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Figure 1. (a) Chemical formula of lidocaine. (b—f) Photographs and illustrations showing the procedure of lidocaine application on
mango peels and transfer of lidocaine residue onto the GO sensor. (b,¢) The mango peels were removed from the mango fruits and
diced into smaller pieces of 1 x 1 cm?; the mango peel pieces were then cleaned with soap and water. (d) A solution of lidocaine was
dropped on the cleaned mango skins. (e) The mango skins were left in a closed box to allow the solvent to evaporate and prevent dust
accumulation. (f) Dried lidocaine residue was transferred from the mango skin surface to the GO sensor surface by a press-transfer
technique, which involved placing the GO sensor in contact with the mango skin surface and applying a 1 kg weight on the back of
the GO sensor.
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Table 1. GCMS instrument parameters and oven temperature program used for measurement of lidocaine content on mango skins.

GCMS settings Parametric values

Instrumentation Agilent 7890A chromatograph equipped with a 7693 A auto-injector and a 5975C MSD mass detector
Column HP-5, (5% Phenyl)-methylpolysiloxane, non-polar
Injector temperature 280 °C

Injection volume 2 uL

Injection mode Split

Column flow rate 1 mL/min

Split ratio 10:1

Carrier gas Helium

Mass spectrometer mode Electron impact positive ionization (EI+)
Scanning mass range 50 to 550 m/z

Oven temperature program 50 °C for 1 min, then 5 °C/min ramp to 300 °C, hold at 300 °C for 5 min
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Figure 2. Schematic illustration of the THz-TDS setup for measurements in the attenuated total reflection (ATR) configuration. A
pulsed THz beam incident at the prism-sample interface undergoes total internal reflection and emits an evanescent wave that
interacts with the GO sensor surface. Energy absorbed by the adsorbed pesticide chemical on the GO sensor causes a change in the
amplitude and phase of the reflected THz pulse, which is used as a measure of the pesticide content on the GO sensor.
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B GO R ELEN), IR — SR s . 2 il W g 2 K GO 7 BUATE B GO T iE HY
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2, XK, S-GO MM GO HMRAE 21850 [ V7 WOk BRI AR BB 72035 ) A
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Figure 3. (a,b) Scanning electron microscopy images of S-GO after having been spin-coated onto a silicon substrate and dried on a
hot plate to be made into the GO sensor. Image (b) is a magnified image of the area bounded by the white rectangle in image (a).
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4a) B, STIETHIAA S 2R, S-GO WY mEE AL, C-O#r ik 42.7%, O-C =0 #7r ik 9.3%,
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&,
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Table 2. Summary of key data extracted from the XPS spectra of S-GO and commercial GO films on silicon.

Sample Peak areas (a.u.) Deg. of oxidation (%)
sp?/sp? C-C C-0 0-C=0
S-GO 25272 2244.1 488.5 52.0

Commercial GO 24714 2591.1 457.1 55.2
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Figure 4. XPS high-resolution C 1s spectra of (a) S-GO and (b) commercial GO films on silicon, fitted with three Gaussian.
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Figure 5. Raman spectra of (a) S-GO and (b) commercial GO films on silicon, fitted with four Lorentzian components that represent

the D, D", G and D’ peaks.
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Table 3. Summary of key data extracted from the Raman spectra of S-GO and commercial GO films on silicon.

Sample Peak positions (cm ™) In/Ic
D D’ G D"

S-GO 1349.9 1521.6 1587.1 1617.3 1.59

Commercial GO 1351.3 1527.7 1586.2 1615.7 1.55

3.2. MWt R ERMZ REZREE
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Figure 6. Relationship between the concentration of drop-cast lidocaine solution on mango skins and the peak intensity of lidocaine

measured by gas chromatography-mass spectrometry (GCMS), before and after press-transfer onto a GO sensor. Linear regression
was performed on both data sets to obtain a best-fit line for each data set that passes through the origin.
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Figure 7. (a) Variation of ATR intensity with lidocaine solution concentration for drop-cast lidocaine on the GO sensor. Two
different regimes were observed, one at low lidocaine concentrations (<350 mg/L) and one at high lidocaine concentrations (=350
mg/L). The inset shows a clearer view of the data points in the low-concentration regime (10-350 mg/L). (b) Schematic illustrations
showing the degree of saturation of the GO sensor surface by the lidocaine molecules at (1) low concentration, (2) intermediate
concentration, and (3) high concentration as observed in (a). (¢) Comparison of ATR intensities for lidocaine solutions drop-cast
directly onto the GO sensor versus lidocaine solutions drop-cast on mango skins then press-transferred onto the GO sensor for
concentrations up to 200 mg/L.

NTHFRMNTER B R IR R 2 R E 57, TATE TKEERE (10200 mg/L) , PR
F& THz-TDS FARTEF] 2 R KI5 T i R B . B TR R AR D868 R 2 R R ATR 55 5 504
o v A g (W 7e) o EIIEB IR Z -REFE ST ATR W50 5 G 4K TR 2 R 3.
EANEAFEAS NEAL, RRNEEIEBERZ G, Al R R SR E — SR 2 R R HE
X IEE GCMS TSR] TEsSL. 2RI, AILAOMELR], PASEHAL 2 A ATR 58 Z tHE S5 B 6
) GCMS M E R 2 KRR EVEB R (L8 68%) AR, XRS50 LUAKE T 2B A



BmEFRNF FE 15 L 28 (2023) 10/14

Z RPVEREN IR GO fREs B MR TR A 2 R Z HAE ATR {55326
ATR {55327 TS ARG TS, A2 AN R B R e AN R O 22 - DR R TR
oA, CLRGRER IR 22 R DRI B 2R8> TAE TR S 2R E GO R AEALAR B IRl e TE . RS 4N
b, EREAGREZRIAZ KRBT, AR LIS R ATR BERE M Z REKERLMmMAZ L, X
RYMEIRES AN dAh,  BMEX TR iR s R LA BARIKR LN 10 mg/L A 2 R EHR (GR
MR EHN 1 pg/em?®) , THz-TDS ATR {754 W] LAAGHIN B o & ) e S0 368 BRI 2 R (R 3 1191, X e84 R
KW, 4594 GO L&Y THz-TDS ATR SUAXS TR A 22 - PR BAT Uk, IR DU+
e REEUE RS I A AR 25002

4. 2

FATRIHE R T THZTDS 76 ATR BT, S5 A58 TR MR 1) GO AL, ] FIAE—Fhlkag
ST, TR Y FIEE 1 pgfem? R ZGICRTEIKRIE . RAVELR BN ERT GO, it
F R GO 2 R4 1 B SRR 1K A A 5 o i S B R R T 3B, (B A O RS R B e, [
R TR AR T R . GO HE R Rl GO ik 4 O Ve I B F ek P R T 4 100, T
T S AT GO Wi, SRS R AR AR, H AP GO MBE R B SR GO MM,
AR BRSO . KT AR RIS A0 . T BEIBUK AR 26 2P 50K 5L T, AR
FE R 2 R PR M AE P e IR T, BR3P TR J R R A TR I K 253 RS ) GO
L b, TABBER TR . BT GO MR A% BT 3 AL, THz-TDS /£ ATR Hist T
BRI GO AL R3S 1 1 JE e B HO R 2 B LA SR 5 FO S, RIS 16 B IR 0 2 4 RV 3
10 mg/L, ARITEHE EERIS FEETKELR | pgem? F, HAGSKIME]., i, GO (L
[T 4 W BRI - DR VAL FE (X <350 mg/L (T3S pgfom®) scl, XA
B, BT GO MR s L FERE FHA, SPRAMG. MBI ARY, GO M THz 1K
VS ZE M T DU TR R R 25 ) AR R, DABEAT AR 25 WS AN ). RORoRHiX Rl GO i
THz 1538 T 42 7T B LA 1 GO W R T B T 7 W & R AR R T RO TS B, DA
1136 A 2T A 2840 2 B U (TR TTHEAE)

&3 Tk

B, PUHRA LA, 7k, KA, B, RTHE IR, RTBRARRSE; B
B, EAvtH: HE, FUBAIROR, BREHE, MG RIERERE, MEhc. WRMmE, MEhT
AEAM; B, AR, WUHEE, MBS, SE3RIG k. PrA /R Cisof F T4
R RRRBAS o

ZAlF LN
{47 WA R MR
25 3 R

1. Aktar WM, Sengupta D, Chowdhury A. Impact of pesticides use in agriculture: Their benefits and hazards.
Interdisciplinary Toxicology 2009; 2(1): 1-12. doi: 10.2478/v10102-009-0001-7

2. Kayawe B. Widespread use of DDT for malaria control worries environmentalist. Available online:
https://www.un.org/africarenewal/magazine/january-2022/widespread-use-ddt-malaria-control-worries-
environmentalist (accessed on 14 February 2023).



B ih

i

SxhE 15 £ 28 (2023) 11/14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gonzalez-Curbelo MA, Varela-Martinez DA, Riafio-Herrera DA. Pesticide-residue analysis in soils by the
QuEChERS method: A review. Molecules 2022; 27(13): 4323. doi: 10.3390/molecules27134323

Hua Y, Zhang H. Qualitative and quantitative detection of pesticides with terahertz time-domain spectroscopy.
IEEE Transactions on Microwave Theory and Techniques 2010; 58(7): 2064—2070. doi:
10.1109/TMTT.2010.2050184

Xu W, Wang S, Li W, et al. Pesticide detection with covalent-organic-framework nanofilms at terahertz band.
Biosensors and Bioelectronics 2022;209: 114274. doi: 10.1016/j.bi0s.2022.114274

Peng Y, Shi C, Zhu Y, et al. Terahertz spectroscopy in biomedical field: A review on signal-to-noise ratio
improvement. PhotoniX 2020; 1: 12. doi: 10.1186/s43074-020-00011-z

Komatsu K, Iwamoto T, Ito H, Saitoh H. THz gas sensing using terahertz time-domain spectroscopy with ceramic
architecture. ACS Omega 2022; 7(35): 30768-30772. doi: 10.1021/acsomega.2c01635

Lee SH, Choe JH, Kim C, et al. Graphene assisted terahertz metamaterials for sensitive bio-sensing. Sensors and
Actuators B: Chemical 2020; 310: 127841. doi: 10.1016/j.snb.2020.127841

Lee DK, Kim G, Kim C, et al. Ultrasensitive detection of residual pesticides using THz near-field enhancement.
IEEE Transactions on Terahertz Science and Technology 2016; 6(3): 389—395. doi: 10.1109/TTHZ.2016.2538731
Qin G, Zou K, Li Y, et al. Pesticide residue determination in vegetables from western China applying gas
chromatography with mass spectrometry. Biomedical Chromatography 2016; 30(9): 1430-1440. doi:
10.1002/bmc.3701

Ye Y, Zhang Y, Zhao Y, et al. Sensitivity influencing factors during pesticide residue detection research via a
terahertz metasensor. Optics Express 2021; 29(10): 15255-15268. doi: 10.1364/0OE.424367

Tyurnina AV, Tzanakis I, Morton J, et al. Ultrasonic exfoliation of graphene in water: A key parameter study.
Carbon 2020; 168: 737-747. doi: 10.1016/j.carbon.2020.06.029

Hummers WS Jr, Offeman RE. Preparation of graphitic oxide. Journal of the American Chemical Society 1958;
80(6): 1339-1339. doi: 10.1021/ja01539a017

Yu H, Zhang B, Bulin C, et al. High-efficient synthesis of graphene oxide based on improved hummers method.
Scientific Reports 2016; 6(1): 36143. doi: 10.1038/srep36143

Ju L, Geng B, Horng J, et al. Graphene plasmonics for tunable terahertz metamaterials. Nature Nanotechnology
2011; 6(10): 630-634. doi: 10.1038/nnano0.2011.146

Ranjan P, Gaur S, Yadav H, et al. 2D materials: Increscent quantum flatland with immense potential for
applications. Nano Convergence 2022; 9: 26. doi: 10.1186/s40580-022-00317-7

Chiu NF, Huang TY. Sensitivity and kinetic analysis of graphene oxide-based surface plasmon resonance
biosensors. Sensors and Actuators B: Chemical 2014: 197: 35-42. doi: 10.1016/j.snb.2014.02.033

Cittadini M, Bersani M, Perrozzi F, et al. Graphene oxide coupled with gold nanoparticles for localized surface
plasmon resonance based gas sensor. Carbon 2014; 69: 452—-459. doi: 10.1016/j.carbon.2013.12.048

Wu T, Liu S, Luo Y, et al. Surface plasmon resonance-induced visible light photocatalytic reduction of graphene
oxide: Using Ag nanoparticles as a plasmonic photocatalyst. Nanoscale 2011; 3(5): 2142-2144. doi:
10.1039/c1nr10128e

Mencarelli D, Nishina Y, Ishikawa A, et al. THz plasmonic resonances in hybrid reduced-graphene-oxide and
graphene patterns for sensing applications 2017; 3(1), 89-96. doi: 10.1515/0dps-2017-0011

Zhang X, Xiang D, Wu Y, et al. High-performance flexible strain sensors based on biaxially stretched conductive
polymer composites with carbon nanotubes immobilized on reduced graphene oxide. Composites Part A: Applied
Science and Manufacturing 2021; 151: 106665. doi: 10.1016/j.compositesa.2021.106665

Justino CIL, Gomes AR, Freitas AC, et al. Graphene based sensors and biosensors. 7rAC Trends in Analytical
Chemistry 2017; 91: 53-66. doi: 10.1016/j.trac.2017.04.003

Ananda Murthy HC, Gebremedhn Kelele K, Ravikumar CR, et al. Graphene-supported nanomaterials as
electrochemical sensors: A mini review. Results in Chemistry 2021; 3: 100131. doi:
10.1016/j.rechem.2021.100131

Shao Y, Wang J, Wu H, et al. Graphene based electrochemical sensors and biosensors: A review. Electroanalysis
2010; 22(10): 1027-1036. doi: 10.1002/elan.200900571

Chi SC, Lee CL, Chang CM. Adsorption of pesticides, antibiotics and microcystin-Ir by graphene and hexagonal
boron nitride nano-systems: A semiempirical PM7 and theoretical HSAB study. Crystals 2022; 12(8): 1068. doi:
10.3390/cryst12081068

Pang S, Yang T, He L. Review of surface enhanced Raman spectroscopic (SERS) detection of synthetic chemical
pesticides. TrAC Trends in Analytical Chemistry 2016; 85(Part A): 73-82. doi: 10.1016/.trac.2016.06.017

Chinn C, Lund AE, Yim GKW. The central actions of lidocaine and a pesticide, chlordimeform.
Neuropharmacology 1977; 16(12): 867-871. doi: 10.1016/0028-3908(77)90150-2

Lapied B, Grolleau F, Sattelle DB. Indoxacarb, an oxadiazine insecticide, blocks insect neuronal sodium channels.
British Journal of Pharmacology 2001; 132(2): 587-595. doi: 10.1038/sj.bjp.0703853.



Il

FUFE 15 E 28 (2023) 12/14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Cote LJ, Kim F, Huang J. Langmuir-blodgett assembly of graphite oxide single layers. Journal of the American
Chemical Society 2009; 131(3): 1043-1049. doi: 10.1021/ja806262m

Cote LJ, Cruz-Silva R, Huang J. Flash reduction and patterning of graphite oxide and its polymer composite.
Journal of the American Chemical Society 2009; 131(31): 11027-11032. doi: 10.1021/ja902348k

Kim J, Cote LJ, Kim F, et al. Graphene oxide sheets at interfaces. Journal of the American Chemical Society 2010;
132(23): 8180-8186. doi: 10.1021/ja102777p

Carvalho A, Costa MCF, Marangoni VS, et al. The degree of oxidation of graphene oxide. Nanomaterials 2021;
11(3): 560. doi: 10.3390/nano11030560

Obradovic J, Newnham DA, Taday PF. Attenuated total reflection explores the terahertz region. Available online:
https://www.americanlaboratory.com/913-Technical-Articles/1457-Attenuated-Total-Reflection-Explores-the-
Terahertz-Region/ (accessed on 9 February 2023).

Holm RT, Palik ED. Thin-film absorption coefficients by attenuated-total-reflection spectroscopy. Apploed Optics
1978; 17(3): 394-403. doi: 10.1364/A0.17.000394

Hirori H, Yamashita K, Nagai M, Tanaka K. Attenuated total reflection spectroscopy in time domain using
terahertz coherent pulses. Japanese Journal of Applied Physics 2004; 43(10A): L1287. doi:
10.1143/JJAP.43.1L1287

Lai WE, Zhang HW, Zhu YH, Wen QY. A novel method of terahertz spectroscopy and imaging in reflection
geometry. Applied Spectroscopy 2013; 67(1): 36-39. doi: 10.1366/12-06713

Cruz-Silva R, Endo M, Terrones M. Graphene oxide films, fibers, and membranes. Nanotechnology Reviews
2016; 5(4): 377-391. doi: 10.1515/ntrev-2015-0041

Tardani F, Neri W, Zakri C, et al. Shear rheology control of wrinkles and patterns in graphene oxide films.
Langmuir 2018; 34(9): 2996-3002. doi: 10.1021/acs.langmuir.7b04281

Gengenbach TR, Major GH, Linford MR, Easton CD. Practical guides for x-ray photoelectron spectroscopy
(XPS): Interpreting the carbon 1s spectrum. Journal of Vacuum Science & Technology A 2021; 39(1): 013204.
doi: 10.1116/6.0000682

Lee AY, Yang K, Anh ND, et al. Raman study of D* band in graphene oxide and its correlation with reduction.
Applied Surface Science 2021; 536: 147990. doi: 10.1016/j.apsusc.2020.147990

Eckmann A, Felten A, Mishchenko A, et al. Probing the nature of defects in graphene by raman spectroscopy.
Nano Letters 2012; 12(8): 3925-3930. doi: 10.1021/n1300901a

Loépez-Diaz D, Lopez Holgado M, Garcia-Fierro JL, Velazquez MM. Evolution of the raman spectrum with the
chemical composition of graphene oxide. The Journal of Physical Chemistry C 2017; 121(37): 20489-20497. doi:
10.1021/acs.jpcc.7b06236

Muzyka R, Drewniak S, Pustelny T, et al. Characterization of graphite oxide and reduced graphene oxide obtained
from different graphite precursors and oxidized by different methods using raman spectroscopy. Materials 2018;
11(7): 1050. doi: 10.3390/mal11071050

Claramunt S, Varea A, Lopez-Diaz D, et al. The importance of interbands on the interpretation of the raman
spectrum of graphene oxide. The Journal of Physical Chemistry C 2015; 119(18): 10123-10129. doi:
10.1021/acs.jpce.5b01590



BRmERNF E 15 F2H (2023) 13/14

B 3%

1.2

= Pristine GO
1.0 4 =GO with drop-cast lidocaine

Absorption coefficient (10 cm™)

0.0 0.5 10 15 2.0 25
Frequency (THz)

B A1 WAEJSE GO M ER A2 RN GRIZ 150 ppm)  ERIAG) ATR S63 - 3RAG I MRSCR BUBEARR (28 4. HET4E 1.5-2.5
THz JE [ A RIS R B R 46 GO SR, W] AR E FI 2 R IRIFE GO iR S0 X A T 1253 E A

Figure A1l. Variation of absorption coefficients with frequency obtained from ATR spectra measured on pristine GO and GO with
drop-cast lidocaine (concentration 150 ppm). The fingerprint region of lidocaine on GO was found to be within the frequency range
of 1.5-2.5 THz based on the larger absorption coefficients than pristine GO in this range.
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Figure A2. SEM images of (a) S-GO spin-coated thin film and (b) commercial GO spin-coated thin film on Si wafer substrates. The

wrinkling of the GO films is a result of the uncontrolled drying process of the films on a hot plate after spin-coating. Nevertheless,
the wrinkling clearly reveals the macroscopic continuity of both GO films in the SEM images.
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Abstract: Regular monitoring of pesticides in agricultural farmland is essential to prevent the misuse of toxic pesticide
chemicals. As crop samples are typically disintegrated to extract the pesticide residue for chromatographic analysis, non-
destructive techniques for pesticide monitoring are ideal for preventing the unwanted destruction of crops. This, however,
requires analytical techniques that can detect trace pesticide amounts. Here, we show that terahertz (THz) spectroscopy
in attenuated total reflection mode, combined with low-cost graphene oxide (GO) plasmonic sensor, can be used for
sensitive, fast, and non-destructive pesticide detection on mango skin. After the application of pesticide solution onto the
mango skin, the dried pesticide residue was transferred to the GO sensor by pressing it in contact with the mango skin
surface. Due to the adsorption of the pesticide molecules onto the oxygen-rich GO surface, a signal in the THz range was
obtained corresponding to the pesticide’s chemical fingerprint. With this technique, pesticide surface concentrations of

approximately 1 pug/cm? on mango skins can be detected.

Keywords: THz spectroscopy; pesticide monitoring; plasmonic sensors; agricultural crops; attenuated total reflectance




