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Tartaric acid (TA), a key organic acid in grapes and wine, is closely linked to taste quality and human health,

making its accurate detection highly important. In this work, we report a borophene/poly(3-

methylthiophene) (P3MTP) hybrid electrode fabricated via solvent-mediated exfoliation of borophene

and electropolymerization of P3MTP on indium tin oxide (ITO) glass. The modified electrode was

evaluated by cyclic voltammetry and interference studies, showing a wide linear detection range (5–300

mM), a low detection limit (LOD) (4 mM), and high selectivity toward TA. The sensor also demonstrated

excellent stability. In addition, the sensor demonstrated reproducibility with a relative standard deviation

(RSD%) of 1.70%. Furthermore, molecular simulations clarified the interaction mechanism between TA,

borophene, and P3MTP, explaining the observed electrochemical interaction. These findings highlight

the potential of borophene-polymer hybrids as efficient sensing platforms for food quality control and

health monitoring.
1 Introduction

TA is a naturally occurring organic acid abundant in grapes,1–4

where it largely contributes to wine tartness.5 It is also found in
bananas, tamarinds, and other fruits, imparting a characteristic
sour taste. TA has been employed with citric acid in effervescent
salts to improve the avor of oral medications.6,7 Its identica-
tion in fruit products is important for assessing ripeness,
authenticity, and microbial changes during storage.8,9 Addi-
tionally, TA is widely used in food and beverages, including so
drinks, juices, confections, and baking powder,10,11 making its
detection vital for quality control and labeling.12 Beyond food
applications, TA plays a role in research studies13 and is a key
metabolite in humans, where abnormal levels are linked to
adverse health effects.14–16

Several approaches have been proposed for evaluating TA,
both qualitatively and quantitatively. These approaches include
techniques such as gas chromatography (GC),17 high-
performance liquid chromatography (HPLC),18 near-infrared
(IR),19 visible,20 and terahertz21 spectroscopies. However, these
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methods typically demand costly instrumentation, labor-
intensive sample preparation, and highly trained personnel,
thereby limiting their accessibility for routine or eld-based
testing. Furthermore, many traditional techniques, including
gravimetric analysis, potentiometry, and capillary electropho-
resis, oen exhibit issues such as low reproducibility, prolonged
analysis durations, and insufficient sensitivity, particularly
when differentiating between isomeric forms of TA or analyzing
complex sample matrices.22 For example, several conventional
methods used to determine tartaric acid in wine residues are
oen characterized by lengthy procedures, laborious workows,
and limited reproducibility, underscoring the need for more
robust and efficient analytical approaches.22 Nevertheless,
electrochemical biosensors present notable benets compared
to alternative methodologies, including sensitivity, rapid
response time, and capacity for selective identication of
specic analytes.23,24 Miniaturization enables the implementa-
tion of many of these devices, detecting different substances,
into a portable unit. This is important for point-of-care and
portable contexts, whereas their affordability and user-
friendliness render them applicable in diverse environ-
ments.25 Moreover, electrochemical biosensors facilitate
continuous monitoring of analytes in real-time, which is
essential for monitoring and control of dynamic processes.26

Overall, electrochemical biosensors are adaptable and effective
tools for addressing analytical and diagnostic requirements in
many elds, such as healthcare and environmental moni-
toring.27,28 For example, in one study, Ahmed et al.29 developed
an electrochemical sensor for histamine detection using an
RSC Adv., 2025, 15, 41967–41977 | 41967
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inverse opal scaffold and molecularly imprinted polymer (MIP),
achieving a linear detection range of 50 nM to 500 mM and
a detection limit of 1.07 nM. In another study, Ahmed et al.30

created an electronic tongue for rapid capsaicin detection,
which is responsible for the spiciness of chili peppers. This
sensor demonstrated linear detection ranges from 0.01 mM to 50
mM and 50 mM to 500 mM, with a detection limit of 2.1 nM. In
a separate study, Khan et al.31 developed a self-healing hydrogel-
based articial BioE-Tongue which features mucin as a secreted
protein, sodium chloride as an ion-transporting electrolyte, and
chitosan/poly(acrylamide-co-acrylic acid) as the primary 3D
hydrogel network. It was intended to replicate the human
tongue's ability to detect astringent and bitter sensations
through cyclic voltammetry (CV) measurements. Furthermore,
Pei et al.32 demonstrated the electrochemical detection of TA by
covalently attaching l/D-cysteine to nitrogen-doped graphene
quantum dots, which were then drop-casted onto a glassy
carbon electrode (GCE), highlighting a promising approach for
TA detection.

Nanostructured materials and polymers are widely studied
for their unique properties and applications in medicine, elec-
tronics, energy, and environmental science.33–37 Electrochemical
synthesis, also known as chemical polymerization, is commonly
used to create conducting polymers, offering precise control
over lm thickness, shape, and composition.38–42 Conducting
polymers like P3MTP, synthesized from the monomer 3-m-
ethylthiophene, are notable for their conductivity, chemical
stability, and biocompatibility, making them ideal for bi-
osensing applications.43–47 P3MTP can be used in devices that
detect various biological analytes, including proteins, enzymes,
nucleic acids, and small molecules.46,47

Borophene, a 2D Xene material alongside phosphorene and
silicene,48 exhibits strong anisotropy due to its 2-dimensional
nature.48,49 Its edge conguration governs transport properties,
and its Young's modulus exceeds that of graphene.50 Structur-
ally, borophene occurs in hexagonal (X3) or ridged b12 phases,51

with the latter promoting electron transport and analyte
anchoring for enhanced bio-analyte detection.52 Owing to its
high surface area, unique electronic features, and proven inte-
gration in electrochemical biosensors, borophene-based
hybrids are promising for chemical and biological sensing, as
summarized in Table S1.

We present here the development of an electrochemical
sensor that relies on a borophene/P3MTP hybrid system with the
objective of detecting TA levels essential for ensuring food quality
and accurate food categorization. Our research aimed to develop
a precise method for measuring tartness levels. Complemented
by simulation studies, we elucidated the molecular interactions
between TA and the borophene/P3MTP composite, revealing how
synergistic binding and charge-transfer mechanisms underpin
the sensor's enhanced specicity and sensitivity. Developing an
electrochemical sensor by combining inorganic and organic
materials, employing an aqueous solution, and avoiding harsh
chemicals lead to a methodology distinguished by simplicity,
affordability, heightened sensitivity, specicity, and sustained
stability. This work establishes a foundation for the future
development of advanced electrochemical biosensors for
41968 | RSC Adv., 2025, 15, 41967–41977
applications in food quality assurance, healthcare monitoring,
regulatory compliance, and beyond.

2 Materials and methods
2.1 Materials and reagents

3-Methylthiophene (3MTP) (99%), tartaric acid (99%), lithium
perchlorate trihydrate (99%), caffeine (99%), and acetone were
purchased from Thermo Fisher Scientic. Boron (crystalline
99% trace metals basis), sucrose ($99.5%), tannic acid, and
potassium chloride (KCl) were purchased from Sigma Aldrich.
Ethanol was purchased from Changshu Hongsheng Fine
Chemical Co. Ltd. Indium tin oxide (ITO) (surface resistivity 8–
12 U per sq) coated glass was acquired from Sigma Aldrich.
Milli-Q water sourced from the laboratory's purication system
was utilized for all aqueous solutions and dilutions.

2.2 Apparatus and measurements

The electrochemical tests were carried out using a potentiostat
(Admiral Instruments, Squidstat Plus 2332, USA) in a three-
electrode conguration. The electrochemical workstation
employed in this study is shown in Fig. S1. The working elec-
trode was borophene/P3MTP/ITO@glass, while platinum served
as the counter electrode. The reference electrode was Ag/AgCl/
Sat. KCl. Polymerization of the monomer solution was con-
ducted using cyclic voltammetry (CV). The Raman spectra were
obtained using a DXR2 Raman microscopy spectrometer
(Thermo Fisher) with a laser excitation wavelength of 633 nm.
The morphological characteristics of borophene were examined
using a high-resolution transmission electron microscope
(HRTEM) (JEOL JEM 2010) with an accelerating voltage of 200
KV and a point resolution of 0.19 nm.

3 Materials synthesis, construction of
the electrode, and computational
methods
3.1 Borophene sheet synthesis

Our group has successfully synthesized borophene sheets in our
previous studies, as reported in Ranjan et al.48 and Chahal
et al.50 We produced borophene from a bulk boron powder
using solvent-mediated ultrasonication exfoliation. This
synthesis method provides high-quality borophene with excel-
lent structural integrity, paving the way for its use in advanced
material applications. The synthesis process started by obtain-
ing bulk boron of high purity. This material serves as the
precursor for the synthesis of borophene. The choice of solvent
is crucial to facilitate the exfoliation process; it can impact on
the quality and characteristics of the resultant borophene. In
this study, acetone was used as a solvent to exfoliate the boron
sheets. A precise quantity of 0.5 g of bulk boron was weighed
and uniformly dispersed in 150 mL of acetone. Ultrasonication
was performed for several durations, namely 9 h, 11 h, 13 h,
15 h, and 17 h. Aer evaluating the results, 15 h was determined
to be the optimal period for achieving exfoliation (Fig. S2a). The
sample was exposed to ultrasonic waves, generally at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the device fabrication
process: Step 1 – boron dispersion in acetone; Step 2 – ultra-
sonication; Step 3 – centrifugation; Step 4 – electropolymerization of
P3MTP; Step 5 – drop-casting and annealing; Step 6 – electro-
chemical measurement.
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a frequency of 20 kHz or higher, for a prolonged duration, about
15 h. The use of ultrasonic waves induced the formation of
cavitation bubbles within the solvent, resulting in the genera-
tion of signicant shear forces. These forces facilitated the
exfoliation process, producing borophene nanosheets from the
bulk boron material. Following the ultrasonication procedure,
the suspension was centrifuged to achieve the separation of
borophene nanosheets from any remaining bulk boron parti-
cles. To accomplish this objective, we rst collected ultra-
sonicated bulk boron dispersed in acetone solvent from the
upper 1/3rd portion of the bottle. This dispersion was centri-
fuged for 5 minutes at a speed of 3000 rpm (Fig. S2b). Next, we
collected the supernatant and subjected it to another centrifu-
gation for 10 minutes at 7000 rpm (Fig. S2c). Finally, we gath-
ered the supernatant from this nal step and preserved it for
later use. The supernatant acquired from the experiment was
found to contain borophene sheets.

3.2 Electropolymerization of monomer and device
fabrication

Firstly, the ITO substrate was subjected to a cleaning procedure,
which included immersing it sequentially in acetone, ethanol,
and MilliQ water. During each immersion, the substrate was
continuously exposed to ultrasonic waves for a period of 10
minutes. Aerward, the substrate underwent a drying process
on a hot plate for a duration of 5 minutes. A solution containing
0.01 M of 3MTP monomer was made by dissolving it in MilliQ
water and 0.1 M lithium perchlorate (LiClO4). Electro-
polymerization was employed to transform 3MTP into P3MTP,
a conducting polymer. As illustrated in Scheme 1, the electro-
chemical polymerization of 3MTP was initiated by employing
CV. The ITO surface was covered by a conformal covering of
P3MTP aer ve cycles of CV scans across a potential range of
0 to 1.2 V at a scan rate of 50 mV s−1. The overall sensor fabri-
cation process is illustrated in Scheme 1. Borophene sheets
were deposited onto the electropolymerized P3MTP lm on the
ITO surface by drop-casting and then heated at 50 °C on a hot
plate to evaporate the solvent, ensuring an even distribution of
the borophene sheets over the P3MTP surface.

3.3 Computational methods

The electronic structure calculations were carried out using
density functional theory (DFT), employing the projector
augmented wave (PAW) method53,54 as implemented in the
Vienna Ab initio Simulation Package (VASP).55–57 The exchange–
correlation interactions were treated within the Perdew, Burke,
and Ernzerhof (PBE)58 parameterization under an all-spin
polarized framework. Moreover, non-spherical contributions
arising from the density gradient within the PAW spheres were
explicitly incorporated. Core electrons were substituted with
norm-conserving scalar-relativistic pseudopotentials; only
valence electrons were explicitly considered in the computa-
tions. The valence electron congurations included sulfur (S:
3s2 3p4), boron (B: 2s2 2p1), oxygen (O: 2s2 2p4), and carbon (C:
2s2 2p2). To accurately capture van der Waals interactions, we
employed Grimme's empirical correction scheme, specically
© 2025 The Author(s). Published by the Royal Society of Chemistry
the DFT + D3 method.59 The structural models were constructed
using a supercell representation of borophene comprising 120
atoms, with a vacuum layer of 15 Å introduced to eliminate
spurious interactions between periodic replicas. Energy mini-
mization was performed utilizing a G-centered k-point mesh
with a K-spacing value of 0.04 Å−1 and a plane-wave energy
cutoff of 400 eV. The forces acting on the ions were determined
via the Hellmann–Feynman theorem, and atomic relaxations
under spin-polarized conditions proceeded until the residual
force on each ion was reduced below 0.01 eV Å−1. To elucidate
the local charge redistribution in the vicinity of the defect site,
Bader charge analysis was conducted.60 Finally, the binding
interactions of TA with both pristine and modied borophene
were examined by evaluating their respective binding energies,
where the binding energy is calculated by using the following
equation, EBind = Emodied or pristine borophene with TA − (Emodied or

pristine borophene + ETA)61
4 Results and discussion
4.1 Characterization of materials and modied electrode
system

A representative TEM image showing the layered structure of
borophene akes is shown in Fig. 1a, indicating successful
RSC Adv., 2025, 15, 41967–41977 | 41969
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Fig. 1 (a) TEM image, (b) HRTEM image, (c) UV-vis, and (d) Raman spectrum of borophene. (e) Plot illustrating the Raman spectral shifts and (f)
UV-vis spectral shifts observed in the hybrid structures.
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exfoliation of borophene sheets. A representative HRTEM image
(Fig. 1b) displays distinct interference fringes with a d-spacing
of 0.412 nm, matching the (104) plane in a b-rhombohedral
boron structure.62 This indicates that the ultrasonic exfoliation
in acetone primarily resulted in the physical delamination of
borophene sheets without altering the intrinsic crystal struc-
ture. Because acetone acts as an inert solvent and does not
strongly interact with boron atoms, it facilitates exfoliation
while minimizing chemical modication. Thus, the presence of
intact lattice fringes supports the crystalline arrangement that
is preserved during the process.

Aerward, we analyzed the optical absorption characteristics
of the borophene sheet. Fig. 1c displays the absorption spec-
trum in the UV range. Two absorption peaks were identied at
wavelengths of 210 nm and 328 nm. The absorption peak at
210 nm may possibly be attributed to a p–p* transition,
41970 | RSC Adv., 2025, 15, 41967–41977
whereas the absorption peak observed at 328 nm may be
attributable to an n–p* transition in borophene.63

Prior studies64,65 have presented the Raman spectrum of
borophene derived through this method, and Fig. 1d illustrates
a nearly identical result in the present case. The Raman spec-
trum shown in Fig. 1d is the far-eld analysis of a b12 sheet that
is nearly one monolayer thick. Several Raman peaks were
observed, particularly in the low-frequency range.64 The Raman
spectra analysis of P3MTP and its hybrid counterpart with
borophene reveals notable shis in peak positions across the
spectrum. The observed spectral shis are systematically
arranged in ascending order, progressing from the lower-
frequency region with a ∼9 cm−1 shi to the higher-frequency
region with a ∼18 cm−1 shi (Fig. 1e), which reects signi-
cant alterations in the vibrational characteristics and structural
properties induced by the incorporation of borophene and can
© 2025 The Author(s). Published by the Royal Society of Chemistry
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be attributed to a synergistic effect of charge transfer, interfacial
strain, and enhanced electronic interactions.

The UV-visible absorption analysis of P3MTP and its hybrid
counterpart with borophene exhibits shis in peak positions
across the spectrum. Specically, the absorption peak for
P3MTP occurs at 359 nm, whereas for the hybrid structure with
borophene, it shis to 371 nm (Fig. 1f). This phenomenon
possibly occurs due to the interaction between P3MTP mole-
cules and borophene in the hybrid structure. Borophene's
unique electronic properties, such as its surface plasmon
resonance or changes in the local electromagnetic eld, can
alter the absorption characteristics of nearby molecules like
P3MTP. These changes manifest as shis in the UV-visible
absorption spectra.

FTIR spectra of P3MTP and its hybrid with borophene show
additional peaks aer incorporating borophene in the polymer
matrix (Fig. S3). The formation of these peaks might be due to
the presence of new interlayer vibrational modes that were not
present in the pure P3MTP. This is a direct consequence of the
new chemical environments created by the incorporation of
borophene. In addition, the increased intensity of certain peaks
suggests that the new interactions are strong and signicantly
alter the dipole moment of the molecular bonds. This can be
attributed to the high polarizability of borophene and its ability
to enhance the interaction strength within the polymer matrix.

DFT-based materials modeling provided a deeper under-
standing of the interaction between TA and both pristine bor-
ophene and a dimer of 3-methylthiophene anchored to
borophene. Atomistic simulations were conducted considering
the borophene monolayer and the 3-methylthiophene dimer to
examine borophene's interaction with P3MTP. Bader charge
analysis revealed that boron atoms in borophene undergo
charge redistribution upon interaction with TA and the 3-
methyl thiophene dimer, with some boron atoms exhibiting
charge accumulation while others experience depletion.
Specically, during TA adsorption onto pristine borophene, the
average charge gain and loss for boron (B) were calculated to be
−0.85 e− and 0.94 e−, respectively. When TA interacts with the
borophene-anchored 3-methylthiophene dimer, the corre-
sponding values were found to be −0.87 e− and 0.92 e−.
Although Bader charge analysis suggests only a marginal vari-
ation in charge redistribution, the charge density difference
map (Fig. 2) distinctly illustrates a pronounced modulation in
borophene's charge density due to the interaction. This redis-
tribution of charge density signicantly inuences the binding
energy of TA with both pristine and 3-methylthiophene-
modied borophene. The calculated binding energy for TA
adsorption on modied borophene is 0.48 eV, compared to
0.44 eV for pristine borophene. Furthermore, various possible
congurations of TA and the 3-methylthiophene dimer on
borophene were explored, as depicted in Fig. S4.
4.2 Tartaric acid/sourness electrochemical monitoring

The electrochemical CV prole of tartaric acid was assessed
using both unmodied and modied electrode systems at
various stages of modication. Fig. 3a displays the CV proles of
© 2025 The Author(s). Published by the Royal Society of Chemistry
an unmodied electrode (ITO@glass) and modied electrodes
(P3MTP/ITO@glass and borophene/P3MTP/ITO@glass) in
a solution of 100 mM tartaric acid with 0.1 M KCl. The blank
solution consisted of 0.1 M KCl electrolyte only. KCl serves as an
electrolyte in electrochemical systems due to its high ionic
conductivity, which reduces resistance and ensures efficient
current ow. Being chemically inert, KCl does not interfere with
the redox reactions being studied, allowing for accurate
measurements of the electroactive species. CV scans were per-
formed using P3MTP/ITO@glass and borophene/P3MTP/
ITO@glass electrodes to investigate the electrochemical
responses of TA. These scans were conducted over a potential
range of−1000mV to 1500mV. In the TA-containing electrolyte,
the CV analysis of the ITO@glass electrode, used as the control,
showed minor redox peaks. Likewise, the borophene/P3MTP/
ITO@glass electrode displayed no signicant peaks in a blank
electrolyte without TA. However, when immersed in the TA-
containing electrolyte, the P3MTP/ITO@glass electrode
showed distinct behavior. Furthermore, we observed that
incorporating P3MTP with borophene (borophene/P3MTP/
ITO@glass) led to an additional rise in current density. Modi-
cation of the ITO surface with P3MTP and borophene
increases the surface area and creates specic sites for TA
interaction. TA molecules in the solution adsorb onto the
modied electrode surface through interactions such as
hydrogen bonding or electrostatic interactions with the poly-
mer's functional groups and the dangling bonds on borophene
ridges. Consequently, borophene catalyzed the electrochemical
reaction. Our hypothesis can be aligned with the ndings of the
simulation study conducted by Pei et al.32 In their research, it
was demonstrated that the carboxyl oxygen atom and the
hydroxyl oxygen atom in the TA molecule engage in interactions
with the host material through hydrogen bonding. This insight
supports the plausibility of similar interactions occurring in our
system. When a potential is applied to the modied electrode,
TA undergoes reversible electrochemical oxidation and reduc-
tion reactions. It showed two signicant oxidation peaks at
−0.058 V (Peak 1) and 0.228 V (Peak 2), along with three
reduction peaks at −0.183 V (Peak 3), −0.395 V (Peak 4), and
−0.687 V (Peak 5), as shown in Fig. 3a. The effect of scan rate
(10–150 mV s−1) on the borophene/P3MTP/ITO@glass electrode
was analyzed with a xed 100 mM TA concentration in a 0.1 M
KCl solution. As the scan rate increased, the peak currents for
all distinguishable peaks also increased, as shown in Fig. 3b.
This rise in charging current reduced the diffusion layer,
leading to higher peak currents. At higher scan rates (e.g., 50 mV
s−1 and above), the reduced time for diffusion leads to a thinner
diffusion layer, which increases the faradaic (peak) current.
Simultaneously, the charging current (non-faradaic) rises pro-
portionally with scan rate. Additionally, faster scan rates shi
the system from diffusion-controlled to kinetically controlled
regimes, making reaction kinetics more signicant.66,67 The
processes occurring at Peak 1, which might be kinetically faster,
dominate because the electrochemical reactions outpace the
diffusion of the reactants. Thus, Peak 1 current density becomes
greater than Peak 2 current density.
RSC Adv., 2025, 15, 41967–41977 | 41971
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Fig. 2 (a) Optimized structure of TA on borophene, (b) TA and dimer of 3-methylthiophene on the borophene, (c) charge density difference of
TA on borophene, and (d) charge density difference of TAwith dimer of 3-methylthiophene on the borophene. Grey, red, pink, brown, and yellow
balls represent B, O, H, C, and S atoms, respectively. The yellow and blue colors represent the positive and negative isosurfaces at +0.0004 and
−0.0004 eV Å−3.
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4.3 Concentration-based evaluation

The quantitative assessment of TA was performed under
optimal experimental conditions to create a calibration curve
for the proposed sensor. This was done using CV as the
analytical method. The study examined various concentrations
Fig. 3 (a) CV comparison between the modified and unmodified electro
100 mM TA, (b) CV of the modified electrode borophene/P3MTP/ITO@gla
a fixed TA concentration of 100 mM. (c) CV profile of the borophene/P3M
a rate of 30 mV s−1 for various concentrations of TA ranging from 5 to 5

41972 | RSC Adv., 2025, 15, 41967–41977
of TA (ranging from 5 to 500 mM) in a 0.1 M KCl supporting
electrolyte. The resulting CV showed enhanced signals as the TA
concentration increased (Fig. 3c). Using linear regression with
the equation y = 0.6325x + 72.96461 and R2 = 0.99651, the
current density demonstrates a linear relationship, particularly
within the range of 5 mM to 300 mM, as illustrated in Fig. 3d. The
des, conducted in a blank solution and a 0.1 M KCl solution containing
ss using 0.1 M KCl as a supporting electrolyte at various scan rates with
TP/ITO@glass electrode in 0.1 M KCl supporting electrolyte, scanned at
00 mM, and (d) corresponding calibration curve.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LOD was determined through a specic calculation using the
formula 3s/S. In this formula, ‘s’ denotes the standard devia-
tion of the peak current density obtained from 10 replicate
measurements of the blank at the analyte peak potential,
reecting the variability in the baseline signal, while ‘S’ repre-
sents the slope of the regression plot. The replicate measure-
ments of the blank yielded s = 0.843 mA cm−2. The calibration
slope, obtained from the linear regression equation, was S =

0.6325 mA mM−1 cm−2. By applying this formula, the LOD was
calculated to be 4 mM. This value signies the lowest concen-
tration of TA that can be reliably detected using the proposed
sensor under the given experimental conditions, demonstrating
the sensor's high sensitivity and precision in quantitative
analysis. Moreover, all electrochemical measurements in the
presence of TA were performed in triplicate (n= 3), and the data
are reported as mean ± s. For Peak-2 current density, the values
obtained at different TA concentrations (5–500 mM) were 67.94
± 5.00, 70.01 ± 3.50, 73.72 ± 2.10, 87.84 ± 3.20, 106.45 ± 1.40,
141.11 ± 1.20, 171.77 ± 1.50, 259.48 ± 1.30, and 269.68 ± 2.00
mA cm−2, respectively. Table 1 compares the analytical charac-
teristics of this method for determining TA with prior reports.
The sensor reported here exhibited a wide linear range and
a low detection limit, making it highly effective for detecting
a broad range of TA concentrations. The low detection limit is
attributed to the rapid electron transfer rate and increased
active surface area provided by the hybrid architecture, which
together enhance the sensitivity and signal response of the
sensor. Consequently, our study demonstrated the potential of
using the borophene/P3MTP/ITO@glass-based electrode for
quantitative measurement of TA concentration, which is
a surrogate for tartness.
4.4 Selectivity tests

Measurements in the presence of interferents were conducted
to assess the specicity of the modied electrode. Caffeine,
sucrose, and tannic acid were chosen as additional compounds
to assess the interference effect. These species were deliberately
chosen because they mimic real-world taste environments,
giving rise to astringent, sweet, and bitter sensations, respec-
tively. Their responses were compared with the TA under
identical electrochemical conditions (same pH, electrolyte, and
applied potential window). The respective interferents were
each added to the supporting electrolyte along with TA, each at
Table 1 Modified electrode systems for monitoring TA levelsa

Modied electrode systems Method
Line
(mM

CuGeO3NWs@GCE CV 10–5
CoPC-CPE SWV 10–1
La2O3/rGO@NiME CV, DPV 50–1
ZrO2/rGO DPV 50–1
CeO2/rGO DPV 50–7
Borophene/P3MTP/ITO@glass CV 5–30

a NWs: nanowires; GCE: glassy carbon electrode; CoPC-CPE: cobalt(II)-phth
reduced graphene oxide; La2O3: lanthanum oxide; NiME: nickel mesh ele

© 2025 The Author(s). Published by the Royal Society of Chemistry
equal concentrations of 100 mM. Fig. 4a presents the relative
current density in the presence of interferents. The relative
current densities for Peaks 1, 2, 3, 4, and 5 in the presence of
tannic acid were approximately 75–76% of the current densities
in the absence of tannic acid, indicating that tannic acid
undergoes electrochemical processes under the applied volt-
ages, resulting in a decreased current density response. For
sucrose, the relative current densities for Peaks 1, 2, 3, 4, and 5
were about 90–91% of those without sucrose, suggesting
a modest reduction in relative current density due to sucrose
interference. For caffeine, the relative current densities for
Peaks 1, 2, 3, 4, and 5 were approximately 95% of those without
caffeine, indicating a minimal decrease in relative current
density due to caffeine interference. Collectively, these ndings
demonstrate that the borophene/P3MTP/ITO@glass electrode
exhibits high selectivity for TA, rendering it highly effective for
practical applications.
4.5 Stability and reproducibility evaluation

To evaluate the long-term stability of the sensor, we stored it at
ambient conditions for up to one month. We conducted peri-
odic assessments of the sensor's functionality at multiple
intervals, specically on Day 1 (immediately following fabrica-
tion), Day 7, Day 13, Day 19, Day 25, and Day 31, in each case
detecting the response to a 100 mM TA solution. All electro-
chemical measurements for the stability test in the presence of
TA were carried out in triplicate (n = 3), and the results are
reported as mean ± s. For Peak-2 current density, the values
obtained during the stability evaluation were 141.11 ± 1.20,
130.72 ± 2.10, 124.74 ± 1.80, 121.56 ± 1.20, 116.38 ± 2.10, and
112.79 ± 4.10 mA cm−2 from Day 1 to Day 31, respectively. The
results consistently demonstrated that the modied electrodes
sustained a stable response to TA. This consistent performance
underscores the high stability of the modied electrodes, as
illustrated in Fig. 4b. To evaluate reproducibility, ve indepen-
dently fabricated borophene/P3MTP/ITO@glass sensors were
tested under identical conditions. CV measurements were
carried out at a xed TA concentration of 100 mM, and Peak-2
was considered for evaluation. The RSD% of the peak current
response was calculated to be 1.70%, conrming excellent
reproducibility of the developed sensor and demonstrating the
robustness of the fabrication process. The reproducibility bar
plot is depicted in Fig. S5.
ar range
) LOD (mM) Ref.

000 7.7 68
00 7.29 69
000 151 70
000 22 71
50 32 72
0 4 (s = 0.843 mA cm−2) This work

alocyanine-carbon paste electrode; SWV: square wave voltammetry; rGO:
ctrode; ZrO2: zirconium dioxide; CeO2: cerium dioxide.
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Fig. 4 (a) A plot showing the relative current density of the modified electrode system in an electrolyte with 0.1 M KCl and 100 mM TA (control),
along with various interfering species at a scan rate of 30 mV s−1. Each interfering species was present at a concentration of 100 mM. (b) An
illustration of the stability of the modified electrode system over various time intervals.
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Beyond laboratory-scale demonstration, the fabrication
approach employed here is cost-effective, reproducible, and
compatible with solution-based processing, which indicates
strong potential for scalable production and industrial
translation.
5 Conclusions

TA plays a critical role in food quality, human metabolism, and
health, necessitating precise detection methods to mitigate
risks linked to its abnormal levels. This study introduces a rst-
of-its-kind electrochemical sensor leveraging a borophene/
P3MTP hybrid, which uniquely combines the anisotropic elec-
tron transport properties of borophene with the stability of the
conducting polymer P3MTP. The sensor's development process,
simple, aqueous-based, and free of harsh chemicals, enabled
a linear detection range of 5–300 mM and a low LOD of 4 mM,
outperforming many conventional TA detection platforms. In
addition, the sensor demonstrated high reproducibility, as re-
ected by a low RSD% of 1.70%. Molecular dynamics simula-
tions revealed unprecedented insights into the synergistic
binding and charge-transfer mechanisms between TA and the
hybrid, demonstrating how borophene's ridges act as prefer-
ential anchoring sites while P3MTP enhances interfacial elec-
tron transfer, collectively boosting sensitivity and specicity.
The sensor's novelty lies in its dual-material design, which
addresses longstanding challenges in TA detection, such as
interference from structurally similar organic acids and insta-
bility in complex matrices. Unlike existing methods, this plat-
form operates without enzymatic components or costly
reagents, ensuring long-term stability. While the ndings
demonstrate strong potential, the present work is limited to
controlled laboratory conditions and a selected set of interfer-
ence species, without full validation in complex real food
matrices. Broader validation in complex food matrices and
long-term stability tests remain essential for practical adoption.
From a broader perspective, future studies in this eld may
focus on translating such hybrid platforms into portable point-
of-care devices, evaluating performance in diverse real samples,
41974 | RSC Adv., 2025, 15, 41967–41977
and exploring scalability for industrial production. Extending
similar design strategies to other taste-related biomolecules
and biohazardous analytes may also provide pathways for
developing multifunctional electronic tongues and advanced
biosensing platforms with applications in food safety, health-
care, and environmental monitoring.
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a comprehensive overview of the most recent developments in
borophene composites and hybrid-based biosensors. See DOI:
https://doi.org/10.1039/d5ra04426j.
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