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Tobramycin (TOB) is an aminoglycoside antibiotic widely used to treat chronic lung infections and other
bacterial diseases. However, TOB residues may persist in food products derived from animals treated
with antibiotics, posing a risk of promoting antibiotic resistance in consumers. This highlights the urgent
need for sensitive and selective methods to detect TOB residues in food. In this study, both an
electrochemical sensor based on a conductive molecularly imprinted polymer (MIP) and a voltammetric
electronic tongue (VET) system were developed for the detection of TOB. The MIP sensor was fabricated
by electropolymerizing polyaniline onto a screen-printed gold electrode (Au-SPE), with the sensitivity
further enhanced by the incorporation of silver nanoparticles. Surface morphology characterization of
the modified electrodes was carried out using scanning electron microscopy (SEM), and Fourier
transform infrared spectroscopy (FTIR). Cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS) were employed to characterize the sensors during
both their fabrication and the TOB detection process. The sensors exhibited a detection limit of 1.9 pg
mL~! within a concentration range of 0.001-60 pg mL™1. The MIP sensors were selective for TOB, and
were successfully applied to the detection of TOB residues in various food samples, including chicken,
beef, turkey, chicken eggs, and milk. The VET system combined with chemometric methods particularly
demonstrated its effectiveness in detecting TOB in milk samples. Principal component analysis (PCA) and
discriminant function analysis (DFA) confirmed the ability of the VET system to differentiate between
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study presents a significant advance in the electrochemical detection of antibiotics in food,

DO 10.1035/d5ra03963k demonstrating the potential of MIP-based sensors, VET system for practical applications in food safety

rsc.li/rsc-advances monitoring, and public health analysis.

TOB is an aminoglycoside antibiotic consisting of two or
more amino sugars linked via glycosidic bonds to a central

1 Introduction

Antibiotic resistance has emerged as a critical global health
crisis, posing a severe threat to public health worldwide.
According to the Centers for Disease Control and Prevention
(CDCQ), antibiotic-resistant infections account for approximately
2.8 million illnesses annually in the United States alone, while
globally, these infections contribute to an estimated 10 million
deaths each year."” Antibiotics such as tobramycin (TOB) have
played a transformative role in modern medicine, providing
effective treatment for a broad spectrum of infectious diseases
in both humans and livestock.?>"
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aminocyclitol nucleus, specifically 2-deoxystreptamine.® It is
biosynthesized through the fermentation of Streptomyces tene-
brarius and is incorporated into pharmaceutical formulations
such as TOBraDex® and TOBI®. TOB features five protonation
equilibria (pK, values ranging from 5.67 to 9.29), which
contribute to its high aqueous solubility and broad-spectrum
antibacterial activity.”® Aminoglycosides are primarily
employed against aerobic Gram-negative bacteria, with some
efficacy against Gram-positive pathogens as well.’

Upon ingestion through the food chain, TOB is absorbed,
metabolized by the liver, and ultimately excreted via the
kidneys. However, its accumulation in the body can lead to
adverse effects, including hepatotoxicity and nephrotoxicity,
some of which may be irreversible.'® Given these risks, accurate
and sensitive detection of TOB residues is essential in clinical
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diagnostics, environmental assessments, and food safety
monitoring.

To mitigate health risks associated with antibiotic residues,
regulatory agencies such as the European Commission have
established strict maximum residue limits (MRLs) for amino-
glycosides in food products. Specifically, the MRL for TOB in
milk has been set at 200 ug-kg '8

A comprehensive review of existing literature reveals several
analytical techniques currently employed for the detection of
TOB in food products. These include high-performance liquid
chromatography (HPLC),** liquid chromatography-mass spec-
trometry (LC-MS),** capillary electrophoresis,"* colorimetric
methods,” and fluorescence spectroscopy.’® While these
methods offer high sensitivity and reproducibility for both
qualitative and quantitative analyses, they are often constrained
by significant drawbacks such as high operational costs, labor-
intensive and time-consuming sample preparation, and the
requirement for trained personnel.*”**

In contrast, electrochemical techniques have gained promi-
nence due to their inherent advantages namely simplicity, rapid
response, high sensitivity, energy efficiency, operational
stability, and cost-effectiveness. These methods also allow for
on-site analysis, making them ideal for field-based and real-
time monitoring.***°

Among emerging technologies, molecularly imprinted poly-
mers (MIPs) have garnered significant attention for their high
selectivity in target recognition. MIPs are engineered to possess
specific binding sites complementary to the target molecule in
shape, size, and functional groups.>>** Electropolymerization is
commonly used to synthesize MIPs, offering precise control
over film thickness and deposition rate by adjusting parameters
such as applied voltage, number of cycles, and monomer-to-
template ratios.”® This fine-tuning capability makes MIP-based
sensors highly adaptable for various analytical applications.

The incorporation of nanomaterials, such as silver nano-
particles (AgNPs), further enhances electrochemical sensor
performance by facilitating rapid electron transfer and
increasing the active surface area.”* Additionally, screen-printed
electrodes (SPEs), particularly those utilizing gold due to its
chemical stability and conductivity, are widely adopted for the
development of disposable, cost-effective =~ MIP-based
sensors.>>*¢

Given the critical need for effective TOB monitoring, recent
studies have focused on advanced electrochemical sensors
integrating nanomaterials and aptamers for enhanced perfor-
mance. For instance, a “sandwich-type” aptamer-based sensor
incorporating AgNPs and polydopamine nanospheres (PDANSs)
achieved a detection limit of 1.41 pM and demonstrated excel-
lent reproducibility in environmental samples.”” Another
approach utilized metal-organic frameworks (MOFs) to amplify
the signal, achieving low nanomolar detection thresholds.*®
Further, a label-free electrochemical aptasensor on a glassy
carbon electrode modified with nanocomposites reached
a detection limit of 4.0 pM for antibiotics like sulfamethazine.”®

Other innovative approaches include bimetallic cerium/
copper oxides embedded in mesoporous carbon,* MnCo
oxide nanohybrids for enhanced sensitivity in biological
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matrices,” and gold nanostructure-based aptamer platforms
for improved surface area and conductivity.** Reviews by Mobed
et al*® highlight the growing application of biosensors for
pharmaceutical detection, while Garcia-Guzman et al.** intro-
duced a microneedle-based electrochemical sensor for contin-
uous antibiotic monitoring. Dual-antibiotic detection systems®
and photoelectrochemical (PEC) sensors using SnO,/Bi,S3
composites® have also been explored, further broadening the
detection landscape.

In this study, we report the development of an electro-
chemical MIP sensor and an aptamer-based detection platform
for TOB, optimized for food safety applications. The aptamer
sensor achieved a linear detection range of 5-50 nM with
a detection limit of 0.88 nM, indicating high sensitivity. While
biological matrix interference remains a challenge, this work
explores the application of multi-sensor systems combined with
multivariate data analysis to improve selectivity and robustness.
The rapid advancements in TOB detection technologies pre-
sented here contribute to the development of portable, sensi-
tive, and specific sensors for environmental monitoring, food
safety, and clinical applications, addressing a critical gap in
current literature.***

The study also investigates a voltammetric electronic tongue
(VET) system, which is an array of cross-sensitive electro-
chemical sensors designed to mimic the human gustatory
system. These sensors generate complex signal patterns
analyzed using pattern recognition and chemometric tech-
niques such as principal component analysis (PCA), discrimi-
nant function analysis (DFA), support vector machines (SVMs),
and receiver operating characteristic (ROC) analysis.*® These
tools enhance data interpretation, visualization, and TOB
prediction accuracy.

Specifically, the electrochemical MIP sensor developed here
was characterized using cyclic voltammetry (CV), differential
pulse voltammetry (DPV), electrochemical impedance spec-
troscopy (EIS), scanning electron microscopy (SEM), and
Fourier-transform infrared spectroscopy (FTIR). Its perfor-
mance, measured in terms of sensitivity, detection limit,
selectivity, and cross-reactivity, was benchmarked against prior
technologies. The VET system was applied to TOB analysis in
milk, utilizing multivariate models to classify and predict TOB
levels effectively. Together, these innovations provide a robust
platform for the detection of TOB in food matrices such as
chicken, beef, turkey, eggs, and milk, contributing significantly
to food safety monitoring and public health protection.

2 Experimentation
2.1 Reagents and solutions

All chemicals used in this study were of analytical grade and
utilized without further purification. Aniline (99%) was ob-
tained from the Faculty of Sciences and Technology, University
Hassan II of Mohammedia (Morocco). Ammonium persulfate
(APS), used as the oxidizing agent in the polymerization process,
was sourced from Fluka (Germany).

For electrochemical characterization, potassium ferricya-
nide [K3Fe(CN)y] and potassium ferrocyanide [K,Fe(CN)g] were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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both purchased from Fluka (Germany). Methanol (99.8%) and
acetic acid (99.9%), used for extracting TOB from the molecu-
larly imprinted polymer (MIP) matrix, were supplied by Riedel-
de-Haén. Silver nitrate (99.8%) and trisodium citrate (99.5%),
essential for the synthesis of silver nanoparticles (AgNPs), were
obtained from Sigma-Aldrich (France).

A phosphate-buffered saline (PBS) solution (0.01 M, pH ~7.2)
was used as the supporting electrolyte to maintain a stable,
near-neutral environment during electrochemical measure-
ments. All solutions and preparations were made using distilled
water to ensure experimental consistency and reproducibility.
The product samples, such as turkey, chicken, and beef, came
from a local supermarket in Meknes (Morocco), KOUTOUBIA.

2.2 Apparatus

Electrochemical measurements were conducted using screen-
printed gold electrodes (Au-SPEs) serving as transducers. Each
Au-SPE included a gold working electrode (0.19 cm?), a silver
reference electrode, and a gold auxiliary electrode (0.54 cm?).
These electrodes were procured from Sigma-Aldrich (Spain). All
electrochemical characterizations were performed using
a PalmSens® potentiostat (Netherlands), connected to
a computer and operated via PS-Trace software. A junction box
facilitated the interface between the Au-SPEs and the Palm-
Sens3 system.**

During the fabrication of the TOB molecularly imprinted
polymer (MIP) sensor, surface morphology and elemental
composition of the electrodes were analyzed using scanning
electron microscopy (SEM) and Fourier-transform infrared
spectroscopy (FTIR). SEM imaging was conducted at Moulay
Ismail University of Meknes using a JSM-IT500HR scanning
electron microscope at a magnification of x20000 and an
acceleration voltage of 15 kV. These images provided detailed
insights into the surface features of the modified electrodes.

FTIR analysis was carried out using a Bruker Alpha II FTIR-
ATR spectrometer (Meknes, Morocco). Spectra were recorded
in the range of 500-4000 cm ™', with a background spectrum
collected prior to each measurement. This analysis was used to
characterize the chemical structure of the polymeric films
formed on the electrode surface.

2.3 Preparation of AgNPs

Silver nanoparticles (AgNPs) were synthesized via a chemical
reduction method using trisodium citrate as the reducing
agent. Specifically, 80 mg of silver nitrate (AgNO;) was dissolved
in 200 mL of distilled water and brought to a boil. Once the
solution reached boiling point, 3 mL of a 1% (w/v) trisodium
citrate solution (CsHs0,Na;) was added gradually, drop by drop,
under continuous heating. The appearance of a pale-yellow
color indicated the formation of silver nanoparticles.” The
solution was then stirred until it cooled to room temperature
(25 °Q), resulting in a stable colloidal suspension of AgNPs.
The chemical reduction reaction is represented as follows:

4Ag+ +C6H5O7Na3 + 2H20 - 4Ag0 + C6H507H3 + 3Na+ + H+
+0; 1)
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In this reaction, silver ions (Ag") are reduced to elemental silver
(Ag°) by citrate ions in an aqueous medium. Concurrently, the
citrate is oxidized to citric acid (C¢Hs0,H;). The process also
releases sodium ions (Na'), hydrogen ions (H"), and oxygen gas
(O,). This method provides a straightforward and reproducible
route to synthesizing AgNPs, which play a critical role in
enhancing the electrochemical performance of sensors through
improved conductivity and electron transfer.

2.4 Preparation of polyaniline

Polyaniline (PANI) was synthesized via oxidative polymerization
through a controlled, stepwise procedure. Initially, 7 mmol of
aniline was dissolved in 20 mL of distilled water and stirred
with a magnetic stir bar for 10 min. The solution was then
cooled to a temperature range of 0-5 °C and maintained under
these conditions for 30 min with continued stirring. In parallel,
7 mmol of ammonium persulfate (APS) was dissolved in 80 mL
of freshly distilled water to prepare the oxidizing solution.

The APS solution was added in a single portion to the pre-
cooled aniline solution. The resulting mixture was stirred
continuously for 1 hour and kept at 0-5 °C for an extended
polymerization period of 24 hours to ensure complete forma-
tion of the polymer.**

The final product, polyaniline (PANI), is a conductive poly-
mer recognized for its excellent chemical stability, high elec-
trical conductivity, and ease of synthesis. Its unique
combination of electrical, optical, and electrochemical proper-
ties makes it highly applicable in various electrochemical
devices, sensors, and energy storage systems.*>

2.5 Preparation of the MIP and NIP-based sensors

The objective of this study was to develop a molecularly
imprinted polymer (MIP) sensor capable of selectively detecting
TOB in real food samples, as illustrated in Fig. 1. The physico-
chemical properties of TOB are summarized in Table 1.

To begin the sensor fabrication, bare gold screen-printed
electrodes (Au-SPEs) were cleaned by thorough rinsing with
distilled water, followed by sonication to remove surface
impurities. A composite solution (designated as Solution S1)
was prepared containing 1.25 mL of TOB, 5 mL of polyaniline
(PANI), and 250 pL of silver nanoparticles (AgNPs). The
monomer-to-template ratio was of 4.

A 50 pL aliquot of Solution S1 was then electropolymerized
onto the Au-SPE surface using cyclic voltammetry (CV). The
electropolymerization was conducted over a potential range of
—0.4 Vto +0.6 V, at a scan rate of 20 mV s~ for 10 cycles. These
optimized parameters were selected to ensure uniform deposi-
tion of the composite and to prevent aggregation of AgNPs,
thereby promoting even distribution across the electrode
surface. The incorporation of AgNPs was intended to enhance
the sensor's electroactive surface area, improve electron trans-
fer kinetics, and increase overall sensitivity.

During electropolymerization, the working electrode gradu-
ally formed a complex between the TOB molecules and the
growing polymer matrix. Following polymerization, TOB was
extracted from the polymer layer, creating selective recognition
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Fig. 1 Manufacturing process of the molecularly imprinted polymer sensor.

Table 1 Physico-chemical properties of tobramycin

Structure formula

IUPAC nomenclature

0-3-Amino-3-deoxy-alpha-p-glucopyranosyl-(1-4)-0O-(2,6-diamino-trideoxy-alpha-p

ribohexpoyranosy 1-(1-4))-2-deoxy-p-streptamine

Molecular formula
Molecular weight
Water solubility
pKal

PKa

sites. These are molecular cavities complementary in size,
shape, and chemical functionality to TOB. After this step, the
obtained device was washed with PBS (pH = 7.2) and dried for
the retention process. These imprinted sites enable the sensor
to selectively bind and detect TOB in subsequent analyses.

For control purposes, a non-imprinted polymer (NIP) sensor
was also fabricated using an identical procedure, except without
the inclusion of TOB in the polymerization mixture (designated
as Solution S2). This allowed comparison between selective and
non-selective responses and helped confirm the specificity of
the MIP-based system.

2.6 Electrochemical parameters

Following immobilization of the MIP layer onto the Au-SPE
surface, the sensor was characterized using a series of electro-
chemical techniques, including cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and differential

37582 | RSC Adv, 2025, 15, 37579-37596

C15H37N500

467.52 g mol

Freely soluble in water
12.54 (strongest acid)
9.83 (strongest base)

pulse voltammetry (DPV). These analyses were conducted in
a 0.01 M phosphate-buffered saline (PBS) solution at pH 7.2,
using 5 mM ferricyanide/ferrocyanide ([Fe(CN)¢]> /*7) as the
redox probe.

These techniques provided critical insights into the sensor's
electrochemical behavior, including its binding efficiency,
surface properties, and sensitivity toward TOB. CV was per-
formed within a potential range of —0.4 V to +0.6 V at a scan rate
of 20 mV s to evaluate redox activity before and after TOB
binding.

To complement the CV results and assess the interface
properties of the sensor surface, EIS measurements were carried
out under open circuit potential conditions. An AC voltage of
10 mV was applied over a frequency range of 0.1 Hz to 50 kHz,
using a sampling density of 50 frequency points.

DPV was used to further evaluate TOB retention by the MIP
sensor. Measurements were performed at a scan rate of 20 mV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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s~', with the potential range maintained between —0.4 V and
+0.6 V. All electrochemical experiments were conducted at room
temperature (25 ©°C) to maintain consistency and
reproducibility.

2.7 Synthetic detection of TOB

In accordance with European Union regulations, the maximum
permissible limit for TOB is 12 pg mL ™" in serum*® and 200 ug
kg™' in milk.*** To facilitate sensor calibration and perfor-
mance evaluation, a TOB stock solution was prepared at
a concentration of 0.003 g mL~". This stock solution was serially
diluted in phosphate-buffered saline (PBS, pH 7.2) to produce
a range of working concentrations reflective of typical TOB
levels in food matrices.

The final concentration series, labelled C1 through C7, was
as follows:

C1: 0.001 pg mL™"; C2: 0.008 pg mL ™ *; C3: 0.05 pg mL ™ *; C4:
0.3 pg mL%; C5: 2.0 pg mL™'; C6: 9.9 pg mL™"; C7: 60.0 pg
mL .

This range ensured comprehensive evaluation of the sensor's
detection capabilities across trace-level to higher concentra-
tions, consistent with regulatory and practical relevance in food
safety monitoring.

2.8 Applications of MIP sensor for TOB detection in real
samples

Milk, meat, and egg samples were procured from local markets
in Meknes, Morocco, for experimental analysis. To prepare
skimmed milk, 50 mL of raw milk was centrifuged at 10 000 rpm
for 15 min at 4 °C to remove fat globules. Meat samples were
finely chopped and ground to produce homogenized extracts,
which were subsequently clarified by centrifugation under the
same conditions to eliminate particulate matter.

Egg samples were stored at —20 °C prior to analysis. For
sample preparation, 1.0 g of egg white was mixed with 10 mL of

View Article Online
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phosphate buffer (pH 7.2) and homogenized for 2 min. The
homogenate was then centrifuged at 4500 rpm for 15 min, and
the supernatant was collected for further analysis.

These prepared extracts were used in subsequent electro-
chemical testing to evaluate the sensor's performance, sensi-
tivity, and selectivity across different biological matrices,
thereby ensuring robustness and real-world applicability.***”%*

2.9 VE-tongue experimental set-up

The experimental setup for voltammetric electronic tongue
(VET) analysis of milk samples, illustrated in Fig. 2, utilized
a conventional three-electrode electrochemical cell. The
configuration consisted of an Ag/AgCl reference electrode,
a platinum auxiliary electrode, and an array of five distinct
working electrodes: copper (Cu), glassy carbon (GC), platinum
(Pt), palladium (Pd), and gold (Au). Each working electrode was
chosen for its specific electrochemical characteristics, enabling
the system to capture a broad range of electrochemical signals.

The choice of electrodes in the VE-Tongue system for ana-
lysing TOB-containing samples is driven by the need for
a sensitive, and robust electrochemical device capable of
detecting this aminoglycoside antibiotic in complex matrices.
TOB, with its amino and hydroxyl functional groups, is not
highly electroactive but can interact with electrode surfaces via
adsorption, complexation, or indirect reactions. The VE-Tongue
system employs an Ag/AgCl reference electrode for stability,
a platinum auxiliary electrode for robustness, and five working
electrodes (glassy carbon, gold, palladium, copper, platinum).
Noble electrodes ensure sensitive detection through adsorption,
while non-noble electrodes enhance selectivity via chemical
reactions.

This multi-electrode array allowed for comprehensive
profiling of the milk matrix by generating diverse and comple-
mentary sensor responses. The configuration is particularly
effective for analyzing complex biological samples such as milk,

Technique: CV
Chemometrics:
PCA, DFA, SVMs

H Electrodes

Potentiostat

/,
4
Milk Sample

9.

“

N

Reference electrode: Ag/AgCl

\ - Counter electrode: Platinum (Pt)

- Working electrodes:

ly

Gold (Au), Palladium (Pd), Platinum (Pt),
Glassy Carbon (GC), and Copper (Cu)

Fig. 2 Schematic representation of the voltammetric electronic tongue dedicated to the analysis of milk samples.
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offering enhanced sensitivity and selectivity through sensor
diversity. This platform supports robust multivariate analysis
and pattern recognition, key components of the VET system's
analytical capability.

2.10 Data analysis

A voltammetric electronic tongue (VET) was employed for the
qualitative analysis of eight milk samples spiked with varying
concentrations of TOB, ranging from 0 to 60 pg mL™'. The
electrochemical cell was equipped with five working electrodes,
along with a reference and auxiliary electrode. Cyclic voltam-
metry (CV) was performed for each sample, and the corre-
sponding voltammograms were recorded.

To ensure robustness and reproducibility, CV measurements
were repeated six times for each sample and each electrode,
resulting in six voltammograms per electrode per sample. With
eight samples and five electrodes, the total dataset consisted of
240 voltammograms.

These voltammetric responses were processed using MAT-
LAB to extract key electrochemical features. The extracted vari-
ables included:*®

o Al = (Iox — Ireq): Difference between anodic and cathodic
peak currents;

o Slopep,: Maximum slope during the oxidation phase;

e Slopegeq: Maximum slope during the reduction phase;

e Area: Enclosed area under the voltammogram, calculated
via the trapezoidal method.

Following variable extraction, both supervised and unsu-
pervised data processing techniques were applied to analyze
and classify the samples.

Principal Component Analysis (PCA), an unsupervised
dimensionality reduction technique, was used to explore
sample similarities and identify the variables contributing most
significantly to the overall variance.” PCA transforms the orig-
inal variables into new, uncorrelated principal components
(PCs), which retain the essential structure of the data and
facilitate improved visualization and interpretation.
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Discriminant Function Analysis (DFA), a supervised classi-
fication technique, was employed in descriptive mode to iden-
tify discriminant functions (DFs) that maximize between-class
variance while minimizing within-class variance. This approach
aids in recognizing patterns and enhancing class separation by
projecting data onto dimensions that best represent group
differences.

Support Vector Machines (SVMs), developed by Vapnik,*
were used for supervised classification. This method identifies
an optimal hyperplane, known as a support vector (SV), that
maximally separates classes. In this study, the “one-against-
one” and “one-against-all” multiclass strategies were applied to
construct binary classifiers capable of robust classification.*

To complement these techniques, Receiver Operating Char-
acteristic (ROC) curve analysis was used as an unsupervised
method to assess classification performance and sensitivity.
Although typically used for quantitative analysis, ROC was
applied here to evaluate the accuracy and reliability of class
separation.

In summary, PCA, DFA, and SVMs were employed for qual-
itative tasks namely dimensionality reduction, feature selection,
classification, and visualization of TOB-spiked milk samples.
These pattern recognition tools enhanced data interpretation by
reducing complexity while preserving key discriminatory
information.

3 Results and discussion
3.1 Nanostructures' characterisation

During the fabrication of the TOB MIP sensor, surface
morphology and elemental composition of the electrodes were
characterized using Fourier-transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM). The electrode
surfaces analyzed included: the bare gold screen-printed elec-
trode (Au-SPE), the modified Au-SPE coated with PANI and
AgNPs incorporated into the MIP (Au-SPE/(PANI-AgNPs)/MIP),
and the post-extraction version of the MIP-modified electrode
(Au-SPE/(PANI-AgNPs)/MIP (Extraction)).

-0,01
—Au-SPE
[ e WMt 'vm.l
a i "‘
0,01 A A P e At —— Au-SPE/Extraction
8 0,02
% : Au-SPE/MIP
£ 003
E N\
S 0,04 3
8 1
==
0,05
0,06
4000 3500 3000 2500 2000 1500 1000 500 0

Wavelength (cm?)

Fig.3 Fourier transform infrared spectroscopy spectra obtained for bare gold, after molecularly imprinted polymer deposit, and after extraction.
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FTIR spectra for the three configurations, bare Au-SPE, Au-
SPE/MIP, and Au-SPE/Extraction, are shown in Fig. 3. These
spectra provide insight into the chemical composition and
molecular interactions at the electrode surface during each
stage of modification. The FTIR spectrum of TOB displayed
characteristic absorption bands between 1600 and 1300 cm™*,
attributable to NH stretching, CH, scissoring, and OH bending.
A prominent absorption peak around 1000 cm " was associated
with C-O and C-N stretching vibrations. These signature TOB
bands were absent in the spectra of both the bare Au-SPE and
the extracted MIP electrode (Au-SPE/Extraction), confirming
successful TOB incorporation and subsequent removal from the
polymer matrix.*

Fig. 4 illustrates SEM images of the electrode surfaces at
various stages of modification:

Fig. 4A the bare Au-SPE exhibits a homogeneous gold coating
with a regular, unmodified morphology.

Fig. 4B after deposition of the PANI-AgNPs and MIP layer, the
surface appears more uniform and smoother, indicating
successful membrane formation.

Fig. 4C following the extraction of TOB, the electrode surface
adopts a porous structure with reduced roughness, likely due to
the elution of TOB molecules from the polymer, resulting in the
formation of molecular recognition sites.

These FTIR and SEM analyses collectively confirm the
structural and chemical changes associated with each modifi-
cation step and validate the successful imprinting and removal
of TOB within the MIP matrix.

3.2 Preparation of TOB imprinted sensors

Electropolymerization provides a simple and effective approach
for constructing molecularly imprinted polymer (MIP) films on
conductive electrode surfaces. In this study, the process was
carried out in a phosphate-buffered saline (PBS) solution (pH
7.2) by applying a potential range from —0.4 V to +0.6 V at a scan
rate of 20 mV s~ ' for 10 cycles. The progression of the film
formation was monitored by recording changes in current
amplitude across successive cycles. Fig. 5 presents the cyclic
voltammograms obtained during the electropolymerization
process.

During polymerization, hydrogen bonding interactions
occur between the hydroxyl groups (-OH) of TOB and the amine
groups (-NH,) of polyaniline (PANI), facilitating the incorpora-
tion of TOB into the growing polymer matrix. The inclusion of
silver nanoparticles (AgNPs) further enhances this process by
increasing the electrode's surface area and enabling the
formation of uniformly distributed, spacious binding cavities.
These features contribute to the sensor's high sensitivity and
selectivity for TOB detection.

3.3 Electrochemical characterizations

Ferri/ferrocyanide ([Fe(CN)6]*>7) was employed as a redox
probe to monitor the entire development of the MIP sensor,
providing essential insights into electron transfer between the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scanning electron microscopy images obtained for: (A) Bare
gold, (B) after molecularly imprinted polymer deposit, (C) after
extraction.
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Fig. 5 Cyclic voltammograms of 10 cycles of the electro-
polymerization of the mixture (silver nanoparticles, polyaniline, and
tobramycin).

deposited layer and the electrode surface. Cyclic voltammetry
(CV) was used to characterize the electrochemical behavior of
the bare Au-SPE, Au-SPE/MIP + AgNPs, and after template
extraction. Upon the deposition of the MIP complex on the
screen-printed electrode, distinct changes in the shape and
amplitude of the electrochemical signals were observed, con-
firming the successful modification of the gold electrode.
Notably, after the analyte extraction process, an increase in
signal amplitude was recorded. This observation, supported by
the data presented in Fig. 6A, demonstrates the efficient
extraction of the analyte from the polymer matrix. The increase
in amplitude can be attributed to the creation of vacant sites in
the MIP film following TOB removal, which facilitates the
electrochemical reaction of the redox probe at the electrode
surfaces.

Additionally, EIS is widely recognized as a valuable tech-
nique for investigating impedance variations on electrode
surfaces during the modification process.®® The faradaic
impedance measurements align well with the CV results, as the
diameter of the semicircles observed in the Nyquist diagrams
(Fig. 6B) corresponds to variations in the oxidation current
peaks indicated by the CV technique (Fig. 6A).
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3.4 MIP and NIP responses

The DPV technique is more sensitive than CV and is frequently
used in electrochemical detection.** The different synthetic
concentrations of the TOB solution were used to determine the
retention capacity of the developed MIP sensor after template
removal. Therefore, to perform the electrochemical and
synthetic detection of TOB, 50 puL of a TOB concentration
solution was deposited on the working electrode of the MIP
sensor. The DPV, and EIS characterization techniques were
performed after each retention time (30 min) using PBS con-
taining a 5 mM [Fe(CN)g]* >~ solution at room temperature.

The voltammograms presented in Fig. 7A were obtained
using differential pulse voltammetry (DPV). A clear decrease in
the current peaks of the [Fe(CN)s]*~*~ signal is observed as TOB
concentrations increase. This reduction in current corresponds
to the binding of TOB molecules to the imprinted sites on the
sensor's surface, which increases with the TOB concentration.

Additionally, a non-imprinted polymer (NIP) test was con-
ducted to validate the sensor responses observed in the MIP
test. The NIP test served as a control experiment, in which TOB
was omitted during the electropolymerization step. Fig. 7B
presents the DPV signals recorded for varying synthetic TOB
concentrations using the non-imprinted device. Unlike the MIP
sensor, the oxidation current peaks remain nearly unchanged
across the TOB concentrations tested. This confirms that the
absence of specific recognition cavities in the NIP sensor results
in a lack of sensitivity toward TOB, highlighting the specificity
of the MIP sensor.

Fig. 8A and B demonstrate the linear relationship between
the current peaks and their corresponding concentrations.
These figures represent the calibration curves of both MIP and
NIP sensors respectively. The plot shows the relative variation of
(I — Io)/1, as a function of the logarithmic concentration of TOB
within a linear range of 0.001-60 pg mL™". As depicted in Fig. 8,
the equations expressing the relationship between the relative
currents and their corresponding concentrations for MIP and
NIP sensors are y = —0.096 log(C) — 0.7, and y = —0.006 log(C) —
0.065, respectively. The LOD is determined using the formula
LOD = 3Sy,/m, where S, represents the standard deviation of the
y-intercept of the regression line, and m is the slope of the
calibration curve, based on a signal-to-noise ratio (S/N) of 3.7

40
A 25
@A) e —e-MIP
20 ——MIP
-t ——Extraction c —e—Extraction
= S
= ——Bare gorld ‘g
e = —e—Bare gold
— 0 2
5 20
-40 0% T T .
-0.4 0.2 0.0 0.2 0.4 0.6 0 100000 200000 300000
Potential/V Real(Z)/Q
Fig. 6 (A) Cyclic voltammograms of the different stages of molecularly imprinted polymer sensor development, and (B) Nyquist diagrams of

different stages in the development of the molecularly imprinted polymer sensor.
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Fig.7 (A) Cyclic voltammograms of the detection of tobramycin by the molecularly imprinted polymer sensor, and (B) cyclic voltammograms for
the detection of tobramycin by the non-imprinted polymer sensor.
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Fig. 8 (A) Differential pulse voltammetry calibration curve of molecularly imprinted polymers sensor, and (B) differential pulse voltammetry

calibration curve of non-imprinted polymer sensor.

In the DPV technique, a high coefficient of linearity (R* = 0.99)
is observed across the study range, and the analytical parame-
ters, including LOD and LOQ, are determined to be 1.9 pg mL ™,

and 15.8 pg mL ™", respectively.
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As per the EIS technique, the charge transfer resistances (R
of the MIP sensor increase with an elevation in TOB concen-
tration, as depicted in Fig. 9A. The molecules of TOB are not
conductive and are generally not negatively charged, although
they may exhibit local positive charges due to their specific
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Fig. 9 (A) Nyquist diagrams of tobramycin detection by molecularly imprinted polymers sensor, and (B) Nyquist diagrams of tobramycin

detection by the non-imprinted polymer sensor.
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functional groups® Therefore, the characterization, utilizing
a negative redox probe [Fe(CN)q]* >, entailed repulsive inter-
actions between it and the TOB molecules. This might account
for the reduction in the observed current peaks and, conse-
quently, the elevation in R, values with the increasing TOB
concentration. These results are consistent with the data shown
in Fig. 7A.

Conversely, the NIP sensors exhibited negligible changes in
R., indicating minimal non-specific interactions between the
polymer and TOB (Fig. 9B).

EIS results in the establishment of a logarithmic linear
correlation between electrochemical sensor responses and TOB
concentration. For each TOB concentration, the value of (R. —
Ry)/R, was computed. As depicted in Fig. 10A and B, the equa-
tions representing the correlation between R, and their
respective concentrations for MIP and NIP are y = 0.6 log(C) +
1.9, and y = 0.006 log(C) — 0.026, respectively. The EIS findings
demonstrate strong consistency with those obtained from DPV.
The normalized data for the MIP sensor showed good linearity
with R? of 0.99 and relationship between TOB concentration
and NIP sensor exhibited low linearity coefficient (75%)
showing no regular sensitivity. The EIS technique yields LOD
and LOQ values of 7.9 pg mL ™" and 31.6 pg mL ™', respectively.

¥ = 0.50Log|C) + 1,86

=096

10 4 —

(Re-Ro)/Ro
—.—
\
%

oo 4 ; i ;

-3 -2 —.1 o 1 2
LoglCyipa/mL)

Fig. 10
impedance spectroscopy of the non-imprinted polymer.

Table 2 Comparison of analytical parameters of the proposed molec
detection
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Table 2 provides a comparative analysis of experimental data
for TOB determination between the relevant MIP sensor and
previously reported methods®***-** The proposed MIP sensor
demonstrates a lower LOD, superior accuracy, and higher
sensitivity for detecting TOB traces compared to the reported
works. The MIP sensor is very simple for fabrication,
logarithmic-linear in a broad range. Therefore, it could be
considered a suitable candidate for the future electrochemical
sensor of TOB.

3.5 Selectivity, reproducibility, and stability of the MIP
sensor

Selectivity is a critical parameter in the design of molecularly
imprinted polymer (MIP) sensors, ensuring that the sensor can
distinguish the target analyte, in this case, TOB from structur-
ally similar compounds.

To evaluate the selectivity of the MIP sensor, calibration
curves were constructed for TOB and four common antibiotic
interferents such as gentamicin, tetracycline, ofloxacin, and
ciprofloxacin at identical concentrations. As shown in Fig. 11,
the slope of each curve was used to calculate the imprinting
factor (IF),*>** defined as:

y = 0.01Log(C) -0.03 -
-0.01 R =098 (B} //’
L
p .‘"’J
-0.02 e~
A
-~ ~
-1 F 4
e . -~
3 -0.03 'A’_j
3 ¢ -
®
0.04 ot
).0%
' . v v '
1 P 1 0 1
LogiC)/{pg/mL)

(A) Calibration curve obtained by electrochemical impedance spectroscopy of the MIP, and (B) calibration curve by electrochemical

ularly imprinted polymer sensor and reported works for tobramycin

Linear range LOD LOQ
Methods (pg mL™Y) (pgmL™") (pgmL™') Interferences Real samples Refs
CRISPR/Cas biosensing, 1.3 x 10°-4.6 x 10 3.8 x 10” 5 Water 8
aptamer +++
HPLC-MS 1.7 x 10°-2.5 x 10° 5 x 10* 1.7 x 10° — Body fluid 59
ELISA — 2.5 x 10" — — Polystyrene microtiter plates 60

5 x 10*

Electrochemical 2.3 x 10°-4.6 x 10°> 65 2.1 x 10> 3 Egg and milk 5
Electrochemical 7-70 2 7 3 Egg and milk 61
AuSPE/MIP + AgNPs 0.001-60 1.9 15.8 4 Egg, milk, Turkey, chicken and meat  This work
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Fig. 11 Sensor responses toward interfering molecules.

IF = SlopeTOB/SlopeINTEREFERENT.

The calculated imprinting factors were of, 10.6, 14, 6, and 8.5
for TOB compared to gentamicin, tetracycline, ofloxacin, and
ciprofloxacin, respectively.

These results confirm the high molecular recognition spec-
ificity of the MIP sensor for TOB, compared to other structurally
related antibiotics.

To assess fabrication reproducibility, three independent MIP
sensors were produced under identical conditions. The sensors
were tested across the full range of TOB concentrations, and the
relative standard deviation (RSD) was found to be = 5%. This
low variability indicates high consistency in the manufacturing
process.

Repeatability was evaluated by performing three measure-
ments per day over three consecutive days using the same TOB
concentration. Between measurements, the MIP sensor was
thoroughly rinsed with distilled water. Each cycle included TOB
retention, electrochemical analysis, and cleaning steps, with
a 40 minutes interval between runs. The sensor exhibited an
RSD of less than 5% across all trials, confirming that its
responses are stable and repeatable under standard operating
conditions.

Moreover, the stability is of great importance for the devel-
opment of MIP sensors. In this study, it was investigated by
monitoring the current response for a TOB solution at regular

Table 3 Recovery of tobramycin in mineral water (Ain Soltan)

time interval for a period of 3 months. After this duration, the
sensor retained 85% of its initial response. This means that the
proposed sensor has acceptable storage stability.

3.6 Recovery in mineral water and milk

To evaluate the practical applicability and reliability of the
developed MIP sensor, recovery tests were performed using two
real-world samples free of TOB: Ain Soltan mineral water and
Milk N°3. Each sample was spiked with four known TOB
concentrations: 0.05, 0.3, 2.0, and 9.9 pg mL ™. A fixed aliquot of
50 uL from each spiked solution was applied directly to the MIP
sensor's working electrode.

After an appropriate incubation period, the sensor was
rinsed with distilled water, and electrochemical detection was
conducted using differential pulse voltammetry (DPV). The
oxidation current responses obtained were interpreted using
the previously established DPV calibration equation: y = —0.09
log(C) — 0.45.

Using this equation, the TOB concentration in each sample
was back-calculated. The recovery rates, summarized in Table 3
(mineral water) and Table 4 (milk), ranged from 93.3% to 100%,
demonstrating excellent agreement with the spiked
concentrations.

These results confirm the sensor's reliability and accuracy
for detecting trace levels of TOB in complex sample matrices,

Table 4 Tobramycin recovery in Chergui milk

Added concentration

Added concentration

(pg mL ™) 0.05 0.3 2 9.9 (pgmLY) 0.05 0.3 2 9.9
Found concentration 0.05 0.28 1.9 10 Found concentration 0.05 0.28 1.99 10
(pg mL™") (pg mL™")

Recovery score (%) 100 93.3 95 100  Recovery score (%) 100 93.3 99.5 100

© 2025 The Author(s). Published by the Royal Society of Chemistry
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validating its potential for real-world applications in both food
safety and environmental monitoring.

3.7 Results of application of MIP sensors for TOB detection
in real samples

To evaluate the viability of the proposed MIP sensor for real-
world applications, it was employed for the electrochemical
detection of TOB in various agro-food samples. Sample prepa-
ration followed the procedures previously detailed in the
experimental section.

The analytical results, summarized in Table 5, demonstrate
that several samples including Milk N°1, Milk N°2, Milk N°5,
and Milk N°4; beef meat; turkey meat; industrial eggs (non-
beldi); and industrial chicken (non-beldi) contained detect-
able TOB concentrations. These levels were above the sensor's
detection limit (1.9 pg mL™') but remained well below the
established maximum residue limits (MRLs) for TOB: 12 pg
mL~"' in serum and 200 pg mL~' in milk. These findings
highlight the sensor's sensitivity and suitability for trace-level
detection in complex food matrices.

Conversely, Milk N°3, non-industrial eggs (beldi), and non-
industrial chicken (beldi) tested negative for TOB, indicating
that the target molecule was absent or present below the
detection limit in these samples.

Table 5 Found concentrations of tobramycin in the studied samples

Samples Concentrations (pg mL ") Presence
Milk N°1 251 Yes
Milk N°2 12.5 Yes
Milk N°3 0 No
Milk N°4 31.6 Yes
Milk N°5 0.002 Yes
Beldi egg 0 No
Non-beldi egg 0.22 Yes
Beef meat 158 Yes
Turkey meat 20 Yes
Beldi chicken 0 No
Non-beldi chicken 20 Yes
2.0

Current/uA
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In conclusion, the results confirm the MIP sensor's practi-
cality, sensitivity, and reliability for detecting trace levels of TOB
in diverse agro-food products, supporting its application in food
safety monitoring and quality control.

3.8 Discrimination of TOB in milk samples by VET

To investigate the presence of TOB residues in milk following
ingestion, a qualitative analysis was performed using the vol-
tammetric electronic tongue (VET). This approach aimed to
evaluate whether the VET could generate distinguishable
electrochemical responses across milk samples spiked with
varying TOB concentrations.

Eight milk samples, each containing a different concentra-
tion of TOB, were analyzed. The VET system consisted of five
metal working electrodes (copper, glassy carbon, platinum,
palladium, and gold), which were immersed in the milk
samples. Cyclic voltammetry (CV) was conducted over a poten-
tial range of —0.2 V to +0.6 V at a scan rate of 50 mV s~ . Each
electrode generated a unique cyclic voltammogram depending
on its electrochemical interaction with the milk matrix and TOB
content.

After each measurement, a strict cleaning protocol was fol-
lowed to prevent -cross-contamination. Electrodes were
immersed in piranha solution (30% H,0, : 98% H,SOy, 1: 3 v/v),
rinsed with distilled water, polished, and dried to remove all
residual contaminants. Piranha solution is frequently used for
electrode cleaning because it provides an extremely effective
and reliable method for removing organic contaminants,
thereby resetting the electrode surface and leaving it very clean
and hydrophilic. Its compatibility with various materials,
especially noble metals and glass, makes it a “universal”
approach. In academic research, it has become a widely recog-
nized standard, ensuring reproducibility and comparability of
results across laboratories. Unlike other methods such as
plasma or UV-ozone cleaning, it requires no sophisticated
equipment, making it accessible. However, its high corrosive-
ness and significant hazards strongly limit its use in routine
applications.

Among the five electrodes, the gold electrode showed the
most pronounced and concentration-dependent

Au electrode

——Milk + 0 pg/mL
~——Milk + 0.001 pg/mL
~—Milk + 0.008 pg/mL
~——Milk + 0.05 pg/mL
——Milk + 0.3 pg/mL
Milk + 2 pg/mL
——Milk + 9.9 pg/mL
——Milk + 60 pg/mL

-0.2 0.0 0.2
Potential/V

0.4 0.6

Fig. 12 Mean responses of the voltammetric electronic tongue gold electrode when exposed to eight different milk samples.
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electrochemical behavior. Therefore, the average voltammo-
grams from the gold electrode were selected for representation
in Fig. 12. The variations in amplitude observed across different
samples likely reflect the differences in TOB concentration.

To further evaluate the contribution of each electrode to
sample discrimination, a radar plot was generated (Fig. 13),
highlighting the distinct electrochemical signatures provided
by the multi-electrode array.

The extracted electrochemical features from four electrodes
were compiled into a feature matrix and analyzed using MAT-
LAB. This dataset served as the input for pattern recognition
algorithms. Principal Component Analysis (PCA), Discriminant
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MILK+ 0.008 pg/mL
PT
MILK+ 0.05 pg/mL
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==@==MILK+ 2 pg/mL

=@=MILK+ 9.9 pg/mL
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Fig. 13 Radar plots of the voltammetric electronic tongue responses
toward the eight different milk samples (expressed as the difference

between anodic and cathodic current peaks of cyclic
voltammograms).
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Function Analysis (DFA), and Support Vector Machines (SVMs)
were applied to improve the classification accuracy and inter-
pretability of the VET's performance.

These findings confirm that the VET system can generate
unique, concentration-dependent responses across milk
samples and holds strong potential for rapid, qualitative
assessment of TOB residues in complex food matrices.

3.9 Discriminant data analysis models

Following the extraction of key electrochemical features from
VET responses, statistical and machine learning techniques
were employed to assess the system's discriminative power in
differentiating milk samples with varying TOB concentrations.

Principal Component Analysis (PCA) was first applied to
reduce the dimensionality of the multivariate dataset and to
visualize sample clustering based on electrochemical signa-
tures. As shown in Fig. 14, the first three principal components
(PC1, PC2, and PC3) captured a cumulative 94.75% of the total
variance in the data, specifically, 50.67% by PC1, 34.89% by
PC2, and 9.18% by PC3. The PCA scores plot reveals clear
separation between the non-spiked milk sample and those
spiked with TOB. Furthermore, distinct groupings were
observed among the spiked samples themselves, indicating the
VET's capacity to differentiate varying TOB concentrations
qualitatively.

To further validate these findings, Discriminant Function
Analysis (DFA) was employed. As illustrated in Fig. 15, the DFA
score plot confirms effective discrimination between all sample

il
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Fig. 14 Principal component analysis plot analysis using Al and area as features of the voltammetric electronic tongue system responses.
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Fig. 15 Discriminant function analysis plot analysis using Al and Area as features of the voltammetric electronic tongue system responses.

groups, with DF1 accounting for 98.44% and DF2 for 1.48% of
the total variance. These results mirror the trends observed in
PCA while offering stronger classification performance through
supervised learning.

To assess predictive accuracy, a Support Vector Machines
(SVMs) classifier was applied to the dataset, with results
summarized in the confusion matrix (Table 6). The SVM model
achieved an 86.67% classification accuracy across eight distinct
milk sample classes: (milk + 0 pg mL ™", milk + 0.001 pg mL ™",
milk + 0.008 pg mL~*, milk + 0.05 pg mL ™", milk + 0.3 pg mL ",
milk + 2 pg mL ™", milk + 9.9 pg mL ", and milk + 60 pg mL™").

Each sample was correctly classified, aligning with the
diagonal of the confusion matrix. The model was validated
using a leave-one-out cross-validation method to reduce bias

and mitigate the effects of a limited dataset, which can lead to
overfitting.

While overfitting is a known limitation in models trained on
small datasets, previous work, such as that of Smulko et al
(2015)* has addressed this using least squares SVMs and larger
datasets to improve generalizability. Recent enhancements in
SVM methodologies continue to strengthen resistance to over-
fitting and improve model robustness.®*

In summary, PCA and DFA confirmed the VET's ability to
differentiate milk samples based on TOB content, with DFA
showing superior classification precision by consistently
maintaining the relative spatial topology of sample groups.
These findings further establish the VET system's effectiveness
as a qualitative tool for TOB detection in complex biological
matrices.

Table 6 Support vector machines results for the classification of 24 milk samples regarding different concentration of tobramycin by using the

VET system with a success rate of 86.67%

Class 1
Class 2
Class 3
Class 4
Class 5
Class 6
Class 7
Class 8

Actual

S O oo oo oNN
S O oo oo RO
S O OO R

Class 1 Class 2 Class 3

Predicted
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0 0 0 0 0
0 0 0 1 0
0 0 0 0 0
0 0 0 0 0
0 4 0 0 0
0 0 1 0 0
0 0 0 3 0
0 0 0 0 1
Class 4 Class 5 Class 6 Class 7 Class 8
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Fig. 16 Receiver operating characteristic curve displaying data points for eight different milk samples with data collected from the voltammetric

electronic tongue.

3.10 Receiver operating characteristic (ROC) curves

The Receiver Operating Characteristic (ROC) curve is a graph-
ical tool used to evaluate the classification performance of
predictive models. It plots the true positive rate (sensitivity)
against the false positive rate (1-specificity) for each class. In
this study, the ROC analysis was applied to assess the perfor-
mance of the VET-based classification model across eight TOB
concentration classes: Class 1: 0 pg mL~"; Class 2: 0.001 pg
mL~%; Class 3: 0.008 pg mL™*; Class 4: 0.05 pg mL ™ '; Class 5: 0.3
pg mL~'; Class 6: 2 pg mL™"; Class 7: 9.9 pg mL™"; Class 8: 60 pg
mL™; As shown in Fig. 16, the ROC curves illustrate the model's
ability to discriminate between these classes. The Area Under
the Curve (AUC) serves as a quantitative metric of model accu-
racy for each class.

Perfect classification (AUC = 1.00) was achieved for Classes
1, 3, 4, 5, 6, and 8, indicating that the model successfully
distinguished these TOB levels without misclassification.

Class 7 achieved an AUC of 0.96, reflecting strong but not
flawless performance.

Class 2, however, displayed an AUC of 0.50, suggesting
performance equivalent to random guessing, and indicating
that the model struggled to distinguish this concentration level
from the others.

Curves that sharply rise toward the upper left corner of the
ROC plot reflect high classification accuracy. In contrast, curves
that align closely with the diagonal (as seen for Class 2) indicate
poor discrimination capability.

Overall, the ROC analysis confirms that the model demon-
strates excellent classification performance for most TOB
concentration classes, with the notable exception of Class 2.
This highlights a need for further refinement potentially

© 2025 The Author(s). Published by the Royal Society of Chemistry

through enhanced feature selection, additional training data, or
class balancing to improve accuracy at the lowest concentration
levels.

4 Conclusion

This study successfully developed an electrochemical MIP
sensor that integrates conductive polymers and metallic nano-
particles, resulting in a sensitive, selective, and cost-effective
tool for detecting TOB in food samples. When applied to real-
world matrices like milk, the sensor paired with a VET system
demonstrated strong quantitative and qualitative analytical
performance. A detection limit of 1.9 pg mL ™" and a limit of
quantification (LOQ) of 15.8 pg mL™' were achieved over the
working range. The wide dynamic range (0.001-60 pg mL '),
clear logarithmic-linear response, and minimal sample prepa-
ration requirements make it a practical alternative to more
complex laboratory-based methods.

Compared to conventional techniques, the proposed
approach offers several distinct advantages: affordability, ease
of use, high sensitivity, and portability. These qualities position
it as a strong candidate for routine screening of antibiotic
residues, particularly in environments where resources or
technical infrastructure are limited.

Looking ahead, this platform has the potential for signifi-
cant expansion. Future research could explore the sensor's
adaptability to a broader range of antibiotics and other
contaminants, including pesticides, hormones, or mycotoxins.
Additionally, integration with wireless or smartphone-based
readout systems could enable real-time, on-site monitoring,
an advancement that would be particularly beneficial in supply
chain management and field testing.

RSC Adv, 2025, 15, 37579-37596 | 37593
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From a regulatory perspective, the sensor aligns well with
global efforts to enforce stricter food safety standards. Its rapid
response time and minimal operational requirements can
support more frequent and decentralized testing, ultimately
contributing to better public health outcomes. Furthermore, its
design principles could inform the development of next-
generation electrochemical sensors for clinical,
mental, or pharmaceutical applications.

In sum, this study not only presents a robust solution for
current challenges in food safety monitoring but also opens the
door to broader innovations in electrochemical sensing tech-
nologies, with promising implications for research, industry,
and public health.
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