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Fig. 1 Structure and test system of the terahertz metamaterial sensor. (a) Physical image of the metamaterial sensor; (b) Geo-
metric parameters of the square ring metamaterial; (¢) Comparison of simulated and actual absorption spectra of the ring
metamaterial; (d) Schematic diagram of the TAS7400 terahertz time-domain spectroscopy system
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Fig. 2 Electromagnetic simulation and performance comparison analysis of metamaterial structures. (a) Electric field distribution
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tion; (b) Comparison of the absorption spectra between symmetric and asymmetric metamaterial structures

SR VAl B R R 2 DX AR 0 400 2 B0 Al ) R BBORE PR RE B R [ R R S R o B W BE AT T RUE D
Hoo ZBAH YT R () H 20 A 16 1.0~2.0 B JE FE A, P B & M AE 1~2.5 THz 931 31 R R 2948 1.6 it
U, R H A BEE = 1.6, IR RBLRE N d (9 70 Hr 132 20 o A e AR i . S5 2R AT 3Ca) s Bl TS
JEd i O pm BRI 15 pm, SEYR 0405 4 28 1) IR A3 J7 160 A% 31, (EUBURR i 12 52 i 0/ I e R T d = 14 pm
BT X — R T BT SRR T | K 22 ik 1 16 58 L 37 2 2 )R BR Tl A R 446 1 2% 1T DXk .
Wt 5 0 A 0 TR ) 8, JH X T M IR AR 4 08 S 41 8 R 55, B T 3 B IR 0 R A Al i E S T
I BB AR o T L IREER X 7 Wy 5 B2 5 I PRI RS =2 (8] 1) 56 R B 4T T AR LU (&1 3
(b)), f B A Rk R

0828001-4



SRATAR , 45 A 2% AR A T 15 06 2 A 5 B G e ORI

y=0.23112/(2.7813 + 2 )#(1)
A,y R Kb 22 I 4R 0 9 3 H (GHz) L R 3 )& i (pm) o AR L AE LA it Ze iy i R A% S 192
GHz, M R EUR? = 0.996, % B LA 25 1 HA 5w i ol Sk

ik — 20 Ml S AIE 5T 2 R AT S AR AR A R R O BT W R T E O d = 14 pm, IR O3 BT i B R
n il LOZET RN 2.0, 7 B A5 F R, B2 7 35 25 00 18 I, Kbk 2% 8 b Rk i P i e o 282 o) K000 7 1) B8 30
W 3Ce) frn o J8 ok % AR MRS 5 3 5 00 RFATHLE A B R B XN

y=10.3553x — 0.3646%(2)

500 B Wy 5 BE SRS 2 1) A AR M O ROR ], 43 B W 4 S 23R 1 28 A 5 iR e R St R 1 B 3 0 M A
KM B 3(d) FrR o o, y o Kbk 2% S IR VEN RS (GHz) , 0 Ron A B 4T 59558 . 2Rt 006 &5 SR 1 i K0t
% 346 GHz, M C RELR® = 0.997, R BUEZ WML BRASERE I SR dn 2 — , HE SUH

S= Af/An#(3)
T, AFFT An 430 R 43 A W AT B 2R AL 5 R 0 MR A AR AR b RUE R By THz/RIU . i 5
15 303% WA BHE RS 1 RS S = 346 GHz/RIU, & T B i © 4 38 1Y K bk 2% ARG Begs

1.0 '(a)OHm 1um 2um 4 pm 6 pm 0.20
~i— 8 pr—— 10 pm—r— 12 pm—— 14 pm——15 pm
sl i ~
3 T T T
o8t i 2V Eo.15
E R4l A \ N E
3 0.6 JI/H . / N |
e / S VAR ARVA 20.10
3 it LA s
§OA | gnu
z go. R?=0.996
0.2 w
4 0.00}
0.0 i 1 1 1 1 1 1 1 1 1 1 1 1 1
1.5 1.6 1.7 1.8 1.9 2.0 0 2 4 6 8 10 12 14 16
Frequency/THz Thickness/um
0.4
10} (C) 10 12 14 (d)
’ 16— 1820
N
508 E 0.3
£ E
] £
@ 0.6 / 202
c Q
] c
€04 _ 2
g g 0.1
<02 & R?=0.997
’ 0.0
1.3 14 1.5 1.6 1.7 1.8 1.9 1.0 1.2 1.4 1.6 1.8 2.0
Frequency/THz Refractive index/RIU

B3 Bl EwEEER (DS HFHEN L6, AR EE KB THRRETMER; (D)2 EEE LT R
HERERB N L (ORI EEA 4 ym B, TR MW HELETHEREABL SR (DTN E X
5] A2 8y 2RI WA &
Fig. 3 Simulation results of the absorption spectra. (a) Resonance peak changes under different analyte thicknesses with an ana-
lyte refractive index of 1.6; (b) Fitted curve of resonance peak frequency shifts caused by variations in analyte thickness;
(¢) Resonance peak frequency shifts under different analyte refractive indices with an analyte thickness of 14 pm; (d) Fit-
ted curve of resonance peak frequency shifts caused by variations in analyte refractive index.
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Fig. 6 Experimental results of procymidone in Ligusticum chuanxiong. (a) Absorbance spectra of the sensor for different concen-

trations of procymidone in Ligusticum chuanxiong; (b) Bar chart of mean frequency shifts for different procymidone con-

centrations in Ligusticum chuanxiong; (c) Fitted curve of concentration versus frequency shift; (d) Enlarged frequency

shift response at low concentrations.
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Table 1 Comparative analysis of detection performance for procymidone residues using different methods

Method LOD Total detection time Reference
Gas chromatography —mass spectrometry (GC—MS) 1.80 pg/L 1~1.5h w
Liquid chromatography — tandem mass spectrometry (LC—MS/MS) 0.07 pg/L 1~2h ol
Immunoassay 0.12 pg/L 1~3h 2]
Reported THz metamaterial sensor 204 pg/L 0.5~1h fo]
This work 0.52 pg/L 0.5h /
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High-Sensitivity Detection of Procymidone Residues in Ligusticum
chuanxiong Using a Terahertz Metamaterial Sensor

ZHANG Kefei', SHAO Yuting', TANG Weiran', JIANG Chenghao', ZHU Mingzhe’, FU Pen-
gan’, SHAO Yongni'
(1 School of Optical— electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China)
(2 School of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)

Abstract: Traditional Chinese Medicine (TCM) plays a crucial role in global healthcare; however, the
growing popularity of herbal medicinal products has raised significant concerns regarding potentially
hazardous pesticide residues. Ligusticum chuanxiong, a widely used TCM prized for its analgesic, anti—
tumor, and anti-inflammatory properties, is highly susceptible to fungal infections such as Sclerotinia
sclerotiorum and Botrytis cinerea during its artificial cultivation. To combat these diseases, procymidone, a
cost—effective and highly efficient organochlorine fungicide, is frequently applied. Due to its high chemical
stability and prolonged environmental half-life, persistent procymidone residues can easily accumulate
within ecosystems and herbal matrices. Toxicological research demonstrates that excessive dietary
exposure to procymidone can inhibit androgenic activity, disrupt endocrine functions, and induce adverse
effects on the reproductive, digestive, and nervous systems. Consequently, stringent Maximum Residue
Limits (MRLs) have been established globally, with the European Union mandating an MRL of 0.02 mg/
kg for herbal products. Conventional pesticide residue detection methods, including Gas Chromatography—
tandem Mass Spectrometry (GC-MS) and High-performance Liquid Chromatography (HPLC) , offer
high sensitivity but are fundamentally limited by prolonged detection times, complex sample pretreatment
procedures, and the need for specialized personnel. Conversely, standard spectroscopic analysis methods
can reduce operational time but generally possess lower detection sensitivity, rendering them inadequate for
trace-level residue analysis. Therefore, the objective of this study is to develop a rapid and highly sensitive
detection method utilizing a terahertz (THz) metamaterial sensor to quantify trace procymidone residues in
complex TCM matrices. To address the critical limitations of conventional analytical techniques, this study
proposes a novel sensing platform combining THz time-domain spectroscopy with a specifically designed
metamaterial sensor. THz waves exhibit high penetration, low photon energy, and distinct spectral
features, making them highly suitable for non—destructive and label-free chemical detection. The fabricated
THz metamaterial sensor features an artificially engineered asymmetric square ring chain resonator
composed of periodically arranged subwavelength structures. This specific structural design introduces
asymmetric microperturbations that significantly enhance the localized electromagnetic field and improve
the quality factor of the dipole resonance compared to symmetric designs. When pesticide molecules adhere
to the sensor surface, small local electric field perturbations are generated in the surrounding dielectric
environment, which ultimately manifest as highly sensitive changes in the THz resonance peak frequency.
In the experimental procedure, procymidone standard solutions were systematically prepared across a trace
concentration gradient ranging from 1 to 82 pg/L. Subsequently, organically cultivated and commercial
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Ligusticum chuanxiong samples were ground into powder and subjected to an extraction process using
dimethyl sulfoxide as the solvent due to its optimal solubility. Small volumes of the resulting supernatants
were accurately pipetted onto the surface of the THz metamaterial sensor and dried in a controlled
environment. The THz absorbance spectra were then continuously recorded, and the resonance peak
frequency shifts were extracted to establish quantitative regression models linking the frequency shift to the
exact pesticide concentration. Experimental evaluations of the proposed THz metamaterial sensor revealed
exceptional localized electromagnetic field enhancement and superior sensing capabilities. Upon the
application of the pure procymidone standard solutions, the THz-TDS system captured stable and highly
distinguishable frequency shifts, demonstrating that as the pesticide concentration increased, the resonance
peaks of the metamaterial exhibited a clear red—shift toward lower frequencies. A quantitative
concentration—frequency shift model was successfully established utilizing the Michaelis—Menten equation,
yielding a remarkably high fitting coefficient (R* > 0.98). Most notably, the asymmetric metamaterial
sensor achieved an ultra-low limit of detection of 0.52 pg/L for procymidone, significantly outperforming
previously reported THz biosensors. During the practical validation phase involving the complex TCM
matrix, the sensor successfully maintained its high detection sensitivity. The regression curves constructed
for procymidone within the Ligusticum chuanxiong DMSO extracts similarly demonstrated a strong
nonlinear fitting correlation, proving that the unique subwavelength structure effectively amplifies the
dielectric perturbation caused by the target molecules while overcoming residual background interferences
from the herbal matrix. Furthermore, the entire sample preparation and detection workflow could be
seamlessly completed within 30 minutes, drastically reducing the operational timeframe compared to
traditional chromatographic analyses. In summary, this study experimentally demonstrates the feasibility
and substantial advantages of utilizing a highly sensitive THz metamaterial sensor for the quantitative
detection of trace procymidone residues in the TCM Ligusticum chuanxiong. By rationally designing an
asymmetric square ring chain structure, the localized electromagnetic interactions between the THz waves
and the pesticide molecules are significantly amplified, enabling an unprecedented pg/I.—scale detection
limit. This detection threshold strictly complies with the stringent MRLs established by international
regulatory bodies. This approach successfully circumvents the time—-consuming and expensive drawbacks of
conventional GC-MS methods while entirely resolving the sensitivity bottlenecks of standard optical
spectroscopy. Ultimately, combining the physical characteristics of the THz metamaterial sensor with
reliable mathematical modeling provides a label-free, rapid, and highly effective technological strategy.
This study offers a promising new testing solution for the rigorous safety monitoring and quality control of
TCM materials, contributing significantly to the prevention of potential pesticide—related health risks.
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