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Abstract: Thiabendazole is widely used in sclerotium blight, downy mildew and black rot prevention
and treatment in rape. Accurate monitoring of thiabendazole pesticides in plants will prevent
potential adverse effects to the Environment and human health. Surface Enhanced Raman
Spectroscopy (SERS) is a highly sensitive fingerprint with the advantages of simple operation,
convenient portability and high detection efficiency. In this paper, a rapid determination method
of thiabendazole pesticides in rape was conducted combining SERS with chemometric methods.
The original SERS were pretreated and the partial least squares (PLS) was applied to establish
the prediction model between SERS and thiabendazole pesticides in rape. As a result, the SERS
enhancing effect based on silver Nano-substrate was better than that of gold Nano-substrate,
where the detection limit of thiabendazole pesticides in rape could reach 0.1 mg/L. Moreover,
782, 1007 and 1576 cm−1 could be determined as thiabendazole pesticides Raman characteristic
peaks in rape. The prediction effect of thiabendazole pesticides in rape was the best (R2

p = 0.94,
RMSEP = 3.17 mg/L) after the original spectra preprocessed with 1st-Derivative, and the linear
relevance between thiabendazole pesticides concentration and Raman peak intensity at 782 cm−1

was the highest (R2 = 0.91). Furthermore, five rape samples with unknown thiabendazole pesticides
concentration were used to verify the accuracy and reliability of this method. It was showed that
prediction relative standard deviation was 0.70–9.85%, recovery rate was 94.71–118.92% and t value
was −1.489. In conclusion, the thiabendazole pesticides in rape could be rapidly and accurately
detected by SERS, which was beneficial to provide a rapid, accurate and reliable scheme for the
detection of pesticides residues in agriculture products.

Keywords: Surface Enhanced Raman Spectroscopy (SERS); rape; thiabendazole pesticides; PLS;
rapid detection

1. Introduction

Thiabendazole, a benzimidazole derivative which belongs to the absorption of a broad-spectrum
fungicide, has been widely used in rape sclerotium blight, downy mildew and black rot disease
prevention. The long-term exposure or misuse of thiabendazole pesticides could lead to a variety
diseases such as cancer, blood diseases and immune system disorders, which seriously affects the
physical and mental health [1]. In accordance with the provisions of the maximal residue of pesticides
in food in China (GB 2763-2014), the thiabendazole pesticides in rape cannot exceed 1 mg/kg.

Sensors 2018, 18, 1082; doi:10.3390/s18041082 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-7432-8899
https://orcid.org/0000-0001-6752-1757
http://www.mdpi.com/1424-8220/18/4/1082?type=check_update&version=1
http://www.mdpi.com/journal/sensors
http://dx.doi.org/10.3390/s18041082


Sensors 2018, 18, 1082 2 of 14

Traditional methods for determining thiabendazole pesticides are mainly include high-performance
liquid chromatography (HPLC) [2], fluorescence quantification [3], ion exchange chromatography [4]
and capillary electrophoresis [5]. Šmídová et al. [6] successfully applied immunochromatographic
technique to the detection of the pesticides thiabendazole and methiocarb in fruit juices. Chen et al. [7]
achieved the determination of residues of carbendazim and thiabendazole pesticides in fruits by
dispersive solid-phase extraction and HPLC. The results showed that the regression analysis for
the pesticides were linear at concentrations ranging from 0.01 mg/kg to 3.0 mg/kg, and the
correlation coefficient was higher than 0.999. Although the sensitivities of these methods are high,
the cumbersome pre-test, time-consuming detection, inconvenient instrument, expensive reagents and
other shortcomings limit their developments [8].

SERS is a technique that enhances the intensity of Raman signals with increasing orders of
magnitude. Its compound molecule signal can be enhanced in geometric multiple when it adsorbs
on some nanoscale rough metals surface (such as gold, silver and copper) [9]. Besides, SERS has
the advantages of simple pretreatment method, convenient equipment and fast detection speed,
which is suitable for rapid screening of molecule substances [10]. As the aspects of the thiabendazole
pesticides residues detection in agriculture, many domestic and foreign scholars have carried out
related researches. As for the Raman peaks of thiabendazole pesticides, Lin et al. [11] applied the SERS
with silver nanoparticle technique to analyze the Raman peaks of thiabendazole pesticides. It was
indicated that the characteristic Raman peaks at 782, 1012, 1284, 1450 and 1592 cm−1 belonged to the
thiabendazole pesticides. The detection line of thiabendazole residues in apples has been studied.
Luo et al. [12] achieved the rapid detection of phosmet and thiabendazole residues in apples using SERS
coupled with gold nanoparticles. The results suggested that the minimum detectable concentration
was 0.5 mg/g for phosmet and 0.1 mg/g for thiabendazole in apples. In addition, rapid detection of
thiabendazole has showed a great significance in agriculture production. Feng et al. [13] combined
molecularly imprinted polymers with SERS to determine trace amount of thiabendazole in orange
juice. The whole detection was only took 23 min with limit of detection of 4 ppm for thiabendazole.
He et al. [14] quantitatively detected the thiabendazole on apples using a surface swab capture method
followed by SERS, which indicated that the swab-SERS method was simple, sensitive, rapid (10 min),
and quantitatively enough detect other pesticides on raw agricultural produce like pears, carrots,
and melons etc. Beside these, the miniaturization and portability of Raman detection are becoming
more and more important. Müller et al. [15] detected the thiabendazole in citrus fruits and bananas
using SERS with a compact, portable, mini-Raman spectrometer, which estimated a total amount of
thiabendazole as 78 mg/kg in citrus fruits. Although the above researches achieved the purpose of
enhancing the signal of thiabendazole pesticide molecules by SERS in agricultural products, the effect
of matrix substances could not be fully removed and the detection limit of the method should be further
improved as well as the accuracy and stability. Moreover, there are little reports about the detection of
thiabendazole pesticides residues in rape by the combination of SERS and chemometric method.

Therefore, the main objective of this paper is to detect thiabendazole pesticides in rape rapidly
and accurately using SERS combined with chemometric methods. Moreover, the fluorescent effects
of chlorophyll, fat, carbohydrates and other substances in rape were removed using ferroferric oxide
(Fe3O4) nanoparticles [16], which was of great significance to provide a rapid-detection method of
pesticides residues with the advantages of low cost, easy operation and high accuracy.

2. Materials and Methods

2.1. Experimental Instruments and Reagents

For this study, the experimental instruments mainly included: (1) RmTracer-200-HS portable
Raman spectrometer combined with a 785 nm excitation wavelength diode-stabilized stimulator
(Opto Trace Technologies, Inc., San Francisco Bay Area, CA, USA); (2) JW-1024 low-speed centrifuge
(Anhui Jia Instrument and Equipment Co., Ltd., HeFei, Anhui, China); (3) Vortex-Genie 2/2T
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vortex mixer (Shanghai Ling early Environmental Protection Instrument Co., Ltd., ShangHai,
China); (4) Agilent 1290 Ultra Performance Liquid Chromatography Combined Photodiode Array
Detector (Agilent Technologies, Santa Clara, CA, USA); (5) The column, Agilent ZORBAX SB-C18,
150 mm × 2.1 mm, 3.5 µm (Agilent Technologies, Santa Clara, CA, USA); (6) The FEI Tecnai G2 F20
S-TWIN transmission electron microscope (TEM, USA FEI Corporation, Hillsboro, OR, USA); (7) ZNCL
intelligent thermostat magnetic stirrer (Zhengzhou Ya-Rong Instrument Co., Ltd., Zhengzhou, China).

Moreover, the experimental reagents included: (1) thiabendazole (99.7% purity, Sigma-Aldrich,
Beijing century Aoke Biological Technology Co. Ltd. Beijing, China); (2) acetonitrile (chromatographically
purity, Amethyst Chemicals. Beijing century Aoke Biological Technology Co. Ltd., Beijing, China);
(3) Ferroferric oxide (100 nm particles, Hangzhou Wan King New Material Co., Ltd., Hangzhou, China);
(4) Sodium chloride (Analytical Pure, National Standards Information Center, Beijing, China); (5) Silver
nitrate, perchlorate, trisodium citrate, primary secondary amine (PSA) (ethylenediamine -N-propyls
lane), anhydrous magnesium sulfate, C18 and graphitized carbon (Agela Technologies, Tianjin, China);
(6) Organic filter (0.22 µm, Agilent Technologies, Inc., Santa Clara, CA, USA).

2.2. Experimental Methods

2.2.1. Sample Preparation

In this experiment, 101 pesticide-free rape plants leaf (high-oil 605) were selected as the
experimental samples. The specific operations of the simulation of thiabendazole pesticides residues in
rape were as follows. First, 101 different concentrations thiabendazole standard solutions (0–100 mg/L,
1 mg/L per gradient) were prepared and then sprayed on 101 pesticide-free rape plants leaf.
The rapes were numbered from 1 to 100 in sequence, where 0 was set as a blank contrast. Second,
the corresponding rape leaf samples were picked after 24 h natural simulation spraying. Third,
the Raman detection samples were prepared: 10 g rape leaf (each sample), 10 mL acetonitrile, 5 g
sodium chloride were mixed and stirred, then the sample supernatant was obtained after centrifugation.
Fourth, 600 mg ferroferric oxide (Fe3O4) nanoparticles was added into the supernatant to remove
the fluorescent effects of chlorophyll, fat, carbohydrates and other substances in rape. Finally,
the supernatant was filtered by a 0.22 µm organic membrane.

2.2.2. Silver Nano-Substrate and Gold Nano-Substrate Preparation

The preparation of silver nanoparticle was established on the basis of the Lee–Meisel trisodium
citrate heating reduction method [17]. The silver Nano-substrate preparation process was as follows.
First, a silver nitrate solution (180 mg/L) was heated quickly for boiling at the high temperature on
a constant temperature magnetic stirrer. Second, 1% trisodium citrate solution was dropwise added
and stirred at 200 r/min. Third, it was stored in dark after the solution turned to gray-green in 25 min.
Fourth, when the heating temperature was dropping, the silver nitrate solution was poured into
a centrifuge tube and then a small amount of supernatant was remained after centrifugation. Finally,
ultrapure water was mixed with ultrasonic vibration, and the gold colloid was stored in dark at 4 ◦C
after repeating purification.

The trisodium citrate heating reduction method was slightly modified according to the literature
for the preparation of gold nanoparticle [18]. The gold Nano-substrate preparation process was as
follows. First, a chloroauric acid solution (50 mg/L) was heated for boiling at 120 ◦C on a constant
temperature magnetic stirrer, and then 4 mL of trisodium citrate solution (5 mg/mL) was added.
Second, the mixture was stirred at 100 r/min until the gold sol change into the color of the wine red.
Third, when the solution cooled, the gold gel solution was poured into a centrifuge tube. Fourth,
the supernatant (2 mL) was remained after centrifugation. Finally, 1 mL ultrapure water was added to
the centrifuge tube and mixed with ultrasonic oscillation and the gold colloid was stored in dark at
4 ◦C after repeating purification.
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2.2.3. Thiabendazole Pesticides in Rape Detection

Thiabendazole pesticides in rape were detected by Ultra high performance liquid chromatography
(UHPLC) [19]. The supernatant was prepared as Raman samples preparation in Section 2.2.1.
The detection operation was as follows. First, 2 mL supernatant, 150 mg magnesium sulfate, 50 mg
primary secondary amine (PSA), 10 mg graphitized carbon black and 50 mg C18 were added into the
15 mL centrifugal tube in sequence and then were centrifuged for 5 min at 4200 r/min. Second, 1 mL
supernatant was put into a 10 mL glass and 1 mL ethyl acetate was added after the drying of nitrogen.
Third, the supernatant was filtered by 0.22 µm organic membrane after 1 min vortex.

2.3. Raman Spectrum Acquisition

Before RS data acquisition, the instrument was calibrated using a 785 nm excitation wavelength.
The parameters were as follows: a power of 200 mw, a scanning range of 200 to 3300 cm−1, an optical
resolution of 2 cm−1, an integration time of 10 s and an average spectral value of 3 times. The solid
thiabendazole RS collection was that thiabendazole powder was in quartz plate with glass slides
flattened and the spectra were acquired with matching microscope platform. The SERS collection
method was that 500 µL silver colloid, 100 µL test solution and 500 µL sodium chloride were added in
turn into a 2 mL quartz bottle and then it was placed at a liquid sample pool.

2.4. Data Analysis

The noise caused by equipment and the interference of the fluorescence background in Raman signal
could affect the detection results [20]. Therefore, standard normal variation (SNV), normalization (Nor),
multiplicative scatter correction (MSC) and 1st-Derivative (1st-Der) were used to pretreat the original
spectra and then PLS was used to model and analyze the spectral data. Besides, the thiabendazole
characteristic peaks were also calculated by Density Functional Theory (DFT) to validate the reliability
of SERS. In this paper, all data analyses were based on MATLAB R2014a (The Math-Works, Natick,
MA, USA), Gaussian.v09 (Gaussian, Inc., Wallingford, CT, USA, 2009), OMNIC v8.2 (Infrared spectrum
processing software, Thermo Fisher Scientific, Madison, WI, USA), Origin v8.0 (Electronic Arts Inc.,
Hampton, MA, USA), SPSS V17.0 platform (Statistical analysis software, IBM Corporation, Armonk,
NY, USA).

2.4.1. Spectral Preprocessing Methods

For this paper, four spectral preprocessing methods were applied to dealing with the original
spectra. The principle of SNV [21] algorithm is that the absorbance values of each wavelength point
satisfy a certain distribution in each spectra, and the spectral correction was performed according to
this assumption. Normalization [22] is a non-dimensional treatment means that the absolute value of
the physical system into some relative value relationship, which simplify the calculation. The basic
idea of MSC [23] algorithm is to use an ideal spectra to represent all the samples, and the original
spectra is corrected with the slope and intercept of the linear equation. 1st-Derivative [24] can eliminate
interference from other backgrounds and distinguish the overlapping peaks, which improves spectral
resolution, sensitivity and the signal to noise ratio of the spectra to a certain extent.

2.4.2. Modeling Method

Partial least squares (PLS) is a most widely-used regression modeling method in spectral data
analysis for its flexibility and reliability in dealing with the redundant spectral data [25]. When PLS is
applied to dealing with the spectral data, the spectral matrix is decomposed first and the main principal
component variables are obtained, then the contribution rate of each principal component is calculated.
The flexibility of PLS makes it possible to establish a regression model in the case where the number of
samples is less than the number of variables. In this study, the PLS model was established with the
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spectral data as X and the measured moisture content of thiabendazole pesticides as Y, whose best
principal factor was determined by root mean square error of cross validation (RMSECV)

2.4.3. Model Evaluation Index

In this experiment, the modeling effect is evaluated by the coefficient of determination (R2),
the root mean square error (RMSE), relative standard deviation (RSD) and recovery rate (RT).
The coefficient of determination R2 reflects the level of intimacy between variables, root mean square
error RMSE reflects the accuracy of the model, RSD reflects the degree of discretization between
individuals in the reflection group and recovery rate reflects the degree of coincidence between the
results of the reaction and the true value. The closer the R2 to 1 and recovery rate ranges 80–120%,
the lower the RMSE and RSD, the better the performance of the prediction model. In this paper, R2

c
and R2

p represent the coefficients of determination of calibration set and prediction set respectively,
RMSEc and RMSEp represent the root mean square error of the calibration set and prediction set,
respectively [26,27].

2.4.4. Density Functional Theory

Density Functional Theory (DFT), as a tool for calculating molecular energy and analyzing
properties, has been widely used in the field of physics and chemistry. It provides the computational
strategies for obtaining information about the energetics, structure, and properties of atoms and
molecules [28,29]. Based on the idea that the electron density is the fundamental quantity for describing
atomic and molecular ground states, Parr et al. [30] gave sharp definitions for chemical concepts in
various branches of chemistry. Besides, the performance of Becke three-parameter Lee–Yang–Parr
functional (B3LYP) functional in combination with various basis sets has been extensively tested for
molecular geometries, vibrational frequencies, ionization energies and electron affinities, dipole and
quadrupole moments, atomic charges, infrared intensities and magnetic properties [31]. Among the
various of functions and basis sets in DFT, the hybrid functional B3LYP with the 6-31G (d,p) basis set
has been commonly used in the Raman spectroscopic calculation of biological molecules [32,33].
In this paper, B3LYP/6-31G (d,p) was used for the theoretical simulation and calculation of
thiabendazole molecules.

3. Results and Discussion

3.1. Thiabendazole SERS

Thiabendazole (molecular formula: C10H7N3S), consisted of benzimidazole and thiazole rings, is
mainly composed of C–N, C=N, C=C, C–C, C–H, C–S and N–H groups. The molecular structure of
thiabendazole is shown in Figure 1a. Figure 1b is the RS of solid thiabendazole and Figure 1c is the
thiabendazole RS simulated by DFT, where the abscissa is the wavenumber and the ordinate is the
SERS intensity.
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Figure 1. The molecular structure of thiabendazole and its positions of functional groups vibration.
(a) The molecular structure of thiabendazole; (b) Raman Spectroscopy (RS) of thiabendazole solid;
(c) the thiabendazole RS simulated by density functional theory (DFT).

According to Figure 1b,c, except for 748, 957, 1139, 1215 and 1641 cm−1, the solid thiabendazole
Raman peaks were basically in line with those calculated by DFT, which indicated that the position of
Raman peaks detected by SRES were feasible and reliable. Table 1 presents the proposed assignments
of Raman peaks of thiabendazole. Among the thiabendazole solid Raman peaks, 615 cm−1 was the
synergistic effects of C–C–C and S–C–N inner surface bending and deformable vibration. 778 cm−1

belonged to the surface bending vibration of C–H group. 985 cm−1 was the C–S stretching vibration.
1010, 1118, 1154 and 1303 cm−1 belonged to the bending vibration of C–H group surface. 1255 cm−1

was the ring vibration and 1277 cm−1 was the synergistic effects of ring vibration and C–H group
surface vibration. 1403 cm−1 belonged to the stretching vibration of C=C bands. 1436, 1577, 1591 and
1623 cm−1 were the C=N stretching vibration and 1492 cm−1 was the synergistic effects of C=C stretching
vibration and N–H inner surface bending vibration. It was concluded that these peaks could be used as
thiabendazole solid Raman peaks, where the solid thiabendazole Raman peaks vibrated strongly at 778,
1010, 1277, 1456 and 1577 cm−1. The similar results could be found on the Lin’s research [11].

Table 1. The proposed assignment of Raman bands of thiabendazole.

Calculation (cm−1) Solid (cm−1) SERS-Ag (cm−1) SERS-Au (cm−1) Assignments

606 (w) 615 (w) 626 (w) 626 (w) δ(C–C–C)ip δ(S–C–N)ip
748 (m) 778 (m) 782 (vs) 783 (m) δ(C–H)oop
957 (w) 985 (w) 988 (m) - υ(C–S)

1000 (m) 1010 (m) 1007 (vs) 1007 (s) δ(C–H)ip
1139 (w) 1118 (w) 1116 (w) 1116 (w) δ(C–H)ip
1158 (m) 1154 (w) 1147 (m) 1147 (w) δ(C–H)ip
1215 (w) 1255 (m) 1239 (w) - υ ring
1270 (s) 1277 (s) 1279 (m) 1270 (m) υ ring + δ(C–H)ip
1313 (w) 1303 (w) 1322 (m) 1326 (m) δ(C–H)ip
1401 (w) 1403 (w) 1404 (m) 1406 (m) υ(C=C)
1445 (s) 1456 (s) 1433 (w) 1462 (m) υ(C=N)
1498 (w) 1492 (w) 1492 (w) 1493 (w) υ(C=C) + δ(N–H)ip
1579 (vs) 1577 (vs) 1576 (s) 1586 (s) υ(C=N)
1599 (s) 1591 (s) - - υ(C=N)
1641 (w) 1623 (w) 1621 (w) 1626 (w) υ(C=N)

Note: vs = very strong; s = strong; m = medium; w = weak; υ = stretching; opp = outer surface bending; ip = Inner
surface bending; δ = deformable vibration.
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3.2. The Comparation of Silver Nano-Substrate and Gold Nano-Substrate

To investigate and find the optimal Nano enhancer, the enhancement effects of silver
Nano-substrate and gold s Nano-substrate were compared and analyzed. The structure and diameter
of silver nanoparticles and gold nanoparticles were characterized by Transmission Electron Microscopy
(TEM) in Figure 2 respectively.

Figure 2. The structure and diameter of silver and gold nanoparticles: (a) Silver nanoparticle;
(b) gold nanoparticle.

Furthermore, the RS of silver substrate and gold substrate were analyzed to investigate whether
the Nano enhancers had obvious Raman characteristic peaks. As can be seen from Figure 3,
the diameter of silver nanoparticle was about 40 nm and that of gold nanoparticle was 60 nm, and the
size of the two nanoparticles was uniform. Besides, there were almost no obvious Raman characteristic
peaks in sliver Nano-substrate. Although there were few Raman characteristic peaks (1004, 1234, 1368
and 1640 cm−1) in gold Nano-substrate, the intensity strength was weak, which indicated that the two
Nano enhancers could be used as the enhancement substrates in SERS.

Figure 3. The RS of silver and gold substrate: (a) Silver Nano-substrate; (b) gold Nano-substrate.

3.3. The Enhancement of Silver Nano-Substrate and Gold Nano-Substrate

The SERS of the thiabendazole standard solution (100 mg/L) with silver (Figure 4a) and gold
Nano-substrate (Figure 4b) were compared and analyzed to determine which one performed better as
Nano enhancer.
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Figure 4. The Surface Enhanced Raman Spectroscopy (SERS) of the thiabendazole standard solution
(100 mg/L) with silver and gold nanoparticle: (a) Silver; (b) gold; (c) acetonitrile.

Given that the strong fluorescence interference produced by chlorophyll, protein, cellulose and
other fluorescent substances in rape, the Fe3O4 nanoparticles (100 nm) with the advantage of low
cost was added into the thiabendazole standard solution before the detection [16]. According to
Figure 4, the enhancement effect of silver Nano-substrate on thiabendazole molecule was significantly
higher at 782, 1007 and 1576 cm−1 than that of the gold Nano-substrate, which indicated that the
enhanced performance of silver Nano-substrate thiabendazole molecules was better than that of gold
Nano-substrate. On the one hand, the reason might be that the ultraviolet characteristic absorption
peaks of thiabendazole and silver nanoparticles were more similar. Thus, the surface plasmon resonance
of silver Nano-substrate can be stimulated more easily, resulting in the higher detection sensitivity [11]
On the other hand, the mixture of Ag NPs with NaCl solution tends to form AgCl precipitates which
affect the SERS drastically [34]. Beyond that, other Raman characteristic peaks are shown in Table 2.
Except for those Raman peaks (918, 1374 and 1440 cm−1) which belonged to acetonitrile (Figure 4c),
the thiabendazole solution characteristic peaks positions of SERS combined silver Nano-substrate and
gold Nano-substrate were basically coincident with that of solid thiabendazole RS. Therefore, the silver
Nano-substrate was selected to enhance the substrate in the following study.

Table 2. The results of pre-processing method for calibration and prediction model.

Pre-Processing Method Principal Components
Calibration Prediction

R2
c RMSEC (mg/L) R2

p RMSEP (mg/L)

Original 5 0.86 2.86 0.90 4.77
MSC 5 0.92 3.21 0.72 3.48
SNV 5 0.90 2.99 0.72 3.51

Normalization 5 0.86 4.32 0.79 3.44
1st-Der 5 0.96 2.65 0.94 3.17

3.4. Determination of Detection Line

In order to further determine the detection line of thiabendazole pesticides in rape, six different
concentrations thiabendazole pesticides (10, 5, 1, 0.5, 0.1, 0.05 mg/L) were prepared and the
corresponding SERS are shown in Figure 5.
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Figure 5. The SERS of thiabendazole pesticide solution in rape: (a) 10 mg/L; (b) 5 mg/L; (c) 1 mg/L;
(d) 0.5 mg/L; (e) 0.1 mg/L; (f) 0.05 mg/L.

According to Figure 5, the SERS absorbance intensity decreased gradually with the decrease
of thiabendazole pesticides concentration at the characteristic peaks of 782, 1007 and 1576 cm−1.
When the concentration was 0.05 mg/L, the characteristic peaks signal was weak and only 1007 and
1576 cm−1 could be identified. Meanwhile, when thiabendazole pesticide was at 0.1 mg/L, the three
characteristic peak signals were clearly visible. Thus, it was concluded that the detection limit of
thiabendazole pesticides in rape was 0.1 mg/L using SERS and the detection limit was lower than the
maximal pesticide residue of food (1 mg/L) in China, which indicated that the stoichiometric method
could be used to quantitatively analyze the thiabendazole pesticide in rape.

3.5. The Analysis of SERS of Thiabendazole Pesticide in Rape

In this paper, four pretreatment methods were used to preprocess the original spectra and PLS
was used for establishing the prediction model of thiabendazole pesticides in rape. The SERS of 101
samples are shown in Figure 6 and the modeling performance of different preprocessing methods are
presented in Table 2. The sample set portioning based on joint x-y distance (SPXY) method [35] was
used to divide the samples into two groups, among which 70 samples were calibrated and 31 samples
were validated.

Figure 6. SERS spectra of different concentrations of thiabendazole pesticides in rape.
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It could be known from Table 2 that the prediction accuracy of thiabendazole pesticides in rape
was the best (R2

c = 0.96, RMSEc = 2.65 mg/L; R2
p = 0.94, RMSEp = 3.17 mg/L) when the SERS were

processed with 1st-Der (Figure 7) and the corresponding principal components was 5. The reason
might be that the 1st-Der distinguished the overlapping peaks and eliminate interference from other
backgrounds, which improved the spectral resolution and separated the main characteristic peaks (782,
1007 and 1576 cm−1) for quantitative analysis [24]. The scatter plot between the predicted values and
the measured values of the correction set and the prediction set sample after the 1st-Der are shown
in Figure 8.

Figure 7. The pretreated spectra after the 1st-Der.

Figure 8. Scatter diagram of calibration set and prediction set by 1st-Der: (a) Calibration set;
(b) prediction set.

Figure 9 presents the regression equation between characteristic peaks (782, 1007 and 1576 cm−1)
and SERS intensity, where the abscissa is the SERS intensity and the ordinate is the thiabendazole
pesticides concentration in rape.
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Figure 9. Regression equation of different characteristic band and SERS peak intensity. (a) Regression
equation at 782 cm−1; (b) Regression equation at 1007 cm−1; (c) Regression equation at 1576 cm−1.

Among them, the coefficient of determination (R2 = 0.91) at 782 cm−1 was the highest and the
regression equation was y = 0.0011x − 14.21. However, the coefficient of determination (R2) achieved
0.85 and 0.74 at 1007 and 1576 cm−1 respectively, which indicated that the thiabendazole pesticide
concentration can be detected more accurately by SERS at 782 cm−1.

3.6. Model Accuracy Verification

3.6.1. The Prediction Relative Standard Deviation and Recovery Rate

To verify the accuracy of the method, five rape samples with unknown thiabendazole pesticides
concentration were pretreated using model and the true values of the five samples were detected by
UHPLC. Table 3 presents the results between the real value and predicted value of thiabendazole
pesticides in rape.

Table 3. The results between the real values and predicted values of thiabendazole pesticides in rape.

Sample Measured Value (mg/L) Predicted Value (mg/L) RSD (%) Recovery (%)

1 1.432 1.703 9.85 118.92
2 6.234 5.904 0.70 94.71
3 10.231 9.987 3.22 97.62
4 20.431 21.233 1.15 103.93
5 33.156 34.187 7.96 103.11

According to Table 3, the relative standard deviation between the true value and the predicted
value ranged from 0.70% to 9.85% and the recovery was ranging from 94.71% to 118.92%. The results
suggested that the predicted value was basically same as the measured value of UHPLC method,
which indicated that the rapid detection of thiabendazole pesticide in rape by SERS was feasible.
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3.6.2. The t Test

Table 4 shows the results of the t test between the true values and the predicted values of the five
unknown thiabendazole pesticide in rape. Among them, t value was −1.489 and its absolute value
df = 3 was lower than t0.05, 3 = 3.182, which suggested that there was no significant difference between
the true value and the predicted value. It was indicated that the rapid detection of thiabendazole
pesticide residues in rape by SERS was reliable.

Table 4. The t-test result between reference values and prediction values.

Paired t Test Mean Standard Deviation t Value df Sig. (Two-Sided)

Measured value-predicted value 0.3726 0.5243 −1.489 3 0.978

4. Conclusions

In this paper, SERS technology was initially applied to detect thiabendazole pesticides in rape.
The conclusions were as follows: (1) Thiabendazole pesticides in rape could be detected using SERS
based on sliver Non-substrate and three Raman peaks (782, 1007 and 1576 cm−1) were selected as
the characteristic peaks of thiabendazole pesticides in rape. The detection concentration could reach
0.1 mg/L. Among them, the thiabendazole pesticides prediction accuracy at 782 cm−1 was the highest
(R 2= 0.91) and the regression equation was y = 0.0011x − 14. (2) The prediction results (R2

p = 0.94,
RMSEP = 3.17 mg/L) was the best combined with 1st-Der preprocessing and PLS modeling. (3) Five
rape samples with unknown thiabendazole pesticides concentration were pretreated to verify the
accuracy of the method. It was indicated that the rapid detection of thiabendazole pesticides in rape
by SERS was feasible and reliable. In conclusion, the rapid and accurate detection of thiabendazole
pesticides in rape can be realized by SERS, which was conductive to provide a rapid and accurate
scheme for the detection of pesticide residues.

Acknowledgments: This work is supported in part by National keypoint research and invention program of the
thirteenth (2016YFD0700304) and Natural Science Foundations of China (Grant No. 61405175).

Author Contributions: This work presented here was carried out collaborations among all authors. Lei lin
and Tao Dong conceived the idea. Yong He, Pengcheng Nie, Shupei Xiao, Fangfang Qu worked together on
associated data and carried out the experimental work. Lei lin and Tao Dong drafted the manuscript. Yong He,
Pengcheng Nie provided their experience and co-wrote the paper with Lei lin and Tao Dong. All authors
contributed, reviewed and improved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rodríguez, R.; Picó, Y.; Font, G.; Mañes, J. Analysis of thiabendazole and procymidone in fruits and
vegetables by capillary electrophoresis-electrospray mass spectrometry. J. Chromatogr. 2002, 949, 359–366.
[CrossRef]

2. Rong, T.; Yang, R.; Tsao, R.; Yang, R.; Young, J.C.; Zhu, H. Polyphenolic profiles in eight apple cultivars using
high-performance liquid chromatography (HPLC). J. Agric. Food Chem. 2003, 51, 6347–6353.

3. Yi, L. A highly sensitive fluorescence probe for fast thiol-quantification assay of glutathione reductase.
Angew. Chem. 2009, 48, 4034–4037. [CrossRef] [PubMed]

4. Hugli, T.E.; Moore, S. Determination of the tryptophan content of proteins by ion exchange chromatography
of alkaline hydrolysates. J. Biol. Chem. 1972, 247, 2828. [PubMed]

5. Kasicka, V. Recent developments in capillary electrophoresis and capillary electrochromatography of
peptides. Electrophoresis 2006, 27, 142–175. [CrossRef] [PubMed]

6. Šmídová, Z.; Blažková, M.; Fukal, L.; Rauch, P. Pesticides in food-immunochromatographic detection of
thiabendazole and methiocarb. Czech J. Food Sci. 2009, 27, S414–S416. [CrossRef]

7. Chen, Y.; Cong, P.; Nie, J. Determination of residues of carbendazim and thiabendazole pesticides in fruits
by dispersive solid-phase extraction (dispersive SPE) and HPLC. J. Fruit Sci. 2008, 25, 769–773.

http://dx.doi.org/10.1016/S0021-9673(01)01395-4
http://dx.doi.org/10.1002/anie.200805693
http://www.ncbi.nlm.nih.gov/pubmed/19388016
http://www.ncbi.nlm.nih.gov/pubmed/4554361
http://dx.doi.org/10.1002/elps.200500527
http://www.ncbi.nlm.nih.gov/pubmed/16307429
http://dx.doi.org/10.17221/1100-CJFS


Sensors 2018, 18, 1082 13 of 14

8. Önal, A. A review: Current analytical methods for the determination of biogenic amines in foods. Food Chem.
2007, 103, 1475–1486. [CrossRef]

9. Ru, E.C.L.; Etchegoin, P.G.; Meyer, M. Enhancement factor distribution around a single surface-enhanced
Raman scattering hot spot and its relation to single molecule detection. J. Chem. Phys. 2006, 125, 1102.

10. Doering, W.E.; Nie, S. Single-molecule and single-nanoparticle SERS: Examining the roles of surface active
sites and chemical enhancement. J. Phys. Chem. B 2002, 106, 311–317. [CrossRef]

11. Lin, L.; Wu, R.; Liu, M.; Wang, X.; Yan, L. Surface-enhanced raman spectroscopy analysis of thiabendazole
pesticide. Spectrosc. Spectr. Anal. 2015, 35, 404–408.

12. Luo, H.; Huang, Y.; Lai, K.; Rasco, B.A.; Fan, Y. Surface-enhanced raman spectroscopy coupled with gold
nanoparticles for rapid detection of phosmet and thiabendazole residues in apples. Food Control 2016, 68,
229–235. [CrossRef]

13. Feng, J.; Hu, Y.; Grant, E.; Lu, X. Determination of thiabendazole in orange juice using an MISPE-SERS
chemosensor. Food Chem. 2018, 239, 816–822. [CrossRef] [PubMed]

14. He, L.; Chen, T.; Labuza, T.P. Recovery and quantitative detection of thiabendazole on apples using
a surface swab capture method followed by surface-enhanced raman spectroscopy. Food Chem. 2014,
148, 42. [CrossRef] [PubMed]

15. Ko, H.; Singamaneni, S.; Tsukruk, V.V. Nanostructured surfaces and assemblies as SERS media. Small 2008, 4,
1576–1599. [CrossRef] [PubMed]

16. Chen, P.; Song, H.; Zhou, L.; Chen, J.; Liu, J.; Yao, S. Magnetic solid-phase extraction based on ferroferric oxide
nanoparticles doubly coated with chitosan and β-cyclodextrin in layer-by-layer mode for the separation of
ibuprofen. RSC Adv. 2016, 6, 56240–56248. [CrossRef]

17. Ding, L.; Fang, Y. An investigation of the surface-enhanced raman scattering (SERS) effect from laser
irradiation of ag nanoparticles prepared by trisodium citrate reduction method. Appl. Surf. Sci. 2007, 253,
4450–4455. [CrossRef]

18. Su, Q.; Ma, X.; Dong, J.; Jiang, C.; Qian, W. A reproducible SERS substrate based on electrostatically assisted
aptes-functionalized surface-assembly of gold nanostars. ACS Appl. Mater. Interfaces 2011, 3, 1873. [CrossRef]
[PubMed]

19. Wang, J.; Chow, W.; Leung, D. Applications of LC/ESI-MS/MS and UHPLC QqTOF MS for the determination
of 148 pesticides in fruits and vegetables. Anal. Bioanal. Chem. 2010, 396, 1513–1538. [CrossRef] [PubMed]

20. Kneipp, J.; Kneipp, H.; Kneipp, K. SERS—A single-molecule and nanoscale tool for bioanalytics.
Chem. Soc. Rev. 2008, 37, 1052–1060. [CrossRef] [PubMed]

21. Fearn, T.; Riccioli, C.; Garrido-Varo, A.; Guerrero-Ginel, J.E. On the geometry of SNV and MSC. Chemom. Intell.
Lab. Syst. 2009, 96, 22–26. [CrossRef]

22. Bolstad, B.M.; Irizarry, R.A.; Astrand, M.; Speed, T.P. A comparison of normalization methods for high
density oligonucleotide array data based on variance and bias. Bioinformatics 2003, 19, 185. [CrossRef]
[PubMed]

23. Isaksson, T.; Næs, T. The effect of multiplicative scatter correction (MSC) and linearity improvement in NIR
spectroscopy. Appl. Spectrosc. 1988, 42, 1273–1284. [CrossRef]

24. Nie, P.; Tao, D.; Yong, H.; Qu, F. Detection of soil nitrogen using near infrared sensors based on soil
pretreatment and algorithms. Sensors 2017, 17, 1102. [CrossRef] [PubMed]

25. Li, J.H.; Zhang, W.J.; Cai, G.M.; Qin, Y.; Yang, Y.H.; Zhao, L.L.; Chang, Z.Q.; Zhao, L.L.; Zhang, L.D. The local
effect of partial least squares regression modeling parameters on near infrared detection results of. J. Spectrosc.
Spectr. Anal. 2007, 02, 262–264.

26. Tal, R.; Alphs, H.H.; Krebs, P.; Nelson, C.J.; Mulhall, J.P. Erectile function recovery rate after radical
prostatectomy: A meta-analysis. J. Sex. Med. 2009, 6, 2538–2546. [CrossRef] [PubMed]

27. Kawamura, K.; Tsujimoto, Y.; Rabenarivo, M.; Asai, H.; Andriamananjara, A.; Rakotoson, T. Vis-NIR
spectroscopy and PLS regression with waveband selection for estimating the total C and N of paddy soils in
Madagascar. Remote Sens. 2017, 9, 1081. [CrossRef]

28. Blanchard, P.; Brüning, E. Mathematical Methods in Physics; Birkhäuser: Basel, Switzerland, 2015.
29. Chermette, H. Chemical reactivity indexes in density functional theory. J. Comput. Chem. 2015, 20, 129–154.

[CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2006.08.028
http://dx.doi.org/10.1021/jp011730b
http://dx.doi.org/10.1016/j.foodcont.2016.04.003
http://dx.doi.org/10.1016/j.foodchem.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28873639
http://dx.doi.org/10.1016/j.foodchem.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24262524
http://dx.doi.org/10.1002/smll.200800337
http://www.ncbi.nlm.nih.gov/pubmed/18844309
http://dx.doi.org/10.1039/C6RA08000F
http://dx.doi.org/10.1016/j.apsusc.2006.09.069
http://dx.doi.org/10.1021/am200057f
http://www.ncbi.nlm.nih.gov/pubmed/21528839
http://dx.doi.org/10.1007/s00216-009-3331-6
http://www.ncbi.nlm.nih.gov/pubmed/20063156
http://dx.doi.org/10.1039/b708459p
http://www.ncbi.nlm.nih.gov/pubmed/18443689
http://dx.doi.org/10.1016/j.chemolab.2008.11.006
http://dx.doi.org/10.1093/bioinformatics/19.2.185
http://www.ncbi.nlm.nih.gov/pubmed/12538238
http://dx.doi.org/10.1366/0003702884429869
http://dx.doi.org/10.3390/s17051102
http://www.ncbi.nlm.nih.gov/pubmed/28492480
http://dx.doi.org/10.1111/j.1743-6109.2009.01351.x
http://www.ncbi.nlm.nih.gov/pubmed/19515209
http://dx.doi.org/10.3390/rs9101081
http://dx.doi.org/10.1002/(SICI)1096-987X(19990115)20:1&lt;129::AID-JCC13&gt;3.0.CO;2-A


Sensors 2018, 18, 1082 14 of 14

30. Cao, Y.; Hughes, T.; Giesen, D.; Halls, M.D.; Goldberg, A.; Vadicherla, T.R.; Sastry, M.; Patel, B.; Sherman, W.;
Weisman, A.L.; et al. Highly efficient implementation of pseudospectral time-dependent density-functional
theory for the calculation of excitation energies of large molecules. J. Comput. Chem. 2016, 37, 1425–1441.
[CrossRef] [PubMed]

31. Ipatov, A.; Cordova, F.; Doriol, L.J.; Casida, M.E. Excited-state spin-contamination in time-dependent
density-functional theory for molecules with open-shell ground states. J. Mol. Struct. Theochem. 2009, 914,
60–73. [CrossRef]

32. Pellizzeri, S.; Delaney, S.P.; Korter, T.M.; Zubieta, J. Using solid-state density functional theory and terahertz
spectroscopy to spectroscopically distinguish the various hydrohalide salts of 5-(4-pyridyl) tetrazole.
J. Mol. Struct. 2013, 1050, 27–34. [CrossRef]

33. Ruggiero, M.T.; Sibik, J.; Erba, A.; Zeitler, J.A.; Korter, T.M. Quantification of cation-anion interactions in
crystalline monopotassium and monosodium glutamate salts. Phys. Chem. Chem. Phys. 2017, 19, 28647–28652.
[CrossRef] [PubMed]

34. Xiao, L.; Jun, Z.; Wei, X.; Hui, J.; Xu, W.; Bai, Y.; Bing, Z.; Bo, L.; Yukihiro, O. Mercaptoacetic acid-capped
silver nanoparticles colloid: Formation, morphology, and SERS activity. Langmuir 2003, 19, 4285–4290.

35. Lindberg, W.; Persson, J.A.; Wold, S. Partial least-squares method for spectrofluorimetric analysis of mixtures
of humic acid and lignin sulfonate. Anal. Chem. 1983, 55, 643–648. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jcc.24350
http://www.ncbi.nlm.nih.gov/pubmed/27013141
http://dx.doi.org/10.1016/j.theochem.2009.07.036
http://dx.doi.org/10.1016/j.molstruc.2013.07.017
http://dx.doi.org/10.1039/C7CP05544G
http://www.ncbi.nlm.nih.gov/pubmed/29043315
http://dx.doi.org/10.1021/ac00255a014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Instruments and Reagents 
	Experimental Methods 
	Sample Preparation 
	Silver Nano-Substrate and Gold Nano-Substrate Preparation 
	Thiabendazole Pesticides in Rape Detection 

	Raman Spectrum Acquisition 
	Data Analysis 
	Spectral Preprocessing Methods 
	Modeling Method 
	Model Evaluation Index 
	Density Functional Theory 


	Results and Discussion 
	Thiabendazole SERS 
	The Comparation of Silver Nano-Substrate and Gold Nano-Substrate 
	The Enhancement of Silver Nano-Substrate and Gold Nano-Substrate 
	Determination of Detection Line 
	The Analysis of SERS of Thiabendazole Pesticide in Rape 
	Model Accuracy Verification 
	The Prediction Relative Standard Deviation and Recovery Rate 
	The t Test 


	Conclusions 
	References

