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A B S T R A C T

The detection of pesticide residues in tea soup is an important issue in food safety. Surface-enhanced Raman
scattering (SERS) spectroscopy has significant application prospects for rapid and highly sensitive detection of
pesticide residues in tea, but it usually requires complex sample pre-treatment processes, and it is still a challenge
to achieve highly sensitive detection of pesticide residues in complex liquid-phase system as tea soup. This article
demonstrates a novel in-situ SERS detection of tea soup utilizing high-performance fiber SERS probes. Au-
nanorod (AuNR) cluster-patterned fiber SERS probes are successfully prepared with a laboratory-developed
laser-induced evaporation self-assembly method (LIESAM), and then the in-situ SERS detection is performed
by simply immersing the fiber SERS probes into tea soup. It is demonstrated that due to the lots of SERS hotspots
provided by AuNR clusters on fiber facet and the integrated collection of SERS signal in fiber SERS probes, the
detection limits as low as 1.0 μg/kg for thiram and 10.0 μg/kg for paraquat in tea soup are achieved; and the
relative standard deviations (RSDs) of the peak intensities are less than 10 %. The recovery rate experiments
indicted the good detection accuracy of this in-situ SERS detection method in tea soup. Since no additional
sample extraction is required, and the preparation of fiber SERS probes is simple and highly automated, this work
provides a rapid method for highly sensitive detection of pesticide residues in tea soups, which can find
important practical applications in the field of various liquid food.

1. Introduction

Tea is a popular non-alcoholic beverage worldwide, which contains a
rich variety of nutrients, such as polyphenols, caffeine, and amino acids
(Xu et al., 2023). Tea soup is one of the most popular ways to consume
tea. During the steeping process of tea leaves in boiled water, part of
these nutrients in tea leaves dissolve into tea soup, which is beneficial to
human health in many ways such as improving alertness, reducing blood
pressure, and aiding in weight loss (Tan et al., 2023; Tang et al., 2023).
During the growth of tea leaves, tea plants are susceptible to various
pests and diseases, which have a negative impact on both the yield and
quality of tea (Fernandes et al., 2023; Merhi et al., 2022). To protect
their crops, tea growers may use pesticides, which are effective in
reducing pest damage and ensuring the yield and quality of tea (Liu

et al., 2022). However, the excessive use of pesticides may cause resi-
dues in tea leaves, which may furtherly enter the tea soup after the
steeping process and thus pose a potential threat to human health
(Sanaeifar et al., 2021). Therefore, it is of great significance to develop a
simple, highly sensitive, label-free, and rapid technique for the trace
detection of pesticide residues in tea soups.

Recently, various analytical techniques have been developed to
detect pesticide residues in tea samples, including the gas
chromatography-mass spectrometry (GC-MS) method (Zhang et al.,
2023), high-performance liquid chromatography (HPLC) method (Mello
et al., 2024), liquid chromatography-mass spectrometry (LC-MS)
method (Song et al., 2022), enzyme-linked immunosorbent assay
(ELISA) method (Yin et al., 2021), and colorimetric techniques
(Shellaiah and Sun, 2022; Singh et al., 2020). Although the above
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methods exhibit good sensitivity and selectivity, they still face some
shortcomings such as complicated sample pre-treatment processes,
time-consuming, and highly dependent on professional operators (Zhu
et al., 2021; Rawtani et al., 2018). Surface enhanced Raman scattering
(SERS) spectroscopy, which possesses the significant advantages such as
high sensitivity, fingerprint spectral property and short detection time
(Zhu et al., 2023; Wei et al., 2024), is regarded as a promising method
for rapid and field detection of pesticide residues in tea samples. For
examples, Chen et al. (2020) and Ding et al. (2019) prepared Ag or Au
nanoparticles to enhance the SERS signals of pesticide residues in tea
leaves; Hassan et al. (2021) and Zhu et al. (2018) developed a series of
planar SERS substrates with different nanoparticle morphologies such as
Ag nanoflowers or Au@Au nanoflowers, and successively detected
multiple pesticide residues in tea powders combining with chemometric
algorithms; He et al. (2021) demonstrated a kind of 3D SERS substrate to
further improve the detection sensitivity of pesticide residues in tea. In
these literatures, the complex sample pretreatment processes, such as
grinding, liquid-phase extraction (LPE) or solid-phase extraction (SPE)
(Li et al., 2023; Qu et al., 2023), were usually adopted to extract and
concentrate the pesticide residues in tea. Obviously, the extraction
process was time-consuming (Borah and Biswas, 2023), and the
extraction efficiency differed with different type or concentration of the
extractants, resulting in poor reliability of SERS detection. In additional,
researchers always concentrated on SERS detection of pesticide residues
in tea leaves or tea powders, and there were rarely reports on the
detection of pesticide residues in tea soup. However, during the soaking
processing, different portions of pesticide residues in tea leaves enters
the tea soup, depending on their solubility in water. Considering that
people drink tea soup directly, it is meaningful to realize in-situ detec-
tion of pesticide residues directly in the liquid-phase tea soup.

As is mentioned above, tea soup is a complex liquid-phase system
containing polyphenols, caffeine, and amino acids, and it is still a
challenge to realize in-situ SERS detection of target pesticide residues in
tea soup due to their lower concentrations than that in tea leaves and the
interference of the substances in tea soup itself. In this article, we pre-
sented a liquid-phase in-situ SERS detection of pesticide residues in tea
soup with the help of fiber SERS probes. Herein, the cluster-patterned
fiber SERS probes with high sensitivity and reproducibility were pre-
pared by the laser-induced evaporation self-assembly method (LIESAM)
developed by our group (Zhou et al., 2020). Take two typical pesticide
residues of thiram and paraquat as examples, by immersing the prepared
fiber SERS probes into the contaminated tea soup samples, the in-situ
SERS detections with high sensitivity and reproducibility were ach-
ieved. The detection limits as low as 1.0 μg/kg for thiram and 10.0 μg/kg
for paraquat in tea soup are obtained, measured by a portable Raman
spectrometer with a short integration time of only 500 ms. To the best of
our knowledge, this work might be the first to carry out in-situ detection
of pesticide residues in tea soup, which provides a new solution for SERS
detection of actual liquid samples.

2. Materials and methods

2.1. Chemicals

Thiram and paraquat with analytical grade were purchased from
Sigma-Aldrich (Shanghai, China). Organic green tea leaves were ob-
tained from a local supermarket in Dongguan, China. Multimode silica
fibers (105 µm/125 µm) were purchased from Yangtze Optical Fiber and
Cable Company (YOFC, China), and Au-nanorod (AuNR) colloid was
purchased from NanoSeedz company (HongKong, China). Mili-Q
deionized water (resistivity=18.2 MΩcm− 1) was used in all the
experiments.

2.2. The preparation and characteristic of fiber SERS probes

The fiber SERS probes were prepared by a laser-induced evaporation

self-assembly method (LIESAM) developed in our previously work (Zhou
et al., 2020). Briefly, a multimode fiber with a length of 60 cm was used
for probe preparation. One end of the fiber was connected to an inducing
laser, and the other end of the fiber was placed above a pre-synthesized
nanoparticle colloid. A programmed z-axis displacement stage was
adopted to control the dipping-pulling process of the fiber precisely.
Firstly, we put the initial position of fiber end at 0.2 mm above the
surface of nanoparticle colloid. Then, we turned on the inducing laser
and programed the z-axis displacement stage to let the end of fiber un-
derwent several dipping-pulling cycles through the surface of nano-
particle colloid automatically. And each dipping-pulling cycle contained
the following steps: 1) Move downward at a speed of 0.8 mm/s for
0.8 mm, entering the colloids; 2) Stay in the colloids for 5 seconds; 3)
Move upward at a speed of 0.1 mm/s for 0.8 mm, returning back to the
air; 4) Stay in the air for 2 seconds. According to the discussion in Sec-
tion 3.1, the optimal dipping-pulling cycle is 17. Finally, the inducing
laser was turned off and the fiber SERS probes were prepared for sub-
sequent uses. The surface topographies of fiber SERS probes were
characterized by a high-resolution field-emission scanning electron
microscopy (FESEM, GeminiSEM, ZEISS, Germany).

2.3. The preparation of contaminated tea soup samples

The stock thiram solutions and paraquat solutions with the concen-
tration of 1.0 g/L were firstly prepared by adding 0.1 g thiram into
100 mL ethanol or 0.1 g paraquat into 100 mL deionized water,
respectively. Then the stock solutions were diluted with deionized water
to obtain different concentration gradients and stored at 4 ◦C under light
shielding conditions for future use.

The preparation of contaminated tea soup samples can be divided
into two steps (as shown in Fig. 1a). Firstly, 2 g organic green tea leaves
were placed in a beaker and sprayed with 1 mL pre-prepared pesticide
solutions of different concentrations. These treated tea leaves were dried
in air for 5 hours at room temperature. Then, the contaminated tea
leaves were put into 100 mL boiling deionized water and steeped for
10 min. Then tea soup was obtained by transferring the infused liquid
into a glass bottle. With different sprayed concentrations of pesticides on
tea leaves, the tea soups with different contaminated concentrations of
thiram or paraquat were obtained.

2.4. SERS measurement and data analysis

For SERS measurements, the “dip-dry-dip” detection mode for fiber
SERS probe was adopted, where the modified end of fiber SERS probes
was firstly dipped into the tested solution, drying in air for 2 s, and then
dipped into the tested solution again for spectral acquisitions. A portable
Raman spectrometer (i-Raman Pro, BWTEK, USA) with 785 nm excita-
tion wavelength was adopted to measure the SERS spectra. A fiber
Raman probe with a FC/PC connector (FRP-785, Pusheng

Fig. 1. (a) The schematic for the preparation of contaminated tea soup samples;
(b) The experimental arrangement of liquid-phase SERS detection of tea soup
with fiber SERS probes.
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Optoelectronics, China) was used to connect the fiber SERS probes and
the spectrometer, where the coupling efficiency can reach 80 %. During
the SERS detections, the excitation laser power, spectral integration time
and accumulation number were 30 mW, 500 ms and 10 times, respec-
tively. For each SERS detection, the background spectrum of fiber itself
was firstly measured by immersing the fiber SERS probes into a deion-
ized water, and all the SERS spectra of analytes were subtracted by this
background spectrum. The SERS spectrum of each type or concentration
of pesticide residue in tea soup was the average of five independent
measurements by different fiber SERS probes repeatedly prepared with
the optimized conditions obtained in Section 3.1, where the laser power
was 40 mW and the dipping-pulling cycle was 17. To evaluate the
reproducibility of SERS detection, the relative standard deviation (RSD)
was obtained through ten SERS spectra. The detection limit was defined
as the lowest detectable concentration where the strongest Raman peak
of paraquat or thiram can still be recognized from their SERS spectra,
and the recovery rate was calculated by the ratio of the predicted con-
centration to the spiked concentration.

3. Results and discussion

3.1. The optimization of fiber SERS probes

The laser-induced evaporation self-assembly method (LIESAM)
developed by our group previously (Zhou et al., 2020) was adopted to
prepare fiber SERS probes. The commercial multimode fiber (105 µm /
125 µm, NA=0.22) and the Au-nanorod colloid (NR-20–750, optical
density OD=10) were adopted. The wavelength and power of the
inducing laser were 785 nm and 45 mW, respectively. The longitudinal
surface plasmonic resonant wavelength of AuNR colloid was located
around 750 nm, which was near to the wavelength of the inducing laser,

and thus provide strong local electric field enhancement effect and
photothermal effect. As revealed in our previous studies (B. Wang et al.,
2022; Zhou et al., 2020), in the laser-induced evaporation self-assembly
process, the photothermal effect of AuNRs may cause a non-uniform
evaporation near the fiber facet, and thus form plenty of nanoparticle
clusters on fiber facet after multiple dipping-pulling cycles. The exper-
imental conditions, such as environmental temperature and humidity,
nanoparticle colloid concentration, and dipping-pulling cycles, played
important influence on the evaporation and deposition processes of
nanoparticles on fiber facet. Therefore, when using the AuNR colloids of
different purchase times and under changeable temperature or humidity
in laboratory at different seasons, it is necessary to optimize the
dipping-pulling cycles for the best SERS performances of fiber SERS
probes.

In the experiments, the power of inducing laser was fixed at 45 mW,
and the number of dipping-pulling cycles ranged from 10 to 25 were
adopted to prepare a series of fiber SERS probes by LIESAM. Other
dipping-pulling parameters could be found in our previous work (Wang
et al., 2022). Take the typical Raman molecule of Rh6G as an example,
the SERS spectra of 1.0×10− 6 M Rh6G aqueous solution were measured
with fiber SERS probes prepared under different experimental condi-
tions. For each number of dipping-pulling cycles, five fiber SERS probes
were prepared repeatedly and then used to perform independent mea-
surements of Rh6G solution. The average SERS spectra were shown in
Fig. 2(a). For comparison, we extracted the SERS intensity at the
strongest Raman peak of 1507 cm− 1 for different dipping-pulling cycles,
listed in Fig. 2(b). With the increasing of dipping-pulling cycles, the
intensity of SERS peak increased at first, and then decreased. The
maximal SERS intensity appeared at the number of dipping-pulling cy-
cles of 17. The SEM image of the optimized fiber SERS probes was shown
in Fig. 2(c), noticing that lots of AuNR clusters were evenly distributed

Fig. 2. Optimization of fiber SERS probes by the LIESAM method. (a) Average SERS spectra of Rh6G solution measured by fiber SERS probes prepared under
different dipping-pulling cycles from 10 to 25. The concentration of Rh6G solution is 10− 6 mol/L. (b) The SERS intensity at 1507 cm− 1 with different dipping-pulling
cycles. The error bars were obtained through five independent measurements for each dipping-pulling cycle. (c) A typical SEM image of the optimized fiber SERS
probes. (d) The SERS spectra of Rh6G solutions with different concentrations, measured by the optimized fiber SERS probes.
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on the fiber facet, and each cluster was consisted of dozens of AuNRs.
These AuNR clusters provided numerous SERS hotspots, and when the
testedmolecules entered into the SERS hotspots, their Raman signals can
be enhanced dramatically. Then, the optimized fiber SERS probes were
used to measure the SERS spectra of Rh6G solution with different con-
centrations. For each concentration, five repeatable measurements were
performed, and the average spectra were displayed in Fig. 2(d). The
SERS intensity decreased gradually with the decreasing of Rh6G con-
centration. Even at a very low concentration as 5.0×10− 9 M, the main
characteristic peak of Rh6G was still observed, which indicated very
good liquid-phase SERS detection sensitivity of the optimized fiber SERS
probes.

3.2. Liquid-phase in-situ SERS detections of pesticide residues in tea soup
with fiber SERS probes

The in-situ SERS detection mechanisms of pesticide residues in tea
soup by fiber SERS probes can be understand as follows. SERS spec-
troscopy, which is closely related to the vibration energy levels of
molecules, has the fingerprint spectral property, i.e. different molecules
have their unique Raman characteristic peaks (Zhu et al., 2023). By
immersing the fiber SERS probes into the tested tea soup, substances in
tea soup may absorbed to the SERS hotspots provided by the AuNR
clusters on fiber facet, thus their Raman signals are greatly enhanced. In
the SERS spectrum, two main parameters, Raman peak positions and
Raman peak intensities, should be concerned. The Raman peak positions
are closely related to the molecular species, and the selective recognition
of different pesticide residues in tea soup can be achieved by checking
the Raman shift of the characteristic peaks. And the Raman peak in-
tensities correspond to the concentration of pesticide residues.

In our previous works, we have demonstrated that the fiber SERS
probes can realize highly sensitive SERS detection in some simple so-
lution system, such as Rh6G or pesticide residues in deionized water
(Zhou et al., 2020). However, in this article, tea soup is a complex liquid
environment, which contains various substances such as tea poly-
phenols, proteins, and caffeine (Luo et al., 2022; Wu et al., 2024; Zareef
et al., 2020). Since the Raman shift of characteristic peaks of these
substances might be different from those of the pesticide residues, the
presence of these substances in tea soup itself does not directly affect the
selectivity benefited from the fingerprint spectral properties of SERS
spectrum. However, during the SERS detections, these components in
clean tea soup will act as the “interfering molecules”, which may occupy
parts of SERS hotspots of fiber SERS probes, and thus reduce the SERS
intensity of the target molecules as pesticide residues (Liu et al., 2019).
However, considering that the above cluster-patterned fiber SERS
probes can provide numerous SERS hotspots, even though the

“interfering molecules” occupied parts of the hotspots, there might still
have enough hotspots available for the target molecules of pesticide
residues. Therefore, it is expected that the cluster-patterned fiber SERS
probes enable highly sensitive SERS detection of pesticide residues in
the complex liquid systems such as tea soup.

Firstly, liquid-phase SERS spectra of clean tea soup and 0.1 mg/kg
paraquat in tea soup weremeasured by dipping the optimized fiber SERS
probes into the tested solutions, shown in Fig. 3(a). The preparations of
the tea soup sample with and without paraquat were descripted in
Section 2.3. For the clean tea soup (black line in Fig. 3a), the charac-
teristic peaks at 650 cm− 1, 731 cm− 1, 1253 cm− 1 and 1322 cm− 1 were
clearly observed, which corresponding to the nutrients in tea of caffeine,
catechin and theanine (Huang and Chen, 2018; Zheng et al., 2017;
Zheng et al., 2016). The intensity of strongest characteristic peak at
731 cm− 1 was approximately 500 counts. While for the paraquat in tea
soup, both the Raman signals of tea soup itself and the paraquat can be
observed (red line in Fig. 3a). The major Raman characteristic peaks of
paraquat were located at 837 cm− 1, 1191 cm− 1, 1292 cm− 1, 1534 cm− 1,
and 1647 cm− 1 (Wang et al., 2014), and the intensity of strongest
Raman peak at 1647 cm− 1 was about 4400 counts, which was much
higher than that of clean tea soup. This result demonstrated that thanks
to the numerous hotspots provided by the cluster-patterned fiber SERS
probes, it was feasible to directly detect the pesticide residues in com-
plex liquid-phase system such as tea soup.

Then, the reproducibility of SERS spectra measured by fiber SERS
probes was evaluated. We prepared ten fiber SERS probes repeatably
under the optimized conditions, and used them to acquire the SERS
spectra of paraquat in tea soup independently. The concentration of
paraquat was 0.1 mg/kg, and the measured results were shown in Fig. 3
(b). Excellent reproducibility of SERS spectra was observed. We
extracted the SERS intensities at the strongest Raman peak of 1647 cm− 1

(shown in the insert of Fig. 3b) and calculated the relative standard
deviation (RSD) to be 6.1 %. This excellent reproducibility of SERS
spectra might originate from the good preparation repeatability of fiber
SERS probes by the LIESAMmethod and the integration collection effect
of SERS signals for fiber SERS probes.

3.3. Detection limit of pesticide residues in tea soup by fiber SERS probes

Paraquat and thiram are two commonly used pesticides in tea in-
dustry, therefore, it is necessary to measure their dissolution concen-
tration in the tea soup. Herein, fiber SERS probes were repeatably
prepared by LIESAM under the optimized preparation parameters
(45 mW inducing laser power and 17 dipping-pulling cycles). These
probes were then used to measure the SERS spectra of paraquat or
thiram in tea soup with different concentrations. For each

Fig. 3. (a) SERS spectra of clean tea soup and paraquat in tea soup. (b) Spectral reproducibility of paraquat in tea soup measured by optimized fiber SERS probes. The
concentration of paraquat in tea soup was 0.1 mg/kg.
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concentration, the averaged SERS spectra of five independent mea-
surements were shown in Fig. 4(a) and (c), respectively. Obviously, the
SERS intensity decreased with lower concentration of pesticide residues.
To see clearer, the SERS intensities at the Raman peaks of 1647 cm− 1 for
paraquat and 1369 cm− 1 for thiram were extracted with different con-
centrations. Considering the adsorption kinetic equilibrium of analytes
on the surface of noble metal nanostructures (Lai et al., 2020), the
log-log plots between the SERS intensity and the concentration were
shown in Figs. 4(b) and 4(d), respectively. Good linear relationships
between the logarithm of peak SERS intensity (log I) and the logarithm
of concentration (log C) were obtained for both cases, for concentration
ranged from 0.01 mg/kg ~ 0.2 mg/kg for paraquat and 0.001 mg/kg ~
0.1 mg/kg for thiram. The linear equations were log I= 0.886× log C +

4.477 for paraquat in tea soup and log I = 0.566 × log C + 4.122 for
thiram in tea soup, with linear correlation coefficients (R2) of 0.990 and
0.982, respectively. These results indicated quantitative SERS detection
capability of pesticide residues in tea soup by the cluster-patterned fiber
SERS probes. It should be emphasized that this detection method has
good universality and can be applied to the detection of many different
kinds of molecules to be tested in the tea soup.

According to above experimental results, we evaluated the detection
limit (DL) of pesticide residues in tea soup by fiber SERS probes. Herein,
the DL was defined as the lowest detectable concentration, where the
strongest Raman peak of paraquat or thiram can still be recognized from
their SERS spectra (Uhrovčík, 2014). Therefore, from Fig. 4(a) and Fig. 4
(c), the DLs were 0.01 mg/kg for paraquat and 0.001 mg/kg for thiram.
The lower detection limit for thiram than paraquat mainly attributed to
the easier adsorption of thiram molecules on the AuNRs surface through
forming Au-S bond (Zhang et al., 2022). Furtherly, we compared our
SERS detection results with other reported results in literatures (Chen
et al., 2020; He et al., 2021; Lin et al., 2021; Zhu et al., 2021), listed in

Table 1. It was clearly seen that even with a portable Raman spec-
trometer and a very short spectral integration time of 500 ms, the much
lower DLs were still achieved. The main reasons for the low DLs may
originate from the numerous SERS hotspots provided by the AuNR
clusters on fiber facet and the enlarged SERS interaction area of fiber
SERS probes (Zhou et al., 2020). Considering that there was no need of
extra extraction process of tea samples, this liquid-phase in-situ SERS
detection method with fiber SERS probes may find important applica-
tions in rapid and trace detection of contaminations in food industry.

3.4. Evaluation of detection accuracy for pesticide residues in tea soup

The recovery rate experiments were used to evaluate the concen-
tration accuracy of the two pesticide residues in tea soup. Firstly, four
tea soup samples with the spiked concentrations of 0.15 mg/kg,
0.08 mg/kg for paraquat, and 0.08 mg/kg, 0.03 mg/kg of thiram
respectively were prepared. As described in Section 2.3, the precise
amount of the stock solution for each pesticide residue was calculated
and added into the clean tea soup to obtain the spiked concentrations.
Secondly, the SERS spectra of the spiked samples were acquired by
immersing the fiber SERS probes into the liquids. For each case, three
replicated SERS measurements were performed independently by
different fiber SERS probes prepared under the optimized conditions,
and the SERS spectrum was background subtracted by the Raman
spectrum of fiber itself. The measured spectra were shown in Fig. 5.
Thirdly, we extracted the SERS intensities at the strongest Raman peaks
of 1647 cm− 1 for paraquat and 1369 cm− 1 for thiram, and the predicted
concentrations were calculated by substituting the intensity values into
the calibration equation in Fig. 4(b) and Fig. 4(d), listed in Table 2.
Fourthly, the recovery rate, defined as the ratio between the predicted
concentration and the spiked concentration, and RSD for each case were

Fig. 4. (a) The SERS spectra of paraquat in tea soup with different concentrations and (b) the log-log plot between the peak intensity at 1369 cm− 1 and its con-
centration of paraquat. (c) The SERS spectra of thiram in tea soup with different concentrations and (d) the log-log plot between the peak intensity at 1647 cm− 1 and
the concentration of thiram. The error bars in Figs. 4(b) and 4(d) were obtained through five independent measurements at each concentration.
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also calculated and summarized in Table 2. The recovery rates between
85.0 % and 110.0 % were observed, and the RSD values were all less
than 10 %. These results exhibit that the in-situ SERS detection of
pesticide residues in tea soup by fiber SERS probes have good concen-
tration accuracy.

3.5. Simultaneous SERS detections of mixed pesticide residues in tea soup

In previous sections, we have demonstrated the feasibility of SERS
detection of pesticide residues in tea soup. These main experimental
results were summarized in Table 3. At last, we evaluated the capability
of simultaneous SERS detection of different pesticide residues in tea
soup with fiber SERS probes. 0.5 mL 0.4 mg/L paraquat aqueous solu-
tion and 0.5 mL 0.4 mg/L thiram ethanol solution (0.2 µg paraquat and
0.2 µg thiram in total) were sprayed onto 2 g tea leaves sequentially,
corresponding to the concentration of 0.1 mg/kg for both paraquat and
thiram. After natural drying in air, the contaminated tea leaves were
steeped in 100 mL boiling water for 10 min, and the supernatant was
extracted and cooled down naturally to room temperature for spectral
acquisition. For the SERS measurement of tea soup sample with mixed

Table 1
Comparisons on the SERS detections of pesticide residues in tea samples.

Spectrometer Integration time (s) Sample pretreatment Detection method Tested molecule DL1

(mg/
kg)

Ref.

Confocal 5 Liquid-phase Extraction Dry-state detection with CNF-AgNPs Flusilazole in tea leaves 0.5 (Chen et al., 2020)
Confocal 1 No extra extraction Dry-state detection with Au nanostars Paraquat in tea leaves 0.2 (Lin et al., 2021)
Portable 20 Liquid-phase Extraction Dry-state detection with 3D AgMSs carbendazim in tea leaves 0.01 (He et al., 2021)
Portable 10 Liquid-phase Extraction Liquid-phase detection with Au colloid Chlorpyrifos in tea leaves 5.0 (Zhu et al., 2021)
Portable 0.5 No extra extraction Liquid-phase detection with fiber SERS probes Thiram in tea soup 0.001 Our work

Paraquat in tea soup 0.01

1 Detection Limit.

Fig. 5. The measured SERS spectra in the recovery rate experiments. Paraquat in tea soup with the concentration of (a) 0.15 mg/kg and (b) 0.08 mg/kg, thiram in tea
soup with the concentration of (c) 0.08 mg/kg and (d) 0.03 mg/kg.

Table 2
Predicted concentration, recovery rate, and RSD for pesticide residues in tea
soup with different spiked concentrations.

Spiked
concentration
(mg/kg)

Probe Predicted
concentration
(mg/kg)

Recovery
rate (%)

RSD1

(%)

Paraquat
in tea
soup

0.15 1
2
3

0.137
0.154
0.163

91.3
102.7
108.7

7.1

0.08 1
2
3

0.072
0.087
0.085

90.0
108.8
106.2

8.2

Thiram in
tea soup

0.08 1
2
3

0.076
0.071
0.085

95.0
88.8
106.2

7.5

0.03 1
2
3

0.033
0.031
0.026

110.0
103.3
86.7

9.8

1 Relative standard deviation.
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pesticide residues, we prepared five fiber SERS probes repeatedly under
the optimized condition. The averaged SERS spectrum was shown in
Fig. 5 with black line. For comparisons, the SERS spectra of paraquat or
thiram in tea soupwith the concentration 0.1 mg/kg were also displayed
in Fig. 5 with red and blue lines. It can be seen that for the mixed
pesticide residues in tea soup, the main Raman peaks of both thiram and
paraquat were clearly observed, but its Raman intensity was a little
lower than that of single pesticide residue of paraquat or thiram in tea
soup. The intensity at the Raman peak of 1647 cm− 1 for paraquat was
3249 counts in mixed pesticide residue solution (black line in Fig. 6) and
4355 counts in single paraquat solution (red line in Fig. 6), and the in-
tensity at the Raman peak of 1369 cm− 1 for thiram was 2655 counts in
mixed pesticide residue solution (black line in Fig. 6) and 3901 counts in
single thiram solution (blue line in Fig. 6). This lower intensity of Raman
peaks in mixed pesticide residue solutions originated from the
competing absorption effect of different molecules. This competing ab-
sorption effect refers to the phenomenon that different kinds of mole-
cules compete for SERS hotspots. As is known, the Raman signals can be
significantly enhanced only when the molecules were absorbed to the
SERS hotspots. Because the number of hotspots provided by fiber SERS
probes is limited, as the types of molecules to be tested increase, the
number of hotspots occupied by each kind of molecule will decrease,
leading to a reduction in the corresponding peak intensity. This result in
Fig. 6 also indicated that the fiber SERS probes can provide enough
hotspots for the SERS detection in complex liquid-phase systems,
demonstrating the feasibility of detecting multiple pesticide residues in
tea soup simultaneously.

4. Conclusions

In summary, this paper reported a simple and rapid liquid-phase in-
situ SERS detection of pesticide residues in tea soups by using high-
performance fiber SERS probes. Tea soup is a complex liquid environ-
ment, which contains various substances such as tea polyphenols, pro-
teins, and caffeine. These components in tea soup itself will act as the
“interfering molecules” and influence the detection of pesticide residues.
Herein, the cluster-patterned fiber SERS probes were successfully pre-
pared by the laboratory-developed LIESAMmethod under the optimized
conditions as inducing laser power of 45 mW and the dipping-pulling
cycle of 17. Benefit to the numerous SERS hotspots provided by the
AuNR-clusters on fiber facet, high detection sensitivity (10.0 μg/kg for
paraquat and 1.0 μg/kg for thiram) and excellent SERS detection
reproducibility (RSDs less than 10 %) were still observed in the complex
liquid-phase system as tea soup. Unlike traditional methods, our
approach eliminates the need for complex sample preparation processes,
effectively simplifying the detection procedure and allowing for rapid
in-situ detection in complex liquid environment.

Two types of pesticide residues as paraquat and thiram were
considered in the experiments. Considering the fingerprint spectral
property of SERS technique, similar method can also be used to the
detection of other types of pesticide residues in tea soup. We also
demonstrated the simultaneous multi-component detection capability of

fiber SERS probes in detecting pesticide residues in tea soup, with the
concentration of 0.1 mg/kg for both paraquat and thiram. However, if
there are more types of pesticide residues with different concentrations
in tea soup, some complicated conditions may happen. For example, the
Raman characteristic peaks may be overlapped with each other, or the
SERS intensity of a certain pesticide residue may be much larger than
that of other pesticide residues. In these cases, it is still a big challenge to
realize the detection of multiple pesticide residues in complex liquid-
phase systems by SERS technique. Subsequently, we will try to
combine artificial intelligence techniques with SERS spectroscopy to
improve the ability of target identification in complex systems.
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