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Abstract In this study, surface-enhanced Raman spectroscopy (SERS) combined with two-dimensional correlation
spectroscopy is used to develop a quantitative analysis model for rapidly detecting chlorpyrifos pesticide residues in
tea. First, using gold colloid as the enhanced substrate, the spectral data of chlorpyrifos residues in tea samples
with different concentrations are collected via SERS. Then, the original Raman spectra are pretreated using standard
normal variate transformation (SNV). The chlorpyrifos concentration is considered as the disturbance and the
characteristic peaks of chlorpyrifos are screened out via two-dimensional correlation synchronous spectrum and

autocorrelation spectrum analysis. Parameters of the support vector machine (SVM) algorithm are optimized using
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the gray wolf algorithm (GWOQ), and the optimized SVM model is used for analyzing the chlorpyrifos residues in

tea. The performance of optimized SVM model is compared to that of the model based on partial least squares
(PLS). Results show that 14 chlorpyrifos characteristic peaks are screened using the two-dimensional correlation

spectroscopy and the determination coefficient (R%) of the proposed SVM model in the prediction set is 0. 98, the
Key words

root mean square error of prediction (RMSEP) is 1.32, and the relative prediction deviation (RPD) is 6.32. These
values indicate that the developed model can be used for the actual estimation of chlorpyrifos pesticide residues in tea

and performs better than the SVM model based on the 1096-cm' feature peak and PLS model. Thus, two-
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dimensional correlation spectroscopy is suitable for screening characteristic peaks related to chlorpyrifos

concentrations in tea. This finding leads to a new idea for optimizing the characteristic variables in Raman
[=}

spectroscopy. Results also show that SERS combined with two-dimensional correlation spectroscopy can rapidly and
the development of rapid detection devices for analyzing pesticide residues in tea.

detection; tea; chlorpyrifos

OCIS codes

300.6450; 170.5660; 330.6180; 330.1880

accurately detect chlorpyrifos pesticide residues in tea. The proposed method will provide methodological support for
spectroscopy; surface-enhanced Raman spectroscopy; two-dimensional correlation spectroscopy; fast
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Fig. 1 Comparison of Raman spectra of Chlorpyrifos.
(a) SERS of 10-mg/L chlorpyrifos standard
solution; (b) theoretical Raman spectrum of

chlorpyrifos
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Table 2 Theoretical and experimental SERS

spectra of chlorpyrifos

Theoretical Experimental )
. Assignment

wavenumber /em ™! wavenumber /cm ™

434 450 v(Cl—H)
524 524 v(P—0O)
570 560 v(P=S8)+v(C—CL)
604 - Vi reathe
674 668 Viing
752 760 v(P—O0—C)
814 824 v(P—O0—C)
846 846 v(C—CD
936 936 v(P—O0—C)
- 972 v(P—0O0—0O)
1080 1096 3(C-H)ip
- 1164 Viing
- 1268 Viing
1322 1322 Viing
1352 1352 v(C-N)
1416 1420 O(C-H)ip
- 1494 Viing
1538 1538 v(C-N)
1568 1566 v(iC=0C)
1610 - v(C=0)

Abbreviations: v-stretching; d-deformation; ip-in plane bending
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Fig. 2 Raman spectra of tea samples. (a) Original spectra; (b) spectra after SNV pre-treatment
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Fig. 3 Two-dimensional correlation spectra of chlorpyrifos residues in tea samples at different bands.

(a) Synchronization spectra; (b) autocorrelation spectra
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a: 10 mg - L ! chlorpyrifos standard solution

b: chlorpyrifos solution with mass fraction of 8.63 X 10-¢
based on tea extraction

c: acetonitrile

d: negative matrix of tea extraction
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Fig. 4 Characteristic peaks of chlorpyrifos pesticide
residues in tea
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Fig. 7 Scatter plots of predicted and measured values of model. (a) Calibration set; (b) prediction set

3 ON[EBEEL M RE
Table 3 Performance of different models
Variable selected Calibration Prediction

Model Variables PCs
method R? RMSEC R? RESEP RPD
1096 cm ™! 1 1 0.54 7.28 0.61 5.40 1.54
PLS Full 701 8 0.97 1.76 0.94 1.91 4.19
2DCOS 15 4 0.96 2.06 0.96 1.62 5.13
1096 cm ™! 1 1 0.57 7.30 0.66 4.80 1.73
SVM Full 701 15 0.97 1.94 0.94 2.23 3.58
2DCOS 15 6 0.98 1.44 0.98 1.32 6.32
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Mg {5 S AR 52 i) o DT 7 Ak 1 A5 7Y, 4 e A AR 17 Tl
e S, g s, fr d SVM A5 A Y vk e Z A T
PLS AL, 3 W] 28 - rp 52 JE MR 2 035 AR 315 e 04
5 R AR 25 (v B Z [l i) TR MG R
3.5 HEEEmMEMATEEITEN

Shy 6 TIEASE Y () B L X 5 A R i 2k b 2R AT

LS AE AR AT AR, T [ g o5 R X 35 25, 435 2R D
F o4, MR AAL S AL R AR A O B R TE
97.14 % ~106.15 % Z [a] , HAEAS F0 A 5 B S {E 1Y
AR5 25 48 XHE AE 1,56 % ~6.15 % 22 [ , 13t B A&
TR TIUINAE 55 30 S S AR — 3, 2 W BT A RS AU R 5
G I 25 it e A WL 2 5R B R VT AT I . XX 5 A
AR A I AE S S A X R, e =
0.96, 2 X H /N T 20050 = 2.776 (9506 I8 3 Pk K
S U AR T S B S 2 ) T W 2 L R
HH JUT A TR 7 FH 4% I v B A A 24 8 B T S B A

W PR i R A 2 b 3R Ak B A 3 Y S S

I 25 R e T A

4 R SVM BRI F 9 2% v R 58 SR 24 1Y 1500 (5 0 A

Table 4 Predicted and measured values of chlorpyrifos residue in tea based on SVM model

Sample True mass fraction /10°° Predicted mass fraction /107° Recovery /% Relative deviation /%
1 4.23 4.49 106.15 6.15
2 13.79 14.33 103.92 3.92
3 22.34 21.81 97.63 —2.37
4 34.53 33.99 98.44 —1.56
5 45.12 43.83 97.14 —2.86

0730001-8



i

4

i

FIH SERS £ ARG & 2 A 5O 1% vk PR s A6 )

ZemMrhEESE MR 2 5 B L L) RE ST VR B Dl AR L
11 AR SCIRI AL S 1 A A A S 1 2 B B e T
B A MR B AR AL A G Y 14 AR AE R e, op £ 2 1
(5 ANRFAE I e 15 5 50 20 BT 45 2R 58 e W & L T 93 Ak
5 AR 3% 6 15 52 6 o0 M 45 SRR A 25 S (ELAE 0 U
JE R W T RE AL 3 e, R AY 4 A 3 0 A 52

i

W v oA A L (ELU J8 2 B 4 2R K SOk (29 189

LR VLWIIX 4 A5 AT R T B JE IR A AR AR 3 e L
W] 2 AH SCOGTE T 1% RE o D S L 3 0L 4R
GG HEAS . TG A RR AR 1 1 S SVM AL
PLS BR, #5311 SVM AR R ME R BV R 4F T PLS LI
Jo BT B EAE 335 U T Al R A PR RE . SVML A A
RE ] T 2% I v B SR AR 2 5% B ) SE B DR 23T

[1]

(2]

[3]

[4]

[6]

& £ X W
Zhai C, Xu T F, Peng Y K, et al. Detection of
chlorpyrifos on spinach based on surface enhanced Raman
spectroscopy with silver colloids[J]. Spectroscopy
and Spectral Analysis, 2016, 36(9): 2835-2840.
R, R, 2R, S LT R R Y 0R h
SOLi XTSRS WAR 2 Y PRI ] i S
JGRESF BT, 2016, 36(9): 2835-2840.
Das S, Adhya T K. Degradation of chlorpyrifos in
soils[J].
Management, 2015, 152: 36-42.
Song N H, Xu H Z, Ji G X, et al. ldentification and

quantification of chlorpyrifos metabolites in urine

tropical rice Journal of Environmental

samples by ultra performance liquid chromatography-
triple quadrupole-linear ion trap mass spectrometry [J].
Chinese Journal of Analytical Chemistry, 2018,
46(5): 796-802.

RTE, RV, &5, . R RORAE €5 BRI
VU BB AT 52 Ak s - B BT % 2k [R) I 500 0 ) S R
TR LA [J]. AT fk, 2018, 46(5): 796-
802.

Martel A C, Mangoni P, Gastaldi-Thiéry C. Validation
of a multiresidue method for the determination of
pesticides in honeybees by gas chromatography[J].
International Journal of Environmental Analytical
Chemistry, 2018, 98(1): 31-44.

Covaciu F D, Magdas D A, Marincas O, et al.
Determination of pesticides in

carrots by gas

chromatography-mass spectrometry[J]. Analytical
Letters, 2017, 50(17): 2665-2676.

Stachniuk A, Fornal E. Liquid chromatography-mass

(8]

(9]

[10]

[11]

(12]

[13]

[14]

0730001-9

spectrometry in the analysis of pesticide residues in
food[J]. Food Analytical Methods, 2016, 9 (6):
1654-1665.

Muehlwald S, Buchner N, Kroh .. W. Investigating
the causes of low detectability of pesticides in fruits
and vegetables analysed by high-performance liquid
chromatography—time-of-flight[J] . Journal  of
Chromatography A, 2018, 1542: 37-49.

Luo H R, Huang Y Q, Lai K Q, et al. Surface-
enhanced Raman spectroscopy coupled with gold
nanoparticles for rapid detection of phosmet and
thiabendazole residues in apples[J]. Food Control,
2016, 68: 229-235.

Fang X Q, Peng Y K, Li Y Y, et al. Rapid and
quantitative detection method of sodium benzoate in
carbonated beverage based on surface-enhanced
Raman spectroscopy[J]. Acta Optica Sinica, 2017,
37(9): 0930001.

DA, wER, BOKE, 5F. AT RN 2O
T PR EL A e A T B R AR R R T R B iy O ik D] O
254, 2017, 37(9): 0930001.

Chen Y, Zhang K G, Hu Y L, et al. Rapid detection
of carbaryl in coconut juice by diazotization-coupling
reaction combined with surface-enhanced Raman
spectroscopy[J]. Journal of Instrumental Analysis,
2014, 33(4): 432-436.

PRIk, skEld, MIER, % EAMGRTIEERN S
DG PR T 43 A BB O o UG A B LT 40 A 0 A i
2014, 33(4): 432-436.

Xie Y F, Mukamurezi G,

Establishment of

Sun Y Y, et al.
rapid detection method of
methamidophos in vegetables by surface enhanced
Raman spectroscopy[J]. European Food Research
and Technology, 2012, 234(6): 1091-1098.

Wang T, Dai L K, Ma W W. Quantitative analysis of
blended gasoline using Raman

octane number

spectroscopy with backward interval partial least
squares method[J]. Chinese Journal of Analytical
Chemistry, 2018, 46(4): 623-629.

T4, WL, SRR FU2OGEEE A G Al B i
AN FRE T R AR b B A ). i ik
2%, 2018, 46(4): 623-629.

Weng SZ, Li M, Chen C, et al. Fast and accurate
determination of organophosphate pesticides using
surface-enhanced Raman scattering and chemometrics
[J]. Analytical Methods, 2015, 7(6): 2563-2567.
Zhang Z Y, Sha M, Wang H Y. Laser perturbation
two-dimensional correlation Raman spectroscopy for
quality control of bovine colostrum products[J].
Journal of Raman Spectroscopy, 2017, 48(8): 1111-

1115.



ne
¥

i

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Zhang T G, Luo R M, Li Y L, et al. Determination
of myoglobin in
spectroscopy[J]. Food Science, 2018, 39(2): 210-
214.

KEN, BEE], RWE, & B TR 20N E
P EE AR LA AR AR LT] . A RR, 2018,
39(2): 210-214.

Chen D, Xu Y T, Li QF, et al. Detection of olive

oil adulteration based on multi-scale two-dimensional

chilled beef based on Raman

correlation Raman spectroscopy[J]. Nanotechnology
and Precision Engineering, 2016, 14(1): 60-65.
MRik, raiG, darig, . ST 2 RUE 440 CHE
SOCIERAI I B 2 A [T]. AR R SR % L
£, 2016, 14(1): 60-65.

Chen ] B, Wang Y, Rong L X, et al. Integrative
two-dimensional correlation spectroscopy (i2DCOS)
for the intuitive identification of adulterated herbal
materials[J]. Journal of Molecular Structure, 2018,
1163: 327-335.

Noda I. Advances in two-dimensional correlation
spectroscopy [J]. Vibrational Spectroscopy, 2004,
36(2): 143-165.

Frens G. Controlled nucleation for the regulation of
the particle size in monodisperse gold suspensions []].
Nature Physical Science, 1973, 241(105): 20-22.
Yang R J, Liu R, Xu K X. Detection of urea in milk
using two-dimensional correlation spectroscopy and
partial least square method [J]. Transactions of the
Chinese Society of Agricultural Engineering, 2012,
28(6): 259-263.

BATAS, X%, ARTTRK . Z4EAR OGS 45 & e /b —
Fe il s 4= Wrh B 22 R ER L], Rl TR 2% 4k,
2012, 28(6): 259-263.

Wang W X, Peng Y K, Fang X Q, et al. Characteristic
variables optimization for TVB-N in pork based on two-
dimensional correlation spectroscopy [J]. Spectroscopy
and Spectral Analysis, 2018, 38(7): 2094-2100.
EXFE, ER, B, . 4O MR
TVB-N FHE A f R A 5T ()] . 632 5 O06i% 40 47,
2018, 38(7): 2094-2100.

Jiang X Q, Ye Q, Lin Y, e al. Inverting study on
soil water content based on harmonic analysis and
hyperspectral remote sensing[J]. Acta Optica Sinica,

2017, 37(10): 1028001.
LHFE, ME), MR, A BT BT A O

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

0730001-10

B+ HEE oK RO [T, Sk, 2017,
37(10): 1028001.
Zhang Y J, Wang H M,

Identification of steel plate damage position based on

Fu X H, e al.

particle swarm support vector machine [J]. Chinese
Journal of Lasers, 2017, 44(10): 1006006.

TRME, o, MR, S TR TR SR B
BLAY B9 Ak 85 05 2 & R B0 000, o B ok, 2017,
44(10): 1006006.

Cheng LY, Mi G Y, LiS, et al. Quality diagnosis
of joints in laser brazing based on principal component
analysis-support vector machine model [J]. Chinese
Journal of Lasers, 2017, 44(3): 0302004.

BB, KEbE, B, & T F 55503k m
AL RS A O T KR Sk B 2 W [T EEOE,
2017, 44(3): 0302004.
Mirjalili S, Mirjalili S M,
optimizer[J].
2014, 69: 46-61.

Faris H, Aljarah I, Al-Betar M A, et al. Grey wolf

Lewis A. Grey wolf

Advances in Engineering Software,

optimizer: a review of recent variants and applications
[7]. 2018,
30(2): 413-435.

Xu S X, Zhao Y C, Wang M Y, et al. Comparison

Neural Computing and Applications,

of multivariate methods for estimating selected soil
properties from intact soil cores of paddy fields by
Vis-NIR spectroscopy [ J]. Geoderma, 2018, 310:
29-43.

Chen S, Guo P, Wan J C, et al. Rapid detecting
study of sodium saccharin additive in spirit with
SERS[J]. Spectroscopy and Spectral Analysis, 2017,
37(5): 1412-1417.

Ml , 3, TR, . FTE OB T R 2
B SOk P A I 5 L] O 5Ok o
#r, 2017, 37(5): 1412-1417.

Chetan S D, Inscore F, Sengupta A, et al. Rapid
extraction and detection of trace chlorpyrifos-methyl
in orange juice by surface-enhanced Raman spectroscopy
[J]. Sensing and Instrumentation for Food Quality
and Safety, 2010, 4(3/4): 101-107.

Li Y P, Fang T, Zhu S Q, er al. Detection of olive
oil adulteration with waste cooking oil via Raman
spectroscopy combined with iPLS and SiPLS[J].
Acta Part A:
Biomolecular Spectroscopy, 2018, 189: 37-43.

Spectrochimica Molecular  and



