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The non-judicious use of pesticides in agro-food poses a severe threat to food safety and human health. As an emerging
chromatographic fingerprint provider, surface-enhanced Raman spectroscopy analysis (SERS) sheds bright light on sensitive and
nondestructive detection of pesticide residues. This research proposed a novel strategy to detect three-pesticide residues
(thiabendazole, carbendazim, and chlorpyrifos) on tomato peel based on the flexible and sticky SERS substrate. After selecting the
best commercial adhesive tape (3M9080), the SERS substrate was constructed by optimizing the parameters in the preparation
process of AuNPs. Therefore, a new simple “tape-wrapped SERS” way for pesticide residue analysis was established with a simple
procedure of “absorption, separation, and drop addition.” Based on chemometrics method, the limit of semiquantitative detection
was 20, 36, and 80 ng/ cm? for thiabendazole, carbendazim, and chlorpyrifos, respectively, on tomato surface, which indicated that

the proposed method could meet the requirement of actual application with a large prospect in agro-food safety detection.

1. Introduction

Reasonable use of pesticides is beneficial to yield increase,
but overuse will lead to a boost in excessive pesticide residues
and food safety problems. Tomato is a widely grown crop
with nutritional value and medicinal value; for example,
lycopene was proven to reduce the risk of numerous cancers
[1]. A great number of pesticides are used in tomato pro-
duction to guarantee considerable yield and quality. For
example, thiabendazole, carbendazim, and chlorpyrifos are
broad-spectrum pesticides and are used for control of fungal
diseases [2, 3]. However, pesticide residues on tomatoes are
toxic to humans’ health, so they need to be strictly checked
from the farm to the market. Different countries have also
introduced maximum residue limit (MRL) standards for
pesticides to ensure food safety. The value of MRL for the
same pesticide on tomato surface varies with the standard.
Besides, not all pesticides’ MRLs on tomato surface are

clearly defined. For example, China, the European Union,
and Japan set MRL of carbendazim on tomato surface to 3,
0.3, and 3 mg/kg, respectively, while the United States does
not specify it. Currently, in most standards, high perfor-
mance liquid chromatography (HPLC) is used to measure
pesticide residues with the advantage of high sensitivity and
accuracy [4]. However, this mature technology always re-
quires sophisticated sample pretreatments, complicated
operating procedures, expensive testing instruments, and
labor costs, making it unsuitable for online and high
throughput screening.

As a versatile sensitive vibrational spectroscopy tech-
nique, surface-enhanced Raman scattering (SERS) is capable
of detecting low concentration analytes after the amplifi-
cation of electromagnetic fields generated by the excitation
of localized surface plasmons [5]. SERS achieves a greater
enhancement (10°~10%) and makes up of the feeble signals of
normal typical Raman scattering by adsorbing the analyte
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molecule onto a roughened metal surface [6]. In the past
decades, SERS technique was widely adopted in the trace
detection of pesticide content [2, 7-10]. This research on the
fabrication of highly stable and sensitive SERS substrates has
been the driving force for the continuous progress of SERS
technology for pesticide residue detection. Owing to the lack
of elasticity and conformal sampling on irregular surfaces,
some conventional SERS substrates become the main re-
striction in the practical agro-food application. Hence,
flexible materials including polymer film, adhesive tape,
cotton swabs, and filter paper [11-14] have attracted con-
siderable attention in fabricating flexible SERS substrates,
which contribute to a firm fix on the analyte in a facile way.
For example, Chen et al. [15] proposed a viable and simple
“paste and peel-oft” procedure to detect pesticide residues in
complex agro-food surfaces with 3M transparent adhesive
tape as the SERS substrate. To overcome the uneven dis-
tribution of gold nanoparticles on tape, a novel “tape-
wrapped SERS” method was demonstrated by Jiang et al.
[16] through the “paste peel, and paste again” procedure;
trace detection of pesticide residues was rapidly achieved
with a portable Raman spectrometer.

Although the promising results of applying flexible SERS
substrate to detect pesticide residues on the complex agro-
food surface have been reported one by one, there are still
many challenges on the road from laboratory test results to
everyday practical applications. One of the crucial challenges
is that the preparation of flexible SERS substrates usually
requires complicated procedures, and the morphology of
nanoparticles is not easy to control [17, 18]. In terms of
flexible materials, most of them have no viscosity, which
leads to unsatisfactory results like low sampling rate and
suboptimal detection [19]. Apart from these, the quantitative
analysis accuracy should be further improved [20]. To our
knowledge, pesticide residue detection on the fruits and
vegetables surface with flexible SERS substrate generally
stays in the qualitative or semiquantitative analysis. Among
these research works, just a single characteristic peak is
chosen, which is easy susceptibility to nonlinear factors such
as instruments and environmental noise [21].

Herein, we demonstrated a tape-wrapped SERS method
by utilizing the properties of the substrate to be specific,
combining the stickiness and flexibility of the adhesive tape
and the SERS activity of AuNPs. The specific goals were as
follows: (1) to select the commercial adhesive tape with the
best performance as SERS tape by investigating SERS activity
and sampling rate; (2) to optimize the concentration of
AuNPs and coagulants for SERS substrate; (3) to build an
optimal regression model with high accuracy for each
pesticide detected; (4) to realize the rapid pesticide residue
detection on tomato surfaces.

2. Materials and Methods

2.1. Chemicals and Materials. Thiabendazole standard
(98.4%) was provided by National Pesticide Quality Su-
pervision and Testing Center, carbendazim standard (98.1%)
and chlorpyrifos standard (99.4%) were obtained from
China Standard Material Network, and the other reagents
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(e.g., methanol, trisodium citrate, HAuCl4, NaCl, NaBr)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All reagents were used without further
purification. Ultrapure water (Millipore, >18 MQ cm™") was
used for all experiments.

As shown in Figure S1, four commercial tapes (scotch
tape, paper tape, 3M Post-it, 3M9080 super tape) were
purchased from the local supermarket, Hangzhou, China.
Tomatoes were brought from Shandong, China, with uni-
form size (approximately sphere) and no obvious me-
chanical damage.

2.2. Gold Nanoparticles (AuNPs) Preparation and
Characterization. The AuNPs were fabricated according to
the method adopted by previous literature with slight
modification [22]. Specifically, HAuCl, (100 mL, 0.01%,
0.3mM) was heated to boiling at 120 °C on a constant
temperature magnetic stirrer. Then, 0.5 mL trisodium citrate
solution (1%) was added quickly. After 25 minutes of stir-
ring, the solution was cooled naturally at room temperature
and stored at 4°C for subsequent experiments. To obtain
different concentrations of AuNPs, the specific procedure
was as follows. 30 mL of as-prepared AuNPs was centrifuged
at 4500 rpm for 10 minutes to remove the supernatant. By
repeating the above steps, the remaining colloid volumes in
the lower layer were 24 mL, 18 mL, 12mlL, and 6 mL, re-
spectively. Vortex oscillator was used to make the colloid
mixing evenly, and five concentrated AuNPs (1.25, 1.67, 2.5,
5 times) were obtained. The surface morphology of the
AuNPs on adhesive tape was observed by Scanning electron
microscopy (SEM, Gemini SEM 300).

2.3. Sample Preparation. In our experiments, tomatoes were
washed with ultrapure water carefully after soaking in ul-
trapure water for 30 minutes and dried naturally in air. As
shown in Figure 1, 40 yuL of pesticide (thiabendazole, car-
bendazim, and chlorpyrifos) standard solution (5 mg/L) was
spread on the tomato peel (~1cm?). After the pesticide
solution was completely dried at room temperature, the
commercial adhesive tape was pasted on the corresponding
area with a regular pressure using a rubber scraper for 15 s to
ensure the analytes were fully translated, and peeled oft
discreetly. Then, the tapes containing analytes were divided
into two groups to measure pesticide content, one group
were carried out by high performance liquid chromatog-
raphy (HPLC, Agilent 1200, Agilent, USA), and the other
group were dropped with AuNPs and coagulants in turn, for
further SERS measurement. It is worth mentioning that
different concentrating times (1, 1.25, 1.67, 2.5, 5 times) and
amounts (40, 80, 120, 160 uL) of AuNPs, different candidates
(1% NaBr, 1% NaCl), and different volumes (1, 5, 10, 15,
20 uL) of coagulants were prepared to optimize SERS results.

2.4. Raman Spectra Acquisition. Raman spectra were
recorded before the solvent (AuNPs and coagulants) com-
pletely evaporated, and were carried out by a RmTracer-200-
HS portable Raman spectrometer combined with a 785 nm
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FiGure 1: Sampling and detection process of pesticide residues on tomato surface based on flexible surface-enhanced Raman scattering

(SERS) substrate.

excitation wavelength diode-stabilized stimulator (Opto
Trace Technologies, Inc., Silicon Valley, CA, USA). Notably,
the instrument should be calibrated using a 785nm exci-
tation wavelength before Raman spectra acquisition. The
parameters were set as follows: power of 200 mW; scanning
range from 200 to 3300 cm™'; an optical resolution of 2 cm™’;
and integration time, number of exposures, and smooth

coefficient adjusted to 10s, 5 times, and 1, respectively.

2.5. Density Functional Theory (DFT). Density functional
theory (DFT), as a quantum mechanical calculation method
based on the electronic structure of multielectron systems, is
the most common approach to study the electronic structure
of multielectron systems. Currently, it has been widely used
to study the properties of molecules for identifying char-
acteristic peaks [23]. In this research, the optimization of the
molecular structure of pesticides was carried out on
GaussView 6.0 (Gaussian, Inc., Wallingford, CT, USA), the
calculation of theoretical Raman spectra of pesticides mo-
lecular was implemented on Gaussian 09 (Gaussian, Inc.,
Wallingford, CT, USA), and correction of Raman spectra
baseline was carried out on OMNIC v8.2 (infrared spectrum
processing software, Thermo Fisher Scientific, USA).

To identify the characteristic peaks accurately, the results
simulated by DFT were compared with the SERS of each
pesticide standard solution.

2.6. Modeling Methods, Evaluation Indices, and Software.
In this step, the least squares support vector machine
(LSSVM) was selected to implement pesticide detection
predictive mode based on the Raman spectra. LSSVM maps
the input variables of low dimension space to those of high
dimension space through a nonlinear method, transforms
the unequal constraints in SVM into equal constraints, and
realizes the optimization based on Lagrange method, which
can better deal with the nonlinear factors [24]. To improve

the compute speed and prediction accuracy, the radial basis
function (RBF) was selected to optimize the regularization
parameter (y) and the kernel parameter (¢%) in the nonlinear
discrimination. The performance of the LSSVM model was
evaluated by the coefficient of determination (R?), root mean
square error (RMSE), and residual predictive deviation
(RPD), and the subscripts ¢ and p in these indices repre-
sented the calibration set and the prediction set, respectively.

In this research, B3LYP/6-31G (d, p) was used to sim-
ulate and calculate three pesticide molecules in Gaussian 09
software. LSSVM was conducted on MATLAB R2018a
(MathWorks, Natick, MA, USA), and spectrum pre-
processing was performed on Unscrambler® 10.1 (CAMO
AS, Oslo, Norway), a one-way analysis of variance
(ANOVA), was conducted by using SPSS V.22 statistical
software (SPSS Inc., Chicago, IL, USA), and all figures were
realized by OriginPro 2018 (OriginLab Corporation,
Northampton, MA, USA).

3. Results and Discussion

3.1. Three Pesticides’ SERS and Its Assignment of Raman Peaks.
The first step of pesticide content detection is to attribute
Raman peaks for each one. In this part, three pesticide
molecular structures were simulated in Gaussian 09 software
(Figure 2(a)). DFT-calculated Raman peak, solid pesticide
Raman spectra, and corresponding solution (dissolved in
acetonitrile) SERS were contrasted to verify the matching
degree between the theory and experiment to assign Raman
peaks accurately. By analyzing the difference between
Raman spectra of the standard solids and solution, the
solvent disturbance can be determined to some extent.
Furthermore, the interference from external environment
and pesticide purified can be identified from the results of
DFT-calculated and the other two. As shown in Figure 2(b),
DFT-calculated Raman spectra of thiabendazole had strong
Raman activity at 783, 1009, and 1264 cm™". Compared with
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FIGURE 2: (a) the simulated molecular structure. Raman spectra of (b) thiabendazole, (c) carbendazim, and (d) chlorpyrifos. The blue line
represents the density functional theory (DFT)-calculated Raman spectra of the pesticide. The red line represents Raman spectra of the
pesticide solid. The black line represented SERS spectra of the pesticide solution.

the Raman spectra at 785, 1009 cm ! of solid thiabendazole,
SERS of its solution had significant stronger intensity, which
was assigned to C-H deformable vibration and outer surface
bending [25]. Carbendazim exhibited various molecular
vibration modes and complex Raman peaks (Figure 2(c)). At
the range of 500 ~ 1000 cm ™, although the intensity of three
spectra were weak, there were good correspondence between
the peak positions. At the range of 1000 ~ 1400 cm ™', some
spectra peaks exhibited the phenomenon of merger and
shift. Compared to solid carbendazim Raman, SERS of its
solution was enhanced greatly at 1004, 1029, and 1312cm ™",
The peak at 1004 cm™" was assigned to C-O stretching vi-
bration. The peak at 1029cm ' was assigned to C-C
stretching and H-C-C bending vibration. The peak at
1312cm™! was assigned to C-N stretching vibration [26].
From Figure 2(d), the three Raman spectra had a high
matching degree. Stronger enhancement was obtained
mainly at 610 (P=S and C-Cl stretching vibrations), 675
(benzene ring breathing vibration), 750 (P-O-C stretching
vibration), and 1095 cm ™" (benzene ring and C=N stretching
vibration) compared to solid Raman spectra [27]. As a result,
both of the solid pesticide Raman spectra and their solution
SERS were basically consistent with DFT-calculated Raman

peaks with a reasonable range of Raman shifts (within
15cm™), so these peaks could be used as the corresponding
feature peaks. The detailed attribution of Raman spectra of
the three pesticides is shown in Tables S1-S3.

3.2. Selection of Commercial Adhesive Tape. Cheap adhesive
tape has received great interest and been applied in pre-
paring SERS substrates. Although its stickiness enables
nanoparticles to be fully fixed on it and target analytes to be
loaded easily, the inherent properties like background
fluorescence would play a considerable role in SERS signals.
Four commercial adhesive tapes (scotch tape, paper tape, 3M
Post-it, 3M9080 super tape) were investigated under uni-
form experimental conditions, respectively. The results were
listed in Figure 3. Compared to the SERS spectra of paper
tape and 3M Post-it, 3M9080 and scotch tape showed a
satisfactory consequence both in number and sites of
characteristic peaks (Figures 3(a)-3(c)). These two tapes also
exhibited low background inference, potentially owing to the
intrinsic property of the coated film [15]. Paper tape failed in
the characterization of carbendazim and chlorpyrifos with
weak SERS intensity and strong noise, and 3M Post-it



Journal of Food Quality 5
A /\ A @ /\___/\'\\,\.__/\’\_/\/\,/\/\_/L ¢ ¢
= S e A A NAIYN =
2 - B - B -
i a0 —a— 0 0
] ) El
= — . — = \Mﬁ_\/\'\,m/\/\r\ —_—
ww — —A—’—«ANJ\\ML/\[\/\/ = =
A N CK /\___/\,\__/J’\/\,J/\/\ CK M CK
T T T . 7 T 7 T T T T
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
(a) (b) (0
\ 0 \ 0 ( |
-~ N -~ N ~ S
N N W
80 10 80 10 80 10
60 8 60 P8 60 r8
on 40 a on 40 A on 40 a
g 17} g 7] g 7]
= 4 & ) P4 & = 4
g g g
& 20 & 20 4 & 20
2 L2 L2
0 0 0 0 0 0

7] Sampling rate
—a— RSD

7] Sampling rate

RSD

—

(d)

(e)

Sampling rate
pling

RSD

—.

®

FIGURE 3: Raman spectra of (a) thiabendazole, (b) carbendazim, and (c) chlorpyrifos on different commercial tapes. Sampling performance
of (d) thiabendazole, (e) carbendazim, and (f) chlorpyrifos collected from different surfaces on different commercial tapes. CK represents
surface-enhanced Raman spectra of the corresponding pesticide solution.

showed little potential for pesticide residue detection,
possibly due to weak viscosity and intense fluorescence.
Besides, the pesticide affinity of AuNPs also affected the
enhancement of flexible SERS substrate.

To evaluate SERS performance of 3M9080 and scotch
tape, the sampling rate [28] was defined by the mass ratio
of the value from HPLC and the actual addition amount,
which was measured 12 times and averaged between them.
The results are exhibited in Figures 3(d)-3(f). Compared
with glass surface, the experiment with tomato peels got
lower sampling rate and higher RSD, which might be
attributed to tomato uneven surface and a small amount
of pesticide infiltration through tomato peel. Table S4
proved the type of adhesive tape had a significant effect on
the sampling rate (P<0.01). 3M9080 showed higher
sampling rate and lower RSD value compared to scotch
tape and was selected as a substrate of SERS tape for
further analysis.

3.3. Optimization of Flexible SERS Substrate. Apart from the
inherent attributes of adhesive tape, the concentration,
dosage, and variety of ingredients of SERS substrate also
affect the intensity of SERS signal. In this research, the
concentrating time and dosage of AuNPs, and type and
dosage of coagulants were tested. For each pesticide,
according to the intensity and shift of Raman spectra, only
several characteristic peaks were selected (thiabendazole:

785 and 1009 cm™'; carbendazim: 1224 and 1260cm™;
chlorpyrifos: 610 and 675cm™"). Figure 4 illustrated the
SERS spectra intensity affected by the different density and
variety of ingredients for fabricating a suitable SERS sub-
strate for each pesticide. For the three pesticides, in the
beginning, higher AuNPs concentration and stronger SERS
signal were obtained (Figures 4(a)-4(c)), which was con-
sistent with other studies [29]. Moreover, with the con-
centration continuing to increase, the signal began to
weaken. This result might be explained by the fact that low
concentration of AuNPs made it hard to contact with the
target molecules entirely, while high concentration might
lead to the agglomeration of metal particles caused by
smaller distance and nonideal enhancement owing to the
weak ability to generate SERS “hot spots” [30].

It is widely accepted that activating ions such as CI” and
Br~ could enhance SERS signal due to NPs aggregation
induced hot spots [31, 32], it is also well known that ag-
gregation is relatively random, which could produce large
variation in repeatability. Thus, the above concerns will be
discussed in detail. In this research, NaBr and NaCl were
studied (Figures 4(d)-4(f)). In terms of SERS signal in-
tensity, NaCl was the best one for the three pesticides be-
cause its addition made the colloids reach a more suitable
condensation state to generate more “hot spots.” To further
investigate the aggregation effect introduced by NaCl, the
characterization was carried out by an ultraviolet spectro-
photometer (Figure S2). After the addition of NaCl, the
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maximum absorption peak of AuNPs was shifted from
530 nm to 540 nm, which related to the size of the nano-
particles [21]. The energy gap between the occupied and
unoccupied molecular orbitals diminished with the increase
of particle diameter, which resulted in the light absorption

band shift to long wave (red shift) [33]. Therefore, it could be
inferred that with the addition of NaCl, the size of AuNPs
increased by polymerization and precipitation, resulting in a
red shift. Besides, as shown in Figure S3, the distribution of
AuNPs without coagulant was relatively scattered, while it
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showed obvious aggregation after dropping NaCl, which was
consistent with the ultraviolet spectrum change. Then, the
flexible SERS substrate SEM was conducted with NaCl, and
AuNPs were close to each other and were distributed tightly
and evenly on the tape (3M9080); namely, there were many
uniformly distributed “hot spots.” Therefore, NaCl was
selected as a coagulant for subsequent research.

The amount of AuNPs also needed to be optimized since
the amount of AuNPs would directly affect the number of
“hot spots” according to the electromagnetic enhancement
mechanism of SERS [34]. Like the concentration of AuNPs,
the excellent SERS signal could not be realized with too
much or too little dosage of AuNPs (Figures 4(g)-4(i)). As
the amount increased, SERS signal improved first and then
declined in general [35]. Specifically speaking, pesticide was
absorbed onto AuNPs by multilayer superposition at a low
level of AuNPs due to insufficient valid “hot spots.” With the
increase of the number of AuNPs, pesticide molecules had
more access to “hot spots.” When the number of AuNPs
continued to increase, the particles would be excessively
wrapped, which led to a relative decrease in the valid “hot
spots.” According to the results (Figures 4(g)-4(i)), for the
detection of thiabendazole, carbendazim, and chlorpyrifos
on tomato surface, the optimal amount of AuNPs was 80 yL,
120 L, and 120 uL, respectively.

The dosage of NaCl influencing the aggregation degree of
AuNPs [36, 37] was also studied at five dosages (1 yL, 5 uL,
10uL, 15uL, 20 uL). From Figures 4(j)-4(1), it was also a
double-edged sword. In a certain range, as AuNPs were
negatively charged, sodium ions in NaCl solution could
neutralize their negative charge, which reduced the repul-
sion between nanoparticles and improved AuNPs aggre-
gation, thus enhancing SERS signal. However, excessive
NaCl would lead to excessive agglomeration of AuNPs. For
thiabendazole, carbendazim, and chlorpyrifos, the optimum
NaCl value was 10 uL, 15 uL, and 15 yL, respectively; namely,
the dosage ratio of AuNPs to NaCl was 8:1. Finally, the
optimal parameters can be concluded in Figure 4(m).

3.4. Sensitivity and Uniformity of SERS Tape. Sensitivity and
uniformity of SERS substrate are the primary concerns about
the evaluation of SERS performance. To study the sensitivity
of the optimized flexible SERS substrate, different concen-
trations of standard pesticide solutions were deposited onto
the sticky side of the adhesive tape (3M9080). After the
solution was dried naturally, AuNPs and NaCl were suc-
cessively added to attain Raman spectra. At the same time,
the spectra of twenty detection sites were randomly collected
on the flexible SERS substrate surface to investigate the
uniformity.

As shown in Figure S4, the intensity of Raman char-
acteristic peak gradually decreased with the reduction of the
concentration. The SERS spectral feature peaks of thia-
bendazole at 785 and 1009 cm™' were still observed even
when the concentration reduced to 8 ng/cm” (Figure S4(a)).
In the same way, the limits of detection concentration of
carbendazim (Figure S4(b)) and chlorpyrifos (Figure S4(c))
were 20 and 40 ng/cm? respectively, which satisfied the

linear relationship (coefficient of determination (RH) >
0.970), indicating the good sensitivity of optimized SERS
substrate. The RSD values of the three pesticides at the
studied feature peaks were below 9% (Figure S5). Both the
limit of detection concentration and RSD were lower than
previous work [38], demonstrating the feasibility of the
proposed strategy for pesticide residue detection on tomato
surface. Stability was another remarkable feature of SERS
tape. As one of the most important elements, the prepared
AuNPs still worked well after 45 days, and they showed clear
characteristic peaks (610cm™' and 675cm™"), which indi-
cated that SERS tape could keep relative stability after long-
term storage (Figure S6).

3.5. Application for Semiquantitative Pesticide Residue De-
tection from Tomato Surfaces. According to MRL standards
in China, detection limits for thiabendazole, carbendazim,
and chlorpyrifos are 5, 3, and 0.02mg/kg (http://2763.
foodvip.net/category/limit/136.html), respectively. —The
process of converting it to the maximum residues per unit
area is as follows [16]. Each tomato is assumed to weigh 200 g
and has a surface area of 180cm? then, the maximum
residues of thiabendazole per wunit area=5mg/
kg x 200 g x 10°/180 cm” = 5555 ng/cm’, and the maximum
residues of carbendazim and chlorpyrifos per unit area are
3333ng/cm” and 22ng/cm’, respectively. Then, 10 mg of
thiabendazole, carbendazim, and chlorpyrifos was dissolved
in acetonitrile to prepare 100 mg/L standard solution. Then,
it was diluted to 0-20 mg/L and kept away from light. 40 yL
of the diluted standard solution was dropped onto 1 cm? of
the cleaned tomato peel, and it was allowed to dry naturally.
We selected 93 samples for each pesticide (concentration
range: 0-800 ng/cm?®), and 279 samples of three pesticides
altogether were divided into calibration set and prediction
set in a ratio of 3:1.

On one flexible SERS tape, the Raman spectra from
three different sites were selected randomly and averaged
after baseline correction. With the different amount of
pesticides added on the tomato surface, the characteristic
peak intensity increased in varying degrees (Figure 5).
Although the characteristic peak strength was very weak
when the concentration of thiabendazole dropped to
20 ng/cm?, the signal at 1009 cm ™" was still clearly visible,
indicating that semiquantitative detection limit of thia-
bendazole residue on tomato surface could reach 20 ng/
cm” by using flexible SERS substrate. In the same way,
semiquantitative detection limits of carbendazim and
chlorpyrifos on tomato surface with flexible SERS sub-
strate were 36 and 80ng/cm’ respectively. Therefore,
semiquantitative detection limits of thiabendazole and
carbendazim on tomato surface were substantially lower
than the MRLs required by the national standards. Al-
though semiquantitative detection limit of chlorpyrifos
did not meet MRL, it could be used for preliminary
screening of tomatoes, which was equally important in
quality testing. To sum up, the flexible SERS substrate is
expected to bring the emerging SERS technology closer to
everyday on-spot detection.
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FIGURE 5: The selected SERS feature spectra of (a) thiabendazole, (b) carbendazim, and (c) chlorpyrifos on tomato under the five con-

centrations selected.

TaBLE 1: Modeling results based on characteristic peak.

Calibration set Prediction set

Pesticide Characteristic peak band (cm™) ) S ) -
R, RMSE¢ (ng-cm ™) R; RMSEp (ng-cm™™) RPD
Thiabendazole 760-800 LSSVM 0.972 31.944 0.960 36.103 5.004
980-1020 LSSVM 0.995 13.253 0.887 56.138 3.111
Carbendazim 1200-1235 LSSVM 0.937 50.267 0.748 133.166 1.837
1235-1280 LSSVM 0.993 17.498 0.933 68.922 3.504
Chlorpyrifos 580-630 LSSVM 0.985 25.668 0.864 92.847 2.507
660-690 LSSVM 0.984 30.761 0.796 108.231 1.823

Furthermore, a slight peak shift occurred on SERS
feature peaks at the low concentration (Figure 5), indi-
cating it was not accurate to establish the model by using a
single characteristic peak. In this section, LSSVM model
was established with multiple bands near the characteristic
peaks according to the attribution of Raman peak and
signal intensity (Table 1). For thiabendazole, spectra of 760-
800cm™ (near 785cm™) and 980-1020cm™' (near
1009 cm™") were selected. As shown in Table 1, the LSSVM
model based on 760-800cm™" got better performance
(R%=0.960, indicating a high accuracy of the model, and
RPD =5.004 > 3, indicating a very good reliability of the
model). Likewise, for carbendazim, spectra of 1200-
1235cm™" (near 1224cm™) and 1235-1280 cm ™ '(near

1260 cm™") were chosen. The result showed that the LSSVM
model based on 1235-1280cm™ got better results
(R=0.933, RPD=3.504). For chlorpyrifos, spectra of
580-630cm™’ (near 610cm™') and 660-690cm™' (near
675cm™!) were extracted, which showed that the LSSVM
model performed well at 580-630cm™ (R%=0.864,
RPD =2.507). It is worth noting that the RPD of chlor-
pyrifos was less than 3 in both models (Table 1), which
might be due to the error caused by sampling rate (Fig-
ure 3) and uniformity (Figure S5), as well as the poor
affinity between AuNPs and chlorpyrifos molecules. How
to further improve the performance of residue detection of
various pesticides is the focus of our future work. Thus, the
proposed flexible SERS tape has a great potential for high-
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efficiency extraction and in situ detection of the target
molecules on arbitrary surfaces.

4. Conclusions

In this research, the pesticide residue detection method on
tomato surface based on flexible SERS tape was studied from
many aspects. With good bendability and viscosity, 3M9080
obtained high and stable sampling efficiency and was se-
lected as an ideal flexible support. By optimizing the ex-
perimental parameters, SERS signals were improved in
uniformity and sensitivity. Detection limits of thiabenda-
zole, carbendazim, and chlorpyrifos on glass surface were 8,
20, and 40 ng/cm?, respectively. As a practical application,
we undertook semiquantitative detection with a portable
Raman spectrometer on tomato surface and realized
promising results, indicating that the proposed method
could be applied to the rapid nondestructive online semi-
quantitative detection for different kinds of pesticides, es-
pecially in the preliminary screening stage. This study also
provides an emerging prospect for the detection of trace
contaminations including but not limited to these three
pesticides on complex surface.
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