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This study aimed to detect and quantify thiabendazole in soy products by surface-enhanced Raman spectroscopy
(SERS) coupled with electrospun substrates. Enhanced Raman signals were acquired from uniform electrospun
substrates, which were analyzed by focusing on the C=N stretching modes at 1592 cm ! for soy sauce and 1580
em ™! for soy milk. The results revealed a linear relationship between the signal intensity and analyte concen-
trations with high R? values (99.42 % for soy sauce and 99.75 % for soy milk). The limits of quantification (LOQ)

were determined to be 69.9 ppb for soy milk and 240.59 ppb for soy sauce samples. The limits of detection (LOD)
were found to be 23.1 ppb for soy milk and 79.4 ppb for soy sauce. These findings highlight the effectiveness of
the electrospinning-SERS approach for detecting thiabendazole in soy-based food samples, contributing to the
understanding of pesticide contamination and ensuring the quality and safety of food products.

1. Introduction

Food contamination is widely considered a major threat to public
health (Zheng, Wang, Yuan, & Sun, 2020). Most foods are prone to
contamination by various contaminants throughout multiple stages of
production, and sometimes even before production. Foods with a deli-
cate nature are at a higher risk of such occurrences (Jallow, Xie, Tang,
Qi, & Li, 2021). Both chemical and biological contaminations can cause
serious health problems for consumers, including microorganisms (Liu,
Galani Yamdeu, Gong, & Orfila, 2020), heavy metals (Hou et al., 2020),
chemical waste (Sridhar, Ponnuchamy, Kapoor, & Prabhakar, 2022),
herbicides (Xu, Smith, Smith, Wang, & Li, 2019), and pesticides (Uma-
pathi et al., 2021). Each year, millions of people worldwide suffer from
various diseases caused by food contamination (Lee & Yoon, 2021). The
residue levels of certain contaminants can be extremely low, posing
challenges in their detection and identification using conventional
methods or requiring expensive equipment (Flores Kim, McCleary,
Nwaru, Stoddart, & Sheikh, 2018). Therefore, identifying these con-
taminants in foods using sensitive techniques is of great importance.

Thiabendazole, a widely used fungicide in agricultural practices, has
garnered significant attention due to its potential impact on human
health and the environment (Hassan, Xu, Zareef, Li, Rong, & Chen,
2021). As a systemic fungicide, thiabendazole is employed to control

fungal diseases and extend the shelf life of various food products.
However, its presence in food has raised concerns regarding consumer
exposure and potential health risks (Ons, Bylemans, Thevissen, &
Cammue, 2020). Soy-based foods were chosen as the focus of this study
to identify thiabendazole due to their widespread consumption and
importance in various dietary practices. Soy milk and soy sauce, in
particular, are commonly used and recognized as key components in
vegetarian, vegan, and Asian cuisines, respectively (Qin, Wang, & Luo,
2022). Consequently, through an examination of soy-based foods, the
objective of this study is to offer insights into the potential levels of
thiabendazole contamination in frequently consumed products, thereby
enhancing awareness regarding the potential risks to consumer health
(Bajwa & Sandhu, 2014). In recent studies focusing on the identification
and measurement of thiabendazole in food samples, several common
methods have been employed. These include high-performance liquid
chromatography (HPLC), gas chromatography-mass spectrometry (GC-
MS), and fluorescence spectroscopy. However, a method that has
emerged with notable superiority is surface-enhanced Raman spectros-
copy (SERS). Unlike traditional techniques, SERS offers exceptional
sensitivity, enabling the detection of trace amounts of analytes with
remarkable precision. Additionally, its non-destructive nature, coupled
with the ability to provide molecular fingerprinting, ensures minimal
sample preparation and a reduced risk of false positives or negatives.
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The SERS method not only surpasses the limitations of conventional
approaches in terms of sensitivity and selectivity but also holds the
potential for rapid, cost-effective, and reliable analysis of thiabendazole
in diverse food matrices (Choi et al., 2022).

Raman spectroscopy is a conventional method for identifying con-
taminants in samples, but this method is not efficient for detecting
analytes in very small concentrations, such as parts per billion (ppb)
(Petersen, Yu, & Lu, 2021). SERS is an enhanced mode of Raman, which
significantly improves the sensitivity of this technology and the limit of
detection to enable the identification of analytes down to the ppb level
(Wang, Sun, Pu, Wei, & Huang, 2019). For example, porous substrates
with a surface functionalized with metal ions can be used in SERS
measurement. The substrate needs to have a high specific surface area to
enhance the dispersion of the Raman spectrum (Lin & He, 2019).
Increasing the specific surface area also leads to a significant increase in
the amount of immobilized metal ions on the surface, thereby creating
highly reliable signals for detecting various analytes (Logan et al.,
2022).

Scaffolds designed using electrospinning are ideal substrates for the
SERS method due to their large surface-to-volume ratio (Hajikhani &
Lin, 2022). Electrospinning technology is a rapid, user-friendly, and
efficient method for producing nanofibers from various polymers (Liao,
Loh, Tian, Wang, & Fane, 2018). In this process, a polymer solution is
subjected to the influence of a high voltage electromagnetic current,
typically around 30 kV. This causes a small jet of polymers, known as a
Taylor cone, to spin. The electromagnetic field induces numerous twists
and turns in the thin polymer fibers, resulting a reduction in their
diameter. Finally, the nanofibers are collected on the opposite side of the
device, which is connected to the opposite pole of the electromagnetic
current (Hajikhani et al., 2022).

Electrospinning technology offers high flexibility in controlling the
morphology of produced nanofibers, which can be tailored to specific
applications (Lee, Nishino, Sohn, Lee, & Kim, 2018). Many recent
studies have highlighted the positive effect of integrating electro-
spinning with SERS technology. For instance, in the development of
advanced SERS sensors for the identification of microorganisms, sub-
strates designed using electrospinning have significantly improved
sensitivity and accuracy in detecting Escherichia coli and Staphylo-
coccus aureus (Yang, Zhang, He, Wang, Zhao, & Sun, 2018). Other
studies have successfully utilized electrospun substrates for identifying
organic compounds (Singh, Prakash, Misra, Sharma, & Gupta, 2017),
pesticides and herbicides (Chamuah et al., 2018; Li, Gu, Feng, Xu, Wang,
& Liu, 2020; Shao et al., 2020), and chemical residues (Wan, Zhao,
Wang, Zou, Zhao, & Sun, 2021).

The presence of metal ions in the designed SERS substrates is crucial.
When incident light interacts with the substrate, it excite local surface
plasmon resonances, resulting in an up to 10%-fold enhancement of the
electromagnetic fields through plasmonic coupling (Cong et al., 2015).
This magnification can also be attributed to the chemical mechanism
that arises from the formation of charge transfer complexes between the
absorbed species and the substrate materials, leading to increased
electromagnetic fields and intensified Raman signals (Cong et al., 2015).
The high specific surface area of electrospun nanofibers provides sig-
nificant potential for immobilizing metal ions, thereby enhancing the
Raman signals (Deng, Liu, Liao, Lin, & Liu, 2019).

However, immobilizing metal ions on the surface of electrospun
polymers can be challenging. This problem can be overcome using metal
chelating agents that can absorb metal ions from aqueous solutions
(Chatique, Ngila, Ray, & Ndlwana, 2019). One commonly used chelating
agent is EDTA, which is known for its capability to remove metal cations
typically used in the design of SERS substrates, such as gold, silver, and
copper (Chen et al., 2018). This article aimed to investigate the presence
of a fungicide thiabendazole in soy-based foods (namely soy milk and
soy sauce), which was achieved by developing a highly sensitive and
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accurate SERS method coupled with the utilization of electrospun
nanofibers as SERS substrates to enhance the precision and reliability of
the detection (Fig. 1).

2. Materials and methods
2.1. Materials

The following chemicals used in this study were obtained from
Sigma-Aldrich (St. Louis, MO, USA), including polyacrylonitrile (PAN)
with a molecular weight of 200,000 Daltons, ethylenediamine, gold(III)
chloride solution, silver nitrate, r-ascorbic acid, tri-sodium citrate
dihydrate, 96 % ethanol, and N,N-Dimethylformamide (DMF, 99.8 %).
Ethylenediaminetetraacetic acid (EDTA) at 99 % purity was purchased
from Acros Organics (Morris Plains, NJ, USA). Triton X-100 and 1-Ethyl-
3-(8-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were
obtained from ThermoFisher Scientific Inc (Waltham, MA, USA).

2.2. Preparation of nanofibers

The electrospinning of the nanofibers was performed following the
protocol described below (Chatique, Dlamini, Adelodun, Greyling, &
Ngila, 2017). Initially, a 10 % PAN solution in DMF was prepared as the
polymer solution. The mixture was thoroughly stirred at room temper-
ature for 4 h to ensure complete dissolution. Subsequently, a 0.2 % v/v
Triton X-100 surfactant was added to the polymer solution, and the
mixing process continued for an additional hour. The resulting polymer
solution was then loaded into a polyethylene syringe (18-Gauge needle),
which was subsequently positioned inside a syringe pump. Electro-
spinning was carried out using the NE100 electrospinning/spraying
machine (Invenso, Boston, MA, USA). The process parameters, including
a flow rate of 1 ml/h, a collector-to-nozzle distance of 20 cm, and a
voltage of 10 kV, were kept constant throughout the electrospinning
process. The electrospinning process took place under atmospheric
pressure and at ambient temperature, with a relative humidity of 75 %.

2.3. Functionalization of nanofibers

e Amine-Functionalized: The nanofiber scaffolds were functionalized
with amine groups using the following procedure (Chatique, Dla-
mini, Adelodun, Greyling, & Catherine Ngila, 2016). The prepared
scaffolds were cut into 1 x 1 cm pieces. To initiate the functionali-
zation process, the scaffold pieces were immersed in ethylenedi-
amine for 2 h at 95 °C. The reaction was conducted in an airtight
glass container to maintain a controlled environment. Upon
completion of the reaction, the scaffold pieces were carefully sepa-
rated from the reaction environment and rinsed with deionized
water three times to remove any residual free crosslinkers. Subse-
quently, a 100 mM NacCl solution was employed to eliminate any
potential electrostatic reactions, and the scaffolds were washed three
times with the saline solution. Finally, to remove excess NaCl, the
functionalized scaffolds underwent an additional three washes with
deionized water. The functionalized scaffolds were then dried at
room temperature before further analysis and characterization (Eq.
(D).
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e EDTA-immobilized: The functionalization of the nanofibers with
EDTA was achieved through the following steps (B. Chen et al., 2019;
Zhao et al., 2020). Initially, a 100 mM EDTA solution was prepared
and treated with EDC crosslinker at a concentration of 200 mM. The
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Fig. 1. General schematic of substrate design with the help of surface functionalization of polyacrylonitrile electrospun nanofibers.

activation of carboxyl groups on EDTA was facilitated by conducting
the reaction at ambient temperature inside an airtight glass container
for 4 h. This activation step ensured that the carboxyl groups were
ready to bond with the amine groups present on the surface of the
PAN-functionalized nanofibers. Subsequently, the functionalized
scaffolds were exposed to an EDTA/EDC reaction solution at a
weight/volume ratio of 0.5 %. This reaction was conducted over-
night at room temperature within an airtight glass container. Upon
completion of the reaction, the scaffolds immobilized with EDTA
were carefully separated from the reaction medium. To eliminate
any residual chemical residues and mitigate electrostatic in-
teractions, the scaffolds underwent a thorough washing process.
Specifically, they were washed three times with deionized water,
followed by three washes with a 100 mM NacCl solution, and finally,
an additional three washes with deionized water were performed.
This comprehensive washing protocol ensured the removal of any
unreacted chemicals and minimized potential interference from
electrostatic interactions (Eq. (2).
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o Synthesis of gold-silver core-shell nanoparticles: The synthesis
of gold-silver core-shell nanoparticles was carried out using the
following procedure (Asgari et al., 2020). Initially, gold nano-
particles were synthesized by adding 8.6 Ayl of HAuCl, into 50 ml of
deionized water. The solution was heated using a heater stirrer until
it reached near-boiling temperature (X. Chen et al., 2019).

Subsequently, 1 ml of 1 % tri-sodium citrate dihydrate solution was
added, and the solution was maintained at the boiling temperature
for 20 min, resulting in a color change to wine red. The solution was
then removed from heat and allowed to cool. Next, a 100 mM t-
ascorbic acid solution was prepared and mixed with the gold nano-
particle solution at a 1:6 ratio. The mixture was thoroughly stirred
for 10 min. Finally, a 1 mM solution of AgNO3 was prepared and
slowly added drop by drop to the gold solution while stirring at high
speed, at a 1:3.5 ratio. The resulting core-shell nanoparticles were
obtained after the addition of the silver solution. These prepared
nanoparticles can be stored at refrigerator temperature for up to one
week for further use (X. Chen et al., 2019).

Coating nanofibers with core-shell nanoparticles: Coating
nanofibers with core-shell nanoparticles was performed using the
following methodology (Chatique et al., 2016; Chatque et al., 2019).
The immobilized scaffolds were immersed in a solution containing
core-shell nanoparticles for coating purpose. These scaffolds were
introduced into the nanoparticle solution at a weight/volume ratio of
0.05 %. To enhance mass transfer and facilitate the the reaction, a
shaker set at a speed of 100 rpm was employed. The coating reaction
occurred at room temperature and was allowed to proceed over-
night. This extended duration ensured sufficient time for the nano-
particles to adhere and coat the surface of the scaffolds effectively.
Following the completion of the nanoparticle coating, the prepared
scaffolds were carefully separated from the nanoparticle solution.
Subsequently, the scaffolds were air-dried at room temperature. This
drying process enabled the firm adhesion of the immobilized cor-
e-shell nanoparticles to the nanofiber surface, rendering them
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suitable substrates for subsequent analysis and utilization in the
SERS measurement.

2.4. Characterization of nanofibers

The characterization of nanofibers was carried out using various
techniques to assess their properties and confirm successful functional-
ization and coating. First, Fourier transform infrared spectroscopy
(FTIR) (Nicolet 380, ThermoFisher Scientific Inc.) was employed to
detect potential interactions between functional groups present in the
nanofibers. This analysis provided insights into the chemical bonding
and structural changes resulting from the functionalization process (Yu,
Wang, Kong, Lin, & Mustapha, 2019). To examine the macroscopic and
morphological features of the nanofibers, transmission electron micro-
scopy (TEM) coupled with energy-dispersive X-ray spectroscopy (EDS)
was employed to investigate the core-shell nanoparticles that were
coated onto the nanofibers (Spectra 300 STEM, ThermoFisher Scientific
Inc.). TEM provided detailed information on the size, shape, and dis-
tribution of nanoparticles, while EDS enabled elemental analysis and
mapping, confirming the presence of the desired core-shell structure on
the nanofibers (Asgari et al., 2020). These characterization techniques
provided valuable insights into the functionalization process,
morphology, and composition of the nanofibers, validating their suit-
ability for further analysis and applications in the study, particularly
concerning the immobilization and characterization of core-shell
nanoparticles.

2.5. Identification of analytes in food samples

Soy milk sample: The identification of thiabendazole in soy milk
samples was conducted using the following methodology. Initially,
specific amounts of thiabendazole were spiked into the soy milk samples
to create a known concentration for analysis. To remove proteins from
the samples, the pH of the solution was adjusted to 4.5, causing the
proteins to precipitate at their isoelectric point. The resulting protein
clots were removed by centrifugation at 20,000 g for 2 min, and the
supernatant was separated. To further eliminate any remaining proteins
and carbohydrates soluble in the serum, 96 % ethanol was added to the
supernatant in a volume ratio of 50 %. This mixture was then subjected
to an additional centrifugation at 20,000 g for 2 min to remove sedi-
ments. The resulting supernatant was used for the identification of
thiabendazole. For the identification process, 10 ul of the sample was
dropped onto a substrate placed on a gold-coated slide. The sample-
loaded substrate was then placed inside a Raman spectrometer after it
was dried under ambient conditions, which allowed for the analysis of
the sample and the identification of thiabendazole (M. Chen et al., 2022;
Li, Teng, Nie, & Liu, 2018).

Soy sauce sample: The identification of thiabendazole in soy sauce
samples was conducted using the following procedure. First, specific
amounts of thiabendazole were spiked into the soy sauce samples to
create known concentrations for analysis. To remove soluble com-
pounds, 96 % ethanol was added to the samples at a volume ratio of 50
%. This mixture was then subjected to centrifugation at 20,000 g for 2
min to separate the sediments, and the resulting supernatant was
collected. To further precipitate additional soluble compounds, the su-
pernatant was mixed again with 96 % ethanol at a volume ratio of 50 %.
The process of ethanol precipitation was repeated a total of three times,
with each round followed by centrifugation to separate the precipitate
from the supernatant.

To minimize interference caused by sodium ions, silver nitrate was
added to the supernatant until it reached a concentration of 50 mM. This
step was undertaken to reduce the presence of sodium ions, which can
affect the accuracy of the measurement. Following this, the mixture
underwent centrifugation at 20,000 g for 2 min to remove any
remaining sediments. The resulting supernatant, now free from sedi-
ment and with reduced sodium ion content, was utilized for identifying
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thiabendazole. For the identification process, 10 ul of the sample was
dropped onto a substrate placed on a gold-coated slide. The sample-
loaded substrate was dried under ambient conditions, and then
measured by a Raman spectrometer (DXR2, ThermoFisher Scientific
Inc), allowing for the analysis of the vibrational spectra and subsequent
identification of the presence of thiabendazole (Wang, Li, Lin, Chen,
Zhang, & Yang, 2021). On each substrate with samples, 20 points were
randomly selected to acquire spectra, which were then averaged to
generate a representative spectrum of the sample. The Raman spectrum
was scanned across a range of wavenumbers from 500 to 2000 cm L.
This range encompasses the desired vibrational modes and provides
detailed information about the molecular structure and composition of
the analytes. During the Raman measurements, the power of 785-nm
laser source was set at 20 mW. This power level ensured optimal exci-
tation of the analytes without causing any significant degradation or
alteration of the samples (Asgari et al., 2020).

2.6. Data analysis

The analysis of data and processing of spectroscopic measurements
involved the use of specific software tools. To assess the significance of
differences between groups, the Duncan’s Multiple Range Test (DMRT)
was performed using the SPSS software (IBM SPSS Statistics, version
19), with a confidence coefficient of 0.05 % (p < 0.05). The results were
reported as + standard deviations, providing an indication of the data’s
variability. The limit of detection (LOD) and limit of quantification
(LOQ) for our analysis were determined using standard procedures. The
LOD, defined as the lowest analyte concentration reliably distinguish-
able from a blank sample, was calculated as three times the standard
deviation of the blank signal divided by the slope of the calibration
curve. The LOQ, representing the lowest analyte concentration quanti-
fiable with acceptable precision, was determined as ten times the stan-
dard deviation of the blank signal divided by the slope of the calibration
curve. These calculations were performed based on multiple replicates
of blank samples and calibration standards, ensuring the robustness and
accuracy of our analytical method. For the collection and analysis of
Raman and FTIR data, the OMNIC software (ThermoFisher Scientific
Inc.) was utilized. This software facilitated the acquisition of spectral
data from the samples, allowing for initial processing and visualization
of the spectra. To enhance the quality and resolution of the spectra, as
well as to remove noise and smooth the peaks, the Delight software
(Delight, p-squared Development Inc., LaGrande, OR, USA) was
employed to obtain reliable and high-quality results for subsequent
analysis and interpretation.

3. Results and discussion
3.1. Scaffold characterization

The optimization of the electrospinning process for producing PAN
nanofibers focused on varying flow rate variables, distance to the col-
lector, and applied voltage. The primary objective of this optimization
was to achieve uniform, bead-free nanofibers. It is important to note that
Triton X-100 served as a surfactant during the electrospinning process.

Firstly, flow rate variables play a crucial role in the electrospinning
process as they determine the rate at which the polymer solution is
ejected from the spinneret. Higher flow rates generally lead to faster
polymer solution deposition, resulting in thicker fibers with an increased
likelihood of bead formation. Conversely, lower flow rates may lead to
thinner fibers, but with slower deposition rates. To optimize the pro-
duction process and achieve uniform and bead-free nanofibers, different
ranges of flow rate variables were investigated. This involved system-
atically varying the flow rate to identify the optimal range that promotes
the formation of uniform nanofibers without beads (Hajikhani et al.,
2022).

Another critical parameter for optimization is the distance between
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the spinneret and the collector. This distance affects the stretching and
solidification of the ejected polymer solution, which directly influences
the morphology of nanofibers. A shorter distance promotes rapid solvent
evaporation, resulting in thicker fibers and a higher chance of bead
formation. Conversely, a longer distance allows for more stretching and
thinning of the polymer solution but may lead to erratic fiber deposition
and reduced production rates. By exploring different distances to the
collector, the optimal range can be determined to achieve uniform and
bead-free nanofibers (Hajikhani et al., 2022).

The applied voltage is also a key factor in the electrospinning process
as it creates an electric field that facilitates the elongation and stretching
of the polymer solution into nanofibers. Higher voltages generally result
in stronger electric fields, leading to faster solvent evaporation and
increased stretching of the polymer solution. However, excessively high
voltages can cause instability in the jet, resulting in bead formation or
fiber breakage. Conversely, lower voltages may lead to insufficient
stretching and thinning of the polymer solution, resulting in thicker fi-
bers. The optimization process involves exploring different voltage
ranges to find the optimal value that promotes the formation of uniform
and bead-free nanofibers (Hajikhani et al., 2022).
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In the optimization process, Triton X-100 was utilized as a surfactant.
It is commonly employed in electrospinning to enhance the viscosity and
surface tension of the polymer solution. Its incorporation can improve
the electrospinning process by reducing bead formation and promoting a
uniform fiber morphology (Aykut, Pourdeyhimi, & Khan, 2013).

Throughout the optimization process, different ranges of flow rates,
distances to the collector, and applied voltages were explored. Flow
rates ranged from 0.5 to 2 ml/h, distances to the collector spanned from
10 to 30 cm, and voltages varied between 10 and 20 kV. After a series of
experiments, the ideal conditions were determined to be a flow rate of 1
ml/h, a distance of 20 cm from the collector, and a voltage of 12 kV.
Under these optimal conditions, a stable Taylor’s cone formed, and the
resulting nanofibers exhibited a uniform structure without any bead
formation. This signifies the successful achievement of the optimization
goal, demonstrating that the selected parameter values contribute to the
production of uniform and bead-free nanofibers.

3.2. TEM coupled with EDS

The core-shell structure of a gold-silver sample was investigated

Fig. 2. The core-shell nanoparticles revealed through a transmission electron microscopy technique coupled with energy-dispersive X-ray spectroscopy.
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using TEM-EDS analysis. The average particle diameter of the core-shell
nanoparticles was determined to be 23.58 + 3.87 nm. TEM imaging
provided high-resolution images, revealing the distinct core and shell
regions within each particle. The gold core appeared as a bright contrast,
surrounded by a dark silver shell, confirming the successful synthesis of
the core-shell architecture (Fig. 2). EDS analysis further confirmed the
elemental composition, with characteristic X-ray signals observed for
both gold and silver. The precise characterization of the core-shell
morphology and elemental distribution using TEM-EDS analysis con-
tributes to the understanding of the structural properties and potential
applications of these nanoparticles in various fields, such as catalysis,
nanomedicine, and sensing.

TEM-EDS analysis was conducted on the electrospun nanofiber
sample to investigate its structural characteristics, particularly in terms

Food Chemistry 436 (2024) 137703

of surface modification with core-shell nanoparticles. The mean diam-
eter of the nanofibers was calculated to be 507.61 + 6.42 nm, and the
diameter distribution fell within an acceptable range. The surface
morphology of the nanofibers exhibited a smooth texture, indicating a
well-controlled electrospinning process (Fig. 3A). Detailed TEM images
were obtained to visualize the surface modification of the nanofibers
and the subsequent coating with core—shell nanoparticles. EDS scanning
provided conclusive evidence of the successful coverage of the nanofiber
surface with the core-shell nanoparticles. Furthermore, it was observed
that the surface morphology of the nanofibers underwent a significant
transformation, becoming completely rough after the surface modifi-
cation (Fig. 3B & 3C). This change in surface morphology suggests the
effective incorporation of the core-shell nanoparticles onto the nano-
fiber surface. The TEM-EDS analysis provides crucial insights into the

Fig. 3. The transmission electron microscopy (TEM) images capturing the morphology of PAN nanofibers both prior to and after undergoing surface modification (A

and B, respectively); the TEM-EDS images illustrating the PAN nanofibers (C).
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structural and morphological characteristics of the electrospun nano-
fiber sample, specifically in relation to its surface modification and the
subsequent coating with core-shell nanoparticles. These findings help
advance the understanding of nanofiber functionalization for various
applications, such as SERS substrates (Chen, Gupta, & Chattopadhyay,
2021).

3.3. Chemical functionalization

To enhance the capabilities of electrospun PAN nanofibers for spe-
cific applications, a surface modification technique was employed. PAN
polymer possesses a nitrile functional group (—C=N) that can be uti-
lized immobilizing EDTA. However, prior to immobilizing EDTA, it was
necessary to introduce the NH; (amino) functional group onto the
nanofiber surface (Chatque et al., 2016). To achieve this, an ethyl-
enediamine solution was utilized as a crosslinker. Ethylenediamine
plays a dual role in this process. Firstly, it forms a bond with the nitrile
functional group of PAN nanofibers, resulting in an enrichment of NHy
groups on the nanofiber surface. Secondly, EDTA reacts with the EDC
reagent, facilitating the chemical interaction between the carboxyl
groups of EDTA and the NH, groups of the nanofibers treated with
ethylenediamine (Chatque et al., 2017).

The modified nanofibers, treated with ethylenediamine and pos-
sessing NH; groups, were then immersed in an EDTA solution. At this
step, EDC acted as a chemical mediator, promoting chemical interaction
between the carboxyl groups of EDTA and the NHj groups on the
nanofiber surface. This resulted in the immobilization of EDTA onto the
nanofibers, enabling them to exhibit chelating properties towards heavy
metals (Chatique et al., 2017; Chatique et al., 2019). To further enhance
the functionality of the modified nanofibers, they were incubated in a
nanoparticle solution to facilitate the coating of core-shell nano-
particles. The nanoparticles used in this study were specifically chosen
based on their compatibility with the immobilized EDTA. EDTA, with its
ability to chelate heavy metals, effectively absorbed the core-shell
nanoparticles, allowing them to coat the surface of PAN nanofibers
(Fig. 4). The resulting composite scaffold exhibited an enhanced ca-
pacity for heavy metal removal.

The final scaffold, modified with EDTA and coated with core-shell
nanoparticles, was employed as a substrate for the detection of thia-
bendazole using the SERS method. Fig. 4 displays the images illustrating
the scaffold treatment and functionalization. This combination of sur-
face functionalization and nanoparticle coating provided an effective
platform for sensitive and selective detection of thiabendazole,
demonstrating the potential of the modified nanofibers in environ-
mental monitoring and analytical applications. To assess the perfor-
mance of the designed substrate for thiabendazole detection, a series of
experiments were conducted using different concentrations of thiaben-
dazole solutions. The concentration range considered for the evaluation
ranged from 10 ppb to 5 ppm.

The resulting Raman spectra obtained from the measurements are
depicted in Fig. 5A. To investigate the relationship between the con-
centration of the analyte (thiabendazole) and the intensity of Raman
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signals, six peaks along the spectrum were selected and subjected to
further analysis (Nie, Dong, Xiao, Lin, He, & Qu, 2018), revealing that
there is a linear relationship between the concentration of thiabendazole
and the corresponding intensity of the peaks. The determination coef-
ficient (R%) was calculated for each peak, indicating the goodness of fit
for the linear relationship. Peaks corresponding to wavenumbers 771,
883, 981, and 1001 cm ™ exhibited high R? values, all exceeding 99 %.
However, the peaks corresponding to wavenumbers 1592 and 1626
cm ! showed R? values of 96 % and 93 %, respectively. The peak at the
wavenumber 1001 cm ™! was chosen for determining the LOD and LOQ
due to its excellent R? value. The concentration range of 10 to 1000 ppb
was utilized for the calculations as it demonstrated a more linear
response. The LOD and LOQ were determined as 47.4 and 125.5 ppb,
respectively, with an R? value of 99.91 %.

Based on these findings, it can be concluded that the designed sub-
strate exhibits a high capability to amplify the Raman signals and
demonstrates excellent potential for application in quantitative detec-
tion systems. The linear relationship observed between analyte con-
centration and intensity, along with the high R? values obtained for most
peaks, validates the effectiveness of the substrate for sensitive detection
and quantification of thiabendazole.

3.4. FTIR

FTIR analysis of PAN polymer involves studying specific peaks
related to its molecular structure (Fig. 5B). The nitrile stretching peak at
2240-2250 cm ™! corresponds to the carbon-nitrogen triple bond (C=N)
present in acrylonitrile units, providing information on the polymeri-
zation degree and acrylonitrile concentration. The C—H stretching
peaks at 2920-2980 cm ™! represent methylene groups (-CH2-) and offer
insights into chain conformation and the presence of side groups or
impurities. PAN exhibits a characteristic C=N bending peak at
1610-1620 cm™!, which reveals information about chain orientation
and crystallinity (Data was not shown). The C=O0 stretching peaks at
1700-1730 cm ™! indicate carbonyl groups resulting from oxidation or
degradation, reflecting the sample’s extent of degradation. Finally, the
C—C stretching peaks at 1440-1470 cm ™' provide information on
polymer chain structure, branching, or cross-linking (Zhang et al.,
2010).

The analysis of FTIR peaks related to EDTA reveals important in-
formation about its molecular structure and functional groups. The
carboxylic acid stretching peak at 1710-1720 cm ™! indicates the pres-
ence and degree of carboxylic acid groups in EDTA. The carboxylate
stretching peak at 1400-1600 cm™! provides information about the
presence and concentration of carboxylate groups resulting from the
ionization of carboxylic acid groups. The C—N stretching peak at
1050-1100 cm ! reflects the concentration and bonding environment of
the amine groups. Analyzing these FTIR peaks helps in understanding
the molecular characteristics and quality of EDTA samples for various
applications (Chatique et al., 2017).

The FTIR spectrum analysis of a PAN polymer sample treated with
ethylenediamine reveals important information about the molecular

Au@Ag coated
nanofiber

Fig. 4. Different stages of functionalization, immobilization, and coating of the substrate.
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Fig. 5. The spectra of different concentrations of thiabendazole (A) and different FTIR spectra related to different stages of SERS substrate design (B).

interactions and modifications occurring in the polymer. The presence of
ethylenediamine can be identified through the characteristic peaks
observed in the spectrum. The amine stretching peak around
3100-3500 cm ' indicates the presence and concentration of amine
groups in ethylenediamine (Li et al., 2017). The amine bending peaks
around 1450-1650 cm ™! provide insights into the molecular confor-
mation and interactions of ethylenediamine. Additionally, the C—C
stretching peaks around 1400-1500 cm ™! reflect the molecular con-
nectivity and bonding in ethylenediamine. By analyzing the changes in
the intensity and shape of these peaks, valuable insights can be gained
into the interaction between ethylenediamine and the PAN polymer,
which can have implications for polymer functionality, structure, and
potential applications (Tsirul'nikova & Volkov, 2018).

The decrease in the intensity of the peak at 2242 cm ™! in the PAN
polymer sample treated with ethylenediamine compared to the un-
treated PAN sample suggests a modification or interaction involving the
nitrile group (C=N) in PAN. In the untreated PAN sample, this peak
corresponds to the nitrile stretching vibration, indicating the presence of
acrylonitrile monomer units in the polymer. However, the decrease in
intensity suggests that the interaction between ethylenediamine and
PAN could lead to a change in the concentration or bonding

environment of the nitrile groups. It is possible that ethylenediamine
may be involved in a reaction or coordination with the nitrile groups,
causing a reduction in the intensity of the peak (Qiao et al., 2019).

The FTIR spectrum analysis of a PAN-NHjy sample treated with EDTA
offers valuable insights into the molecular interactions and modifica-
tions occurring in the polymer. Several peaks related to EDTA were
observed in the spectrum that provide information about the presence
and changes in functional groups. The carboxylic acid stretching peak
around 1700 cm ™! indicates the presence and degree of carboxylic acid
groups from EDTA in the PAN-NH»-EDTA sample. The amine stretching
peak around 3200-3500 cm ™! reveals the presence and concentration of
amine groups in EDTA, which can be seen in the PAN-NH2-EDTA sam-
ple. The carboxylate stretching peak around 1400 cm ™! corresponds to
the stretching vibration of the C—O bond in carboxylate groups formed
through the ionization of carboxylic acid groups in EDTA (Lanigan &
Pidsosny, 2007). By analyzing these peaks, a comprehensive under-
standing of the interactions between ethylenediamine, EDTA, and the
PAN polymer can be obtained.

The decrease in intensity and the shift to a higher wavenumber for
the peak at 2242 cm ™! suggest that the interaction with EDTA leads to a
change in the concentration or bonding environment of the nitrile
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groups. The shift to a higher wavenumber indicates a stronger bond or a
change in the bond strength between the carbon and nitrogen atoms.
Additionally, the decrease in intensity suggests a potential reaction or
coordination between EDTA and the PAN-NH, sample, causing a
reduction in the concentration of these groups or a modification of their
bonding environment. This change in intensity and shift in wavenumber
highlights the importance of FTIR spectrum analysis in studying the
effects of treatments or interactions on the PAN polymer’s structure and
properties (Mantripragada, Deng, & Zhang, 2021).

3.5. Detection of thiabendazole in soy-based food samples

The identification of thiabendazole in soy-based food samples, such
as soy milk and soy sauce, is of significant importance for several rea-
sons. Firstly, thiabendazole is a commonly used fungicide in agriculture,
and its presence in food samples raises concerns about potential con-
sumer exposure to this chemical compound. Understanding the levels
and frequency of thiabendazole contamination in soy-based products
allows for a comprehensive assessment of consumer safety and potential
health risks associated with its consumption (Sun, He, Yang, Li, Zhao, &
Li, 2017). Additionally, soy-based foods are widely consumed globally,
particularly by individuals with dietary restrictions or preferences.
Hence, monitoring thiabendazole residues in these products is crucial
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for ensuring the quality, safety, and compliance of the food supply chain.
Furthermore, the identification of thiabendazole in soy-based food
samples can contribute to establishing regulatory standards and guide-
lines, enabling the implementation of appropriate control measures to
minimize thiabendazole contamination and protect public health. Ulti-
mately, this research aids in enhancing consumer confidence and pro-
moting the production and consumption of safe and contaminant-free
soy-based food products.

The soy sauce sample was analyzed for the detection of thiabenda-
zole, using a concentration range of 100 to 1000 ppb. The peak corre-
sponding to 1592 cm ™, associated with C=N stretching modes, was
utilized to assess linearity (Lin et al., 2018). It was observed that as the
concentration increased from 1 ppm and above, the intensity exhibited a
non-linear increase. The LOQ was determined to be 240.59 ppb, while
the LOD was calculated to be 79.4 ppb. Interestingly, a linear relation-
ship between intensity and concentration was observed within the range
below 1 ppm, with an R? value of 99.42 %. However, the obtained
spectra exhibited significant noise, possibly attributed to the high per-
centage of sodium ions present in soy sauce. Fig. 6A illustrates the
resulting spectra obtained during the analysis. These findings provide
valuable insights into the detection and quantification of thiabendazole
in soy sauce samples, while acknowledging the challenges posed by the
background noise arising from the sodium content.
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In the detection of thiabendazole in the soy milk sample, a concen-
tration range of 10 to 600 ppb was employed because it showed a more
linear correlation in this concentration range. Similar to the soy sauce
sample, the peak corresponding to 1580 cm?, associated with C=N
stretching modes, was utilized to assess linearity. Concentrations
exceeding 1 ppm displayed exponential behavior in intensity. The LOQ
for thiabendazole in soy milk was determined as 69.9 ppb, while the
LOD was calculated to be 23.1 ppb, indicating the sensitivity of the
method. The coefficient of determination within this concentration
range was found to be 99.75 %, demonstrating a strong correlation
between concentration and intensity. Notably, the peaks obtained from
the soy milk sample appeared smoother with less noise compared to
those observed in the soy sauce sample. Fig. 6B illustrates the resulting
spectra obtained during the analysis, highlighting the distinct charac-
teristics of the soy milk sample. These findings provide valuable insights
into the detection and quantification of thiabendazole in soy milk
samples, emphasizing the improved peak quality and sensitivity of the
analysis in this food matrix.

The detection of thiabendazole in food samples has yielded varied
results across different studies. The LOD for thiabendazole in tea sam-
ples was recorded as 100 ppb (Ding et al., 2019), while apple juice,
peach juice, and soy milk samples exhibited LODs of 32 ppb (Z. Chen
et al., 2022), 34 ppb (Z. Chen et al., 2022), and 39 ppb (Hussain, Pu, &
Sun, 2020), respectively. When compared to the findings of other
studies, the results obtained in this study hold significant value. An
important aspect of the new technique employed in this study was the
achievement of uniform intensity at different points of the substrate.
This uniformity allowed for the collection of data with higher accuracy
and precision. This improvement in intensity uniformity contributes to
the reliability and validity of the results obtained, further emphasizing
the importance of the technique utilized in this study. Overall, the
findings of this study provide valuable insights into the detection of
thiabendazole in various food samples and highlight the advancements
in analytical techniques, ensuring more accurate and reliable data
acquisition.

4. Conclusion

In conclusion, the detection of thiabendazole in soy-based food
samples is of great importance for ensuring consumer safety, regulatory
compliance, and the overall quality of the food supply chain. Thiaben-
dazole, a commonly used fungicide in agriculture, can potentially pose
health risks if present in food products. This research aimed to assess the
levels and frequency of thiabendazole contamination in soy-based foods,
specifically soy milk and soy sauce. The study utilized a detection
method based on analyzing the Raman spectra of the samples. The C=N
stretching modes at 1592 and 1580 cm ™ * were used to assess linearity
and quantify thiabendazole concentrations. The results demonstrated a
linear relationship between intensity and concentration within the range
of 100 to 1000 ppb for soy sauce sample and 10 to 600 ppb for soy milk
sample, with high coefficient of determination values (99.75 % and
99.42 % respectively). The LOQ were determined to be 69.9 and 240.59
ppb for soy milk and soy sauce samples respectively, indicating the
sensitivity of the method, while the LOD were 23.1 ppb for soy milk and
79.4 ppb for soy sauce. Despite challenges posed by background noise,
particularly from sodium ions in soy sauce, the method proved effective
in detecting and quantifying thiabendazole in both samples. The find-
ings contribute to the understanding of thiabendazole contamination in
soy-based foods and provide valuable insights for establishing regula-
tory standards and guidelines. Moreover, the study highlights the ad-
vancements in analytical techniques, such as Raman spectroscopy, that
enable more accurate and reliable detection of thiabendazole in complex
food matrices.
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