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ARTICLE INFO ABSTRACT

Keywords: Terahertz (THz) metasurface immunosensor has the characteristics of label-free detection, good biocompatibility

Immunosensor and high specificity because the antibody-modified of biomarkers has the ability to specifically recognize cor-

Sua.SI'Anap(’le responding biomarkers and increase the detection sensitivity to the concentration of the recognized antigen. The
attice

limit of detection (LoD) of THz metasurface immunosensor is highly dependent on resonant field enhancement of
metasurface. The anapole mode shows a radiationless state with nontrivial oscillating current configuration. To
observe such mode in farfield, in this work, the concept of quasi-anapole (QA) mode is presented which is
induced when the electric and toroidal dipoles with identical intensity radiate in antiphase on the metasurface
with the unit cell of two split ring resonators (SRRs) on both sides of the central cut-wire. In addition, by coupling
the first-order lattice mode to the QA mode, lattice-enhanced QA mode (LQA) was investigated and observed to
further enhance field confinement and decrease radiative loss. As a practical application, immunosensor was
designed and fabricated by functionalized gold nanoparticles conjugated with the specific monoclonal antibody
onto the LQA metasurface to detect the cell concentration of SARS-CoV-2 spike protein. The experimental results
indicate that the response of LQA immunosensor depends heavily on the concentration of the Anti-S modified on
its surface. When the concentration of Anti-S is 50 pg/ml, the LoD reaches to 3 pg/ml (39 fmol). Such THz LQA
immunosensor also shows good specific identification and validates its effectiveness in biomedical sensing.

Limit of detection
Spike protein

1. Introduction

The terahertz (THz) region of the electromagnetic spectrum referred
to technological gap between the infrared and microwave frequencies.
The low photon energy of THz wave, about 4.1-40 meV, made it almost
impossible to produce harmful ionization to destroy biological tissue
[1-5]. Likewise, due to the good penetrability of THz waves [6,7], it is
easy to penetrate nonpolar materials. Therefore, THz technology is
suitable for biomedical detection [8], imaging [9] and sensing [10].
However, a commonly employed method for conducting spectroscopic
measurements on samples within the THz frequency range involves the
amalgamation of the powdered sample with a binding medium. This
resulting mixture is subsequently compressed into a pellet and

positioned in the trajectory of the radiation. While this technique is
straightforward and firmly established, it proves unsuitable when
dealing with exceedingly minute sample quantities and trace sensing
applications.

The metasurface is a 2D forms of metamaterials that is often made up
of an array of unit elements with a subwavelength thickness [4,11-13].
Moreover, it has extraordinary physical properties which are not found
in natural materials [14-16]. Metasurface has preeminent capabilities to
confine electromagnetic fields and enhance the interactions between
light and matter, providing high sensitivity to changes of the environ-
ment. They regard as the potential sensing platforms as they could be
easily fabricated on different types of substrates [17-19]. THz meta-
sensor platforms have been widely used in biomolecular detection for
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decades due to their low cost, high sensitivity, rapid response, and
label-free detection [20,21]. Some different enhanced modes have been
developed for achieving good sensing performances [22,23]. For
instance, I-shape metasensor design was proposed to enhance sensitivity
by optimizing the value of the mode volume of the metamaterial reso-
nantly confined fields [24]. In addition, dual torus toroidal mode was
excited in overlapped split ring resonators (SRRs) metasensor which is
capable of detecting the ethanol-water mixture solution with high
sensitivity [25]. Soon after, quasi bound state in the continuum mode
(QBIC) was also excited and illustrated to achieve metasensor with high
sensitivity by coating Ge film [26]. Moreover, a topological sensor
consists of a topological waveguide critically coupled with high Q to-
pological cavity was demonstrated with sensing performance figure of
merit (FOM) up to 4000 RIU/mm ™" [27]. Particularly, immunosensor is
a kind of biosensor that shows high specificity because the
antibody-modified of biomarkers has the ability to specifically recognize
corresponding biomarkers and increase the sensitivity to the concen-
tration of the recognized antigen. For example, inductive-capacitive
(LC) resonant mode of immunosensor combined with CA125 antigen
antibody binding technology can specifically identification cancer bio-
markers with the LoD of 0.01 U/ml [28]. The toroidal metasurface with
high quality (Q) factor is also a reliable platform for immunosensing
applications. Such immunosensor was utilized to detect Zika-viru en-
velope protein using a specific Zika-virus antibody with the LoD of
24.2 pg/ml [29]. Although current THz immunosensor are promising,
the performance of LoD can be further improved by designing suitable
immunosensor with higher Q-factor and FOM.

The anapole mode, which arises as a result of the destructive inter-
ference between electric dipole (ED) and toroidal dipole (TD) moments
with the same intensity and opposite phase [30], gained much attention
to the researchers in the microwave [31], THz [32-35], and optics
[36-39] frequency ranges. Compared with other modes such as LC,
Fano, and toroidal modes, anapole modes has better sensing perfor-
mance due to the significant enhancement in the confined field and the
dramatic narrowing in the linewidth realized by the effective coupling of
ED and TD. However, since anapole mode is a nonradiative resonance, it
appears to be invisible in the far-field [40], which hinders many appli-
cations. In this work, the concept of “Quasi-Anapole” (QA) is presented
and excited, which can be transformed from the nonradiative anapole
mode when EDs and TDs have same radiation intensity and observed in
far-field. In addition, the lattice mode arises from the collective Rayleigh
scattering of periodic structures, where energy is strongly concentrated
on the surface that fails to radiate to the far-field. So they are known as
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diffractive modes or Wood’s anomalies, manifest as discontinuities in
the transmission/reflection spectra of metamaterials [41,42]. The
resonance frequency of lattice mode can be tuned by altering the peri-
odic of meta-atoms [43]. Currently, the interactions between lattice and
LC [44], Fano [45], and QBIC [46] modes have been reported, and the
results of these studies have been applied to the field of highly sensitive
sensing [23].

To our knowledge, the lattice regulation of QA has not been reported.
Here, the lattice mode is introduced to couple with QA mode to further
enhance Q-factor by changing the lattice period of the structure. As the
typical application, we also reported the results of spike (S) protein
detection by using Lattice enhanced QA (LQA) modes of THz immuno-
sensor. Fig. 1(a) shows the proposed immunosensor under the illumi-
nation of THz waves. The unit cell of the immunosensor consists of a pair
of mirrored metallic SRRs and a cut-wire between them, fabricating on a
500 pm-thick high-resistivity (5 kQ-cm™!) silicon substrate (n = 3.42)
with the size of 1 ecm x 1 cm. All metallic patterns are fabricated by
projection step photolithography followed by the deposition of 10 nm Cr
and 150 nm Au layers with conductivity of 4.56 x 10’ S/m by magne-
tron sputtering. Both Q-factor and FOM were improved by coupling the
QA mode and the lattice mode that is inherent in metamaterial periodic
arrays (the top of Fig. 1(c)). Under y-polarized plane wave illumination,
circulating currents (blue arrows) in left and right loops of SRRs and the
ED moment (violet arrow) in metal wire resonator can be induced. Due
to the circulating currents of the dual SRRs in the opposite direction, an
out of plane circulating magnetic field (red arrow) can be induced and
subsequently excite the y-directed TD (green arrow) in the position of
the ED. When TD and ED possess the identical intensity as well as out of
phase, the destructive interference between them leads to the QA mode,
accompanied by the strong field confinement, as depicted in the bottom
of Fig. 1(c). We also investigated the mutual coupling between the lat-
tice mode and the QA resonance, whereby the QA resonance shows ul-
trahigh Q-factor of up to 89. We used such LQA immunosensors for rapid
detection of S proteins, as displayed in Fig. 1(b). Current biological-
based methods suffer from time consuming for polymerase chain reac-
tion tests [47] or low accuracy and sensitivity for lateral flow immu-
noassay [48,49]. In our proposed THz immunosensor platform, the
sensitivity and LoD were improved after modifying the immunosensor
with gold nanoparticles (AuNPs) and antibodies. By varying the con-
centration of the antibody, experimental results revealed a different
regular pattern of antigen concentration and frequency drift of the
immunosensor. The optimal LoD was found for the concentration of
50 pg/ml antibody. In experiments, LoD can achieve as low as 3 pg/ml
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Fig. 1. The schematic of the sensing strategy based on the proposed LQA immunosensor. (a) The transmission dip variations are captured by the terahertz time
domain spectroscopy (THz-TDS) when THz waves illuminating on the metasurface. (b) S protein with increasing concentrations are cultured on the immunosensor in
an environment conducive to cell reproduction. (c) The period-agile unit cell consists of the cut-wire and SRRs for governing lattice mode and QA mode, respectively;
(bottom) schematic of the excitation of toroidal dipole (TD) and electric dipole (ED) in the unit cell; blue arrows: circulating surface currents in left and right loops of

SRRs; red arrows: the head-to-tail magnetic moment.
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(39 fmol). To further evaluate the specificity of detection, four proteins
(Ap40 , Ap42 , CEA and S protein) were utilized to explore the specific
response of the LQA immunosensor. Experimental results show that the
modified sensor is only sensitive to S protein rather than other proteins.
The proposed LQA metasurface exhibits ultrahigh Q-factor and excellent
LoD, which lays the foundation for the application of highly sensitive
and specific protein detection.
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2. Simulation and discussion

2.1. The pattern of a cut-wire located between the SRRs with gaps towards
wire (pattern I)

We first analyzed symmetric plasmonic unit cell which is composed
of a cut-wire located between the SRRs with gaps towards wire. Full-
wave simulations by using a commercially available frequency-domain
solver Computer Simulation Technology Microwave Studio were per-
formed to explore the influence of period on the transmission spectra
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Fig. 2. (a) Unit cell of the metasurface, whose structural parameters are P = 96 ym, Ro = 15 pm, Ri = 9 pm, d = 3 pm, w = 6 pm, L = 60 pm. (b) The simulated surface
currents at the resonance dip with the period of 103 pm (0.842 THz). (c) Coupling resonances of QA and lattice modes. Simulated transmission amplitude of
metamaterials with lattice periods from P = 75-103 um. (d) Left: Q-factor and FOM of the QA resonance at different lattice periods of the metamaterials. Right: The
2D map of transmission amplitude as a function of the period and frequency of the incident THz wave.
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and simulated surface currents at resonance dip. Fig. 2(a) and (b) show
the unit cell with the geometrical dimensions and simulated surface
currents at the resonance dip with the period of 103 pm (0.842 THz).
The physical origin of this resonance can also be found in Fig. 2(b).
There is a pair of counter-rotating surface currents along the two SRRs,
which is excited by the ED in cut-wire along y-direction. Each can
generate a magnetic component with head to tail and induce TD.
Interestingly, the excited TD and ED are out of phase and show
destructive interference with different intensity, which can be regarded
as QA mode.

Then we discussed the interaction between lattice mode and QA
mode. Lattice mode coupling is accomplished by tuning the frequency of
the lattice mode, denoted as fiy.
fun = NEET €b)
where c is the speed of light in vacuum, n is the refractive index of the
substrate, P is the lattice period, and (i, j) are non-negative integers
defining the order of the lattice mode. Eq. (1) implies that the frequency
of lattice mode is directly associated with the refractive index of the
substrate. In the simulation, the periodicity (P) of the structure is varied
from 75 pm to 120 pm, as shown in Fig. 2(c). By increasing the period
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from 75 pm to 120 pm, the spectral position of the lattice mode shows
redshifts according to Eq. (1), in order to overlap the QA mode. Through
this coupling, the QA resonance also redshifts, and their spectral line-
width changes. For the lattice period of 75 pm, the lattice mode (cyan
dotted line) is located at 0.998 THz. As the lattice period is increased
from 75-103 pm, resonance coupling between QA mode and lattice
mode is observed, which significantly decreases the resonance intensity
and narrows the line-width. The Q-factor can be calculated as fy/Av,
where Av is the full width at half maximum (FWHM) of the resonance
and fy is the resonance frequency, and the FOM can be defined as FOM =
Q x I [50], where I is the resonant transmission change in terms of in-
tensity. To systematically study the optimized structure and the coupling
effects, the Q-factor and the FOM of the LQA with respect to the lattice
period is plotted in Fig. 2(d) as P is swept from 75 pm to 120 um. The
Q-factor increases gradually from 11.9 to 38 (see Fig. 2(d), left). This
increase is due to the modulation of the lattice mode to the QA that
confines the electromagnetic energy in the metamaterial array. As the
lattice resonance frequency is lower than the QA resonance frequency,
the QA resonance broadens. The FOM of the QA also reaches a maximum
of 19 at P = 103 um. Lattice resonance frequency variation with respect
to the lattice period is also plotted (green dashed-dotted line) (see Fig. 2
(d), right). It clearly depicts a redshift of the QA and lattice resonance
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frequencies. As lattice resonance frequencies approaches and matches
the QA resonance, the coupling leads to narrowing of the resonance
line-width due to the increased diffraction effects that traps the energy
in the metamaterial array and suppresses the far-field radiation energy
near the resonance.

Multipole decomposition can enable an accurate calculation of the
multipolar moment and its far-field scattering contribution. In the
following, we perform the multipole far-field scattering of resonance
modes. From Fig. 3(a), we can see that at the resonance, the ED and TD
dominate the scattering power and the scattered powers of ED and TD
cross each other at 0.842 THz. The radiation of other multipoles is
relatively small. To see this clearly, Fig. 3(c) and (e) shows the multipole
decompositions of the scattered fields for individual cut-wire and two
SRRs with gaps towards cut-wire, respectively. The predictable TD ra-
diation has been predominant for cut-wire structure. For two SRRs
structure, ED dominates the scattered powers as frequency is lower than
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0.768 THz frequencies, and TD dominates between 0.768 and 1.4 THz.
So the far-field scattering energy of coupled resonance mode is mainly
contributed by the coupling of the ED and TD.

2.2. The pattern of a cut-wire located between the SRRs with gaps inverse
towards wire (pattern II)

Secondly, we investigate the pattern with the gaps of two SRRs in-
verse toward cut-wire. The geometrical parameters are plotted in Fig. 4
(a) and the process of the optimization introducing the parameters Ro/
Ri/d/g/w/L was provided in Supporting Information Section 1. As the
polarization orientation of the excitation probe is taken along the y-di-
rection, a clear split is recorded in the transmission response as illus-
trated in Fig. 4(b), dual resonances are found at 0.727 THz (f;) and
0.905 THz (f2). The surface currents are also obtained at f; and f» (Fig. 4
(c)). For this configuration, the central cut-wire acts as a ‘bright’
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Fig. 4. (a) Unit cell of the metasurface, whose structural parameters are P = 96 pm, L = 60 ym, w = 6 pm, g = 3 pm, d = 3 pm. (b) The transmission amplitude of the
metasurface. The resonances at f; and f, are marked as toroidal (red) and high frequency QA (blue), respectively. (c) The surface current distributions at f; and f, from
front view. (d) Transmission spectra modulated by the lattice mode via manipulating P from 75 um to 182 um. Cyan dotted lines/arrows indicate the lattice mode (O,
1), while green arrows indicate the lattice mode (1, 1). Critical periods P are 96 and 135 um, where the (0, 1) lattice mode matches high frequency QA and toroidal
modes, respectively. (e) Top: Q-factor and FOM of the toroidal (black) and high frequency QA (red) at different lattice periods. Bottom: 2D transmission amplitude
map as a function of period and frequency of the incident THz wave. The high frequency QA resonance is narrowest when it coincides with the lattice mode fip0,1)
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resonator and is able to directly couple to the incident THz field, while
the side SRRs are ‘dark’ under the current probe beam polarization
configuration. For the low frequency resonance, the induced current on
the left SRR is in the clockwise direction while that on the right SRR is in
the anti-clockwise direction, and the current on the central cut-wire runs
from top to bottom as shown in Fig. 4(c). ED and TD are in phase and
constructively interfere, which does not corresponds to the anapole
mode. This mode can be referred to as toroidal or ‘antibonding’ mode. In
the case of high frequency resonance, ED and TD are out of phase and
QA mode is excited, which is consistent with the first configuration. This
mode can also be referred to as ‘bonding” mode.

We also studied the interaction between the lattice mode and the
high frequency QA mode. The simulated transmission spectra by varying
P are shown in Fig. 4(d). For a period of P = 75 pm, the lattice mode
(indicated by the cyan dotted line/arrow) occurs at 1.16 THz, which is
higher than the QA resonance frequency. Resonant coupling between
the lattice mode and the QA resonance can be observed as the lattice
period is increased from 75 to 96 pm. We see a narrower QA resonance
as the lattice mode (cyan dotted line) approaches the QA resonance with
increasing lattice period. When the lattice resonance frequency matches
the QA resonance at P = 96 um, the QA resonance has the narrowest
linewidth. Further increasing the lattice period (P > 96 um) may
decrease the strength of the QA resonance and broaden its linewidth.
Similar coupling behavior is observed for the low frequency toroidal
resonance for periods from P = 110-182 pm. The top panels of Fig. 4(e)
show the Q-factor and FOM by tuning the lattice mode frequency with
increase of P. As P is From 75-96 um, the Q-factor of QA increases
gradually and the optimal P is 96 um for the maximum Q-factor of 89.
The highest Q-factor of 34.6 for low frequency toroidal mode locates at P
=135 um. A similar trend is seen for the FOM, which also increases with
increasing lattice period as the lattice mode frequency approaches the
QA resonance, reaching a maximum value of FOM = 26.7 at P = 96 pm
and a maximum of FOM = 13.7 for the toroidal mode at P =135 um. The
bottom panel of Fig. 4(e) shows the 2D simulated transmission ampli-
tude spectra map as a function of the lattice period. Since hybrid mode of
LQA shows higher Q-factor and FOM than that of lattice enhanced
toroidal, it is suitable for ultrasensitive THz immunosensor.

We calculated scattered powers for multipole moments to further
analyze the role of TD and ED in the observed resonance, as shown in
Fig. 5. Itis clear that ED and TD show the two strongest scattered powers
in the considered frequency range, meaning that the pattern in Fig. 5(b)
is mainly excited by the electrical composition of the incident electro-
magnetic wave. Furthermore, the scattered powers of ED and TD cross at
0.710 and 0.905 THz, between which TD dominates the scattered
powers. For toroidal mode around 0.727 THz, the TD emission is about
6.7 and 225.3 times than those of the ED and EQ, respectively. For QA
mode at 0.905 THz, TD is the same as ED, and EQ and MQ are only one
thousands of that of ED, leading to nonradiative anapole resonance. The
corresponding phases of ED and TD were also calculated in supple-
mentary materials of Section 2. We can see that at 0.727 THz (f;) the
phase difference is zero, indicating that ED and TD are in phase and this

Sensors and Actuators: B. Chemical 410 (2024) 135628

mode is not the anapole mode. While, at 0.905 THz, the phase difference
is m, indicating destructive interference between ED and TD occurs and
this mode is QA mode. The results agree with Fig. 4(c).

The electric-field, magnetic field, and electric energy density for
pattern I at the resonance (0.842 THz) are shown in Fig. 6(a) (b) and (c),
respectively. The electric field and electric energy density in the x-y
plane demonstrated the localized electric field intensity at the capacitive
gaps and both end of cut-wire. Besides, the vectorial profile for the x-z
plane magnetic-field (H-field) intensity provides verification for the
creation of closed-loop magnetic field around the cut-wire (Fig. 6(b)).
For pattern II, the electric field and electric energy density in the x-y
plane are much stronger than those of pattern I, especially by comparing
the energy around SRRs gap in Fig. 6(c) and (f). The magnetic-field in-
tensity in pattern II (Fig. 6(e)) shows much enhancement than that in
pattern I (Fig. 6(b)), indicating stronger ED and TD moments. The sen-
sitivities of high frequency QA and single QA modes are 126 GHz/RIU
and 49 GHz/RIU, respectively (see detailed discussing in supplementary
materials of Section 3). The sensitivity of high frequency QA is much
higher than that of single QA, resulting in better immunesensor per-
formance [51,52].

3. THz immunosensor based on LQA hybrid mode
3.1. Sample preparation and testing method

S protein and Anti-S were purchased from Lezee Biotechnology Co.,
LTD; AuNPs, Bovine Albumin (BSA), Phosphate buffered saline (PBS, pH
= 6.47) were purchased from Sigma-Aldrich; Ap40, Ap42, CEA were
provided by Shanghai Oriental Hospital. The immunosensor is charac-
terized using a THz-TDS system which is produced by Advantest Test
Company (China) (TAS 7500). The effective spectral range is 0.5-4 THz,
with a spectral resolution of approximately 1.9 GHz. To mitigate inter-
ference from water vapor, all tests are conducted under conditions of
room temperature at 23 °C and relative humidity below 4%. Repetitive
testing is performed on all samples to ensure the robustness of the
results.

3.2. Detection of S protein and Anti-S

Here, the designed high Q-factor LQA metasurface is used to achieve
THz immunesensor. Firstly, the biosensor is utilized without modified
Anti-S on surface. Instead, 10 pl S protein/Anti-S solution (the solvent is
PBS) is dropped directly onto the metasurface and left to incubate for
1 h at 25 °C. The metasensor is placed in a 25 °C environment to be dried
by air. The analyte on the metasurface is the mixture of PBS solute and S
protein with different concentrations. The concentration of S protein
increases from 10 pg/ml to 125 pg/ml and the Anti-S concentration
increases from 10 pg/ml to 200 pg/ml. As shown in Fig. 7(b) and (c)
show the transmission spectra responses and frequency shift of the high
Q-factor LQA metasurface coated on S protein and Anti-S, respectively.

The frequency shift with respect to different concentrations of S
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protein and Anti-S solutions are shown in Fig. 7(b) and (c), respectively.
With the increase of the concentration of S protein and Anti-S solution,
the resonance frequencies both produce a red shift. The right panels of
Fig. 7(b) and (c) shows linear correlations between the frequency shift
and the concentration of S protein and Anti-S solution, respectively. For
S protein, the linear equation was obtained by fitting the function: Y =
0.132X + 9.849, where X is the concentration of S protein. The LoD of S
protein was 10 pg/ml. As the minimum frequency domain resolution
~1.9 GHz, the theoretical LoD can be achieved 1.9/0.132 = 14.4 pg/ml.

3.3. Modification of immunosensor surface

To further improve the sensitivity and LoD, the immunosensor is
proposed, whose surface was modified with AuNPs and Anti-S. AuNPs
have the characteristics of good biocompatibility and easy to modifi-
cation. So it is used to enhance the connect antibodies and effectively
maintain activity [53-56]. The modification requires several steps
including chemical modification of antibody and AuNPs prior to
conjugation depending on the selected coupling chemistry. The sulfhy-
dryl group is very attractive for conjugation of Anti-S to AuNPs since it
forms a strong Au-S bond. The following steps were designed to modify
Anti-S on the immunosensor surface (see Fig. 8(a)). The immunosensor
is washed with an ultrasonic cleaner for 1 min. Then, 3-mercaptopro-
pionic acid (MPA) with concentration of 5 mmol/L is dropped to the
surface of sensor and incubated at 25 °C for 20 min. 10 pl of AuNPs is
added on the surface of the immunosensor, and incubated at 4 °C for
70 min [53]. Transmission electron microscopy images at different
magnifications were used to characterize the morphology of the pre-
pared AuNPs (Fig. 8(b)). The AuNPs were robustly covalently conju-
gated by forming Au-S bonds with MPA. After that, the unbound
solution on the surface is washed by using 99% absolute ethanol. The
Anti-S solution is added on the surface of the immunosensor and incu-
bated at 25 °C for 30 min. In order to lock the site of the AuNPs that are
not bound to the Anti-S, 1 wt% bovine serum albumin (BSA) solution is
added to the surface of the immunosensor, and then the immunosensor
is placed at 25 °C for 30 min. The S protein solution is added to the

surface and then incubated at 25 °C for 30 min.

3.4. Sensor specific detection

Three different concentrations of Anti-S solutions were configured
after AuNPs was added to the surface and dried. For the first group of
experiments, concentration of Anti-S solution was selected as 10 pg/ml,
corresponding to the situation of low antibody concentration; Concen-
tration of Anti-S solution was 50 pg/ml in the second group of experi-
ments; For the third group of experiments, concentration of Anti-S
solution is 200 pg/ml, corresponding to the high concentration of an-
tibodies. In the experiment, Anti-S solution was dropped onto the sur-
face and then incubated for 1h for achieving immunosensor. Then
different concentrations of S protein solution were dropped onto the
immunosensor surface which has been modified by Anti-S to observe
responses of THz transmission spectra.

The top left panel of Fig. 8(c) shows transmission spectra of the first
experiment group. With the increase of the concentration of S protein,
the QA resonance frequencies show red shift. The frequency shift be-
comes smaller with the increase of concentration of S protein. Since
concentration of Anti-S solution was as low as 10 pg/ml, as the con-
centration of S protein was larger than that of the Anti-S, small amount
of antigen binded with antibody and most of the S protein was not
involved in the reaction. The frequency shift due to increased unbinded
S proteins was less than binded immune complexes. We also used the
Hill model to fit the relationship between the frequency shift and the
concentration of S protein solution [52,57]:

[S]"

&l + 57 @

Af = Afnas-

where the maximum peak frequency shift. Afay is the saturation value,
[S] is the concentration solution of S protein, m is the Hill coefficient,
and K is the dissociation constant. The fitted curve is shown in the top
right panel of Fig. 8(c). The Hill coefficient m can be obtained as 1.4, and
the dissociation constant Kp is 13 pg/ml and Afpgy is 14.7 GHz.
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Fig. 7. (a) Left and Middle: Equipment diagram; Right: The optical microscopy images of dried analyte. (b) Left: Transmission spectra responses of LQA metasurface
for different concentrations of S protein; Right: The frequency shift induced by S protein concentration. (c) Left: Transmission spectra responses of LQA metasurface
for different concentrations of Anti-S; Right: The frequency shift induced by Anti-S concentration.

The middle left panel of Fig. 8(c) shows transmission spectra of the
second experiment group with 50 pg/ml Anti-S solution. Frequency shift
with respect to concentration of S protein solution was illustrated in the
middle right panel of Fig. 8(c). At this time, the antigen and antibody
were fully binded on the immunosensor surface, resulting in the gentle
slope change of the curve in the middle right panel of Fig. 8(c). The
fitting parameters in Eq. (1) are Hill coefficient m = 1.7, the dissociation
constant Kp = 19.6 pg/ml and Afpe = 40.2 GHz, respectively.

The bottom left panel of Fig. 8(c) plots transmission spectra by using
200 pg/ml Anti-S solution. The bottom right panel of Fig. 8(c) shows the
variation of resonance frequency versus different S protein concentra-
tion. It can be seen that the frequency shift decreased slowly as the
concentration of S protein increased, which was similar to the first
experiment group, but their biological mechanisms were different. Since
the concentration of antigen was always less than the concentration of
Anti-S, there were three situations in the third experiment group: (1) the
binding between antibody and antigen; (2) the binding between

antibodies; (3) reaction between antibody and binded immune com-
plexes. The products from the latter two situations could prevent and
slow down/stop the progression of the binding [45,46]. So, excess an-
tibodies can block the antigen-antibody binding. The Hill coefficient m,
dissociation constant Kp, and Afy,qy, are 0.6, 29.8 pg/ml and 47.3 GHz,
respectively, which are fitted from the curve in the bottom right panel of
Fig. 8(c).

The Hill model shows that the dissociation constant Kp is closely
related to the concentration of S proteins. The LoD Cjy, of S protein can
be calculated using the following formula [55]:

Sf

Cim = Kp X ————
: DXAfmax_Sf

3

Where, Sy is the minimum spectral resolution, which is 1.9 GHz in our
experiment. The relationship between Cj;,, and antibody concentration is
shown in Fig. 8(d). With the increase of antibody concentration, the
theoretical LoD obtained from Eq. (3) first decreased and then increased.
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This is because when the antibody concentration is 50 pg/ml, the anti-
gen is fully binded with antibody and the whole binding process is
adequate. When the Anti-S concentration achieved 50 pg/ml, the LoD
was as low as 0.95 pg/ml, which was significantly better than the result
in Section 3.1. So 50 pg/ml concentration of Anti-S was used for optimal
frequency shift.

3.5. Specific analysis

To verify the immunosensor has specific recognition of S protein, a
controlled experiment was designed and conducted with the experiment
result shown in Fig. 9. MIXA is a mixed solution of Ap40, Ap42, CEA and
S protein, and MIXB is a mixed solution of Ap40, Ap42 and CEA. The
difference between the two is that MIXA contains the target marker S
protein. As can be seen from the figure, the frequency shift generated by
MIXA and S protein samples is significantly higher than that of other
samples, that is, the frequency shift of the resonance peak in the pres-
ence of S protein is significantly higher than that in the absence of S
protein. Therefore, it can be considered that the sensor modified with
Anti-S has a specific recognition capability for S protein. Through this
experiment, we proved that antibody modification of the sensor surface
improves the sensor’s capability to detect the target antigen. The results
showed that after modified antibody sensors that the sensor has the
ability of specificity of detection.

4. Discussion and conclusion

Finally, we summarized and listed important results of this work and
that of the recently reported immunosensors (Table 1). Biosensors are
sensitive to biological substances and convert their concentration into
an electrical signal for detection. While immunosensors are an impor-
tant branch of biosensors that use highly specific binding between an-
tibodies and antigens to recognize chemicals such as proteins. Our
observations indicate that the LQA resonance exhibits superior sensing
capabilities. This can be attributed to the phenomenon that QA modes
are inducible within configurations that decreases radiation loss by
suppressing both electric and toroidal dipole moments. The novel LQA
metasurface demonstrates enhanced Q-factor stemed from the lattice
mode’s capability to confine electromagnetic fields and engage with the
QA response of the metamaterial unit cell. This interaction augments the
confinement of resonant fields and further mitigates radiative losses.
Consequently, this minimized radiative loss endows the LQA structure
with a higher Q-factor and FOM.

In summary, we performed novel THz LQA-immunosensor for spe-
cific detection of S protein. As the ED and TD possess different magni-
tudes and opposite phases, they partly cancel out mutual scattering in
the far-field region and the QA mode is excited. We also discovered the
coupling of QA modes and lattice structures for the first time. Coupling
the lattice mode with the QA resonance of the metamaterial unit can
diminish resonant radiation losses, thereby increasing its Q-factor.
Through comparative experiments, we found that the experimental LoDs
obtained by the immunosensor modified with AuNPs and antibodies
were significantly lower than those by the unmodified metasensor. This
shows the great advantage of THz LQA immunosensors for pg/ml level S
protein detection. In addition, the LoDs are significantly influenced by
concentration of antibody, resulting in biological mechanism of protein
binding. Moreover, the LQA immunosensor has the ability of specificity
of S protein detection. Hence, the proposed THz LQA-immunosensor
demonstrates the remarkable promise for applications in virus and
protein detection. Furthermore, it holds significant potential for the
creation of a dependable virus screening chip, which would possess
label-free attributes, exceptional sensitivity, noninvasive characteristics,
and rapid detection capabilities.
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Table 1
Comparison of current THz metamaterial strategies for protein detection.
Metasensor Excited Sample Q- LoD References
mode factor
biosensor LC HER2 9.71 0.1 ng/ [58]
ml
immunosensor LC CA125 / 0.01 U/ [28]
CA199 ml
biosensor LC S protein / 5ng [59]
immunosensor  toroidal CEA 15.04 0.17 ng [60]
biosensor toroidal Zika-virus 18 24 pg/ [29]
protein ml
biosensor toroidal S protein 14.5 4.2 fM [54]
immunosensor  LQA S protein 89 3 pg/ml This work
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