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Fig. 1 Schematic of meta-surface structure based on symmetric split rings. (a) Schematic of 3D structure; (b) schematic of unit structure
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Fig. 3 Field distribution based on a symmetric split-ring meta-surface. (a) Electric field distribution at 0. 937 THz; (b) surface current
distribution at 0. 937 THz

P4 R T P TT A5 R G A5 R0 B A T

Fig. 4 Equivalent circuit model of meta-surface cell structure

[ YY) |
11 L I

e
Ce Csensor

P57 o I A R T A 10 A B A
Fig. 5 Equivalent circuit model of the meta-surface sensor

covering the object to be measured
SHE N A2 TS 4 T IR A1 AR R

1
f_

— . (1)
27'( Le( Ce + Cxensor)

AL SRR S T N o AT I A% IR A LA R Y
5t A8 I A L Bt R I A RS 10 A
ZEHR OB IR ITUCR AR /N AE 256 v 2 Bk WUt
LT RS
2.3 MHAOFBREEBEES T

R T W 5% BRI 1 BR B BT 45 A S 500 B
SR R S A AR R T 4 A B A OGS 80, AR
TR R AR AR o DR AR S5 A S BB N A [
TE 3 BT AT 5 3R 0, WIF 5T LA S e R B oy AT 0 EE 1
ARG O o B A T DU A3 AT IR R Y AR Ak [ R 5~
40 pm, XF R B4 32 S e 87 2 5] 6 (a) BT 3 IR A
R JEFE h 3 K= RS 20k, HR 5 R
[ 2 28 26 an & 6 (b) T, 24 20 #7400 14 JBE B8y DA O 1
JNE]S pm B HR RS B U R 56 &R 2R R R K
PR R HUE R . 24 LL 10 pm 2K, Ay DA 10 pm 1
JE] 30 pm B, B5RS K X R 56 R 4k 1) R 205 T R
o BT e JE R I 30 pm, HU40 pm B RS AR 0
F14) A5 B e AN - Bl 0 AT 400 DR R ) 4 & A= B RS L R
A5 A X TR B ) R E s T . Bk B4 v]
LB i o« 20 9 T 45 4 A T A 1 T R T A /N
Y BEIE TR R A AR B IR IR e i oK, B

0717001-3



5573 W W B RS B, o A W VR R R AR AL, 2 O
11 J&] [ 08 L PR35 DL R 3 00 A, DA T 2 ) 2B 1t 3R
THT 2R G0 ) 25 R0 A (R, SR B MRS B AR Ak . 2 a0 A
Wy ) DR JEE R o A A R R i o R T 4 A R B IR

(@ 1.0
08f
=]
% 0.6}
£
§ 0.4
3
3
0.2
~= h,=30 pm
-~ hy=40 pm

0 il )
02 04 06 08 10 12 14
Frequency /THz

S 43% % 7H/2023 F 4 B/REER
SR A B O 9 55, HL IR R R AR T T, 37 0B
PR ot JEE B i — 20 B, X038 4 7 588 1 5 e AR /)N, R 3
TR AN AR A . R % S5 R ) A B AR IR
FE B 30 pm

(b) 140

—_ =
> ® o N
S & S o
—TT—
[
=
\
[
\

Frequency shift /GHz
=
(=}

20

0 10 20 30 40
h, /um

P 6 RS TR B O A 0 5 2 o, 78 A ) 025 55 I K o, SRRSO R o (a) AN Ay BB S I 5 (b) Ay SHRIAS B9 OC &

Fig. 6

Transmission spectra of meta-surface with the change of analyte thickness A, and the relationship between £, and frequency

shift. (a) Transmission spectra under different A; (b) relationship between A, and frequency shift
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(a) Transmission spectra under different refractive indices; (b) relationship between n and frequency shift
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Transmission spectra for the dropwise addition of two concentration gradients of furantoin solution. (a) 100-1000 mg/dL

furantoin solution; (b) 10-70 mg/dL furantoin solution
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Trace Detection of Nitrofuran Drugs Based on Terahertz Meta-Surface
Sensor
Yuan Tingting, Wu Jingwen, Bo Yanhua, Liu Jianjun, Hong Zhi, Du Yong'
Center for Terahertz Research, China Jiliang University, Hangzhou 310018, Zhejiang, China
Abstract
Objective Nitrofuran is a typical broad-spectrum antibiotic. Its derivatives and nitrofuran compounds are widely used in

clinical practice and veterinary medicine and can be employed to preserve animal feed, prevent and treat gastrointestinal
infections caused by bacteria, and accelerate animal growth. However, studies have proven that nitrofuran and its
metabolites have carcinogenic and teratogenic side effects on humans and that diseases such as hemolytic anemia and acute
liver necrosis can also occur if excess nitrofuran antibiotics are consumed. This has gradually caused concern. Therefore,
high-sensitivity monitoring of nitrofuran is important for safeguarding human health and life safety. Traditional methods
such as chromatography, enzyme-linked immunosorbent assay (ELISA), and liquid chromatography-mass spectrometry
(LC-MS) have the disadvantages of a long pre-treatment and analysis period, cumbersome processing, massive sample
usage, and a high false-positive rate of test results. Therefore, it is necessary to find a rapid, accurate, and stable assay for
monitoring the use of nitrofuran drugs. As biological samples are often present in a diluted state, sensitive detection of
biomolecules without any binding site markers or aids remains challenging. Metamaterials have unique optical properties
and exhibit unique characteristics, such as local electric field enhancement, which can be tuned by the geometric design of
metamaterials. The electric field enhancement in metamaterials can improve the interaction between the sample and
terahertz (THz) waves. Thus, the use of THz metamaterials as a sensing platform can overcome the low sensitivity of
biological samples in the THz range and enable biomolecular detection in a label-free manner. We hope that the use of

metamaterials will enable the non-destructive and rapid detection of nitrofuran drugs.

Methods

and fingerprinting properties for substance identification without damaging effects on substances. The basic principle of

THz waves are parts of electromagnetic waves between far infrared and microwave, which have good safety

THz time-domain spectroscopy is to use femtosecond pulses to generate and detect time-resolved THz electric fields and to
obtain spectral information of the measured item through the Fourier transform. Since the vibration and rotation energy

levels of macromolecules are mostly in the THz region, and macromolecules, especially biological and chemical

0717001-8



& 43% B 7TH/2023 £ 4 B/REHR

macromolecules, are groups of substances with physical properties, the structure and physical properties of substances can
thus be analyzed and identified through characteristic THz frequencies. Meta-surfaces are two-dimensional artificial sub-
wavelength periodic structures that can better respond to electromagnetic waves compared to natural materials. The
electromagnetic waves are modulated by the change in the shape and size of the structure. A change in the refractive index
of a sample attached to the surface of a meta-surface sensor can alter the local field of the meta-surface, which is reflected
by the change in the resonance peak of the spectrum. In this paper, a symmetrical open-ring meta-surface structure is
designed, which has two layers. The open-ring surface structure is constructed from metallic aluminum (Al), and the
substrate structure is constructed from polyimide (PI). PI is a flexible material that has the advantages of a small dielectric
constant and stable properties and is non-damaging to biological materials. Simulations of the meta-surface are based on
the simulation software CST Studio Suite with a full-vector finite element method (FEM). The structure has a refractive
index sensitivity of 196 GHz/RIU and can be applied for high-sensitivity sensing detection. Experiments are performed
with different mass concentration gradients of furazolidone and furantoin solutions. 60 pl of different mass concentrations
of analytes are added dropwise to the meta-surface structure by a pipette, and then it is heated to 50 °C and left to dry. THz

pulses are incident vertically on the furan-covered meta-surface for spectral acquisition.

Results and Discussions The meta-surface structure designed in this paper is simple and has a low processing cost, and
its detection is more intuitive and faster and requires fewer samples than conventional methods. The refractive index
sensitivity of 196 GHz/RIU is achieved when the refractive index n varies from 1.0 to 1.8, which allows the structure to
be used as a high-sensitivity refractive index sensor (Fig. 7). To demonstrate the enhanced detection capability of the meta-
surface structure for nitrofuran drugs, we measure THz spectra before and after the dropwise addition of the furazolidone
solution to the polyimide substrate. No significant change in the transmission spectrum is observed. In contrast, the meta-
surface structure shows a significant red shift in the position of the transmission peak after the dropwise addition of the
furazolidone solution (Fig. 8). In the measurement of the THz transmission spectra of furazolidone and furantoin in the
mass concentration range of 10-1000 mg/dL, there is a regular red shift at the resonant frequency of the sensor with the
increasing concentration and a significant frequency shift. The experimental results indicate that the meta-surface structure
can effectively enhance the interaction between furazolidone and THz waves with high sensitivity. The results of several
experiments demonstrate that the limited detection mass concentration of 10 mg/dL for both furazolidone and furantoin is

achieved (Figs. 10 and 13). This meta-surface is expected to be used for highly sensitive sensing detection.

Conclusions In this paper, the resonance characteristics and sensing performance of a THz meta-surface sensor based on
a symmetrical open ring are investigated. Theoretical simulations show that its refractive index sensitivity reaches
196 GHz/RIU and can be applied to high-sensitivity sensing detection. The results indicate that the sensor can detect two
nitrofuran drugs (furazolidone and furantoin) at a minimum mass concentration of 10 mg/dl.. This sensing method is
mainly based on the difference in dielectric properties of the analytes to be measured, and thus, the meta-surface structure
can be applied to the detection of other antibiotics or biochemical samples. This provides a good theoretical and

experimental basis for the future development of high-sensitivity sensors.

Key words biotechnology; terahertz; meta-surface; nitrofuran drugs; high-sensitivity sensing; trace detection
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