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A Dual-Mode On-Chip 3D-Printed Nanoengineered Platform
for Extraction and Electrochemical Detection of Enrofloxacin

Supratim Mahapatra, Ankur Singh, Ratul Paul, and Pranjal Chandra*

A magnetic molecularly imprinted polymer (MMIP) is synthesized for the
development of a highly selective and sensitive electrochemical sensing
platform targeting enrofloxacin (ENF). The micro-sized mesoporous core-shell
MMIP structure is constructed with a magnetite core and an outer shell
functionalized using 3-aminopropyltriethoxysilane (APTES) as the monomer.
The synthesis is optimized and validated using a range of physical and
electrochemical techniques. The sensor is designed with dual-mode
functionality, integrating magnetic separation for efficient target extraction
and electrochemical detection for precise quantification. A conventional
electrode is modulated with multi-layer nano-functionalization to improve its
analytical performance, while 3D-printed components ensure miniaturization,
fabrication precision, and scalability. The resulting device exhibits a broad
linear detection range from 100 pM to 10 mM (10−10 to 10−2 M), with an
exceptionally low limit of detection (LOD) of 161 fM (1.61 × 10−13 M). As ENF
is recurrently administered to cattle, milk is used as a real sample to
demonstrate the sensor’s proof-of-application. Real sample analysis showed a
high recovery rate (90.23% to 97.29%) with minimal matrix interference,
confirming reliability in complex biological matrices. The platform
demonstrates exceptional reproducibility and stability, offering a robust and
scalable solution for environmental and food safety monitoring.

1. Introduction

Magnetic core-shell microparticles are extensively researched
due to their properties of easy separation andmanipulation using
external magnetic fields.[1] These particles typically consist of a
magnetic core, which provides the essential magnetic properties
for quick and efficient separation, and a customizable shell that
can be tailored for specific functionalities. The shell, often made
of materials like silica, polymers, or other functional coatings,
serves as a versatile platform for applications such as selective
binding, catalysis, and biocompatibility. This adaptability makes
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them highly desirable in fields like sens-
ing, bioimaging, drug delivery, energy stor-
age, and environmental remediation.[2–5]

One particularly promising application
of these core-shell structures lies in their
use as substrates for creating highly selec-
tive binding materials. By combining their
magnetic properties with advanced surface
engineering, researchers have developed in-
novative platforms for synthesizing mate-
rials capable of recognizing and binding
specific target molecules.[6] For example,
molecularly imprinted polymers (MIPs) are
synthetic polymers designed to have spe-
cific binding sites that mimic the behav-
ior of natural receptors, offering high selec-
tivity and affinity for target molecules. The
integration of magnetic cores into MIPs
enhances their functionality significantly.
These magnetically responsive MIPs, often
referred to as MMIPs, that are particularly
advantageous for their distinctive character-
istics to present high active surface area and
ease of separation. The shell surrounding
the core not only protects the magnetic ma-
terial but also provides a foundation for the
imprinting process, which can be further
modified to improve binding performance.

In this study, we developed an MMIP using magnetite
nanoparticles (NPs) as a magnetic core, specifically functional-
ized with an outer shell composed of APTES, to detect an antibi-
otic ENF. Magnetite, an inverse spinel ferrite, was selected due to
its intrinsic strong magnetic properties, enabling efficient mag-
netic separation and easy manipulation. Conventional magnetite
NPs suffer from aggregation, poor dispersibility in aqueous me-
dia, limited chemical stability, and limited surface functionality.[7]

Compared to this, our APTES-functionalized core-shell mag-
netite notably mitigates these drawbacks. The tailored APTES-
based shell optimizes themolecular imprinting process, thus sig-
nificantly enhancing the selectivity and efficiency of the resultant
MMIP.Magnetite possesses a characteristic crystal structurewith
a cubic close-packed arrangement of oxygen ions, where Fe3+

ions occupy tetrahedral sites, and Fe2+ and Fe3+ ions are dis-
tributed across octahedral sites.[8] This structural arrangement is
responsible for its ferrimagnetic behavior, as the magnetic mo-
ments of Fe ions in the tetrahedral and octahedral sites align
oppositely, resulting in a net magnetic moment. Consequently,
at room temperature, magnetite displays robust magnetism and
finds extensive applications in magnetic storage devices and
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biomedical fields.[9] Utilizing APTES as the functional monomer
for the shell formation provides several distinctive advantages.
APTES, a well-known silane coupling agent, introduces amine
(─NH2) functionalities onto nanoparticle surfaces, significantly
enhancing their reactivity and versatility.[10] These amine func-
tionalities act as reactive sites for subsequentmodifications, facil-
itating the conjugation of diverse biomolecules, catalysts, or addi-
tional functional layers crucial for targeted drug delivery, biosens-
ing, and environmental remediation. Furthermore, APTES func-
tionalizationmarkedly improves particle stability and dispersibil-
ity in aqueous environments, preventing undesirable aggrega-
tion and ensuring uniform performance. The robust covalent
bonding capability of APTES with silica-based shells also consid-
erably strengthens the structural integrity of the core-shell mi-
croparticles, enhancing durability under harsh operational con-
ditions. By strategically integrating the superior magnetic prop-
erties of magnetite and the functional versatility imparted by
APTES, we successfully designed an MMIP structure capable
of precise molecular recognition. This engineered platform pro-
vides robust dual-mode functionality, combining efficient mag-
netic separation with selective electrochemical detection of ENF.
Particularly for treating bacterial infections in cattle, ENF,

a fluoroquinolone antibiotic, is routinely used in veterinary
medicine. It is a vital medication for maintaining cattle
health as its broad-spectrum antibacterial action against Gram-
negative and Gram-positive pathogens ensures to prevention
and treatment of respiratory infections, intestinal illnesses, and
mastitis.[11] This, in turn, improves general production and re-
duces economic losses in the dairy and meat sectors. How-
ever, the non-administered use of ENF brings serious questions
about public health and food safety.[12] If withdrawal times are
not precisely followed, residual ENF and its metabolites can re-
main in animal-derived goods, including milk and meat. Even
inminute quantities, these residues help antibiotic-resistant bac-
teria to arise, eventually endangering human health. Maximum
residual limits (MRLs) for ENF in food items have been regu-
lated at 2.78 × 10−7 m, according to the commission report of the
European Union .[13] Thus, guaranteeing food safety compliance
depends on the development of sensitive and accurate analytical
techniques for ENF residue detection.
Various sophisticated analytical techniques for the quan-

tification of ENF have been well established, which include
capillary electrophoresis (CE), liquid chromatography, liquid
chromatography-tandem mass spectroscopy (LC-MS), fluores-
cence, and immunoassay, etc.[14–17] Although these approaches
have been considered gold standard techniques, there are lim-
itations too, that mark expensive instrumentation, high main-
tenance cost, tedious and complex sample preparation, require-
ment of skilled operators, and time-consuming. Therefore, the
establishment of a simple, fast, sensitive, accurate, and econom-
ical approach was of great requirement for the detection of ENF.
Electrochemical sensors have emerged as a powerful tool for
sensing pharmaceutical residues, owing to their inherent ad-
vantages, including high sensitivity, high selectivity, affordability,
and quick response time.[18–20] Previously, several electrochemi-
cal approaches, including voltammetric and amperometric sen-
sors, have also been reported for ENF detection.[21,22] However,
these methods often face critical limitations associated with sen-
sitivity or biological interferents in complex foodmatrices that af-

fect signal accuracy significantly. Additionally, electrode fouling
caused by ENF adsorption and sample impurities reduces sensor
stability and operational lifespan.[23] Most existing sensors also
require extensive sample preparation and pre-treatment, limiting
their practical application for routine monitoring. Furthermore,
achieving ultra-low detection limits that comply with regulatory
thresholds remains a challenge for many conventional electro-
chemical sensors.[24]

In this study, we presented a highly selective and portable on-
chip electrochemical sensing platform designed for the detec-
tion of ENF, addressing the critical need for real-time monitor-
ing of antibiotic residues in food safety applications. Our innova-
tive approach integrates a miniaturized, custom 3D-printed elec-
trochemical sensing device (Scheme 1) with advanced technolo-
gies, including molecular imprinting, magnetic separation, and
nanomaterial-enhanced electrochemical transduction, to achieve
rapid and precise detection. At the base of this platform is the bi-
functional MMIP, which serves as the key recognition element,
enabling selective binding of ENF while facilitating magnetic-
assisted separation for enhanced efficiency. The electrode sur-
face is engineered with gold nanoparticles (AuNPs) and re-
duced graphene oxide (rGO), which significantly enhance elec-
tron transfer, increase surface area, and improve stability.[25–28]

The incorporation of AuNPs and rGO is pivotal in boosting the
sensor’s signal response and conductivity, ensuring high sensi-
tivity and reliability.[29,30] By synergistically combining molecu-
lar imprinting, magnetic-assisted separation, and nanomaterial-
enhanced electrochemistry, this on-chip platform offers a cost-
effective, user-friendly, and scalable solution for on-site antibiotic
detection. Its versatilitymakes it a promising tool for a wide range
of applications, including food safety monitoring, pharmaceuti-
cal screening, and environmental surveillance. The major advan-
tage of this study lies in the integration of efficient magnetic sep-
arationwith sensitive electrochemical detection, coupled with the
development of miniaturized equipment enabled by advanced
additive manufacturing. Traditional electrochemical sensors for
antibiotic detection typically require complex pre-treatment pro-
cesses, suffer from electrode fouling, and lack portability. In
contrast, our platform employs an MMIP that not only selec-
tively recognizes and isolates ENF from complex samples but
also allows rapid and straightforward separation under an ex-
ternal magnetic field. Moreover, the incorporation of a miniatur-
ized 3D-printed sensing device significantly reduces sample and
reagent volumes, enabling rapid, cost-effective, and on-site detec-
tion. This miniaturization further enhances the platform’s prac-
ticality for real-time food safety and environmental monitoring
applications, addressing critical limitations associated with con-
ventional laboratory-bound analytical methods.

2. Results and Discussion

2.1. Synthesis and Characterization of the MMIP and MNIP

Scheme 2A shows the detailed synthesis steps of the MMIP,
where ENF was chosen as the template molecule, TEOS as the
crosslinker, and APTES as the functional monomer. At first, ENF
and APTES created pre-polymer complexes by forming hydrogen
bonds and electrostatic interactions between the amine groups
in APTES to the carboxyl and ketone groups in ENF. Thereafter,
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Scheme 1. Schematic representation of the fabricated electrochemical sensing platform for ENF detection. The process involves sequential modification
of the working electrode with AuNPs and rGO, followed by the application of the MMIP microparticles for selective ENF recognition.

the negatively charged magnetite NPs were evenly dispersed in
a mixture of ethanol and water by using sonication. The addi-
tion of NH3•H2O to the solution introduces NH4

+ ions that get
absorbed on the surface of the magnetite NPs, eventually form-
ing a positively charged layer. The addition of NH3•H2O also
hydrolyzes TEOS, which helps create a layer of silica network
around the magnetite NPs. The hydrolyzed TEOS and the pre-
polymer complex were then combined on the surface of mag-
netite NPs. This created a magnetic polymer shell that has a 3D
network design. Finally, the template molecule (ENF) was taken
out from the polymer shell, creating identical spaces that were of
the same size and shape as ENF, and also bearing the constant
functional groups to bind ENF.
A mixture of ethanol and water was chosen because ENF dis-

solves well in ethanol, and the reaction between APTES and
TEOS works well in blends of alcohol and water.[31] In multi-
ple iterations, we found that using a 2:1 ratio of ethanol to wa-
ter resulted in an evenly distributed MIP shell with minimum
aggregation, creating a solid and well-mixed polymer structure.
According to the Stöber process, NH3•H2O works as a catalyst
and affects how quickly TEOS breaks down into polymers, and it
also impacts the thickness of the MIP shell.[32] The thickness of
theMIP shell increases with higherNH3•H2O concentration due
to accelerated polymerization, while lower concentrations yield
thinner, more uniform coatings with better imprinting fidelity
(Figure S1, Supporting Information). Thus, using the optimized
quantity of NH3•H2O is also being tested. A volume of 5 mL of
NH3•H2O created a smoothMIP shell that is≈ 53 nm thick. This
thickness helps the material quickly absorb substances while

keeping its consistent shape. The ratio of the template molecule
(ENF) to the functional monomer (APTES) is important for how
well the MIP can absorb substances and how selectively it can
do so. Using too many functional monomers can create binding
sites that aren’t specific, while using too few can cause partial im-
printing. After a thorough study, it was found that a molar ratio
of 100 mm of ENF to 2 mL of APTES provides an advantage for
wide analytical assessment.

2.1.1. Surface Morphology Analysis

SEM analysis was performed to infer the morphology and shape
of the developed MMIP and MNIP. Figure 1A–C shows a well-
defined spherical surface morphology of the synthesized MMIP
particles with an average diameter of ≈522 nm. A similar ob-
servation was made in the case of MNIP microparticles as well
(Figure S2A–B). The observed spherical shape can be attributed
to the thermodynamic preference forminimizing surface energy,
as it offers the lowest surface-to-volume ratio, leading to ener-
getically stable particles. The homogeneous nucleation and con-
trolled growth during the coprecipitation process played a cru-
cial role in maintaining this morphology. Additionally, the pres-
ence of APTES and TEOS facilitated the uniform deposition of
the polymer shell over the magnetite core, preventing aggrega-
tion and ensuring smooth particle formation. Furthermore, the
electrostatic repulsion among functionalized particles and mag-
netic interactions helped maintain particle stability. The spher-
ical morphology of MMIP and MNIP particles confirms their
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Scheme 2. Schematic representation of the synthesis and fabrication process of the MMIP-based electrochemical sensor for enrofloxacin (ENF) de-
tection. A) Stepwise synthesis of MMIP, including magnetite core formation, surface functionalization with APTES, polymerization with TEOS, and
template removal to create selective ENF binding cavities. B) Fabrication of the sensing electrode, involving electrodeposition of gold nanoparticles
(AuNPs), coating with reduced graphene oxide (rGO), and final modification with MMIP to develop the MMIP/rGO/AuNP/WE sensing probe.

well-optimized synthesis conditions, leading to a structurally sta-
ble and reproducible polymeric architecture. Further, the particle
size distribution analysis was performed using ImageJ software,
showing the Gaussian distribution of the MMIP microparticles
(Figure 1C inset).
TEM analysis was conducted to confirm the structural in-

tegrity and core-shell architecture of the synthesized MMIP
(Figure 1D–F) and MNIP microparticles (Figure S2C–D). TEM
images offered a comprehensive visualization of the magnetite
core and its surrounding polymeric shell, demonstrating a clearly
defined core-shell morphology for both MMIP and MNIP. The
silane-coated polymeric shell was distinctly observable, confirm-
ing the effective functionalization of magnetite NPs with APTES

and TEOS. The diameter of the MMIP particles was measured
to be between 520–550 nm (Figure 1F), consistent with the SEM
findings. The TEM images display the magnetite core (darker re-
gion) and the outer imprinted polymeric shell (lighter region),
with a shell thickness of ≈53 nm designed for ENF recogni-
tion through specific binding sites. A similar observation was
made in the case of MNIP, with the non-imprinted polymeric
shell uniformly encapsulating the magnetic core. The consistent
thickness of the polymer shells in both MMIP and MNIP in-
dicates effective surface modification, facilitating selective bind-
ing in MMIP and maintaining the structural integrity of the
particles. These findings complement the SEM observations
and confirm the successful fabrication of the MMIP and MNIP
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Figure 1. Microscopic characterization of the synthesized MMIP. A–C) SEM images at different magnifications showing the spherical morphology
and uniform distribution of MMIP microparticles. The inset in(C) presents the particle size distribution. D–F) TEM images illustrating the core-shell
architecture ofMMIP, where the dark region represents themagnetite core and the lighter region corresponds to the imprinted polymer shell. The uniform
polymeric shell (≈53 nm thick) demonstrates successful molecular imprinting, ensuring selective recognition of ENF. G) SAED pattern obtained for the
MMIP microparticle.

microstructures, presenting them as viable candidates for further
electrochemical sensing applications.
Figure 1E and Figure S2E represent the selected area elec-

tron diffraction (SAED) patterns obtained for the MMIP and
MNIP microstructures, respectively. In both cases, a character-
istic diffuse halo was observed, confirming the amorphous na-
ture of the polymeric shell. The absence of well-defined diffrac-
tion spots or sharp rings indicates that the outer shell, primar-
ily composed of APTES-derived polymeric material, lacks long-
range crystallinity. This observation aligns with the formation of
a silica-based organic–inorganic hybrid network, where the poly-
merization of APTES results in a crosslinked, yet non-crystalline,
structure encapsulating the magnetic core. Although the core
of the MMIP and MNIP consists of magnetite, which typically
exhibits crystalline diffraction rings, the SAED pattern is domi-
nated by the amorphous polymeric shell. This suggests that the
polymeric shell effectively masks the diffraction signature of the
underlying magnetite, confirming the successful encapsulation
of themagnetic core within the amorphous APTES-basedmatrix.
This encapsulation is critical for stabilizing the molecularly im-
printed and non-imprinted structures and ensuring their func-
tionality. The amorphous nature of the polymeric shell is par-
ticularly advantageous for molecular imprinting applications, as
it facilitates a homogeneous distribution of binding sites, free
from the influence of crystalline grain boundaries, which could
otherwise disrupt the uniformity of the imprinted cavities. This
structural disorder enhances surface accessibility and molecular
recognition capabilities, ensuring high specificity for the target
analyte in the case of MMIP. Additionally, the non-crystalline na-
ture of the polymericmatrixminimizes interference fromdiffrac-

tion artifacts, which could compromise the accuracy and speci-
ficity of analyte interactions in sensing applications.

2.1.2. XPS Analysis

To further investigate the elemental composition and successful
synthesis of the MMIP and MNIP microparticles, X-ray Photo-
electron Spectroscopy (XPS) analysis was performed (Figure 2A).
The XPS spectra confirmed the presence of iron (Fe) and oxygen
(O) elements in the magnetite core, as illustrated in Figure 2A
(black trace). For theMNIP (blue trace) andMMIP (red trace) mi-
croparticles, peaks corresponding to silicon (Si) and nitrogen (N),
primarily originating from the functionalization with TEOS and
APTES, were observed. However, the peaks associated with the
magnetite core were not noted in this case, as XPS is a surface-
sensitive technique.
The Fe 2p deconvolution spectrum (Figure 2B) of the mag-

netite particle revealed two distinct peaks at 709.7 and 723.8 eV,
corresponding to Fe 2p3/2, and Fe 2p1/2, respectively. These peaks
indicate the Fe3+ oxidation state characteristic of the inverse
spinel ferrites.[33] The detailed Si 2p spectrum (Figure 2C) asso-
ciated to the MMIP displayed two peaks at 101.8 and 102.5 eV,
attributed to Si–C and Si–O groups, respectively, confirming the
silane functionalization on themagnetite surface.[34] Notably, the
concentrations of C and O elements increase significantly in
the MMIP spectrum compared to the magnetite NPs (Figure
S3A), further validating the emergence of polymeric moieties.
The C 1s spectrum (Figure S3B) exhibited three distinct peaks
at 284.4 eV, 285.4 eV, and 288.0 eV, corresponding to C─Si,
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Figure 2. Physicochemical and magnetic characterization of magnetite and MMIP microparticles. A) X-ray photoelectron spectroscopy (XPS) survey
spectra of magnetite and MMIP, demonstrating the existence of Fe, O, C, N, and Si elements. B) High-resolution XPS spectra of Fe 2p for magnetite
particle. and C) High-resolution XPS spectra of Si 2p for the MMIP microparticles, illustrating functional group alterations following polymerization.
D) FTIR spectra of magnetite, MNIP, and MMIP exhibit distinctive absorption peaks for Fe─O, hydroxyl, and silane functional groups. E) BET nitrogen
adsorption–desorption isotherms displaying the surface area and porosity characteristics of magnetite, MMIP, and MNIP. F) Magnetization (M–H)
curves showing the magnetic properties of magnetite and MMIP measured at room temperature.

C─C/C─H, andC═Obonds, respectively, indicating the presence
of organic functional groups associated with the molecular im-
printing process.[35] The N 1s spectrum (Figure S3C) displayed
two peaks at 399.3 eV and 400.9 eV, which were assigned to the
C─NH2 and C─NH3 groups, respectively, confirming the suc-
cessful incorporation of amine functionalities from APTES.[36]

These XPS findings collectively validate the successful synthe-
sis and surface modification of the MMIP and MNIP micropar-
ticles, demonstrating the effective coating of magnetite with a
silane-functionalized polymeric shell. The presence of Si, N, C,
and O functional groups endorses the formation of selective
binding cavities, ensuring high specificity for ENF recognition
and detection in electrochemical sensing applications.

2.1.3. FTIR Analysis

FTIR spectroscopic analysis was performed to further charac-
terize the magnetite core and the MIP shell in the synthesized
MMIP and MNIP microparticles. As shown in Figure 2D (black
trace), the characteristic peaks at 595 and 488 cm−1 correspond
to the Fe─O stretching vibrations, confirming the successful
synthesis of magnetite NPs. The broad stretching vibration at
3440 cm−1, along with the bending vibration at 1560 cm−1, is
attributed to the surface-adsorbed H2O molecules, further vali-
dating the hydrophilic nature of the magnetite core.

Following surface functionalization and polymerization, dis-
tinct changes in the FTIR spectra were observed, confirming the
formation of themolecularly imprinted polymer shell. As seen in
the case of MMIP (red trace) and MNIP (blue trace), the charac-
teristic peak at 1102 cm−1 corresponding to Si─O─Si asymmet-
ric stretching, confirms the successful incorporation of TEOS
during their polymeric shell formation. The additional peak at
1412 cm−1, attributed to the symmetric stretching vibration of
–COO− groups, suggests the presence of carboxylate moieties,
likely originating from surface-functionalized magnetite NPs or
residual polymerization precursors. Moreover, the peak at 1551
cm−1, corresponding to N─H bending vibrations, reflects the
contribution of APTES-derived amine functionalities within the
polymeric framework. The absorption band at 1630 cm−1, as-
signed to C═O stretching, further indicates the presence of car-
bonyl groups, which may result from the template imprinting or
cross-linking process. Furthermore, a peak at 2933 cm−1, corre-
sponding to the C─H stretching vibrations of aliphatic –CH2 and
–CH3 groups, is observed. This peak is primarily associated with
the organic framework of the MIP and NIP, specifically arising
from APTES and TEOS used in the polymerization process. The
presence of this peak confirms the successful functionalization
of the magnetite core with the imprinted polymer layer, as these
aliphatic C─H bonds are characteristic of the silane coupling
agents and polymeric network. These spectral features, along
with Fe─O vibrations at 565 and 470 cm−1, validate the core–shell
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architecture of the MMIP, where magnetite serves as the mag-
netic core and the imprinted polymer provides selective binding
sites for ENF. These findings corroborate the observations ob-
tained from the XPS analysis and confirm the successful synthe-
sis of MMIP particles with a well-defined magnetic core and a
functionalized polymer shell.

2.1.4. BET Analysis

While polymerization and successful surface functionalization
were confirmed through spectroscopic analysis, further investi-
gation was required to understand how these modifications in-
fluenced the surface texture and porosity of the resulting ma-
terials. Therefore, nitrogen adsorption–desorption studies were
conducted to evaluate the surface area, pore volume, and struc-
tural attributes of the MMIP and MNIP microparticles. The ni-
trogen adsorption–desorption isotherms of theMMIP andMNIP
(Figure 2E) exhibit type IV behavior with H3 hysteresis, confirm-
ing the mesoporous nature (2–50 nm) of both materials, consis-
tent with structures formed by particle aggregation.[37] The ini-
tial steep nitrogen uptake at low relative pressure (P/P0 < 0.05)
suggests the presence of micropores, while the increased ad-
sorption at high P/P0 (>0.8) indicates macropore filling. Notably,
theMMIP demonstrates significantly higher nitrogen adsorption
across all pressure ranges compared to the MNIP, implying an
enhanced accessible pore volume resulting from the imprinting
process. The BET analysis corroborates these findings, revealing
a surface area of 23.78 m2 g−1 for the MMIP, whereas the MNIP
exhibits a significantly lower value of 13.34m2 g−1. This increased
surface area enhances the accessibility of external binding sites
and promotes faster mass transfer toward the imprinted cavities.
The BJH pore-size distribution (Figure 2E, inset) further elu-

cidates these structural differences. The MMIP displays a well-
defined pore-size distribution between 3.5–5 nm, corresponding
to template-induced mesopores and interparticle voids. In con-
trast, the MNIP exhibits a peak near 3 nm with significantly re-
duced pore volume intensity, confirming the lack of template-
directed porosity. These textural modifications account for the
MMIP’s superior adsorption performance. The extended meso-
porous framework minimizes diffusion resistance while increas-
ing the density of accessible recognition sites, leading to higher
adsorption capacity and faster kinetics, as observed in subse-
quent studies. Such hierarchical pore structures and increased
surface area not only contribute to efficient analyte binding but
also enhance interfacial charge transfer, making MMIP an ideal
candidate for electrochemical sensing applications. Thus, the im-
printing process not only introduces molecular specificity but
also refines the pore architecture, optimizing both adsorption ca-
pacity and sensing efficiency.

2.1.5. Magnetic Property Assessment

Following the textural analysis, magnetic characterization was
performed to assess the impact of polymer encapsulation on the
magnetic responsiveness of the synthesized materials. As mag-
netically assisted separation is integral part of the sensing plat-
form’s functionality, it was essential to ensure that the MMIP

retained sufficient magnetic behavior post-polymerization, en-
abling efficient manipulation under an external magnetic field.
For this, magnetic property assessments were done for the mag-
netite and MMIP particles to compare their magnetic character-
istics at the pre- and post-fabrication stages. The magnetization
versus magnetic field curve presented in Figure 2F illustrates the
magnetic behavior of bare magnetite and MMIP particles under
an applied field of + 16 000 to – 16 000 Oe at room temperature
(300 K). The magnetite exhibits a higher saturation magnetiza-
tion of 0.042 emu mg−1, indicating strong magnetic properties,
while MMIP shows a reduced saturation magnetization of 0.027
emu mg−1 due to the presence of the non-magnetic polymer
shell. This decrease confirms the successful encapsulation of the
magnetite corewithin the polymericmatrix, which is essential for
selective molecular recognition. Despite this reduction, MMIP
retains sufficient magnetic responsiveness for easy separation.[8]

This also suggests that the polymer coating minimizes interpar-
ticle interactions and suppresses magnetic remanence, ensuring
superparamagnetic-like behavior. The absence of significant hys-
teresis confirms thatMMIP can be easilymagnetized and demag-
netized, which is crucial for reproducible magnetic separation in
sensing applications.

2.2. Adsorption Study

Upon validating the structural, surface, and magnetic attributes
of the synthesized MMIP and MNIP, we next investigated their
functional performance through adsorption studies. These exper-
iments were designed to examine the time-dependent uptake be-
havior and equilibrium binding capacity of MMIP and MNIP to-
ward ENF, offering direct evidence of molecular recognition effi-
ciency and the practical influence of the imprinting process.

2.2.1. Kinetic Adsorption Analysis

To understand the recognition behavior and extraction potential
of MMIP and MNIP toward ENF, we have performed a series
of adsorption studies. At first, time-dependent adsorption experi-
ments were conducted using UV-vis spectroscopic analysis to in-
vestigate the adsorption kinetics of both polymers. As shown in
Figure 3A, the MMIP exhibited a rapid adsorption phase within
the first 5 min, achieving near-equilibrium at ≈35 min (te). This
behavior is attributed to the abundance of specific binding cavi-
ties in the imprinted layer, enabling swift interactions with ENF.
As these sites became progressively occupied, the adsorption rate
declined and gradually reached a plateau. The adsorption capac-
ity (Qt) of MMIP was calculated using Equation (1).[38]

Qt =
(
C0 − Ct

)
× V

W
(1)

where, Qt is the adsorption capacity at time t (mg g−1); C0 and Ct
are the concentrations of ENF (mg L−1) at time 0 and t, respec-
tively; V is the volume of the solution (L); and W is the mass of
the adsorbent (g).
Qt was found to be 250.04mg g−1 at te. WhereasMNIP showed

a much lower Qt of 108.25 mg g−1. The imprinting factor (IF),

Small 2025, 21, 2502880 © 2025 Wiley-VCH GmbH2502880 (7 of 21)
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Figure 3. A) Time-dependent adsorption curves of ENF onto MMIP and MNIP showing rapid uptake and equilibrium behavior; B) pseudo-first-order
kinetic fit for MMIP; C) pseudo-second-order kinetic fit for MMIP demonstrating superior correlation; D) adsorption isotherms of ENF onto MMIP
and MNIP under optimized conditions; E) Scatchard plot of MMIP showing distinct high- and low-affinity binding regions; F) Scatchard plot of MNIP
indicating a single, non-specific binding region. The results highlight the enhanced adsorption capacity, selectivity, and site heterogeneity introduced by
molecular imprinting.

calculated as the ratio of MMIP to MNIP adsorption capacity
(Qt-MMIP/Qt-MNIP), was 2.31, indicating a strong imprinting effect
and high specificity ofMMIP toward ENF. These results are sum-
marized below in Table 1:

Table 1. Comparative adsorption performance of MMIP and MNIP mi-
croparticles toward ENF.

te [min] Qt-MMIP [mg g−1] Qt-MNIP [mg g−1] IFspectroscopic =
Qt−MMIP
Qt−MNIP

35 250.041 108.245 2.31

To elucidate the adsorption mechanism, the kinetic data
were fitted using the pseudo-first-order and pseudo-second-order
models using Equations (2) and (3).[39]

ln
(
Qe −Qt

)
= lnQe − k1t (2)

t
Qt

= 1
k2Q2

e

+ 1
Qe

t (3)

whereQe is the adsorption capacity at equilibrium (mg g−1),Qt is
the adsorption capacity (mg g−1) at time t (min), k1 is the pseudo-
first-order adsorption rate constant (min−1), and k2 is the pseudo-
second-order adsorption rate constant (g mg−1 min−1).
As shown in Figure 3B,C, the pseudo-first-order model pro-

vided a reasonable fit (𝑅2 = 0.96); however, the pseudo-second-
order model showed a superior correlation (𝑅2 = 0.99) value
that closely matched the experimental result, supporting its
validity. The stronger fit of the pseudo-second-order model is

typically observed in MIPs due to their chemically selective
recognition mechanisms. Unlike the pseudo-first-order model,
which primarily describes physical adsorption governed by sur-
face interactions, the pseudo-second-order model accounts for
chemisorption, involving valence forces, electron sharing, or
chemical bonding between the adsorbent and adsorbate.[40]

In the context of MIPs, template molecules like ENF in-
teract specifically with complementary functional groups em-
bedded within the imprinted cavities, forming strong chem-
ical interactions such as hydrogen bonding, electrostatic at-
tractions, 𝜋–𝜋 stacking, or other non-covalent interactions.[41]

As a result, MIPs commonly display adsorption kinetics
that align more closely with pseudo-second-order models, as
these models capture the chemical nature of binding and
the gradual saturation of high-affinity sites. The kinetic fit-
ting results obtained for MMIP are summarized below in
Table 2.
Therefore, the excellent agreement with the pseudo-second-

order kinetic model suggests that ENF adsorption onto MMIP
is predominantly controlled by chemisorption through specific

Table 2. Kinetic modeling parameters for ENF adsorption onto MMIP.

Pseudo-first order kinetics Pseudo-second order kinetics

k1 [min−1] 𝑅2 Qe [mg g−1] k2 [g mg−1 min−1] 𝑅2

0.167 0.96 258.4 0.00357 0.99

Small 2025, 21, 2502880 © 2025 Wiley-VCH GmbH2502880 (8 of 21)
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template–functional monomer interactions, underscoring the
chemical selectivity inherent to molecularly imprinted polymers.

2.2.2. Adsorption Isotherm and Capacity

To systematically evaluate the adsorption characteristics of ENF
onto the synthesized MMIP and MNIP, adsorption isotherm ex-
periments were performed under optimized equilibrium condi-
tions (35min (te) incubation, pH 7.4). As illustrated in Figure 3D,
the MMIP exhibited a pronounced increase in adsorption ca-
pacity with increasing initial ENF concentrations. Contrastingly,
MNIP displayed a minimal and gradual rise in adsorption across
the same concentration range. At the equilibrium concentration
of adsorption (Ce), the adsorption capacity (Qe) of the solution
was determined using Equation (4).[42]

Qe =
(
C0 − Ce

)
× V

W
(4)

where, Qe is the adsorption capacity at equilibrium (mg g−1); C0
andCe are the initial and equilibrium concentrations of ENF (mg
L−1), respectively; V is the volume of the ENF solution (L); andW
is the mass of the adsorbent (g).
The calculated Qe was found to be significantly higher (2.84

times) for MMIP (358.86 mg g−1) compared to MNIP (126.43 mg
g−1). This observation highlights the enhanced affinity and selec-
tivity demonstrated by the molecular imprinting process.
The observed maximum adsorption capacity of MMIP

(358.86 mg g−1) represents the real-world saturation limit at-
tained under practical equilibrium conditions. Such elevated ad-
sorption capacities in MIPs typically arise due to the presence of
structurally tailored, selective binding cavities that form comple-
mentary interactions with the target molecule, ENF. These in-
teractions include multiple specific binding mechanisms such
as hydrogen bonding, stacking, electrostatic interactions, and hy-
drophobic forces. On the contrary, the much lower capacity ob-
served in MNIP is attributable primarily to non-specific surface
adsorption lacking any imprint-defined structural specificity.
To further characterize the binding specificity and heterogene-

ity of adsorption sites withinMMIP, equilibrium adsorption data
were analyzed using the Scatchard model (Equation 5).[43]

Qe

Ce
=

Qm

Kd
−
Qe

Kd
(5)

where, Qe equilibrium adsorption capacity of ENF at adsorption
equilibrium (mg g−1), Ce equilibrium concentration of ENF (mg
L−1), Qm is the maximum theoretical adsorption capacity of the
sorbent (mg g−1), and Kd is the dissociation constant.
Figure 3E shows that the Scatchard plot of MMIP exhibited

a clear deviation from linearity, resolved into two distinct lin-
ear segments, indicative of heterogeneous binding sites. Specif-
ically, a high-affinity region with a low dissociation constant (𝐾d
= 4.98 mg L−1) and maximum binding capacity (𝑄𝑚) 248.40 mg
g−1, signifying the presence of highly selective, specifically im-
printed binding sites with strong interactions toward ENF. The
low-affinity region is characterized by a higher dissociation con-
stant (𝐾𝑑 = 73.96 mg L−1) and higher binding capacity (𝑄𝑚) =

Table 3. Binding parameters from Scatchard analysis highlighting site-
specific interactions in MMIP and MNIP.

System Binding Sites 𝐾𝑑

[mg L−1]
𝑄𝑚

[mg g−1]
R2 Binding impression

MMIP High-affinity 4.98 248.40 0.99 Specific/imprinted
sites

Low-affinity 73.96 369.91 0.99 Non-specific
binding

MNIP Single-region 61.65 131.25 0.97 Lacks selective
binding sites

369.91 mg g−1, corresponding primarily to non-specific, weaker
interactions involving surface-mediated binding. In contrast, the
MNIP Scatchard plot (Figure 3F) exhibited a single linear re-
gion, indicating uniform binding sites with a moderate dissocia-
tion constant (𝐾𝑑 = 61.65 mg L−1) and a low maximum binding
capacity (𝑄𝑚 = 131.25 mg g−1). This homogeneous adsorption
behavior corroborates the absence of structurally specific bind-
ing cavities, thus confirming non-selective and weak adsorption
interactions. The detailed binding parameters derived from the
Scatchard analysis for both MMIP andMNIP are summarized in
Table 3, highlighting the distinct differences in affinity and ca-
pacity between the specific and non-specific binding sites.
It is important to note that the experimentally observed max-

imum adsorption capacity (Qe = 358.86 mg g−1) at equilib-
rium concentration (Ce) differs from the theoretically calculated
Qm value from the Scatchard model for the low-affinity region
(369.91 mg g−1). A similar observation was noted in the case of
MNIP as well (𝑄e = 126.43mg g−1 andQm = 131.25mg g−1 as ob-
servedmaximumadsorption capacity andQm, respectively). Such
differences are common in adsorption studies and arise because
experimental conditions reflect practical equilibrium scenarios,
while Scatchard analysis theoretically differentiates specific and
non-specific binding sites through amathematical interpretation
of equilibrium data.[43] The experimentally measured adsorption
capacity typically represents a realistic composite of both specific
and non-specific interactions present simultaneously at equilib-
rium.

2.3. Binding Mechanism and Intermolecular-Force Analysis

The binding interactions between ENF and the MMIP were sys-
tematically investigated through FTIR spectroscopy, equilibrium
binding studies, and kinetic analyses. As shown in Figure S4, no-
table spectral changes were observed when comparing the un-
loaded MMIP and the ENF-loaded MMIP. Specifically, the C═O
stretching band at 1630 cm−1 exhibited a distinct downshift to
1625 cm−1 upon ENF binding, indicative of possible hydrogen
bonding interactions between the carbonyl functionalities of ENF
and the complementary groups within the polymeric matrix. Ad-
ditionally, the N–H bending vibration previously at 1551 cm−1

became broader and slightly upshifted to 1560 cm−1, further sup-
porting the involvement of amine groups in hydrogen bond for-
mation. These findings are consistent with previously reported
literature.[44] A prominent increase in the intensity of the ab-
sorption band around 1385–1390 cm−1, corresponding to the
symmetric stretching of carboxylate (–COO−) groups, was also

Small 2025, 21, 2502880 © 2025 Wiley-VCH GmbH2502880 (9 of 21)
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observed. This feature is consistent with the establishment of
electrostatic interactions between the carboxylate moieties of
ENF and the protonated amine (–NH3

+) groups present in the
polymer. These interaction-specific spectral changes were absent
in the MNIP control, thereby highlighting the imprinting-driven
selective recognition of ENF by the MMIP system.
The binding behavior was further elucidated through

Scatchard analysis, which revealed two distinct binding popu-
lations in the MMIP (Figure 3E). The high-affinity sites had a
dissociation constant (Kd-High) of 4.98 mg L−1 and a maximum
adsorption capacity (QmH) of 248 mg g−1. The low-affinity sites
showed Kd-Low = 73.96 mg L−1 and QmL = 370 mg g−1. In
contrast, the MNIP displayed only a single, weaker binding site
population with Kd = 61.65 mg L−1. After conversion to molar
units, the Kd-High was 1.38 × 10−5 m, and the Kd-Low was 2.06 ×
10−4 m. The standard Gibbs free energy (ΔG°), calculated using
Equation 6.[45]

ΔG◦ = −RT lnK
𝛼
= RT lnKd (6)

where ΔG° represents standard Gibbs free energy change of
binding (J mol−1), 𝑅 denotes universal gas constant (8.314 J
mol−1 K−1), 𝑇 denotes absolute temperature (298 K), 𝐾a denotes
association constant of the binding interaction (L mol−1), 𝐾𝑑 de-
notes dissociation constant of the binding interaction (mol L−1),
where 𝐾

𝛼
= 1/𝐾𝑑.

The evaluatedΔG°was found to be –27.7 kJmol−1 for the high-
affinity sites and –21.0 kJ mol−1 for the low-affinity sites. These
values suggest that the high-affinity sites are driven by strong
hydrogen bonding and electrostatic interactions, while the low-
affinity sites rely mainly on weaker nonspecific forces, such as
hydrophobic and van der Waals interactions.
Kinetic analyses further supported these observations

(Figure 3B,C). ENF adsorption onto the MMIP followed
a pseudo-second-order kinetic model, with an excellent fit
(R2 = 0.99), suggesting that chemisorption, involving valence-
type forces, controls the uptake process. Notably, the initial
adsorption rate for the MMIP was substantially higher than that
of the MNIP, underscoring the critical role of imprinting in
enhancing both binding strength and adsorption kinetics. The
binding mechanism can be described as a cooperative process,
where ENF initially interacts with the imprint cavity through
hydrophobic and 𝜋–𝜋 interactions. This is followed by the
formation of strong hydrogen bonds and an electrostatic clamp
between the ENF carboxylate and the polymer’s protonated
amine groups. Collectively, these factors explain the superior
adsorption performance and sensing capability of the MMIP
system.

2.4. Electrochemical Characterization of Modified Electrode
Surface

While the adsorption studies established the selective recognition
and binding efficiency of MMIP toward ENF under equilibrium
and kinetic conditions, these findings needed to be validated
under electrochemical settings to demonstrate practical sens-
ing applicability. Therefore, the stepwise fabrication of the sens-
ing probe was electrochemically characterized to evaluate charge

transfer behavior, interfacial resistance, and the functional con-
tribution of each modification layer, ultimately confirming the
integration and performance of the MMIP-based electrochemi-
cal sensor. The stepwise fabrication of the ENF sensing probe,
as shown in Scheme 2B was electrochemically characterized us-
ing CV and EIS to assess its charge transfer behavior and stability
(Figure 4). For this purpose, 0.5 mm Zobell’s solution (ZS) was
employed as a redox probe to evaluate the electrochemical re-
sponses at each modification step.
First, to confirm the successful electrodeposition

of AuNPs onto the WE, LSV was performed over three con-
secutive scans. A distinct reduction peak at +0.92 V (versus
Ag/AgCl) was observed, corresponding to the electrochemical
reduction of gold ions, a phenomenon associated with the
stripping of deposited AuNPs. This observation, consistent with
our previous study, confirms the formation of a conductive gold
layer that enhances the electrode’s charge transfer properties.[46]

The increase in current peak intensity (Figure S5) with subse-
quent scans further indicates the progressive growth of AuNPs,
leading to improved surface conductivity and electron transfer
efficiency. Following AuNP deposition, the electrode (AuNP/WE)
was modified with reduced graphene oxide (rGO) to form the
rGO/AuNP/WE probe, which further enhances electron transfer
kinetics. The CV responses were recorded for the step-by-step
fabrication of AuNP/WE and then rGO/AuNP/WE electrodes.
A potential window of −0.6 to +0.9 V (versus Ag/AgCl) and
a scan rate of 50 mV s−1 was used as optimized analytical
parameters. Figure 4A,B shows the representative voltammo-
grams for the redox process of [Fe(CN)6]

3–/4– at the bare WE (red
trace), AuNP/WE (orange trace), and rGO/AuNP/WE (green
trace). Notably, the AuNP/WE electrode exhibited enhanced
anodic (Ipa) and cathodic (Ipc) peak currents, attributed to
the deposition of AuNPs on the WE surface, which increases
conductivity and effective surface area for charge transfer.
Similarly, the rGO/AuNP/WE probe demonstrated a further
increase in both Ipa and Ipc, owing to the high conductivity
and large surface area of rGO. However, upon subsequent
deposition of the MMIP microparticles, a significant decrease
in redox peak current was observed for the final sensing probe,
MMIP/rGO/AuNP/WE (purple trace). This attenuation can be
attributed to the diffusion-limiting effect of the organic polymer
shell, which introduces a physical barrier to electron transfer,
thereby increasing the resultant surface resistance. It should
be noted that AuNPs and rGO were used to improve the total
conductivity and support smooth electron transfer and to reduce
the resistance caused by the MMIP layer on the final sensing
probe.
To complement the CVfindings and further analyze the charge

transfer behavior, EIS was performed, and the spectral data
were represented using a Nyquist plot (Figure 4C). The inset
of Figure 4C represents Randle’s circuit used to interpret the
charge transfer resistance (Rct) (Figure 4D) and the overall elec-
trochemical behavior of the fabrication stages of the final sens-
ing probe (MMIP/rGO/AuNP/WE). The bareWE exhibited a high
Rct of 756.41 ± 13.04 Ω, indicating limited electron mobility (red
curve). Upon AuNP deposition, the Rct significantly decreased
to 311.12 ± 11.77 Ω, due to the excellent conductivity and cat-
alytic properties of AuNPs (peach curve). A further reduction in
Rct to 262.74 ± 8.56Ω was observed upon rGO functionalization,
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Figure 4. Electrochemical characterization of the sensor probes. A) CV of bare WE working electrode (pink trace), AuNP/WE (orange trace),
rGO/AuNPs/WE (green trace), MMIP/rGO/AuNPs/WE (blue trace). B) Comparative histogram of respective electrode surfaces; C) EIS response of
CV of bare WE working electrode, AuNP/WE, rGO/AuNP/WE, MMIP/rGO/AuNP/WE. D) Shows the comparative histogram of the derived Rct values
from the respective electrode surfaces; E) scan rate study of final MMIP/rGO/AuNP/WE modified surface from 10 to 100mV s−1 and showed that as
scan rate increases the current response also increases due incremental availability of ENF at the electrode surface; F) Linear fitting of corresponding
scan rate.

confirming its role in facilitating charge transfer (green curve).
However, immobilizing MMIP on the sensing probe increased
the Rct to 440.40± 3.83Ω, consistent with the insulating nature of
the polymer shell, which restricts electron flow and confirms the
successful formation of the imprinted polymeric interface. The
variations in Rct values at each step provide clear electrochemical
evidence of progressive sensor fabrication, corroborating the CV
findings.
Since the performance of such probes depends on their stabil-

ity and electrochemical kinetics, a control experiment was con-
ducted to assess the stability of the sensor system. For this, a scan
rate study was performed using CV at various scan rates rang-
ing from 10 to 100 mV/s (Figure 4E). The results showed that
both Ipc and Ipa were directly proportional to the square root of

the scan rate (Figure 4F), yielding correlation coefficients of 0.99,
indicative of a diffusion-controlled charge transfer process. This
finding confirms the stable and reproducible nature of the sen-
sor, reinforcing its suitability for real-time electrochemical ENF
detection.
The integration ofMMIPswithmagnetic properties in the sen-

sor design provides additional advantages by enabling efficient
separation of ENF from complex sample matrices. The combina-
tion of AuNPs, rGO, and molecular imprinting technology en-
hances the sensor’s selectivity, sensitivity, and stability, mak-
ing it a promising platform for high-performance electrochem-
ical sensing applications. These findings establish the MMIP-
based sensor probe as an effective tool for on-site antibiotic
residue detection, with potential applications in food safety
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Figure 5. A) Prototype device setup for electrochemical detection of ENF. (Left) Real image of the developed device, including the magnetic assembly,
ENF detection unit, MMIP powder, fabricated sensor chip, and connector for potentiostat integration. (Bottom Right) Dimensional schematic of the
3D-printed magnetic assembly, designed for efficient MMIP separation and sensor operation. B) Schematic representation of the five-step process for
ENF detection: (1) Mixing of buffer sample with MMIP powder, (2) Magnetic separation of ENF-bound MMIPs, (3) Loading of MMIP microparticles
onto the sensor chip, (4) Washing to remove unbound ENF molecules, and (5) Electrochemical measurement using the potentiostat system.

monitoring, environmental surveillance, and pharmaceutical
quality control.

2.5. Miniaturized Device Prototyping for the Electrochemical
Detection of ENF

For enhanced practicality and ease of application, we have de-
veloped a device prototype for the electrochemical detection of

ENF (Figure 5). The device integrates an MMIP-based sens-
ing approach with a custom-designed electrochemical sensor
chip. Figure 5A illustrates the complete setup, which com-
prises a magnetic assembly for MMIP separation, synthesized
MMIP powder for selective ENF encapsulation, a fabricated
ENF sensor chip, an ENF detection device housing the sen-
sor chip and sample, and a connector unit that interfaces
the sensor with the potentiostat system for electrochemical
measurements.
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A critical component of the setup is the 3D-printed magnetic
assembly, designed for efficient magnetic separation of MMIPs.
The top view reveals a compact structure measuring 50 mm ×
50 mm, with a circular cavity of 80.8 mm diameter (øprinted) that
securely holds a 79.8 mm diameter (ømagnet) magnet. A precisely
designed 1mm thick drainage groove facilitates controlled liquid
handling during sample preparation, while the base view displays
a 15 mm drainage outlet that effectively removes unwanted com-
ponents, ensuring a clean sensing environment. The ENF detec-
tion follows a systematic five-step process depicted in Figure 5B.
Step 1 involves mixing 1 mL of buffer sample with 1 mg of
MMIP powder in a sample tube and incubation. In Step 2, the
fabricated sensor chip (rGO/AuNP/WE) is placed over the mag-
netic assembly to initiate the magnetic separation of ENF-bound
MMIPs. Step 3 involves loading these MMIPmicroparticles onto
the sensor chip. Step 4 introduces a washing step to remove un-
bound ENFmolecules, ensuring only ENF bound to the magnet-
ically active MMIPs remains on the sensor surface. The Supple-
mentary Video File highlights the advantage of using magnetic
MIP particles for rapid separation under an external magnetic
field. In the final step (Step 5), the functionalized sensing probe
(MMIP/rGO/AuNP/WE) is integrated into the ENF detection de-
vice. A buffer is added to the designated zone, and the probe is
connected to the potentiostat system for electrochemical mea-
surements. This integrated approach combines molecular im-
printing with electrochemical sensing, ensuring high selectivity
and sensitivity for ENF detection. The strategic use ofMMIPs en-
ables targeted analyte capture, while the custom-designed mag-
netic assembly streamlines sample processing, making the sys-
tem a robust platform for monitoring antibiotic residues in dairy
products.

2.6. Analytical Performance of the Final Sensing Sensor Probe

The developed sensor probe underwent extensive physical and
electrochemical characterization to validate its structural and
functional attributes (Figure 6). Electrochemical assessments
were conducted using the prototyped device, following the pre-
prescribed 5-step process. DPVwas employed to evaluate the sen-
sor’s response to ENF, with phosphate-buffered saline (PBS, pH
7.0) serving as the buffer electrolyte. To establish baseline perfor-
mance, the final sensor probe (MMIP/rGO/AuNP/WE) was first
analyzed in PBS without ENF as a negative control, confirming
no current due to the absence of electron transfer between the
electrode and analyte (Figure 6A, purple trace). This observation
also ensures no significant background current contribution to
the system.
Upon assessing the AuNP/WE (orange trace) and

rGO/AuNP/WE with ENF [10−6 m] (yellow trace), a minor
but insignificant response peak near +0.8 V (vs Ag/AgCl) was
noticed, which has been reported as the fingerprint oxidation
potential region for ENF.[47] This weak signal likely resulted
from residual unadsorbed ENF and reinforces the importance of
MMIPmicroparticles for selective analyte capture. The pink trace
(WE with ENF [10−6 m]) further confirms that, in the absence of
AuNPs, rGO, and MMIP, the sensor fails to facilitate significant
electron transfer, exhibiting the lowest signal generation. In
contrast, the blue trace, corresponding to MMIP/rGO/AuNP/WE

in the presence of ENF [10−6 m], displays a distinct and promi-
nent oxidation peak near +0.8 V (versus Ag/AgCl), affirming
selective ENF binding via artificial recognition cavities and
enhanced electron transfer facilitated by the AuNPs and rGO
nanocomposite. This highlights the key role of the MMIP layer
in providing specific and high-affinity recognition of ENF. To
further assess the influence of non-imprinted controls, the
sensor probe modified with MNIP (MNIP/rGO/AuNP/WE)
microparticles was evaluated (green trace). Here, a minor oxi-
dation peak was observed, which is consistent with nonspecific
adsorption of ENF onto the polymeric surface of the MNIP par-
ticles. As supported by the adsorption isotherm data, the MNIP
exhibited a single, low-affinity binding region, reflecting non-
selective surface interactions rather than specific cavity-driven
recognition. These weak, nonspecific interactions allow limited
ENF accumulation at the sensor surface, leading to a small but
detectable electrochemical response. Importantly, themagnitude
of this response remains significantly lower compared to the
MMIP-based sensor, underscoring the critical role of molecular
imprinting in enhancing selective binding and signal amplifica-
tion. Figure 6B presents the quantitatively compared histogram,
corresponding to the change in current (Δ Current) across
different electrode configurations. The MMIP/rGO/AuNP/WE
sensor probe exhibits the highest Δ Current in the presence of
ENF [10−6 M], due to the synergistic effects of selective ENF
binding and enhanced charge transfer kinetics facilitated by the
nanocomposite-modified surface. The probable electrooxidation
reaction of ENF on the fabricated electrode surfaces is shown in
Figure 6C, as also proposed in the previous literatures.[48,49]

The device’s performance was further evaluated across a wide
range of ENF concentrations (10−10 to 10−2 m), as depicted in
Figure 6D. The DPV responses exhibit a systematic increase in
oxidation peak current near +0.8 V (versus Ag/AgCl) with in-
creasing ENF concentration, validating the device’s dynamic re-
sponse. The corresponding calibration plot (Figure 6E) demon-
strates a linear detection range (LDR) spanning 10−10 to 10−2 m,
with a regression equation:ΔI (ΔCurrent)= 81.84 (±0.75)+ 6.54
(± 0.11) × Log Conc. [ENF (M)].
A high correlation coefficient (R2 = 0.98) confirms excellent

linearity. The limit of detection (LOD) was determined using
Equation (7), which was found to be 1.61 (± 0.02) × 10−13 m (161
fM) (RSD < 2.15%, n = 3, 95% confidence interval), highlighting
the device’s ultrasensitive detection capability.

Limit of Detection =
3𝜎b
m

(7)

where 𝜎b is the standard deviation of the blank andm is the slope
of the calibration curve.
To further evaluate the imprinting effect, calibration was also

performed using the MNIP-based probe under identical condi-
tions across the same ENF concentration range (10−10 to 10−2 m)
(Figure S6). Based on the regression equation derived from the
calibration plot (Figure 6E), the MNIP sensor displayed weak,
nonspecific interactions and poor analyte accumulation on the
non-imprinted surface. The regression equation for the MNIP
calibration was determined to be: ΔI = 6.78 (±0.46) + 0.46
(± 0.06) × Log Conc. [ENF (M)] with a correlation coefficient (R2)
of 0.94.
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Figure 6. A) Comparative DPV responses of the stepwise fabrication of theMMIP/rGO/AuNP/WE probe and its analytical significance. B)Corresponding
histograms of the peak currents obtained from the voltammetric responses, highlighting the enhanced signal for the MMIP/rGO/AuNP/WE probe.
C) Schematic representation of the probable ENF electrooxidation on the fabricated electrode, highlighting the chemical transformation and electron
transfer process. D) DPV responses of the MMIP/rGO/AuNP/WE probe for varying ENF concentrations (10−10 to 10−2 m), demonstrating the sensor’s
dynamic range. E) Calibration plot corresponding to the voltammetric responses for MMIP (red) and MNIP (black) in response to ENF concentrations
(10−10 to 10−2 m).

Further, the IF was recalculated using Equation (8), based
on the slope values obtained from the respective calibration
equations.[50] Importantly, the IF provides a quantitativemeasure
of imprinting efficiency by comparing the binding or response of
the imprinted and non-imprinted systems. A higher IF value di-

rectly reflects superior selectivity, recognition ability, and binding
affinity of the MMIP toward the target analyte.

IFElectrochemical =
SlopeMMIP

SlopeMNIP
(8)
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The derived IF value was found to be 14.15 for the synthesized
MMIP. Interestingly, this IF is much higher than the IF obtained
from the adsorption isotherm data. This enhancement may be
attributed to the broader dynamic detection range and superior
signal amplification provided by the electrochemical platform,
which is inherently limited in conventional UV-vis-based equi-
librium measurements. Notably, the integration of AuNPs and
reduced graphene oxide (rGO) onto the electrode surface signif-
icantly contributed to this performance boost by enhancing elec-
tron transfer kinetics, increasing electroactive surface area, and
improving signal-to-noise ratio. Together with the selective bind-
ing capability ofMMIP, this nanocomposite-engineered interface
enabled more sensitive and selective detection of ENF, under-
scoring the synergistic advantage of molecular imprinting and
nanomaterial-assisted electrochemical transduction. It is worth
mentioning that the sensor’s dynamic range supports the Max-
imum Residual Limits (MRLs) for ENF in food items, which
have been regulated at 2.78 × 10−7 m by the European Commis-
sion. These findings establish the MMIP/rGO/AuNP/WE sensor
probe as a highly selective and sensitive platform for ENF detec-
tion in laboratory or industrial settings.
After evaluating the analytical performance of our developed

sensor platform for ENF detection, we conducted a detailed com-
parative analysis with previously reported electrochemical sen-
sors, as summarized in Table 4. The comparison includes key
physical and analytical parameters such as fabrication methods,
detection ranges, LOD, and applicability to real samples, provid-
ing a comprehensive assessment of their relative performance
compared to our system.

2.7. Sensitivity and Selectivity Assay

The sensitivity of a sensor is a critical parameter that defines its
ability to detect low concentrations of the target analyte at ambi-
ent conditions.[28] In this study, the sensitivity of the developed
electrochemical sensor was evaluated by calculating the active
surface area (A) of the electrode and determining the sensitiv-
ity coefficient. The active surface area was calculated using the
Randles-Sevcik equation (Equation 9):

Ip =
(
2.69 × 105

)
⋅ n3∕2 ⋅ A ⋅ D1∕2 ⋅ C ⋅ v1∕2 (9)

where Ip is peak current (A), n is number of electrons trans-
ferred in the redox reaction (here, n = 1), A is active surface area
(cm2), D is diffusion coefficient of the redox probe (D = 7.6 ×
10−6 cm2 s−1), C is concentration of the redox probe (C = 5 ×
10− 6 mol cm−3), 𝝂 is the scan rate (𝜈 = 0.05V s−1).
Using the measured peak current (Ip = 72.86 × 10−6 A), the

active surface area was calculated to be 0.79 cm2. The sensitivity
coefficient was then determined as the ratio of the slope value
(m = 6.54 μA per decade) of the calibration curve and the calcu-
lated active surface area:

Sensitivity = m
A

=
6.54𝜇A∕decade

0.79 cm2
= 8.28𝜇A∕decade∕cm2 (10)

This high sensitivity ensures that the sensor can accurately de-
tect ENF even at low concentrations, making it suitable for trace-
level analysis.

The selectivity of the sensor is equally important, as it ensures
that the sensor responds specifically to the target analyte (ENF)
without interference from other molecules. To evaluate selectiv-
ity, the sensor’s responses were tested in the presence of var-
ious potential interfering molecules commonly found in milk
samples, which we have considered as the real sample matrix
(Figure 7A). The interfering molecules included glucose, lactose,
ascorbic acid, urea, casein, L-histidine, L-methionine, thiamine
(Vitamin B1), and niacinamide (Vitamin B3). Each interfering
molecule was tested at a concentration higher than its typical
level in biological samples to assess its potential impact on ENF
detection.
As shown in Figure S7, the comparative histogram illustrates

that these interfering molecules exhibited negligible (<0.27%) or
no deviation in the oxidation current compared to ENF (10−6 M).
This indicates that the interfering species are either electrochem-
ically inactive within the selected potential window or possess dif-
ferent redox potentials, preventing interference with ENF detec-
tion. The selectivity coefficient (Ksel) of the final probe is deter-
mined by Equation (11).

KSel. =

[
Signal

]
Interfering molecules

[
Signal

]
ENF

(11)

[Signal]Interfering molecules denote the corresponding current signals
that refer to molecules that disrupt or affect the signal strength
exhibited by a probe when it is exposed to them, and [Signal]ENF
denotes the signal strength corresponding to ENF.
The calculatedKsel values for all the interferingmolecules were

found to be significantly low (Ksel≪1), confirming the sensor’s
high selectivity toward ENF. To further validate these results, a
T-test was conducted, and the p-values for ENF against all inter-
fering molecules were found to be < 0.001 (n = 5), indicating sta-
tistically significant differences. The high sensitivity of the sen-
sor, as also demonstrated by the low detection limit and large ac-
tive surface area, ensures accurate detection of ENF even at trace
levels. Simultaneously, the excellent selectivity ensures that the
sensor’s response is specific to ENF, even in the presence of po-
tentially interfering molecules commonly found in complex ma-
trices like milk. This combination of high sensitivity and selec-
tivity makes the developed sensor a reliable and robust platform
for real-sample analysis.
To further investigate the molecular imprinting-derived speci-

ficity of the developedMMIP sensor, selectivity experiments were
conducted using structurally related fluoroquinolone antibiotics,
namely CIP, NOR, and OFL. These analogs were tested at a con-
centration of 1 μM (10−6 M), following the same incubation and
measurement protocol as used for ENF. TheDPV responses were
carefully recorded, focusing on the Δ Current values specifically
at the characteristic oxidation potential of ENF (≈ +0.8 V ver-
sus Ag/AgCl), ensuring an accurate and comparable assessment
across all analytes (Figure 7B). The MMIP-modified sensor ex-
hibited a pronounced current response for ENF, with a Δ Cur-
rent of 41.59 (±3.19) μA, consistent with the high-affinity, selec-
tive binding expected from the imprinting process. In contrast,
the responses for CIP, NOR, and OFL were substantially lower
registering Δ Current values of 7.92 μA (±1.22), 5.12 μA (±0.88),
and 3.93 μA (±0.90), respectively. The significantly reduced
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Figure 7. Selectivity assessment of the MMIP-based sensor for ENF detection. A) DPV responses in the presence of potential interfering molecules
commonly found in milk. B) Selective response of the MMIP and MNIP sensor toward ENF compared to structurally similar fluoroquinolone antibiotics
(ciprofloxacin, norfloxacin, and ofloxacin), demonstrating the imprinting effect.

Δ currents observed for the analogs can be attributed not only
to their differing redox potentials[56–58] but also to their partial
structural resemblance to ENF, which permits limited nonspe-
cific interactions with the imprinted cavities. These interactions
likely arise from common fluoroquinolone features such as the
piperazine ring and quinolone backbone, which can weakly in-
teract via hydrogen bonding or 𝜋–𝜋 stacking with the polymer
matrix. However, due to the absence of the precise size, shape,
and functional group complementarity imprinted for ENF, these
analogs fail to achieve high-affinity binding, leading to markedly
attenuated signals.
Interestingly, theMNIP-modified control sensor exhibited uni-

formly low and nonspecific responses across all tested com-
pounds: Δcurrent for ENF was 4.51 μA (±0.98), for CIP 5.24 μA
(±1.37), for NOR 5.48 μA (±0.92), and for OFL 4.39 μA (±0.80).
This indicates that, in the absence of molecular imprinting, the
system primarily relies on weak surface adsorption and elec-
trostatic interactions, lacking the selective recognition capability
required for discriminating ENF from its analogs. The slightly
higher responses observed for CIP and NOR on the MNIP may
result from their relatively stronger nonspecific adsorption on
the polymer surface, likely influenced by differences in their
diffusion coefficients, redox activities, or surface affinities com-
pared to ENF and OFL. The comparative analysis of Δcurrent
values underscores the exceptional selectivity of the MMIP sys-
tem toward ENF, with a signal enhancement of approximately
5.25-fold over CIP, 8.12-fold over NOR, and 10.58-fold over OFL.
This selectivity is primarily governed by the synergistic effects of
molecular imprinting and nanomaterial-enhanced electrochem-
ical transduction, which together ensure that only the target
molecule, ENF, achieves efficient preconcentration and electron
transfer at the electrode surface. Importantly, the oxidation sig-
nals recorded for each analyte were confirmed to originate specif-
ically from the ENF oxidation potential region, eliminating the
possibility of overlapping redox processes or matrix-related inter-
ferences. These findings highlight the robust molecular recog-
nition capability of the MMIP-based sensor and its promis-
ing application for selective ENF detection in complex sample
matrices.

2.8. Real Sample Analysis

To evaluate the practical applicability of the developed electro-
chemical sensing device, real sample analysis was conducted us-
ing commercially available milk samples purchased from a lo-
cal grocery store. A standard addition mathematical model was
employed to determine the sensor’s effectiveness in detecting
ENF. Known concentrations of ENF ranging from 10−8 to 10−4 m
were spiked into the milk samples, and the DPV responses from
the sensing device were recorded and compared to the standard
buffer solutions. The percentage recovery was calculated using
Equation (12), which quantifies the accuracy of the device’s de-
tection capability in real samples.

%Recovery =
[S]ENF − [B]ENF

[SS]ENF
(12)

where, [S]ENF and [B]ENF are the analytical responses of ENF in
the spiked and blank milk samples, respectively; and [SS]ENF is
the analytical response of ENF in the standard buffer solutions.
The results, presented in Table 5, demonstrate high recovery

rates ranging from 90.23% to 97.29%, confirming the device’s
reliability in detecting ENF in milk. The ENF detection proce-
dure follows the same prescribed steps (Figure S8) to ensure ef-
fective extraction and quantification. Initially, 1 mL of raw milk
is mixed with 1 mg of MMIP powder in the sampling tube, en-
abling selective binding of ENF throughMMIP interactions. The
bound ENF-MMIP complex is then isolated using a magnetic
separation technique, which eliminates unbound components
and enhances sample purity. The ENF-loaded MMIPs are sub-
sequently transferred onto the fabricated electrochemical sen-
sor chip for further analysis. To minimize matrix interference,
a washing step is performed to remove non-specifically bound
molecules. Finally, electrochemicalmeasurements are conducted
using a potentiostat system, ensuring precise and selective detec-
tion of ENF.
The integration of molecular imprinting technology with elec-

trochemical sensing provides a highly specific and sensitive ap-
proach to antibiotic residue detection in dairy products. The
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Table 5. Real sample analysis of ENF detection using the developed MMIP-based electrochemical sensor, representing the spiked ENF concentrations,
corresponding voltammetric responses, and the obtained ENF responses.

Spiked ENF
concentration [M]

Current responses in Buffer
(Standard) ΔI [μA]

Obtained ENF responses in the Milk Sample

ΔI [μA] % RSD [n = 3] % Recovery

1 × 10−4 56.59 (±1.09) 55.05 (±1.11) 3.47 97.29

1 × 10−5 49.92 (±1.27) 46.65 (±0.91) 3.39 93.44

1 × 10−6 42.12 (±1.09) 38.38 (±1.01) 4.43 90.56

1 × 10−7 35.29 (±1.32) 31.83 (±0.82) 4.69 90.23

1 × 10−8 29.27 (±1.15) 26.67 (±0.32) 2.12 91.15

incorporation of 3D-printed magnetic assemblies streamlines
sample preparation, improving processing efficiency. As evident
from Table 5, the current responses from milk samples closely
align with those obtained in the test buffer (PBS), further validat-
ing the robustness of the device. The high recovery rates indicate
minimal matrix interference, demonstrating the device’s poten-
tial for real-world applications in food safety monitoring.

3. Conclusion

In this work, a dual-mode sensing platform was developed for
the selective and ultrasensitive detection of ENF. The system
combines magnetic-assisted extraction with electrochemical de-
tection, offering both pre-concentration and signal transduc-
tion within a single 3D-printed miniaturized device. The synthe-
sized MMIP, based on a magnetite core encapsulated within an
APTES–TEOS–derived polymeric shell, demonstrated uniform
core–shell morphology, optimized shell thickness (≈53 nm), and
favorable surface characteristics for selective recognition. Struc-
tural characterization confirmed successful polymer formation,
while nitrogen adsorption–desorption studies revealed enhanced
surface area and mesoporous structure in the MMIP, ensuring
improved analyte accessibility. Magnetic property evaluation con-
firmed that the MMIP retained sufficient magnetic responsive-
ness post-polymerization, essential for rapid external-field-driven
separation.
The dual-mode nature of the sensing system, combining ef-

ficient magnetic-assisted target extraction with selective electro-
chemical detection, offers a significant operational advantage.
This bifunctionality enables rapid assessment of ENF via mag-
netic isolation and direct signal transduction at the electrode in-
terface, reducing the need for laborious sample pretreatment.
Adsorption experiments established the superior binding perfor-
mance ofMMIP, with kinetic data fittingwell to a pseudo-second-
order model, suggesting chemisorption-dominated interaction.
Equilibrium isotherms and Scatchard analyses revealed hetero-
geneous binding sites in MMIP with high- and low-affinity re-
gions, while MNIP showed only non-specific binding. The cal-
culated IF from adsorption (2.84) and electrochemical analysis
(14.15) highlighted the enhancement achieved through electro-
chemical amplification. This significant increase is attributed not
only to the broader dynamic detection range of the electrochem-
ical platform but also to the synergistic effects of AuNPs and
rGO, which markedly improved electron transfer, expanded elec-
troactive surface area, and minimized charge transfer resistance.

Their incorporation ensured heightened sensitivity and repro-
ducibility in complex matrices.
Electrochemical evaluation using cyclic voltammetry (CV),

electrochemical impedance spectroscopy (EIS), and differential
pulse voltammetry (DPV) confirmed the successful stepwise
electrode modification and demonstrated diffusion-controlled,
stable, and high-performance sensing behavior. The fabricated
MMIP/rGO/AuNP/WE sensor exhibited a wide linear detection
range from 100 pm to 10 mm (10−10 to 10−2 m) with an ul-
tralow detection limit of 161 fM (1.61 × 10−13 m). Selectivity as-
says against structural analogs and common interfering species
confirmed the probe’s target-specific response, while real sam-
ple testing inmilkmatrices demonstrated recovery rates between
90.23% and 97.29%, validating its practical applicability in food
safety monitoring. Collectively, this work presents a robust sens-
ing strategy combining molecular imprinting, magnetic separa-
tion, nanomaterial-enhanced electrochemical detection, and ad-
ditive manufacturing. The integrated system offers a scalable,
rapid, and field-deployable solution for trace-level monitoring of
veterinary drug residues, with potential applicability in environ-
mental surveillance and pharmaceutical quality control.

4. Experimental Section
Materials: All the chemicals and reagents used in this experiment

were of high quality and purity. Enrofloxacin (ENF), Tetraethyl orthosilicate
(TEOS), Ammonia solution (NH3•H2O), Iron (II) chloride tetrahydrate
(FeCl2•4H2O), and Iron (III) chloride hexahydrate (FeCl3•6H2O) were
procured from Sisco Research Laboratory Pvt. Ltd. (SRL), Mumbai, In-
dia. (3-Amonopropyl) triethoxysilane (APTES) was obtained from Sigma-
Aldrich, Missouri, United States. Ethanol (C2H5OH), sodium hydroxide
pellets (NaOH), Potassium Ferrocyanide hexacyanoferrate (II) trihydrate
(K4[Fe(CN)6]•3H2O), and Potassium Ferricyanide (K3[Fe(CN)6]) were ob-
tained from HiMedia Laboratories, Mumbai, India. Methanol (CH3OH)
was procured from Merck, Massachusetts, United States. HCl was pur-
chased fromQualigens Chemicals and Reagents, Thermo Fisher Scientific,
Massachusetts, United States. Ciprofloxacin (CIP), Norfloxacin (NOR),
andOfloxacin (OFL) were obtained from a local drug store under the brand
names Ciplox-500, Norflox-400, and OF-200 Ltd, respectively. Ciplox-500
and Norflox-400 were marketed by Cipla Ltd., Mumbai, India, and OF-200
wasmarketed by J.B. Chemicals and Pharmaceuticals Ltd., Mumbai, India.
Industrial Grade Nitrogen (N2 gas) was obtained from the local vendor in
Varanasi, India. Milli Q water with a resistance of 18.2 MΩ•cm at 25 °C
was obtained fromMerckMillipore-based distillation unit,Massachusetts,
United States.

Apparatus and Software: The electrochemical workstation used in
this study was sourced from PalmSens BV, Houten, Netherlands,

Small 2025, 21, 2502880 © 2025 Wiley-VCH GmbH2502880 (18 of 21)

 16136829, 2025, 33, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202502880 by Indian Institute O
f T

echnology, W
iley O

nline L
ibrary on [05/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

supporting a three-electrode arrangement (Ag/AgCl reference, working
electrode, and platinum (Pt) wire counter electrode). The morpholog-
ical analysis of the synthesized MMIP was performed using a scan-
ning electron microscope (EVO-Bench-top SEM MA15/18, Carl Zeiss
AG, Germany) and a high-resolution transmission electron microscope
(Tecnai G2 20 TWIN, FEI Company, United States). Magnetic properties
were measured using a magnetic property measurement system (MPMS
3, SQUID-based magnetometer, Quantum Design Inc., United States).
Physicochemical analyses were carried out using X-ray photoelectron spec-
troscopy (K-Alpha, Thermo Fisher Scientific, United States). Infrared spec-
tra were recorded on a Fourier-transform infrared spectroscopy analyzer
(Nicolet iS5, Thermo Electron Scientific Instruments LLC, United States).
Surface area and porosity measurements were conducted using nitrogen
adsorption–desorption analyzers (BELLSORP MAX II and BELCAT-II, Mi-
crotracBEL Corp., Japan). UV-vis spectroscopy (Carry 60, Agilent Tech-
nologies Pvt Ltd, India) was used to confirm MMIP synthesis, template
removal, and analyte binding. Printed electrodes were purchased from
ItalSens IS-C (PalmSens BV, Houten, Netherlands). The magnetic assem-
bly and ENF detection unit were designed using Blender software and 3D-
printed on a Prusa Mini+ (Prusa Research, Czech Republic). Graphical
representation and data analysis were performed using OriginPro 2021
(OriginLab Corporation, Massachusetts, USA).

Synthesis of the MMIP and MNIP: The synthesis of the MMIP in-
volves consecutive steps that follow the preparation of the magnetite NPs,
surface functionalization, molecular imprinting, and template removal
(Scheme 2A). The magnetite NPs were synthesized by the co-precipitation
method by dissolving 0.54 g of ferric chloride (FeCl3•6H2O) and 0.20 g of
ferrous chloride (FeCl2•4H2O) in 50 mL of ultrapure Milli-Q water main-
taining a molar ratio of 2:1 for the Fe3+ and Fe2+ ion. Then the whole solu-
tion setup was subjected to nitrogen purging to remove dissolved oxygen
and to prevent oxidation of Fe2+ to Fe3+. Following this, 2 m NaOH so-
lution was added to it dropwise while raising the temperature to 90 °C
and left under vigorous stirring for 1 h. The pH of the solution reaching
≈10 ensures complete precipitation of the dark black color. As the solu-
tion was cooled down to room temperature, it was washed multiple times
using Milli-Q water and ethanol alternately to remove the excess solvents.
Further, it was dried in an oven at 80 °C for 24 h, which led to the final
magnetite NPs.

Following the synthesis of magnetite NPs, 100 mM ENF (template
molecule) was mixed with 2 mL of APTES in 30 mL ethanol for 2 h to form
a pre-polymerization solution. In a separate setup, 0.5 g of the magnetite
NPs were dispersed in 100 mL of ethanol-water (2:1) and ultrasonicated
for 30 mins. 25wt.% NH3•H2O was added dropwise to this solution, fol-
lowed by adding TEOS (2 mL), and left for continuous stirring for 0.5 h at
35 °C. For the final preparative step, the pre-polymerization solution was
added dropwise to this, and the whole solution was stirred continuously
for the next 1.5 h at room temperature. Then, it was washedmultiple times
using ethanol andwater until the UV–vis absorption peak of ENF could not
be detected in the supernatant. Consecutive MNIP was obtained similarly,
except for the addition of the ENF as the template molecule. Template re-
moval was performed by repeated washing of the polymer particles with
methanol-acetic acid (9:1, v/v) as suggested in previous research,[59–61]

until no residual enrofloxacin was detected, and the same protocol was
applied to both MMIP and MNIP to ensure uniform post-synthetic treat-
ment.

Characterization Methods: The synthesized MMIP and MNIP mi-
croparticles were characterized using complementary morphological,
structural, textural, and magnetic analyses to validate their physical and
chemical properties. For surface morphology assessment, SEM analysis
was performed. Briefly, the driedMMIP andMNIP powders weremounted
onto aluminum stubs using carbon adhesive tape and coated with a thin
gold layer using a sputter coater to improve conductivity. SEM imagingwas
conducted using a ZEISS Sigma 300 scanning electron microscope oper-
ated at an accelerating voltage of 15 kV. The obtained micrographs were
further analyzed using ImageJ software to determine particle size distribu-
tion. To investigate the internal structure and core–shell architecture, TEM
analysis was carried out. A dilute suspension of MMIP or MNIP particles
in ethanol was prepared by ultrasonication, and a small droplet was drop-

cast onto a carbon-coated copper grid and allowed to dry at room temper-
ature. TEM images and selected area electron diffraction (SAED) patterns
were recorded using a JEOL JEM-2100 microscope operated at 200 kV.
FTIR spectroscopy was used to confirm the surface functional groups and
chemical composition of magnetite, MMIP, and MNIP. FTIR spectra were
recorded using a FTIR spectrometer equipped with a diamond ATR acces-
sory. Samples were scanned over the spectral range of 4000–400 cm−1

with a resolution of 4 cm−1, and the spectra were averaged over 32 scans.
Textural properties, including specific surface area, pore volume, and pore
size distribution, were determined using nitrogen adsorption–desorption
isotherms obtained on a BELLSORP MAX II and BELCAT-II analyzers (Mi-
crotracBEL Corp., Japan).≈100mg of each sample was degassed at 120 °C
under vacuum for 12 h prior to measurement. The Brunauer–Emmett–
Teller (BET) method was employed to calculate surface area, while the
Barrett–Joyner–Halenda (BJH) method was used to analyze the pore size
distribution from the desorption isotherm. Magnetic measurements were
performed to assess the magnetic characteristics of the synthesized ma-
terials. Dried samples were loaded into a nonmagnetic sample holder,
and magnetization versus magnetic field (M–H) curves were measured
at room temperature (300 K) using a Quantum Design magnetic property
measurement system (MPMS). Measurements were performed over an
applied field range of ±16 000 Oe to determine the saturation magneti-
zation and evaluate the effect of polymer encapsulation on the magnetic
behavior.

Adsorption Kinetics and Isotherm Study: Adsorption experiments were
conducted to evaluate the binding characteristics of synthesized MMIP
and MNIP toward ENF. Quantitative analysis was performed by monitor-
ing the UV absorbance of ENF at 280 nm before and after incubation. The
binding capacity of each microparticle was determined by calculating the
decrease in ENF absorbance.

For kinetic studies, 10 mg of either MMIP or MNIP particles were dis-
persed in 10.0 mL of ENF solution (395.3 mg L−1; 10 mm) prepared in
a 2:3 (v/v) ethanol-PBS buffer (pH 7.4). The suspensions were incubated
at ambient temperature under gentle shaking for varying time intervals (0
to 90 min). After each incubation period, the particles were magnetically
separated, and the supernatant was filtered through a 0.22 μmmembrane
filter. The residual ENF concentration at time 𝑡 (Ct, mg L−1) was quantified
using UV–visible spectrophotometry according to a previously reported
method.[43] Thereafter, adsorption capacity at a given time (Qt, mg g−1)
was calculated using Equation (1).

To construct adsorption isotherms, 10mg ofMMIP orMNIPwas added
to 10mL of ENF standard solutions with varying initial concentrations (C0,
mg L−1 ranging in between 180 mg L−1 to 3594 mg L−1 (5 × 10−4 to 1 ×
10−2 m) in the same ethanol-PBS buffer system. The suspensions were
vortexed to achieve uniform dispersion and allowed to equilibrate for 35
min (te). After incubation, the polymers were magnetically separated, and
the supernatant was filtered through a 0.22 μm membrane. The residual
ENF concentration (Ce, mg L−1) was measured spectrophotometrically,
and the equilibrium adsorption capacity (Qe,mg g−1) was calculated using
Equation (2).

Binding Mechanism and Intermolecular-Force Analysis: Template-free
MMIP and MNIP powders (10 mg each) were dried at 60 °C for 12 h,
spread onto a diamond ATR crystal (n = 32 scans), and baseline spec-
tra were recorded. Each sample was then incubated with ENF (200 mg
L−1, pH 7.4) for 35min, magnetically separated, rinsed twice with ethanol-
PBS buffer (2:3, v/v), dried, and scanned again. The resulting shift in the
spectrum (ΔA = Aloaded – Ablank) was measured to highlight the interac-
tion bands arising from ENF–polymer interactions. High- and low-affinity
dissociation constants (𝐾𝑑) and capacities (𝑄𝑚) were evaluated from the
two linear regions of the Scatchard plot. Then the 𝐾𝑑 values were con-
verted tomol L−1 using themolar mass of ENF, i.e., 359.4 gmol−1. Finally,
the standard Gibbs free energy (ΔG°) was subsequently calculated with
Equation (6).

Designing of the Sensor Probe: To design the final sensing probe
conventional carbon electrode (WE) was primarily modified by elec-
trodepositing the gold nanoparticles (AuNPs) employing a linear sweep
voltammetry technique. As reported earlier,[46] a solution containing
0.001% HAuCl4 in 0.5 M H2SO4 was taken to perform three consecutive
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potential sweeps between +1.5 to +0.4 V (vs Ag/AgCl). An optimized
step value of 0.001 V and a scan rate of 0.1 V s−1 was set, ensur-
ing the deposition potential of −0.6 V (vs Ag/AgCl) and a deposition
time of 60 s. This step is followed by thorough washing using Milli-Q
water, leading to the formation of the AuNP/WE surface. Successively,
rGO was coated onto the modified AuNPs/WE electrode from a 1 mg
mL−1 stock concentration. This rGO was synthesized by chemically re-
ducing Graphene Oxide (GO) using hydrazine hydrate as the reducing
agent. Upon air drying, the coated AuNPs/WEwere carefully washed using
Milli-Q water to remove the unadsorbed/unbound rGO, which forms the
rGO/AuNPs/WE.

The synthesized MMIP powder was used to prepare a suspension of
1 mg mL−1 in water from which 10 μL of MMIP was coated onto the
modified rGO/AuNPs/WE surface and placed over a magnet to form
the final sensing probe. During the detection of ENF, this 1 mg mL−1

suspension was prepared using the buffer (replacing water) containing
ENF of a defined concentration. The probe is then subjected to wash-
ing and drying (keeping it over the magnet) at room temperature for
the physicochemical adsorption of MMIP on the electrode surface, which
leads to the formation of the final sensor probe MMIP/rGO/AuNPs/WE
(Scheme 2B).

Electrochemical Studies: Electrochemical characterization and analyt-
ical measurements were carried out using a potentiostat system (Palm-
Sens BV, Houten, Netherlands) integrated with a custom-designed elec-
trochemical cell. All electrochemical experiments were conducted in
phosphate-buffered saline (PBS, pH 7.0) containing 5mM [Fe(CN)6]

3−/4−

as the redox probe, unless otherwise specified. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were performed to
monitor the sequential modification of the working electrode (WE) sur-
face, evaluate charge transfer properties, and assess the electrochemical
stability of the sensor interface. CV measurements were recorded over
a potential window of –0.6 to +0.9 V versus Ag/AgCl at a scan rate of
50 mV s−1. EIS measurements were conducted across a frequency range
of 0.01 Hz to 100 kHz using a 10-mV amplitude, and the impedance spec-
tra were analyzed using a Randles equivalent circuit to extract the charge
transfer resistance (Rct).

DPV was employed to evaluate the analytical performance of the
sensor, including ENF detection. DPV measurements were conducted
in the potential range of +0.2 V to +1.0 V versus Ag/AgCl, with
a pulse amplitude of 50 mV, a pulse width of 50 ms, and a scan
rate of 10 mV s−1. Calibration studies were performed by testing the
MMIP/rGO/AuNP/WE sensor in ENF solutions with concentrations rang-
ing from 10−10 to 10−2m, and the corresponding current responses were
recorded.

Selectivity experiments were conducted using potential interfering com-
pounds commonly present in milk samples, including glucose, lactose,
ascorbic acid, urea, casein, L-histidine, L-methionine, thiamine, and niaci-
namide. To further evaluatemolecular selectivity and anti-interference per-
formance, structurally related fluoroquinolone antibiotics, i.e., CIP, NOR,
and OFL, were included in the selectivity assessment. These commercial
drug tablets were used to calculate the required mass for solution prepa-
ration. Each tablet was finely crushed, dissolved in deionized water, and fil-
tered through a 0.22 μmmembrane to remove insoluble excipients. Stock
solutions were then diluted to a final concentration of 1 μm. For incuba-
tion, 1 mL of each prepared fluoroquinolone solution wasmixed with 1mg
of MMIP or MNIP microparticles in microtubes, vortexed briefly for uni-
form dispersion, and incubated at room temperature (25 °C) for 35 min
under gentle shaking to promote analyte–polymer interactions. After incu-
bation, magnetic separation was employed to collect the microparticles,
followed by two washing steps with PBS (pH 7.4) to remove unbound
species. The washed microparticles were then deposited onto the mod-
ified sensor chips for subsequent DPV measurements to assess current
responses and evaluate interference effects.

All electrochemical measurements were conducted in triplicate (n = 3)
to ensure reproducibility. Whereas, the selectivity assays are performed
in quintuplicate (n = 5). Results were interpreted in conjunction with the
structural and adsorption characterization data to correlate sensor perfor-
mance with material properties.
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