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A B S T R A C T   

A high-sensitivity electrochemical sensor was fabricated via in situ growth of Ag nanoparticles (AgNPs) on the 
surface of a polypyrrole@poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PPy@PEDOT:PSS) film 
for detecting sodium hydroxymethanesulfinate (SHF) molecules in milk and rice flour samples. The sensor 
fabrication process involved randomly decorating Ag seed points on the porous PPy@PEDOT:PSS film via a 
chemical reduction process using a AgNO3 solution. Next, AgNPs were anchored on the PPy@PEDOT:PSS film 
surface using an electrochemical deposition method to prepare a sensor electrode. Under optimal conditions, the 
sensor exhibits a good linear relation within a range of 1–130 ng/mL for real milk and rice flour samples and its 
limit-of-detection values were up to 0.58 and 0.29 ng/mL, respectively. Additionally, Raman spectroscopy was 
used to identify the byproducts of the chemical reaction, such as formaldehyde. This AgNP/PPy@PEDOT:PSS 
film–based electrochemical sensor offers a simple and rapid method for detecting SHF molecules in food 
products.   

Introduction 

Sodium hydroxymethanesulfinate (NaHOCH2SO2⋅2H2O, SHF) was 
once used as an excellent decoloring reagent for various organic com-
pounds in industrial bleaching applications. It has been also added to 
milk and flour to enhance their whiteness. However, SHF is harmful to 
the human body and results in hepatotoxicity and nephrotoxicity when 
ingested through the skin, mouth, and nose. Therefore, its use in food is 
prohibited. Unfortunately, some dishonest merchants still add SHF to 
foods such as rice flour, noodles, and steamed bread to improve their 
resilience and extend their shelf life (Yuan, Xiang, Yu, & Xu, 2011). 
Consequently, there is a need to develop a simple, fast, and accurate 
detection technology for identifying and quantifying SHF in food. Pri-
mary SHF detection techniques include ion chromatography (Dovrou, 
Lim, Canagaratna, Kroll, Worsnop, & Keutsch, 2019), high-separation 
liquid chromatography (Jing et al., 2018; Nesměrák et al., 2019), 
spectrophotometry (Abedalwafa et al., 2020), and electrochemical (EC) 
sensing (Wu et al., 2018). Although chromatography methods exhibit 
high accuracy and sensitivity, they require sample derivatization during 
sample processing. Furthermore, spectrophotometeric techniques, such 

as the photocolorimetric method, require a complicated chemical re-
action. To address these drawbacks, EC analysis has attracted attention 
in the biosensor field owing to its easy operation, excellent sensitivity, 
versatility, miniaturization prospect, and the ability to improve selec-
tivity and specificity by modifying the electrode surface(Dong, Ryu, & 
Lei, 2021; Li et al., 2019; Mohan et al., 2020; Noori, Mortensen, & Geto, 
2020; Qian, Durairaj, Prins, Chen, & Bioelectronics, 2021). Further-
more, the electrochemical oxidation process of SHF can be monitored in 
situ and in real-time by integrating with Raman technology. 

Nanomaterials have garnered considerable interest in the field of EC 
sensors and surface-enhanced Raman scattering of molecules as they 
serve as a bridge between analytes and electrochemical electrodes (Liu 
et al., 2018; Manikandan, Adhikari, & Chen, 2018; Wu et al., 2020; Xiao, 
Huang, Wang, Meng, & Yang, 2020). EC sensors prepared using nano-
materials have found widespread use in detecting compounds in food 
(Bavandpour et al., 2016; Shahmiri, Bahari, Karimi-Maleh, Hosseinza-
deh, Mirnia, & Chemical, 2013; Yola et al., 2015). Ag nanoparticles 
(AgNPs) are a classic example of a linker between analytes and elec-
trodes and are widely employed owing to their low toxicity, biocom-
patibility, sustainable electrochemical catalytic activity, and high 

* Corresponding author. 
E-mail address: zcbai@gzu.edu.cn (Z. Bai).  

Contents lists available at ScienceDirect 

Food Chemistry: X 

journal homepage: www.sciencedirect.com/journal/food-chemistry-x 

https://doi.org/10.1016/j.fochx.2023.100701 
Received 11 December 2022; Received in revised form 26 April 2023; Accepted 30 April 2023   

mailto:zcbai@gzu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2023.100701
https://doi.org/10.1016/j.fochx.2023.100701
https://doi.org/10.1016/j.fochx.2023.100701
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Food Chemistry: X 18 (2023) 100701

2

surface plasmon resonance (Kaur et al., 2022; Loiseau et al., 2019; Song 
et al., 2018; Tufa et al., 2018; Zhu et al., 2019). However, rapid ag-
gregation caused by AgNP interactions can considerably reduce the 
sensitivity of a sensor. To prevent their aggregation, AgNPs are anchored 
on the surfaces of various substrates. For instance, Wan and Zheng used 
AgNPs decorated on carbon nanotubes to detect nitrite (Wan, Zheng, 
Wan, Yin, & Song, 2017). Jodan and Wantala fabricated an EC sensor 
based on AgNPs loaded on the surface of an alizarin yellow polymer for 
detecting thiourea, an ecological pollutant (Jodan et al., 2020). 
Furthermore, Fatemeh synthesized a sensor electrode–based 
AgNP–polyaniline nanocomposite to detect the drug 5-fluorouracil 
(Zahed et al., 2018). However, the aforementioned methods have limi-
tations, such as being labor-intensive and expensive as well as having 
poor reproducibility and low sensitivity, making them unsuitable for 
widespread practical applications. 

Polypyrrole (PPy), a typical intrinsic polymer, can be prepared as a 
conductive film using the anodic electrodeposition method (Wang et al., 
2018; Zhang et al., 2017); moreover, its electropolymerization process is 
convenient efficient, Additionally, PPy films exhibit surface uniformity 
and good biocompatibility. Furthermore, the abundant pore distribution 
of PPy films allows for easy absorption of other organic molecules, 
creating active sites for reducing ions and organic molecules. Metals 
nanostructures (such as Ag, Pt, Cu, and Au) can also be effectively 
immobilized on the surface of PPy films, making them excellent mate-
rials for preparing electrochemical sensor electrodes (Maruno, 2019; 
Wang et al., 2022). 

This study proposes a highly sensitive electrochemical sensor for 
detecting SHF in milk and rice flour samples. First, we used an elec-
trochemical anodic polymerization method to prepare PPy@PEDOT:PSS 
(PEDOT:PSS: poly(3,4-ethylenedioxythiophene): polystyrene sulfonic 
acid) films on a steel sheet (SLT) plane. Subsequently, AgNPs were 
anchored to the PPy@PEDOT:PSS film surface using a chemical reduc-
tion method and electrochemical cathode deposition method to fabri-
cate an EC sensor electrode. In comparison with other preparation 
methods for EC sensor electrodes, the proposed EC method did not 
require a complex experimental procedure and expensive equipment. 
Consequently, the EC sensor we proposed can be easily implemented on 
an industrial scale for detecting hazardous substances in food owing to 
its high sensitivity and cost-effective manufacturing process. 

Experiments 

2.1. Materials and reagents 

Sodium hydroxymethanesulfinate molecules (98%, Aladdin Reagent 
Co., LTD.) were used as detection molecules. A steel sheet (SLT) with 
dimensions of 100 × 100 × 0.02 mm3 was purchased from Shenzhen 
Jinchenyu Co., LTD. Absolute ethanol (C2H5OH, %99), PEDOT:PSS 
(ASC, 95%), PPy (ASC, 98%), ascorbic acid (ASA) powder (ASC, 99%), 
citric acid powder (ASC, 99%), Ag nitrate powder (AgNO3, 99%), K3Fe 
(CN)6 and K4Fe(CN)6 (ASC, 99%), KCl (ASC, 99%), sodium sulfite (ASC, 
99%), and 0.2 M phosphate buffer solution (PBS) (ASC,99%) were all 
sourced from Aladdin Co. Ltd. (Shanghai, China). Commercial milk and 
rice flour were purchased from a local supermarket for subsequent real 
sample analyses. Deionized water was obtained from a MilliQ water 
purification system. 

2.2. Preparation of AgNP/PPy@PEDOT:PSS/SLT electrodes 

2.2.1. Preparation of PPy@PEDOT:PSS films 
PPy@PEDOT:PSS films were prepared in four steps: (1) A 100 mm ×

100 mm × 0.02 mm steel sheet (SLT) was rinsed with absolute ethanol 
for 5 min to remove surface dust. The sheets were then placed in an 
ultrasonic cleaning machine to remove any remaining contaminants. (2) 
A 20-mL PPy@PEDOT:PSS electrolyte solution was prepared by mixing 
0.7-mL PEDOT:PSS and 0.7-mL pyrrole. (3) The Pt electrode was used as 

a counter electrode (cathode), whereas the SLT plate was used as the 
working electrode (anode). Subsequently, a PPy@PEDOT:PSS film was 
electrodeposited on the working electrode in the 20-mL PPy@PEDOT: 
PSS electrolyte solution using an electrochemical workstation (Autolab 
PGSTAT302N) at a constant voltage of 3 V. (4) After electro-
polymerization for 30 min, the working electrode was rinsed with 
deionized water for 4 min to remove the unpolymerized electrolyte and 
other surface residues. 

2.2.2. Preparing AgNPs on the surface of PPy@PEDOT:PSS films 
The preparation procedure of AgNPs on the PPy@PEDOT:PSS films 

consisted of the following steps: (1) The PPy@PEDOT: PSS films were 
pretreated by immersing them in 20 mL 0.02 M ASA solution for 24 h. 
The films were then washed four times with deionized water to remove 
the residual solution. (2) The pretreated PPy@PEDOT:PSS films were 
immersed in a 20-mL 0.06-M AgNO3 solution for 40 s to self-assemble Ag 
seed points on the film. The film was then removed, rinsed with 
deionized water, and allowed to air dry naturally. (3) The PPy@PEDOT: 
PSS films with Ag seed points served as working electrodes (cathode). A 
current of 0.23 mA/cm2 was applied on the electrodes to grow dense 
AgNPs in an AgNO3–citric acid mixture solution, prepared by mixing 
0.36 g of citric acid, 0.04 g of AgNO3 powders, and 20 mL of deionized 
water. After electrodeposition for 40 min, the AgNPs/PPy@PEDOT:PSS 
layered structure electrode was removed and left to air dry. 

2.2.3. Preparation of SHF sample solution 
To prepare SHF solution, 1 mg of SHF powder was dissolved in 

deionized water, resulting in a 10-μg/mL solution. This solution was 
then diluted into a 20-mL detection solution of different concentrations 
(130,120, 110, 100, 80, 60, 40, 20, 10, and 1 ng/mL). 

2.2.4. Preparation of real samples 
The ability of the AgNP/PPy@PEDOT:PSS/SLT film to detect SHF in 

milk and rice flour samples was evaluated through a series of processing 
steps: (1) A mixture of 1-mL pure milk or 1-g rice flour, 10-mL 5% 
C2HCI3O2(TCA), and 1-mL (CH3COO)2Pb was added to a centrifuge 
tube; (2) The sample was subjected to vortex oscillation for 1 min and 
then kept in an ultrasonic bath for 10 min; (3) The samples were 
centrifuged at 7500 rpm for 15 min; (4) The supernatant was collected 
using a 0.45-μm membrane filter after centrifugation; (5) Subsequently, 
1 mL of the sample supernatant was diluted to 10 mL with a sodium PBS 
(0.2 M and pH = 7.6). (6) SHF solutions of different concentrations (130, 
120, 110, 100, 80, 60, 40, 20, 10, and 1 ng/mL) were added to the 
diluted sample solution for EC detection. Furthermore, the milk and rice 
flour sample solutions were spiked with known SHF standard concen-
trations and analyzed for EC spike recovery using the standard addition 
method in triplicate (n = 3). 

2.3. Characterization 

Cyclic voltammetry (CV) spectra, differential pulse voltammetry 
(DPV), and electrochemical impedance spectroscopy (EIS) spectra were 
measured using an Autolab PGSTAT302N electrochemical workstation. 
A three-electrode system was used to evaluate the performance of the 
AgNPs/PPy@PEDOT:PSS electrode. The working, counter, and refer-
ence electrodes were an AgNPs/PPy@PEDOT:PSS/SLT layered film, a Pt 
wire, and an Ag/AgCl saturating electrode, respectively. A scanning 
electron microscope, energy-dispersive spectrometer (SU8100, Hitachi, 
Japan), and X-ray diffractometer (D8 Advance, Bruker, Germany) were 
used to analyze the morphologies and elemental composition of AgNPs 
films. Furthermore, a Fourier transform infrared spectrometer (V-70 +
H1000, Bruker, Germany) was used to examine the molecular binding 
properties of PPy@PEDOT:PSS. A microRaman spectrometer (SR-500I- 
B1, Andor, North Ireland) equipped with a 633-nm continuous laser 
(Solna, Cobolt 08-NLD) and connected to a material microscope was 
employed for measuring in situ Raman information of the electrode 
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surface in a three dimensional (3D)-printed electrochemical Raman cell. 

2.4. Electrochemical measurement of samples 

This study used the DPV method to detect SHF in the presence of 0.2- 
M PBS with a pH of 7.6 as a supporting electrolyte. Additionally, CV and 
EIS techniques were used to obtain information from the electrode 
surface. The voltage range of CV voltammograms was set between − 0.5 
V and +0.90 V in a mixture solution of [Fe (CN)6]3–/4– and 0.1-M KCl as 
a redox probe. Furthermore, EIS curves were obtained by setting the 
frequency range of EIS spectra between 0.01 Hz and 100 kHz, and the 
EIS solution comprised 1.0-mM [Fe (CN)6]3–/4– and 0.1-M KCl. Addi-
tionally, the potential range, increment potential, pulse width, and pulse 
interval of the DPV were set at 0–1.00 V, 0.010 V, 0.05 s, and 0.5 s, 
respectively. 

2.5. In situ surface-enhanced Raman scattering measurement 

In Fig. 1, the CV method, an electrochemical technique, was inte-
grated with surface-enhanced Raman scattering to create an electro-
chemical sensor for detecting SHF using a 3D-printed electrochemical 
Raman cell. The CV method was used to measure the electrochemical 
oxidation process of SHF. Simultaneously, Raman spectra of the elec-
trochemical oxidation process of SHF were recorded. Herein, a 3D- 
printed electrochemical Raman cell was used for the electrochemical 
Raman spectroscopy measurement. CV measurement parameters 
comprised three cyclic potentials of +1.1 and 0 V, starting at 0.01 V in a 
positive direction at 0.06 V/s. The experimental measurements were 
conducted in a 0.2-M PBS electrolyte solution (pH = 7.6) containing 
100-ng/mL SHF molecules. 

Results and discussions 

3.1. Surface analysis of AgNPs/PPy@PEDOT: PSS electrode 

Fig. 2 shows the surface topographies of the porous structure of the 
PPy@PEDOTT:PSS film and AgNPs on the PPy@PEDOT:PSS film 

surface. The appearance of AgNPs was similar to that of a ball with a 
flower edge. The diameter of the AgNPs was approximately 90–100 nm. 
Furthermore, the energy-dispersive X-ray spectroscopy shows the 
AgNPs/PPy@PEDOT:PSS electrode were mainly composed of Ag ele-
ments (Fig. 3A). The X-ray diffraction spectra for AgNPs exhibits four 
peaks at 38.1◦, 44◦, 64.5◦, and 77.6◦, corresponding to Ag (111), Ag 
(200), Ag (220), and Ag (311), respectively, according to the JCPDS04- 
0783 card (Fig. 3B). 

The FTIR spectrum of pristine PEDOT:PSS FTIR exhibited absorption 
peaks at 828 and 1159 cm− 1 (Fig. 3C), ascribed to the C–S stretching 
and S––O stretching band of PEDOT:PSS (Xia et al., 2010). The peaks at 
1493 cm− 1 were assigned to the C–C band stretching vibrations of the 
PEDOT:PSS thiophene ring (Yue et al., 2012). Furthermore, a peak at 
3334 cm− 1 indicated the presence of hydroy1 groups in PEDOT:PSS 
(Xiong et al., 2021). Moreover, PPy@PEDOT:PSS exhibited an addi-
tional peak at 2840 cm− 1 compared with PEDOT:PSS, which was 
attributed to the aromatic ring vibrations of the PPy (Pasupuleti et al., 
2020; Ren et al., 2021). Thus, the PPy@PEDOT:PSS film was success-
fully polymerized on the SLT surface. 

3.2. Electrochemical properties of AgNPs/PPy@PEDOT: PSS/SLT film 

The interfacial electron kinetics of the electrode surface were studied 
via CV measurements. Fig. 4A shows the CV curves of the bare SLT, 
PPy@PEDOT:PSS/SLT, AgNPs/SLT, and AgNPs/PPy@PEDOT:PSS/SLT 
in 1.0-mM [Fe (CN)6]3− /4− and 0.1-mM KCl redox probe. A prominent 
redox peak was observed for the bare SLT at 0.2 V. When the SLT was 
modified with PPy@PEDOT:PSS, the redox peak increased in intensity, 
indicating that PPy@PEDOT:PSS could enhance the electrical conduc-
tivity. Furthermore, after anchoring AgNPs on the SLT, its peak current 
further increased compared with those of the bare SLT and PPy@PE-
DOT:PSS/SLT owing to the strong electrical conductivity of AgNPs. For 
the AgNPs/PPy@PEDOT:PSS/SLT electrode, the redox peak substan-
tially increased in intensity, demonstrating that the electron transfer 
rate was considerably accelerated, thereby boosting the electrochemical 
activity through the synergistic effect between AgNPs and PPy@PEDOT: 
PSS. Additionally, the active electrode area at various modification 

Fig. 1. Schematic map of in situ electrochemical Raman signal measurement system.  
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stages was calculated using the Randles–Sevcik equation, as shown in 
equation (1) (Hatamluyi and Es’ haghi, 2018): 

I =
(
2.69 × 105)n3/2A0D1/2

0 c0*υ1.2 (1)  

where I denotes an anodic peak current, D0 denotes the diffusion coef-
ficient, D0 = 7.6 × 10− 6 cm s− 1, v denotes the scan rate, A0 denotes the 
surface area of the electrode, and C0 denotes the concentration of the [Fe 
(CN)6]3− /4− solution (C0 = 1.0 mM); the electron transfer number n is 
set as 1. In this study, the surface areas of the SLT, PPy@PEDOT:PSS/ 
SLT, AgNPs/SLT, and AgNPs/PPy@PEDOT:PSS/SLT were calculated to 
be 0.157, 0.184, 0.201, and 0.270 cm2, respectively. These results 

showed that the AgNPs/PPy@PEDOT:PSS/SLT film electrode could in-
crease the active surface area of the EC sensor. 

The EIS curves of the SLT, PPy@PEDOT:PSS/SLT, AgNPs/SLT, 
AgNPs/PPy@PEDOT:PSS/SLT are shown in Fig. 4B, which comprised a 
semicircle and straight line in the high-frequency and low-frequency 
regions, respectively. The diameter of the semicircle shows the charge 
transfer resistance Rct, and a slope of 1 for the straight line represents an 
ideal capacitive behavior. The SLT exhibited the largest semicircle 
diameter owing to its poor conductivity, whereas the AgNPs/PPy@PE-
DOT:PSS/SLT film exhibited the smallest diameter owing to its strong 
conductivity (Fig. 4B). These results are consistent with those shown in 
Fig. 2A. Thus, the electron transfer rate of the PPy@PEDOT:PSS/SLT 

Fig. 2. Scanning electron microscopy images of (A) PPy@PEDOT:PSS/SLT film surface and (B) AgNPs/PPy@PEDOT: PSS/SLT electrode.  

Fig. 3. (A) Energy-dispersive X-ray spectroscopy map of AgNPs; (B) X-ray diffraction pattern of AgNPs; (C) Fourier transform infrared spectra of PEDOT:PSS and 
PPy@PEDOT:PSS. 
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film was increased by anchoring AgNPs on the surface of PPy@PEDOT: 
PSS/SLT (AgNP/PPy@PEDOT:PSS/SLT film) to enhance its electro-
chemical performance. 

3.3. In situ electrochemical measurement integrating with a 3D-printed 
electrochemical Raman cell for detecting SHF on AgNPs/PPy@PEDOT: 
PSS/SLT electrodes 

CV curves and Raman spectra were simultaneously measured to 
obtain SHF EC oxidation information (20 ng/mL) using the AgNPs/ 
PPy@PEDOT:PSS/SLT electrode in 0.2-M PBS (pH = 7.6) supporting 
electrolytes (Fig. 5A and 5B). The measurement scheme is shown in 
Fig. 1. In Fig. 5B, the peaks observed at 2910 and 1055 cm− 1 represent 
the Raman characteristic peaks of SHF under open-circuit voltage, cor-
responding to the –CH2– stretching vibration and S––O symmetric 

stretching vibration of SHF, respectively (Wang et al., 2020; Wang, 
Jiang, Zhang, & Bai, 2021). Additionally, the oxidation peak of SHF was 
observed at 0.4–0.8 V (Fig. 5A). Furthermore, the Raman spectra 
changed substantially compared with the open-circuit voltage in Fig. 5B, 
with four peaks appearing at 595, 1119, 1535, 3086 cm− 1. This Raman 
spectroscopy results were consistent with the Raman signal obtained for 
formaldehyde (Lebrun et al., 2003). As SHF was continuously oxidized 
and formaldehyde was continuously generated, the Raman peak in-
tensity of SHF continued to decrease and the Raman peak intensityof 
formaldehyde continued to increase. The electrochemical oxidation 
process of SHF at the AgNPs/PPy@PEDOT: PSS/SLT electrode can be 
expressed by equation (2). 

CH2(OH)SO−
2 + 3OH− →HCHO+ SO2−

3 + 2H2O+ 2e− (2) 

Furthermore, Fig. 5C shows the CV curves of 20-ng/mL SHF in 0.2-M 

Fig. 4. (A) Cyclic voltammograms curves and (B) EIS spectra of SLT, PPy@PEDOT: PSS/SLT, AgNPs/SLT, AgNPs/PPy@PEDOT: PSS/SLT in a mixture solution of 1.0 
mM K3Fe(CN)6/K4Fe(CN)6 and 0.1 M KCl. 

Fig. 5. (A) Cyclic voltammetry (CV) curves of 20-ng/mL SHF in the 0.2-M PBS support electrolytes (pH = 7.6) on AgNPs/PPy@PEDOT: PSS/SLT; (B) Raman signal 
during the CV measurement; (C) CV curves of 20-ng/mL SHF in 0.2-M PBS (pH = 7.6) at bare SLT, PPy@PEDOT: PSS/SLT, AgNPs/SLT, AgNPs/PPy@PEDOT: PSS/ 
SLT; (D) DPVs of 20 ng/mL SHF in the pH range of 4.0–10.0 at AgNPs/PPy@PEDOT: PSS/SLT. 
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PBS (pH = 7.6) on the bare SLT, PPy@PEDOT: PSS/SLT, AgNPs/SLT, 
and AgNPs/PPy@PEDOT:PSS/SLT. AgNP/PPy@PEDOT:PSS/SLT elec-
trode exhibits a more distinct current response to SHF compared with 
other modified electrodes. Thus, the AgNPs/PPy@PEDOT:PSS/SLT 
electrode was selected for SHF detection. 

Fig. 5D shows the graph of the pH response vs. the DPV in 20-ng/mL 
SHF solutions for pH values from 4.0 to 10.0. The oxidation peak current 
gradually increased from pH = 4.0 to 7.6, reaching a maximum peak 
current value at pH 7.6. and then gradually decreasing for pH 7.6–10.0. 
Therefore, 0.2-M PBS with pH 7.6 was selected as the optimal electrolyte 
solution for detecting SHF. 

3.4. SHF detection in PBS electrolyte solution 

We selected 0.2-M PBS (pH = 7.6) as the optimal supporting elec-
trolyte solution for detecting SHF using AgNP/PPy@PEDOT:PSS/SLT 
electrodes; the detection results are shown in Fig. 6A. Fig. 6A shows that 
the DPV current intensity increased with increasing SHF concentration 
in the 0.2-M PBS supporting electrolyte solution (pH = 7.6). Further-
more, Fig. 6B reveals that a linear relationship emerged between the 
SHF concentration and DPV current response intensity (relative to the 
background current measured in the PBS electrolyte solution) with 
increasing SHF concentration from 20 ng/mL to 130 ng/mL. The linear 
equation is given by equation (3): 

I(μA) = 1.479*C + 13.191,R2 = 0.9959 (3) 

According to equation (3), the slope of the equation was 1.479, 
indicating that the AgNP/PPy@PEDOT:PSS/SLT sensor electrode 
exhibited a high linear response when detecting low concentrations of 
SHF. Furthermore, the limit of detection (LOD) was 0.06 ng/mL (equal 
to 0.389 nmol/L) based on the 3Sb/m. (Sb is the standard deviation of 
the blank in six experiments, and m is the slope of the linear equation 
curve). 

3.5. Analysis of real samples 

Furthermore, the ability of the AgNP/PPy@PEDOT:PSS/SLT sensor 
electrode to analyze SHF molecules in real samples environments was 
investigated. The electrochemical oxidation behavior of SHF in real milk 
and rice flour samples was investigated using the CV method and Raman 
spectroscopy. As shown in Fig. 7A, the CV curves of SHF in milk and rice 
flour were generally consistent with the CV curve of SHF in the PBS 
electrolyte solution. During the CV measurement process, the Raman 
spectra shown in Fig. 7B, which exhibited the Raman characteristic 
peaks of SHF and its oxidation products in PBS solution as well as in milk 
and rice flour samples, were consistent with the CV results shown in 
Fig. 5A. Meanwhile, the other Raman peaks were observed for SHF and 
its electrochemical oxidation products in the range of 1550–2890 cm− 1 

due to the addition the C2HCI3O2(TCA) and (CH3COO)2Pb during the 
processing of milk and rice flour samples. In addition, the prepared 
AgNP/PPy@PEDOT:PSS/SLT sensor electrode was used to detect SHF in 
the PBS electrolyte solution and milk and rice flour samples using the 
DPV detection method; the results are presented in Fig. 8A. These results 
indicate that the PBS electrolyte solution without the SHF molecule 
exhibited no current response. However, the PBS solution with 20-ng/ 
mL SHF exhibited a unique current response, consistent with the re-
sults of the detection of SHF in the PBS solution. Furthermore, when 20- 
ng/mL SHF was added to the milk and rice flour samples, the DPV curve 
exhibited the oxidation peak of SHF and additional DPV responses. This 
was attributed to the incorporation of C2HCI3O2(TCA) and 
(CH3COO)2Pb solution during the processing of milk and rice flour 
samples. 

To evaluate the detection ability of the AggNPs/PPy@PEDOT:PSS/ 
SLT sensor electrode for SHF molecules in real samples, known SHF 
concentrations (130, 120, 110, 100, 80, 60, 40, 20, 10, and 1 ng/mL) 
were introduced into the milk and rice flour samples. Subsequently, DPV 
measurements were performed; the results are shown in Fig. 8B and 8C. 
These findings demonstrate that the AgNPs/PPy@PEDOT:PSS sensor 
successfully detected SHF molecules at concentrations as low as 1 ng/mL 
(6.5 nmol/L) in both the milk and rice flour samples. Moreover, the 
fitting curves between the SHF concentrations in the milk and rice flour 
samples and their corresponding DPV current response (relative to PBS 
background current response) are shown in Fig. 8D. The fitting curves 
show that the sensor exhibited slopes of 1.42 and 1.75 for the milk and 
rice flour samples, respectively, indicating high sensitivity toward SHF 
in real samples. The LOD values for SHF in the milk and rice flour 
samples were calculated using 3Sb/m values; these values were deter-
mined to be 0.58 ng/mL (3.5 nmol/mL) and 0.29 ng/mL (0.053 ng/g ≈
2.7 nmol/mL), respectively. These LOD values indicate that the sensor 
could detect low SHF concentrations in real samples. 

3.6. Reproducibility, stability, anti-interference, and recovery rate of 
AgNPs/PPy@PEDOT: PSS/SLT sensor 

The reproducibility of the developed sensor was examined, as shown 
in Fig. S1A, B. Three sensors were fabricated using the same experi-
mental parameters and employed to detect the same concentration of 
SHF in milk samples, with DPV current responses recorded for each 
sensor. 

The current values were 134, 132.8, and 140.7 μA, with a relative 
standard deviation (RSD) of 3.13%, suggesting excellent reproducibility 
and minimal deviation among the three sensors. Using the same sensor, 
the SHF in the same milk sample was measured five times; resulting in 
DPV response currents of 132.8, 133.7, 132.5, 133.9, and 133.8 μA, with 
an RSD of 0.43%, confirming that the sensor has good and acceptable 
reproducibility to detect SHF in the real samples. 

Fig. 6. (A) Differential pulse voltammetry (DPV) curves of SHF at different concentrations (1, 10, 20, 40, 60, 80, 100, 110, 120, and 130 ng/mL). (B) Curve Fitting 
curve between DPV response peak values and different concentrations of SHF. 
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To ensure the long-time stability of the proposed sensor, the AgNP/ 
PPy@PEDOT:PSS/SLT electrode was stored in air for 20 days. At 
different storage periods between 1 and 20 days, the SLTelectrode was 
used to detect the same SHF solution (20 ng/mL) in 0.2-M PBS (pH =
7.6) every two days starting from the first day and the current response 
was measured using DPV. Fig. S1C shows that the peak current response 
retained 80.17% of its original value until day 20, indicating good long- 
term stability of the fabricated sensor. 

Furthermore, to verify the anti-interference properties of the sensor, 
ASA and oxalic were added to the milk and rice flour samples containing 
20-ng/mL SHF. Fig. S1D reveals that the oxidation potentials of ASC and 
oxalic acid were 0.12 and 1.0 V, respectively, indicating no interfere 
with SHF detection. To evaluate the interference of sodium sulfite from 
SHF decomposition in SHF detection, the AgNP/PPy@PEDOT:PSS/SLT 
electrode was used to detect sulfites and SHF in samples. Fig. S2 shows 
that the sulfite oxidation peak occurred at 1.4 V, while the detection 
potential of DPV ranged from 0 to 1.0 V, effectively eliminating sulfite 
decomposition interference. Moreover, the recovery rate of the samples 
was calculated. The milk and rice flour samples were spiked with known 
concentrations of 100.00, 200.00, and 400.00 ng/mL. Table S1 shows 

that the recovery rate of spiked samples was 95.56%–100.56% and 
93.2%–102.2%. This indicates that the prepared AgNP/PPy@PEDOT: 
PSS/SLT sensor electrode can be effectively used for detecting SHF in 
milk and rice flour samples. 

3.7. Comparison of the sensor with other methods 

Table 1 presents a comparative analysis of different SHF detection 
methods. The sensor developed in this study exhibits an extensive linear 
range and a lower LOD compared with the detection method specified 
by the Chinese National Standard (https://openstd.samr.gov.cn/bzg 
k/gb/newGbInfo?hcno=ECD590774B7E26F29DC1D7F733A5F1BB) 
for rice flour samples. 

4. Conclusions 

We presented a novel strategy for preparing a highly sensitive and 
cost-effective electrochemical sensor based on AgNP/PPy@PEDOT:PSS/ 
SLT films with excellent selectivity for detecting SHF in milk and rice 
flour samples. The PPy@PEDOT:PSS film was deposited onto the bare 

Fig. 7. (A) Cyclic voltammetry (CV) curves of the PBS electrolyte solution, and the CV curves of SHF in PBS solution and in milk and rice flour samples; (B) Raman 
spectra of the PBS electrolyte solution and SHF in PBS solution and and milk and rice flour samples obtained during CV measurement. 

Fig. 8. (A) Differential pulse voltammetry 
(DPV) curves for SHF in the PBS solution and 
milk and rice flour samples; (B) DPV curves 
for different concentrations of SHF in milk 
samples; (C) DPV curves for different con-
centrations of SHF in rice flour samples; (D) 
Linear fitting curves between the DPV 
response peak currents and different con-
centrations of SHF in milk ((black line) and 
rice flour (red line) samples. (For interpre-
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   
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SLT surface using an electrochemical method, followed by anchoring 
AgNPs on the PPy@PEDOT:PSS film surface through self-assembly and 
electrochemical deposition method to form a AgNP/PPy@PEDOT:PSS/ 
SLT sensor electrode. The CV curves and EIS spectra of the AgNP/ 
PPy@PEDOT:PSS/SLT electrode demonstrated excellent electro-
chemical catalytic activity. The AgNP/PPy@PEDOT:PSS/SLT electrode 
was employed for SHF detection in milk and rice flour samples. The 
results showed an excellent linear relationship between SHF concen-
tration and the peak of DPV current (relative to PBS background solu-
tion) in the 1–130 ng/mL range for the milk and rice flour samples. 
Furthermore, the LOD values for the EC sensor based on AgNP/PPy@-
PEDOT:PSS/SLT electrode were 0.58 and 0.29 ng/mL for SHF in milk 
and rice flour samples, respectively. Raman spectroscopy revealed the 
EC oxidization of SHF to formaldehyde. Therefore, the proposed AgNP/ 
PPy@PEDOT:PSS/SLT electrochemical sensor holds significant poten-
tial for widespread use in food safety applications. 
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