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hanced molecular recognition:
a Co3O4/TiO2 heterojunction electrochemical
sensor for vanillin with experimental and DFT
insights

Favour Ezinne Ogulewe, Akeem Adeyemi Oladipo * and Mustafa Gazi

An advanced molecularly imprinted electrochemical sensor based on a Co3O4/TiO2 p–n heterojunction

nanocomposite was developed for the selective determination of vanillin in complex food matrices. In

this novel sensing platform, the heterostructured oxide core provides efficient interfacial charge transfer

for enhanced sensitivity, while a surface-confined acrylamide-based molecularly imprinted polymer (MIP)

introduces superior molecular recognition and antifouling capabilities. Structural and surface analyses

confirmed successful heterojunction formation and polymer integration without electrical insulation of

the active sites. Electrochemical characterization revealed a pronounced synergistic effect between the

nanocomposite and the MIP, resulting in a substantial reduction in charge-transfer resistance and

preservation of the electroactive surface area. Consequently, the sensor exhibited a wide linear range

from 2.5 to 250 mM and a low detection limit of 0.06 mM using cyclic voltammetry. Density functional

theory (DFT) and Monte Carlo adsorption simulations demonstrated that vanillin forms a highly stable

hydrogen-bonding network with acrylamide at an optimal 1 : 3 ratio. Crucially, the calculated binding

energies significantly exceeded those of common interferents such as glucose and ascorbic acid,

providing a robust mechanistic basis for the sensor's high selectivity. The sensor was successfully applied

to milk, ice cream, biscuits, coffee, and iced tea, delivering recoveries of 96.8–103.2% and excellent

agreement with HPLC and UV-vis methods. The platform retained over 89% of its initial response after

42 days under refrigerated storage. This work establishes a rationally designed, DFT-supported MIP/

nanocomposite heterojunction strategy for robust electrochemical sensing in chemically aggressive

matrices, highlighting the immense potential of hybrid nanomaterials in analytical applications.
1. Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is one of the most
extensively used avoring agents in the global food, beverage,
and pharmaceutical industries. Beyond its organoleptic
importance, vanillin is widely recognized as a critical quality
and authenticity marker, particularly for distinguishing natural
vanilla extracts from synthetic vanillin. This distinction is of
major regulatory and commercial interest due to the substantial
price difference between natural and synthetic products and the
widespread occurrence of economic adulteration.1,2 Although
vanillin is generally regarded as safe, excessive consumption of
synthetic vanillin has been associated with adverse effects such
as headaches, nausea, and hepatic disturbances. Accordingly,
the World Health Organization (WHO) and the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) have established
hemistry Department, Faculty of Arts and

TR North Cyprus, Famagusta via Mersin

u.tr; akeem.oladipo@gmail.com

0–4319
an acceptable daily intake (ADI) of 0–10 mg kg−1 body weight.3

These regulatory limits necessitate analytical methods capable
of accurately determining vanillin concentrations—typically
reported to range from approximately 10 to 500 mg kg−1 in
commercial food products—to ensure compliance, consumer
protection, and food safety.

Despite the availability of established analytical techniques,
the accurate quantication of vanillin in real food samples
remains challenging, primarily due to the chemically aggressive
and heterogeneous nature of food matrices. Conventional
chromatographic methods such as high-performance liquid
chromatography (HPLC) and gas chromatography-mass spec-
trometry (GC-MS) offer excellent sensitivity and selectivity;
however, they are oen labor-intensive, costly, and unsuitable
for rapid or on-site screening. Electrochemical sensors repre-
sent an attractive alternative owing to their simplicity, porta-
bility, and rapid response. Nevertheless, their application to
complex food matrices—including coffee, high-fat dairy prod-
ucts, and protein-rich formulations—remains severely limited.
In such systems, electrode surfaces are prone to fouling by
This journal is © The Royal Society of Chemistry 2026
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macromolecules such as proteins and lipids, while structurally
related electroactive compounds (e.g., phenolic acids and cate-
chol derivatives) generate non-specic oxidation signals that
overlap with the electrochemical response of vanillin.4 Conse-
quently, the development of sensing platforms that integrate
high electrocatalytic efficiency with robust molecular selectivity
is not merely advantageous but analytically essential.

In recent years, the integration of functional polymers and
nanostructured metal oxides has driven signicant advance-
ments across diverse analytical platforms. Recent literature
prominently highlights the exceptional utility of specically
engineered nanocomposites—such as polymer-functionalized
TiO2 matrices, bimetallic MOFs, shape-controlled Co3O4 archi-
tectures, and multi-component nanomaterial assemblies—in
achieving breakthrough sensitivities for food safety monitoring,
clinical biomarker detection, and environmental analysis.5–13

Building upon these advanced nanomaterial paradigms, we
targeted the synergistic integration of specic transition metal
oxides for our sensor design.

To overcome the intrinsic sensitivity limitations of bare
electrodes, transition metal oxides have been extensively
explored as electrocatalytic modiers. Tricobalt tetraoxide
(Co3O4), a p-type semiconductor, exhibits remarkable redox
activity arising from the coexistence of Co2+ and Co3+ species,
which signicantly enhances electron transfer kinetics for the
oxidation of organic analytes.14–17 However, pristine Co3O4

suffers from aggregation tendencies and limited electro-
chemical conductivity during prolonged operation. Titanium
dioxide (TiO2), an n-type semiconductor, is widely valued for its
chemical inertness, structural stability, and surface hydroxyl
groups, making it an ideal stabilizing support material. The
integration of p-type Co3O4 with n-type TiO2 leads to the
formation of a p–n heterojunction. Upon contact, the disparate
work functions of the two materials drive the equilibration of
their Fermi levels, establishing a built-in internal electric eld
at the interface. This internal eld effectively accelerates inter-
facial charge separation, dramatically lowers charge-transfer
resistance, and suppresses electron–hole recombination.
Consequently, this synergistic interaction results in an ampli-
ed electrochemical response and improved signal stability that
far exceeds the individual sensing capabilities of the single
metal oxides.18

While nanostructured materials signicantly enhance
sensitivity,15,19,20 selectivity in complex matrices cannot be
guaranteed by electrocatalysis alone. Molecular Imprinting
Technology (MIT) provides a powerful strategy to introduce
molecular recognition into electrochemical sensors. Molecu-
larly imprinted polymers (MIPs) are synthesized in the presence
of a template molecule, generating recognition cavities with
complementary shape, size, and functional group orientation to
the target analyte.21,22 Despite the growing number of vanillin
sensors reported in the literature, a critical limitation persists:
the interaction between the metal oxide support and the MIP
recognition layer is frequently optimized empirically, with little
mechanistic understanding. In particular, atomic-level insights
into vanillin adsorption at heterojunction–MIP interfaces are
This journal is © The Royal Society of Chemistry 2026
rarely reported, resulting in a largely “black-box” design
approach that hampers rational sensor development.

In this work, we report the fabrication of a highly selective
electrochemical sensor based on a Co3O4/TiO2 nanocomposite
functionalized with a molecularly imprinted polymer for the
determination of vanillin in complex food matrices. The novelty
of this study lies in the synergistic integration of
heterojunction-driven electrocatalysis and molecular
imprinting-based selectivity, supported by both comprehensive
experimental validation and density functional theory (DFT)
calculations. Unlike conventional sensor studies that rely
primarily on standard solution testing, the present work
adheres to stringent analytical validation criteria: endogenous
vanillin is detected in unspiked food samples, interference
studies are conducted using concentration ratios representative
of real matrices, and long-term stability is evaluated over 42
days under different storage conditions. Furthermore, DFT
modeling is employed to calculate adsorption energies (Eads)
and elucidate the preferred binding geometry of vanillin at the
MIP interface, providing a theoretical basis for the observed
analytical performance. This integrated experimental–theoret-
ical approach enables reliable vanillin determination across
diverse food matrices, ranging from brewed coffee to high-fat
ice cream, demonstrating the practical applicability of the
proposed sensor for modern food quality control and safety
monitoring.
2. Experimental section
2.1. Materials and reagents

All reagents were of analytical grade and used without further
purication. Cobalt(II) nitrate hexahydrate (Co(NO3)2$6H2O),
titanium(IV) oxide (TiO2, anatase), acrylamide, 2,20-azobis-
isobutyronitrile (AIBN), potassium ferricyanide (K3[Fe(CN)6]),
potassium ferrocyanide (K4[Fe(CN)6]), monopotassium phos-
phate (KH2PO4), disodium phosphate (Na2HPO4$7H2O), citric
acid, calcium chloride (CaCl2), sodium chloride (NaCl), potas-
sium chloride (KCl), sodium hydroxide (NaOH), benzaldehyde,
2,4,5-trichlorophenol, sodium sulfate (Na2SO4), acetic acid,
methanol, and acetonitrile were purchased from Merck KGaA
(Darmstadt, Germany). D-Glucose, fructose, sucrose, and
magnesium chloride hexahydrate (MgCl2$6H2O) were obtained
from Philip Harris. Vanillin ($99%), ethylene glycol di-
methacrylate (EGDMA), and Naon peruorinated resin solu-
tion (5 wt%) were procured from Sigma-Aldrich (Steinheim,
Germany). Phosphate-buffered saline (PBS, 0.1 M) was prepared
from KH2PO4, Na2HPO4, NaCl, and KCl, with pH adjusted using
0.1 M NaOH or HCl. All aqueous solutions were prepared using
ultrapure water (18.2 MU cm). Commercial food samples
(vanilla-avored iced tea, milk, ice cream, protein powder, and
biscuits) were obtained from local retail markets and analyzed
before their expiration dates.
2.2. Synthesis of Co3O4/TiO2 nanocomposite

The Co3O4/TiO2 heterojunction nanocomposite was synthesized
via a controlled hydrothermal deposition followed by thermal
Anal. Methods, 2026, 18, 4300–4319 | 4301
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oxidation. Initially, 1.0 g of commercial TiO2 powder was
dispersed in 30 mL of deionized water and ultrasonicated for
30 min to ensure complete de-agglomeration. Separately,
a cobalt precursor solution was prepared by dissolving 2.0 g of
Co(NO3)2$6H2O and 0.6 g of NaOH in 30 mL of deionized water.
The cobalt solution was added dropwise to the TiO2 suspension
under vigorous stirring (500 rpm), followed by continuous
stirring for 1 h to promote homogeneous nucleation of cobalt
hydroxide on the TiO2 surface. The resulting mixture was
transferred to a 100 mL Teon-lined stainless-steel autoclave
and hydrothermally treated at 150 °C for 12 h. Aer cooling, the
precipitate was collected by centrifugation (3500 rpm, 5 min),
washed sequentially with deionized water and ethanol (three
cycles each), and dried at 80 °C for 17 h. The dried powder was
nely ground and calcined at 400 °C for 2 h in air, yielding
a crystalline black Co3O4/TiO2 nanocomposite with a stabilized
p–n heterojunction architecture.

2.3. Fabrication of the molecularly imprinted composite

The molecularly imprinted polymer (MIP) was synthesized via
bulk thermal polymerization directly incorporating the Co3O4/
TiO2 nanocomposite. This chemical polymerization route was
specically selected over electropolymerization to generate
a highly cross-linked, rigid 3D framework capable of uniformly
encapsulating the metal oxides, maximizing the volumetric
density of recognition cavities, and providing the necessary
mechanical robustness to withstand severe fouling in complex
food matrices. Vanillin (0.3 mM, template) and acrylamide
(1.2 mM, functional monomer) were dissolved in 10 mL aceto-
nitrile to allow noncovalent pre-complex formation via
hydrogen bonding. The solution was sonicated at 5 °C for
30 min to stabilize the template–monomer interactions.
Subsequently, 0.25 g of the Co3O4/TiO2 nanocomposite was
dispersed into the pre-polymerization mixture, followed by the
addition of EGDMA (4.5 mM, cross-linker) and AIBN (0.37 mM,
initiator). The suspension was purged with nitrogen for 10 min
to remove dissolved oxygen, sealed, and polymerized at 70 °C
under continuous stirring.

To empirically optimize the polymer shell thickness and
prevent mass-transport limitations, a kinetic study was con-
ducted evaluating polymerization times from 12 to 36 h, with
24 h ultimately selected as the optimum duration. The resulting
polymer composite was dried at 60 °C, ground, and sieved to
obtain a uniform powder. Template removal was performed
using Soxhlet extraction with methanol/acetic acid (8 : 2, v/v) at
80 °C for 8 h until vanillin was no longer detectable in the
extract. The nal MIP/Co3O4/TiO2 material was washed with
methanol and dried under vacuum. A non-imprinted polymer
(NIP) was prepared following the same procedure in the absence
of vanillin.

2.4. Electrode modication

A glassy carbon electrode (GCE, 3 mm diameter) was sequen-
tially polished with 0.3 mm and 0.05 mm alumina slurries, rinsed
thoroughly with deionized water, and dried under nitrogen. A
modication ink was prepared by dispersing 2.0 mg of MIP/
4302 | Anal. Methods, 2026, 18, 4300–4319
Co3O4/TiO2 powder in a mixture of 0.8 mL deionized water,
0.2 mL ethanol, and 10 mL Naon (5 wt%). The suspension was
sonicated for 20 min at 10 °C. A 5 mL aliquot was drop-cast onto
the cleaned GCE surface and dried under an infrared lamp for
20 min; this process was repeated twice to ensure uniform lm
formation. The resulting electrode is denoted as MIP/Co3O4/
TiO2/GCE.
2.5. Real sample pretreatment

To assess analytical performance under realistic conditions, ve
food matrices of increasing complexity were analyzed. To
rigorously evaluate matrix effects, vanillin spiking was per-
formed prior to any extraction or pretreatment steps.

� Complex liquid matrices (milk, ice cream, coffee, protein
shake): protein and lipid precipitation was achieved using cold
acetonitrile. ACN-to-sample ratios of 2 : 1 (v/v) were applied for
milk, coffee, and ice cream, while a 4 : 1 ratio was used for the
protein shake. Samples were vortexed for 1 min and centrifuged
at 5000 rpm for 15 min.

� Solid matrices (biscuits): samples were nely ground; 1.0 g
was extracted with 10 mL methanol/water (70 : 30, v/v), ultra-
sonicated for 30 min, and centrifuged.

� Simple liquid matrices (iced tea): samples were directly
ltered without precipitation.

All supernatants were ltered through 0.45 mm syringe lters
and diluted with 0.1 M PBS (pH 7.0) to reduce organic solvent
content below 15% prior to electrochemical analysis.
2.6. Electrochemical measurements

Electrochemical experiments were performed using a CS350M
workstation (Corrtest Instruments) in a conventional three-
electrode conguration comprising the modied GCE
(working electrode), platinum wire (counter electrode), and Ag/
AgCl (reference electrode). Electrode characterization was con-
ducted by cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) in 0.1 M KCl containing 2.0 mM
[Fe(CN)6]

3−/4−. EIS spectra were collected over a frequency range
of 100 kHz to 1 Hz. Quantitative determination of vanillin was
performed in 0.1 M PBS using the standard addition method to
compensate for residual matrix effects. Based on systematic
optimization studies, all nal quantitative detection of vanillin
was performed using cyclic voltammetry at a scan rate of 50 mV
s−1 within a potential window of−0.4 V to +0.8 V (vs. Ag/AgCl) in
0.1 M PBS, pH 7.0, following an accumulation time of 6 minutes
prior to scanning.
2.7. Reference analytical methods

Electrochemical results were validated against UV-vis spectro-
photometry (Hitachi U-3010) and high-performance liquid
chromatography (Agilent 1260 Innity II). UV-vis measurements
were conducted at lmax = 280 nm. HPLC analysis employed
a C18 column (250 × 4.6 mm, 5 mm) with an isocratic mobile
phase of acetonitrile/water (1% acetic acid, 50 : 50 v/v) at 1.0
mL min−1 and UV detection at 280 nm. Statistical agreement
was evaluated using paired t-tests and F-tests at the 95%
This journal is © The Royal Society of Chemistry 2026
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condence level. Detailed metrics are provided in the SI (S1 and
S2).

2.8. Computational details

Density functional theory (DFT) calculations and Monte Carlo
(MC) simulations were conducted using BIOVIA Materials
Studio (v24.1). Geometry optimizations were performed with
the DMol3 code using the generalized gradient approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional. A double numerical plus polarization
(DNP) basis set was employed, which minimizes basis set
superposition error (BSSE) compared to standard Gaussian
basis sets. To accurately and efficiently describe the localized d-
electrons of the transition metals, DFT semi-core pseudo-
potentials (DSPP) were applied. Due to the presence of para-
magnetic Co species in the heterojunction, all calculations were
spin-polarized (spin-unrestricted). Furthermore, to accurately
capture the non-covalent van der Waals interactions critical to
molecular imprinting and adsorption, Grimme's empirical
dispersion correction (DFT-D) was incorporated.

Convergence criteria were set to 1.0 × 10−5 Ha for energy,
0.002 Ha$Å−1 for force, and 0.005 Å for displacement.23 A global
orbital cutoff of 5.0 Å and a self-consistent eld (SCF) tolerance
of 1.0 × 10−6 Ha were utilized to ensure high electronic
convergence. Binding energies were calculated as:

DEbind = Ecomplex − (Etemplate + n × Emonomer)
Scheme 1 Schematic illustration of vanillin-imprinted polymer format
polymerization, cross-linking, and template removal.

This journal is © The Royal Society of Chemistry 2026
Adsorption behavior on the Co3O4/TiO2 surface was modeled
using the Adsorption Locator module. Simulations were per-
formed under the NVT thermodynamic ensemble at 298 K,
employing the COMPASS III force eld, which is highly
parameterized for complex organic–inorganic interfaces.
Adsorption energy was determined as:

Eads = Etotal − (Esurface + Evanillin)

where Etotal represents the total energy of the surface-adsorbate
system, while Esurface and Evanillin are the energies of the bare
surface and the isolated vanillin molecule, respectively.

2.9. Material characterization

Structural, morphological, and surface analyses were performed
using XRD (Rigaku Ultima IV), SEM/EDS (QUANTA 400F), TEM
(FEI Tecnai G2), FTIR (PerkinElmer), XPS (PHI 5000), and BET
surface area analysis (Quantachrome Autosorb 1C). Detailed
instrumental parameters are provided in the SI.

3. Results and discussion

The analytical performance of the MIP/Co3O4/TiO2 sensor is
dictated by the cooperative interplay between the p–n hetero-
junction nanocomposite and the surface-conned molecularly
imprinted polymer. As illustrated in Scheme 1, vanillin forms
a pre-polymerization complex with acrylamide through direc-
tional hydrogen bonding, which is subsequently immobilized
on the Co3O4/TiO2 surface during cross-linked polymer growth
ion on Co3O4/TiO2 nanocomposite via hydrogen-bond-driven pre-

Anal. Methods, 2026, 18, 4300–4319 | 4303
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and template removal, generating selective recognition cavities.
Accordingly, this section progresses from validation of hetero-
junction formation and interfacial charge-transfer properties to
conrmation of imprinting efficiency and molecular selectivity.
Density functional theory (DFT) calculations are integrated
throughout as a mechanistic tool to rationalize experimentally
observed selectivity, sensitivity, and interference tolerance,
directly linking adsorption energetics and binding congura-
tions to electrochemical parameters such as charge-transfer
resistance and detection limit.
3.1. Material architecture and heterojunction conrmation

3.1.1. Structural and morphological characterization. The
crystalline phase composition of the synthesized nano-
composites was rst examined by X-ray diffraction (XRD). The
diffraction pattern of the non-imprinted Co3O4/TiO2 nano-
composite (Fig. 1a) displays well-dened reections at 2q =

25.34°, 37.84°, 48.12°, 55.12°, 62.72°, and 75.06°, corresponding
to the (101), (004), (200), (211), (204), and (215) planes of anatase
TiO2 (JCPDS no. 21-1272).24 Additional characteristic peaks at
∼32.09° (220), 36.94° (311), 59.26° (511), and 65.56° (440) are
indexed to the cubic spinel Co3O4 phase (JCPDS no. 42-1467),25

conrming the successful integration of both metal oxides
without detectable impurity phases.

Quantitative analysis indicates that anatase TiO2 constitutes
the dominant crystalline phase, with an average crystallite size
of 57 nm, a dislocation density of 3.08 × 1014 lines m−2, and
a microstrain of 0.0029. In contrast, Co3O4 is present as
Fig. 1 (a) XRD patterns (b) TEM image of Co3O4/TiO2 (c) SAED pattern ind
Co3O4/TiO2 (e) SEM image of Co3O4/TiO2 (f) SEM image of MIP/Co3O4/

4304 | Anal. Methods, 2026, 18, 4300–4319
a dispersed phase with a smaller crystallite size of 23.1 nm,
higher defect density (1.87 × 1015 lines m−2), and increased
microstrain (0.0049), reecting its role as the catalytically active
component. The overall crystallinity of the composite reaches
89.9%, consistent with its sharp diffraction features.

Followingmolecular imprinting, the XRD pattern of the MIP/
Co3O4/TiO2 composite retains the characteristic reections of
both oxides, indicating preservation of the inorganic frame-
work. However, a noticeable reduction in peak intensity and
broadening is observed, corresponding to a decrease in crys-
tallinity to 72.2%. The average crystallite size of TiO2 decreases
to 39.2 nm, accompanied by increased lattice strain (0.0042)
and dislocation density (6.51 × 1014 lines m−2). Similarly, the
Co3O4 phase exhibits a reduced crystallite size of 14.8 nm and
higher defect density (4.56 × 1015 lines m−2). These changes are
attributed to connement effects imposed by the polymer
matrix and conrm that the imprinting process effectively
modulates the microstructure without disrupting phase
integrity.

3.1.2. Transmission electron microscopy and SAED anal-
ysis. The microstructural architecture of the nanocomposites
was further elucidated using conventional transmission elec-
tron microscopy (CTEM) and selected area electron diffraction
(SAED). For the non-imprinted Co3O4/TiO2 (Fig. 1b and S1a),
bright-eld images reveal a heterogeneous morphology con-
sisting of smaller, dark-contrast nanoparticles anchored onto
larger, lighter-contrast grains. Based on Z-contrast consider-
ations (ZCo = 27 vs. ZTi = 22) and particle size analysis, the
icating a polycrystalline heterojunction structure (d) TEM image of MIP/
TiO2.

This journal is © The Royal Society of Chemistry 2026
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darker domains (20–30 nm) are assigned to Co3O4, while the
larger support grains (∼57 nm) correspond to anatase TiO2.

High-magnication images (Fig. S1a) conrm the formation
of a direct, intimate heterojunction interface, with Co3O4

domains embedded into or strongly coupled with the TiO2

lattice rather than simply physically mixed. This structural
integration is critical for efficient interfacial charge transfer.
The corresponding SAED pattern (Fig. 1c) exhibits sharp,
concentric diffraction rings with discrete bright spots indexed
to anatase TiO2 planes,26 consistent with the high crystallinity
and polycrystalline nature of the composite. In contrast, the
MIP/Co3O4/TiO2 nanocomposite (Fig. 1d and S1b) displays
a distinct morphological transformation. The inorganic nano-
particles are encapsulated within a continuous, semi-
transparent amorphous layer attributed to the acrylamide-
based polymer network. This coating restricts crystal growth
and promotes moderate agglomeration through polymer cross-
linking. The corresponding SAED pattern (Fig. S1c) is domi-
nated by a diffuse central halo characteristic of amorphous
materials, while faint diffraction rings from the metal oxide
cores remain discernible. This observation corroborates the
reduced crystallinity observed by XRD and conrms that the
inorganic cores remain structurally intact but are embedded
within an amorphous imprinted matrix.

3.1.3. Scanning electron microscopy and surface
morphology. Scanning electron microscopy (SEM) provides
complementary insight into surface morphology at the micro-
scale. The pristine Co3O4/TiO2 nanocomposite (Fig. 1e) exhibits
a rough, highly granular topography composed of loosely
aggregated nanoparticles with sharp edges. The resulting
disordered stacking generates signicant interparticle voids,
consistent with its high crystallinity and favorable geometric
surface area for electrochemical applications. Aer molecular
imprinting, the MIP/Co3O4/TiO2 composite (Fig. 1f) shows
a pronounced change in surface texture. The sharp granular
features are soened and appear more cohesive, reecting
encapsulation by the polymer network. Importantly, the mate-
rial retains a three-dimensional, coral-like porous architecture
with interconnected macroporous channels. This conrms that
polymerization yields a permeable recognition scaffold rather
than a dense insulating lm, ensuring continued accessibility
of electroactive sites and imprinted cavities. For direct struc-
tural comparison, the morphology of the non-imprinted poly-
mer (NIP) was also evaluated (Fig. S2). In contrast to the highly
porous, roughened architecture of the MIP layer, the NIP
exhibited a noticeably denser and smoother surface. This clear
morphological difference provides direct visual conrmation of
the successful formation of molecular recognition cavities
within the MIP matrix following the extraction of the vanillin
template.

Energy-dispersive X-ray (EDX) spectroscopy was employed to
conrm the elemental composition and to provide chemical
evidence for polymer encapsulation of the Co3O4/TiO2 hetero-
junction. As shown in Fig. S1d, the non-imprinted Co3O4/TiO2

nanocomposite exhibits clear signals corresponding to C, O, Ti,
and Co, with carbon accounting for 16.85 wt%, oxygen
31.84 wt%, titanium 28.06 wt%, and cobalt 18.06 wt%. The
This journal is © The Royal Society of Chemistry 2026
presence of Ti and Co at comparable weight fractions conrms
the successful integration of both metal oxides within the
nanocomposite framework.

Following molecular imprinting, the EDX spectrum of MIP/
Co3O4/TiO2 (Fig. S1e) is dominated by a pronounced increase in
carbon content to 71.90 wt%, accompanied by a relative
decrease in oxygen (21.13 wt%) and substantial attenuation of
the Ti (4.13 wt%) and Co (2.84 wt%) signals. This dramatic shi
in elemental composition provides direct chemical evidence
that the inorganic Co3O4/TiO2 heterojunction is effectively
encapsulated within the organic polymer matrix. The sup-
pressed metal signals indicate shielding by the imprinted
polymer layer rather than loss of the inorganic phase, in
excellent agreement with SEM and TEM observations showing
conformal polymer coverage.

3.1.4. FTIR analysis and molecular imprinting validation.
Fourier-transform infrared (FTIR) spectroscopy was employed
to monitor surface functionalization and conrm successful
molecular imprinting (Fig. 2a). The spectrum of pristine Co3O4/
TiO2 is dominated by strong absorption bands in the 500–
800 cm−1 region, corresponding to Co–O and Ti–O–Ti stretch-
ing vibrations, conrming the inorganic nature of the core
material.25,27 A broad band centered at ∼3400 cm−1 is attributed
to surface hydroxyl groups, which serve as anchoring sites for
subsequent polymerization.

Upon formation of the molecularly imprinted polymer, the
MIP/Co3O4/TiO2 spectrum exhibits pronounced spectral
changes indicative of organic encapsulation. A sharp band at
1730 cm−1 corresponds to C]O stretching of ester groups from
the EGDMA cross-linker, while distinct C–O stretching bands at
1150 and 1260 cm−1 further conrm methacrylate network
formation.28 The appearance of bands at 1458 cm−1 and
1381 cm−1, assigned to –CH2– scissoring and –CH3 umbrella
vibrations, respectively, provides direct evidence of a cross-
linked polymer backbone. Notably, the presence of the –CH3

band—absent in acrylamide—serves as a diagnostic marker for
successful incorporation of EGDMA and conrms formation of
a robust, three-dimensional imprinted matrix rather than linear
polymer chains.

Following vanillin rebinding, the FTIR prole remains
structurally consistent, indicating polymer stability. However,
subtle band broadening and slight shis in the O–H
(∼3400 cm−1) and C]O (∼1730 cm−1) regions are observed,
providing spectroscopic evidence of non-covalent hydrogen
bonding between vanillin and the imprinted cavities. These
interactions align with the proposed recognition mechanism
and are later corroborated by DFT-calculated adsorption
congurations.

3.1.5. XPS analysis and interfacial electronic structure. X-
ray photoelectron spectroscopy (XPS) was employed to eluci-
date surface composition and electronic interactions. The
survey spectrum of the bulk MIP (Fig. 2b) shows only C, N, and
O signals, with the N 1s peak at ∼400 eV serving as a diagnostic
signature of the acrylamide functional monomer. In contrast,
the MIP/Co3O4/TiO2 nanocomposite (Fig. 2c) exhibits signals
corresponding to both polymer-derived elements (C 1s, N 1s)
Anal. Methods, 2026, 18, 4300–4319 | 4305
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Fig. 2 (a) FTIR spectra of Co3O4/TiO2, MIP/Co3O4/TiO2, and vanillin-bound MIP/Co3O4/TiO2 (b) XPS survey spectrum of MIP alone and (c) XPS
survey spectrum of MIP/Co3O4/TiO2.
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and core-derived metals (Co 2p and Ti 2p), conrming coexis-
tence of the imprinted layer and electroactive inorganic core.

The Ti 2p spectrum displays a characteristic doublet at
458.5 eV (Ti 2p3/2) and 464.2 eV (Ti 2p1/2), which are positively
shied by ∼0.26 eV relative to pristine TiO2.29 Conversely, the
Co 2p spectrum shows main peaks at 780.0 eV (Co 2p3/2) and
795.1 eV (Co 2p1/2), negatively shied by ∼0.4 eV compared to
pure Co3O4.30 These opposing binding energy shis provide
compelling evidence of electron redistribution across the
Co3O4/TiO2 interface.

Specically, electrons are transferred from n-type TiO2 to p-
type Co3O4 until Fermi level equilibration is achieved, result-
ing in the formation of an internal electric eld at the p–n
heterojunction.16,31 This built-in eld facilitates charge separa-
tion and accelerates interfacial electron transport, directly
contributing to reduced charge-transfer resistance and
enhanced electrochemical signal amplication. Importantly,
the simultaneous detection of metal core signals beneath the
polymer layer indicates that the MIP lm is sufficiently thin and
permeable, ensuring that molecular recognition does not
compromise electronic communication with the electrode.

3.1.6. Mott–Schottky analysis and p–n heterojunction band
alignment. While structural and elemental analyses indicate
4306 | Anal. Methods, 2026, 18, 4300–4319
the physical integration of themetal oxides, the thermodynamic
formation of the p–n heterojunction and its interfacial ener-
getics were denitively mapped using Mott–Schottky (M–S)
analysis. The interfacial capacitance (C) was measured as
a function of applied potential (E) at 2.5 kHz, and the data were
evaluated using the standard Mott–Schottky relation:

1

C2
¼ 2

330eNA2

�
E � Efb � kT

e

�

where 3 is the dielectric constant of the semiconductor, 30 is the
vacuum permittivity, e is the elementary charge, N is the carrier
density, A is the active area, and E is the at band potential.

As shown in Fig. 3a–d, the pure oxide precursors exhibited
archetypal single-semiconductor behavior. Pure Co3O4 di-
splayed a negative slope, conrming holes as the majority
charge carriers (p-type), with an extrapolated at band potential
(E) of 0.108 V (vs. Ag/AgCl) and a high acceptor density (NA =

2.47 × 1020 cm−3). In contrast, pure TiO2 yielded a positive
slope characteristic of an n-type semiconductor, with an E of
0.601 V and a donor density (ND) of 2.33 × 1019 cm−3.

Crucially, the M-S plot for the synthesized Co3O4/TiO2

nanocomposite (Fig. 3e and f) exhibited a distinct inverted “V”
shape, featuring both negative and positive linear regions. This
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Mott–Schottky plots (1/C2 vs. applied potential) demonstrating semiconductor type and interfacial band energetics. Measurements were
performed for (a) and (b) pristine Co3O4 confirming p-type characteristics, (c) and (d) pristine TiO2 confirming n-type characteristics, and (e) and
(f) the Co3O4/TiO2 nanocomposite. The bipartite, inverted “V” shape observed in the composite confirms the successful formation of a p–n
heterojunction and enables the extraction of shifted flat band potentials (Efb) to determine the built-in internal electric field.
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bipartite curve is the denitive electrochemical signature of
a successfully formed p–n heterojunction. Upon intimate
contact between the p-type Co3O4 and n-type TiO2, the chemical
potential gradient drives the diffusion of electrons from TiO2 to
Co3O4, and holes in the reverse direction, until the Fermi levels
equilibrate. This equilibration fundamentally alters the
This journal is © The Royal Society of Chemistry 2026
localized band energetics. In the composite, the apparent at
band potentials shied to 0.206 V for the p-region and 0.702 V
for the n-region.

The magnitude of the internal electric eld generated at the
depletion region—the built-in potential (Vbi)—can be estimated
from the difference between these shied energy states. The
Anal. Methods, 2026, 18, 4300–4319 | 4307
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calculated Vbi of 0.496 V establishes a powerful localized driving
force that suppresses the recombination of electron–hole pairs.
Consequently, during the electro-oxidation of vanillin, this
built-in electric eld rapidly sweeps electrons away from the
catalytic interface, directly rationalizing the drastic reduction in
charge-transfer resistance and the amplied anodic currents
observed in the subsequent voltammetric studies.
3.2. Electrochemical synergy and interfacial charge-transfer
behavior

The electrochemical evolution of the sensing interface was
quantitatively evaluated by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) using the
reversible [Fe(CN)6]

3−/4− redox probe. These techniques provide
complementary insight into surface conductivity, electroactive
area, and interfacial charge-transfer kinetics at each fabrication
stage.

3.2.1. Cyclic voltammetry and electroactive surface area. As
shown in Fig. 4a, the bare glassy carbon electrode (GCE)
exhibited a pair of well-resolved redox peaks with an anodic
peak current (Ipa) of 9.12 mA and a peak-to-peak separation (DEp)
of 64mV, consistent with a quasi-reversible diffusion-controlled
process. Upon modication with the Co3O4/TiO2 nano-
composite, a dramatic enhancement in electrochemical activity
was observed: the anodic current increased nearly 7.6-fold to
69.41 mA, while DEp expanded to 350 mV. This behavior reects
rapid interfacial electron transport facilitated by the p–n
heterojunction formed between p-type Co3O4 and n-type TiO2,
coupled with a substantial increase in electroactive surface area
(ECSA) from 0.348 to 0.427 cm2.

Following polymer deposition, distinct imprinting-
dependent behavior emerged. The non-imprinted polymer
(NIP) electrode showed severe current suppression (Ipa = 4.25
mA, DEp = 401 mV), indicating that the dense polymer layer acts
as an insulating barrier that blocks probe diffusion. In contrast,
the MIP/Co3O4/TiO2 electrode retained a high anodic current of
45.25 mA with a signicantly narrower DEp (166 mV), demon-
strating that template removal generates accessible transport
channels through the polymer matrix. The imprinting factor
derived from CV was calculated as:

IFCV ¼ IMIP
pa

INIP
pa

¼ 45:25

4:25
z 10:6

This high IFCV quantitatively conrms the formation of
selective, electrochemically active imprinted cavities rather
than nonspecic polymer porosity. Consistent with this trend,
the electroactive surface area of the MIP electrode (0.303 cm2)
remained substantially higher than that of the NIP, for which
reliable ECSA estimation was not feasible due to signal
attenuation.

3.2.2. Electrochemical impedance spectroscopy and inter-
facial kinetics. EIS measurements (Fig. S3) were tted using
a modied Randles equivalent circuit. This specic pattern was
selected as it optimally models the physical phenomena at the
porous electrode interface, incorporating uncompensated
4308 | Anal. Methods, 2026, 18, 4300–4319
solution resistance (Rs), charge-transfer resistance (Rct), and
a constant phase element (CPE) to account for interfacial
heterogeneity and non-ideal capacitance. The bare GCE
exhibited a high Rct of 4719 U cm2, reecting intrinsically slow
electron-transfer kinetics at the unmodied carbon surface.
Aer Co3O4/TiO2 deposition, Rct decreased sharply to 17.9 U

cm2, representing a >260-fold reduction. This drastic improve-
ment directly evidences the electron-mediating role of the
Co3O4/TiO2 heterojunction, where Fermi level equilibration
across the p–n interface establishes an internal electric eld
that accelerates charge transfer.

Introduction of the molecularly imprinted polymer resulted
in a moderate increase in Rct to 35.8 U cm2, attributable to the
non-conductive polymer backbone.32 Crucially, this value
remains over 130 times lower than that of the bare GCE,
demonstrating that the imprinted cavities act as preferential
electron-transfer conduits. By contrast, the NIP-modied elec-
trode exhibited a higher resistance (43.3 U cm2) and markedly
inferior interfacial capacitance. The imprinting factor from EIS
was quantied as:

IFEIS ¼ RNIP
ct

RMIP
ct

¼ 43:3

35:8
z 1:21

Although the imprinting factor derived from EIS is intrinsi-
cally lower than that obtained from CV—owing to the sensitivity
of impedance spectroscopy to the bulk dielectric and interfacial
charge-transfer characteristics of the polymer layer—it never-
theless clearly evidences the enhanced charge-transfer accessi-
bility of the imprinted architecture. This disparity is expected,
as CV predominantly probes localized mass-transport and redox
accessibility through imprint-generated pathways, whereas EIS
integrates the overall interfacial response governed by polymer
dielectric properties.

3.2.3. Validation of imprinting mechanism via rebinding
studies. To denitively validate the delity and specic recog-
nition capability of the imprinted cavities, stepwise electro-
chemical measurements were conducted on the MIP interface
before and aer template rebinding (Fig. S4). The unwashed
MIP, wherein the cavities remain occupied by the vanillin
template, exhibited heavily suppressed electrochemical activity
characterized by a high Rct (671.1U cm2) and low anodic current
(11.38 mA cm−2). This conrms that the embedded target
molecule acts as a physical barrier, sterically hindering the
diffusion of the [Fe(CN)6]

3−/4− probe to the underlying electro-
catalytic core. Upon complete elution of the template, the
transport channels were unblocked, resulting in a sharp
decrease in impedance (Rct = 38.9 U cm2) and a concurrent
recovery of the anodic current (46.44 mA cm−2) presented in
Fig. S5. Subsequently, when the eluted electrode was re-
incubated in a vanillin solution, the target molecules speci-
cally reoccupied the tailored cavities. This successful rebinding
once again blocked the probe pathways, causing the interfacial
resistance to surge to 481.3 U cm2 and the current to drop to
13.45 mA cm−2. This cyclical blocking and unblocking behavior
provides unequivocal evidence of the successful formation of
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) CVs of bare GCE andmodified GCE in 2mM [Fe(CN)6]
3−/4− (b) CVs of bare GCE andmodified GCE in vanillin (c) effect of solution pH on

the anodic peak current (d) CVs at different scan rates (e) variation in vanillin concentration (f) calibration curves for vanillin determination
showing two linear concentration ranges.
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highly specic, dimensionally matched recognition sites within
the polymer matrix.

Further mechanistic insight is provided by the double-layer
capacitance (Cdl). The MIP electrode exhibited a Cdl of 18.0
mF, nearly three orders of magnitude larger than that of the NIP
(0.01 mF). This striking contrast indicates that the NIP forms
This journal is © The Royal Society of Chemistry 2026
a thick dielectric barrier that suppresses interfacial polariza-
tion, whereas the MIP preserves electrolyte penetration and
interfacial charge accumulation within the imprinted cavities.
Collectively, the quantitative CV and EIS analyses demonstrate
that the sensing interface benets from a dual synergistic
mechanism: (i) the Co3O4/TiO2 p–n heterojunction dramatically
Anal. Methods, 2026, 18, 4300–4319 | 4309
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enhances intrinsic electron-transfer kinetics and electroactive
surface area, and (ii) molecular imprinting introduces selective,
nanoscale transport channels that maintain electrochemical
accessibility despite polymer encapsulation.
Fig. 5 Optimization of the MIP layer thickness and mass transport
kinetics. Cyclic voltammograms demonstrating the effect of thermal
polymerization time (12, 18, 24, and 36 h) on the electrocatalytic
oxidation of 25 mM vanillin. The signal peak at 24 h represents the
optimal equilibrium between imprinted cavity density and polymer
shell permeability.
3.3. Electrochemical recognition and analytical performance
toward vanillin

3.3.1. Electrochemical behavior of vanillin at the modied
interfaces. The electrocatalytic oxidation of vanillin (50 mM,
0.1 M PBS, pH 7.0) was systematically investigated at the
stepwise-modied electrodes using cyclic voltammetry (Fig. 4b).
Pronounced differences in oxidation kinetics and signal
magnitude were observed, directly reecting the interfacial
architecture and recognition functionality.

At the bare GCE, vanillin produced a broad and weak anodic
response with a peak current density of 3.84 mA cm−2 at Epa =
0.635 V, indicative of sluggish electron-transfer kinetics and
poor surface affinity typical of unmodied carbon electrodes.
Upon modication with the Co3O4/TiO2 heterojunction, the
anodic peak current increased sharply to 51.86 mA cm−2, cor-
responding to an approximately 13-fold enhancement. This
substantial amplication arises from the synergistic coupling of
p-type Co3O4 and n-type TiO2, which promotes efficient inter-
facial charge separation, together with the presence of mixed-
valence Co2+/Co3+ redox centers that facilitate catalytic oxida-
tion of the phenolic hydroxyl group in vanillin.

Notably, the MIP/Co3O4/TiO2/GCE delivered the highest
current response (70.03 mA cm−2 at Epa = 0.655 V), representing
an ∼18-fold enhancement relative to the bare electrode. This
behavior contrasts with the attenuation observed for the outer-
sphere [Fe(CN)6]

3−/4− probe, where the polymer layer partially
hindered electron transfer. In the presence of vanillin, however,
the imprinted polymer acts as an analyte-specic accumulation
layer, selectively capturing and pre-concentrating vanillin
within geometrically and chemically complementary cavities.
This local enrichment at the electrode–electrolyte interface
effectively compensates for the insulating nature of the polymer
matrix and maximizes access to the underlying catalytic
heterojunction. The result conrms that the sensing interface
integrates molecular recognition and electrocatalysis in a coop-
erative manner, yielding a response unattainable by either
component alone.

3.3.2. Inuence of solution pH and reaction mechanism.
The pH of the supporting electrolyte critically governs both the
oxidation kinetics and the interfacial recognition of vanillin.
The electrochemical response of the MIP/Co3O4/TiO2 sensor
was therefore evaluated over a pH range of 5.0–9.0 (Fig. 4c).

Effect on peak current (Ipa): the anodic peak current exhibi-
ted a pronounced dependence on solution pH, reaching
a maximum of 54.82 mA cm−2 at pH 7.0. Slightly lower currents
were observed at pH 5–6, while a marked decrease occurred
under alkaline conditions, dropping to 42.92 mA cm−2 (pH 8.0)
and 36.54 mA cm−2 (pH 9.0). This trend reects the acid–base
behavior of vanillin (pKa z 7.4). At neutral pH, vanillin exists
predominantly in its molecular form, favoring hydrogen
bonding and p–p interactions within the imprinted cavities. At
4310 | Anal. Methods, 2026, 18, 4300–4319
pH values above the pKa, deprotonation yields phenolate
anions, while concurrent deprotonation of surface hydroxyl
groups (M–O−) and polymer functionalities imparts a net
negative surface charge. The resulting electrostatic repulsion
suppresses analyte uptake into the recognition sites, leading to
diminished current response.

Effect on peak potential (Epa) and mechanistic insight: as
shown in Fig. S6a, the oxidation peak potential shied linearly
toward more negative values with increasing pH, following the
relationship:

Epa (V) = −0.0495 pH + 0.8579 (R2 = 0.9969)

The slope of 49.5 mV pH−1 is close to the theoretical
Nernstian value (59 mV pH−1 at 25 °C), indicating that the
number of protons involved in the rate-determining step is
approximately equal to the number of transferred electrons (m
z n). This behavior is consistent with a 1e−/1H+ oxidation
mechanism, where vanillin undergoes proton-coupled electron
transfer to form a phenoxy radical intermediate, followed by
further chemical stabilization or coupling. Based on both
maximal signal intensity and mechanistic stability, pH 7.0 was
selected as the optimal electrolyte for all subsequent analytical
evaluations.

3.3.3. Optimization of polymer layer thickness and mass
transport. The thickness and cross-linking density of the MIP
layer are critical parameters that dictate the balance between
specic recognition capacity and the kinetic efficiency of analyte
diffusion. To prevent the formation of an excessively thick
polymer shell that could insulate the electrocatalytic core, the
thermal polymerization time was systematically optimized
(Fig. 5). The anodic peak current for 25 mM vanillin exhibited
a pronounced dependency on polymerization duration. At 12 h
and 18 h, the structural framework of the polymer was under-
evolved, leading to an insufficient density of imprinted
This journal is © The Royal Society of Chemistry 2026
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cavities and correspondingly low current responses (22.58 and
45.22 mA cm−2, respectively). The maximum electrocatalytic
response (54.82 mA cm−2) was achieved at 24 h, indicating the
formation of a robust, highly populated recognition layer that
remained sufficiently permeable to facilitate rapid mass trans-
port. Conversely, extending the polymerization to 36 h resulted
in a signicant signal suppression (36.58 mA cm−2). This decline
conrms that excessive polymerization yields an overly thick,
dense dielectric barrier that severely restricts the diffusional
pathways of vanillin to the internal Co3O4/TiO2 heterojunction.
Consequently, 24 h was established as the optimal polymeri-
zation time to maximize sensitivity.

3.3.4. Scan rate dependence and mass-transport regime.
To elucidate the kinetics and transport mechanism governing
vanillin oxidation, cyclic voltammograms were recorded at scan
rates ranging from 5 to 100 mV s−1 for 25 mM vanillin (Fig. 4d).
The anodic peak current increased monotonically with scan
rate, accompanied by a slight positive shi in peak potential
(from 0.625 V at 5 mV s−1 to 0.657 V at 100 mV s−1), conrming
the irreversible nature of the oxidation process. Analysis of the
current–scan rate relationship revealed that the dependence of
Ipa on the square root of scan rate provided superior linearity
(Fig. S6b):

Ipa = 7.694v1/2 − 6.579 (R2 = 0.9973)

compared with the linear Ipa–n relationship (R2 = 0.9835)
(Fig. S6c). This clearly indicates that the oxidation of vanillin at
the MIP/Co3O4/TiO2 interface is predominantly diffusion-
controlled. Mechanistically, this implies that adsorption into
the imprinted cavities is rapid and not rate-limiting, while the
overall current is governed by the diffusion of vanillin mole-
cules through the porous polymer network to the electro-
catalytic heterojunction. This behavior aligns with SEM
observations of a coral-like, interconnected morphology that
supports efficient mass transport while minimizing surface
fouling.

3.3.5. Calibration characteristics and detection capability.
The quantitative sensing performance was evaluated by
recording the CV response of the MIP/Co3O4/TiO2 electrode to
increasing vanillin concentrations (2.5–250 mM) in PBS (pH 7.0)
(Fig. 4e). The anodic peak current at ∼0.635 V increased
systematically with concentration, yielding a calibration plot
with two distinct linear regions (Fig. 4f).

Region I (2.5–75 mM): high-affinity recognition: a steep slope
of 0.8394 mA mM−1 cm−2 (R2 = 0.9915) was obtained, corre-
sponding to selective occupancy of high-affinity imprinted
cavities located at or near the polymer surface. These sites
provide optimal geometric and chemical complementarity,
resulting in rapid accumulation and efficient electron transfer.

Region II (75–250 mM): saturation-controlled response: at
higher concentrations, the sensitivity decreased to 0.1343 mA
mM−1 cm−2 (R2 = 0.9907), reecting saturation of specic cavi-
ties and a transition toward diffusion to lower-affinity or non-
specic sites. Despite the reduced slope, excellent linearity
was maintained, extending the dynamic range well beyond
concentrations typically encountered in food products. The
This journal is © The Royal Society of Chemistry 2026
limits of detection and quantication were calculated using the
standard deviation of the blank response (s = 0.017 mA cm−2, n
= 5) and the slope of the high-sensitivity region:

� LOD = 0.06 mM.
� LOQ = 0.20 mM.
These values are substantially lower than vanillin levels

commonly found in commercial foods (z60–3000 mM), con-
rming that the sensor is well suited for direct analysis of
complex food matrices without extensive preconcentration.

Due to the biphasic nature of the calibration curve, the
sensor exhibits maximum analytical reliability and a 6.3-fold
higher sensitivity within the primary linear range (2.5–75 mM),
corresponding to the selective occupation of high-affinity
imprinted cavities. Because commercial food products and
avoring extracts frequently contain endogenous vanillin
concentrations exceeding this threshold, strict sample dilution
protocols were employed to ensure regulatory compliance and
quantication accuracy. Prior to electrochemical analysis, food
sample extracts were diluted using the supporting electrolyte to
ensure the working analyte concentration fell securely within
the highly sensitive primary linear region (<75 mM). The
endogenous vanillin concentration of the original matrix was
subsequently determined by back-calculating with the applied
dilution factor, thereby circumventing the risk of signal
underestimation associated with cavity saturation at higher
concentrations.
3.4. Selectivity and interference studies

Selectivity is the dening performance metric of molecularly
imprinted electrochemical sensors. The discrimination capa-
bility of the MIP/Co3O4/TiO2 electrode was evaluated by
recording the CV response of 25 mM vanillin in the presence of
representative inorganic ions and organic matrix components
commonly encountered in food samples (Fig. 6a).

3.4.1. Single-component interference. As shown in Fig. 6a,
the addition of K+, Na+, Mg2+, Ca2+, and common saccharides
(glucose, fructose, sucrose) at equimolar concentrations
induced negligible variations in anodic peak current (DI/I0 =

−3.7% to +2.3%). These results conrm that the imprinted
recognition sites selectively accommodate vanillin through
complementary size, geometry, and hydrogen-bonding interac-
tions, while sterically and chemically mismatched species are
effectively excluded.33

3.4.2. Structural analogs and avor additives. To directly
address the sensor's capability to discriminate against struc-
turally similar compounds that oen coexist in avoring
formulations, the sensor was challenged with benzaldehyde (a
ubiquitous aldehyde avorant) and 2,4,5-trichlorophenol (a
representative phenolic analog) (Fig. S7). At equimolar ratios
(1 : 1), the introduction of benzaldehyde and 2,4,5-tri-
chlorophenol resulted in negligible signal changes of −3.36%
and +0.51%, respectively. To rigorously test the boundaries of
this selectivity, massive excess concentrations were applied.
Even in the presence of a 100-fold excess of 2,4,5-tri-
chlorophenol, the signal deviation was only −3.14%. Most
remarkably, exposing the sensor to a 4000-fold excess of
Anal. Methods, 2026, 18, 4300–4319 | 4311
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Fig. 6 (a) Single-component interference (b) multi-component matrix effect (c) ascorbic acid interference (d) reproducibility measurements (e)
stability studies in room temperature (f) stability studies in refrigerated storage.
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benzaldehyde (0.1 M) resulted in amodest signal suppression of
just 11.71%. This robust discrimination conrms that mole-
cules lacking the exact functional group arrangement (e.g.,
benzaldehyde lacking specic –OH and –OCH3 anchoring
points) or possessing mismatched steric bulk (e.g., chlorinated
4312 | Anal. Methods, 2026, 18, 4300–4319
phenols) cannot favorably coordinate within the specic
imprinted cavities.

3.4.3. Multi-component matrix challenge. To simulate
realistic food matrices, mixed interferent systems containing
50-fold and 75-fold excess concentrations were examined
(Fig. 6b). Under these aggressive conditions, the sensor
This journal is © The Royal Society of Chemistry 2026
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preserved a stable response in the range of 53.8–56.8 mA cm−2,
indicating excellent resistance to competitive adsorption.
Moderate signal suppression (13–18%) was observed only in
mixtures containing citric acid and sucrose, which is attributed
to partial pore blockage arising from non-specic phys-
isorption. Importantly, even under these conditions, >80%
signal retention was maintained, conrming the robustness of
the imprinting strategy.

3.4.4. Ascorbic acid interference. A pronounced current
enhancement was observed in the presence of ascorbic acid (AA)
(Fig. 6c). This behavior arises from the intrinsic electroactivity
of AA, which undergoes oxidation within a similar potential
window on transition metal oxide surfaces.34 Due to its small
molecular size, AA can permeate the MIP layer and access the
Co3O4/TiO2 catalytic sites, leading to overlapping faradaic
contributions. Accordingly, for vitamin C–rich samples, dilu-
tion or enzymatic pretreatment is required to ensure analytical
accuracy.

3.5. Reproducibility and fabrication consistency

Fabrication reproducibility was assessed using six indepen-
dently prepared MIP/Co3O4/TiO2 electrodes under identical
conditions (25 mM vanillin, 50 mV s−1). As shown in Fig. 6d, the
voltammograms exhibit excellent overlap, with invariant
oxidation potentials and closely clustered current responses.
The recorded anodic peak current densities were 58.95, 57.34,
56.83, 56.97, 54.30, and 53.96 mA cm−2, corresponding to
a relative standard deviation (RSD) of 3.39% (n = 6). This low
variability demonstrates that the hydrothermal deposition and
electropolymerization processes yield a highly uniform inter-
facial architecture, satisfying reproducibility requirements for
analytical deployment.

3.6. Long-term stability and storage performance

The operational stability of the sensor was evaluated over 42
days under two storage conditions: room temperature (25 ± 1 °
C) and refrigerated storage (10 ± 1 °C).

3.6.1. Room temperature storage. As shown in Fig. 6e, the
sensor retained 97.6% of its initial response aer 15 days, fol-
lowed by a gradual decline to 75.3% by Day 42. This degradation
is attributed to slow polymer chain relaxation and progressive
surface oxidation of the metal oxide active sites.

3.6.2. Refrigerated storage. In contrast, refrigerated storage
signicantly mitigated signal loss (Fig. 6f). The electrode
preserved 94.2% of its initial response aer 30 days and 89.8%
aer 42 days, demonstrating effective stabilization of both the
imprinted polymer network and the Co3O4/TiO2 heterojunction.
These results conrm that, when stored under mild refrigera-
tion, the MIP/Co3O4/TiO2 sensor maintains reliable analytical
performance for over six weeks, meeting practical requirements
for routine food quality control and laboratory analysis. By
integrating molecular imprinting-driven chemical selectivity
with a Co3O4/TiO2 heterojunction that promotes fast, diffusion-
controlled electron transfer, this platform delivers sub-
micromolar vanillin detection with high matrix tolerance and
operational stability, positioning it as a practical
This journal is © The Royal Society of Chemistry 2026
electroanalytical tool for routine food quality control without
extensive sample pretreatment.

3.7. Antifouling capabilities and matrix stability

In continuous electrochemical monitoring of food products, the
accumulation of macromolecules (e.g., proteins, lipids) and
phenolic compounds oen leads to severe electrode passiv-
ation, a phenomenon known as cumulative fouling. To rigor-
ously evaluate the antifouling properties of the MIP/Co3O4/TiO2

architecture, the sensor was subjected to repetitive cyclic vol-
tammetry (50 continuous cycles) directly in unspiked, pre-
treated milk and coffee matrices, serving as models for high-
protein/lipid and polyphenol-rich environments, respectively
(Fig. 7).

The evolution of the voltammetric proles reveals distinct,
matrix-dependent interfacial dynamics. In the milk matrix
(Fig. 7a and b), a slight, gradual suppression of the capacitive
background current was observed (from 41.83 to 31.22 mA cm−2

over 50 cycles). This stabilization indicates minor adsorption of
denatured proteins or lipid aggregates onto the outer polymer
surface, which mildly reduces the interfacial double-layer
capacitance. Conversely, in the coffee matrix (Fig. 7c and d),
the capacitive background current exhibited a steady increase
from 66.01 to 82.53 mA cm−2. This behavior is characteristic of
the non-specic adsorption of electroactive polyphenolic
compounds, which accumulate on the exterior of the polymer
network and undergo continuous redox cycling, thereby
elevating the total interfacial charge.

Crucially, the integrity of the vanillin recognition mecha-
nism was preserved in both aggressive environments. To
quantify the extent of cumulative passivation, the sensor's
response to a standard 25 mM vanillin solution in PBS was
measured before and immediately aer the 50-cycle matrix
exposure (Fig. 7f). The sensor exposed to the milk matrix
exhibited an anodic peak current of 49.11 mA cm−2, translating
to an excellent signal retention of 89.58% (a sensitivity loss of
merely 0.21% per cycle). Remarkably, the sensor exposed to the
coffee matrix retained 97.90% of its original response (53.67 mA
cm−2), despite the heavy outer accumulation of polyphenols.

These ndings conrm that the molecularly imprinted layer
functions as a highly robust, permselective shield. While matrix
interferents may dynamically interact with the macroscopic
surface, they are sterically and chemically excluded from
penetrating the customized imprinted cavities. Consequently,
the internal heterojunction catalytic sites remain unobstructed,
ensuring high-delity quantication of vanillin without the
need for extensive sample cleanup or continuous electrode
renewal.

3.8. Real sample analysis and method validation

The practical applicability of the proposed MIP/Co3O4/TiO2

electrochemical sensor was rigorously evaluated through the
determination of vanillin in ve commercially available food
products representing a broad spectrum of matrix complexity,
including lipid- and protein-rich dairy products (milk and ice
cream), carbohydrate-dense solid foods (biscuits), and
Anal. Methods, 2026, 18, 4300–4319 | 4313
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Fig. 7 Antifouling performance and matrix stability of the MIP/Co3O4/TiO2 sensor. Continuous cyclic voltammograms (50 cycles) recorded in
unspiked (a) and (b) milk and (c) and (d) coffee matrices. (e) Overlay comparison of the 50th CV cycle in both matrices. (f) Anodic peak current
response for 25 mM vanillin before (initial) and after the 50-cycle exposure to the respective food matrices, demonstrating high signal retention.
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polyphenol-containing beverages (coffee and iced tea). These
matrices are analytically challenging due to their high fouling
propensity, coexisting electroactive species, and variable phys-
icochemical compositions, providing a stringent test of sensor
robustness.34–38

3.8.1. Quantication of endogenous vanillin. As summa-
rized in Table 1, the sensor enabled direct quantication of
4314 | Anal. Methods, 2026, 18, 4300–4319
endogenous vanillin in avored products without extensive
sample pretreatment. Vanillin concentrations of 452.1 mM
(milk), 118.4 mM (ice cream), and 142.7 mM (biscuits) were
reliably determined, falling well within the typical concentra-
tion ranges reported for commercial food formulations. In
contrast, no discernible oxidation peaks attributable to vanillin
were observed in unavored coffee and iced tea samples (“ND”),
This journal is © The Royal Society of Chemistry 2026
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Table 1 Quantification of vanillin in food samples by the MIP/Co3O4/TiO2 sensor with recovery and method comparison (HPLC, UV-vis)a

Sample
Original found
(mM)

Added
(mM) Total found (mM)

Recovery
(%) RSD (%)

Milk 452.1 25.0 476.5 (�0.039) 97.6 2.15
50.0 503.2 (�0.012) 102.2 2.40
75.0 525.8 (�0.021) 98.3 2.65

Ice cream 118.4 25.0 144.2 (�0.013) 103.2 3.12
50.0 169.1 (�0.011) 101.4 2.85
75.0 192.5 (�0.025) 98.8 3.05

Biscuits 142.7 25.0 166.9 (�0.016) 96.8 2.94
50.0 193.5 (�0.028) 101.6 3.05
75.0 218.4 (�0.031) 100.9 3.20

Coffee ND 25.0 24.8 (�0.028) 99.2 3.55
50.0 51.4 (�0.033) 102.8 3.10
75.0 74.1 (�0.027) 98.8 3.45

Iced tea ND 25.0 25.6 (�0.025) 102.4 3.80
50.0 48.9 (�0.015) 97.8 3.65
75.0 73.5 (�0.012) 98.0 3.90

Sample
Sensor
(mM) HPLC (mM)

UV-Vis
(mM)

RE vs.
HPLC (%)

RE vs.
UV-vis (%)

Milk 452.1 447.9 457.3 0.94 1.14
Ice cream 118.4 115.5 117.8 2.51 0.51
Biscuits 142.7 145.5 148.5 1.92 3.91
Coffee ND 0.28 ND — —
Iced tea ND ND ND — —

a ND: not detected (<LOD); tabulated results are based on n= 4± standard deviation; statistical comparison using paired t-test and F-test at the 95%
condence level showed no signicant difference between the proposed sensor and reference methods (p > 0.05); detailed statistical analysis is
provided in Section S2.2.
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conrming the absence of false-positive responses arising from
matrix-derived phenolics, caffeine, or organic acids. This result
highlights the high chemical selectivity imparted by the
molecularly imprinted polymer layer, even in chemically
complex beverage matrices.39

3.8.2. Accuracy and recovery performance. Method accu-
racy was assessed via standard addition recovery experiments
using three spiking levels (25, 50, and 75 mM vanillin). Across all
matrices, the sensor exhibited excellent recovery values ranging
from 96.8% to 103.2%, with relative standard deviations (RSDs)
consistently below 4.0% (n = 4). These results demonstrate that
the porous MIP architecture effectively mitigates electrode
fouling and matrix suppression effects, enabling reproducible
analyte access to the electrocatalytic Co3O4/TiO2 heterojunction.
Notably, even in high-fat and protein-rich dairy samples—
conditions that typically compromise electrochemical inter-
faces—the sensor maintained quantitative accuracy, under-
scoring the perm-selective and antifouling nature of the
imprinted polymer layer.

3.8.3. Validation against reference methods. To bench-
mark analytical reliability, the electrochemical results were
systematically compared with established reference techniques,
namely high-performance liquid chromatography (HPLC) and
UV-vis spectrophotometry (Table 1). The proposed sensor
showed excellent agreement with both methods, with relative
errors (RE) consistently below 4.0% for all quantied samples.
For milk, the deviation from HPLC was only 0.94%,
This journal is © The Royal Society of Chemistry 2026
demonstrating near-equivalence to chromatographic analysis.
In the case of coffee, HPLC detected a trace vanillin concen-
tration (0.28 mM), which lies near the instrumental quantica-
tion limit and is statistically consistent with the “ND”
classication obtained electrochemically. This minor discrep-
ancy reects the fundamentally different detection principles of
chromatographic versus electrochemical methods and does not
indicate analytical bias. Importantly, the electrochemical
sensor achieves comparable accuracy while offering substantial
advantages in terms of analysis time, operational simplicity,
cost, and portability.

Overall, these validation results conrm that the MIP/Co3O4/
TiO2 sensor provides reliable, matrix-tolerant quantication of
vanillin in real food samples, meeting the analytical perfor-
mance criteria required for routine quality control and on-site
screening applications. The validated concentration range and
low detection limit of the proposed MIP/Co3O4/TiO2 sensor
comfortably encompass the vanillin levels specied in interna-
tional food labeling and additive regulations, enabling rapid
verication of declared avor content. This positions the plat-
form as a practical screening tool for routine regulatory
compliance, adulteration detection, and quality assurance in
food manufacturing and inspection settings.

3.9. DFT-supported sensing mechanism

To elucidate the molecular origin of selectivity and signal
amplication in the MIP/Co3O4/TiO2 sensor, density functional
Anal. Methods, 2026, 18, 4300–4319 | 4315
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theory (DFT) calculations coupled with Monte Carlo adsorption
simulations were employed. As depicted in Scheme 1, vanillin
interacts with acrylamide through directional hydrogen
bonding during the pre-polymerization stage, leading to the
formation of spatially and chemically complementary recogni-
tion sites upon template removal. Accordingly, the computa-
tional framework was designed to (i) determine the optimal
vanillin–monomer stoichiometry governing cavity delity, (ii)
quantify adsorption energetics and interaction hierarchies for
vanillin relative to structurally relevant interferents, and (iii)
mechanistically link molecular-level recognition events to
experimentally observed electrochemical responses, including
charge-transfer resistance modulation and sensitivity
enhancement.

3.9.1. Model construction and computational method-
ology. The molecularly imprinted environment was modeled
using acrylamide as the functional monomer, selected for its
strong hydrogen-bond donor/acceptor capability toward
phenolic and aldehydic functionalities. Vanillin, glucose, and
ascorbic acid were treated as template or competing analytes to
reect the experimental selectivity landscape. For vanillin–
acrylamide assemblies, four stoichiometric ratios (1 : 1, 1 : 2, 1 :
3, and 1 : 4) were evaluated to capture cooperative binding
effects. Initial adsorption congurations were generated using
the adsorption locator module with simulated annealing under
the COMPASSIII force eld, allowing full translational, rota-
tional, and regrowth freedom of the monomers. The lowest-
energy adsorption poses were subsequently rened via DFT
geometry optimization using the DMol3 module. Interaction
energies (DE) were calculated according to:

DE = Ecomplex − (Etemplate + n × Emonomer)

where negative DE values indicate thermodynamically favorable
complex formation. This combined Monte Carlo-DFT strategy
ensures both global conformational sampling and accurate
electronic-level interaction analysis, consistent with MCA
computational standards.

3.9.2. Binding stoichiometry and energetic optimization.
The calculated interaction energies for vanillin–acrylamide
complexes reveal a pronounced dependence on monomer
stoichiometry. As summarized below, the binding strength
increases sharply from 1 : 1 to 1 : 3, followed by a decline at
higher monomer loading:

� 1 : 1: −0.18 kcal mol−1 (very weak, insufficient interaction
sites).

� 1 : 2: −13.36 kcal mol−1 (strong, partial hydrogen-bond
network).

�1 : 3: −28.49 kcal mol−1 (very strong, optimal cooperative
binding).

� 1 : 4: −12.66 kcal mol−1 (weakened due to steric crowding).
The 1 : 3 vanillin : acrylamide ratio clearly represents the

thermodynamic optimum, where three acrylamide units coop-
eratively engage vanillin through multiple hydrogen bonds
without introducing steric frustration. This result (see Table S1)
provides molecular-level justication for the experimentally
4316 | Anal. Methods, 2026, 18, 4300–4319
observed high imprinting efficiency and validates the monomer
composition employed during polymer synthesis.

3.9.3. Adsorption conguration and origin of selectivity.
The lowest-energy adsorption conguration for the vanillin–
acrylamide (1 : 3) assembly (Fig. 8) reveals a highly ordered,
multipoint recognition motif consistent with the imprinting
mechanism illustrated in Scheme 1. In this optimized geom-
etry, vanillin is anchored within the cavity through cooperative
hydrogen bonding between its phenolic –OH and aldehydic –

CHO groups and the –NH/–C]O functionalities of acrylamide,
yielding a total system energy of −225.67 kcal mol−1 and an
isosteric heat of adsorption of 16.19 kcal mol−1. The low
deformation energy (z−6 kcal mol−1) conrms that binding
occurs without signicant structural distortion, indicating
excellent geometric and chemical complementarity between the
template and the imprinted sites formed aer polymerization
and template removal (Scheme 1).

In contrast, common interferents exhibit markedly weaker
and less cooperative adsorption behavior. The glucose–acryl-
amide (1 : 3) assembly shows a much lower interaction energy
(−12.57 kcal mol−1), dominated by non-directional hydrogen
bonding from multiple hydroxyl groups, resulting in poor
connement and reduced stabilization (average total system
energy: −224.96 kcal mol−1). Ascorbic acid displays interme-
diate affinity (−20.23 kcal mol−1), attributed to its enediol
functionality, but lacks the rigid aromatic framework required
to achieve cavity matching comparable to vanillin. These ener-
getic and structural differences establish the selectivity
hierarchy:

Vanillin [ ascorbic acid > glucose

which directly mirrors the experimentally observed interference
tolerance and selectivity trends in electrochemical
measurements.

It is important to note that while these DFT-calculated
binding energies successfully predict the thermodynamic pref-
erence of the imprinted cavities for vanillin over interferents
like ascorbic acid (AA), they do not entirely dictate the experi-
mental selectivity. As observed in the interference studies, AA
still produces a pronounced overlapping electrochemical signal
despite its lower binding affinity (−20.23 kcal mol−1). This
divergence between computational thermodynamics and
experimental reality is governed by reaction kinetics and mass
transport. Because AA is a small, highly hydrophilic molecule, it
does not require specic coordination within the imprinted
cavities to penetrate the sensor surface; rather, it rapidly
diffuses through the non-specic interstitial pores of the poly-
mer matrix. Furthermore, AA possesses a notoriously low
oxidation overpotential on transition metal oxides, allowing it
to easily undergo electro-oxidation once it reaches the internal
Co3O4/TiO2 surface. Therefore, while the imprinting process
successfully instills rigid thermodynamic selectivity for vanillin,
kinetic factors—specically the rapid diffusion of small, highly
electroactive species—must be accounted for when applying the
sensor to complex matrices rich in vitamin C.
This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Optimized adsorption configuration and interactionmapping of vanillin within the acrylamide-basedmolecularly imprinted polymer (MIP)
at a 1 : 3 stoichiometric ratio.
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3.9.4. DFT-electrochemical signal transduction mecha-
nism. The strong and highly oriented vanillin–acrylamide
interactions identied by DFT provide a direct molecular-level
explanation for the experimentally observed electrochemical
signal amplication in the MIP/Co3O4/TiO2 sensor. The opti-
mized 1 : 3 complex exhibits a highly negative interaction
energy (DE = −28.49 kcal mol−1), enforcing stable adsorption
and precise orientation of vanillin within the imprinted cavities
formed according to the mechanism depicted in Scheme 1. This
molecular preorganization positions the phenolic and alde-
hydic redox-active moieties of vanillin in close electronic prox-
imity to the Co3O4/TiO2 p–n heterojunction, facilitating efficient
charge delocalization and interfacial electron transfer.
Table 2 Comparison of the proposed MIP/Co3O4/TiO2 electrochemica

Sensor material/
conguration Technique

Linear
range (mM)

LOD
(mM) Matrix tested

MIP/Co3O4/TiO2/GCE CV 2.5–250 0.06 Milk, ice cream,
coffee, iced tea

ZnCr-LDH@g-CN DPV 0.001–143.2 0.009 Water, ice cream
Poly(MO)/PGE DPV 1.0–26.0 0.10 Vanilla ice cream
CuHCF thin lm CV 0.76–120 0.23 Roasted coffee b
MIP/RGO/GCE SWV 0.00001–100 5.4 ×

10−6
Commercial infa

CMP-rGO/GCE DPV 0.08–33 0.014 Human serum, h
urine, vanillin ta

MIG-CuS@COOH-
MWCNTs/GCE

DPV 0.03–125 0.006 Liqueur, white v
vanilla ice cream

CTABMGPE DPV 4–70 1.29 Biscuit, beverage
PTOMCNPE CV 2–40 0.093 Biscuit

a ZnCr-LDH@g-CN: ZnCr-layered double hydroxide@g-CN; poly(MO)/PGE
lm: modied copper hexacyanoferrate lm; MIP/RGO: molecularly i
benzopyrazine-based polymer coating on graphene; SWV: square-wave
MWCNTs: copper sulde carboxylated carbon nanotubes molecularly imp
electrode; PTOMCNPE: poly(titan yellow) and octoxynol-9modied carbon

This journal is © The Royal Society of Chemistry 2026
Experimentally, this translates into a pronounced enhance-
ment in anodic peak current and a high imprinting factor
derived from cyclic voltammetry (IFCV), conrming that signal
amplication is governed by molecular recognition rather than
nonspecic surface adsorption. Consistently, electrochemical
impedance spectroscopy reveals a substantial decrease in
charge-transfer resistance for the MIP-modied electrode (Rct =

35.8 U cm2) relative to the non-imprinted counterpart, in
agreement with the DFT-predicted low deformation energies
and favorable charge-transfer pathways across the polymer–
electrode interface.

By contrast, glucose and ascorbic acid exhibit weaker inter-
action energies (−12.57 and −20.23 kcal mol−1, respectively),
l sensor with recently reported vanillin sensorsa

Selectivity strategy Stability Ref.

biscuits, Molecular imprinting +
p–n heterojunction

42 days This
work

, chocolate Catalytic oxidation — 40
powder Surface adsorption — 41

eans Catalytic oxidation 30 days 42
nt formula Molecular imprinting +

reduced graphene oxide
11 days 33

uman
blet

Catalytic oxidation 7 days 43

inegar, Molecular imprinting +
carboxylated carbon nanotubes

30 days 44

Mixed adsorption/catalysis — 45
Mixed adsorption and catalytic
oxidation

7 days 46

: poly(methyl orange) modied pencil graphite electrode; CuHCF thin
mprinted polypyrrole nanowires/reduced graphene oxide; CMP-rGO:
voltammetry; DPV: differential pulse voltammetry; MIG-CuS@COOH-
rinted polymer; CTABMGPE: ionic surfactant modied graphene paste
nanotube paste electrode.

Anal. Methods, 2026, 18, 4300–4319 | 4317
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leading to transient or misoriented adsorption that fails to
establish sustained electronic coupling with the electrode. As
a result, these interferents induce negligible changes in peak
current and do not contribute to IFCV enhancement, despite
their intrinsic electrochemical activity. Collectively, the inte-
grated DFT-electrochemical analysis conrms that the excep-
tional selectivity and sensitivity of the sensor originate from
imprinting-induced, energetically favored adsorption that
lowers the kinetic barrier for charge transfer, rather than from
nonspecic catalytic oxidation on the metal oxide surface.
3.10. Comparative analytical performance

As summarized in Table 2, the proposedMIP/Co3O4/TiO2 sensor
demonstrates a highly competitive analytical prole relative to
recently reported vanillin sensors based on catalytic nano-
materials, carbon architectures, and imprinting strategies.
While several DPV- and SWV-based platforms achieve ultralow
detection limits in simplied matrices (e.g., ZnCr-LDH@g-CN,
MIP/RGO, MIG-CuS@COOH-MWCNTs), these systems typi-
cally exhibit narrower linear ranges, shorter operational
stability, or reliance on advanced pulse techniques. In contrast,
the present sensor achieves a broad linear range (2.5–250 mM)—
capable of covering the concentration variations typical of
commercial food products without requiring extensive sample
dilution—and a low LOD (0.06 mM) using conventional cyclic
voltammetry. This underscores the intrinsic signal amplica-
tion provided by the p–n Co3O4/TiO2 heterojunction combined
with molecular imprinting.

Importantly, unlike many reported sensors validated only in
single or low-complexity matrices or relying purely on spiked
buffer systems, the proposed platform was systematically eval-
uated across diverse real food systems, including high-fat (milk,
ice cream), carbohydrate-rich (biscuits), and polyphenol-rich
beverages (coffee, iced tea). Because of the proven antifouling
resilience of the MIP layer, the sensor successfully maintains
high sensitivity without suffering from cumulative fouling, even
in these highly complex, unspiked environments. The extended
storage stability (42 days) further exceeds most reported MIP-
based vanillin sensors, where polymer aging or surface
fouling typically limits usability to #30 days. Collectively, these
results position the MIP/Co3O4/TiO2 sensor as a robust, mech-
anistically rationalized, and practically deployable alternative
for selective vanillin determination in complex food matrices.
4. Conclusion

A selective and mechanistically rational electrochemical sensor
for vanillin determination was successfully constructed by
integrating molecular imprinting with a Co3O4/TiO2 p–n
heterojunction. The oxide heterostructure provides an efficient
electron-transfer backbone, while the imprinted polymer layer
introduces molecular selectivity without compromising
electrochemical accessibility. Systematic electrochemical anal-
ysis demonstrated that the imprinted architecture preserves
charge-transfer kinetics and electroactive surface area while
enabling target-specic accumulation at the sensing interface.
4318 | Anal. Methods, 2026, 18, 4300–4319
Density functional theory and adsorption simulations
revealed that vanillin interacts optimally with acrylamide-based
binding sites through a cooperative hydrogen-bonding network,
with maximum stabilization at a 1 : 3 vanillin-to-monomer
ratio. The markedly higher binding energy relative to glucose
and ascorbic acid explains the experimentally observed selec-
tivity and the elevated imprinting factors derived from cyclic
voltammetry and impedance spectroscopy. This direct correla-
tion between molecular-level interactions and macroscopic
electrochemical performance conrms that DFT calculations
serve as a predictive and explanatory tool rather than
a descriptive add-on.

The sensor delivered a broad working range, low detection
limit, excellent reproducibility, and long-term stability, and was
validated across diverse real food matrices with results
comparable to chromatographic reference methods. From an
analytical perspective, the platform satises key requirements
for food additive monitoring, including sensitivity well below
regulatory concentration limits and resilience against complex
matrix interference. More broadly, this study highlights how
coupling heterojunction-driven electrochemical amplication
with molecular imprinting and computational insight can
enable the rational design of next-generation selective sensors
for complex chemical environments.
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