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Rapid detection of caffeic acid in food beverages
using a hon-enzymatic electrochemical sensor
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Caffeic acid (CA), a naturally occurring polyphenol abundantly found in various plants, has garnered
significant attention in recent years due to its diverse pharmacological properties and potential health
benefits. Additionally, caffeic acid is used in a range of applications, including in the food industry,
disease diagnostics, and environmental monitoring, underscoring the significance of its detection. In this
investigation, Bi,S3s/CNF nanocomposites were prepared by a simple ultrasonication method. The
successful formation of the Bi,Ss/CNF nanocomposites was validated through X-ray diffraction (XRD),
field emission scanning electron microscopy (FE-SEM), high resolution transmission electron microscopy
(HR-TEM), energy dispersive electron microscopy (EDX), elemental mapping, Brunauer—Emmett-Teller
(BET) studies and X-ray photoelectron microscopy (XPS). Furthermore, the electrochemical behaviour of
CA on the resulting electrode was investigated through cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Based on above findings, the non-enzymatic electrochemical sensor has good
performance for the electrochemical detection of CA under tailored conditions; the wide linear range of
CA concentrations detectable by the modified GCE was 0.1-500 uM, and the LOD was 108 nM, with the
sensitivity of the modified GCE calculated to be 2.56 pA uM™ cm™2 and good selectivity, repeatability,
reproducibility and stability. Additionally, the Bi,Ss/CNF/GCE nanocomposite electrode material was used
to detect CA in real samples, such as apple and grape juice, and acceptable results were achieved
showing good practical applicability. Ultimately, this study demonstrated that the suggested sensor has
enhanced the ability to determine CA in food industry and health care field.

Caffeic acid (CA) is a natural compound found in various plants, including coffee beans, fruits, and vegetables. Antioxidant properties: CA has antioxidant
properties, which means that it can help neutralize free radicals in the body. Flavor enhancement: CA, being naturally present in certain foods, can contribute to
the overall flavor profile. Food manufacturers might use it as a flavor enhancer to improve the taste of products. Color stabilization: CA can also play a role in
stabilizing the color of certain foods. It can help prevent the degradation of pigments responsible for the color of fruits, vegetables, and other food items.
Preservative effects: due to its antimicrobial properties, caffeic acid may have preservative effects, inhibiting the growth of some microorganisms. This can
contribute to extending the shelf life of certain food products. On the basis of the above information, we have concluded that our research team is able to detect
CA in food samples. Bi,S;/CNF/GCE nanocomposites have been synthesized and tested for detecting CA in real samples, such as apple juice and grape juice
using electrochemical techniques, thus demonstrating good practical applicability in the food industry.

Introduction
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namic acid) is a significant compound in the category of
phenolic acids, and it has been widely used for several phar-
macological functions,® such as anti-inflammatory,* antibacte-
rial,* antioxidant,” immune-modulatory and anticancer.® The
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appropriate phenolic acid intake level is important to sustain
a healthy diet,” and the average intake level of CA is 206 (mg
dL™");® hence, it is important to develop simple and effective
platforms for monitoring the concentration of CA. To date,
numerous traditional methods have been utilized for the
determination of CA, such as gas chromatography (GC-MS),’
liquid chromatography (LC-MS),** ultra-performance liquid
chromatography (UPLC),"* mass spectroscopy, electrophoresis*>
and electrochemical detection methods.”* Nevertheless,
compared to electrochemical techniques, which offer a simple
and rapid response along with extremely sensitive detection,
these analytical approaches are typically more time-consuming
and expensive.™

In recent years, with advancements in nanomaterials, elec-
trochemical sensors have been developed and utilized for
detecting various food additives. In particular, metal sulfides
such as Bi,S;,"* C08S,,"® MoS,,"” WS,," SnS,," and Cu,S* have
gained widespread attention. Remarkably, Bi,S; nanoparticles
exhibit excellent exotic, optical, magnetic, and electrical prop-
erties. They have been synthesized using various techniques,
including  photochemical synthesis, microwave-assisted
methods, ultrasonic methods, thermal decomposition, sol-
vothermal processes, and hydrothermal methods.*® However,
Bi,S; nanoparticles have low intrinsic conductivity, and their
electrochemical detection is limited in practical use by their low
sensitivity and limited linear range. So far, various approaches
have been proposed to enhance the electrochemical properties
of the orthorhombic structure of Bi,S;.?> For instance, Yan et al.
synthesized Bi,S;/rGO nanocomposites employing thio-
acetamide as a sulfur source, and these nanocomposites were
then employed as the active layer in a dopamine sensor,
resulting in significant enhancements in selectivity and sensi-
tivity.>® Conversely, carbon-based materials are widely used in
electrochemical sensor applications,* such as graphitic carbon
nitrate (g-C3N,),* reduced graphene oxide (rGO),*® carbon
nanotubes (CNTs),” single walled carbon nanotubes
(SWCNT),”® multi-walled carbon nanotubes (MWCNTs)* and
carbon nano fibres (CNFs).* For instance, Mehmandoust et al.
displayed the use of nanostructured materials by developing
metal-carbon nanocomposites and a nanometal-based elec-
trochemical sensor for use in pharmaceutical and organic waste
detection,*>** in which very low detection limits were obtained
in the concentration range of micromolar to nanomolar.*
Furthermore, according to previous reports, carbon nano fibre
(CNF) materials are widely used in electrochemical sensing
applications due to these materials exhibiting a high surface
area, and the high electrical conductivity of CNFs can be used to
increase the rate of electron transfer and detection limit of food
analytes.**

In the present investigation, we report the successful
formation of Bi,S;/CNF nanocomposites that were synthesized
by a simple ultrasonication method. The as-prepared Bi,S;/CNF
nanocomposites were used to modify a GCE for the electro-
chemical sensing of CA, which was investigated in detail. The
Bi,S;/CNF nanocomposite demonstrated superior electro-
catalytic behaviour towards CA. The fabricated Bi,S;/CNF/GCE
nanocomposites as a CA sensor displayed good sensitivity,
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a wide linear range, practical applicability and high selectivity
in the presence of different interfering analytes in an aqueous
PBS (pH 7.0) solution. This study offers a future approach for
enhancing the electrocatalytic properties of Bi,S;/CNF/GCE
nanocomposites and increasing their applications in the field
of electrochemical sensing applications.

Materials and methods

Chemicals and reagents

Bismuth nitrate hexahydrate [Bi (NO3);-5H,0, 98%], sodium
thiosulphate pentahydrate [Na,S,03-5H,0, 99%], sulphuric
acid (H,S0,), disodium hydrogen phosphate [NaH,PO,-2H,0,
99.0-100.5%], dihydrogen sodium phosphate [Na,H,PO,-2H,-
O, 99.0-100.5%], potassium ferricyanide [K;/K, (Fe (CN)s),
98.0%], potassium hydroxide pellets [KOH, =85%], caffeic acid
(=98%), and ethanol (CH3;CH,OH) (95.0%) were obtained from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Propyl gallate
(=98%), sodium nitrate (NaNO3) (=99.0%) and acetone (CH;-
COCHj;) were purchased from Sigma-Aldrich, Taiwan and all
other chemicals and regents were used without further
purification.

Preparation of Bi,S;

The Bi,S; nanoparticles were synthesized by using a simple one
step hydrothermal method. In a typical experiment, 6 g of
sodium thiosulphate [Na,S,05-5H,0] was dissolved in 60 mL of
deionized water (DDW), followed by continuous stirring, and
1.5 g of bismuth nitrate [Bi (NO;);-5H,0] was added dropwise to
the above precursor solution; after 30 min of stirring, the mixed
solution was moved to a 100 mL Teflon-lined stainless auto-
clave, and the temperature was kept at around 180 °C overnight
in a hot air oven, before cooling to room temperature. The black
colour precipitate was collected and washed several times with
DDW and ethanol. Finally, the dark gray sample was dried at
80 °C for 8 h.

Preparation of CNFs

Han et al.'s approach,* which involved acid treatment, resulted
in the functionalization of pure CNFs with -OH, -C=0 and -
COOH groups. Initially, 1 g of bare CNFs was transferred into
a three-neck round-bottomed flask, and 75 mL of HNO; and
H,SO, acid were added. The acid-refluxed CNFs were washed
with deionized water, and the pH was adjusted to above 6.
Finally, the obtained colloidal solution was dried at 80 °C for
12 h in a vacuum oven.

Preparation of the Bi,S;/CNF nanocomposites

The Bi,S;/CNF nanocomposites were prepared through the
ultrasonication method. In brief, 2 mg of CNFs and 3 mg of
Bi,S; nanoparticles were dispersed in 5 mL of ethanol and
probe sonicated for 30 minutes at room temperature; after that,
these materials can be used for further physiochemical char-
acterization and sensing applications (Scheme 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1

Material characterization

The as-prepared Bi,S;/CNF nanocomposites have been studied
utilizing several analytical techniques. X-ray diffraction
(Rigaku smart lab diffractometer) was used to analyze the
crystalline nature and structure of the prepared samples using
monochromatic CuK radiation (A = 1.540 A). The morphol-
ogies of all the prepared samples were observed by scanning
electron microscopy (FE-SEM, JEOL JSM 6480, Oxford Instru-
ment). Moreover, the Bi,S;/CNF nanocomposites were exam-
ined using transmission electron microscopy (HR-TEM, JOEL
JEM 2001). An X-ray photoelectron spectrometer (Scientific
Multilab 200 XPS) was used to determine the chemical
composition of the as prepared nanocomposite. Furthermore,
using cyclic voltammetry (CV) and differential voltammetry
(DPV), the electrochemical sensor performance of nano-
composite modified electrodes was evaluated. All electro-
chemical experiments were performed using a CHI 211B
electrochemical workstation (CH Instruments Co., Austin, TX,
USA). A three-electrode system with an Ag/AgCl reference
electrode, a platinum wire a counter electrode, and a GCE as
the working electrode was used to carry out voltammetry
studies. A Suntex pH meter was utilized to determine pH
parameters during electrochemical investigations, which were
carried out at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fabrication of the modified electrode

The glassy carbon electrode (GCE) (working surface area = 0.07
cm?) was carefully polished with alumina powder (0.05 microns,
99.99%) and washed with DDI water before surface modifica-
tion. The Bi,S;/CNF nanocomposites were initially suspended
in ethanol and subjected to 30 minutes of ultrasonic treatment.
Afterwards, the suspension was drop-cast onto a GCE electrode
using a 5 uM solution. The electrode was subsequently dried at
50 °C for 5 minutes before proceeding with further experiments,
following the same procedure as described above.

Real sample analysis

The electrochemical performance of the Bi,S;/CNF/GCE nano-
composites was evaluated using two food samples: grape juice
and apple juice. Prior to analysis, both juices were centrifuged
at 3000 rpm for 10 minutes and filtered. The filtered solutions
were then directly employed for the analysis as real samples.

Results and discussion

Phase analysis

The XRD patterns of the as-prepared Bi,S;, CNF, and Bi,S;/CNF
nanocomposites were analysed using an XRD diffractometer,
and the results obtained are shown in Fig. 1. The bare Bi,S;

Sustainable Food Technol., 2024, 2, 717-728 | 719
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Fig. 1 XRD patterns of the as-prepared samples.
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were in agreement with standard JCPDS card no (65-2435).%° The
bare CNF diffraction peak located at 25.61° corresponds to the
(0 0 2) plane.* The presence of these planes demonstrates that
the Bi,S; and CNFs are well crystallized, and the presence of no
other crystalline phases demonstrates their high purity. We
observed, from the XRD image, a slight decrease in the peak
intensity of the spectra of the Bi,S;/CNF nanocomposites due to
the addition of CNFs. The Debye-Scherrer formula was used to
determine that the average crystallite sizes of the Bi,S;, CNFs
and Bi,S;/CNF nanocomposites are 30.1 nm, 35 nm and
23.05 nm, corresponding to the planes of (22 1),(002),and (21
1), respectively. This result indicates that the CNFs reduce the
crystalline size of the Bi,S; nanoparticles in the composite
system, and the reduction in crystalline size is reflected via the
reduction in the peak intensity and broadening of the diffrac-
tion peaks. Therefore, the XRD pattern obtained confirms the
presence of the composite material Bi,S;/CNF, demonstrating
good crystallinity.

Morphology analysis

FE-SEM analysis. The surface morphology of the pure Bi,S;,
CNFs, and Bi,S;/CNF nanocomposites were investigated by FE-
SEM analysis. The micrographs of Bi,S; (Fig. 2(a and b)) reveal
the formation of irregular shapes with smooth, arranged
surfaces. Fig. 2(c and d) illustrate the morphology of the carbon
nanofibers, displaying a consistent interconnected network of

e
......

Fig. 2 FE-SEM images of the (a and b) Bi,Ss, (c and d) CNFs, and (e and f) Bi,Sz/CNF nanocomposites, (g—j) mapping images and (k) EDAX
spectrum with the weight and atomic distribution of the Bi,Ss/CNF nanocomposites.
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fibres with an average diameter of 123 £+ 52.8 nm. Even after
carbonization, the CNFs retained their length and structural
continuity, resulting in a significant aspect ratio and moderate
interconnectivity among the fibres. Fig. 2(e and f) depict the
Bi,S;/CNF nanocomposites, confirming the emergence of inter-
connected fibres resembling the structure of Bi,S; on the surface
of the CNFs. To understand the elemental distribution and
chemical composition, the as-prepared samples were subjected
to elemental mapping and EDX analysis, as shown in Fig. 2(g-j)
and (k), which clearly shows the existence and even distribution
of all corresponding elements in the as-synthesized Bi,S;/CNF
nanocomposites. In contrast, the Bi,S;/CNF nanocomposites
show Bi, S, and C elements. It is worth noticing that no impu-
rities are identified in EDX spectra, which indicates that the
sample contains a high purity of the composite material.

HR-TEM analysis. The surface morphologies of the as-
prepared Bi,S;/CNF nanocomposites were investigated
through HR-TEM analysis. Fig. 3(a-e) show the HR-TEM images
of the Bi,S;/CNF nanocomposites at different magnifications.
The simple ultrasonication technique is used to successfully
incorporate Bi,S; nanoparticles onto the graphene layer.
Furthermore, according to the morphology study, the Bi,S;
nanoparticles are strongly entrapped on the surface of the
CNFs, which may improve the conductivity by offering a large
number of active sites, accelerating the ion diffusion pathway,
offering electron and ion transport and enhancing electron
conductive channels. The SAED pattern of the Bi,S;/CNF
nanocomposites in Fig. 3(f) suggests the polycrystalline nature
of the sample. Based on above findings, the Bi,S;/CNF nano-
composites enhanced electrochemical oxidation properties,
and it is evidenced that the Bi,S;/CNF nanocomposites show
heterojunction formation.

View Article Online
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Surface composition analysis

The as-prepared Bi,S;/CNF nanocomposites were analysed
through XPS analysis. To analyse the electronic structure and
surface elemental composition, Fig. 4(a) shows the XPS survey
spectrum of the Bi,S;/CNF nanocomposite, from which the
presence of Bi, S and C elements can be identified. XPS anal-
ysis was performed for each identified element, and the
resulting spectra were deconvoluted and are shown in Fig. 4(b-
d). Fig. 4(b) shows two strong peaks at 158.5 and 164.1 eV,
which correspond to the spin orbital peaks of Bi 4f;,, and Bi
4f5,,, respectively.®® In Fig. 4(c), peaks presented at 162.2 and
163.1 eV are attributed to S 2p3z,, and S 2p,,,.* Fig. 4(d) shows
the carbon spectrum, with peaks attributed to C-O (283.5 eV)
and C=0 (290 eV), respectively.*® Finally, all of the observed
deconvoluted spectra show the presence of Bi,S; and CNF
phases, which strongly supports the formation of Bi,S;/CNF
nanocomposites.

BET analysis. The specific surface area plays a crucial role in
applications such as electrochemical biosensing applications.
The specific surface area, pore volume, and porosity of the
composite were analyzed by conducting nitrogen adsorption/
desorption tests using BET analysis (Fig. 5(a and b)). The
Bi,S3;/CNF nanocomposite exhibited a specific surface area,
pore volume, and pore diameter of 170.48 m* g™, 0.2852 cc
g ', and 5.4875 nm, respectively. The pore diameter of the
prepared composites closely resembles a mesoporous struc-
ture. The nitrogen adsorption isotherm shape indicates the
preservation of the structure and existence of microspores in
electrocatalysts. The substantial surface area of the electro-
catalysts facilitates improved interaction between the electro-
catalysts and analyte, thereby enhancing the electrocatalytic
activity.

Fig. 3

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a—e) HR-TEM image and (f) SAED pattern of the Bi,Sz/CNF nanocomposites.
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Electrochemical sensor

Electrochemical impedance spectroscopy (EIS) analysis is used to
determine charge transfer resistance (R..) values between the
electrolyte and electrode. Fig. 6(a) shows the EIS Nyquist plots of
the modified and unmodified electrodes, including bare GCE,
Bi,S3/GCE, CNF/GCE and Bi,S;/CNF/GCE, in 5 mM [Fe(CN)e]*~*~
with 0.1 M KCl electrolyte, which were used to measure the R
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(a) Survey spectrum, and high resolution spectra of (b) Bi 4f, (c) S 2p and (d) C 1s.

values in the frequency range from 0.1 to 100 kHz. The measured
R, values for the bare GCE, Bi,S;/GCE, CNF/GCE and Bi,S3;/CNF/
GCE are 477.5, 390.45, 336.69 and 295.95 Q, respectively.
Therefore, the recorded R.. values, particularly those for the
Bi,S;/CNF/GCE with smaller values, suggest enhanced electron
transfer kinetics, indicative of superior electrochemical activity.
This is mainly due to the synergetic effect arising from the
interaction among Bi,S; and CNF. Fig. 6(b) shows the
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(a) Adsorption and desorption isotherm and (b) BJH pore diameter analysis of the Bi,Ss/CNF nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Nyquist plot of the different modified and unmodified electrodes, (b) corresponding bar chart between the R values and electrodes,

(c) CV curves of the modified and unmodified electrodes in [Fe(CN)gl* 4~ at 50 mV s 7%, (d) corresponding bar diagram between the oxidation
peak current and various electrodes, (€) CV curve of the Bi,Ss/CNF/GCE in [Fe(CN)gl> /4~ at different scan rates (40 mV s X to 240 mV s ™) and (f)

corresponding linear fit.

corresponding histogram of the R values. The cyclic voltam-
metry (CV) characteristics of the pure GCE, Bi,S3/GCE, CNF/GCE
and Bi,S;/CNF/GCE were explored in 5 mM [Fe(CN)]*~'*~ with
0.1 M KClI electrolyte solution. Fig. 6(c) shows well-defined CV
curves, revealing the reversible redox reaction of [Fe(CN)e]> 4~
on the surface of the GCE working electrode. The anodic peak
current of the Bi,S;/CNF/GCE significantly increased compared
to the bare GCE, Bi,S;/GCE and CNF/GCE, which indicates that
the Bi,S3;/CNF nanocomposite has a good electrocatalytic activity
and enhanced the electron transfer ratio of potassium ferricya-
nide on the working electrode surface. Fig. 6(d) shows the
equivalent histogram of the current response of the as-prepared
samples, pure GCE, Bi,S;/GCE, CNF/GCE and Bi,S;/CNF/GCE,
which was measured to be 7.2, 41.96, 44.67 and 56.01 A,
respectively. Conversely, the electrochemical active surface area
of the modified and unmodified electrodes was calculated by
using the Randles-Sevcik equation.** The calculated electro-
chemical active surface area of the as prepared Bi,S;/CNF/GCE is
0.055 cm?. Fig. 6(e) shows the CV curves of the Bi,S;/CNF/GCE at
a potential window ranging from —0.2 V to 0.8 V at different scan
rates ranging from 40 to 240 mV s~ '. The CV curves exhibited
higher anodic and cathodic peak currents with perfect linearity.
The corresponding linearity plot between the peak currents of the
anodic and cathodic peaks, and scan rate is shown in Fig. 6(f),
plotted for oxidation-reduction current versus square root of scan
rate with coefficient (R*) values of 0.9821 and 0.9966, and the
calculated regression equation is I, = 6.2918v" (mV s ) +
2.8373 and Ip. = —9.052v"> (mV s7") + 0.29987, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Analyte detection

Under ideal conditions, the Bi,S;/CNF/GCE nanocomposites
were examined with the bare GCE. Fig. 7(a) displays the CV
curves of the bare GCE, Bi,S;/GCE, CNF/GCE and Bi,S3;/CNF/
GCE for the oxidation and reduction of CA (100 uM), which
indicates that the Bi,S;/CNF/GCE reveals a high oxidation peak
current (Ip, = 31.92) compared to the Bi,S;/GCE (I,a = 22.34),
CNF/GCE (I, = 20.67), and bare GCE (I, = 15.81). Fig. 7(b)
shows the corresponding histogram of peak current. In
comparison to the bare GCE, Bi,S;/GCE, and CNF/GCE samples,
the increase in the oxidation response illustrates the electro-
chemical activity of the Bi,S;/CNF/GCE towards the detection of
CA. Based on above findings, the Bi,S;/CNF/GCE has enhanced
ability to detect CA. To examine electrochemical reaction
kinetics, the electrocatalytic behaviour of CA was studied by
performing a scan rate study in 0.1 M PBS (pH 7.0) solution.
Fig. 7(c) shows the CV response of the Bi,S;/CNF/GCE at
different scan rates. The oxidation and reduction current of CA
increases linearly with an increase in the scan rate from 40 to
280 mV s~ ', a perfect linear correlation was attained among the
anodic current (Ip,,) and cathodic current (I,c), and the scan rate
as displayed in Fig. 7(d). The linear regression curve of the
equation can be denoted as I,, = 3.6676x + 1.3084 and I, =
—2.5937x + 1.3938 with a correlation co-efficient (R*) = 0.9985
and 0.9988, respectively. The above results indicate that the
electrochemical oxidation of CA is observed by a surface-
controlled process at the Bi,S;/CNF/GCE.
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(a) CV curves of the modified and unmodified electrodes in the presence of PBS (pH 7.0) with 100 pM of CA at 50 mV s,

(b) corre-

sponding bar diagram of the oxidation peak current and cathodic peak current for the different electrodes, (c) CV curve of the Bi,Ss/CNF/GCE in
PBS (pH 7.0) at different scan rates (40 mV's ~*to 240 mV s™%), (d) corresponding linear fit, (€) CV curve of the Bi,Ss/CNF/GCE modified electrode
in the presence of PBS (pH 7.0) at different concentrations (0.1 uM to 500 pM) at 50 mV s, and (f) corresponding linear fit.

The electrochemical oxidation behaviour of CA was further
analysed in 0.1 M PBS (pH 7.0) at a scan rate of 50 m Vs~ " under
various concentrations. Fig. 7(e) clearly shows that the absence
of the CA molecule produced no apparent peak, whereas the
addition of 0.1 uM CA resulted in an individual reaction. In the
concentration range between 0.1 uM and 500 pM, the peak
current for the oxidation and reduction of CA increased linearly
with each successive addition. The anodic peak and cathodic
peak current values obtained from the CVs were plotted against
the different concentrations of CA in Fig. 7(f). The calibration
curve shows good linearity within the calibration range, with
the linear regression equation of I,, = 0.1963x - 9.8220 and R*> =
0.9904. Finally, the above results indicate that the Bi,S;/CNF/
GCE has enhanced electrocatalytic oxidation behaviour
towards CA.

pH effect

The hydrogen potential (pH) of the electrolyte solution signifi-
cantly influences the electrochemical oxidation behaviour of
CA, and thus, the response was obtained at different pH values
(3.0 to 12.0) in the presence of 100 uM CA. Fig. 8(a) shows that
the pH revealed the maximum peak current with the variation of
the anodic peak current with different pHs. Furthermore, the
Bi,S;/CNF/GCE shows cathodic and anodic peak potentials
shifted in both directions. Moreover, the anodic peak current
did not reach its maximum within the pH range of 3 to 12, so
analytical and assessment of the

evaluations sensor

724 | Sustainable Food Technol., 2024, 2, 717-728

performance were conducted in aqueous solutions at pH 7, the
pH value commonly preferred for analyzing food additive
samples. Consequently, a linear correlation co-efficient was
observed between the anodic peak potential and various pHs of
the PBS solution with a calculated slope of E, (V) — 236.4 mV
pH ' derived from the regression fitting equation displayed in
Fig. 8(b). The slope value found for CA oxidation is close to the
optimized value, suggesting that equal numbers of protons and
electrons are involved in the CA oxidation based on the Nernst
equation, and the reaction mechanism is displayed in Scheme
2. Based on above findings, in this investigation, pH 7.0 was
found to be the optimum pH for electrochemical sensing of
CA.»?

The CV technique clearly demonstrates the superior elec-
trocatalytic performance of the prepared Bi,S;/CNF/GCE in
catalyzing the oxidation of CA. In contrast, the differential pulse
voltammetry (DPV) technique was used due to its high accuracy,
simplicity, biocompatibility, increased sensitivity, ease of opti-
mization and smaller background current. The DPV technique
was used to record the response of the as-prepared Bi,S;/CNF/
GCE to different concentrations of CA in 0.1 M of PBS (pH
7.0) as shown in Fig. 8(c). The DPV response acquired from the
electrochemical oxidation of CA revealed a linear increase with
respect to the increase of concentration, ranging from 0.1 uM to
100 pM. Fig. 8(d) shows the linear regression equation between
the concentration (uM) and current response (I,,) for the elec-
trochemical oxidation behaviour of CA in the concentration

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00015c

Open Access Article. Published on 25 March 2024. Downloaded on 1/29/2026 2:16:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Food Technology
° 60 80
L 55 70+
~ L 50
2 _~ ~ 601
g 33
§ = g 50
o =
E ° -40§ g
“ L35 8 5 401
'Q, Q
L 30 30
Q L 25 -
60 4— . r r . 2 I
0.10 20 T T - T v T v
0.0 0.2 0.4 0.6 0.8
y T T v T 00 01 02 03 04 05 06
Ep (V) vs Ag/AgCl 2 4 6 pH 8 10 12 E/V vs Ag/AgCl
80 30
I((l) y=0.02048x-0.00956 (e) —CA
2. —PG
2 R*=0.9938 o
70 . ——NaNo,
< 604 32 g
= ] =
) v 15 )
£ 50 E 5 g z
o) y=0.1299x-0.00385 ¢} o} ] = £
R?=0.9938 101 g S E
404 E _E_. 2
& = 2
54 &} A~ @
=3 20 40 60 80 100 i g i ? i 3 i A
. 00 01 02 03 04 0.5 0.6 2 3
Concentration (uM) E/V vs Ag/AgCl Interfering compounds

Fig. 8 (a) CV response of the Bi,Ss/CNF/GCE in 100 pM CA solution at various pHs (3, 5, 7, 9, and 12) at a scan rate of 50 mV s~%, (b) corre-
sponding calibration plot of pH (3—12) vs. oxidation and current response (/p,) of CA over the Bi,S3/CNF/GCE, (c) DPV response of CA at the Bi,Ss/
CNF/GCE (0.1 uM to 100 uM) in the presence of 0.1 M of PBS (pH 7.0), (d) calibration plot of the oxidation peak current vs. various concentrations,
(e) DPV response of CA oxidation in the presence of anti-interference compounds, CA, PG and NaNO, and (f) corresponding bar diagram

between of current vs. various compounds.

r

HQO 0

~
- HO, o Ho, 0
€ -H"
Y, S / L HO OH
HO—@—/_«OH Te Ho @ DHTH_,
-e ||-€
o o g Ho o
/ —_ /
o OH g © OH

Oxidation
Process

N

_ (E)-3-(3,4-dioxocyclohexa-1,5-dien-1-yl)acrylic acid Wi
2e7; -2H | +2¢75 2H
HO (o]
/ Caffeic acid
HO OH
-2¢-1H | +2e73 +1H™
e N
HO, o - HO o ) HO o
—_— = /
Ot b O
+e +€7
< e >

0, o
/

(E)-3-(3,4-dioxocyclohexa-1,5-dien-1-yl)acrylate

~

Scheme 2 Possible electrocatalytic mechanism of caffeic acid on the
Bi>»Ss/CNF/GCE.

© 2024 The Author(s). Published by the Royal Society of Chemistry

range from 0.1 uM to 100 uM, and the anodic peak current I, =
0.1193x + 34.13 and I, = 0.12998 x +32.57. The calibration plot
gave 0.9959 and 0.9938, respectively. The limit of detection
(LOD) was calculated from the below equation.

LOD = 3 x standard deviation (0)/S

where ¢ = standard deviation of the three empty measurements
and S = slope of the calibration curve. The LOD was measured
to be 108 nM using the above formula, and conversely, the limit
of quantification (LOQ) has a significantly important role in
electrochemical sensing applications. The LOQ was measured
using the below equation, and the LOQ was obtained to be 0.361
uM.

LOQ = 10 x a/slope

Therefore, the Bi,S;/CNF/GCE shows superior electro-
catalytic activity towards CA, a suitable electrode for electro-
chemical sensing applications.

Selectivity

Selectivity plays an essential role in enzymatic and non-
enzymatic electrochemical biosensor applications. To
examine the selectivity of CA on the Bi,S;/CNF/GCE, a number
of possible interfering substances, such as propyl gallate and
sodium nitrate, were investigated. Fig. 8(e) reveals the results

Sustainable Food Technol,, 2024, 2, 717-728 | 725
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of anti-interference studies of the Bi,S;/CNF/GCE using the
DPV method with 100 uM CA, and after that, the effect of these
interferents was evaluated in PBS (7.0) in the potential
window of 0 to 0.6 V. Fig. 8(f) shows that biological species
such as CA, PG, and SN did not interfere with CA detection
(100 pM). Thus, the obtained results indicate the good
selectivity of the Bi,S3;/CNF/GCE towards CA. The comparison
table (Table 1) is elaborated below, detailing several valida-
tion parameters and various methods as reported in the
literature survey.

View Article Online

Paper

Repeatability, reproducibility and stability

The repeatability of the as-prepared Bi,S;/CNF/GCE was exam-
ined using the DPV technique towards CA as shown in Fig. 9(a).
The repeatability test was conducted for 4 consecutive
measurements in the presence of 100 pM of CA, with a relative
standard deviation (RSD) of 0.96%. Thus, the results suggest
that the Bi,S3;/CNF/GCE has good repeatability. Besides that, to
study the reproducibility of the as-prepared Bi,S;/CNF/GCE for
determining CA, an RSD of 1.24% was measured, which showed
a good reproducibility (Fig. 9(b)). The stability of the Bi,S;/CNF/

Table 1 Comparison of a few validation parameters of studied and previous methods for CA detection

Linear range LOD
S. No. Electrode materials and analyte Methods (uM and nM) (uM and nM) Real sample Ref.
Sulphate based materials
1 PG/GCE (CA) SWVN 4-400 M 0.12 uM Red wine 43
2 GC/PEDOT-AuNPs-SV DPV 10 M to 1 mM 4.25 yM Peach juice 44
3 WS,/GCE (UA) DPV 5 uM-1mM 1.2 uM Blood serum 45
Carbon based materials
1 Glassy polymeric carbon (CA) DPV 0.1-96.5 pM 0.29 uM Red wine 46
2 Poly (glutamic acid)/GCE (CA) DPV 4.0-30 uM 3.91 uM Red wine 47
3 Molecularly imprinted siloxanes (CA) DPV 0.5-60 uM 0.15 uM Wine 48
4 Bi,S3/CNF/GCE (CA) DPV 0.1-500 uM 108 nM Grape and apple juice This work
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Fig. 9
electrode stability over 7 days.
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(a) DPV response of 5 repeated measurements, (b) DPV response of 5 different electrodes under same conditions and (c) DPV response of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison table for real sample analysis

Found Recovery
Real sample Added (uM) (uM) (%) RSD
Grape juice 5 4.71 94.2 2.1
10 9.32 93.2 2.6
15 12.72 84.8 3.1
Apple juice 5 4.78 95.6 2.8
10 9.67 97.5 3.2
15 14.61 96.7 3

GCE was analysed for CA detection (100 uM) on various days (up
to 7 days), and after 7 days, the oxidation peak current values
decreased by 1.05% of their initial current response (Fig. 9(c)).
Based on above findings, the Bi,S;/CNF nanocomposite is an
effective electrocatalyst material for sensing applications.

Real sample analysis

The ability of the electrochemical sensor to detect CA in
samples of grape juice and apple juice was investigated to assess
its practical applicability. The grape and apple juice samples
were purchased from the local market in Taoyuan, Taiwan. The
samples were prepared by appropriately diluting them with
distilled water and later adding a specified quantity of caffeic
acid. The CA in the real samples was determined under same
experimental conditions as revealed in Table 2. The results
revealed the excellent efficiency of the designed sensor to detect
CA in real samples, with an excellent recovery rate ranging from
84.8% to 97.5%. Thus, the overall results, including the real-
time analysis, establish the potential use of the proposed
sensor in CA detection.

Conclusion

In summary, we have synthesized a Bi,S;/CNF nanocomposite
via a simple one step ultrasonication method. The as prepared
sample was characterized by different analytical techniques,
such as XRD, FE-SEM, EDX, HR-TEM, and XPS. The as-
synthesized Bi,S; nanoparticles were successfully decorated
on the CNFs, and this results in superior electrocatalytic prop-
erties towards CA using the CV and DPV techniques. The elec-
trochemical studies revealed that the as-prepared Bi,S;/CNF/
GCE demonstrated an excellent analytical performance
towards the identification of CA. In a similar manner, the
electrochemical analysis demonstrates that the Bi,S;/CNF/GCE
revealed a smaller LOD, a wide linear range, good stability, and
excellent repeatability and reproducibility. Additionally, the
Bi,S3/CNF/GCE revealed superior selectivity, even in the pres-
ence of a similar structure of interfering analytes. In addition,
the practical ability of CA detection in real sample analysis was
evaluated in apple and grape juice samples with good recovery
results. These overall results indicate that the Bi,S;/CNF/GCE
nanocomposite could serve as an alternate electrode material
for the simple sensitive and selective detection of CA in food
beverages. Hence, the Bi,S;/CNF/GCE nanocomposite can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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used as a competent electrode material for electrochemical
sensing applications.
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