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Herein, a reusable and portable surface-enhanced Raman spectroscopy (SERS) sandpaper was successfully
synthesized for the sensitive detection of S-fenvalerate in foods. Commercial sandpapers were decorated with
Ag@SiO,@Au nanoarrays via a liquid-liquid interface self-assembly method. The capacity of sandpaper
to float directly on the cyclohexane-water interface allows nanoarrays to be formed directly on it, thereby
minimizing stacking issues typically associated with nanoarray assemblies and significantly enhancing the
sensitivity of S-fenvalerate detection. Moreover, the SERS sandpaper was reusable and portable due to its
strong adhesion of the nanoarrays. Under optimized testing conditions, the developed SERS sandpaper method
was capable of detecting S-fenvalerate, demonstrating a strong linear response within a concentration range
of 107-10° pmol/L, with a limit of detection of 1.92 x 10" pmol/L. The analysis of spiked food samples
containing S-fenvalerate using the developed SERS sandpaper afforded excellent recoveries (92.2%—109.7%).
Additionally, the SERS sandpaper was successfully applied to quantify S-fenvalerate in real food samples,

with results consistent with analyses conducted using gas chromatography.
© 2026 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

S-Fenvalerate, a highly potent and broad-spectrum type II
synthetic pyrethroid insecticide, is widely employed in agriculture
to control lepidopterans and sucking pests'. Previous reports have
found that fruits and vegetables can often contain a high level of
S-fenvalerate residues. As a result, dietary intake of S-fenvalerate
residues, particularly from fruits and vegetables, has attracted wide
concern™. S-Fenvalerate poses potential risks to public health,
including dizziness, depression, vomiting and abnormal heart rates".
Accordingly, it is of considerable importance to attain precise and
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rapid detection of S-fenvalerate residues in agricultural products for
safeguarding human health.

Presently, various techniques are used for the detection
of S-fenvalerate detection including high-performance liquid
chromatography, gas chromatography and liquid chromatography
tandem mass spectrometry®'”. Although these methods have high
accuracy and selectivity towards S-fenvalerate residues, they each
have drawbacks including the complicated sample pretreatment
procedures and time-consuming analysis routines. In this context,
a variety of new methods are now being explored for real-time and
rapid detection of S-fenvalerate, such as surface-enhanced Raman
spectroscopy (SERS), immunoassays, electrochemical sensors
and capillary electrophoresis. In particular, SERS has attracted
much attention owing to its ultrahigh detection sensitivity and

nondestructive analysis'"' "
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Noble metal nanoparticles (NPs) based on Au and Ag are commonly
used in SERS analyses, due to the electromagnetic enhancement
mechanism triggered by local surface plasmon resonances (LSPRs) in
such noble metal nanomaterials"”. In general, Ag NPs are considered
as the best plasmonic materials for manufacturing SERS substrates''*.
However, due to the oxidation and aggregation of Ag NPs, their
application in real-world SERS substrate is currently limited. Uniform
coating of Ag NPs with a thin silica shell can markedly increase the
stability of Ag NPs without compromising the plasmon resonance
activity”. However, Au NPs are generally favored in SERS due to their
good monodispersity, high chemical stability, ease of synthesis and good
SERS performance™. However, controlling the separation between NPs
to achieve SERS “hot spots” is still a challenge for SERS technology.
In recent years, the self-assembly of nanoarrays of plasmonic NPs has
attracted attention as a controllable means of generating “hot spots™*".
One of the frequently employed techniques for producing nanoarrays,
liquid-liquid interface self-assembly (LLISA), presents several
advantages, including its simplicity and cost-effectiveness™.

Plasmonic nanoarrays were usually prepared by dipping planar
substrates such as silicon wafers and glass microscope slides into
liquid-liquid (i.e., oil-water) systems containing noble metal NPs,
which often leads to undesirable overlap of 2D nanoarrays™.
Consequently, finding strategies to prevent the overlap of 2D
nanoarrays is of great importance”. To better facilitate the
widespread applications of 2D nanoarrays and SERS technology,
there has been an increasing focus on the design and fabrication of
flexible SERS substrates”™. Sandpaper, possessing micron-scale
roughness, low cost, and flexibility, has recently gained popularity
in the fabrication of flexible SERS substrates”***. Compared to
other flexible materials such as plastic films and filter paper, there
are two major advantages of sandpaper: 1) sandpaper can float on
aqueous solutions without sinking, which aids the direct formation of
nanoarrays on the sandpaper. This can avoid undesirable stacking of
nanoarrays during their removal from solution, which is commonly
seen for silicon wafers which do not float. Consequently, signal
stability of SERS detection is greatly enhanced; 2) sandpaper has
inherent roughness, which allows the nanoarrays to firmly adhere
to the sandpaper to form a wear-resistant SERS substrate, thereby
greatly improving the reusability and storage stability of the
SERS substrate, thus enhancing the accuracy of real-time SERS
detection™". Moreover, SERS sandpapers are also lightweight and
portable. To date, minimal work has been done relating to the self-
assembly of Ag NPs nanoarrays on sandpaper via the LLISA method
for the construction of reusable SERS, thus motivating the current
investigation.

In this work, a portable and reusable SERS sandpaper based
on Ag@SiO,@Au nanoarrays was constructed for the detection of
S-fenvalerate in foods. Firstly, Ag@SiO,@Au NPs were prepared
(Scheme 1a). Subsequently, the prepared Ag@SiO,@Au NPs were
directly self-assembled at the cyclohexane/water biphasic interface
to form nanoarrays on sandpaper using LLISA (Scheme 1b) for
S-fenvalerate detection. The obtained SERS sandpaper provided
uniform “hot spots” for the detection of S-fenvalerate with good
signal stability. Consequently, the sensitive detection of S-fenvalerate
residues in real food samples was realized. This is the first study to
apply Ag@SiO,@Au nanoarrays on sandpaper as a SERS substrate
for S-fenvalerate detection.

2. Materials and methods
2.1 Synthesis of Ag NPs

Spherical Ag NPs were synthesised using a literature approach®".
AgNO; (36 mg) was dissolved in 200 mL of ultrapure water and the
resulting solution was heated under vigorous stirring until boiling.
Then, 4 mL of a 1 g/100 mL trisodium citrate solution was then rapidly
added to the silver nitrate solution under stirring. Subsequently, the
mixture was maintained boiling for 1.5 h to ensure total reduction of
Ag" ions before being cooled with constant agitation.

2.2 Synthesis of Ag@SiO, NPs

A total of 0.4 mL of 25% ammonium hydroxide was added to
the Ag NPs dispersion, followed by vigorous shaking of the resulting
mixture for 20 min. Subsequently, 20 pL of tetracthoxysilane (TEOS)
solution in ethanol (at a volume ratio of 1:20) was introduced into the
mixture, which was then stirred continuously at room temperature for
8 h. After the mixture was centrifuged at 5 500 r/min for 30 min, the
product was washed with anhydrous ethanol twice, then redispersed
in ultrapure water (10 mL) for further use.

2.3 Synthesis of Ag@SiO,@Au NPs

Firstly, the Ag@SiO, NPs were aminated using
3-aminopropyltrimethoxysilane (APTMS). Then 5 pL of APTMS was
mixed with 10 mL of the dispersion of Ag@SiO, NPs and stirred for
10 h. The Ag@SiO, NPs with aminated surface were separated through
centrifugation at 8 500 r/min for 10 min and subsequently washed twice
using anhydrous ethanol. Next, the Au NPs was prepared following the
method described by Grabar et al.””. Briefly, 0.5 mL of a 1% HAuCl,
solution was mixed with 50 mL of ultrapure water while stirring
vigorously for 1 min. Following this, 0.5 mL of a sodium citrate solution
(1 g/100 mL) was swiftly added to the mixture. After reaction for 1 min,
0.5 mL of 0.075% NaBH, in 1% sodium citrate solution was added and
the mixture then stirred for 5 min. Subsequently, the Ag@SiO,@Au
NPs were synthesized by mixing 0.5 mL of Au NPs dispersion with
1 mL of aminated Ag@SiO, NPs and shaking for 3 h. The product was
then centrifuged at 10 000 r/min for 10 min. Ultimately, the mixture was
washed twice and re-dispersed in anhydrous ethanol (10 mL).

3. Results and discussion

3.1 Optimization of Ag@SiO,@Au nanoarray-decorated
SERS sandpaper

3.1.1 Optimization of the Ag core size and SiO, shell thickness

Different volumes of 1 g/100 mL trisodium citrate solution
was optimized to determine the ideal Ag core size. As shown in
Figs. la and S1, the Raman intensity at 2 226 cm ™' attributed to
4-mercaptobenzonitrile (4-MBN) showed an increase with the
increasing volume of 1% (m/m) trisodium citrate solution from
2 to 4 mL and the decrease occurred when the volume of trisodium citrate
solution exceeded 4 mL. Consequently, 4 mL of 1 g/100 mL trisodium
citrate solution was selected for the preparation of Ag NPs.
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Different volumes (2.5, 5, 10, 20, 30 pL) of TEOS ethanol
solution (1:20 dilution) were employed to determine the optimal
Si0, shell thickness. As shown in Figs. 1b and S2, as the volume
of the ethanolic TEOS solution (1:20 dilution) increased from 2.5
to 20 pL, there was a gradual increase in Raman intensity at 2 226 cm™'
until it reached its peak. The reason of the change in signal was
that 4-MBN was in closer proximity to the “hot spots” created
between Ag NPs when the SiO, shell was relatively thin, resulting
in a significant enhancement of the SERS signal for 4-MBN"*),
Upon further increasing the SiO, thickness, the excitation laser
encountered scattering before it reached the Ag NPs surface, as a
result of the extended optical path caused by the presence of the
silica shell, which led to a decrease in Raman intensity of the Ag@
SiO, NPs. Therefore, 20 uL was found to be appropriate for TEOS
solution in the synthesis of Ag@SiO, NPs.

3.1.2  Optimization of the grit size the sandpaper

The influence of the grit size of sandpaper on the self-assembly
process of the Ag@SiO,@Au nanoarrays was examined. The real
images of the Ag@SiO,@Au nanoarray-decorated SERS sandpapers
with different grit sizes were shown in Fig. S3, and the results indicate
that only when the roughness of the sandpaper is 2 000 mesh could the
nanoarrays achieve complete coverage. Furthermore, Fig. 1c displays
the UV-vis absorption spectra of remaining Ag@SiO,@Au NPs in
a water-based solution. The Ag@SiO,@Au NPs aqueous dispersion
exhibited a peak absorbance at 452 nm. Following the addition of
1.5 mL of ethanol, a significant reduction in UV-vis absorbance at
452 nm was observed for each sandpaper with different grit sizes. The
efficiency of self-assembly was illustrated in Fig. 1d and calculated

3

using the methodology in prior researches”***. The results showed
that 1 000, 1 500 and 2 000 mesh sandpapers achieved self-assembly
efficiencies of 64.43%, 70.07%, and 79.58%, respectively. The Raman
intensity at 2 226 cm ' reached its maximum when sandpaper with a
grit size of 2 000 mesh was used (Figs. le, S3 and S4). Therefore,
2 000 mesh was selected as the grit size of the sandpaper for the
synthesis of Ag@SiO,@Au nanoarrays.

3.2 Characterization of the prepared Ag@SiO,@Au
nanoarray-decorated sandpaper

As shown in Fig. 2a, the UV-vis spectra of Ag@SiO, NPs
exhibited a slight absorption peak centered at 421 nm due to the LSPR
of the Ag core. Following the deposition of the Au shell, the UV-vis
spectra of the Ag@SiO,@Au NPs showed two LSPR bands at 421
and 558 nm, which were attributed to the plasmon resonances of the
Ag core and Au shell, respectively. Compared to the UV-vis spectrum
of the Ag@SiO,@Au NPs, the absorption band of the Ag@SiO,@Au
nanoarrays exhibited a shift towards longer wavelengths, from 421 to
452 and 558 to 596 nm. The changes in shifts are due to the intense
plasmonic interaction between neighboring Ag@SiO,@Au NPs in
the nanoarrays™”, confirming the effective formation of plasmonic
nanoarrays on the sandpaper.

The morphology of the Ag@SiO,@Au nanoarray-decorated
sandpaper was examined using SEM. As evidenced in Fig. 2b, the
Ag@SiO,@Au NPs formed densely packed nanoarrays on the surface
of the sandpaper with high efficiency. Additionally, the TEM images
depicted in Fig. 2c revealed tiny Au NPs firmly attached to the surface
of Ag@SiO, NPs. Fig. 2d shows the outermost Au NPs in Ag@
SiO,@Au NPs.
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Fig. 1 (a) SERS spectra for Ag NPs prepared with different sizes of Ag core. (b) SERS spectra for Ag@SiO,@AuNPs prepared with different volumes of
TEOS in ethanol (1:20 dilution). (c) UV-Vis absorption spectra for Ag@SiO,@Au NPs in the aqueous phase after nanoarray formation in the presence of
different grit sizes of sandpaper. (d) Self-assembly efficiency of Ag@SiO,@Au NPs in the presence of different grit sizes of sandpaper. (¢) Raman intensity at
2226 cm™ for Ag@SiO,@Au nanoarrays prepared using different grit sizes of sandpaper.
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The elemental composition of Ag@SiO,@Au NPs was verified
using EDS to map the distribution of elements. The prevailing
elements found in Ag@SiO,@Au were C, N, O, Si, Ag, Si, and Au,
which further confirms the successful preparation of Ag@SiO,@
Au NPs (Fig. 2e). Figs. 2f-h shows elemental maps for an individual
Ag@SiO,@Au NP. A concentrated red intensity map for silver was
observed within the yellow intensity map for silicon, demonstrating
that the Ag NPs were surrounded by silicon dioxide (Figs. 2f and g).
The surface of the silicon dioxide was modified with Au NPs, as
shown by the green intensity map, suggesting a uniform distribution
of Au on the outermost layer of silicon dioxide (Fig. 2h).

3.3 Optimization of the Ag@SiO,@Au nanoarray-decorated
SERS sandpaper method

The study examined the impact of different incubation times (10,
15, 20, 25, 30 min) on the performance of the Ag@SiO,@Au nanoarray-
decorated SERS sandpaper with S-fenvalerate. The predominant
Raman peaks associated with S-fenvalerate molecules were primarily
observed within the 600-1 500 cm ™' range and the most significant

peak observed was at 1 366 cm ', indicating a C-O stretching
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vibration®”. Accordingly, the 1 366 cm' peak was identified as
the characteristic SERS peak associated with S-fenvalerate. The
maximum Raman intensity at 1 366 cm ' was achieved after a 25-min
incubation, followed by stabilization (Figs. 3a and b). As a result, the
incubation time of 25 min was chosen for the subsequent experiments.

3.4 Establishment of the Ag@SiO,@Au nanoarray-decorated
SERS sandpaper method for S-fenvalerate detection

SERS spectra were obtained from the Ag@SiO,@Au nanoarray-
decorated sandpaper after exposure to varying concentrations of S-fenvalerate
solutions, following the optimized testing conditions. The Raman intensity
of the distinctive peak of S-fenvalerate (/; ;4) increased with the logarithm
of the S-fenvalerate concentration from 107 to 10° umol/L (Fig. 3c).
The good linear expression was found between / 54 and the logarithm of
S-fenvalerate concentration, described by the best-fit equation was
y =2267.30 lg ¢ + 17 620.46 with R* = 0.996 9 (Fig. 3d). The
limit of detection (LOD) for S-fenvalerate was 1.92 x 10~ umol/L
(based on signal-to-noiseratio was 3)*". The results revealed that the
prepared SERS sandpaper has high sensitivity for S-fenvalerate detection.
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Fig.2 (a) UV-Vis absorption spectra for Ag@SiO, NPs, Ag@SiO,@Au NPs and Ag@SiO,@Au nanoarray-decorated sandpaper. (b) Scanning electron
microscopy (SEM) image of a Ag@SiO,@Au nanoarray-decorated sandpaper. (c—d) Transmission electron microscope (TEM) images of Ag@SiO,@Au
nanoarray-decorated sandpaper.(e) Energy dispersive spectroscopy (EDS) spectra of Ag@SiO,@Au nanoarray-decorated sandpaper. (f~h) Elemental mapping
images of Ag@SiO,@Au nanoarray-decorated sandpaper.
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Fig.3 (a) Raman intensity at 1 366 cm ' with different incubation times.
(b) Plot of Raman intensity at 1 366 cm ' versus incubation time. (c) SERS spectra for
S-fenvalerate at different concentrations. (d) Linear relationship between 7, 54, and the
logarithm of the S-fenvalerate concentration over the range 10 "—10° pmol/L.

3.5 SERS enhancement effect of Ag@SiO,@Au nanoarray-
decorated SERS sandpaper

To investigate the enhancement effect of SERS, Raman spectra
for Ag NPs, Ag@SiO, NPs, Ag@SiO,@Au NPs, Ag@SiO,@Au
nanoarray-decorated sandpaper of 4-MBN (0.1 mol/L in ethanol
solvent) at 2 226 cm ' were gathered. The Raman signals for Ag
NPs and Ag@SiO, NPs were weak (Fig. S5). In contrast, the Raman
intensity of Ag@SiO,@Au NPs and Ag@SiO,@Au nanoarrays
was strong. Furthermore, the Raman intensity at 2 226 cm™' of Ag@
SiO,@Au nanoarrays was approximately twice that of Ag@SiO,@Au
NPs, demonstrating that the “hot spots” created in the nanoarrays on
sandpaper improved the SERS enhancement effect.

3.6 Uniformity,reproducibility,storage stability and anti-
interference of Ag@SiO,@Au nanoarray-decorated SERS
sandpaper

To evaluate the signal uniformity of the developed SERS
sandpaper, 20 randomly spots were selected within an area of
40 pm x 40 pm on the Ag@SiO,@Au nanoarray-decorated SERS
sandpaper. The results showed that the Raman intensity at 1 366 cm ' did
not show any significant difference as the location was changed, with
the trend in the signal due to 4-MBN at 2 226 cm ' also being similar,
demonstrating the point-to-point signal stability of the developed SERS
sandpaper was good (Fig. 4a).

The spectra were gathered from 40 spots chosen at random across
5 sets of Ag@SiO,@Au nanoarray-decorated SERS sandpaper to
assess the reproducibility of the fabricated SERS sandpaper. As can
be seen from Fig. 4b, the SERS intensities at 1 366 cm ™' had a low
RSD of 4.52%. It can be inferred that the proposed SERS sandpaper
offered good batch-to-batch reproducibility.

The Raman intensity at 2 226 cm ' of the Ag@SiO,@Au
nanoarray-decorated sandpaper and Ag@SiO,@Au nanoarray-
decorated silicon wafer at various storage times were compared to
evaluate the storage stability of the prepared SERS sandpaper. The
Raman intensity at 2 226 cm' of the Ag@SiO,@Au nanoarray-
decorated sandpaper for 4-MBN decreased only by 11.5% (over
30 days), whilst the Raman intensity for Ag@SiO,@Au nanoarray-
decorated silicon wafer decreased 33.9%, implying the developed
sandpaper possessed superior storage stability (Fig. 4c).

Furthermore, in order to investigate the anti-interference
properties of the SERS sandpaper, a range of possible interfering
agents were added into 10’ pmol/L S-fenvalerate solutions, including
any interferent (Fig. 4d) at concentrations 100 times higher than
normal. The results showed negligible change in the presence of the
interferent. Therefore, the anti-interference ability of the constructed
SERS sandpaper was excellent.

3.7 Reusability, accuracy and applicability of the Ag@
SiO,@Au nanoarray-decorated SERS sandpaper

Preparing reusable SERS sandpaper is necessary to lower detection
costs, thus we investigated its reusability. The cleaning technique for
the SERS sandpaper was simple, as indicated in Scheme 1c. Briefly,
the used sandpaper was placed in a tiny petri dish with anhydrous
ethanol and soaked it for 5 min, then shaken and finally dried it at room
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temperature for reuse. Fig. 4e indicates that there was a minimal amount
of S-fenvalerate remaining following the recycling process, with
the initial Raman intensity at 1 366 cm ' retained after 5 repeat
use cycles”®”. The result shows that the Ag@SiO,@Au nanoarray-
decorated SERS sandpaper had good reusability. Therefore, the
Ag@SiO,@Au nanoarray-decorated sandpaper can be used as a
reusable SERS substrate for detection of S-fenvalerate, offering
advantages compared to other types of flexible SERS substrates.
Next, recovery experiments were conducted using spiked
spinach and pear samples to further validate the accuracy of the
prepared SERS sandpaper for S-fenvalerate detection. As shown in
Table 1, the recovery values of S-fenvalerate in the spiked pear and
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spinach samples were in the range of 95.01%-102.44% with RSD
of 1.88%-3.02%, confirming good reliability and practicality of the
developed SERS sandpaper. That might be related to the outstanding
performance of sandpaper. Since sandpaper has the ability to float
at cyclohexane-water interfaces, the procedure for decorating the
sandpaper with Ag@SiO,@Au nanoarrays was very simple compared
with previous works™”, thus greatly improving the accuracy of the
SERS detection method.

To evaluate the practical utility of the SERS sandpaper for real
samples, the SERS sandpaper method and GC detection method were
utilized to measure the concentration of S-fenvalerate in celery cabbage,
asparagus lettuce, and peach. The concentration of S-fenvalerate in the
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Fig. 4 (a) Raman intensity at 1 366 cm™ from 20 randomly selected spots in two areas (each 20 pm x 20 um) of the Ag@SiO,@Au nanoarray-decorated
sandpaper. The inset shows the structure of S-fenvalerate. (b) Raman intensity at 1 366 cm ' from 40 randomly selected spots in 5 batches of Ag@SiO,@Au
nanoarray-decorated sandpaper. (c) Raman intensity at 2 226 cm ™ for Ag@SiO,@Au nanoarray-decorated sandpaper after different storage times.

(d) Raman intensity at 1 366 cm™' for the Ag@SiO,@Au nanoarray-decorated sandpaper in the presence of different possible interferents. (¢) Relative SERS
intensities of S-fenvalerate (10° umol/L) with recycling of the SERS sandpaper.
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three samples determined using the Ag@SiO,@Au nanoarrays decorated
SERS sandpaper were 2.29 x 107, 1.88 x 107, 5.41 x 10 ug/g,
respectively. The contents obtained using the GC method were
231 %107, 1.76 x 107, 5.26 x 107 ug/g, respectively (Table 2). The
analysis results showed that no significant differences were found
between two methods, demonstrating the prepared SERS sandpaper is
suitable for the rapid monitoring of S-fenvalerate in real samples.

Table 1
Recovery tests of S-fenvalerate in spiked food samples using the SERS sandpaper.
Sample Original level Addeld level Founld level Recovery
(ng/g) 10 ng/e) (10" pg/g) (= RSD, %)
1 0.95 95.01 £3.02
Pear 0 50 50.56 101.12 +£2.05
100 98.96 98.95+1.88
1 0.98 97.99 +£2.83
Spinach 0 50 51.22 102.44 +£2.67
100 100.77 100.76 + 1.93
Table 2

Performance comparison of the SERS sandpaper method and a GC method
for the detection of S-fenvalerate in real food samples.

Sample Found level by SERS sandpaper Found level by GC
(107 pg/g) (107 ng/g)
Celery cabbage 2.29° 2.31°
Asparagus lettuce 1.88" 1.76"
Peach 5.41° 5.26"

Note: Different lowercase letters in the same column indicate significant differences (P < 0.05).

3.8 Analytical performance of Ag@SiO,@Au nanoarray-
decorated SERS sandpaper

The comparison of the performance of the Ag@SiO,@Au
nanoarray-decorated SERS sandpaper with other previous methods
for S-fenvalerate detection was shown in Table S1. The linear
detection range of the developed SERS sandpaper was much wider
and the LOD was much lower, suggesting that the Ag@SiO,@Au
nanoarray-decorated SERS sandpaper method can be applied for the
sensitive detection of S-fenvalerate. Moreover, the constructed SERS
sandpaper was extremely portable, with the “hot spots” generated on
it not easily destroyed due to the strong attachment of the nanoarrays
to the sandpaper.

4. Conclusions

A reusable and portable SERS sandpaper based on Ag@SiO,@Au
nanoarrays was constructed for precise quantification of S-fenvalerate in
foods. The established SERS sandpaper possessed excellent uniformity,
sensitivity, reusability and storage stability and offered a wide linear range
with low LOD for S-fenvalerate detection. Furthermore, the fabricated
SERS sandpaper could be readily applied for the S-fenvalerate
detection in actual samples (e.g., celery cabbage, asparagus lettuce,
and peach). This work provided a new insight for developing more
stable and wearable sensors for on-site detection in the future.
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