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ARTICLE INFO ABSTRACT

Keywords: 3-Caffeoylquinic acid (3-CQA), a prominent phenolic acid, plays a critical role in glucose metabolism and is
3'Caf_feoqu“mm acid associated with the prevention of type-2 diabetes. The selective and sensitive detection of 3-CQA remains
Caffeine challenging due to interferences from substances such as caffeine (CAF) and the instability of signals from un-
MWCNTs e modified electrodes. To address this, this study developed a nanostructured conducting polymer composite based
Polymer composite film . . R Rk i .

Sensor on acid-functionalized multi-walled carbon nanotubes (FMWCNTs) and 3-amino-5-mercapto-1,2,4-triazole

(AMTa), which was integrated onto a glassy carbon electrode (GCE) for the selective detection of 3-CQA. The
composite electrode (GCE/OD/FMWCNTs/p-AMTa) was thoroughly characterized using scanning electron mi-
croscopy (SEM), Fourier-transform infrared spectroscopy (FT-IR), atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), and electrochemical analysis. In contrast to the unmodified GCE, which fails
to maintain a stable voltametric profile for 3-CQA detection due to the deposition of its oxidation products, the
composite-modified electrode demonstrates a stable electrochemical response, with a fourfold increase in the
catalytic oxidation current. This improvement is attributed to the strong electrostatic and hydrogen-bonding
interactions between the heteroatoms in the polymer backbone of p-AMTa and 3-CQA, as well as the n-n in-
teractions between FMWCNTs and the aromatic ring of 3-CQA. Additionally, selective determination of 3-CQA is
achieved even in the presence of 500 times the concentration of CAF. The amperometric i-t curve exhibits a
significant increase in response to 3-CQA concentrations ranging from 0.1 to 200 pM, with a detection limit
(LOD) of 30 nM (S/N = 3). The proposed sensor demonstrates excellent performance in detecting 3-CQA in
blood, coffee, tea, and various food samples, yielding satisfactory recovery results.

1. Introduction exhibits free radical scavenging activity (Agar et al., 2015) and cancer
chemopreventive effects. Beyond its inhibitory action against tongue

3-Caffeoylquinic acid (3-CQA), chemically identified as [(3,4- carcinogenesis (Tajik et al., 2017), 3-CQA may mitigate the health risks

dihydroxyphenyl)-prop-2enoyl]oxy-1,4,5-trihydroxycyclohexane-1 car-
boxylic acid (Fig. 1), is a hydroxycinnamic acid derivative. This poly-
phenolic compound is an ester of quinic acid and caffeic acid (de Souza
Farias et al., 2021; Tong et al., 2021), and is predominantly found in
various plants, including apricots, cherries, strawberries, tomatoes,
peaches, plums, apples, pears, blueberries, peanuts, coffee beans, and
potatoes (Tong et al., 2021). Like other o-dihydroxyphenols, 3-CQA
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associated with cardiovascular diseases by reducing the oxidation of
low-density lipoprotein cholesterol and modulating glucose-6-
phosphatase activity in glucose metabolism (Cho et al., 2010). Zhang
et al. (2010) highlighted 3-CQA’s potential as a therapeutic agent for
treating acute lung injury. Furthermore, it inhibits 8-hydroxy-deoxygua-
nosine, a well-established marker of oxidative DNA damage and cellular
oxidative stress during carcinogenesis (Kasai et al., 2000). Despite its
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Fig. 1. Chemical structure of 3-CQA.

antioxidant properties, 3-CQA can also induce DNA damage in the
presence of transition metals (Duthie et al., 1997), and at high tem-
peratures or in the presence of cupric ions (Yang et al., 2008; Zheng
et al., 2008). Plant polyphenols, including 3-CQA, exhibit auto-oxidative
behavior, producing reactive oxygen species such as superoxide anions
and semiquinone intermediates (Yang et al., 2008). Coffee, being the
most widely consumed beverage globally, is the primary dietary source
of 3-CQA (Olthof et al., 2001). Clifford (1999) estimated the daily intake
of 3-CQA from coffee to be approximately 0.5-1.0 g. Therefore, accurate
determination of 3-CQA levels in commercial coffee drinks is of signif-
icant health importance.

Numerous techniques have been developed for the detection of 3-
CQA, including chemiluminescence (Chen et al., 2021), chromatog-
raphy (Gigl et al., 2022), high-performance liquid chromatography
(Krizman et al., 2007; Zhang et al., 2023), capillary electrophoresis (Xie
et al., 2022), and electroanalytical methods (; Alagumalai et al., 2022;
Mariyappan et al, 2022; Munteanu & Apetrei, 2021). However,
compared to electroanalytical methods, other techniques suffer from
drawbacks such as high costs, extended operation times, lower sensi-
tivity and selectivity, and more complex procedures. In recent decades,
the development of advanced materials for electrochemical detection
has seen rapid progress. For instance, MXene-based materials have
garnered significant attention due to their tunable surface functional
groups and large surface area (Umapathi, Raju, et al., 2025). Similarly,
hexagonal boron nitride composite film sensors have been developed for
their stability, dielectric properties, and mechanical robustness
(Umapathi, Rethinasabapathy, et al., 2025). Carbon nanotube (CNT)/
polymer composites have also gained substantial interest in electro-
chemical sensors because of their synergistic effects, where CNTs
contribute excellent electrical conductivity, high surface area, me-
chanical strength, and efficient electron transport, while polymer films
enhance catalytic activity, sensitivity, and molecular recognition.

In light of these advancements, this study aims to fabricate a func-
tionalized multi-walled carbon nanotube (FMWCNT)-3-amino-5-mer-
capto-1,2,4-triazole (p-AMTa) polymer composite modified glassy
carbon electrode (GCE) for the selective and sensitive electrochemical
detection of 3-CQA in food and blood samples under physiological
conditions. The potentiodynamic polymerization of AMTa on the
FMWCNT-modified GCE was utilized to prepare the polymer composite-
modified electrode (GCE/OD/FMWCNTs/p-AMTa). The presence of
FMWCNTs on the electrode surface facilitates n-n interactions with 3-
CQA, increases the surface area, and, together with the p-AMTa, es-
tablishes electrostatic and hydrogen-bonding interactions with 3-CQA.
These combined effects significantly enhance the sensitivity of the
composite-modified GCE toward 3-CQA detection. The polymer
composite-modified electrode exhibited a stable voltametric response
for 3-CQA detection, with a fourfold increase in oxidation current
compared to the unmodified GCE. Amperometric measurements showed
a linear increase in catalytic current in response to 3-CQA concentra-
tions ranging from 0.1 to 200 pM, with a limit of detection (LOD) of 30
nM (S/N = 3). The practicability of the FMWCNTs/p-AMTa composite
electrode was demonstrated through the detection of 3-CQA in blood
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serum, coffee bean extracts, tea extracts, and various food samples,
including potatoes, tomatoes, apples, and grapes, yielding favorable
recovery results.

2. Experimental details
2.1. Chemicals

3-Amino-5-mercapto-1,2,4-triazole (AMTa), acid functionalized
multi-walled carbon nanotubes (FMWCNTs), dicyclohexylcarbodiimide
(DCC), 1,8-octanediamine (OD), caffeine (CAF), and 3-caffeoylquinic
acid (3-CQA) were purchased from Merck (Nanjing, Jiangsu, China)
and used as received. All other chemicals of analytical grade were also
used as received in this study.

2.2. Instrumentations

Electrochemical measurements were conducted using a CHI-634B
electrochemical workstation (CHI Instruments, Austin, TX, USA). For
standard electrochemical analysis, a mirror-polished GCE (3 mm),
platinum wire, and NaCl-saturated Ag/AgCl were employed as the
working, counter, and reference electrodes, respectively. During dif-
ferential pulse voltammetry (DPV) analysis, a pulse width of 0.06 s,
sample period of 0.02 s, amplitude of 0.05 V, and pulse period of 0.20 s
were applied. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Shimadzu Axis 165 high-performance multi-
technique analysis system (Shimadzu, Kyoto, Japan). Spectral data were
analyzed using XPSPEAK41 software, and core-level spectra were fitted
by considering peak position, intensity, and the minimum number of
peaks for the best fit. A Shirley background subtraction was used for
fitting all core-level spectra.

2.3. Fabrication of modified electrodes

2.3.1. Preparation of GCE/OD/FMWCNTs modified electrode

The modification procedure for FMWCNTs on GCE is outlined as
follows (Scheme 1): First, the well-cleaned GCE was immersed in a 1.0
mM OD solution for 8 h, followed by treatment with a 1:1 mixture of 0.2
mg/mL ethanolic FMWCNTs and 2 mM DCC for 4 h. The amine groups of
OD reacted with the carboxyl groups of FMWCNTs in the presence of
DCC through a condensation reaction, forming a CO-NH bond and
facilitating the attachment of FMWCNTs onto the GCE surface. The
resulting electrode was denoted as GCE/OD/FMWCNTs (Rajalakshmi &
Abraham John, 2015).

2.3.2. Preparation of GCE/OD/FMWCNTs/p-AMTa modified electrode

The FMWCNTSs/p-AMTa composite was fabricated via potentiody-
namic polymerization on the GCE/OD/FMWCNTs modified electrode. A
1 mM AMTa solution in 0.1 M HySO4 was subjected to 15 continuous
cycles between —0.2 V and + 1.7 V at a sweep rate of 50 mV/s (Raja-
lakshmi et al., 2015).

2.3.3. Preparation of GCE/p-AMTa modified electrode

To evaluate the electrocatalytic activity of the polymer-modified
electrode, a GCE/p-AMTa modified electrode was prepared following
the procedure described in Section 2.3.2, using a bare GCE instead of the
GCE/OD/FMWCNTs modified electrode (Rajalakshmi et al., 2015).

2.4. Sample preparation of real sample analysis

Samples of commercial tea (black tea leaves) and coffee (ground
roasted Arabica beans) were purchased from a nearby supermarket in
Zhenjiang, Jiangsu, China. Fresh fruit samples, including apples and
grapes, were obtained from a local market. The fruits were washed,
peeled, blended using a kitchen-grade blender (Midea, Guangdong,
China), and dried in a hot air oven at 70 °C for 24 h. Approximately 2.0 g
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Scheme 1. Schematic representation of the preparation of FMWCNTs/p-AMTa composite electrode.

of the powdered fruit, coffee, or tea was steeped in 25 mL of distilled
water at 80 °C for 10 min for extraction. After filtering, the mixture was
centrifuged for 10 min at 5000 rpm. The supernatant was collected,
appropriately diluted, and used for electrochemical analysis. The clin-
ical laboratory at the Affiliated People’s Hospital of Jiangsu University
provided the human blood serum samples, which were anonymized
before use. These samples were leftovers from standard diagnostic
testing, and no additional blood was drawn specifically for this study.
Three blood serum samples were collected from the laboratory, diluted
approximately 10 times with PBS, and used for analysis.

3. Results and discussion
3.1. Preparation and characterization of modified electrodes

The electrochemical polymerization of AMTa on the FMWCNTs-
modified surface resulted in the appearance of four oxidation peaks at
0.46, 0.76, 1.13, and 1.49 V, and one reduction peak at —0.08 V during
the first cycle (Fig. 2). In subsequent cycles, the peaks at 0.76, 1.13, and
1.49 V shifted to 0.69, 0.98, and 1.14 V, respectively, accompanied by a
slight decrease in oxidation current response. Additionally, the oxida-
tion peak currents at 1.13 and 1.49 V significantly increased, along with
the appearance of a new reduction peak at —0.079 V. These voltam-
metric behaviors were also observed for the GCE/OD/FMWCNTS,
exhibiting higher oxidation and reduction current responses. The
enhanced oxidation current responses observed on both electrodes
suggest the involvement of a new monomer species in the oxidation
process during each potential cycle, leading to an increase in the
quantity of electroactive species on the GCE surface (Fig. S1) (Raja-
lakshmi et al., 2015). The successful attachment of FMWCNTSs and the
deposition of the nanostructured conducting polymer were confirmed
via scanning electron microscopy (SEM) (Fig. 3A, B). The average
diameter of the FMWCNTSs increased from 38 nm to 45 nm. Atomic force
microscopy (AFM) analysis revealed the topology of the modified
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Fig. 2. Electro-polymerization of AMTa at GCE/OD/FMWCNTs in 0.1 M H2SO4
+ 1 mM AMTa at a sweep rate of 50 mV/s.

surfaces. The FMWCNTs-modified surface exhibited aligned, fibrous,
and tubular features, characteristic of well-dispersed FMWCNTSs, indi-
cating the successful deposition of FMWCNTs on the GCE surface
(Fig. S2A). After incorporating p-AMTa, the AFM image showed a more
compact and smoother morphology, with the nanotube network
partially embedded in the polymer matrix. The rounded, dense features
indicated uniform polymer growth over the FMWCNTSs network, which
likely contributed to improved electrochemical stability and enhanced
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Fig. 3. SEM images obtained for (A) GCE/OD/FMWCNTs and (B) GCE/OD/FMWCNTs/p-AMTa composite modified surfaces. XPS (C) wide scan, (D) Cls, (E) N1s and

(F) S2p regions of GCE/OD/FMWCNTs/p-AMTa surfaces.

surface functionalization (Fig. S2B). These topographical changes
confirm the successful formation of the composite and support the
improved electrochemical performance observed in the voltammetric
studies. Additionally, the bonding nature was investigated using XPS
analysis (Fig. 3C-3F). The survey spectrum revealed that the composite-
modified surface contained carbon (C), nitrogen (N), and sulfur (S)
species (Fig. 3C). The C1s spectrum was deconvoluted into three peaks
at 284.3, 287.8, and 286.3 eV, which were attributed to C-C/C-H, O=C-
NH-, and C—O— species, respectively. The core-level spectrum of N1s
from the composite-modified surface (Fig. 3D) was fitted with three
component peaks at 399.8, 400.7, and 401.6 eV, corresponding to -N=,
-NH-, and -N + H-, respectively (Fig. 3E). In the sulfur core-level spec-
trum, S—S and heterocyclic sulfur-doped sulfate ion peaks were
observed at 163.6 and 164.9 eV (Fig. 3F). The peak at 287.8 eV in the
carbon core-level spectrum was attributed to the amide bond formation
between FMWCNTSs and the OD linker on the GCE surface. Furthermore,
the formation of the -C=N bond during polymerization was confirmed
by the peak observed at 399.8 eV in the nitrogen-deconvoluted spec-
trum. These results are consistent with those reported in the literature
(Rajalakshmi et al., 2015).

3.2. Electro-oxidation of 3-CQA at different modified electrodes

The electro-oxidation of 3-CQA was investigated using unmodified
GCE, GCE/p-AMTa, GCE/OD/FMWCNTs, and GCE/OD/FMWCNTs/p-
AMTa electrodes in 0.2 M PBS containing 0.5 mM 3-CQA (pH 7.2) at a
sweep rate of 50 mV/s (Fig. 4). The unmodified GCE displayed oxidation
and reduction responses at 0.27 V and 0.14 V (curve a), as illustrated in
Scheme 2A. The electrochemical oxidation of 3-CQA results in the for-
mation of its o-quinone, which is then reduced back to 3-CQA, involving
two electrons and two protons (Yardim, 2012). However, after five
consecutive cycles, the redox responses shifted to 0.31 Vand 0.12 V with
reduced current responses (Fig. S3, dashed line-a). This behavior is
attributed to the passivation of the GCE surface by the oxidized com-
pounds of 3-CQA, making the unmodified GCE unsuitable for 3-CQA
detection. In contrast, the GCE/p-AMTa electrode exhibited signifi-
cantly improved redox responses (2.1 times higher than the unmodified
GCE), with oxidation and reduction peaks at 0.26 V and 0.12 V,
respectively (curve b).

The enhanced electro-oxidation response on GCE/p-AMTa (Scheme
2B) is primarily attributed to hydrogen bonding and electrostatic
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Fig. 4. CVs obtained for (a) unmodified GCE, (b) GCE/p-AMTa, (c) GCE/OD/
FMWCNTs and (d) GCE/OD/FMWCNTs/p-AMTa in 0.2 M PBS + 0.5 mM of 3-
CQA at a sweep rate of 50 mV/s.

interactions between the heteroatoms of p-AMTa and 3-CQA. These
redox responses remained stable over five cycles on the GCE/p-AMTa
electrode (Fig. S3, dashed line-b). Further improvement was observed
upon the introduction of GCE/OD/FMWCNTs, where the oxidation
response shifted to 0.21 V and the reduction response was observed at
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0.15 V (curve c). The 59 mV shift in potential and similar oxidation
current responses to GCE/p-AMTa, along with stable redox responses
after five cycles (Fig. S3, dashed line-c), can be attributed to the n-n
interactions between FMWCNTs and the benzene ring of 3-CQA (Scheme
2B). Interestingly, the GCE/OD/FMWCNTs/p-AMTa electrode demon-
strated a significantly enhanced redox response at 0.27 V and 0.12 V,
along with a fourfold increase in electro-oxidation current compared to
the unmodified GCE (curve d). The oxidation and reduction peaks of 3-
CQA remained highly stable during successive scans, as shown in Fig. S3
(dashed line-d). The superior sensitivity of this composite electrode is
mainly attributed to the strong electrostatic and hydrogen bonding in-
teractions between the heteroatoms on the positively charged polymer
backbone and the n-r interactions between the FMWCNTs and the aro-
matic ring of 3-CQA (Scheme 2B). The cyclic voltammetry (CV) profiles
(Fig. S1; Curve ‘d’) demonstrate that the current response remained
stable and reproducible over successive scans, with no significant loss in
peak intensity or shift in redox potential, indicating excellent surface
anti-fouling properties. The enhanced electrocatalytic performance of
the FMWCNTs/p-AMTa electrode can be attributed to several factors:
the large surface area and n-r interaction capabilities of the MWCNTs,
which prevent analyte accumulation on the surface; the hydrophilic and
positively charged p-AMTa polymer, which maintains a clean, electro-
active surface through favorable electrostatic and hydrogen bonding
interactions with 3-CQA; and the synergistic composite layer architec-
ture that discourages the deposition of oxidation products while
enhancing mass transport. These combined properties reduce electrode
passivation, ensuring stable antifouling behavior, making this system
highly suitable for real-sample analysis in complex matrices such as food
and biological fluid.

The chemical interactions and contributions of functional groups
were further analyzed using FT-IR spectra (Fig. S4). The composite film
exhibited an absorption band around 3200-3400 cm ™}, corresponding
to the N—H and O—H stretching vibrations, indicative of the presence of

primary amine and hydroxyl groups. Peaks near 1650 cm™! were

A

HO

HO

Scheme 2. (A) Proposed electro-oxidation mechanism of 3-CQA, where the catechol undergoes reversible redox process forming o-quinone intermediate. (B)
Schematic representation of the electrostatic, hydrogen bonding and n—n stacking interaction between 3-CQA and FMWCNTs/p-AMTa interface.
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attributed to the C=N stretching vibrations of the triazole ring. A peak
around 2550-2600 cm ™! corresponded to S—H stretching, character-
istic of the thiol group present in AMTa. Upon interaction with 3-CQA,
the -OH/N-H band broadened and slightly shifted, suggesting
hydrogen bonding interactions between the hydroxyl/amine groups on
the composite surface and the functional groups of 3-CQA. The C=N
stretching band remained intact, though it may have undergone minor
shifts or changes in intensity, indicating electrostatic interactions or
environmental changes around the triazole ring due to composite for-
mation. Additionally, enhanced intensity in the C=C stretching region
(around 1500-1600 cm ') suggests 1 stacking interactions between
the conjugated structures of FMWCNTs and 3-CQA. These spectral
changes confirm the presence of hydrogen bonding, electrostatic in-
teractions, and n—x stacking, all contributing to the improved electro-
chemical properties of the modified electrode.

The effect of scan rates on the GCE/OD/FMWCNTs/p-AMTa elec-
trode was investigated in relation to the oxidation of 3-CQA (Fig. S5). A
good linear relationship was observed between anodic peak currents and
the square root of the scan rates, with an R? of 0.9980 (Inset: Fig. S5),
indicating that the oxidation of 3-CQA was predominantly a diffusion-
controlled process on the composite electrode.
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3.3. Effect of solution pH

The pH effect on the redox reaction of 3-CQA was also studied under
similar experimental conditions. The CV results for 3-CQA in the pH
range from 3 to 10 in 0.2 M PBS and the corresponding plot of pH vs.
oxidation potential are shown in Fig. S6. Both the peak potential and
peak current were pH-dependent. As the pH increased from 3 to 10, the
redox peaks shifted gradually toward the lower potential window. The
anodic peak potential of 3-CQA varied linearly with pH, with a slope of
36 mV per pH. This result aligns with previous reports suggesting that
two protons and two electrons participate in the 3-CQA redox process
(Salimi et al., 2005). Additionally, the oxidation current of 3-CQA
reached its maximum at pH 7. Given the optimal conditions, which
offer superior stability, reproducibility, and biocompatibility for real
sample analysis, pH 7.2 was chosen for further studies.

3.4. Determination of 3-CQA by DPV

The DPV profiles for 3-CQA were obtained over a concentration
range of 1 to 11 pM at the GCE/OD/FMWCNTs/p-AMTa electrode in 0.2
M PBS (pH 7.2). Introduction of 1 pM 3-CQA resulted in a peak at 0.17 V
(Fig. 5A; curve a). As the concentration of 3-CQA was increased by
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Fig. 5. DPVs obtained for the detection of 3-CQA at GCE/OD/FMWCNTSs/p-AMTa in 0.2 M PBS (A) each addition of 1 pM of 3-CQA (1-11 pM; a-k), (B) each addition
of 3 pM 3-CQA and 40 pM CAF and (C) each addition of 1 pM of 3-CQA in AMTa in 0.2 M PBS + 500 pM CAF. Insets: Corresponding Linear plots derived from current

vs. concentration of 3-CQA.
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successive 1 pM increments up to 11 pM, the oxidation current response
exhibited a dynamic increase (curves b-k), demonstrating a linear
relationship with an R? of 0.9945 (Inset: Fig. 5A). The oxidation peak
potential for 3-CQA remained almost constant despite the increase in
concentration up to 11 pM.

3.5. Detection of 3-CQA along with CAF

Given that 3-CQA naturally occurs in coffee beans alongside CAF,
simultaneous detection of both is critical. Fig. 5B presents the DPVs for
various concentrations of 3-CQA and CAF. The addition of 3 pM 3-CQA
and 40 pM CAF resulted in distinct oxidation peaks at 0.19 Vand 1.34 V,
corresponding to 3-CQA and CAF, respectively (curve b). Both catalytic
responses were progressively enhanced, with R? values of 0.9966 and
0.9990 for 3-CQA and CAF, respectively, as the concentrations of 3-CQA
increased from 3 to 30 pM and CAF from 40 to 400 pM (curves b-k).

3.6. Specific detection of 3-CQA along with CAF

The selectivity of the GCE/OD/FMWCNTs/p-AMTa electrode for 3-
CQA detection in the presence of excess CAF was also evaluated.
Given the abundant presence of CAF with 3-CQA in natural sources such
as coffee, selective determination of 3-CQA in the presence of high CAF
concentrations is crucial. Fig. 5C shows the DPVs recorded after adding
1 pM 3-CQA and 0.5 mM CAF in 0.2 M PBS. A distinguishable oxidation
response was observed at 0.17 V for 1 pM 3-CQA even in the presence of
0.5 mM CAF, as shown in Fig. 5C (curve b), demonstrating the ability to
detect low concentrations of 3-CQA in the presence of 500-fold excess
CAF. As the concentration of 3-CQA increased from 1 to 9 M, its
oxidation current response gradually improved, with an R? of 0.9991 for
each successive addition of 1 pM 3-CQA in 0.2 M PBS (pH 7.2) + 0.5 mM
CAF.

3.7. Amperometric detection of 3-CQA

Fig. 6 presents the chronoamperometric i-t profile for 3-CQA detec-
tion using the FMWCNTs/p-AMTa composite electrode in a homoge-
neously stirred 0.2 M PBS at a constant working potential of +0.4 V. The
initial amperometric current profile (1200 s) reflects the addition of 100
nM 3-CQA (Fig. 6A). Subsequent additions of 100 nM 3-CQA at 50-s
intervals resulted in a stepwise increase in the amperometric current,
with the current stabilizing within 3 s after each injection. The current
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response as a function of successive 3-CQA additions (ranging from 100
to 1000 nM) showed a highly linear relationship, with an R? of 0.9998
(Inset: Fig. 6A).

Additionally, the chronoamperometric response improved progres-
sively with increasing concentrations of 3-CQA, from 0.1 to 200 pM
(Fig. 6B), yielding a correlation coefficient of 0.9998. The corresponding
correlation plot and expanded view are shown in the inset of Fig. 6B,
with an LOD for 3-CQA reaching as low as 30 nM (S/N = 3). Further-
more, the electrode fabrication process was simple and efficient
compared to previously reported sensors, as detailed in Table S1. The
FMWCNTs/p-AMTa composite electrode demonstrated an exceptionally
broad linear range (0.1-200 pM) and the lowest LOD (30 nM) among the
listed sensors. For instance, the nanogold-modified electrode, which
exhibited an LOD of 40 nM, had a narrow linear range (0.01-0.1 pM),
limiting its broader applicability (Chauhan & Annu, 2020). In contrast,
the metal complex-modified carbon paste electrode had a higher
detection limit and a restricted linear range (80.2-800 nM) (de Carvalho
et al., 2008). Additionally, tyrosine-modified sensors faced issues with
enzyme instability and higher LODs (1400 nM) (Munteanu & Apetrei,
2022). The superior sensing performance of the proposed electrode
arises from the synergistic effects of FMWCNTs and the p-AMTa layer.
This method offers a robust, cost-effective, and scalable alternative to
existing techniques for electrochemical 3-CQA detection, making it
particularly promising for practical applications in food safety moni-
toring and clinical diagnostics.

3.8. Effect of interferences

3-CQA was also detected in the presence of various co-interferents,
including cysteine, citrate, guanosine monophosphate, alanine, aspara-
gine, thymine, and tryptophan. Fig. 7 displays the chronoamperometric
i-t profile of 3-CQA at the FMWCNTs/p-AMTa composite electrode
surface in consistently stirred 0.2 M PBS. The initial enhancement of the
amperometric current signal at 1300 s resulted from the addition of 200
nM of 3-CQA (curve “a” in Fig. 7). Subsequent injections of 3-CQA
produced a distinct current response at 1350 s. Notably, no significant
amperometric current responses were observed when 100 pM each of
cysteine, citrate, alanine, guanosine monophosphate, asparagine, tryp-
tophan, and thymine were added to the solution (Fig. 7, curves b-h).
However, an additional 200 nM of 3-CQA introduced into this solution
led to a noticeable increase in the amperometric current at 1750 s,
mirroring the initial response at 1300 s (curve “a”). These results
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Fig. 6. Chronoamperometric i-t profile obtained for the detection of 3-CQA at GCE/OD/FMWCNTs/p-AMTa in 0.2 M PBS. (A) The addition of 3-CQA was about 100
nM at 50 s intervals. (B) The injection of 3-CQA by 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6, 15, 30, 50, 100 and 200 uM at 50 s intervals. Eap, = +0.4 V. Insets: Respective linear

plots and expanded views.



H. Tang et al.

0.06 T T T T T T 1
- a -
<
= 0.04f —»h -
= a
a
0.02f 1
1200 1400 1600 1800

Time (sec)

Fig. 7. Chronoamperometric i-t profile obtained at GCE/OD/FMWCNTs/p-
AMTa in 0.2 M PBS + (a) 200 nM 3-CQA and addition of 100 pM each (b)
cysteine, (c) citrate, (d) alanine, (e) guanosine monophosphate, (f) asparagine,
(g) tryptophan, and (h) thymine. E,p, = +0.4 V.

confirm that 200 nM 3-CQA can be reliably detected even in the pres-
ence of a 500-fold excess of key interfering compounds. Further chro-
noamperometric measurements were conducted to evaluate the
selectivity of the GCE/OD/FMWCNTs/p-AMTa electrode for 3-CQA
detection. As shown in Fig. S4, the sensor displayed minimal current
changes upon the addition of various potentially interfering species
(100 pM of cysteine, citrate, alanine, GMP, asparagine, tryptophan, and
thymine), while a significant increase in current was observed upon the
addition of just 400 nM 3-CQA. This demonstrates the electrode’s high
selectivity for 3-CQA, even in the presence of excess biomolecules and
electroactive species. The chronoamperometric response further vali-
dates the practical applicability of this sensor for selectively detecting 3-
CQA in complex sample matrices.

3.9. Real sample analysis

The practical performance of the FMWCNTs/p-AMTa composite
surface was demonstrated by detecting trace levels of 3-CQA in blood
serum, coffee bean extracts, tea extracts, potatoes, tomatoes, apples, and
grapes. Fig. S8 shows the DPVs for coffee bean extract, both alone and
spiked with commercial 3-CQA and CAF. PBS showed no electro-
chemical response (curve a). In contrast, the coffee bean extract in PBS
exhibited peaks at 0.19 V and 1.34 V (curve b). After spiking with
commercial 3-CQA and CAF, the peak currents increased at these same
potentials. Based on the oxidation current of 3-CQA, the concentration
of 3-CQA in the coffee bean extract was calculated. The actual and
projected amounts of 3-CQA are presented in Table S2, demonstrating
good recoveries of 3-CQA in the coffee bean extract and highlighting the
potential of the proposed composite for detecting 3-CQA in real food
samples. Similarly, other food samples were tested by adding a known
amount of 3-CQA, and the added and found amounts of 3-CQA are
summarized in Table S2, showing good recovery results across all bio-
logical and food samples.
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3.10. Repeatability, reproducibility, and stability of FMWCNTs/p-AMTa
composite

An experiment was conducted to assess both the repeatability (intra-
assay precision) and reproducibility (inter-assay precision) of the
developed biosensor at three 3-CQA concentration levels: low (0.1 pM),
medium (100 pM), and high (200 uM) (Fig. S9). For repeatability, ten
independent measurements were made using the same biosensor under
identical conditions. For reproducibility, measurements were performed
using independently fabricated biosensors (n = 10) at each concentra-
tion level. The relative standard deviations (RSDs) for both sets of ex-
periments were calculated and presented in Fig. S6. The consistently low
RSD values across all concentrations confirm the high precision and
reliability of the biosensor for quantitative analysis of 3-CQA.

The stability of the modified electrode was evaluated in the presence
of 0.2 mM 3-CQA in 0.2 M PBS. CVs were recorded for 3-CQA in 0.2 M
PBS over a 10-min period, showing that the oxidation response of 3-CQA
maintained nearly identical features, with an RSD of 1.5 % over at least
four successive analyses. Additionally, after two weeks of storage at 4 °C
in an argon chamber, the oxidation response of 3-CQA decreased by only
1.1 %. To assess reusability, three independent GCE/OD/FMWCNTs/p-
AMTa surfaces were prepared and tested for the oxidation of 3-CQA over
six repeated measurements. The catalytic peak currents for these six
repeated experiments remained closely identical, with an RSD of 2.23 %,
demonstrating significant reproducibility.

4. Conclusions

Sensitive detection of 3-CQA was demonstrated using the
FMWCNTs/p-AMTa composite electrode at physiological pH. The elec-
trode exhibited a stable response with a fourfold increase in oxidation
current response to 3-CQA, primarily attributed to the hydrogen
bonding and electrostatic interactions between the heteroatoms on the
positively charged polymer backbone and 3-CQA, as well as the n-n in-
teractions between FMWCNTs and the benzene ring of 3-CQA. The
chronoamperometric current response was highly responsive to varying
concentrations of 3-CQA, from 0.1 to 200 pM, with an LOD of 30 nM (S/
N = 3). Furthermore, the FMWCNTs/p-AMTa composite electrode
demonstrated good recovery for 3-CQA in biological and food samples.
This work suggests that the proposed sensor is a promising platform for
detecting the phenolic antioxidant 3-CQA in food and biological sam-
ples. Additionally, integrating this sensor into portable or wearable
electrochemical devices could enable on-site analysis and rapid detec-
tion. Future efforts may focus on improving sensor stability over time
and under varying conditions and developing multiplexed detection
systems for food quality and health monitoring.
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