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ARTICLE INFO ABSTRACT

Keywords: In the present study, a printing paper functionalized with Ag nanoparticles (AgNPs) was used as a flexible
Sodium sulfite surface-enhanced Raman spectroscopy (SERS) swab (AgNP@FP) to evaluate its ability to detect sodium sulfite
SE_RS_ residues on the surface of edible mushrooms. The results showed that the prepared AgNP@FP swab had
i;l;;:g P fingerprint-like signals (at 620 and 927 cm™), which could serve as a clear confirmation of the analyte. In

addition, the swab not only exhibited good repeatability, with spot-to-spot variation of < 2.6% at 620 cm ™! signal
intensity, but it also met the requirement of commercial transportation as the peak intensity at 620 em™t
remained at 57.84% of its initial value after 5 days of storage. The sensitivity of the substrate to sodium sulfite on
the surface of oyster mushroom and enoki mushroom was as low as 0.2 mg/mL. The limit of detection (LOD)
values of the sulfite residue on the surface of oyster and enoki mushrooms were 1.2 and 1.6 mg/kg, respectively.
This study demonstrated that the AGNP@FP swab provided a simple tool for obscure and in situ screening of

Edible mushroom

residues on the surface of agricultural products.

1. Introduction

Additives are used in foods to maintain their color, taste, and other
qualities (Yang et al., 2022a; 2022b; 2020). As a food additive, sodium
sulfite is frequently used to preserve fresh fruits and vegetables (Qu
et al., 2017), prevent discoloration of glazed fruits and dried vegetables,
and protect against bacterial contamination and oxidation during
wine-making (Liu et al., 2021a; 2021b; Robbins et al., 2015). In the
human body, sodium sulfite reacts with water to form bisulfite ions,
sulfite ions, and SO, (Devarajan et al., 2023), which could further react
with various body fluids and cellular components (Oshimo et al., 2021).
Sulfite has multifaceted toxic effects. Excessive or high concentrations of
SO, and its derivatives can damage body organs (Li et al., 2022). For
example, SO not only degrades vitamin B; and adversely affects body
growth, causing polyneuritis (Zhang et al., 2016), but it also causes in-
testinal dysfunction, leading to diarrhea, headache, and liver damage
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and impairing the health and function of the digestive system (Chen
etal., 2015a; 2015b; Lester, 1995). SO also induces respiratory diseases
(Han et al., 2020; Wang et al., 2016)) such as asthma, rhinitis, bron-
chitis, and lung cancer as well as impairs the cardiovascular and nervous
systems (Yao et al., 2015; Yao et al., 2016). In this context, the Joint
FAO-WHO Expert Committee on Food Additives (Goncalves et al., 2020;
Irwin et al., 2017; Lajin and Goessler, 2019) stipulated 0.7 mg/kg as an
acceptable daily intake (ADI) limit of sodium sulfite (equal to SO5) per
person. Therefore, it is crucial to regulate the amount of sodium sulfite
used as an additive for edible mushrooms.

Currently, the main methods to detect sulfites include gas
chromatography-mass spectrometry (Carrascon et al., 2017),
high-performance liquid chromatography (Urupina et al., 2020), liquid
chromatography-tandem mass spectrometry (Carlos and de Jager,
2017), and fluorescence analysis (L. Wang and Chen, 2020). However,
these technologies have several limitations, such as time-consuming
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Fig. 1. Flow chart of SERS detection.

process, complex sample preparation, high demand for personnel and
specialized equipment, and poor sensitivity and selectivity (Yang et al.,
2021a; 2021b; 2022a). Therefore, faster, simpler, and more accessible
detection methods are required.

Surface-enhanced Raman spectroscopy (SERS) is an efficient, uni-
versal, and unlabeled molecular fingerprinting technique that is widely
used to detect trace substances (Li et al., 2022a; Yang et al., 2023a;
2023b). Raman scattering is a phenomenon involving inelastic scat-
tering between laser photons and molecules (the excitation of molecular
vibration causes the energy of scattered photons to be typically lower
than that of incident photons), which produces the Raman spectrum,
thereby providing structural information about the sample. Electro-
magnetic wave enhancement is associated with local surface plasmon
resonance and chemical enhancement induced by charge transfer to the
adjacent noble metal nanostructure and forms the principle underlying
Raman enhancement (Shang et al., 2017). The application of SERS de-
pends on the development of its substrate, leading to the continuous
improvement of its substrate structure. The traditional Raman substrate
was developed based on the deposition of nanoparticles of noble metals
such as Au, Ag, and Cu on rigid substrates such as glass slides and silicon
wafers (Shariat, 2023; Weng et al., 2019). However, the substrate was
difficult to adapt to the requirement of nondestructive testing as it

required complex pretreatment to detect solid samples on a nonplanar
surface. Flexible materials, including substrates (Khan et al., 2022),
adhesive tape (Bai et al.,2023), textile materials (Gao et al., 2020), and
hydrophobic materials (Zhang et al.,2019), could be attached effectively
on the curved surface, which can provide portability (Batool et al., 2022;
Chen et al., 2017). Thus, flexible SERS substrates have significant ad-
vantages over traditional substrates. Flexible SERS substrates can be cut
into any desired shape and size for on-demand use. Moreover, these
substrates have high porosity, low preparation cost, flexibility, and
folding and bending ability (Liu et al., 2021a; 2021b; Tian et al., 2021;
Zheng et al., 2021). Compared to rigid SERS substrates, flexible sub-
strates have significant advantages in the extraction, filtration, and
concentration of probe molecules in complex samples.

In SERS detection, the Raman signals of molecules can be effectively
enhanced only if the distance between the molecule of the analyte and
the surface of the SERS substrate is sufficiently close. As the distance
increases, the Raman enhancement effect of the molecule decreases
exponentially (Fang et al., 2015; Lin and He, 2019; Pang et al., 2016).
Raman “hot spots” are areas where Raman signals can be significantly
enhanced; these spots typically appear at sharp edges or small gaps in
the tightly arranged nanoscale plasma nanostructure (Cialla et al., 2012;
Mandal and Tewari, 2022). Printing paper is a common commodity in
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Fig. 2. (a) SEM of the AgNP@FP swab; (b)Measurement and molecular formula of sodium sulfite; (c) SERS sensitivity after substrate wiping of the glass plate.

daily life. A flexible SERS substrate based on printing papers can be both
practical and cost-effective. Because of the compact fiber structure of the
printing paper, the liquid could remain on its surface through immersion
for a longer time. Moreover, this structure can enable reduced silver to
easily come in contact with the test molecule, thereby achieving effec-
tive enhancement of Raman signals.

Therefore, in the present study, the SERS detection technology was
used for sulfite detection on the surface of mushrooms. Printing paper
was chosen as the substrate in this experiment, and a sodium sulfite
standard solution was dropped on the surface of mushrooms to test its
usage, as shown in Fig. 1. The sensitivity, uniformity, and stability of the
prepared SERS substrate were analyzed. AgNP@FP was used to detect
the presence of sulfite on mushroom surface and to explore the rela-
tionship between its concentration and the SERS peak intensity.

2. Materials and methods
2.1. Materials and methods

Silver nitrate (AgNO3 >99.8%), sodium citrate (C¢gHsNa3O7-2 HoO
>99%), ultrapure water (conductivity: 1.08 uS/cm), oyster mushroom,
and enoki mushroom were purchased from a local supermarket
(Taiyuan, China). A4-size printing papers and sodium sulfite were
bought from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
The specification of the A4-size printing paper (defined by ISO 216 is-
sued by the International Organization for Standardization) was
21 cm x 29.7 cm. A magnetic heating stirrer (MS-H-ProA, Dragon Lab-
oratory Instruments Ltd.), a portable Raman spectrum analyzer
(ATR3110, Optosky (Xiamen) Photonics Inc.), and a scanning electron
microscope (Gemini SEM 300) were used for the experiment.

2.2. Sample preparations

Pretreatment of the sample: the purchased fresh oyster mushroom
and enoki mushroom were rinsed, and their surfaces were dried with the
printing paper. Preparation of nano-Ag colloid: silver nitrate (45.0 mg)
was dissolved in ultrapure water (250 mL), stirred evenly, and heated to
boiling. Next, 1% trisodium citrate solution (5 mL) was constantly
added dropwise to the abovementioned solution. The solution was
boiled for 1 h, removed from the heater, and stirred constantly until it
reached room temperature. This resulted in a grey-green nano-Ag
colloid, which was sealed and stored in the dark at 4 °C (Lee and Meisel,
1982; Shi et al., 2016). Preparation of the flexible substrate: the clean

printing paper was cut into a substrate (1 cm x 1 cm) and placed over
the prepared nano-silver colloid. After the AgNPs were evenly adsorbed
on the substrate, the substrate was taken out, dried, and sealed for
further use. Preparation of sodium sulfite standard solution: sodium
sulfite powder (0.05 g) was dissolved in ultrapure water (5 mL) in a
centrifuge tube to prepare the sodium sulfite standard solution
(10 mg/mL). This solution was further diluted to prepare standard so-
lutions of 5, 3, 1, 0.2, and 0.1 mg/mL; these solutions were shaken well
and kept aside for further analysis.

2.3. Detection conditions and methods

Detection condition of SERS: A portable Raman spectrometer was
used for the experiment in a clean and tidy laboratory. The parameters
were set as follows: excitation wavelength, 785 nm; laser power,
80 mW; sampling interval, 500 ms; integration time, 8000 ms; average
frequency, 1; signal-to-noise ratio threshold, 3; intensity threshold,
1000.

Detection method of sensitivity: the sample standard solutions
(10 pL) at different concentrations were dropped on clean glass plates.
After the plate was dried, it was wiped with the soaked printing paper
substrate, and SERS detection was then performed. The blank group was
the prepared flexible substrate for wiping the glass plate.

Detection method of uniformity: SERS detection was performed at 20
random points on an AgNP@FP swab. A standard sodium sulfite solution
(1 mg/mL) was used for the test. The testing method was the same as
mentioned above.

Detection method of stability: five AgNP@FP swabs were placed in
sealed glass plates and stored in a dark place (18 °C, 30-50% humidity).
SERS was performed daily with a standard sodium sulfite solution for 5
days.

Detection of sample: sodium sulfite standard solutions at different
concentrations were dropped on the surface of the washed mushroom
sample. After natural drying, the prepared ethanol-water solution (1:1
ratio) was sprayed on the sample, and SERS was then performed. To
confirm that the purchased mushrooms did not contain sulfite, we per-
formed SERS on the washed mushrooms and used them as a blank
control group.

2.4. Data analysis and processing

NGSLABSPEC software (Oppo Tiancheng Corporation) was used for
spectral data pretreatment and baseline processing of the Raman
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Table 1
The principal characteristic peaks in sodium sulfite Raman spectra and their
distribution.

Characteristic peak Intensity Signal ascription
(em™)
620 Strong attributed to the symmetric bending
vibration of O-S-O.
927 Intermediate  attributed to the symmetric and asymmetric

stretching vibration of S-O stretching
vibration.

spectra. Origin 8.5 software (OriginLab) was used to analyze the
collected data and draw maps. ChemDraw 20.0 (Revvity Signals Soft-
ware) was used to draw the required chemical formula. Each sample was
analyzed three times, and the average value was taken as the final value.

3. Results and discussion
3.1. Assessment of sensitivity

The characteristic details of the AgNP@FP swab are shown in Fig. 2
(a). AgNPs were widely and evenly distributed on the printing paper.
They were spherical particles (rod-shaped particles occasionally) with a
radius of approximately 100 nm. This type of structure was beneficial
for forming an effective “hotspot.” The Raman spectra of the sodium
sulfite aqueous solution was first determined. As shown in Fig. 2(b), two
characteristic peaks were detected at 927 and 620 cm™!, which was
consistent with previous findings (Chen, et al.,2016). The characteristic
peak attributions are listed in Table 1. However, no characteristic
diffraction peak of sodium sulfite was noted in the blank sample; this
finding indicated that the prepared AgNP@FP swab could be used to
detect sodium sulfite. Because of the chemical affinity between S and Ag,
S-O stretching (symmetry+symmetry), and O-S-O symmetry, SO, was
bound to the surface of AgNPs, thereby generating two strong and
comparable characteristic peaks at 927 and 620 cm ™. Relative de-
viations in the characteristic peak were noted under the condition of
variable strength of the S-O tensile band (Deng et al.,2015; Huang et al.,
2017). The sensitivity was then investigated by dropping sodium sulfite
standard solution (10 uL) on the glass plate. The plate was dried and
wiped with the printing paper substrate and analyzed by Raman spec-
troscopy. As shown in Fig. 2(b), the characteristic peak at 620 cm™?
could be clearly distinguished at a concentration as low as 0.1 mg/mL,
while the peak at 927 cm™ disappeared. Hence, we performed a quan-
titative analysis of the 620 cm™ peak, establishing a standard curve
correlating sample concentration and peak intensity. As illustrated in
Fig. S1, the concentration range of the sodium sulfite standard solution
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spanned from 0.1 to 10 mg/mL. The standard curve for the sodium
sulfite standard solution (y = 4678.2x+20620.7, R?Z = 0.991) exhibited
excellent linearity. This observation suggested that the flexible sub-
strate, represented by the printing paper, possessed high sensitivity in
detecting sodium sulfite, likely attributable to its relatively compact
fiber structure. The impregnation process ensured prolonged liquid
retention on the printing paper’s surface, enhancing electrostatic in-
teractions among silver ions and resulting in a dense and uniform
structure. Consequently, sodium sulfite molecules were more prone to
contact reduced silver, leading to an amplification of Raman signals.

The enhancement factor (EF) is a key indicator that represents the
enhancement magnitude in SERS detection. Fig. S2 shows the SERS
spectrum of 10™! mg/mL sodium sulfite and the Raman spectrum of
10 mg/mL sodium sulfite adsorbed on the AGNP@FP swab. The EF value
(3.68 x 10*) was calculated with the 620 ¢cm ™! peak as a reference. The
details of the relevant calculations are provided in Supporting
Information.

3.2. Assessment of uniformity and stability

The uniformity of the printing paper substrate was investigated with
the sodium sulfite solution (1 mg/mL) as the probe through wiping, as
shown in Fig. 3. The repeatability of varying locations was assessed for
one AgNP@FP swab through multiple measurements (20 times) at sto-
chastically chosen locations on a single SERS swab (Fig. 3(a)). The SERS
spectral results for the 20 measurements are shown in Fig. 3(c-e). As
shown in Fig. 3(b), no significant change was noted in the characteristic
peak intensity at 620 and 927 cm™, with a relative standard deviation
(RSD) of 2.6%. The SERS signal display rate reached 100% in 20 de-
tections, thus indicating that the sample was evenly distributed on the
substrate. As shown in Fig. 3(c), the intensity exhibited no significant
change in the SERS response peak at 620 cm™ for the 20 points, thus
indicating a good uniformity in the distribution of AgNPs on the printing
paper. The experimental result confirmed the superiority of the printing
paper as a flexible substrate. Similarly, to test the stability of the test
strips, the same batch of the soaked substrate was used for analysis.
Fig. 4 shows the results of the stability analysis for 5 days. The stability
of the swab gradually decreased over time. On the fifth day, the char-
acteristic peaks at 620 and 927 cm™! remained clear and easily distin-
guishable, with a peak intensity of approximately 50% as compared to
that on the first day. Because AgNPs were fixed on the printing paper by
soaking, they were mostly attached to the surface of the printing paper;
this made AgNPs prone to oxidation and other phenomena, thereby
resulting in the loss of the “hotspot.” Thus, the stability of swab
decreased over time. However, the retention value met the detection
requirement in 5 days, which provided the possibility of commercial

RSD=2.6 % (620 cm™)

0 5 10 15 20
Point position

Fig. 3. (a) Schematic plot of the random 20 points of a single substrate; (b) Random 20-point spectrogram of a single substrate; (c¢) Random 20-point scatter map.
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Fig. 5. (a, b) Diagram of the surface wiping of oyster mushrooms and enoki mushrooms; (c, d) SERS sensitivity diagram of oyster mushrooms and enoki mushrooms.

transportation.

3.3. Detection of sodium sulfite in edible mushrooms

Fig. S3 shows a comparison of a blank sample to a standard sodium
sulfite solution without sodium sulfite residue on the mushroom surface.
The results of the SERS analysis of oyster mushrooms and enoki mush-
room wiped with sodium sulfite standard solutions at different con-
centrations are shown in Fig. 5(a) and (b). The surfaces of the

mushrooms were dried, and sodium sulfite standard solutions at
different concentrations were applied to their surfaces. After the solu-
tions were fully absorbed by the fungus, the standard ethanol aqueous
solution was sprayed on the area where the solution was added for
wetting. Subsequently, the soaked printing paper substrate was picked
up with a tweezer and wiped at the place to be measured so that the
solution was in fully contact with the substrate. SERS detection was
performed when the substrate was dried. The detection result of the
edible mushrooms is shown in the two small figures (¢) and (d) in Fig. 5.
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Table 2

SERS detection of sulfites.
Method Analyte Food matrix LOD Reference
NIR-HSI+NIR Sodium metabisulfite Fresh-cut potatoes 0.5 mg/kg (Bai et al., 2020)
Electrochemical alloying/dealloying sensor Sulfite Canadian Beef 47.43-60.26 mg/kg (Manikandan et al., 2018)
ICT-ratiometric fluorescent probe Sulfite Chinese yam 3.01 mg/kg (Lan et al., 2022)
PRA-optical sensor Sulfite Apricot 1.23 £+ 0.04 mg/kg (Bener et al., 2020)
HS-TFME+SERS Sulfite Herbs 6 mg/kg (Dong et al., 2019)
SERS Sulfite Fungus 1.2 mg/kg In this work

Abbreviations: Near-infrared hyperspectral imaging (NIR-HSI) system and portable near-infrared (NIR) spectrometer. Intramolecular charge transfer ratiometric
fluorescent probe (ICT-ratiometric fluorescent probe). Pararosaniline -optical sensor (PRA-optical sensor) Headspace thin-film microextraction (HS-TFME)

With the decrease in sodium sulfite concentration, the 620 and 927 cm ™!
SERS intensity peaks were reduced. Because of the influence of mush-
room on the substrate, its sodium sulfite detection limit reached only
0.2 mg/mL. Finally, quantitative analysis was conducted using the SERS
characteristic peak to determine the standard curve of the sample con-
centration and the characteristic peak intensity at 620 cm ™. As shown in
Fig. S4 (a, b), the standard curve for surface-enhanced Raman scattering
of oyster mushroom was y = 2490.7 lgc+ 7766.3 (R = 0.989), while
that for enoki mushroom was y = 1534.5 Igc+ 9980.2 (R2=0.991). The
limit of detection (LOD) was calculated based on the average of the
corresponding background peaks generated from a blank substrate (10
experiments) plus 3 times the standard deviation. The LODs of the
printing paper used as the flexible substrate for detecting sodium sulfite
in oyster and enoki mushrooms were 1.2 and 1.6 mg/kg, respectively;
these values were far lower than the Chinese national standard of
0.05 g/kg. Compared to the results of SERS detection of sulfite reported
in recent years, our detection method was simpler and more economical,
as shown in Table 2. The most common office printing paper was used as
a substrate, and the simplest immersion method was adopted to transfer
AgNPs on its surface. The preparation of AgNPs was simple, and the
entire process was rapid. The experiment also confirmed that the flexible
SERS substrate with the printing paper as the substrate had high sensi-
tivity and good uniformity, particularly for detecting pesticide residues
on the surface of mushroom. However, there were some disadvantages,
according to previous literature, such as the complex synthesis process
of nanoparticles, difficult substrate preparation, stringent requirement
for operators, and relatively difficult detection process. Bai et al. (2020)
utilized a near-infrared hyperspectral imaging (NIR-HSI) system along
with a portable NIR spectrometer for the identification of sulfur dioxide
residues on freshly cut potato chips immersed in sodium metabisulfite
solutions of varying concentrations. The inspection procedure encom-
passed tasks such as cleaning, slicing, and submerging whole purchased
potatoes into distinct pyrosulfite standard solutions. Additionally, it
involved the setup, parameter configuration, and calibration of the
NIR-HSI system. Manikandan and co-authors (Manikandan et al., 2018)
synthesized nanoporous gold through the chemical etching of
gold-silver alloys to create 3D nanoporous gold microelectrodes. These
nanoporous gold microelectrodes were subsequently employed for the
detection of nitrite in beef. Dong et al. (2019) developed a detection
approach employing headspace thin film microextraction (HS-TFME) in
conjunction with surface-enhanced Raman spectroscopy (SERS). They
deposited sea urchin-like ZnO micron particles onto glass plates using
the chemical liquid deposition method and applied them in the analysis
of Chinese herbal sulfites. These three methods are limited due to the
precision and cost of the testing instruments; consequently, the technical
requirements for the testing personnel are higher. Moreover, these
methods involve the assembly of the instrument, baseline parameter
setting, and correction of the instrument before the experiment; thus,
large-scale upgrading of the process is impossible. Lan et al. (2022)
synthesized a fluorescent probe. Bener et al. (Bener et al., 2020)
developed an optical sensor suitable for determining sulfite content in
complex samples. However, these methods are too complicated; the
synthesis process of the two methods is very complex and difficult to
master. The professional quality of the synthesizers is high, and a skilled

technician is required to perform the operation. Consequently, most
people cannot repeat the experiment.

Based on the findings, it is evident that the use of the printing paper
as a flexible SERS substrate showed good sensitivity for the detected
sample. The linear correlation of the standard curve indicated that ac-
curate quantitative analysis could be carried out, thus indicating that it
could be used for quantitative analysis of sodium sulfite as the target
object.

4. Conclusion

In the present study, a method of preparing a flexible SERS substrate
by using an impregnation method and Raman spectroscopy with a
portable Raman spectrometer was described for the rapid detection of
sulfite in foods. This method has several advantages. First, as a substrate,
AgNPs-functionalized printing paper could be cut to any size and shape
by the impregnation method and could be bent and overlaid on any
irregular sample surface for in situ screening without damaging the raw
material and maintaining the number of “hotspot” on the substrate.
Second, as a SERS substrate, AgNP@FP was cost-effective, easily
accessible, and stable, leading to reproducible results. Lastly, compared
to other materials, the structure of AgNPs provided the best plasma
property and generated a higher SERS EF. The present study also has
some limitations. For example, many compounds tested do not exhibit
Raman activity. However, some compounds with Raman activity may
emit fluorescence at NIR and/or visible laser frequencies. Fluorescence
is particularly problematic for Raman spectroscopy, as its signal
magnitude is stronger than Raman scattering; this typically results in
concealing Raman signals. Therefore, the development of a detection
method that combines SERS with other devices in the future will provide
greater application prospects.
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