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Terahertz metamaterial biosensors have attracted significant attention in the biological field due to their advantages of
label-free, real-time and in situ detection. In this paper, a highly sensitive metamaterial sensor with semi-ring mirror sym-
metry based on toroidal dipole resonance is designed for a new metamaterial biosensor. It is shown that a refractive index
sensitivity of 337.5 GHz per refractive index unit can be achieved under an analyte of saturated thickness near a 1.33 THz
transmission dip. For biosensor samples where aflatoxin B1 is dropped on the metamaterial surface in our experiment,
dip amplitudes of transmission varying from 0.1904 to 0.203 and 0.2093 are observed as aflatoxin B1 concentrations are
altered from 0 to 0.001 pg-ml~! and to 0.01 pg-ml~!, respectively. Furthermore, when aflatoxin B1 concentrations are
0.1 pgml™!, 1 pg-ml™!, 10 ug-mi~! and 100 pg-ml~!, dip amplitudes of 0.2179, 0.226, 0.2384 and 0.2527 and dip red-
shifts of 10.1 GHz, 20.1 GHz, 27.7 GHz and 37.6 GHz are respectively observed. These results illustrate high-sensitivity,
label-free detection of aflatoxin B1, enriching the applications of sensors in the terahertz domain.

Keywords: terahertz, metamaterial, toroidal dipole, aflatoxin B1

PACS: 87.50.U-, 78.67.Pt, 87.85.fk

1. Introduction

Terahertz (THz) waves, ranging from 0.1 THz to 10 THz,
have attracted much attention since they have significant sci-
entific and technological potential in many fields. In particu-
lar, THz biosensing has become a promising tool in biolog-
ical research due to its label-free, real-time and in situ de-

[1-3] Metamaterials exhibit unique electro-

tection advantages.
magnetic characteristics that would not be possible in natural
and synthetic materials.!*! So far, the development of meta-
materials lies in diverse aspects such as invisibility cloaks, !
superlenses, ! filters,!”) modulators/®! and sensors.!! In par-
ticular, metamaterial sensors have attracted much attention due
to their small size, ease of integration and excellent perfor-
mance. Fan and colleagues have done a lot of excellent work
in this field.['%-141 For instance, they realized thermal denatu-
ration sensing, concentration sensing and identified types of
aqueous solutions of proteins using a flexible twisted dual-
layer metamaterial with reflective THz time-domain polariza-
tion spectroscopy. They also used an all-dielectric metama-
terial with functionalized gold nanoparticles to realize im-
munosensing of target biomolecules at nanolevel concentra-
tions. Later, they successively used a Pancharatnam—Berry
metamaterial sensor and electromagnetically induced trans-
parency (EIT) metamaterial sensor to realize the identifica-

tion of chiral enantiomers of amino acids. Recently, they
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have conducted further in-depth research and implemented the
recognition of chiral enantiomers of amino acids in an aque-
ous environment using napole metamaterial sensors. Now,
high-sensitivity, real-time monitoring sensing can be realized
in metamaterial systems because a high sensitivity and high
quality (Q)-factor can be obtained by designing exotic meta-
material structures. For example, metamaterial sensors based
on Fano resonance!>~1°1 and EIT!20-23] were shown to have
a sharp resonance that improved performance.>*! Most re-
cently, a new type of metamaterial constructed from toroidal
dipole structures was proposed in which coupling between the
toroidal dipole and free space is relatively weak, leading to
the effective localization of the electromagnetic energy and ex-
treme sensitivity to environmental disturbance. [

In this paper, mirror symmetric THz metamaterial sen-
sors consisting of periodic toroidal dipole structures are de-
signed. Theoretical analyses and simulations show that the
sensitivity and Q-factor can be as high as 337.5 GHz per re-
fractive index unit (RIU) and 26.6, respectively. These values
of sensitivity and Q-factor are superior to those of most cur-
rent metamaterial systems.3%-3*! The toroidal dipole sensor is
then experimentally fabricated for detection of aflatoxin B1
(AFB1). The results demonstrate that for an analyte of AFB1
solution the minimum measurable concentration can be as low
as 0.001 pg-ml~'.
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2. Design and fabrication

A schematic view of the proposed periodic toroidal dipole
metamaterial is shown in Fig. 1(a). Here the substrate is poly-
imide (PI) film with thickness hg, = 50 pm, and the per-
mittivity € and loss tand of the PI are set as 3.1 and 0.05,

1351 The unit cell of the toroidal dipole is demon-

respectively.
strated in Fig. 1(b) and consists of two semicircular copper
rings with inner diameter R = 18 um and a copper rod with
length L = 54 um and width w = 6 um. The gap between the
rod and ring, the thickness of the copper structure and the pe-
riod of the unit cell are g =3 um, 2 =200 nm and P = 70 pum,
respectively. When a THz wave in TE mode (electric field is
oriented along y) is vertically incident to the toroidal dipole, as
shown in Fig. 1(c), the bilaterally symmetric surface current j
can be excited and the loop magnetic field M, which connects
head to tail, is confined to a small area. That is, the toroidal
dipole vector T is formed in the y direction. We used CST
Microwave Studio to simulate the designed structure; all pa-
rameters and simulation settings are described in Appendix A.

In our experiment the toroidal dipole metamaterial sam-
ple is fabricated as follows. First, the silicon wafer and PI film
are successively cleaned by ultrasonic shock with acetone and
ethanol. Then, the PI film is pasted onto the silicon wafer us-
ing polydimethylsiloxane with a ratio of main to curing agents
of 10:1. Then, a 200 nm thick copper film is deposited on the
PI film by an electron beam evaporation coating system. Fi-
nally, the toroidal dipole metamaterial sample is obtained, as

shown in Fig. 1(d), by photolithography and etching.
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Fig. 1. THz toroidal dipole metamaterial sensor. (a) Schematic dia-
gram of the proposed sensor for AFB1 sensing. (b) Unit cell of toroidal
dipole metamaterial with thickness of PI hgp = 50 um, inner diame-
ter R = 18 um, length L = 54 pum, width w = 6 um, gap g =3 um,
thickness of copper 2 = 200 nm and period P = 70 pum. (c) Diagram
of toroidal dipole generation. (d) Microscopic image of metamaterial
sample in the experiment.
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3. Results and discussion
3.1. Transmission of toroidal dipole metamaterial

The transmission of the toroidal dipole metamaterial by
simulation (red curve) and experimental measurement (black
curve) is illustrated in Fig. 2(a). The simulation was performed
using CST Microwave Studio with normalized TE incidence,
and the experimental measurements were made with a THz
time-domain spectrometer (THz-TDS). The simulated trans-
mission shows a sharp dip at 1.33 THz and is consistent with
the experimental result at 1.3389 THz. To explore the proper-
ties of the toroidal dipole in more depth, surface current den-
sity and xoz plane magnetic field at 1.33 THz are simulated
by CST and demonstrated in Figs. 2(b) and 2(c), respectively.
This verifies that the bilaterally symmetric surface current j
(Fig. 2(b)) and the loop magnetic field H (Fig. 2(c)) are ex-
cited at the resonance dip, The equivalent charges formed at
the metal ends of the bilateral symmetrical half rings are re-
spectively recorded as (g1, —q1), (93, —¢g3), and the corre-
sponding electric dipole moments are respectively expressed
as P; and P;. The equivalent charge at the end of the middle
metal rod is recorded as (q2, —¢2), and the equivalent elec-
tric dipole moment is expressed as P», which is opposite to
the direction of P; and P3 and suppresses and cancels them.
The bilaterally symmetric surface current j can be equivalent
to a pair of opposite parallel magnetic dipoles M, which also
cancel each other, but they will form a toroidal dipole vector
T, as shown in Fig. 1(c), when connected head to tail. The
loop magnetic field in Fig. 2(c) also shows that the metamate-
rial has the characteristics of a toroidal dipole externally at the
resonance frequency. In addition, the Q-factor can be defined
as Q = fo/FWHM to quantitatively describe the sensing per-
formance, where fj is the resonance frequency and FWHM is
full width at half maximum. Here, Q = 26.6 can be obtained
at the 1.33 THz resonance dip.
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Fig. 2. (a) Simulated and experimental transmission spectra of the
toroidal dipole metamaterial. (b) Surface current density j and (c) xoz
plane magnetic field vortex H of the toroidal dipole metamaterial at
1.33 THz.

3.2. Biosensor based on the toroidal dipole metamaterial

Based on the properties of the toroidal dipole with sen-
sitivity to geometrical parameters, THz metamaterial biosen-
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sors can be designed as shown in Fig. 1(a). Specifically, for
a biosensor system with the analyte on the Cu metamaterial,
the transmissions of the metamaterial obtained by changing
the thickness ¢ of the analyte at fixed refractive index n = 1.6
are shown in Fig. 3(a). This shows that the resonance dip
occurs at 1.33 THz for t =0 wm. For t =3 um, 6 um,
9 um, 12 pm and 15 pm, the resonance dips have redshifts
of 163 GHz, 190 GHz, 200 GHz, 204 GHz and 205 GHz, re-
spectively. In Fig. 3(b), the dependence of those frequency
shifts and the fitting on ¢ is illustrated. It shows that when ¢
exceeds 12 um the resonance frequencies are approximately
steady. The transmission of the metamaterial when chang-
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ing the refractive index n of the analyte from 1 to 1.8, with
fixed + = 12 um, is depicted in Fig. 3(c). Compared with
1.33 THz when n = 1, the resonance dips also undergo red-
shifts of Af = 67 GHz, 136 GHz, 204 GHz and 269 GHz
when refractive index n = 1.2, 1.4, 1.6 and 1.8, respectively.
In particular, the dependence of Af on n and its fitting curve
is illustrated in Fig. 3(d). Here, Af has a good linear rela-
tionship with n. We note that the sensitivity S can be defined
as S = Af/An, where An is the variation of refractive index
n. Here, S = 337.5 GHz/RIU can be obtained for the toroidal
dipole structure, implying that it can be used as a highly sen-
sitive refractive index sensor.
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Fig. 3. Biosensor based on the toroidal dipole metamaterial. (a) Transmission and (b) frequency shift of the sensor upon changing the thickness
t of the analyte with fixed refractive index n = 1.6. (c) Transmissions and (d) frequency shifts obtained by changing the refractive index n of

the analyte from 1 to 1.8 with fixed r = 12 um.

3.3. Detection of AFB1 by the toroidal dipole metamate-
rial

Aflatoxins (AFs) are the most dangerous group of
mycotoxins due to their highly toxic, mutagenic, terato-
genic and carcinogenic properties.*®! Among the aflatox-
ins, AFBI1 is the most hepatocarcinogenic and hepatotoxic
and occurs as a contaminant in a variety of foods.’”) So
far, many methods, including traditional high-performance

(38401 enzyme-linked immunosorbent

liquid chromatography,
assay*'=*! and liquid chromatography coupled to tandem
mass spectrometry, #4461 have been proposed to detect AFBI.
However, they are generally time-consuming, require ex-
pensive equipment and dangerous chemicals and are labor-
intensive. In comparison, detection based on THz metama-

terial structures could be quick and convenient. In particu-

lar, when different concentrations of AFB1 are dropped on our
toroidal dipole metamaterial AFB1 analyte layers of different
thicknesses are formed. The higher the concentration of AFB1
solution, the thicker the AFB1 layer. Variations of THz trans-
mission spectra can be observed for highly sensitive sensing.
The preparation and detection process for different concentra-
tions of AFBI solutions are detailed in Appendix B. We fur-
ther expanded the differences in the AFB1 analyte layer by
adding and drying the AFB1 solution three times in the exper-
iment, which can improve the sensitivity and detection limit
while reducing the impact of experimental error. This method
can also increase the number of samples added according to
the actual situation to achieve more sensitive detection.
Figures 4(a) and 4(b) separately show the sample and
microscopic image of the toroidal dipole metamaterial with
100 pg-ml~! of AFBI. The transmission and correspond-
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ing variations for different AFB1 concentrations are demon-
strated in Figs. 4(c) and 4(d), respectively. Here, for very
low concentrations, the frequency of the resonance dip shows
no distinct change, but its dip amplitude varies. Specifically,
when the concentration varies from 0 to 0.001 pg-ml~', and
0.01 pug-ml~!, the dip amplitudes move from 0.1904 to 0.203,
and 0.2093, respectively. For slightly larger concentrations,
In de-

tail, for AFB1 concentrations of 0.1 pg-ml~!, 1 pgml~!,

both resonance frequency and dip amplitude shift.

(a)

1.0

0.8f

0.6

—Bare
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—0.1 pg/mL
F—1 pg/mL

10 pg/mL
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11 12 1.3 14
Frequency (THz)

0.4}

Transmission

Y

=

0.2

0 15 1.6

Frequency shift (GHz)

10 ug-ml~! and 100 pg-ml~!, amplitudes of 0.2179, 0.226,
0.2384 and 0.2527, respectively, and redshifts of 10.1 GHz,
20.1 GHz, 27.7 GHz and 37.6 GHz, respectively, are obtained.
By referring to the method of estimating the limit of detection
(LOD) in Ref. [47], we determined that the LOD of AFB1 un-
der our experimental conditions was less than 0.001 pg-ml~",
which is lower than the requirement for AFB1 residue of most

agricultural products and ensures food safety.

40

(d) 4 .
- Frequency shift 0.25
30 - Dip amplitude °
20k L0.23 =
10f / 1 B
+0.21 A
074
.‘ . . . . 0.19
0 10-3 10-2 10-! 10° 10' 107
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Fig. 4. Detection of AFBI1 by the toroidal dipole metamaterial: (a) sample and (b) microscopic images of toroidal dipole metamaterial with
drops of 100 pg-ml~! of AFBI. (c) Transmission spectra of toroidal dipole sensors with different concentrations of AFB1. (d) Dependence of
frequency shift and amplitude variations of the transmission dips on the concentration of AFB1.

4. Conclusion

A THz metamaterial based on toroidal dipole resonance
is explored by simulations and experiment. It is shown
that a Q factor of 26.6 and a refractive index sensitivity of
337.5 GHz/RIU can be achieved. For the AFB1 biosen-
sors in our experiment, dip amplitudes of transmission vary-
ing from 0.1904 to 0.203 and 0.2093 are observed as AFB1
concentrations are altered from 0 to 0.001 pg-ml~! and
0.01 pug-ml~! respectively. When AFBI concentrations are
0.1 ug-ml=', 1 pg-ml~!, 10 ug-ml~!, 100 pug-ml~!, dip am-
plitudes of 0.2179, 0.226, 0.2384 and 0.2527 and dip redshifts
of 10.1 GHz, 20.1 GHz, 27.7 GHz and 37.6 GHz are respec-
tively obtained. AFB1 shows strong absorption of THz waves.
In the experiment, the change in transmission spectrum ampli-
tude of metamaterials is mainly caused by the absorption of
AFBI, and the redshift of resonant frequency is influenced by
the different thicknesses of the analyte layer on the device sur-
face. The experimental results imply that the minimum mea-
surable concentration can be as low as 0.001 ug~ml’1, illus-

trating high-sensitivity, label-free detection of AFB1 and en-
riching the applications of sensors in the THz domain.

Appendix A: Finite-element simulations

The designed structure is simulated with CST Microwave
Studio. All parameters of the metamaterial structures follow
the designed structures, as shown in Fig. 1. We note that in
the simulations the electric conductivity of copper is set as
0 =5.8x 107 S:m~!. Periodic boundaries were used in the
x and y directions; the z direction was set to an open boundary.

Appendix B: AFB1 preparation and detection

The 100 pug-ml~! AFBI standard solution sample was
purchased from Qingdao Lihai Pharmaceutical Packaging
Technology Co., Ltd. The AFBI1 standard solution was
prepared with ethanol at concentrations of 100 pg-ml~!,
10 pgml~!, 1 pugml~!, 0.1 pugml~!, 0.01 ug-ml~! and
0.001 pg-ml~!. Ten microliters of each solution were dropped
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on the surface of the toroidal dipole sensors. Subsequently, the

samples were dried at room temperature for 3 min. These two

steps were repeated three times. The transmission spectra of

all samples were measured by a THz-TDS filled with nitrogen.
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