, due to the enhanced electrical
conductivity of the r-GO/poly(L-histidine) composite (Fig. 3B(b)). In Fig. 3B(c), the modification
of the GCE with Au-Ag-ANCCs resulted in an enhanced redox current response, indicating the
outstanding electron transfer capability and conductivity of Au-Ag-ANCCs. Compared to the other
three electrodes (bare GCE, r-GO/poly(L-histidine)/GCE, and Au-Ag-ANCCs/GCE), the redox
peak current responses of Au-Ag-ANCCs/r-GO/GCE and Au-Ag-ANCCs/poly(L-histidine)/GCE
are significantly improved (Fig. 3B(d and €)). This is attributed to high electrocatalytic activity
and electrical conductivity of r-GO and poly(L-histidine). The peak current response reached its
maximum value at the surface of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (Fig. 3B(f)), with
peak-to-peak separation (AEp) reaching the lowest value. The results indicate that the synergistic
effects of the modifiers significantly enhanced the catalytic activity, electron transfer capability,

electroactive surface area, and electrical conductivity of the sensor.
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Fig. 3. Nyquist plots (A) and CVs (B) of bare GCE (a), r-GO/poly(L-histidine)/GCE (b), Au-Ag-
ANCCs/GCE (c), Au-Ag-ANCCs/r-GO/GCE (d), Au-Ag-ANCCs/poly(L-histidine)/GCE (e), and
Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (f).

Electroactive surface area measurement is critical phenomena in voltammetric reactions as
it directly affects catalytic efficiency and sensitivity of electrodes. Herein, CV was employed to
estimate the electroactive surface area of electrodes at different modification stages using Randles-
Sevcik equation (1) [2].

1,=2.69x10°n*AD**Cv* (1)

where I, = peak current (A), D = diffusion coefficient (cm? s%), n = number of electrons (n = 1), v
= scan rate (Vs?), C = concentration of [Fe(CN)e]* 7~ (mol cm™), and A = electrode surface area
(cm?). The electroactive surface areas of bare GCE, r-GO/poly(L-histidine)/GCE, Au-Ag-
ANCCs/GCE, Au-Ag-ANCCs/r-GO/GCE, Au-Ag-ANCCs/poly(L-histidine)/GCE, and Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE were calculated to be 0.037, 0.082, 0.105, 0.133, 0.164, and
0.197 cm?, respectively. Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE has an electroactive surface
area four times larger than the bare GCE and also the other modified electrodes. This is because
the r-GO and poly(L-histidine) synergistically increases the electroactive surface area and improve

the electron transfer kinetics of the sensor.
3.3. Electrochemical behavior of VAN and CFT at different electrodes

The voltammetric characteristics of electrodes at different stages of modification were
investigated using SWV and CV in 25 uM VAN and CFT containing 0.1 M PBS (pH 7) (scan rate:
100 mVs?). Despite the electrode variations, no voltammetric currents were recorded from the
blank solution. This indicates that the analytes are either potentially absent from the blank solution
or existing below the detection limits. The absence of reduction peaks during the reverse CV scan
indicates that the electrochemical oxidations of VAN and CFT are irreversible. Interestingly, the
electrode modifications significantly improved the electrochemical responses of the analytes and
shifted their peak potentials to more positive values. The bare GCE (Fig. 4A) exhibited weak and

non-distinct anodic peak currents for VAN and CFT, indicating sluggish electron transfer. In
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contrast, r-GO/poly(L-histidine)/GCE showed significantly higher current responses. The
enhancement can be attributed to the combined effect of poly(L-histidine) and r-GO, which
forming a conductive network with electroactive sites at the electrode surface. The combined
effects of increased surface area, improved adsorption, and reduced resistance, all contribute to the
observed enhancements in conductivity and electron transfer Kkinetics of r-GO/poly(L-
histidine)/GCE [39]. The higher anodic peak currents observed at the Au-Ag-ANCCs/GCE are
due to the combined effects of alloying and nanostructuring in the Au-Ag-ANCCs. The alloying
of Au and Ag improves electrical properties, while the nanocoral cluster structure further increases
conductivity by providing a large surface area [40]. The oxidation currents of VAN and CFT are
higher at Au-Ag-ANCCs/poly(L-histidine)/GCE than at Au-Ag-ANCCs/r-GO/GCE. The result
indicates that poly(L-histidine) has superior electron transfer ability, enhanced conductivity, and
robust electrocatalytic activity compared to r-GO. The maximum peak current response is
observed for Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE, suggesting that the synergistic effect

of the nanocomposites promotes performance of the sensor.

SWYV was performed for 25 uM VAN and CFT in 0.1 M PBS (pH 7) at the bare GCE and
various modified electrodes (Fig. 4B). The bare GCE showed poor responses for VAN and CFT
electro-oxidation, due to its limited electrical conductivity and catalytic ability. In contrast, r-
GO/poly(L-histidine)/GCE showed a significantly improved SWV response due to the combined
properties of r-GO and poly(L-histidine). The Au-Ag-ANCCs/GCE showed higher anodic current
response compared to the bare and r-GO/poly(L-histidine)/GCE due to the robust electrical
conductivity and fast electron transfer kinetics of the Au-Ag-ANCCs. Further modification of Au-
Ag-ANCCs/GCE with r-GO and poly(L-histidine) resulted in a higher current response for the
oxidation of VAN and CFT at the Au-Ag-ANCCs/poly(L-histidine)/GCE compared to Au-Ag-
ANCCs/r-GO/GCE. This improved current response indicates faster electron transfer between the
electrode and the analytes. Consistent with the CV results, the most pronounced SWYV responses
for the electrochemical oxidation of VAN and CFT were observed at the surface of Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE, demonstrating the synergistic effects of all the

nanocomposites.
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Fig. 4. (A) CVs and (B) SWVs of 25 uM VAN and CFT at different modified electrodes.
3.4. Optimization of experimental conditions

The Supplementary Material offers a concise summary of the optimization procedures,
including the count of electropolymerization cycles, nanocomposites mixing ratio, and the volume

of drop-casting species.
3.4.1. Effect of electrolyte solution

The electrolyte solution used in voltammetric techniques has a significant effect on the shape
of the resulting voltammogram, peak-to-peak separation (AEp) and the current response.
Therefore, it is necessary to select the appropriate supporting electrolyte before conducting any
electrochemical analysis. Herein, SWV was used to examine how different supporting electrolytes
affect the electrochemical results. The tested electrolytes include phosphate buffer, sulfuric acid,
citrate-phosphate buffer, Britton-Robinson buffer, acetate buffer, ammonium-acetate buffer, and
citrate buffer. The phosphate buffer solution (PBS) produced significantly higher current responses
than the others (Fig. S3). Based on its demonstrated superiority, PBS was chosen as the suitable

electrolyte solution for simultaneously determining VAN and CFT.
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3.4.2. Effect of pH

The pH of the supporting electrolyte solution is one of the crucial parameters that can
influence the responses of electrochemical reactions. It can affect the activity of electrodes, the
stability of analytes, the interaction between the electrode and analyte, and the electro-
oxidation/reduction of analytes. The effect of varying the pH of PBS on the anodic current
responses of 25 uM VAN and CFT was investigated in the range of 4.0 to 8.0 at the surfaces of
Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (Fig. 5A). The anodic current response for 25 uM
VAN and CFT gradually increased with the pH of PBS from 4.0 to 7.0 and reached its maximum
at pH 7.0 (Figs. 5B(a) and 5C(a)). However, a further increase in pH resulted in a decrease in
current responses. Therefore, pH 7.0 of PBS was selected as the optimal pH for subsequent
experiments. As illustrated in Fig. 5A, the anodic peak potentials of VAN and CFT show a similar
trend and shift to less positive values as the pH of the PBS increases, indicating that protons (H")
are intensively involved in the electrode reactions. The relationship between peak potential and
pH of PBS was given by the linear regression equations Epa (V) = 1.05 — 0.056pH (R? = 0.994)
(Fig. 5B(b)) and Epa (V) = 1.19 — 0.053pH (R? = 0.996) (Fig. 5C(b)) for VAN and CFT,
respectively. The slope values of 0.056 and 0.053 V/pH (volte per pH units) for VAN and CFT,
respectively, are close to the theoretical Nernstian value of 0.059 V/pH. This suggest that an equal
number of electrons and protons were involved in the electro-oxidation of the analytes, in

accordance with earlier reports [41,42].
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Fig. 5. (A) SWV of 25 uM VAN and CFT at different pH of PBS, (B) and (C) Ipa (LA) vs. pH (a)
and Epa (V) vs. pH (b) for VAN and CFT, respectively.

3.4.3. Effect of scan rate

Electrochemical responses of 25 uM VAN and CFT at the surface of Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE were studied in 0.1 M PBS (pH 7) using SWV within a scan rate ranges
from 25-300 mVs™. As depicted in Figs. 6A and B, the absence of reduction peaks in the reverse
scan and the shift of oxidation potential towards more positive values as the scan rate increases
indicate that the voltammetric reactions of VAN and CFT at the Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE surface are entirely irreversible electrode processes. On the other hand, the anodic
current response (Ipa) of the analytes showed a linear increase with the square root of the scan rate
(v¥). This observation indicates that the electrode processes are predominantly diffusion-
controlled. The correlation equations are given as Ipa (LA) = 0.73 V2 (mVsH)Y2 + 4,98 (R? =
0.994) and Ipa (pA) = 1.82 v¥2 (mVs™1)Y2 + 5,01 (R? = 0.995) for VAN and CFT, respectively (Fig.
6C(a and b)). Additionally, log Ipa (UA) vs. log v (mVs™) are linearly correlated, as given by log
Ipa (MA) = 0.56 v (mVs™t) —0.45 (R? =0.992) and log Ipa (LA) = 0.48 v (mVs™) + 0.1 (R? =0.990)
for VAN and CFT with slopes of 0.56 and 0.46, respectively (Figs. 6D(a and b)). The slopes are
almost close to the theoretical value of 0.5, further demonstrating that diffusion-controlled
mechanisms dominate the electrochemical reactions of VAN and CFT at the surface of Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE. Equation (2) was utilized to determine the number of

electrons involved in an irreversible electrochemical reaction [2].
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where, E° = formal potential, v = scan rate, T = temperature, F = Faraday constant, k® =
heterogeneous rate constant, R = universal gas constant, and n = number of electrons. A strong
correlation was observed between the anodic peak potential (Epa) and the logarithm of the scan
rate (log v (mVs™?)) for both VAN and CFT. The slope of each plot corresponding to 2.303RT/anF
was used to calculate an. The values of an were 0.48 for VAN and 0.53 for CFT. The transfer
coefficient (a) is typically used to be 0.5 for irreversible electrode reactions [43], and the number
of electrons (n) involved in the electrochemical oxidation of VAN and CFT are 0.96 and 1.06,
respectively, which closely equals one. It is in close agreement with previous studies [41,42],
which showed that the voltammetric oxidation of VAN and CFT involves the transfer of one proton
and one electron. A schematic illustration for the proposed electro-oxidation reactions of VAN

and CFT at the surface of the developed sensor is shown in Scheme S1.
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3.4.4. Optimization of SWV parameters

SWV is a widely used technique for measuring the concentration of various analytes in
different matrices. Optimizing SWV parameters is crucial for achieving accurate and reliable
electrochemical measurements. The intensity of current responses generated by SWV depends
largely on instrumental parameters such as amplitude, frequency, and step potential. Herein, we
investigated the effects of these parameters on the anodic current responses of 25 uM VAN and
CFT ina 0.1 M PBS at pH 7. First, the influence of amplitude was examined within the range of
30-110 mV while keeping the step potential and frequency constant. Maximum peak current
response for both analytes was observed at an amplitude of 70 mV. Therefore, 70 mV was selected
as the optimal amplitude as it provided a balance between sensitivity and signal-to-noise ratio.
Next, amplitude and step potential were maintained constant while varying the frequency from 20
to 100 Hz. Both analytes exhibited their maximum current response at 80 Hz. Therefore, 80 Hz
was selected as the optimal frequency for determining the analytes. Finally, an investigation of
step potentials within the 2 to 16 mV range was conducted, maintaining constant amplitude and
frequency. Accordingly, a step potential of 10 mV was identified as the optimal value for
subsequent experiments, ensuring a highest sensitivity for the simultaneous determination of VAN
and CFT.
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3.5. Electrochemical determination of VAN and CFT
3.5.1. Individual determination of VAN and CFT

SWV was used to evaluate the analytical performance of Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE for precise quantification of VAN and CFT under the optimized experimental
conditions. While separately studying the analytes, the oxidation currents of both VAN and CFT
increased gradually with increasing concentration (Fig. 7A and B). Notably, linear anodic current
responses were observed within the concentration ranges of 0.6 pM to 125 uM for VAN and 0.85
pM to 300 uM for CFT. The regression equations, which indicate a strong correlation between the
anodic currents and concentration, are Ipa (uA) = 0.33C (uM) + 2.68 (R? = 0.991) for VAN and
Ipa (uA) = 0.88C (uM) + 12.75 (R? = 0.996) for CFT (inset plots). LOD and LOQ (S/N=3,n=
10) values are found to be 0.03 pM and 0.1 pM for VAN, and 0.01 pM and 0.04 pM for CFT,
respectively. These ultra-low LOD and LOQ values demonstrate the hypersensitivity of the
developed sensor for the precise and accurate determination of VAN and CFT individually.
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Fig. 7. SWVs for different concentrations VAN (A) and CFT (B) (Inset: Ipa (LA) vs. Conc.)
3.5.2. Simultaneous determination of VAN and CFT

The main goal of this study is to fabricate an electrochemical sensing platform that exhibit

exceptional sensitivity for simultaneously quantifying VAN and CFT residues in food samples.
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The sensor utilized, Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE, was a novel approach to detect
the analytes. The anodic current responses showed a gradual increase with the continuous addition
of VAN and CFT (Fig. 8A), demonstrating a direct proportionality between the oxidation currents
and analyte concentrations. A linear correlation between the anodic currents and concentration was
observed in the ranges of 1.0 pM to 120 uM for VAN and 1.0 pM to 290 uM for CFT. The
corresponding linear regression equations were Ipa (pA) = 0.14C (uM) + 2.93 (R? = 0.996) for
VAN and Ipa (uA) = 0.87C (uM) + 7.07 (R? = 0.998) for CFT (Fig. 8B). The LOD and LOQ for
VAN were found to be 0.11 pM and 0.36 pM, respectively. Correspondingly, for CFT, the LOD
and LOQ values were determined to be 0.017 pM and 0.057 pM, respectively. These low LOD
and LOQ values show the remarkable sensing capability of the Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE for the simultaneous detection of trace residues of VAN and CFT in food samples.

The performance of the developed sensor was compared to that of recently reported sensors
for the electrochemical detection of VAN and CFT, based on the key parameters of LOD and linear
range. The developed sensor outperformed existing sensors with a significantly lower LOD and a
wider linear range, as shown in Table 1. The enhanced performance can be attributed to the unique
features of the sensor, such as a higher electroactive surface area, superior electrocatalytic activity,
and improved electrical conductivity. These features are all due to the synergistic effects of the
incorporated modifiers, Au-Ag-ANCCs, r-GO, and poly(L-histidine). Consequently, Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE can be a promising alternative for simultaneously detecting
VAN and CFT residues in food samples.
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Fig. 8. (A) SWVs of different concentration of VAN and CFT and (B) plots of Ipa (LA) vs. conc.

of VAN (a) and CFT (b).

Table 1: Evaluating the performance of the developed method in comparison with the existing

Sensors.
Electrodes Targets Matrices Linear range (uM) | LOD (uM) Ref.
BCTMOF-PAA/GCE | VAN U;'e”ri r‘;”d 0.001-0.5 0.001 8]
Graphene/GCE VAN Human plasma 0.7-50 0.2 [44]
Graphene-AuNS/SPE | VAN Human serum 1-100 0.29 [45]
NanoMIPs/LPG VAN Porcine plasma 0.01-700 0.01 [46]
NanoMIPs VAN Blood plasma 1 pM-0.07 0.25 pM [47]
Au-Ag-ANCCs/r- Chicken meat, )
GOlpoly(L-histidine)yGee | VAN fish and milk 1pM-120 0.11 pM | This work
Pharmaceutical
PtNPS/MWCNT/GCE | CFT and clinical 0.01-10 0.009 [41]
preparations
CAC-PU/Pt electrode CFT Synthetic urine 100-1500 52 [48]
. Synthetic urine,
SIOZ/NZ/rgFf/ECdOt- CFT urine, and tap 0.0078-40.02 0.0002 [49]
water
_ Pharmaceuticals
NiFe,04-NPs/GCE CFT and b|olog|Ca| 0.01-3.2 0.0016 [ll]
fluids
Pharmaceutical
PNCs/r-GO/PGE CFT and blood 10 pM-0.03 1.8 pM [50]
serum
Au-Ag-ANCCs/r- Chicken meat, i

3.6. Reproducibility, repeatability, and stability

It is critical to examine the reproducibility, repeatability, and stability of the fabricated sensor

to ensure the reliability and accuracy of electrochemical measurements for analyzing real samples.

In this study, SWV was used to evaluate the reproducibility, repeatability, and storage stability of
Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE while simultaneously determining 15 uM VAN and
CFTin 0.1 M PBS. Initially, ten electrodes were fabricated under identical experimental conditions

to evaluate the reproducibility of the sensor. The analysis yielded RSD values of 4.23% for VAN
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and 4.02% for CFT (Fig. 9A). These results demonstrate the acceptable reproducibility of the
developed sensor, confirming its reliability for detecting VAN and CFT residues in food samples.
Next, ten successive square wave measurements were performed using a single electrode to assess
the repeatability of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE. The RSD values were 1.72% for
VAN and 1.17% for CFT (Fig. 9B), suggesting that the sensor has a remarkable repeatability to
quantify the analytes. Finally, the current responses of the sensor were regularly monitored over
eight weeks to evaluate its stability, where it was stored at 4°C after each weekly use. Impressively,
the sensor maintained long-term stability, with anodic current responses decreasing by only 5.55%
for VAN and 4.58% for CFT throughout the storage period (Fig. 9C). Generally, the sensor’s
outstanding reproducibility, repeatability, and long-term make it an ideal tool for detecting the

anti-microbial drugs residue.
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Fig. 9. Reproducibility (A), repeatability (B), and stability (C) of the developed sensor.
3.7. Selectivity

The selectivity of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE was assessed by measuring
its current response to 25 uM VAN and CFT in the presence of potential interfering substances.
The tolerance limit was defined as the highest concentration of interferents that resulted in a
relative percentage error of less than 5% while determining the analytes. As shown in Fig. S5 and
Table S1, the detection of 25 uM VAN and CFT was not affected by the presence of interfering
substances at concentrations 900 times greater for inorganic species (Ca2*, K*, Mg?*, Cu?*, Fe®*,
HCOs", NOs, SO4%, CO3s%, and CI"), 750 times greater for organic compounds (fructose, folic acid,
urea, sucrose, uric acid, dopamine, glucose, ascorbic acid, and lactose), and 200 times for
antibiotics (azithromycin, chloramphenicol, tinidazole, ampicillin, cloxacillin, erythromycin,
amoxicillin ciprofloxacin and cephalexin). Generally, the relative percentage errors values were
below five percent for all interferents, confirming the selectivity and applicability of Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE for the simultaneous determination of target analytes.

3.8. Analytical application

SWV evaluated the efficiency of Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE for
concurrent quantification of VAN and CFT in chicken meat, fish, and milk. The samples were
spiked with varying concentrations of VAN and CFT (5, 10, 20, and 40 uM) to determine their
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percentage recoveries (Table 2). Before spiking a standard solution of VAN and CFT to the food

samples, their initial voltammetric responses were measured. From the unspiked food samples, no

noticeable electrochemical signals were observed, indicating that the food samples contain no

residues of VAN and CFT or their concentrations being within the non-detectable range. Next,

percentage recoveries of the analytes in spiked chicken meat, fish, and milk samples were

determined. The recovery rates were high and consistent in all the three matrices, ranging from
97.7% to 101.5% for VAN and 98.2% to 101.9% for CFT. The RSD values were also low and
comparable for both food samples, ranging from 1.84% to 2.75% for VAN and 1.89% to 2.82%
for CFT. The high recovery ranges and low RSD values obtained in the analysis of the food
samples demonstrate that Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE is a highly effective and

reliable tool for detecting VAN and CFT residues in real-world applications.

Table 2: Summary of spiking experiment results (n = 3).

Spiked Found (uM) Recovery (%) RSD (%)
Samples | (uM) | VAN | CFT | VAN | CFT | VAN [ CFT
0 - - - - - -
Chicken 5 5.02 4.91 1004 | 98.2 | 222 | 2.29
meat 10 9.97 10.15 97.7 1015 | 1.98 1.92
20 20.25 | 20.08 | 101.3 | 100.4 | 1.84 | 1.89
40 39.56 | 39.47 98.9 98.7 | 2.06 | 1.98
0 - - - - - -
5 4.84 4.86 96.8 97.2 | 174 | 181
Fish 10 9.79 9.62 97.9 96.2 | 196 | 2.05
20 2041 | 20.34 | 1021 | 101.7 | 1.85 | 1.78
40 40.22 | 40.04 | 100.6 | 100.1 | 2.21 | 2.18
0 - - - - - -
5 5.07 4.82 1014 | 964 | 236 | 231
Milk 10 101 | 1019 | 101 [ 1019 | 275 | 2.82
20 20.12 | 19.76 | 1006 | 988 | 2.43 | 2.39
40 39.72 | 40.44 99.3 101.1 | 212 | 2.07
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5. Conclusion

In this study, a novel electrochemical sensor was developed for the simultaneous detection
of VAN and CFT residues in food samples (chicken meat, fish, and milk). The interfacial,
morphological, and elemental compositions of the developed sensor were examined using several
analytical and electrochemical techniques. Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE
surpassed recently reported sensors with the lowest LOD and a broader linear range because of its
exceptional features: higher electroactive surface area, high electrocatalytic activity, and enhanced
electrical conductivity. The current response of the sensor remained unaffected in the presence of
excess concentration of potentially coexisting interferents, including organic, inorganic, and
antibiotic species, demonstrating its outstanding selectivity. In addition, the sensor exhibited
exceptional repeatability, reproducibility, and long-term stability. Therefore, Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE is an ideal candidate for real-time monitoring of life-threatening
residues of VAN and CFT in food samples.
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Supplementary Material

A novel hypersensitive electrochemical sensor (Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE)
for the simultaneous determination of vancomycin and ceftriaxone residues in chicken meat,

fish, and milk samples

Wondimeneh Dubale Adanel®, Bhagwan Singh Chandravanshi*®, Yonas Chebudel®, Merid
Tessema**al

[{Department of Chemistry, Addis Ababa University, P. O. Box 1176, Addis Ababa, Ethiopia
*Corresponding author. E-mail address: bscv2006@yahoo.com

**Corresponding author. E-mail address: tessemamerid@yahoo.com

2. Experimental
2.1. Chemical and reagents

Graphite oxide (GO) was obtained from Nanjing Xianfeng Nano Co. (Nanjing, China). L-
Histidine (CeHoN3O2) was obtained from Sigma-Aldrich, USA. Silver nitrate (AgNOs),
tetrachloroauric acid (HAuUCIs), sodium borohydride (NaBHa), and sodium citrate (NazCsHs07)
were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. (China). Nitric acid
(HNO3), and sulfuric acid (H2SO4) were bought from Merck Chemicals, Germany. Potassium
hexacyanoferrate (I11) (99%) was purchased from BDH Chemicals Ltd., England. Ethylene glycol
(C2HeO2) was obtained from TCIl America. All other chemicals and antibiotic standards were
purchased from Sigma-Aldrich, USA. Glassware was washed with aqua regia (HCI:HNO3z ina 3:1
ratio by volume) and rinsed with deionized water before the experiments. All aqueous solutions
were prepared with Milli-Q water (18.2MQ cm), which was obtained from a Millipore water
purification system. All chemicals and reagents used in this experiment were of analytical grade
and used without further purification. A stock solution of 0.01 M VAN was prepared by dissolving
724.65 mg of VAN standard in 50 mL of distilled water. Similarly, a 0.01 M CFT stock solution
was prepared by dissolving 227.29 mg of CFT standard in 50 mL of distilled water. The stock
solutions were diluted with 0.1 M PBS (pH 7) to prepare working solutions for each target analyte.


mailto:bscv2006@yahoo.com
mailto:tessmer2265@yahoo.com

2.2. Apparatus and instruments

Electrochemical measurements were performed in 20 mL cells using a CHI 760D
electrochemical analyzer (CH Instruments, USA). A conventional three-electrode system was used
throughout the experiments, consisting of a working electrode (either bare GCE or modified
electrodes), a platinum wire counter electrode, and silver-silver chloride (Ag/AgCl (3M KCI))
reference electrode. The structural morphology was characterized using a scanning electron
microscope (SEM, CX-200plus, Coxem, Korea), and the elemental analysis was performed using
hyphenated energy-dispersive X-ray spectroscopy (EDX). The X-ray diffraction (XRD) pattern of
the nanocomposites was recorded using a BRUKER ECOD 8 advance diffractometer with Cu Ka.
radiation (wavelength A = 0.15406 nm) at room temperature. Fourier transform infrared (FT-IR)
spectra were recorded using a PerkinElmer Spectrum 100 FT-IR spectrometer (PerkinElmer,
USA). UV-Vis spectra were recorded using a Lambda 950 UV-Vis spectrometer (PerkinElmer,
USA). The pH was measured using a Senses lon + MM150 pH meter (China). Solid chemicals
were weighed using an electronic digital balance (Model: Scientech ZSA 120, USA). A centrifuge
(model 8001, China) and an ultrasonic cleaner (model YJ5120-B, China) were used during
nanocomposite preparation. In addition, a magnetic stirrer and a vacuum pump were used

throughout the experiment.

2.3. Preparation of real samples
2.3.1. Preparation of chicken meat sample

Chicken meat samples were obtained from a local supermarket in Addis Ababa, Ethiopia,
and thoroughly homogenized before extraction. Subsequently, 5 g of the homogenized meat was
vortexed with 20 ml of 0.1 M PBS and sonicated for 50 min. After centrifugation at 10,000 rpm
for 10 min, a clear solution was obtained. Finally, different concentrations of known VAN and
CFT standard solutions (5, 10, 20, and 40 uM) were spiked for analysis.

2.3.2. Preparation of fish sample

Fish samples collected from a local supermarket in Addis Ababa, Ethiopia were stored in a
deep freezer until analysis. Approximately 2 g of homogenized fish sample was weighed into a 50

mL falcon tube, followed by the addition of 5 mL of water and 5 mL of acetonitrile. The mixture



was vortexed for 5 min to ensure thorough mixing. Subsequently, 5 g of MgSO4 and 2 g of NaCl
were added to the falcon tube and manually shaken for 2 min to promote solid-phase extraction.
The resulting mixture was centrifuged at 4000 rpm for 15 min to separate the supernatant from the
solid phase. The collected supernatant was carefully transferred to another falcon tube. After 5 min
vortexing, the mixture was centrifuged again at 10,000 rpm for 10 min, resulting in a clear solution
enriched with the analytes of interest. Finally, to quantify the concentrations of VAN and CFT in
the samples, the samples were spiked with appropriate concentrations (5, 10, 20, and 40 uM) of
VAN and CFT standard solutions.

2.3.3. Preparation of milk sample

Milk samples were obtained from Sululta town in the Oromia Regional State of Ethiopia and
processed as follows: first, 5.0 mL of the milk sample was mixed with 20 mL of acetonitrile. After
subjecting the mixture to 15 min of sonication and 10 min of shaking, it was centrifuged at 10,000
rpm for 10 min. Following centrifugation, the supernatant was filtered through a 150 mm filter
membrane. The resulting filtrate was subsequently transferred to a 25 mL volumetric flask and
diluted to the mark using PBS (pH 7). Finally, the samples were spiked with appropriate
concentrations of VAN and CFT standards.
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Fig. S1. (A) CV for the electrochemical polymerization of 0.06 M L-histidine in 0.1 M PBS (pH
7.0) at the surface of Au-Ag-ANCCs/r-GO/GCE for 14 cycles at scan rate of 25 mVs ! in the



potential range of -1.7 to 1.6 V, and (B) plot for the optimization of the number of polymerization
cycles vs. anodic peak current of 25 uM VAN and CFT.
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Fig. S2. SEM and EDX spectra of r-GO (a and d), Ag-NCCs (b and e), Au-Ag-ANCCs (c and f),
Au-Ag-ANCCs/r-GO (g and i), and Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE (h and j),

respectively.
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Fig. S3. SWVs of 25 uM VAN and CFT in different supporting electrolyte solutions.

3. Optimization of experimental conditions
3.1. Optimization of the number of electropolymerization cycles

The number of polymerization cycles has a significant influence on the performance of the
modified electrode. With repeated cycles, the film thickness increases and becomes more porous,
which can enhance sensor sensitivity by providing a higher electroactive surface area for analyte
interaction. However, an excessively high cycle count can reduce film conductivity due to
increased insulation, impeding electron transfer between the electrode and analytes, and reducing
sensor sensitivity. Achieving an optimal number of polymerization cycles requires balancing film
thickness and conductivity. To optimize the L-histidine polymerization cycles, a series of
repetitive cycles were conducted in a 0.1 M PBS solution (pH 7.0) containing 0.06 M L-histidine
within the potential range of -1.7 V to 1.6 V at a scan rate of 25 mVs™ on the Au-Ag-ANCCs/r-
GO/GCE surface. As shown in Fig. S1B, the peak current response increased with the number of

L-histidine electropolymerization cycles, reaching its peak at 14 cycles before declining. This



decline is due to an excessive electropolymerization process, resulting in the formation of a thick
insulating L-histidine layer on the Au-Ag-ANCCs/r-GO/GCE surface. As this layer thickens, it
hampers efficient electron transfer between the Au-Ag-ANCCs/r-GO/poly(L-histidine)/GCE and
the analytes, thus reducing electrode conductivity and sensitivity. Consequently, 14

polymerization cycles were selected as the optimal value for subsequent experiments.

3.2. Optimization of the ratio of Au-Ag-ANCCs and r-GO

The optimization of the mixing ratio of nanocomposites is a vital step in the development of
electrochemical sensors. The desired performance for a specific application can be achieved by
carefully selecting the ratio of the nanocomposites. Herein, the mixing ratio of Au-Ag-ANCCs
and r-GO was optimized to achieve the highest peak current response for detecting 25 uM VAN
and CFT. As shown in Fig. S4A, the optimal ratio of Au-Ag-ANCCs and r-GO that resulted in the
highest anodic peak current response is 1:2. The boost in performance at the 1:2 mixing ratio may
be due to the synergistic effect of the two nanocomposites. Au-Ag-ANCCs provides high electrical
conductivity and electroactive surface area, while r-GO gives high mechanical strength and
flexibility. The combination of these two properties makes the developed sensor highly sensitive
to the target analytes. Therefore, the 1:2 ratio of Au-Ag-ANCCs and r-GO was selected as the

optimum value for the preparation of the proposed sensor in subsequent experiments.
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Fig. S4. Diagram for optimizing the ratio of Au-Ag-ANCCs and r-GO (A), and drop-casting
volume of Au-Ag-ANCCs/r-GO dispersion (B) to prepare Au-Ag-ANCCs/r-GO/poly(L-
histidine)/GCE.

3.3. Optimization of the drop-casted volume of Au-Ag-ANCCs/r-GO

Optimizing the drop casted volume of Au-Ag-ANCCs/r-GO dispersion at the surface of the
modified electrode is crucial to ensuring effective modification. The selected volume influences
the thickness and uniformity of the modified layer, which can affect the performance of the
electrode. To optimize the drop-casted amount, we tested different volumes of Au-Ag-ANCCs/r-
GO and evaluated the resulting electrode performance by simultaneously detecting 25 uM VAN
and CFT in food samples. As shown in Fig. S4B, the optimal drop casted volume of the Au-Ag-
ANCCs/r-GO dispersion, which produced the highest current response while maintaining
excellent electrochemical performance compared to the others, was 10 pL. Therefore, 10 pL of
Au-Ag-ANCCs/r-GO dispersion was selected as the optimum value for preparing Au-Ag-
ANCCs/r-GO/poly(L-histidine)/GCE for subsequent experiments.
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Scheme S1. The proposed electro-oxidation mechanism of CFT and VAN at the Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE.



4. Selectivity

Table S1: The effect of coexisting substances on the electrochemical response of the sensor to
detect VAN and CFT.

Relative Percentage Relative Percentage
Conc. Error (%) Conc. Error (%)
Interferents | (UM) VAN CFT Interferents (UM) VAN CFT
Ca?* 900 0.96 1.02 Uric Acid 750 2.25 2.25
K* 900 1.97 1.91 Dopamine 750 2.47 2.81
Mg?* 900 1.23 1.18 Glucose 750 2.22 2.17
Cu?* 900 1.77 1.82 Ascorbic acid 750 2.21 2.19
Fe3* 900 0.85 0.92 Lactose 200 2.35 2.35
HCO3 900 0.96 0.96 Azithromycin 200 4.15 4.18
NOs 900 1.45 1.45 Chloramphenicol | 200 4.22 4.19
SO4* 900 1.63 1.58 Tinidazole 200 4.37 4.37
COs* 900 1.11 1.15 Ampicillin 200 4.42 4.43
Cr 900 1.36 1.41 Cloxacillin 200 457 4.56
Fructose 750 2.33 2.38 Erythromycin 200 4.61 4.58
Folic acid 750 2.19 2.21 Amoxicillin 200 457 4.61
Urea 750 2.68 2.71 Ciprofloxacin 200 4.33 4.33
Sucrose 750 2.47 2.38 Cephalexin 200 4.54 4.58
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Fig. S5. Results of selectivity analysis conducted for the sensor.
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Ultra-performance multi-elemental nanocomposites electrochemical sensor for the
simultaneous determination of the residues of nitrofurantoin and furazolidone in poultry,

fish, honey, dairy products and municipal wastewater
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ABSTRACT

This study presents a novel ultra-performance multi-elemental nanocomposite electrochemical
sensor for the simultaneous detection of nitrofurantoin (NFT) and furazolidone (FZD) residues in
food and municipal wastewater. The sensor was developed by integrating gold-silver-alloy
nanocoral clusters (Au-Ag-ANCCs) with a zinc oxide nanoparticle-carbon paste electrode (ZnO-
NPs-CPE) and polyethylene oxide (PEO) nanocomposites. The surface morphology and elemental
composition of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO were characterized using various analytical
(FT-IR, XRD, SEM, and EDX) and electrochemical (EIS, CV, and SWV) techniques. The
electroactive surface area of the sensor was determined to be 0.214 cm?, approximately five-fold
higher than that of the bare CPE (0.045 cm?). The sensor demonstrated exceptional performance
over a wide linear range, from 1.0 pM to 250 uM for NFT and 0.9 nM to 360 uM for FZD. The
detection and quantification limits were found to be 0.26 pM and 0.88 pM for NFT and 0.023 pM
and 0.076 pM for FZD, respectively. Moreover, the sensor exhibited excellent repeatability,
reproducibility, long-term stability, and anti-interference capabilities. While applied to detect
AZM and ENF residues in poultry, fish, honey, dairy products and municipal wastewater, the
sensor exhibited excellent recoveries of 96.3-102.8% and relative standard deviations between
1.87% and 1.53%. Generally, the developed sensor represents a significant advancement in

addressing the global antibiotic residue pollution crisis.

Keywords: Electrochemical sensor; Antibiotic residues; Nitrofurantoin; Furazolidone, Multi-

elemental nanocomposite
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1. Introduction

Antibiotics, which are pivotal in modern medicine, have transformed healthcare by
effectively combatting bacterial infections and saving countless lives. Prescribed for a spectrum
of infectious diseases ranging from gastrointestinal to respiratory ailments, antibiotics also serve a
critical role in promoting growth and improving feed efficiency in animal husbandry [1]. By
targeting fundamental bacterial processes, such as cell wall synthesis, protein synthesis, DNA
replication, RNA elongation, and transcription, antibiotics impede bacterial growth and
reproduction [2]. However, their misuse and incomplete metabolism can lead to adverse effects
including allergic reactions, liver and kidney damage, blood disorders, nerve issues, hearing loss,
and skin sensitivity [3]. Furthermore, the extensive use of antibiotics in livestock farming
contaminates animal-derived foods, contributing to environmental antibiotic resistance genes and
posing health risks including obesity, digestive disorders, bone marrow issues, and cancer, even at
low residual concentrations. The indiscriminate use of antibiotics has spurred antibiotic resistance,
a significant global health concern, resulting in treatment failure, increased mortality, and
increased healthcare costs [4]. Given these challenges, the development of sensitive and selective
devices for detecting antibiotic residues is crucial to combat antibiotic pollution and protect public
health.

Nitrofurantoin (NFT), ((E)-1-[(5-nitro 2-furyl)methylideneamino]imidazolidine-2,4-dione),
is mainly used to combat Escherichia coli and Enterococcus, the primary pathogens responsible
for urinary tract infections in humans. Additionally, due to its broad-spectrum antimicrobial
activity, low cost, and high efficiency, NFT is extensively utilized as an additive of feed in animal
husbandry to address bacterial and protozoal infections and to prevent coccidiosis in poultry and
livestock [5]. However, the extensive use of NFT can result in adverse effects, such as loss of
appetite, diarrhea, nausea, and vomiting, along with potential risks of hepatotoxicity, mutagenicity,
carcinogenic activity, and teratogenesis [5,6]. In animal husbandry, NFT is commonly
administered orally either through animal feed or drinking water, leading to the accumulation of
its residues in animal products, including meat, milk, eggs, and other tissues [7]. Improper disposal
of animal waste can result in environmental contamination, impacting groundwater and surface

water. The accumulation of NFT residues in food sources poses a significant risk to public health,
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potentially harming humans and contributing to the development of antibiotic-resistant bacteria

8.

Furazolidone (FZD), (3-(5-nitrofurfurylideneamino)-2-oxazolidinone), a nitrofuran
derivative, has typically been used as a chemotherapeutic agent to combat bacterial and protozoal
infections such as dysentery, gastritis, enteritis, and gastric ulcers [9]. However, its primary
application has shifted to the prevention and treatment of microbial infectious diseases in animal
husbandry and aquaculture caused by pathogens such as Salmonella, Shigella, Staphylococci, and
Escherichia coli. The presence of FZD residues in the food chain poses substantial health risks due
to their mutagenic, carcinogenic, and teratogenic properties [10], leading to a severe outcomes
such as decreased white blood cells, skin inflammation, stomach cramps, and suppressed cell
growth. Moreover, FZD can damage human DNA and hinder cell growth. Consequently, due to
these detrimental effects, FZD has been banned in many countries, including China, the European
Union, and the United States. Nonetheless, its illicit use in livestock, poultry, and aquaculture
persists, resulting in residues in meat, eggs, honey, and milk, thereby posing a significant threat to
human health through the food chain [9].

In recent years, nanocomposites have been extensively used for cancer treatment, water
purification, environmental conservation, and food packaging. The integration of nanotechnology
with voltammetric methods has led to the development of robust electrochemical devices for
accurate analyte detection. This synergy provides advantages, such as prolonged stability,
expanded electroactive area, heightened mass transfer, and enhanced catalytic performance [11].
Bimetallic alloy nanoparticles have emerged as promising candidates for electrochemical sensing,
due to their exceptional sensitivity, superior detection capabilities, and robust stability [12]. Their
morphology, size, and composition further enhance their catalytic performance and synergistic
properties, extending their potential applications in domains such as cancer treatment,
nanomedicine, catalysis, and DNA delivery [13]. In particular, gold-silver alloy nanoparticles
have attracted significant interest owing to their outstanding electrocatalytic properties, electrical
conductivity, and optical features [14]. Similarly, zinc oxide nanoparticles (ZnO-NPs) have gained
a significant attention for electrochemical applications due to their remarkable electrocatalytic
activity, high electron transfer kinetics, good electrical conductivity, remarkable chemical
stability, broad electrochemical potential windows, and facile synthesis. Furthermore, the intrinsic

3
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non-toxicity and biocompatibility of ZnO-NPs make them highly suitable for diverse device
fabrication [15].

Polyethylene oxide (PEO) is well-known for its versatility as an electrode modifier in
electrochemical applications, exerting a significant influence on and enhancing electrical
conductivity. Its incorporation as an electrode modifier has resulted in remarkable improvements
in conductivity, fostering an environment conducive to electron movement during electrochemical
reactions [16]. Furthermore, PEO used as a dispersing agent, preventing undesirable particle
agglomeration at the electrode surface and ensuring the formation of a uniform and conductive
layer. It effectively reduces impedance, thereby enhances the charge transfer efficiency at the
electrode-electrolyte interface [17]. The biocompatibility of PEO extends its utility, in biological
or bio-electrochemical applications, facilitating interactions between analytes and electrodes while
preserving electrical conductivity. Moreover, PEO serves as a protective layer, shielding the
electrode surface from undesired reactions and corrosion, thereby contributing to the overall

stability and longevity of the electrode in various environments [18].

A range of analytical techniques has been utilized for the quantification of NFT and FZD
in diverse matrices, including chemiluminescence [19], LC-MS [20], ELISA [21],
spectrophotometry [22], and UHPLC-DAD assay [23]. Although these methods offer sensitivity
and selectivity, they have several limitations, such as intricate operational procedures, time-
consuming sample preparation, prolonged analysis times, high equipment prices, and the necessity
for experienced hands. Conversely, voltammetric approaches present notable advantages,
including cost-effectiveness, rapid analysis, user-friendliness, high specificity, portability,
potential for miniaturization, and minimal sample volume requirements [24]. Consequently,
electrochemical techniques have become the preferred option for simultaneously detecting NFT
and FZD residues. Among the electrochemical techniques, SWV was selected due to its numerous
advantages, including ultra-fast analysis, minimal sample consumption, background

differentiation, and high sensitivity [25].

This study presents a cutting-edge multi-elemental electrochemical sensing platform by
integrating Au-Ag-ANCCs with ZnO-NP-CPE and PEO nanocomposites. This pioneering sensor

was designed for the simultaneous detection of NFT and FZD residues in poultry, fish, honey,
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dairy products, and municipal wastewater samples. Before electrochemical analysis, Au-Ag-
ANCCs/ZnO-NPs-CPE/PEO was subjected to comprehensive surface characterization and
elemental composition analysis. The sensor demonstrated exceptional performance in detecting
NFT and FZD, with broad linear ranges and detection limits in the picomolar range. Its outstanding
selectivity and sensitivity were confirmed through sharp current responses to ultra-low

concentrations, underscoring its remarkable specificity, stability, and reliability.

2. Experimental

2.1. Chemical and reagents

Zinc nitrate hexahydrate (Zn(NOs)2.6H20), and sodium hydroxide (NaOH) were purchased
from LOBA Chemie Pvt. Ltd (India) and Molychem (India), respectively. Tetrachloroauric acid
(HAUCI,), silver nitrate (AgNO3), sodium borohydride (NaBHa), and sodium citrate (NasCeHsO7)
were procured from Shanghai Sinopharm Chemical Reagent Co., Ltd. (China). Nitric acid (HNO3),
sulfuric acid (H2SOa4), and sodium citrate were acquired from Merck Chemicals (Germany).
Graphite powder (BDH Laboratory Supplies, Poole, England) and paraffin oil (Uvasol Merck,
Germany) were used for the preparation of the carbon paste electrode. Potassium hexacyanoferrate
(111) (99%) was obtained from BDH Chemicals Ltd. (England). Polyvinyl pyrrolidone (PVP, K15,
MW = 40,000) was provided by Research Lab. Fine Chem. Industries (Mumbai, India). All other
chemicals and antibiotic standards were obtained from Sigma-Aldrich (USA). Chemicals and
reagents utilized in this experiment were of analytical grade and used without further purification.
Glassware was cleaned with aqua regia (HCI:HNO3 in a 3:1 ratio by volume) and washed with
deionized water before the experiments. Aqueous solutions were prepared using Milli-Q water
(18.2M€Q cm) obtained from a Millipore water purification system. Dissolving 59.5 mg of NFT in
25 mL of dimethyl formamide (DMF) yielded its 0.01 M stock solution. For FZD a 0.01 M stock
solution was prepared by dissolving 56.3 mg of the analyte in 25 mL of dimethyl sulfoxide
(DMSO). These stock solutions were further diluted with 0.1 M PBS (pH 7) to prepare the working

solutions for each analyte.
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2.2. Apparatus and instruments

Electrochemical measurements were performed in 20 mL cells with a CHI 760D
electrochemical analyzer (CH Instruments, USA). A conventional three-electrode system was
employed, consisting of a working electrode (either bare CPE or modified CPE), a platinum wire
counter electrode, and silver-silver chloride (Ag/AgCI (3M KCI)) reference electrode. The surface
morphologies of modified electrodes were characterized using a scanning electron microscope
(SEM, CX-200plus, Coxem, Korea), and elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDS). X-ray diffraction (XRD) patterns of the nanocomposites
were recorded using a BRUKER ECOD 8 advance diffractometer with Cu Ka radiation
(wavelength 2 = 0.15406 nm) at room temperature. Fourier transform infrared (FT-IR) spectra
were obtained using a PerkinElmer Spectrum 100 FT-IR spectrometer (PerkinElmer, USA). The
pH measurements were conducted with a Senses lon+MM150 pH meter (China). Solid chemicals
were weighed using an electronic digital balance (Model: Scientech ZSA 120, USA). A centrifuge
(model 8001, China) and an ultrasonic cleaner (model YJ5120-B, China) were utilized during
nanocomposite preparation. Additionally, a magnetic stirrer and a vacuum pump were employed

throughout the experiment.

2.3. Preparation of ZnO-NPs and CPE

Zinc oxide nanoparticles were synthesized using a modified co-precipitation method based
on Kotresh et al.'s report [26]. Initially, 2.5 g of NaOH was dissolved in 100 mL of deionized water
and heated to 55°C with constant stirring. Simultaneously, 7.5 g of Zn(NO3)2-6H.0 was dissolved
in 100 mL of deionized water. The pre-warmed NaOH solution was then gradually added to the
Zn(NOs)2-6H20 solution and continuously stirred for 2.5 hrs at 45°C. Subsequently, the solution
was left to settle for 3 hrs. The mixture was filtered to isolate the solid ZnO-NPs from the liquid
component. The nanoparticles were then thoroughly washed with deionized water to remove
impurities. Finally, the washed ZnO-NPs were dried at 120°C for 6 hrs and calcined at 240°C for
3 hrs.

70 mg of powdered graphite was thoroughly mixed with 30 pL of paraffin oil for 25 mins

using an agate mortar and pestle to prepare the CPE. The resulting homogenized paste was packed
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into a 1.0 mL syringe fitted with a Cu wire for electrical contact. The electrode surface was then
polished on white paper to achieve a mirror-like finish. When a fresh electrode was required, the
previous electrode was carefully removed from the upper tip surface, replaced with a new paste,
and subjected to further polishing.

2.4. Synthesis of Au-Ag-ANCCs

The synthesis of Ag-NCCs was performed as follows: initially, 0.1 M AgNO3 (2 mL) and
0.1 M polyvinyl pyrrolidone (PVP, K15, MW = 40,000) (10 mL) were added into a 100 mL flask
containing 15 mL of 0.1 M polyethylene glycol (PEG 600) solution under vigorous stirring for 20
min. Then, 4 mL of 1% NazCeHsO7 was added to initiate the reduction of Ag ions. The addition
of stabilizing agent prevents agglomeration and regulates the size and morphology of the clusters.
Subsequently, the mixture was heated in an oil bath at 130°C for 10 hrs, during which AgNO3 and
PVP reacted to form Ag nanocoral clusters stabilized by PEG 600 molecules. Controlled
temperature and stirring conditions facilitated the gradual formation of Ag nanocoral clusters,
exhibiting distinctive branch-like structures. The yellowish solution was allowed to cooling,

centrifugation, and washing several times.

The synthesis of Au-Ag alloy nanocoral clusters (Au-Ag-ANCCs) involves a controlled
alloying process, converting Ag-NCCs into their gold-based counterparts. Initially, 5 mL 0.01 M
HAUCI4 solution was vigorously stirred with the Ag-NCCs suspension for 15 min to ensure
homogeneous distribution of gold ions, facilitating their incorporation into the silver
nanostructures and forming the basis for alloyed nanocoral clusters. Then, the reaction mixture
was heated in an oil bath at 90°C for 3 hrs with continuous stirring. Subsequently, 3 mL of 0.1 M
NaBHs was gradually added to activate the reduction process, resulting in the formation of Au-
Ag-ANCCs. The pH of the reaction mixture was maintained at 10 by periodic additions of 0.1 M
NaOH, promoting gold ion reduction and stabilizing the resulting alloy nanostructures.
Additionally, 4 mL of 1% PVP solution was introduced as a stabilizing agent to maintain colloidal
stability and form a protective layer. Finally, the synthesized Au-Ag-ANCCs were centrifuged,

washed, and vacuum dried.
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2.5. Preparation of Au-Ag-ANCCs/ZnO-NPs-CPE

First, 10 mg of ZnO-NPs were dispersed in 8 mL of dimethyl sulfoxide (DMSO) and
subjected to 45 min of homogenization using an ultrasonic device. Subsequently, the dispersion of
ZnO-NPs was mixed with the Au-Ag-ANCCs dispersion at a ratio of 3:4 and subjected to
ultrasonication for 45 min. Afterwards, 7 pL of the resulting Au-Ag-ANCCs/ZnO-NPs dispersion
was drop-casted onto a CPE, dried at 20°C for 10 min, and referred to as Au-Ag-ANCCs/ZnO-
NPs-CPE.

2.6. Fabrication of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO

Electropolymerization of 0.01 M PEO containing 0.01 M KCI was performed at the surface
of Au-Ag-ANCCs/ZnO-NPs-CPE using CV for ten consecutive potential scans between -1.7 V
and +1.6 V in 0.1 M PBS (pH 7.0) at a scan rate of 25 mVs? (Fig. S1A). Subsequently, the
developed sensor (Au-Ag-ANCCs/ZnO-NPs-CPE/PEO) was rinsed with ethanol and deionized

water.
3. Results and discussion
3.1. Analytical characterizations

The XRD peaks of Ag-NCCs, observed at 26=34.42°, 38.24°, 40.08°, 44.46°, and 57.72°
(Fig. 1A(a)), corresponding to the (100), (111), (200), (220), and (311) crystal planes, respectively,
(with average size of 33 nm), indicating a face-centered cubic (FCC) structure of Ag metal crystals
(JCPDS card number 04-0783), consistent with previous findings [27]. The XRD analysis of Au-
Ag-ANCCs (Fig. 1A(b)) revealed almost identical 260 values to Ag-NCCs, with an additional peak
at 26.52° attributed to the (111) crystal plane, suggesting potential intermetallic alloy compound
formation, average size of was determined to be 22 nm. Fig. 1A(c) illustrates the XRD pattern of
ZnO-NPs-CPE, showing peaks at 260=23.86°, 26.94°, 32.08°, 34.64°, 36.62°, 47.7°, 54.56°, and
56.96°, corresponding to the crystal planes (100), (002), (101), (102), (110), (103), (112), and
(201), respectively, revealing the hexagonal crystal structure of the material (JCPSD card no. 01-
007-2551) [28]. Fig. 1A(d) shows the XRD spectrum of Au-Ag-ANCCs/ZnO-NPs-CPE,

confirming the successful integration of the constituent materials in the nanocomposite electrode,
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as demonstrated by the characteristic XRD peaks corresponding to each nanomaterial. The XRD
spectra of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO (Fig. 1A(e)) exhibited characteristic peaks of its
constituent components, confirming the successful preparation of the sensor. While PEO typically
lacks distinct diffraction peaks owing to its amorphous nature, peaks at 26=19.94° and 21.08° may

correspond to crystalline forms of PEO within the sensor.

The SEM image of Ag-NCCs revealed a visually attractive morphology characterized by
irregularly shaped, three-dimensional nanocoral clusters with interconnected branches resembling
coral reefs (Fig. 1B(a)). These nanocoral clusters exhibited non-uniform distribution, rough
surfaces, and porous networks. The average size range of 31-35 nm for the Ag-NCCs was
confirmed and aligned with the results of the XRD analysis. The SEM analysis of Au-Ag-ANCCs
(Fig. 1B(b)) demonstrated the presence of highly irregular, non-uniform nanocoral clusters
comprising a rough porous network with an average size of 20-24 nm. The energy-dispersive X-
ray (EDX) spectra of the Ag-NCCs (Fig. S2B(d)) indicates the presence of C(32.0%), N(3.3%),
O(7.1%), and Ag(57.6%). Similarly, the EDX of Au-Ag-ANCCs (Fig. S2B(e)) contained
C(26.5%), N(3.1%), O(7.3%), Ag(52.6%), and Au(10.5%), suggesting successful incorporation of
Au into the Ag-NCCs. Thus, the incorporation of Au into Ag-NCCs is expected to enhance the
conductivity, active area, and catalytic properties of the resulting Au-Ag-ANCCs. The SEM image
of the ZnO-NPs-CPE (Fig. 1B(c)) provides valuable insight into its morphology, revealing a rough
surface and irregular structure with a non-uniform distribution of ZnO NPs. The EDX spectra (Fig.
S2B(f)) showed that ZnO-NPs-CPE was mainly composed of C(34.6%), O(15.6%), and
Zn(49.8%), confirming the high degree of purity of the synthesized material. Fig. 1B(d) illustrates
the uniform distribution of the Au-Ag-ANCC particles within the ZnO-NPs-CPE matrix, forming
an integrated nanocomposite material (Au-Ag-ANCCs/ZnO-NPs-CPE). The resulting
nanocomposite electrode exhibited a well-defined crystalline nanoporous structure with rough and
irregular shapes as well as noticeable interconnected cavities. This confirms the successful
incorporation of Au-Ag-ANCC particles into the ZnO-NPs-CPE matrices. The elemental mapping
of the Au-Ag-ANCCs/ZnO-NPs-CPE (Fig. S2B(i)) confirmed the presence of C(13.1%),
N(2.5%),0(7.1%), Zn(36.5%), Ag(31.4%), and Au(9.4%). The SEM image in Fig. 1B(e) shows
the surface morphology of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO, revealing that the PEO film
effectively coated the surface, resulting in a rough, non-uniform, and irregular texture. The



258  corresponding EDX spectra (Fig. 1B(f)) showed the presence of C(21.3%), N(6.3%), O(14.7%),
259  Zn(26.2%), Ag(24.9%), and Au(6.6%), confirming the successful fabrication of the proposed

260  multi-elemental nanocomposite electrochemical sensor.
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263 Fig. 1. (A) XRD patterns, (B) SEM images of Ag-NCCs (a), Au-Ag-ANCCs (b), ZnO-NPs-CPE
264  (c), Au-Ag-ANCCs/ZnO-NPs-CPE (d), Au-Ag-ANCCs/ZnO-NPs-CPE/PEO (e), and (B) EDX
265  spectra of Au-Ag-ANCCs/ZnO-NPs-CPE/PEOQ (f).
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3.2. Electrochemical characterizations

The electrodes were subjected to extensive electrochemical impedance spectroscopy (EIS)
analysis, spanning in a frequency range of 0.1 to 100, 000 Hz, utilizing a solution containing 5
mM [Fe(CN)e]*™* in 0.1 M KCI (Fig. 2A). The obtained experimental data were fitted to the
Randles equivalent circuit model and depicted in a Nyquist plot (inset, Fig. 2A). In the EIS curve,
the semicircular segment denotes the rate-limiting step of the electrochemical reaction, and the
diameter of the semicircle represents the charge transfer resistance (Rct) [24]. The Ret values for
the bare CPE, ZnO-NPs-CPE/PEO, Au-Ag-ANCCs-CPE, Au-Ag-ANCCs-CPE/PEO, Au-Ag-
ANCCs/ZnO-NPs-CPE, and Au-Ag-ANCCs/ZnO-NPs-CPE/PEO, were found to be 48260,
2845Q, 1978Q, 1274Q, 864Q), and 141Q, respectively. The lowest Rct value was obtained from
the Au-Ag-ANCCs/ZnO-NPs-CPE/PEO configuration, indicating a significant enhancement in

the conductivity, electron transfer capability, and electroactive surface area.

The voltammetric characteristics of the electrodes were further assessed with CV with a
redox probe of 5 mM [Fe(CN)s]*”* containing 0.1 M KCl at a scan rate of 50 mVs™ (Fig. 2B). The
bare CPE exhibited weak redox current and the widest peak-to-peak separation (AEp = 196 mV),
attributed to its limited electrical conductivity (Fig. 2B(a)). In contrast, the ZnO-NPs-CPE/PEO
(Fig. 2B(b)) and Au-Ag-ANCCs-CPE (Fig. 2B(c)) showed distinct redox current responses and
lower AEp values (151 mV and 124 mV, respectively). The current responses significantly
increased for Au-Ag-ANCCs-CPE/PEO (Fig. 2B(d)) and Au-Ag-ANCCs/ZnO-NPs-CPE (Fig.
2B(e)), accompanied by reduced AEp values (105 mV and 86 mV, respectively). Expressively, the
current response at the surface of the Au-Ag-ANCCs/ZnO-NPs-CPE/PEO (Fig. 2B(f)) reached its
maximum value with a decrease in AEp to 62 mV, indicating the synergistic enhancement in the

overall performance of the sensor by the nanocomposite modifiers, in line with the EIS findings.
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Fig. 2. (A) Nyquist plots and (B) CVs of bare CPE (a), ZnO-NPs-CPE/PEO (b), Au-Ag-ANCCs-
CPE (c), Au-Ag-ANCCs-CPE/PEO (d), Au-Ag-ANCCs/ZnO-NPs-CPE (e), Au-Ag-ANCCs/ZnO-
NPs-CPE/PEO (f).

Quantification of electroactive surface area is crucial for electrochemical reactions because
of its direct influence on the catalytic efficiency and sensitivity of the electrodes. In this study, CV
was used to evaluate the electroactive surfaces of electrodes at different modification stages. The

determination was performed by applying the Randles-Sevcik equation (1) [25].
1,=2.69x10°n"2AD*Cv* (1)

where n = number of electrons, I, = peak current, C = concentration of [Fe(CN)s]*7*, v = scan
rate, D = diffusion coefficient, and A = electrode surface area. The electroactive areas were
determined to be 0.045 cm?, 0.081 cm?, 0.127 cm?, 0.139 cm?, 0.165 cm?, and 0.214 cm? for the
bare CPE, ZnO-NPs-CPE/PEO, Au-Ag-ANCCs-CPE, Au-Ag-ANCCs-CPE/PEO, Au-Ag-
ANCCs/ZnO-NPs-CPE, and Au-Ag-ANCCs/ZnO-NPs-CPE/PEO, respectively. Notably, the Au-
Ag-ANCCs/ZnO-NPs-CPE/PEO exhibited almost a fivefold increase in electroactive area
compared to the bare CPE.

3.3. Electrochemical behaviors of NFT and FZD

The voltammetric behaviors of 25 uM NFT and FZD were examined via SWV and CV at

100 mVs? (scan rate) within a potential range of -0.9-0.2 V on both unmodified and modified
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electrodes. Blank solutions showed no detectable CV currents, indicating the absence of analytes
or their concentration below the detection limit. The nonexistence of oxidation peaks in the reverse
CV scan (Fig. 3A) indicates the irreversibility of FZD electrode reaction, while NFT exhibited a
reversible electrode reaction. Weak current responses were noted at bare CPE, indicating sluggish
electron transfer kinetics and insufficient electrical conductivity. In contrast, ZnO-NPs-CPE/PEO
and Au-Ag-ANCCs-CPE exhibited amplified currents, attributed to enhanced electrical
conductivity facilitated by ZnO-NPs and the alloying of Au and Ag with the formation of
nanocoral clusters, respectively. These enhancements contributed to increased electroactive area
and reduced electron travel distance [29]. The improved CV responses at the surface of Au-Ag-
ANCCs-CPE/PEO were attributed to the favorable contribution of the PEO film. Furthermore, the
conductivity from both Au-Ag-ANCCs and ZnO-NPs
nanocomposites resulted in an increased CV response at the Au-Ag-ANCCs/ZnO-NPs-CPE. The
highest CV responses were observed at the Au-Ag-ANCCs/ZnO-NPs-CPE/PEO, underlining the

synergistic effects of the constituent nanocomposites.

combined effects of electrical

The voltammetric properties of 25 uM NFT and FZD were further investigated using SWV
at different electrode configurations (Fig. 3B). The bare CPE exhibited the lowest reduction current
due to its limited catalytic activity. In contrast, Au-Ag-ANCCs/ZnO-NPs-CPE/PEO demonstrated
the highest reduction currents for both analytes, consistent with the CV results. Furthermore, the
peak-to-peak separation (AEp=728 mV) between NFT and FZD provided sufficient differentiation

for simultaneously determining the analytes.
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Fig. 3. (A) CVs and (B) SWVs of 25 uM NFT and FZD at different electrodes.
3.4. Optimization of experimental conditions

The Supplementary Material provides comprehensive details on procedures for sample
preparation and optimization of electrolyte solutions, nanocomposite mixing ratio, drop-casting
volume, and SWV parameters.

3.4.2. Effect of pH

The effect of pH variations on the current responses of 25 uM NFT and FZD were
investigated using SWV at 25 mVs? (scan rate). The Ipc of both analytes increased gradually
within the pH range of 5.0 to 7.0 (Figs. 4B(a) and C(a)). However, a subsequent increase in the
pH resulted in a decline in the current responses. Consequently, the optimum pH for further
analysis was determined to be 7.0. Furthermore, the Epc of both NFT and FZD shifted towards
more positive values with pH (Fig. 4A), indicating the involvement of protons in the electro-
reduction of the analytes. A linear correlation was observed between pH and Epc, given by the
equations: Epc (V) = 0.055 — 0.346 (R?=0.999) (Fig. 4B(b)) for NFT, and Epc(V) = 0.057-0.886
(R? = 0.998) (Fig. 4C(b)) for FZD. The slope values of 55 and 57 mV/pH for NFT and FZD,
respectively, closely approximated the Nernstian theoretical value of 59 mV/pH, suggesting the
electro-reduction of NFT and FZD involves the transfer of an equal number of electrons and

protons, consistent with findings from previous reports [30,31].

5_
0 -6- 0.02
=] 8 Epc (V) = 0.055 pH - 0.346 0.00
—_ 10+ (R?=10.999) ’-O-OZQ’
<104 ~0.04 <
3 212 S
g-15- E 0.06°5
= —pH5 o4 0085
20- —pH 6 \ 16 010 g
25 ——PpH7 NET 18 -0.121
pH8 -0.14
-20- -
301 FzD ¥ ——pH 9 ! + -0.16
22 '
5 T T T T T T T T T T -
B8 06 04 02 0b  o» 3 3 7 8 g 08
Epc (V) vs Ag/AgCl pH

14



348

349
350

351

352
353
354
355
356
357
358
359
360
361
362
363
364

365

366
367

©)’ " FzD ' b " Lost

-104 Epc (V) = 0.057 pH - 0.886 -0.54
(R?=0.998) 5]
15 a —0.57%»
_— (@]
< ‘/\ 0.60 <
b 204 § @
2 063
251 a
<0.66 U

30 ~0.69

0.72

Fig. 4. (A) SWVs of 25 uM NFT and FZD at different pH values, (B) and (C) Ipc vs. pH (a) and
Epc vs. pH (b) for NFT and FZD, respectively.

3.4.3. Effect of scan rate

CV was used to examine the effects of different scan rates (ranging from 25 to 325 mVs™)
on the peak current and peak potential of 25 uM NFT and FZD (Fig. 5A). The current intensities
for both analytes steadily increased with increasing scan rate. For FZD, the increase was
accompanied by a potential shift towards more negative values, indicating an irreversible electro-
reduction process, while NFT displayed a reversible electrode reaction. A linear connection was
observed between the current response and the square root of the scan rate for both analytes (Fig.
5B(a and b)). The equations representing the correlation were: Ipc (UA) = -1.46 v (mVs)Y2 —
0.8 (R?=0.996) for NFT and Ipc (uA) =-0.61v? (mVs™1)¥2-12.7 (R?= 0.995) for FZD. Moreover,
the log Ipc vs. log v plots displayed linear regression equations with slopes of 0.55 and 0.47 for
NFT and FZD, respectively (Fig. 5C(a and b)). The slope values, which are close to the theoretical
value of 0.5, indicate that the reaction of NFT and FZD at the surface of Au-Ag-ANCCs/ZnO-
NPs-CPE/PEO was predominantly governed by diffusion controlled processes [30,32]. Equation

(2) [24] was used to calculate the number of electrons involved in the electrode reaction.

2.303RT RTK® A 2.303RT
+ log +

E o= E°
onF onF onF

logv (2)

where, E° = formal potential, v = scan rate, F = Faraday constant, T = temperature, n = number of

electrons, k° = heterogeneous rate constant, and R = universal gas constant. A very good linear
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correlation was observed between Epc and log v for both NFT and FZD. The slope of each plot,
corresponding to 2.303RT/anF, was used to calculate an, resulting in 1.875 for the NFT and 1.962
for the FZD. For irreversible electrode reactions, the transfer coefficient (o) was assumed to be 0.5
[25]. The number of electrons (n) involved in the electro-reduction of NFT and FZD were
determined to be 3.75 and 3.924, respectively, nearly equal to four. This finding is consistent with
those of previous studies [30,32], demonstrating that the electro-reduction of NFT and FZD
comprises a transfer of four protons and four electrons. Fig. 5D shows a schematic illustration of
the reaction mechanism for the electrochemical reduction of the analytes.
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Fig. 5. CVs of 25 uM NFT and FZD (A) at different scan rates, Ipa vs. v''2 (B), log Ipa vs. log v
(C), and schematic illustration for the electrode reaction of the analytes (D).
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3.4.5. Simultaneous determination of NFT and FZD

This study aimed to develop an ultra-high-performance multi-elemental nanocomposite
electrochemical sensor for simultaneously detecting NFT and FZD residues in various food and
environmental samples using Au-Ag-ANCCs/ZnO-NPs-CPE/PEO. To attain the objective, SWV
was performed under optimized experimental conditions within a potential range of -0.9t0 0.2 V.
A strong linear relationship was observed between concentration and the Ipc of the analytes,
ranging from 1.0 pM to 250 uM for NFT and 0.9 nM to 360 uM for FZD (Fig. 6A). The
relationships are given as: Ipc (WA) = -0.997C (uUM) — 1.68 (R?= 0.9994) for NFT (inset plot Fig.
6B) and Ipc (UA) = -0.989C (uM) — 8.13 (R?= 0.9995) for FZD (Fig. 6B). The limits of detection
(LOD) and quantification (LOQ) were found to be 0.26 pM and 0.88 pM for NFT, and 0.023 pM
and 0.076 pM for FZD, respectively. The remarkably low LOD and LOQ values obtained while
simultaneously determining NFT and FZD confirms the exceptional capability of the sensor for
detecting ultra-low concentrations of the analytes. Moreover, the exceptional sensitivity of Au-
Ag-ANCCs/ZnO-NPs-CPE/PEO places its position in the frontline of electroanalytical chemistry.
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Fig. 6. SWVs of different concentration of NFT and FZD (A), and Ipc vs. conc. (B).

The developed sensor was assessed by comparing its performance with that of recently
reported sensors based on LOD and linear range. The proposed sensor surpassed its existing
counterparts by demonstrating a substantially lower LOD and wide linear range (Table 1). The
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outstanding performance of the sensor is due to its larger electroactive surface area and enhanced
electrocatalytic activity and electrical conductivity resulting from the synergistic effects of the

incorporated modifiers.

Table 1: Comparison of the developed sensor with reported values.

Linear range

Electrodes Analytes Samples (LM) LOD (uM) Ref.
Ag-Ni(OH)/GCE NFT Tablets and 0.11-13 0.079 [33]
blood serum 13-212
a-Fe203/h-BN NCs NFT Biological 0.025-22.95 0.015 [34]
fluids
Pd-TisCoTx-P NFT Hospital waste 0.001-0.14 0.01 nM [35]
BaSnO3/GCE NFT Plasma, urine, 0.01-42.65 0.062 [5]
and milk 42.65-557.7
ZnO HPs/P-CN NFT Water and 0.01-111 0.002 [36]
human urine
Au-Ag-ANCCs/ZnO- NFT Foods and water 1.0 pM-250 0.26 pM  This work
NPs-CPE/PEO
Pd:/N-C/GCE FzZD Tap and lake 0.01-50 3.3nM [9]
water 50-300
Mn3C0304/MWCNT/S FZD Serum and urine 0.05-650 0.55nM [37]
PCE
CoWO4/N-rGO/GCE FZD Urine and 0.09-799 0.022 [38]
wastewater
c-MWCNT/PMo12/MIP FZD Foods 0.006-0.6 3.38 nM [39]
IGCE
Au-Ag-ANCCs/ZnO- FZD Foods and water 0.9 nM-360 0.023pM  This work

NPs-CPE/PEO

3.6. Reproducibility, repeatability, stability and selectivity

Nine replicate SWV measurements were performed using a single sensor to assess the
repeatability of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO while simultaneously quantifying 15 pM
NFT and FZD. NFT and FZD exhibited RSD values of 3.13% and 3.32%, respectively (Fig. S3A),
indicating excellent repeatability. To evaluate reproducibility, ten electrodes were prepared under
identical conditions. NFT and FZD exhibited RSD values of 2.99% and 2.96%, respectively (Fig.
S3B), indicating exceptional reproducibility. Stability of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO was
examined by monitoring its current response weekly for two and a half months, with storage at

4°C after each weekly use. The sensor exhibited long-term stability, with a 6.46% decrease in the
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current response for NFT and 6.35% decrease for FZD over the entire storage period (Fig. S3C).
Finally, the selectivity was examined by subjecting the sensor to potentially co-existing interfering
substances in the presence of 15 uM NFT and FZD. The sensor's current response for the target
analytes remained unaffected in the presence of 250-fold excess concentrations of antibiotics
(azithromycin, amoxicillin, tinidazole, ciprofloxacin, vancomycin, rifampicin, metronidazole,
chloramphenicol, norfloxacin, erythromycin, and ceftriaxone), 750-times common interferents
(folic acid, urea, sucrose, dopamine, glucose, fructose, uric acid, lactose, and ascorbic acid), and
1000-times higher concentrations of inorganic species (K*, SO4*, Cu?*, Mg?*, HCO?*, CI', Fe*",

NO3", Ca?*, and COs%) (Table S1), demonstrating remarkable selectivity of the developed sensor.
3.7. Analytical application

The applicability of Au-Ag-ANCCs/ZnO-NPs-CPE/PEO for real-sample analysis was
evaluated via spiking experiments. The standard addition method was employed to determine the
percentage recovery. Known concentrations of NFT and FZD standards (0, 5, 10, 30, and 45 pM)
were added to the chicken meat, fish, honey, milk, and wastewater samples (Table S2). Before
spiking the standard solutions into the samples, their initial current responses were recorded. No
current responses were observed in the unspiked samples, indicating the absence of NFT and FZD
residues, or their concentrations below the detection limit. Subsequently, the percentage recoveries
in the spiked samples ranged from 96.3% to 102.4% for NFT and 96.4% to 102.8% for FZD.
Furthermore, the relative standard deviation (RSD) values were found to be very low, ranging from
1.87% to 2.53% for NFT and 1.91% to 2.49% for FZD. These exceptional recovery ranges and
low RSD values highlight the efficiency and reliability of the developed sensor for simultaneously

determining NFT and FZD residues in real-time applications.
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5. Conclusions

This study presented a novel hypersensitive multi-elemental nanocomposite electrochemical
sensing platform for simultaneously detecting NFT and FZD residues in food and wastewater
samples. Several analytical and electrochemical techniques were utilized to characterize the
surface morphology and elemental composition of the sensor. Au-Ag-ANCCs/ZnO-NPs-
CPE/PEO showed superior performance compared to previously reported sensors, with a
picomolar LOD and a wide linear range. This performance was attributed to the increased
electroactive surface area, electrocatalytic activity, and electrical conductivity. The sensor revealed
exceptional selectivity in the presences of several co-existing interferents. Furthermore, it
exhibited excellent long-term stability, reproducibility, and repeatability, making it ideal-tool for
the real-time monitoring of the target analytes in food and wastewater samples. The developed
novel sensor holds great promise for sensitive and selective determination of NFT and FZD

residues in various food and environmental samples.
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Sample preparation

Chickens meat

Chicken meat samples were purchased from a local supermarket in Addis Ababa, Ethiopia,
and homogenized before extraction. To extract the target analyte, 5 g of the homogenized meat
sample was mixed with 20 mL of a 0.1 M PBS solution. The meat sample and PBS solution were
thoroughly mixed using a vortex mixer to ensure complete dispersion of the sample in the solvent.
Subsequently, the mixture was subjected to ultrasonic treatment for 45 min. This step aimed at
facilitating the efficient extraction of the desired components from the meat matrix, thereby
enhancing the quality and accuracy of our analysis. Then, the mixture was centrifuged at 4,000
rpm for 15 min. This centrifugation step was performed precisely to separate the constituents, and
as a result, a clear solution containing the extracted analyte was collected. Finally, the sample was

spiked with appropriate concentrations of NFT and FZD standard solutions.

Fish

Fish samples collected from a local supermarket in Addis Ababa, Ethiopia and stored in a
deep freezer until analysis. Approximately 2 g of homogenized fish sample was weighed into a 50
mL falcon tube, followed by the addition of 5 mL of water and 5 mL of acetonitrile. The mixture
was vortexed for 5 min to ensure thorough mixing. Subsequently, 5 g of MgSO4 and 2 g of NaCl

were added to the falcon tube and manually shaken for 2 min to promote solid-phase extraction.


mailto:bscv2006@yahoo.com
mailto:tessemamerid@yahoo.com

The resulting mixture was centrifuged at 4000 rpm for 15 min to separate the supernatant from the
solid phase. The collected supernatant was carefully transferred to another falcon tube. After 5 min
vortexing, the mixture was centrifuged again at 10,000 rpm for 10 min, resulting in a clear solution
enriched with the analytes of interest. Finally, to quantify the concentrations of the analytes in the
samples, the samples were spiked with different concentrations (0, 5, 10, 30, and 45 uM) of NFT

and FZD standard solutions.
Honey

Honey was purchased from a local supermarket in Addis Ababa, Ethiopia. The samples were
prepared as follows: 1 g of honey was dissolved in 1 mL of 0.1 M HCI with magnetic stirring. A
dilution ratio of 1:10 (v/v) in PBS (pH 7.4) was used to reduce the matrix effect, and then filtered
through a 150 mm filter membrane before analysis. Afterwards, the samples were spiked with

known concentrations of NFT and FZD standards.
Milk

Milk samples were obtained from Sululta town in the Oromia Regional State of Ethiopia and
processed as follows: first, 5.0 mL of the milk sample was mixed with 20 mL of acetonitrile. After
subjecting the mixture to 15 min of sonication and 10 min of shaking, it was centrifuged at 10,000
rpm for 10 min. Following centrifugation, the supernatant was filtered through a 150 mm filter
membrane. The resulting filtrate was subsequently transferred to a 25 mL volumetric flask and
diluted to the mark using PBS (pH 7). Finally, the samples were spiked with different

concentrations of NFT and FZD standards.
Municipal wastewater

Municipal wastewater sample (approximately 800 mL) was sourced from the Kality
Wastewater Treatment Plant in Addis Ababa, Ethiopia. Careful collection procedures were
followed to ensure sample integrity, with proper labeling and storage under controlled conditions.
Subsequent steps involved mechanical cleaning and primary filtration to remove suspended solids,
followed by overnight settling to separate liquid from solid components. Further filtration using a

150 mm filter paper was performed several times, and the sample was diluted with a phosphate



buffer solution before being spiked with standard solutions of the analytes. No additional

pretreatment was conducted before analysis. The prepared sample was then stored at 4°C until

analysis.
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Fig. S1. (A) CV for the electropolymerization of 0.01 M PEO containing 0.01 M KCl in 0.1 M
PBS (pH 7.0) at the surface of Au-Ag-ANCCs/ZnO-NPs-CPE for 10 cycles in a potential ranges
of -1.7 to 1.6 V at a scan rate of 25 mVs™, and (B) Ipc vs. the number of polymerization cycles for
15 uM NFT and FZD.

Analytical characterizations

The FT-IR spectra of the Ag-NCCs (Fig. S2A(a)) revealed characteristic peaks showing the
presence of Ag-O stretching vibrations at around 568cm™, along with peaks attributed to C-H
bending vibrations of the alkyl chain in PVP at 1037cm™ and 1120cm™. Additional peaks included
Ag-O stretching at 1385cm™ and C=0 stretching at 1629cm™, as well as C-H and O-H stretching
vibrations at 2856cm™, 2929cm, and 3459cm™, respectively. In the spectra of Au-Ag-ANCCs
(Fig. S2A(b)), the peaks at 3438cm™ and 1640cm™ correspond to O-H stretching and bending
vibrations, while the broad peak at 1078cm™ indicates C-O bond stretching vibrations. The peaks
at 540cm™* and 620cm represent Ag-O and Au-O stretching vibrations, respectively, confirming
the coordination of oxygen between Ag and Au. In ZnO-NPs-CPE (Fig. S2A(c)), peaks in the 400—
500cm™ and 500-900cm™ regions signify Zn-O stretching and bending vibrations, respectively.



The sharp peaks at 1684cm™ and 1639cm™ indicate C-O and C-H stretching vibrations, whereas a
strong peak at 3490cm™ suggests O-H bond stretching vibrations. The FT-IR spectra of Au-Ag-
ANCCs/ZnO-NPs-CPE (Fig. S2A(d)) exhibit distinct peaks corresponding to the metal-oxygen
and metal-metal bonds of Au-Ag-ANCCs in the 500-900cm range, along with peaks related to
ZnO-NPs. The successful incorporation of PEO into the Au-Ag-ANCCs/ZnO-NPs-CPE
nanocomposite structure was demonstrated by characteristic peaks at approximately 1003cm™ and
1112cm™ (Fig. S2A(e)), indicating C-O-C stretching vibrations specific to ether linkages, as well
as peaks at 2922cm™ and 1626cm™ corresponding to C-H and C=C vibration, confirming the

presence and integration of PEO within the nanocomposite structure.
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Fig. S2A. FT-IR spectra of Ag-NCCs (a), Au-Ag-ANCCs (b), ZnO-NPs-CPE (c), Au-Ag-
ANCCs/ZnO-NPs-CPE (d), and Au-Ag-ANCCs/ZnO-NPs-CPE/PEOQ (e).
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Fig. S2B. SEM images and EDX spectra of Ag-NCCs (a and d), Au-Ag-ANCCs (b and e), ZnO-
NPs-CPE (c and f), Au-Ag-ANCCs/ZnO-NPs-CPE (g and i), Au-Ag-ANCCs/ZnO-NPs-CPE/PEO
(h and j).



Effects of supporting electrolytes

The type of supporting electrolyte solution significantly influences the shape of the
voltammogram and the current response in the electrochemical analysis, making it critical to select
the appropriate supporting electrolyte before conducting any analysis. Various supporting
electrolytes, including citrate buffer, citrate-phosphate buffer, acetate buffer, phosphate buffer,
Britton-Robinson buffer, ammonium chloride, and sulfuric acid, were thoroughly evaluated using
square wave voltammetry (SWV). Phosphate buffer solution (PBS) provided a clear and
adequately sized current response for both analytes, establishing its superiority as the optimal
medium (Fig. SA). Therefore, PBS was selected as the most suitable supporting electrolyte
solution for simultaneously determining the NFT and FZD residues across diverse matrices

throughout the experiment.
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Fig. SA. SWVs of 25 uM NTF and FZD in different supporting electrolyte solutions.
Optimization of the nanocomposites mixture ratio and volume of drop-cast species

While optimizing the nanocomposites mixing ratio for the preparation of Au-Ag-
ANCCs/ZnO-NPs-CPE/PEOQ, the optimum proportion of ZnO-NPs and Au-Ag-ANCCs was found
to be 3:4, resulting in the highest current response for detecting 25 uM NFT and FZD, as shown

in Fig. SB(a). This superior performance is attributed to synergistic effects, such as high electrical

6



conductivity, catalytic activity, and electroactive surface area of the two nanocomposites, which
enhance the sensitivity of the sensor to the target analytes. Thus, a 3:4 ratio for ZnO-NPs and Au-
Ag-ANCCs, respectively, was selected as the optimal value for preparing the sensor in subsequent
experiments.

To ensure effective modification of the CPE surface, optimizing the drop-cast volume of the
Au-Ag-ANCCs/ZnO-NPs dispersion mixture is essential. This volume directly impacts the
thickness and uniformity of the modified layer, thereby influencing electrode performance. To
identify the optimal drop-cast amount, various volumes of the dispersion mixture were tested,
assessing the current response of the modified electrode for simultaneous detection of 25 uM NFT
and FZD. As depicted in Fig. SB(b), the highest current response was obtained with a drop-cast
volume of 7 pL. Accordingly, 7 pL of the Au-Ag-ANCCs/ZnO-NPs dispersion mixture was

selected as the optimal volume for preparing the Au-Ag-ANCCs/ZnO-NPs-CPE for subsequent
experiments.

-30- -
@ mmezo 10 ez
-25- [ INFT -304
-20- 25
=151 3
= 8151
104
A0
-5— _5_
O 172 212332 34 43 35 53" O

ZnO-NPs:Au-Ag-ANCCs mixing ratio Drop-caste volume (UL)

Fig SB. Diagram for the optimization of the nanocomposite dispersion mixing ratio and drop-cast
volume.

Optimization of SWV parameters

The current responses of 25 uM NFT and FZD in 0.1 M PBS (pH 7) were examined in
relation to the three key SWV instrumental parameters: amplitude, frequency, and step potential.
First, the effect of amplitude was explored over a range of 40-110 mV at a constant frequency and



step potential, revealing an increase in cathodic current up to 80 mV for both analytes before a
decline (Fig. SC(A)). Thus, 80 mV was identified as the optimal amplitude for subsequent
measurements. Next, the influence of the frequency was studied within the range of 2090 Hz
while maintaining the amplitude and step potential constant, showing a direct correlation between
the current response and frequency, with a peak observed at 60 Hz (Fig. SC(B)). Consequently, 60
Hz was selected as the optimal frequency for subsequent experimental procedures. Finally, the
effect of step potential was examined across the range of 2—14 mV with the other parameters held
constant, revealing an increase in the reduction currents for both analytes as the step potential
increased, peaking at 8 mV before declining (Fig. SC(C)). Therefore, 8 mV was chosen as the
optimal value for the subsequent experiments.

- o 20 (B)
—a—FZD
-201 30
—o— NFT
_25_
-40-
< -30 <
2 =501
S35 g8
-60-
-401
45- 70-
'50 T T T T T T T 1 -80 T T T U T T T 1) T U T T T T 1
40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90
Amplitude (mV) Frequency (Hz)
304
(©)
-40+ —=—FZD
NFT
50
< 60-
=3
=704
80
-90-

2 4 6 8 10 12 14
Step potential (mV)



Fig. SC. The effect of SWV parameters: amplitude (A), frequency (B), and step potential (C) on
the anodic current responses of 25 UM NFT and FZD.

Repeatability, reproducibility, stability and selectivity
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Fig. S3. Repeatability (A), reproducibility (B), and stability (C) of the developed sensor.



Table S1: The effect of co-existing interferents on the current response of the sensor.

Interferents
Azithromycin
Amoxicillin
Tinidazole
Ciprofloxacin
Vancomycin
Rifampicin
Metronidazole
Chloramphenicol
Norfloxacin
Erythromycin
Ceftriaxone
Urea
Dopamine
Uric Acid
Folic Acid

Conc.

(LM)
250
250
250
250
250
250
250
250
250
250
250
750
750
750
750

Relative percentage

error (%)

NFT
3.13
3.45
3.26
3.65
3.19
3.48
3.25
3.37
3.16
3.29
3.28
2.26
2.21
2.17
2.33

FZD
3.19
3.43
3.29
3.61
3.22
3.45
3.25
3.34
3.12
3.32
3.28
2.28
2.24
2.17
2.28

Interferents
Fructose
Glucose
Sucrose

Ascorbic Acid
Lactose
K+
SO4*
Cu2+
M gZ+
HCO*
CI
Fe3*
NOs
Ca2+
COz?

Conc.

(LM)
750
750
750
750
750
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

Relative percentage
error (%)

NFT FZD
2.26 2.21
2.33 2.34
2.31 2.28
2.22 2.22
2.24 2.29
0.96 0.96
0.91 0.97
0.93 0.98
0.91 0.97
0.93 0.97
0.96 0.96
0.96 0.96
0.93 0.98
0.94 0.96
0.94 0.96
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Analytical application

Table S2: Summary of spiking experiment results.

Spiked

Samples

Chicken
Meat

Fish

Honey

Milk

Municipal
wastewater

(LM)
0
5
10
30
45
0
5
10
30
45
0
5
10
30
45
0
5
10
30
45
0
5
10
30
45

Found (uM)
NFT FZD
511 5.04
9.87 10.02

30.55  29.67
4521 4411
4.87 4.82
10.12  10.07
29.47  28.99
43.87 4421
4.93 4.86
9.97 9.85
30.28  29.92
4512 4522
5.12 5.07
10.21  10.06
28.87  29.26
44.25  44.76
5.07 5.03
10.03  10.11
30.65 30.82
4551  45.64

Recovery (%)

NFT

102.2
98.7
101.1
100.5

97.4
101.2
98.3
97.5

98.6
99.7
101

100.3

102.4
102.1
96.3
98.4
101.4
100.3
102.2
101.2

FZD

100.8
100.2
98.9
98.1

96.4
100.7
96.7
98.7

97.2
98.5
99.8
100.5
101.4
100.6
97.6
99.5

100.6
101.1
102.8
101.5

RSD (%)
NFT = FzD
200 201
253 234
217 217
242 249
199 202
221 227
187 191
214 217
236 231
222  2.28
214 217
234 234
225 215
207 211
225 223
228 231
236 234
227 231
201 221
241  2.38
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Abstract

Herein, we introduce a pioneering electrochemical sensing platform for simultaneously
determining the residues of antibacterial drugs, azithromycin (AZM) and enrofloxacin (ENF), in
food and water samples. The sensor was developed by integrating thermally annealed gold-silver
alloy nanoporous matrices (TA-Au-Ag-ANpM) with iron-doped polyaniline (Fe-dop-PANI) and
nickel oxide nanoparticles (NiO-NPs). The surface morphology and elemental composition of TA-
Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE were exhaustively characterized using an array of
analytical (FT-IR, XRD, SEM, and EDX), and electrochemical (EIS, CV, and SWV) techniques.
The sensor exhibited exceptional performance over a wide linear range, from 0.8 pM-250 uM for
AZM and 0.1 pM-550 uM for ENF. The LOD and LOQ values were found to be 0.053 pM and
0.18 pM for AZM, and 0.013 pM and 0.042 pM for ENF, respectively. Additionally, the sensor
demonstrated outstanding selectivity, long-term stability, repeatability, and reproducibility. It also
yielded an excellent recoveries of 96.4-102.8% and relative standard deviations between 1.13%
and 1.36%, to detect AZM and ENF residues in chicken meat, egg, fish, river, and lake water
samples. Generally, the developed sensor sets a new standard and represents a significant
advancement in addressing the global antibiotic residue pollution problem in chicken meat, egg,

fish, river, and lake water samples.

Keywords: Electrochemical sensor; Antibiotic residues; Azithromycin; Enrofloxacin; Food

samples
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1. Introduction

Antibiotics are widely used in combating infectious diseases in humans and animals, as well
as for promoting growth and enhancing performance in livestock. They are administered to
animals for various purposes, including controlling reproductive cycles, improving breeding
performance, and preventing infections [1,2]. In humans, antibiotics are effectively prescribed for
treating different infectious diseases, such as genital, abdominal, urinary tract, skin, and
gastrointestinal infections, as well as diseases such as leprosy, tuberculosis, strep throat, bronchitis,
pneumonia, arthritis, sinusitis, and typhoid [3]. The primary mechanisms of action of antibiotics
involve inhibiting bacterial cell wall and protein synthesis, restricting DNA synthesis, disrupting
RNA elongation, and eradicating microbial communities. Nevertheless, the indiscriminate and
irresponsible use of antibiotics has spurred the development of antimicrobial-resistant bacteria,
presenting a grave peril to worldwide health [4]. Additionally, antibiotic residues released into the
environment from unused or expired medicines and animal excretion can accumulate in food
products like milk, fish, eggs, meat, honey, and chicken, increasing the risk of antibiotic resistance
in humans [2]. These residues exert selective pressure on bacteria, promoting the survival and
dissemination of resistant strains, which presents a serious hazard to human health. The
consequences of antibiotic resistance are severe, leading to prolonged illness, escalating healthcare
costs, and increasing mortality rates and undermining the efficacy of medical procedures [5].
Therefore, developing an innovative analytical approach is decisive for addressing the increasing

threat of antibiotic residues.

Azithromycin (AZM), a widely used broad-spectrum antibiotic, plays a vital role in treating
various infections, such as enteric, genitourinary, dermal, and respiratory infections [6]. It is also
recommended for the management of cat-scratch disease, tick-borne infections, Lyme disease,
whooping cough, Legionnaires' disease, travelers' diarrhea, H. pylori infection, and prophylaxis of
heart infection [7]. However, despite its therapeutic benefits, AZM is associated with adverse
effects, such as rash, dizziness, headache, abdominal pain, diarrhea, vomiting, and nausea, in rare
cases, serious complications such as liver damage or heart problems [8]. Studies have indicated
the presence of AZM in high concentrations in aquatic environments, raising potential health
concerns. The residues of AZM can enter the environment through various pathways, including

human and animal waste, pharmaceutical wastewater, and the disposal of expired or unused
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medications. These residues can harm beneficial bacteria, and contributing to the development of
antibiotic-resistant bacteria (ARB) [9,10]. Therefore, it is imperative to develop accurate analytical
devices for detecting AZM residues in food and water samples to address the potential health and
environmental effects associated with their presence.

Enrofloxacin (ENF), a fluoroquinolone antibiotic widely used in veterinary medicine, is
recognized for its broad antibacterial spectrum, potent bactericidal effects, rapid action, and
extensive tissue distribution [11]. Despite its efficacy, the widespread use of ENF has raised a
significant public health concerns due to the accumulation of residues in animal products and
aquatic environments. The presence of these residues can result in the development of antibiotic-
resistant bacteria and poses various health risks, including allergic reactions and carcinogenic
mutations. Furthermore, excessive disposal of ENF into aquatic environments poses a threat to
both the environment and aquatic organisms [12.13]. The maximum residue limits for ENF are
established by various countries and organizations around the world, and they vary depending on
the specific animal product. These limits typically range from 100 to 500 pg/kg [14]. Hence, the
fabrication of an exceedingly sensitive sensing platform for detecting residues of ENF in animal-
based products and their surrounding environment is vital for safeguarding food safety and public
health.

Bimetallic alloy nanoparticles have gained considerable interest for electrochemical sensor
development due to their outstanding sensitivity, enhanced detection capabilities, and robust
stability [15]. Their specific surface morphology, size, and composition contribute to enhanced
catalytic performance and synergistic properties, expanding their potential applications in cancer
treatment, nanomedicine, catalysis, and DNA delivery [16]. Of particular interest are gold-silver
alloy nanoparticles, which exhibit outstanding electrocatalytic activity, electrical conductivity, and
optical properties, making them highly sought-after for various electrochemical sensing
applications [17]. Furthermore, metal-doped polyaniline electrodes have made significant
contributions to the advancement of electrochemical sensing. Doping polyaniline with metals not
only enhances conductivity, stability, and sensitivity but also facilitates smooth charge transfer,
extends sensor lifespan, and enables customizable detection to meet specific requirements. These
characteristics make metal-doped polyaniline electrodes suitable for diverse applications, ranging

from environmental pollutant monitoring to biomedical sensing of biomolecules and physiological
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parameters [18,19]. Their selectivity, sensitivity, and versatility position them as ideal choices for
fabricating cutting-edge electrochemical sensing platforms across various fields. Similarly, Nickel
oxide nanoparticles (NiO-NPs) exhibit remarkable versatility, finding applications in numerous
fields, particularly for the preparation of sensitivity, and selectivity electrochemical sensors
[20,21]. Their nano-size provides a large surface area and increased reactivity, making them
efficient catalysts for various electrochemical reactions. Additionally, NiO-NPs play critical roles
in energy storage, organic synthesis catalysis, gas sensing, and environmental photocatalysis [22].
Herein, a novel multi-elemental electrochemical sensor was developed by integrating the benefits
of the three nanocomposites for accurately and precisely detecting AZM and ENF residues in food

and water samples.

Various techniques have been reported for the quantification of AZM and ENF in different
matrices, including LC-MS/MS [23], UHPLC-MS/MS [24], spectrofluorometry [25], and flow
injection chemiluminescence immunoassay [26]. Although these methods are sensitive and
selective, they have several limitations, such as complex operational procedures, time-consuming
sample preparation, lengthy analysis times, the need for skilled hands, and high equipment costs
[27]. In contrast, voltammetric techniques are cost-effective, user-friendly, highly sensitive, and
can be miniaturized. They also offer fast analysis and require minimal reagent volume [28].
Among electrochemical techniques, square wave voltammetry (SWV) stands out due to its rapid
analysis time, minimal sample consumption, background discrimination, and high sensitivity [29].
This makes SWV an excellent choice for the efficient and accurate detection of AZM and ENF

residues.

The objective of this study was to develop advanced multi-elemental nanocomposite
electrochemical sensing platform, the first of its kind, by integrating TA-Au-Ag-ANpM with Fe-
dop-PANI and NiO-NPs for simultaneously determining AZM and ENF residues in chicken meat,
egg, fish, river, and lake water samples. The modifiers were selected by taking various factors into
consideration. TA-Au-Ag-ANpM nanocomposites were preferred because of their significant
surface areas and catalytic properties, which were crucial for the detection of target analytes. The
addition of Fe-dop-PANI improved the electrical conductivity of the composite and enhanced the
sensor selectivity by offering specific binding sites for the analyte molecules. The role of the NiO-

NPs was to act as an electron mediator, facilitating the electrons transfer within the electrode
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surface and the target analyte, thereby enhancing the stability and sensitivity of the sensor. TA-
Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE was extensively characterized using numerous
analytical and electrochemical techniques. The sensor exhibited a remarkable capability in
detecting the analytes over a broad dynamic range, down to the picomolar level. The integration
of distinct nanocomposite modifiers within the sensor resulted in a synergistic effect, enhancing
the sensitivity, selectivity, and stability. This was demonstrated by the enhanced and well-defined
current responses to the ultra-trace analyte concentrations. Moreover, the sensor exhibited
exceptional selectivity, reproducibility, and repeatability. Finally, the developed sensor was
successfully applied to quantify AZM and ENF residues in the desired samples, revealing very
good percentage recoveries while maintaining the relative standard deviation (RSD) values below
5%.

2. Experimental

2.1. Chemical and reagents

Sodium citrate, sodium borohydride, silver nitrate, and tetrachloroauric acid were obtained
from Shanghai Sinopharm Chemical Reagent Co., Ltd. (China). Nitric acid, sulfuric acid, and
sodium citrate were purchased from Merck Chemical (Germany). BDH Chemicals Ltd. (England),
provided potassium hexacyanoferrate(III). Polyvinyl pyrrolidone PVP K15, MW = 40,000) was
obtained from the Research Lab. Fine Chem. Industries (Mumbai, India). All the remaining
chemicals and antibiotic standards were obtained from Sigma-Aldrich (USA). All chemicals and
reagents used were of analytical grade and were used without additional purification. Aqueous
solutions were prepared using Milli-Q water (18.2 MQ cm) obtained from a Millipore water
purification system. To prepare a 0.01 M stock solution of AZM, 187.4 mg of the analyte was
dissolved in 25 mL of distilled water. For ENF, 0.01 M stock solution was prepared by dissolving
89.8 mg of the analyte in 25 mL of dimethyl sulfoxide. The stock solutions were diluted with 0.1
M PBS (pH 7) to prepare working solutions for each analyte.

2.2. Apparatus and instruments

Voltammetric experiments were performed in 20-mL cells using a CHI 760D

electrochemical analyzer (CH Instruments, USA). A conventional three-electrode system was
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utilized, comprising a reference electrode (Ag/AgCl (3M KCI)), working electrode (either
modified GCE or bare GCE), and counter electrode (platinum wire). The surface properties of the
modified electrodes were characterized using scanning electron microscopy (SEM, CX-200plus,
Coxem, Korea), and energy-dispersive X-ray spectroscopy (EDS) was used for elemental analysis.
BRUKER ECOD 8 advance diffractometer with Cu Ka radiation (wavelength A = 0.15406 nm)
was used for analysis of X-ray diffraction (XRD) patterns of the nanocomposites. A PerkinElmer
Spectrum 100 FT-IR spectrometer (PerkinElmer, USA) was used for Fourier transform infrared
(FT-IR) spectral analysis. The pH measurements were conducted using a Senses lon + MM150
pH meter (China).

2.3. Synthesis of TA-Au-Ag-ANpM

The synthesis of TA-Ag-NpM proceeded by initially mixing 0.1 M solutions of AgNO3z and
CTAB in a 1:1 volume ratio to form the precursor solution. The pH was then adjusted to a range
of 10 to 11 using 0.1 M NaOH to facilitate the controlled formation of nanoporous structures
during subsequent reduction steps. The reduction of Ag* (ag) and the formation of Ag nanoporous
structures were initiated by gradually adding 10 mL of 0.1 M NaBHa4. The mixture was heated at
120 °C for 7 h to promote the formation of a stable nanoporous Ag matrix. The solution was cooled
to room temperature, centrifuged to remove excess reactants, and washed thoroughly with ethanol
to obtain the desired nanoporous Ag matrix. A critical part of the synthesis involved a controlled
thermal treatment in an oven at 175 °C for 2 h. The annealing process played a pivotal role in
consolidating the nanoporous Ag structure, enhancing the stability, and improving the properties.
Finally, the synthesized TA-Ag-NpM was dispersed in distilled water and stored as a colloidal

suspension.

The synthesis of TA-Au-Ag-ANpM was performed by modifying the galvanic replacement
reaction method [30]. Initially, TA-Ag-NpM was collected by centrifugation from the colloidal
suspension and then re-dispersed in distilled water. In a 100 mL flask, the dispersion was mixed
with a 0.15 M polyvinyl pyrrolidone (PVP). The flask was then immersed in an oil bath set at 90
°C with continuous stirring, and 4 mL of 0.001 M HAuCl4 solution was introduced at a rate of 3
mL/h. Finally, the synthesized TA-Au-Ag-ANpM was subjected to centrifugation, washed, and

re-dispersed in 97% ethanol for subsequent use.
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2.4. Preparation of Fe-dop-PANI and NiO-NPs

The synthesis of Fe-doped polyaniline (Fe-dop-PANI) was performed based on the
procedure by El-Khodarya et al. [31], with some modifications. Initially, 50 mL of aniline
monomer was added to 50 mL of distilled water, which serve as the base for the polymerization
reaction. Iron ions were introduced by adding 10 mL of 0.1 M FeCls dropwise with continuous
stirring. Next, the incorporation of Fe ions into the polymer matrix was facilitated in an acidic
medium by adding 5 mL of 0.1 M H2SOx4 to the reaction vessel. Polymerization was initiated by
gradually adding 10 mL of (NH4)2S20g (0.1 M), and the reaction proceeded under continuous
stirring for 12 h at a controlled temperature with continuous monitoring of the pH. The color
change from colorless to dark green indicated the formation of Fe-dop-PANI. The reaction was
halted by introducing 0.5 M ascorbic acid (5 mL). Finally, the synthesized Fe-dop-PANI was
collected by filtration, thoroughly washed and dried.

The synthesis of NiO-NPs was carried out by modifying the procedure of Khan et al. [32].
Initially, 0.15 g of Ni(NOs)2 was dissolved in 25 mL of distilled water. To this solution, 10 mL of
0.1 M NaOH was added to form a crystalline nickel oxide precursor. To control particle size and
prevent agglomeration, 12 mL of 0.15 M polyvinylpyrrolidone (PVP) was introduced. The
reduction reaction was initiated by adding 15 mL of 0.1 M NaBHa, and the mixture was heated at
90 °C for 3 h under controlled conditions to regulate the morphology and size of the nanoparticles.
The color change from pale to black indicated the formation of NiO-NPs. Finally, the synthesized
NiO-NPs were centrifuged, thoroughly washed, and dried.

2.5. Fabrication of TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE

Before the modification, the surface of the GCE was polished with 0.3 and 0.05 pm alumina
slurries and then rinsed with distilled water. Subsequently, the electrode was sonicated in
ethanol/water (1:1) and electrochemically activated in 0.1 M H2SO4 by conducting ten potential
scans from -0.4 to +1.2 V at a scan rate of 100 mVs. To fabricate the TA-Au-Ag-ANpM/Fe-dop-
PANI/NiO-NPs nanocomposite dispersion, 5.0 mL of TA-Au-Ag-ANpM, 6 mL of Fe-dop-PANI,
and 4 mL of NiO-NPs dispersions were mixed and vigorously stirred for 25 min at room

temperature. The nanocomposite mixture was then heated in a water bath at 15 °C for 45 min.
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Subsequently, it was subjected to ultrasonication, centrifugation, and dried. The dried
nanocomposite was ultrasonically re-dispersed in deionized water for 40 min, resulting in a 20 mL

nanocomposites dispersion mixture for subsequent use.

TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE was prepared by drop-casting 10 pL of the
TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NP nanocomposite dispersion at the surface of the
activated GCE, followed by drying at room temperature. Similar procedures were applied for the

preparation of the other modified electrodes.
3. Results and discussion
3.1. Analytical characterizations

The FT-IR spectrum of NiO-NPs (Fig. 1A(a)) exhibits peaks at 3478 cm™ (COOH group),
568 cm™? (Ni-O symmetric stretching vibrations and implying crystallinity), 450 cm™ (Ni-O
asymmetric stretching vibrations and showing lattice structure changes), and 1383 cm™ (a complex
combination of bands indicating crystallinity and orientation). In the FT-IR spectrum of Fe-doped
PANI (Fig. 1A(b)), the characteristic peaks at 3235 cm™, 1488 cm™, and 1570 cm™ indicate the
vibrations of the polymer backbone, and illustrate its structural integrity. The successful doping of
Fe was confirmed by the presence of distinctive Fe-O and Fe-N stretching peaks (diagnostic
markers) at 693 cm™ and 495 cm, respectively. The FT-IR spectrum of TA-Ag-NpM (Fig. 1A(c))
showed reduced Ag-O stretching vibrations at 572 cm™, suggesting partial breaking of the Ag-O
bonds during thermally annealing. The reduced stretching vibrations of C-O and C=0 suggest the
restructuring of oxygen-related functional groups on the nanoporous surface. The peak at 1754
cmt indicates the introduction of COOH groups onto the TA-Ag-NpM surface. The FT-IR of TA-
Au-Ag-ANpM (Fig. 1A(d)) exhibited characteristic peaks associated with Au and Ag nanoporous
matrices, including Au-O at 540 cm™ and Au-Ag at 860 cm®, confirming alloying. Silver-related
stretching vibrations at 568 cm™ (Ag-0), 1078 cm™ (C-0), and 2856 and 2929 cm™* (C-H) suggest
the presence of silver atoms and stabilizing alkyl chains. The peaks at 1629 cm™ and 3459 cm*
indicate the presence of C=0 and O-H on the nanoporous structure. The FT-IR spectrum of TA-
Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs (Fig. 1A(e)) reveals characteristic peaks at 835 cm™ for
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Au-Ag alloy bonds, 694 cm™ and 426 cm™ for Fe-doped PANI, and 1384 cm™ for Ni-O bonds,

confirming the successful integration of individual nanocomposites in the sensor.

The XRD analysis of the NiO-NPs revealed distinct diffraction peaks at 20 = 37.2°, 43.3°,
62.9°, and 75.1° (Fig. 1B(a)), corresponding to the (111), (200), (220), and (311) crystallographic
planes of face-centered cubic (FCC) NiO, respectively [33]. The XRD analysis of Fe-dop-PANI
(Fig. 1B(b)) revealed characteristic peaks associated with the crystallographic planes of both PANI
and Fe dopant. The 20 values in the range of 20-25° are attributed to the crystal planes of PANI
[34]. Furthermore, the incorporation of Fe dopant introduced a broad peak at 20 =26.1°, indicating
a potential alterations in the crystalline structure induced by Fe doping. The XRD diffraction peaks
of TA-Ag-NpM at 20 = 34.3°, 38.1°, 39.9°, 44.2°, and 57.7° (Fig. 1B(c)) were indexed to the (100),
(111), (200), (220), and (311) planes, respectively, characteristic of FCC structured Ag metal
crystals and consistent with previous reports [35]. In the XRD analysis of TA-Au-Ag-ANpM, a
distinctive peak at 26.5° (Fig. 1B(d)) is attributed to the (111) crystal plane, indicating the
formation of intermetallic alloy species. The amorphous structure of the nanoporous matrix was
further confirmed by the characteristic peak at 23.9°, assigned to the (100) plane [36]. The XRD
spectra of TA-Au-Ag-ANpM/Fe-dop-PANI/NiIO-NPs contains all the characteristic peaks of the
individual component nanocomposites (Fig. 1B(e)), thereby confirming the successful integration

of each nanocomposite within the sensor.

The SEM image of the NiO-NPs (Fig. 1C(a)) reveals agglomerates of crystalline particles
that are irregularly shaped, rough, and non-uniformly distributed. The EDX spectra of the NiO-
NPs primarily consist of O (16.38%) and Ni (83.62%) (Fig. S1(d)), indicating a high degree of
purity. SEM analysis of Fe-dop-PANI (Fig. 1C(b)) showed a rough surface, heterogeneously
dispersed, non-uniformly sized and shaped, and porous structures. The elemental mapping of Fe-
dop-PANI (Fig. S1(e)) indicated the presence of C (73.2%), O (14.4%), and Fe (12.4%),
confirming the successful doping of Fe onto the PANI surface. The investigation of TA-Ag-NpM
revealed a porous crystalline structure with baked agglomerated silver matrices of irregular shapes
(Fig. 1C(c)). These matrices are non-uniformly distributed and possess rough surfaces. SEM image
of the TA-Au-Ag-ANpM (Fig. 1C(d)) showed a uniform size distribution, and a porous structure
with rough and irregular crystalline facets. The EDX spectra of TA-Ag-NpM (Fig. S1(f)) indicated
the presence of C (43.18%), O (4.8%), Br (4.05%), and Ag (47.97%); those of TA-Au-Ag-ANpM
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(Fig. S1(i)) contained C (38.7%), O (4.3%), Br (3.63%), Ag (42.99%), and Au (10.38%),
confirming the successful incorporation of gold into TA -Ag-NpM. The SEM image of TA-Au-
Ag-ANpM/Fe-doped-PANI/NiO-NPs (Fig. 1C(e)) revealed irregular shapes, a rough surface, non-
uniform distribution, heterogeneous dispersion, and agglomeration of particles. The corresponding
EDX spectra (Fig. LC(f)) indicated the presence of C (18.81%), N (6.52%), O (7.38%), Fe (4.87%),
Br (2.34%), Ni (27.65%), Ag (25.22%), and Au (7.21%). This finding further confirms the
successful incorporation of each nanomaterial into the sensor, consistent with the XRD results.

Insert Fig. 1 Here
3.2. Electrochemical characterization

The electrodes were subjected to electrochemical impedance spectroscopy (EIS) analysis
over a frequency range of 0.1 Hz to 100 kHz with 5 mM [Fe(CN)s]*** containing 0.1 M KCI (Fig.
2A). The experimental data were fitted to the Randles equivalent circuit model and presented in a
Nyquist plot (inset Fig. 2A). The semicircular section of the EIS curve corresponds the rate-
limiting step of the electrochemical reaction, whereas the diameter of the semicircle represents the
charge transfer resistance (Rct). The linear segment corresponds to the diffusion process, which
becomes the rate-limiting step in the transportation of reactants and products to and from the
electrode surface [37]. The Rc values for the bare GCE, NiO-NPs/GCE, Fe-dop-PANI/NiO-
NPs/GCE, TA-Au-Ag-ANpM/NiO-NPs/GCE, TA-Au-Ag-ANpM/Fe-dop-PANI/GCE, and TA-
Au-Ag-ANpM/Fe-dop-PANI/NIO-NPs/GCE were determined to be 4724.3, 2639.1, 1772.5,
1197.6, 732.4, and 212.8 Q, respectively. Notably, the lowest R¢t value was observed for the TA-
Au-Ag-ANpM/Fe-dop-PANI/NiIO-NPs/GCE, indicating a significant enhancement in the
electroactive surface area, electron transfer capability, and conductivity due to the synergistic

effect of the nanocomposite modifiers.

The voltammetric characteristics of both the bare and modified electrodes were evaluated
using CV in the presence of a redox probe (5 mM [Fe(CN)g]*"* containing 0.1 M KClI, scan rate:
50 mVs™) (Fig. 2B). The bare GCE displayed weak redox current and the highest peak-to-peak
separation (AEp = 743 mV), attributed to its sluggish electrical conductivity (Fig. 2B(a)). In
contrast, the NiO-NPs/GCE (Fig. 2B(b)) and Fe-dop-PANI/NiO-NPs/GCE (Fig. 2B(c)) exhibited
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well-defined redox current responses and lower AEp values (AEp =441 mV and AEp =400 mV,
respectively) due to the substantial conductivity, electrocatalytic, and electron transfer abilities of
the NiO-NPs and Fe-dop-PANI. Moreover, the voltammetric response increased significantly for
TA-Au-Ag-ANpM/NiO-NPs/GCE (Fig. 2B(d)) and TA-Au-Ag-ANpM/Fe-dop-PANI/GCE (Fig.
2B(e)), accompanied by reduced AEp values (364 mV and 341 mV, respectively). Notably, the
current response at the surface of the TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE (Fig. 2B(f))
reached its maximum value with a decrease in AEp to 317 mV, underscoring the synergistic
enhancement of the overall performance of the sensor by the modifiers, which aligns with the

findings from the EIS analysis.
Insert Fig. 2 Here

The electroactive surface area of an electrode crucially influences electrochemical reactions,
affecting catalytic efficiency and electrode sensitivity. Herein, the electroactive surface area was
probed at various modification stages using CV and computed using the Randles-Sevcik equation

(1) [38].
1,=2.69x10°n**AD*Cv* (1)

where I, = peak current, A = electrode surface area, n = number of electrons, D = diffusion
coefficient, C = concentration of [Fe(CN)s]**", and v = scan rate. The regression equations for
Ipa vs. v are given as: Ipa (LA) = 4.3vY2 (mVs1)Y2 + 28.8 (R? = 0.992) for the bare GCE (Fig.
S2(A and B)) and Ipa (LA) =10.6v? (mVs™1)Y2 + 69.3 (R? = 0.991) for TA-Au-Ag-ANpM/Fe-dop-
PANI/NiO-NPs/GCE (Fig. S2(C and D)). The electroactive surface areas, determined from the
slopes of the plots, were 0.039 cm? for the bare GCE and 0.161 cm? for the sensor. TA-Au-Ag-
ANpM/Fe-dop-PANI/NiO-NPs/GCE exhibited a fourfold higher surface area than the bare GCE,
indicating that the synergistic effect of the constitute nanocomposites enhanced the electroactive

part of the developed sensor.
3.3. Electrochemical behavior of AZM and ENF

The voltammetric properties of 25 uM AZM and ENF were investigated at bare and modified
GCEs using SWV and CV at a scan rate of 100 mVs™ and a potential range of 0.5-1.4 V. No CV
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currents were observed from the blank solutions, indicating the absence of the analytes or their
being below the detection limit. The absence of cathodic peaks in the reverse CV scan indicates
the electro-oxidations of AZM and ENF were irreversible reactions. Weak current responses at the
bare GCE indicated slow electron transfer kinetics and poor electrical conductivity. In contrast,
the NiO-NPs/GCE exhibited enhanced current responses due to the improved electrical
conductivity of NiO-NPs. The Fe-dop-PANI/NiO-NP/GCE showed higher current responses,
benefiting from the combined effects of the conductive polymer and iron dopants in Fe-dop-PANI.
The TA-Au-Ag-ANpM/Fe-dop-PANI/GCE demonstrated improved electrical conductivity due to
the alloying of Au and Ag, and the annealed nanoporous matrices further facilitated conductivity
by enhancing the electroactive area and reducing the distance electrons travel [39]. The highest
CV responses were observed at the TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE (Fig. 3A),
indicating the synergistic effects of the constituent nanocomposites.

SWV was employed to further investigate the voltammetric characteristics of AZM and ENF
(Fig. 3B). The bare GCE displayed the lowest anodic current response, which was attributed to its
weak catalytic activity and adsorption capacity. Conversely, the TA-Au-Ag-ANpM/Fe-dop-
PANI/NiO-NPs/GCE exhibited the highest oxidation current due to the synergistically strong
electron transfer kinetics, enhanced conductivity, and increased surface area due to the precursor
modifiers, consistent with the CV results. The observed AEp (408 mV) between AZM and ENF
provided adequate differentiation for the simultaneous determination of the analytes. Thus, TA-
Au-Ag-ANpM/Fe-dop-PANI/NiIO-NPs/GCE was effectively utilized for the detection of AZM

and ENF residues in food and water samples.

Insert Fig. 3 Here

3.4. Optimization of experimental conditions

3.4.1. Effect of electrolyte solution

The shape of the voltammogram and the current response are significantly influenced by the
type of supporting electrolyte solution used during the electrochemical measurements. Therefore,
it is essential to choose the appropriate supporting electrolyte before conducting any voltammetric

analysis. The effect of various supporting electrolytes, including Britton-Robinson, phosphate,
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citrate-phosphate, citrate, acetate buffer solutions, and sulfuric acid, were exhaustively assessed
using SWV. The current response of phosphate buffer solution (PBS) was well-defined and
sufficiently high for both analytes, confirming its superiority as an optimal medium (Fig. S3).
Therefore, PBS was selected as the appropriate supporting electrolyte solution to simultaneously

determine the residues of AZM and ENF in food and water samples.
3.4.2. Effect of pH

The effect of PBS pH on the current responses of 25 uM AZM and ENF was evaluated
within the pH range of 3.0 to 8.0 at the TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE (Fig. 4A).
The responses of the analytes gradually increased with increasing pH, reaching their maximum at
pH 6.0 (Figs. 4B(a) and 4C(a)). However, above pH 6.0, a decline in responses was observed.
Consequently, pH 6.0 was selected as the optimal value for future experiments. The oxidation
potentials of AZM and ENF exhibited a similar trend, shifting towards less positive values with
increasing pH, indicating the involvement of protons in the electrode reactions. The relationship
between Epa and pH revealed linear equations illustrated as Epa (V) = 0.92 —0.05pH (R?=0.991)
(Fig. 4B(b)) and Epa (V) =1.34 — 0.057pH (R? = 0.993) (Fig. 4C(b)) for AZM and ENF,
respectively. The slope values of 0.05 V/pH for AZM and 0.057 V/pH for ENF are close to the
theoretical Nernstian value of 0.059 V/pH, indicating the participation of an equal number of

protons and electrons in the electro-oxidation of the analytes, in line with previous reports [7,40].
Insert Fig. 4 Here
3.4.3. Effect of scan rate

The effect of scan rate on the current responses of 25 uM AZM and ENF in 0.1 M PBS (pH
6) was investigated using SWV in the scan rate range of 25-300 mVs™. The absence of cathodic
responses during the reverse scan and the progressive shift of the anodic peak towards more
positive potentials with increasing scan rate suggest the irreversibility of the electrode processes
(Fig. 5A). The linear increase in anodic currents with the square root of the scan rate indicates
predominantly diffusion-controlled electrode processes, formulated as Ipa (HA) = 0.44vY2 (mVs
hl2 _0.22 (R?=0.995) and Ipa (LA) = 0.88v*2 (mVs )12 + 0.88 (R? = 0.991) for AZM and ENF,

respectively (Fig. 5B(a) and (b)). Furthermore, the linear correlation between log Ipa and log v
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yielded slopes of 0.45 and 0.52 for AZM and ENF, respectively (Fig. 5C(a) and (b)), closely
aligned with the theoretical value of 0.5. This confirms the prevalence of diffusion-controlled
electro-reactions of the analytes. Equation (2) was applied to determine the number of electrons
involved in the electrode reaction [3].

2.303RT RTK® A 2.303RT
+ log +

onF onF onF

E,=E° logv (2)
where, E° = formal potential, k® = heterogeneous rate constant, F = Faraday constant, T =
temperature, n = number of electrons, v = scan rate, and R = universal gas constant. Epa showed a
strong correlation with log v for both AZM and ENF, which was applied to calculate an from the
slope of each plot (2.303RT/anF). The resulting an values were 0.467 for AZM and 2.022 for
ENF. In the context of irreversible electrode reactions, the transfer coefficient (o) conventionally
has a value of 0.5 [27]. The number of electrons (n) involved in the electro-oxidation of AZM and
ENF were calculated to be 0.934 (=1) and 4.044 (=4), respectively, consistent with previous
findings [7,40]. The schematic illustration depicting the electro-oxidation of AZM and ENF is
given in Fig. 5D.

Insert Fig. 5 Here
3.4.4. Optimization of SWV parameters

To examining the effect of experimental parameters on the current responses of 25 uM AZM
and ENF, three instrumental parameters, i.e. frequency, amplitude, and step potential, were
studied. Initially, the influence of frequency, within the range of 20-100 Hz, was explored while
maintaining step potential and amplitude constant. The peak current exhibited a progressive
increase in frequency, reaching its peak at 60 Hz (Fig. S4(a)). Consequently, 60 Hz was designated
as the optimum frequency for succeeding experiments. Next, the effect of amplitude was
investigated in the range of 40-100 mV, by keeping the step potential and frequency constant. The
anodic current increased up to 80 mV for both analytes before declining (Fig. S4(b)). Hence, 80
mV was selected as the optimal amplitude for succeeding experimentations. Finally, the effect of
step potential was examined in the range of 2-14 mV by keeping other parameters constant,
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revealed an increasing anodic current response for the analytes, peaking at 10 mV (Fig. S4(c)).

Consequently, 10 mV was selected as the optimum value for following works.
3.5. Simultaneous determination of AZM and ENF

The linear range, LOD, and LOQ of AZM and ENF were determined using SWV under the
optimized experimental conditions (Fig. 6A). The current response exhibited a linear correlation
with the concentrations of the analytes, indicating the suitability of the sensor for real-sample
analysis. Specifically, the anodic current demonstrated a linear relationship with concentrations
ranging from 0.8 pM to 250 uM for AZM and from 0.1 pM to 550 pM for ENF. The corresponding
linear regression equations were found to be Ipa (nA) = 0.46C (uM) + 10.09 (R? = 0.996) for AZM
(Fig. 6B(a)) and Ipa (pA) = 1.11C (uM) + 21.25 (R? = 0.995) for ENF (Fig. 6B(b)). The LOD
(3o/m, S/N =3, n=5)and LOQ (106/m, S/N = 3, n = 5) values were calculated to be 0.053 pM
and 0.18 pM for AZM, and 0.013 pM and 0.042 pM for ENF, respectively. Compared to previously
reported sensors, TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE demonstrated outstanding
performance, featuring a picomolar LOD and an extensive linear range, surpassing those of prior
ones (Table 1). This represents a substantial advancement and a noteworthy contribution to the

scientific community.

Insert Fig. 6 Here
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Table 1: Comparison of the developed method with recently reported sensors.

Linear range LOD (uM)

Electrodes Targets Matrices (LM) Ref.
TiO2 NPs/SPCI azm  Unneandtap g 40 55 0.93
water [41]
Blood serum,
ZnsV,0g/P-rGO AZM urine, and 0.099-450  0.0067 8]
wastewater
Urine, plasma 13.33 nM— 0.85 nM
MIP Bth/3-TBA AZM and tears 66.67 [42]
Pharmaceuticals
PET/ITO/VO; AZM and water 1.0-80 0.02 [43]
APB-PDA-COFS/AUNPs ~ ENF  Milk and water 0'01%‘_11028”(’ 0041  [44]
Marine
MWCNTS/MIPs/GCE ENF . 28pM-—28 0.9 pM [45]
environment
APT-BDD Enp  Pharmaceuticals 600 578 0016 4]
and urine
MIP-ECL based on MPA- ENE Environmental 0.1 AM-1.0 27 pM [13]
Cu NCs water
TA-Au-Ag-ANpM/Fe- AZM 0.8pM-250  0.053pM  This
dop-PANUNIO-NPS/IGCE ~ ENF (000 aNdWater 44 b\ 50 0.013pM  yyork

3.6. Repeatability, reproducibility, stability and selectivity

The reproducibility, repeatability, storage stability and selectivity of the TA-Au-Ag-
ANpM/Fe-dop-PANI/NiO-NPs/GCE were examined by SWV while simultaneously quantifying
20 UM AZM and ENF. To assess the reproducibility, nine electrodes were prepared under identical
conditions, yielding RSD values of 1.96% for AZM and 2.45% for ENF, indicating exceptional
reproducibility. Repeatability was determined by conducting ten replicate SWV measurements
with a single sensor, resulting in RSD values of 2.12% for AZM and 2.28% for ENF,
demonstrating outstanding repeatability. The stability of the developed electrode was assessed by
monitoring its responses weekly for two months, with storage at 4 °C after each weekly use. TA-
Au-Ag-ANpM/Fe-dop-PANI/NiIO-NPs/GCE exhibited long-term stability, displaying only a
6.15% decrease in the current response for AZM and a 5.98% decrease for ENF over the entire
storage period. Finally, the selectivity was examined by subjecting the sensor to potentially

interfering substances in the presence of 20 UM AZM and ENF. The current response of the sensor
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for the target analytes was not affected in the presence of 300-fold excess concentrations of
antibiotics (rifampicin, metronidazole, norfloxacin, tinidazole, ciprofloxacin, vancomycin,
chloramphenicol, ceftriaxone, and erythromycin), 600-times larger amount of common
interferents (fructose, glucose, sucrose, ascorbic acid, urea, dopamine, uric acid, folic acid, and
lactose), and 1200 times higher concentrations of inorganic species (HCO?*, Fe®*, NOs", Ca?*, K*,
S0.%, Cu?*, Mg?*, COz?, and CI) (Table S1), demonstrating the excellent anti-interference
capability of the developed device.

3.7. Real sample analysis

The applicability of TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE for real-sample
analysis was evaluated by performing spiking experiments using the standard addition method.
The real samples were spiked with known concentrations of AZM and ENF standards (0, 5, 15,
25, and 40 pM), and their percentage recoveries were determined (Table 2). Before spiking the
analyte standards, the initial responses of the unspiked original samples were recorded, showing
no detectable current response, indicating that AZM and ENF residues were either absent or below
the detection limit. The percentage recoveries in spiked chicken meat, egg, fish, river, and lake
water samples found between 96.4% to 102.6% for AZM and 96.8% to 102.8% for ENF. The
lowest RSD values ranging from 1.13% to 1.37% for AZM and 1.19% to 1.36% for ENF
demonstrate the high efficiency and reliability of TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-
NPs/GCE in detecting AZM and ENF residues in real-time applications.
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Table 2: Summary of results from triplicate spiking experiments.

Spiked Found (uM) £ SD Recovery (%) RSD (%)
Samples (LM) AZM ENF AZM ENF AZM ENF
0 - - - - - -
Chicken 5 497+0.11  5.02+0.13 99.4 1004 127 1.24
meat 15 15.21+1.09 1511+1.04 1014 1007 113 1.19
25 2547 +1.48 2425+1.36 101.9 97 125 121
40 3854 +2.14 4112+225 964 1028 128 1.25
0 - - - - - -
5 5.13+0.17 507+0.15 1026 1014 132 136
Egg 15 1476 +0.98 1452+095 984 968 137 1.34
25 25.14+1.42 2462+139 1006 985 129  1.33
40 38.96+2.18 4028+221 974 1007 132 1.28
0 - - - - - -
5 505+0.14  4.86+0.11 101 97.2 125 1.29
Fish 15 14.79+099 1494+101 986 99.6 131 1.27
25 2522 +1.42 2514+139 1009 1006 125 1.22
40 40.15+2.19 40.06+2.15 1004 1002 127 1.25
0 - - - - - -
_ 5 483+0.12 5.12+0.17 96.6 1024 132 136
River water 15 14.75+098 14.86+0.99 983 99.1 135 131
25 2497+1.39 2483+1.34 999 99.3 136 1.36
40 40.11+2.18 3894+217 1003 974 129 132
0 - - - - - -
5 5.13+0.16 509+0.14 1026 1018 129 1.32
Lake water 15 14.87+0.98 1504+0.11 99.1 1003 1.32 1.28
25 2485+137 2479+135 994 99.2 133 133
40 40.11+2.14 40.16+2.17 1003 1004 128 1.33
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5. Conclusion

In this study, a pioneering electrochemical sensor comprising TA-Au-Ag-ANpM, Fe-dop-
PANI, and NiO-NPs nanocomposites, the first of its kind, was developed for simultaneously
determining AZM and ENF residues in chicken meat, egg, fish, river, and lake water samples. The
surface morphology and elemental composition of the developed sensor were examined using
several analytical and voltammetric techniques. The TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-
NPs/GCE exhibited exceptional performance, demonstrating a picomolar LOD and a wider linear
range, surpassing those of previously reported sensors, attributable to its enhanced electrical
conductivity, larger electroactive surface area, and high electrocatalytic activity. Furthermore, the
sensor demonstrated resistance to potentially interfering substances, and displayed remarkable
selectivity and specificity. It also exhibited outstanding repeatability, reproducibility, and long-
term stability. In general, TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE represents a
significant advancement and noteworthy contribution to the scientific community, offering
promise for ensuring food safety and public health. It is poised as an ideal tool for pharmaceuticals,
food producers, and regulatory bodies.
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Figure captions

Fig. 1. (A) FT-IR spectra, (B) XRD diffraction patterns, (C) SEM images of NiO-NPs (a), Fe-dop-
PANI (b), TA-Ag-NpM (c), TA-Au-Ag-ANpM (d), TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs
(e), and (C) EDX spectra of TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs (f).

Fig. 2. Nyquist plots (A) and CVs (B) of bare GCE (a), NiO-NPs/GCE (b), Fe-dop-PANI/NiO-
NPs/GCE (c), TA-Au-Ag-ANpM/NiO-NPs/GCE (d), TA-Au-Ag-ANpM/Fe-dop-PANI/GCE (e),
and TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE (f).

Fig. 3. (A) CVs and (B) SWVs of 25 uM AZM and ENF in 0.1 M PBS (pH 6) at the bare GCE

and different modified electrodes at a scan rate of 100 mVs™.

Fig. 4. SWV of 25 uM AZM and ENF at different pH of PBS (A), Ipa (LA) vs. pH (B(a) and C(a))
and Epa (V) vs. pH (B(b) and C(b)) for AZM and ENF, respectively.

Fig. 5. CVs of 25 uM AZM and ENF at different scan rate (A), plots of Ipa vs. vt'? (B), and log
Ipa vs. log v (C), and schematic illustration for the electro-oxidation of AZM and ENF (D).

Fig. 6. SWVs of different concentrations of AZM and ENF (A), and Ipa vs. conc. (B).
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Sample preparation

Chicken meat samples

Chicken meat samples were purchased from a local supermarket in Addis Ababa, Ethiopia,
and homogenized before extraction. To extract the target analyte, 5.0 g of the homogenized meat
sample was mixed with 20 mL of 0.1 M PBS solution. The meat sample and PBS solution were
thoroughly mixed using a vortex mixer to ensure complete dispersion of the sample in the solvent.
Subsequently, the mixture was subjected to ultrasonic treatment for 45 min. This step aimed at
facilitating the efficient extraction of the desired components from the meat matrix, thereby
enhancing the quality and accuracy of our analysis. Then after, the mixture was centrifuged at
4,000 rpm for 15 min. This centrifugation step was performed to separate the constituents, and as
a result, a clear solution containing the extracted analyte was collected. Finally, the sample was

spiked with appropriate concentrations of AZM and ENF standard solutions.

Egg samples

Egg samples were obtained from the Elfora Agro-Industries Plc poultry farm in Debre Zeit,
Ethiopia, and stored at 4 °C until analysis. The whole egg was homogenized at room temperature
with continuous stirring, and 5.0 g egg homogenate was transferred to a 15 mL polypropylene
centrifuge tube, and 10 mL acetonitrile was added. The mixture was ultrasonically extracted for

15 min and centrifuged at 2240 relative centrifugal force (RCF) for 10 min, then the supernatant


mailto:bscv2006@yahoo.com
mailto:tessmer2265@yahoo.com

was transferred to another 15 mL polypropylene centrifuge tube. Then after 1.0 mL of 4.0 M
ammonium acetate buffer (pH 6.75) was added and mixed by vortexing. 20 mL of dichloromethane
was added to the mixture and vortexed for 10 min and centrifuged at 2240 RCF for 10 min; the
supernatant was collected and evaporated at 40 °C. The extractant was re-dissolved with 2.0 mL

of 4.0 M phosphate buffer (pH 7.0) and filtered through a 150 mm membrane filter before analysis.
Fish samples

Fish samples were collected from a local supermarket in Addis Ababa, Ethiopia and stored
in a deep freezer until analysis. Approximately 2.0 g of the homogenized fish sample was weighed
into a 50 mL falcon tube, followed by the addition of 5 mL of water and 5 mL of acetonitrile. The
mixture was vortexed for 5 min to ensure thorough mixing. Subsequently, 5.0 g of MgSO4 and 2.0
g of NaCl were added to the falcon tube and manually shaken for 2 min to promote solid-phase
extraction. The resulting mixture was centrifuged at 4000 rpm for 15 min to separate the
supernatant from the solid phase. The collected supernatant was carefully transferred to another
falcon tube. After 5 min vortexing, the mixture was centrifuged again at 10,000 rpm for 10 min,
resulting in a clear solution of the analytes of interest. Finally, to quantify the concentrations of
AZM and ENF in the samples, the samples were spiked with appropriate concentrations (0, 5, 15,
25, and 40 puM) of AZM and ENF standard solutions.

River and lake water samples

800 mL of river water samples were collected from Kebena River in Addis Ababa, Ethiopia,
and lake water samples of the same volume were obtained from Lake Hawassa in Hawassa,
Ethiopia. Both water samples were subjected to a uniform preparation procedure and were stored
at 4 °C until analysis. The samples were filtered thrice using a 150 mm filter paper, diluted with a
phosphate buffer solution, and mixed with standard solutions of the analytes. No further

pretreatment was performed before analysis.



Fig. S1. (A) SEM images and EDX spectrum of NiO-NPs (a and d), Fe-dop-PANI (b and e), TA-
Ag-NpM (c and f), TA-Au-Ag-ANpM (g and i), TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs (h
and j).
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Fig. S2. CVs of bare GCE (A) and TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE (C) in a redox
probe solution of 5 mM [Fe(CN)s]*"* containing 0.1 M KCI at different scan rates, and plots of
Ipa vs. v’ (B and D).



Fig. S3. SWVs of 25 uM AZM and ENF in different electrolyte solutions.

Optimization of the nanocomposites mixture ratio and volume of drop-cast species

In the pursuit of optimal performance for a specific application, the optimization of the
mixing ratio of nanocomposites is a pivotal step in the development of an intended electrochemical
sensors. The optimal proportions of TA-Au-Ag-ANpM, Fe-dop-PANI, and NiO-NPs were found
to be 5:6:4, yielding the highest current response for the detection of 25 uM AZM and ENF, as
illustrated in Fig. SM1 (a). The enhanced performance at a 5:6:4 ratio can be attributed to the
synergistic effects (high electrical conductivity, catalytic activity, and electroactive surface area)
of the three nanocomposites. These synergistic properties gives the sensor enhanced sensitivity to
the target analytes. Consequently, a 5:6:4 ratio for TA-Au-Ag-ANpM, Fe-dop-PANI, and NiO-
NPs was chosen as the optimum value for developing the proposed sensor in subsequent

experiments.

To ensure the effective modification of the GCE surface, it is important to optimize the drop-
cast volume of the TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs dispersion mixture. The volume
affects the thickness and uniformity of the modified layer, which can affect the electrode
performance. To determine the optimal drop-cast amount, various volumes of the dispersion
mixture were tested by examining the current response of the modified electrode for
simultaneously detecting 25 uM AZM and ENF. As shown in Fig. SM1 (b), the highest current



response was achieved with a drop-cast volume of 10 pL. Therefore, 10 pL of the TA-Au-Ag-
ANpM/Fe-dop-PANI/NiO-NPs dispersion mixture was selected as the optimal volume for
preparing the TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE for subsequent experiments.
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Fig. SM1. The optimization of the nanocomposite mixture ratio and drop-cast volume.

80+

80

@ (b)
M —a— AZM 704
s0] ——ENF
60
1
<:):is(» §5 N
=0 <7 —=—AZM
—e— ENF
404
304
204 .//\\\ 304 /\
10 T T T T T T 20 T T T T T T 1
20 40 80 100 40 50 60 70 8 90 100
Frequency/ Hz Amplitude/ mV



*1(c)

70+

—=— AZM
ENF

=504

401

304 /\!\i

20

8 10 12 14
Step potential/ mV

Fig. S4. The effect of SWV parameters: frequency (a), amplitude (b), and step potential (c) on the
anodic current responses of 25 UM AZM and ENF.

Table S1: The effect of co-existing interferents on the current response of the sensor.

Relative Percentage Relative Percentage
Conc. Error (%) Conc. Error (%)

Interferents (LM) AZM ENE Interferents (LM) AZM ENE
Rifampicin 300 3.67 3.71 Dopamine 600 2.24 2.21
Metronidazole 300 3.56 3.51 Uric Acid 600 2.33 2.38
Norfloxacin 300 3.46 3.52 Folic Acid 600 2.12 2.17
Tinidazole 300 3.75 3.69 Lactose 600 2.28 2.19
Ciprofloxacin 300 3.64 3.64 HCOs 1200 1.14 1.14
Vancomycin 300 3.83 3.78 Fe3* 1200 1.08 1.05
Chloramphenicol 300 3.62 3.68 NOs 1200 0.98 0.92
Ceftriaxone 300 3.45 3.41 Ca?* 1200 0.87 0.81
Erythromycin 300 3.74 3.74 K* 1200 1.09 0.96
Fructose 600 2.13 2.16 SO4* 1200 1.05 1.05
Glucose 600 2.21 2.17 Cu?* 1200 0.97 0.95
Sucrose 600 2.35 2.35 Mg?* 1200 0.86 0.83
Ascorbic Acid |~ 600 2.17 2.14 COs* 1200 1.27 1.24
Urea 600 2.43 2.49 CI 1200 1.08 1.16




Conclusions and Recommendations

In this study, eight pioneering electrochemical sensors were successfully developed for the
simultaneous and individual determination of selected antibiotic residues in food, water, and
environmental samples. The sensors were meticulously designed using innovative materials such
as TA-Au-Ag-ANpM, Au-Ag-ANCCs, Fe-dop-PANI, NiO-NPs, ZnO-NPs, f-MWCNTSs, r-GO,
poly(L-histidine), poly(L-serine), poly(glycine), polyethylene oxide (PEO), and ChCl to improve
sensitivity, selectivity, and stability. The integration of the modifiers results in sensors with
superior electrochemical properties, characterized by low limits of detection and quantification,
and wide linear ranges. These attributes are crucial for accurately identifying trace amounts of
antibiotics, which is essential given the growing concern over antibiotic residues contaminating

food and water.

The surface morphology, elemental composition, and electrochemical properties of the
developed sensors were characterized using an array of analytical techniques including UV-Vis
spectroscopy, FT-IR, XRD, EDX, SEM, EIS, and CV. The developed sensors include: ChCI/CPE
for CPRO with a LOD of 0.36 nM and a LOQ of 1.2 nM; a ChCI/GCE for the simultaneous
detection of TIN with a LOD of 0.90 nM and a LOQ of 3.0 nM, and CAP with a LOD of 0.27 nM
and a LOQ of 0.89 nM; a TA-Au-Ag-ANpM/r-GO/poly(glycine)/GCE for MTZ with a LOD of
0.0312 pM and a LOQ of 0.104 pM; a Au-Ag-ANCCs/f-MWCNTs-CPE/ChCI for RAMP with a
LOD of 2.7 pM and a LOQ of 8.85 pM, and NFX with a LOD of 0.14 nM and a LOQ of 0.47 nM;
a TA-Au-Ag-ANpM/f-MWCNTSs-CPE/poly(l-serine) for SFT with a LOD of 0.53 pM and a LOQ
of 1.75 pM, and SFM with a LOD of 0.41 pM and a LOQ of 1.35 pM; a Au-Ag-ANCCs/r-
GO/poly(L-histidine)/GCE for VAN with a LOD of 0.11 pM and a LOQ of 0.36 pM, and CFT
with a LOD of 0.017 pM and a LOQ of 0.057 pM; an ultra-performance multi-elemental
nanocomposite electrochemical sensor integrating gold-silver-alloy nanocoral clusters with ZnO-
NPs-CPE and PEO for NFT with a LOD of 0.26 pM and a LOQ of 0.88 pM, and FZD with a LOD
of 0.023 pM and a LOQ of 0.076 pM; and a TA-Au-Ag-ANpM/Fe-dop-PANI/NiO-NPs/GCE for
AZM with a LOD of 0.053 pM and a LOQ of 0.18 pM, and ENF with a LOD of 0.013 pM and a
LOQ of 0.042 pM. These detection limits were significantly lower, and the detection ranges were
broader than those of recently reported sensors, highlighting the superior performance of the
developed sensors. The exceptional performance of these sensors were further demonstrated by



their remarkable repeatability, reproducibility, long-term stability, and extraordinary selectivity
against potentially interfering substances. Practical applications of these sensors in detecting
antibiotic residues in food samples (such as chicken meat, fish, honey, eggs, and milk) and
environmental water samples (including river, lake, and hospital wastewater) showed very high
percentage recoveries, ranging from 93% to 104%, and RSD below 5%. For instance, the sensor
for SFT and SFM demonstrated recoveries of 95.6-102.4% in honey, beef, and egg samples, with
RSD below 5%. Similarly, the sensor for AZM and ENF yielded recoveries of 96.4-102.8% in
chicken meat, egg, fish, river, and lake water samples, with RSD between 1.13% and 1.36%.

Overall, these studies highlight significant advancements in the field of electrochemical
sensing technology. The newly developed sensors are not only efficient, sensitive, and selective
but also cost-effective and environmentally friendly, making them highly suitable for real-world
applications. They provide a robust solution to the pressing issue of antibiotic residue pollution,
which poses a substantial threat to human health, environmental sustainability, and the global
economy. By ensuring the effective monitoring and control of antibiotic residues in various
matrices, these sensors contribute to enhancing food safety, protecting public health, and

preserving environmental integrity.

Moving forward, it is recommended that further research be conducted to refine and optimize
the developed sensors for broader applications and real-world implementation. Collaboration with
industry stakeholders and regulatory bodies can facilitate the integration of these sensors into
existing monitoring systems, thereby ensuring their widespread adoption and impact. Additionally,
ongoing efforts should focus on enhancing the robustness and versatility of sensors to
accommodate a diverse range of antimicrobial compounds and sample matrices. This will
strengthen their utility in addressing the evolving challenges and emerging contaminants in food

and water safety.

Overall, the findings and recommendations presented in this dissertation underscore the vital
role of advanced electrochemical sensing technologies in safeguarding public health and
enhancing food and water quality assurance measures. We hope that the insights gained from this
research will inspire further innovation and collaboration in the field, ultimately leading to tangible

improvements in antimicrobial drug residue detection and mitigation strategies.
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