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Multifunctional Terahertz Biodetection Enabled by Resonant

Metasurfaces

Ride Wang,* Ruan Hao, Dongxiao Li, Lujun Huang, Rundong Jiang, Xiaobao Zhang,
Xiao Yang, Lei Wang, Shuming Wang,* Yuri Kivshar,* and Chao Chang*

Testing diverse biomolecules and observing their dynamic interaction in
complex biological systems in a label-free manner is critically important for
terahertz (THz) absorption spectroscopy. However, traditionally employed
micro/nanophotonic techniques suffer from a narrow operating resonance
and strong absorption band interference from polar solutions preventing
seriously reliable, on-demand biosensor integration. Here, a multifunctional
THz plasmonic biosensing platform by leveraging multiple interfering
resonances from quasi-bound states in the continuum designed to
noninvasively and in situ track the temporal evolution of molecules in
multiple analyte systems, is proposed. In contrast to conventional
microphotonic sensors, this platform demonstrates substantially broadband
performance and reduced footprints, allowing for simultaneous detection of
diverse molecular vibrant at multiple spectral points through robust near-field
interactions. Furthermore, this sensor enables real-time analysis of amino
acid absorption as water evaporates despite its strong overlapping absorption
bands in the THz range. By utilizing the real-time format of the reflectance
method to acquire a comprehensive spectro-temporal data collection, this
approach supports developing a deep neural network to discriminate and
predict the composition and proportion of multiple mixtures, obviating the
need for frequency scanning or microfluidic devices. This approach offers
innovative viewpoints for exploring biological processes and provides
valuable tools for biological analysis.

1. Introduction

Optical spectroscopy methodologies, such
as infrared (IR) absorption,'*] Raman
scattering,[*3]  and circular dichroism
(CD),I®] serve as formidable label-free
tools in the detection of biomolecules
and the extraction of intricate chemical
information in a real-time and noninvasive
manner. The terahertz (THz) spectral range
is of pivotal importance for these detection
approaches since they cover various rota-
tional and collective vibrational frequencies
of condensed matter and biomolecules,
which enables specific identification of
biomolecules with different chemical
properties.12l Importantly, all of the basic
building blocks of life, such as amino acids,
proteins, and nucleic acids, differ in the
frequency position, intensity, and shape of
their spectra within this spectral range, i.e.,
exhibit distinct and unique fingerprints. It
is worth noting that in a body fluid medium,
the oscillation pattern of the molecules to
be analyzed will be subjected to many
forms of environmental effects, such as van
der Waals forces,['*] hydrogen bonding,'*l
and so on. For this highly significant and
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widespread phenomenon, using traditional attenuated total re-
flection (ATR)!*>!®] and surface plasmonic resonance (SPR)[7:18]
detection techniques is very challenging. It is difficult to analyze
the contribution of individual analytes versus separating them
from the overall system signal, using sensing effects on net an-
alyte mass and refractive index. Further, for general biological
processes in mixed systems that involve multiple elements, dis-
tinguishing and monitoring individual components of such het-
erogeneous mixtures is a central goal of biosensing. Therefore,
in order to study the complex interactions of analytes in biolog-
ical systems, it is crucial to develop new label-free sensing plat-
forms that can independently track absorption fingerprint tem-
poral evolution and distinguish between different biomolecular
species.

However, conventional THz detection techniques face some
challenges to highly sensitive spectral sensing detection of trace
analytes. These challenges include increasing optical absorp-
tion by molecular in the specific fingerprint band, miniaturiz-
ing device footprints, and reducing the stronger absorption of po-
lar solutions. Broadband-enhanced THz absorption spectroscopy
(ETHZzAS) emerges as a potential solution to surmount some of
these obstacles.l1%2°] Metasurfaces excel at arbitrarily tailoring
the spectral response and light localization in nanophotonic de-
vices and manipulating light on the micro- and nanoscale.[?!-?7]
Engineered metasurfaces can enhance the operating band at will
and create intense highly confined hot spots of the electromag-
netic field, enabling robust interaction with adjacent analytes and
thus making them highly promising candidates for applications
in biosensing.[8-3!l However, THz metasurface-based biosensors
are still far away from satisfaction due to the low-Q resonances.
Recently, bound states in the continuum (BICs) have emerged
as a powerful tool for achieving high-Q resonances.[*’-3¢] BICs
correspond to dark eigenstates that are perfectly decoupled from
the exterior environment despite residing in the continuous spec-
trum. For practical applications, BICs must be transformed into
quasi-BICs (QBICs) with finite and high-Q factors.[”:8] Notably,
high-Q QBICs are always accompanied by extreme field enhance-
ment, thus holding great promise for enhancing light-matter in-
teractions. There are also some attempts to harness QBICs to
improve the performance of biosensors. However, most of the
reported QBICs-based sensors are used to detect the refractive
index change and only operate in a single narrow band.[**~*3! Typ-
ically, different biomolecules have a distinct optical response in
the THz range. Also, in a real scenario, they are present in the
form of a mixture, creating additional challenges to distinguish-
ing them. Thus, it is highly desirable to develop an ultra-compact
biosensor that can operate in multi-frequency window so that dif-
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ferent biomolecules or multi-components in the mixture can be
distinguished in one round test.

2. Results and Discussion

Here, we report a multifunctional THz plasmonic biosensing
platform in a label-free manner based on multiple quasi-bound
states in the continuums (multi-QBICs) and demonstrate its ca-
pability in tracking the intricate dynamics of the absorption fin-
gerprint and enabling concurrent detection of multiple analytes
(Figure 1). The design comprises arrays of self-similar micro-
antennas introducing discrete asymmetry, which facilitates the
simultaneous detection of diverse molecular vibration finger-
prints at multiple spectral points. The experimental setup used
incident light from backward incidence, which guarantees an en-
hanced sensing platform that is easy to operate and minimizes
the deleterious effects of water absorption on THz signals as it
penetrates through the water layer. Our plasmonic reflectance
biosensor neatly allows for the in situ real-time resolution of the
dynamic process of L-glutamate (L-Glu) absorption fingerprints
as the water evaporates. Notably, the collection of subtle real-time
signals from the reflectance method allows for the construction
of a deep neural network that enables accurate discrimination
among simultaneously present biomolecules without the use
of any external labels. By combining deep learning techniques
with enhanced sensing utilizing the reflectance-enhanced plas-
mon method, we overcome the challenges associated with exper-
iment complexity and training data availability. This represents
a dramatic and transformative advancement for highly sensitive
biosensing identification in composite bioanalytical and mixed
drug applications, providing new insights into neurotransmitter
conduction or throughput processes in fundamental studies.

To perform broad-resonant for molecule-specific detection, we
have devised a cutting-edge methodology that integrates elab-
orate pixelated and multiband plasmonic microantenna arrays
(Figure S1, Supporting Information) onto a substrate com-
posed of low-absorption polymethylpentene (TPX). Such com-
pact metasurface-based devices have substantially reduced foot-
prints and broadband performance (Figures S2 and S3, Support-
ing Information) compared to conventional dielectric-based inte-
grated devices.*] The incident light comes from the backside of
the chip and subsequently reflects to the detector. A notable ad-
vantage of the approach lies in its ability to minimize the delete-
rious effects of water absorption on THz signals. This guarantees
accurate sensing of analytes present on the metasurface through
the generation of evanescent electric fields emanating from the
resonant microantennas. By effectively capitalizing on the potent
near-fields generated by metallic micrometer antennas, we can
amplify weak vibrational fingerprint signals emitted by nanoscale
analytes.

Typically, the resonant frequencies of THz microantenna are
spectrally fine-tuned to align with the characteristic vibrational
modes of each target biomolecule. Extending the capabilities of
this technology to detect multi-fingerprint biosensing necessi-
tates the development of a metasurface supporting multiple res-
onances and allows us to individually tailor them to match the
unique vibrations of different analytes. In doing so, we can pre-
cisely read out the molecular absorption features across multiple
resonance bands. This exceptional precision not only eradicates
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Figure 1. Schematic diagram of a label-free biosensing platform utilizing THz microphotonics technology capable of accurately differentiating compo-
nents in systems with multiple biological samples. Simultaneous enhancement and detection of changes in analyte absorption spectra are achieved by
carefully designing THz multiple microantennas to promote multi-band enhancement to form desired resonance positions. The design enables the ex-
citation of multi-QBICs resonances and perfectly overlaps with the vibrations of the characteristic absorption bands | and I of L-Glu and y-aminobutyric
acid (GABA). The platform works conveniently, allowing for real-time detection of dynamic changes in characteristic fingerprints and substance identifi-

cation, as well as ratio determination in multi-analyte systems.

false-positive results but also significantly reduces the device’s
overall footprint.

Current methodologies predominantly employ homogeneous
arrays comprised of multiple resonant elements.l** For the pur-
pose of multiband sensing, however, resonances in such systems
typically reduce the excitation efficiency level of higher-order
modes associated with smaller resonance feature sizes, leading to
a degradation of enhanced THz absorption performance at these
resonance frequencies. In addition, electromagnetic coupling be-
tween different resonant modes and feature sizes impedes direct
spectral tuning. Moreover, the complex structure will increase
the design and experimental processing costs. Our method over-
comes these three major limitations by designing multiple asym-
metric dipole antenna array structures within a single unit cell
to assign different resonance frequencies accordingly. Biomolec-
ular and polymer features can be detected with high sensitiv-
ity, and application areas include biosensing and environmental
monitoring.

Our design leverages two subgroups of gold bar antenna ar-
rays, each of which consists of four microantennas with the same
dimensions, as shown in the left panel of Figure 2a. Each micro-
antenna can be viewed as a bright dipole resonator, and the neigh-
bor pair of antennas gives rise to a dark quadrupole resonance,
which is also called a symmetry-protected BIC.[*>*¢] Thus, itis not
surprising that such a metasurface will support three degenerate
symmetries-protected BICs with the same resonant frequency.
If the lengths of the upper-left and bottom-right antennas are re-

Adv. Mater. 2025, 2418147

2418147 (3 of 12)

duced from Lto L, with a perturbation of AL, = (L - L,)/2 and the
other antennas are fixed (see Figure 2a), one of the BICs is trans-
formed into a QBIC with a finite and high Q-factor due to the bro-
ken symmetry, as demonstrated in Figure 2b. Following the same
strategy, two QBICs can be excited by perturbing the lengths of
two antennas in each subgroup. All three QBICs are triggered
when four micro-antennas have different lengths. Multipole de-
composition analysis shows that these QBICs are dominated by
the electric dipole and magnetic quadrupole (Figure S4, Support-
ing Information). Here, we would like to point out that such a de-
sign has three advantages compared to other metasurfaces sup-
porting BICs. First, multiple degenerate BICs can be supported
with the same structure depending on the number of gold anten-
nas. Therefore, one can excite multi-QBICs with different reso-
nant frequencies by perturbing the length of the antenna in dif-
ferent degrees, which is beneficial to detecting various molecules
with distinct responses in the THz range. Both the Q-factors and
resonance frequencies can be tailored precisely by engineering
the length of gold bars. Second, unlike most silicon metasur-
faces operating in the THz range, the electric fields of QBICs are
strongly localized near the structure instead of being confined
within the structure, which is favorable for biosensing. Third,
such compact metasurface-based devices have substantially re-
duced footprints compared to conventional dielectric-based in-
tegrated devices. The spatial advantage facilitates the seamless
expansion toward multi-resonant metasurface photonic anten-
nas, offering a convenient scalability option by integrating novel
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Figure 2. Design of multi-QBICs-based metal metasurfaces. a) Schematic illustration of multi-resonant metasurfaces whose unit cell is made of two
subgroups of gold microantennas. The lengths of four bars are intentionally perturbed to create multi-QBICs. b) The corresponding reflection spectrum
of the metasurfaces in (a). The insets are the mechanism of the interfering resonances for a resonating system. c) Structural response and electric field
distributions of the three QBICs metasurface parallel to the substrate plane, corresponding to different resonance frequencies. d) Typical reflectance
spectra mapping of the multi-resonant metasurface, with the geometrical parameters of the unit cell as follows: width w =5 um, gap d = 5 um, and
periodicity P, = 220 pm, P, = 50 pm, respectively. Maintaining the lengths of antennas L, = 82 um, L; = 64 um, and L, = 51 pm, while varying
the length of L; from 64 um to 100 um. BIC point is labeled by yellow stares. e) Reflectance spectra of the multi-resonant (typical I, Il, III, shaded
areas) metasurface with scaled lateral (xM) dimensions. Detailed parameters of varying antennas in different pixelated areas are provided in Table S1
(Supporting Information).
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Figure 3. Simultaneous molecular fingerprint identification and quantitative analysis with multi-band plasmonic metasurfaces. a) Schematic diagram
depicting the intricate configuration of the experimental setup. b) Basic geometry of a typical reflectance sampling technique. c) Graph showing the
experimentally measured absorption spectra of two species from different classes of neurotransmitter-related biomolecules, highlighted with colored
areas. d) Simulated reflectance spectrum of the multi-resonant metasurface for the nominal design with L-Glu. The additional dips in the peak lineshapes
result from transmission under the same conditions. e) Measured reflectance spectra of the metasensor with varying trace amounts of L-Glu. The shaded
area (red and purple) indicates the positions of absorption valleys, which agree with the simulation from d. The typical I resonance peak (gray stripe)
exhibits a red shift with the increase of analytes. f) Simulated reflectance spectra with an analyte of semi-infinite thickness (Figure S7, Supporting
Information) and refractive index n varied from 1 to 2 on the metasurface. g) Tip-to-tip resonance frequency shift versus the change in the refractive
indices of the analyte (blue line). The metasensor sensitivity can reach 534 GHz/RIU. The frequency shift of the Il is caused by a change in the amount

of L-Glu (red line).

components into the available space whenever application de-
mands arise.

As a concrete example, we design a THz metasurface that sup-
ports three QBICs with resonance frequencies ranging between
1.1 and 2.1 THz, which overlap with the optical responses of
multiple absorption spectra of the analyte (L-Glu and GABA), as
shown in Figure 3c. The other parameters of the unit cell are w
=5um,d=>5um, [, =82 um, L; = 64 ym, and L, = 51 pm.
What makes this metasurface approach truly remarkable is its in-
herent flexibility to incorporate additional resonance bands, each
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meticulously tailored to align with specific spectral regions of in-
terest. L, is continuously changed to observe the evolution from
QBICs to BICs. Figure 2d (left panel) shows the reflection spec-
trum mapping as a function of L, and the frequency of incident
waves. It is clearly seen that there are three QBICs (denoted as
QBIC-I, QBIC-II, QBIC-III) featured by three high-Q Fano reso-
nances across the spectrum range (Figure S5 and Table S2, Sup-
porting Information). Figure 2c shows the eigenfield distribu-
tions of three QBICs. Furthermore, the electric fields of QBIC-I
are mainly distributed around bottom-left and top-right bar pairs.

© 2025 Wiley-VCH GmbH
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On the contrary, the electric field of QBIC-III is located near the
top-left and bottom-right bar pairs. For QBIC-1I, the electric fields
are confined around the middle two bars for both left and right
subgroups. We observe a significant ~40-fold enhancement of
the electric field in the near field. Note that the right two res-
onances behave as QBICs with finite Q-factors because the top
three microantennas have different lengths. However, the left
resonance evolved from QBICs to BIC as AL decreases from 18
to 0 um. Further decreasing AL renders BICs become QBICs.
The BIC is manifested by a Fano resonance with a vanished line
width. The distinct feature of the narrowing of the leaky reso-
nance is accompanied by abrupt z-phase changes of the elec-
tric field of the resonant metaatom lattice in the contour map
(Figure S6, Supporting Information), which manifests itself as a
narrow Fano resonance.[*’! To better visualize the evolution pro-
cess, seven typical reflectance spectra are selected and shown in
the right panel of Figure 2d. The QBIC-III mode is generated by
the coupling of adjacent microantennas L; and L,, well isolated
from another QBIC-I mode generated by the coupling of L, and
L, (not directly coupled to either L, and L,). Remarkably, the res-
onance line width gradually reduces to zero and then becomes
broader as the asymmetry parameters vary from 18 to —18 pym.
Another salient property of such a design is the resonance fre-
quencies of three QBICs can be tuned linearly by scaling the di-
mensions along the x-axis, as demonstrated in Figure 2e. In the
following section, we demonstrate that such metasurfaces can be
used for detecting biomolecules in the THz range.

To corroborate our theoretical prediction, we fabricated a se-
ries of metasurfaces on the TPX substrate with conventional pho-
tolithography techniques. Specifically, 10 nm titanium as an ad-
hesion layer and 100 nm gold are deposited in succession onto
the TPX substrate by magnetron sputtering (see Experimental
Section). The final pattern of metasurfaces is defined based on
the standard photolithography process. The inset of Figure 3a
shows the scanning electron microscopy (SEM) image of a typical
fabricated metasurface. An overview of the experimental setup
for measuring the reflectance spectrum is visually presented in
Figure 3a,b. The sample stage, adopting a horizontally open con-
figuration, is strategically positioned within the focal plane. This
optimal placement ensures precise measurements and captures
the essence of the THz reflectance spectrum from the array. To
capture this spectrum, we employ a THz time-domain spectrom-
eter, directing irradiation onto the chip from the back of the sub-
strate, as diagrammed in Figure 3b. It is akin to revealing the
hidden secrets of light and molecules, uncovering their dance
on the stage of scientific inquiry. This provides the opportunity
to inquire about the samples on the microantenna surface via
surface-enhanced THz spectroscopy. Here, we select the L-Glu
and GABA as the target analytes because they are involved in ex-
citatory transmission and inhibitory regulation between neurons,
respectively, and play an important role in the normal function-
ing of the central nervous system. We first use the transmission
pressurized tablets technique to measure the absorption finger-
print spectra of our chosen analytes: L-Glu and GABA, as shown
in Figure 3c. It can be observed that these two analytes have
unique optical responses between 1.0 and 2.4 THz. More specif-
ically, L-Glu I and II exhibit strong absorption ~1.22 and 2.02
THz, respectively. For GABA I and II, absorption peaks occur at
1.53 and 2.02 THz. Thus, to effectively detect L-Glu and GABA,
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we intentionally design our metasurfaces to support multiple res-
onances at these target frequencies.

A typical calculated reflectance spectrum of the intentionally
designed metasurface chip accompanied by the deposition of L-
Glu (Figure S8, Supporting Information) is shown in Figure 3d.
Since the resonance frequencies of QBIC-I and QBIC-III sup-
ported by the metasurfaces are perfectly overlapped with the
absorption peaks of L-Glu, significant changes occur in the re-
flectance spectrum after coating L-Glu. Thanks to the high-Q na-
ture of QBICs and their excellent field localization around the an-
tenna, the absorption intensity obtained from our metasurface is
almost one order higher than that directly measured using tra-
ditional transmission methods. Note that the full-frequency dis-
persive complex refractive index of the analyte has been taken
into account during the simulation process. Besides, other ana-
lytes like GABA can be easily detected in a similar way as long
as we align the resonance frequencies of multi-QBICs with the
intrinsic absorption peaks of analytes. Figure 3e presents the re-
flectance spectra of our resonant metasurface after coating L-
Glu with different concentrations. It can be found that the left
resonance peak exhibits redshifts and splits into two peaks as
the analytes increase. Therefore, both QBIC-I and QBIC-III can
be used for recognizing characteristic absorption of molecules.
In addition, the experimental results of multi-pixel metasur-
faces decorated with analyte are shown in Figure S9 (Supporting
Information).

For QBIC-III, it also shows a slight red shift and becomes more
and more broadened. Additionally, although QBIC-II does not
overlap with the characteristic absorption peaks of analytes, it still
shows redshifts and can thus be used for refractive index sensing.
As shown in Figure 3f,g, we simulated the reflectance spectrum
that covers the second resonance when the metasurface is em-
bedded into the background medium with a tunable refractive
index. The resonance peak shows an obvious red shift with the
increasing refractive index. To quantitatively characterize the per-
formance of such a biosensor, we retrieve the resonance peaks
at different n and plot them in Figure 3g. Applying linear fitting
gives us a sensitivity of 534 GHz/RIU. Also, we plot the measured
resonance peaks as a function of analyte mass. Reasonably good
agreement can be found between experiments and simulations.
However, it is not easy to compare the experimental measure-
ments and simulation results because it might be challenging
to establish the correspondence between the mass of the analyte
and the refractive index of the background medium. In a word,
such multi-resonant metasurfaces allow for simultaneously de-
tecting absorption peaks of analytes and refractive index changes
of the background medium.

Next, we experimentally validated the applicability of the
THz PIR platform in monitoring molecular fingerprints affected
by dynamic interactions that involve both polar and nonpolar
molecules in the environment. The successful detection of char-
acteristic alterations in affected analytes in aqueous media will
facilitate efficient research on in situ light interactions with
biomarkers, amino acids, proteins, and other substances. To con-
duct real-time in situ measurements, we continuously monitor
the reflectance spectrum. In numerous previous studies focus-
ing on trace sensing, it has been customary to analyze analytes
in a desiccated state.l**18] Nevertheless, in practical detection sce-
narios, the chemical environment exerts a substantial influence
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Figure 4. Molecular absorption fingerprinting was monitored in real-time and in situ with the THz plasmonic internal reflection (PIR) platform. a)
The setup utilized for in situ micro-THz PIR bioexperiments in water. A plasmonic chip is integrated into a TPX device clamped below the objective.
The optical path is on the lower side under the TPX platform and is shown in Figure 3a. The microscope on the upper side is used to observe the
metasurface and loaded biological sample conditions. b) Schematic of the experimental configuration. A diagram illustrates the dynamic monitoring of
analyte variations on the metasurface, providing real-time data. c) The stable reflectance real-time signal of the metasurface is continuously collected as
the L-Glu-containing solution evaporates. The process includes three main stages (yellow, red, and blue ribbons). d) The normalized reflectance spectra
are obtained through the Fourier transform of the time-domain signal of different stages in c. The inset graph magnifies a specific area marked by a white
dashed box. The white dashed line shows the trajectory of absorption frequency variation. On the top, experimental slices at three representative moments
demonstrate the evolution of the spectrum. On the left, the intensity evolution at four representative frequencies is displayed. e,f) The reflectance spectra
of different scenarios, without metasurface, or the absence of the analyte, were as controlled experiments. The blue arrow in the left panel of (f) indicates

the moment of rupture of the water film on the metasurface.

on the structure, function, and interactions of analyte molecules.
Hence, to address this practical issue, we embarked on a further
exploration into the influence of solvent evaporation on the char-
acteristics of analytes, particularly their absorption fingerprints.
Figure 4a,b elucidates the experimental setup employed in our in-
vestigation. By continuously injecting dry air, the environmental
conditions surrounding the chip can be consistently maintained
at a humidity level below 3%. Leveraging the real-time capabili-
ties of our reflectance method, an extensive collection of spectro-
temporal data is amassed.

The real-time measurement of THz reflectance time spectra
is depicted in Figure 4c. As the water gradually evaporates, the
effective refractive index of the sample coating the sensor’s sur-
face steadily increases, leading to a progressive attenuation of
the reflected signal’'s amplitude at the interface in accordance
with Snell’s law. Eventually, as the water in the L-Glu solution

Adv. Mater. 2025, 2418147

2418147 (7 of 12)

is entirely depleted, a reflection signal of unwavering intensity
becomes evident.

Subsequently, we further analyze the changes in molecular
oscillation modes during this process. The dynamic behavior
is reflected in characteristic absorption spectra. Therefore, we
perform the Fourier transform on a vast amount of spectro-
temporal data collected in real-time format of reflectance-based
methods to obtain reflectance spectra with absorption features in
Figure 4d. The results clearly depict the change process of the L-
Glu I absorption fingerprint during solvent evaporation. The pro-
cess mainly includes three stages: With sufficient solvent, solvent
molecules can surround and interact with solute molecules to
form a solvated layer. The solvation layer stabilizes the structure
and vibration of the solute molecules, reducing their exposure
to the external environment. However, the inclusion of solvent
molecules leads to a redshift in the resonance frequency of solute
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molecules. This redshift occurs because the presence of solvent
molecules alters the electron distribution of solute molecules,
weakening the resonance phenomenon and thus reducing the
resonance frequency.

In solution, the effect of the water evaporation process on
the molecular resonance frequency can be elucidated by the sol-
vent effect.[*>% The solvent effect is the environmental impact
of solvent molecules on solute molecules, including the interac-
tion between solvent molecules and solute molecules. The sol-
vent effect is described by the Kirkwood—Buff theory, according
to which the effect of solvent molecules on solute molecules can
be qualitatively expressed by the polarization energy of solvent
molecules.>!]

Av ~ —kAe (1)

where Av represents the change in the resonant frequency of the
molecule, k denotes an experimental parameter characterizing
the extent of the solvent effect on the resonance frequency of
the molecule, and Ae indicates the alteration in the polarization
energy of the solvent.[>?] This equation expression effectively de-
scribes the overall impact of solvent effects on the molecular res-
onance frequency.

There is a relationship between the amount of polarization en-
ergy change of the solvent and the solvent amount. In general,
as the solvent amount increases, the amount of polarization en-
ergy change of the solvent also increases. This is due to the in-
creased interaction between the solvent molecules and the solute
molecules, resulting in an increase in the polarization energy of
the solvent molecules. From Figure 4d, putting L-Glu into water
redshifted the resonance frequency from 2.02 THz in the solid
powder state to 1.17 THz in the solution state. As can be seen in
Figure S10 (Supporting Information), the molecular (L-Glu) ab-
sorption fingerprints in a sufficient amount of nonpolar fluorine
oil also can be clearly tested that a redshift has occurred.

It should be noted that the amount of change in the polariza-
tion energy of a solvent is also affected by other factors, such as
the polarity of solute and solvent molecules, as well as the in-
teraction between solvent molecules. Therefore, the relationship
between the amount of change in the polarization energy of a
solvent and the amount of solvent is not a simple linear rela-
tionship but requires a combination of several factors. Further,
we executed control experiments as detailed in Figure 4e. It is
perceptible that the characteristic absorption fingerprints of the
molecules change in the absence of the metasurface, albeit to a
minor extent. The directional shift in change remains highly con-
sistent with the case involving the metasurface. Upon complete
evaporation of the solvent, the molecular vibration frequencies
may undergo significant variations due to structural modifica-
tions and energy redistribution within the molecules.

The outcomes of this study will enrich our comprehension of
the dynamics of analyzing characteristic fingerprints in the THz
band within a solution, as well as the selection and optimization
of solvents. Furthermore, the solvent content can be predicted
by pinpointing the specific position of the fingerprint. This ex-
perimental setup paves the way for novel territories in in situ
real-time dynamic detection in biochemistry in the THz band. By
eliminating the traditional time-consuming drying procedures,

Adv. Mater. 2025, 2418147

2418147 (8 of 12)

www.advmat.de

this approach streamlines biosensing and enhances its versatil-
ity in diverse scenarios.

We further demonstrate the capability of monitoring and
distinguishing multiple biological analytes simultaneously at a
steady state for a THz plasmonic biosensor. In addition to L-Glu,
we chose to study another biomolecular GABA, which plays an
important role in the treatment and prediction of a wide range
of complex neurological diseases and psychiatric disorders.>3>*
Specifically, we target the L-Glu I and II bands located at ~1.22
and 2.02 THz as well as GABA I and II located at ~1.53 and
2.02 THz (Figure S11, Supporting Information). The schematic
diagram of mixing L-Glu and GABA is shown in Figure 5a. L-
Glu/GABA mixtures with several mixing ratios are executed in
Figure 5b. Figure 5c,d shows the reflectance spectra with several
mixing ratios, from which we can accurately identify the compo-
nents in a mixture even if they have almost the same absorption
fingerprint (GABA II and L-Glu II). In addition, the proportions
of the mixtures can be judged by the absorption strength. To con-
firm that the two reference spectra used are sufficient to capture
the full biological information in our weight measurement, we
performed principal component analysis (PCA, Figure 5e) over
the spectral data corresponding to all the ratio data (see Experi-
mental Section).l>>’] The principal component loadings and ex-
plained variance are shown in Figure S12 (Supporting Informa-
tion). In Figure Se, each cluster represents a mixing ratio. Since
there is no overlap between each cluster, we can achieve the classi-
fication of different mixture ratios. Next, molecular identification
is performed using support vector machines (SVM). The dataset
imported into SVM is 50 spectra of each mixing ratio, randomly
divided into 40 training datasets and 10 testing datasets. The lin-
ear kernel function is used as the kernel of SVM. Finally, we ob-
tained 100% recognition accuracy for each set of mixing ratios
(Figure 5f).

To capture the changes in analyte concentration more compre-
hensively and improve the accuracy of prediction, we established
a mixed analyte proportion prediction regression model using a
multimodal deep neural network (MM-DNN).I*® MM-DNN con-
tains three layers, which are the input layer, hidden layer, and
output layer (Figure 5h). The MM-DNN model contains 2 hid-
den layers, each hidden layer has 64 nodes. The output layer con-
sists of 2 nodes, corresponding to the number of species in the
sample. Next, the reflectance spectra in Figure 5d are imported
into the MM-DNN model as a training set. The loss after train-
ing is 1.36 and the accuracy is 91.11% (Figure S13, Supporting
Information). In addition, we calculated the precision and recall
to evaluate the performance of the model. Through calculation,
the precision of the deep learning model is 92.56% and the re-
call is 91.11%. This result shows that the model has good classi-
fication ability and recognition ability for target samples. Then,
the newly obtained measured spectral data (Figure 5g) is input
into the trained MM-DNN model as a test set. Figure 5i shows
the concentration predictions of all components in the output
mixture. The predicted results are very close to the actual re-
sults. It should be emphasized that our platform is not limited to
two biochemical species and can be extended to bioassays with
a higher number of biological components, as well as to explore
unknown samples or analytes with unknown absorption spectra,
through the inclusion of the corresponding reference spectra in
the analysis of the PCA method with universal applicability. This
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Figure 5. Classifying mixed samples and predicting concentrations. Machine learning assisted multi-resonant THz platform for classification and accu-
rate prediction from mixed samples. a) Schematic diagram of mixing L-Glu, and GABA. b) The bar plot of the titrated concentration mixes of L-Glu and
GABA. c) The reflectance spectra of the multi-resonant THz platform under different analyte mixing conditions. d) The reflectance spectra of sensing
data with different analyte states. Each mixing state contains 50 sets of reflectance spectra. ) The weight of scores of each spectrum in a 2D space after
PCA. f) The confusion map of machine learning results indicates 100% accuracy in mixed analyte identification. g) Reflectance spectra under different
analyte mixing conditions as a test set. h) The multimodal deep neural network (MM-DNN)-based regression model for mixed analyte concentration
prediction. i) Concentration prediction results corresponding to the data in (g).

molecular-specific and label-free detection method enables pre-

cise analysis of absorption fingerprints, thereby opening up ex-

citing avenues for the study of biological effects within the THz
band. Our findings contribute to the advancement of THz ab-
sorption spectroscopy as a transformative tool for understanding

and investigating complex biological phenomena.

Adv. Mater. 2025, 2418147

3. Conclusion

THz absorption spectroscopy emerges as a formidable tech-
nique for elucidating the intricate details of molecular vibration
information in a label-free manner. This technique is crucial for

unraveling the complexity inherent in biological processes,
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allowing for the differentiation of various fundamental
biomolecules and their interactions. We have developed a
novel multi-band THz plasmonic biosensing platform capa-
ble of providing label-free resolution of molecular specificity
fingerprint information. The structural design incorporates
self-similar multi-QBICs to achieve independently regulated
simultaneous enhancement of multiple spectral points, which
can effectively improve the accuracy and precision of analyte
identification. Moreover, the sensor allows in situ and real-time
monitoring of the dynamic changes in the vibrational modes of
solute molecules in solution as the solvent evaporates. These
findings demonstrate that our developed technology provides
an advanced experimental solution for studying the dynamic
biological effects associated with neurotransmitter molecules in
the THz range. It is also important to note that the reflective,
real-time approach enables the stable collection of a large amount
of spectral time-domain datasets, which makes it possible to
construct deep neural networks to accurately discriminate and
predict the composition and proportions of various mixtures.
Extending this configuration to more complex fingerprint dy-
namics detection and mixture substance identification, we then
leverage our method to monitor neurotransmitter cargo release
from synaptic vesicles in response to specific drug-induced
releases, providing a new approach to drug development for
brain-related disorders as well as exciting applications of THz in
neural signaling modulation.

The proposed approach makes a significant contribution to the
field of broadband-enhanced absorption spectroscopy research
(Table S3, Supporting Information), especially in analyzing spe-
cific molecules in heterogeneous systems as well as in dynamic
real-time tracking, showing great potential for applications. In
addition, we anticipate that multi-band pixelated metasurfaces
will be widely used in the design of various 2D-functionalized
material platforms, and their ubiquity lays the foundation for re-
alizing a wider range of applications.

Improving the detection range is crucial to further advance
the technology. Different molecules and biological systems may
have characteristic absorption bands in multiple spectral ranges,
so attempts can be made to combine other bands (e.g., mid-
infrared) to design multimodal sensing platforms for compre-
hensive monitoring of complex biological processes. In addition,
in order to meet the demand for detecting more trace target
substances, further breakthroughs in the lower detection limit
of the platform are needed to improve the highly sensitive de-
tection of trace analytes. Although the designed metasensors
have demonstrated the advantages of miniaturization, achieving
large-scale production and standardized use imposes higher de-
mands on the miniaturization of the devices. In this regard, plas-
monic microantenna structures offer unique advantages in terms
of scalability and miniaturization and can provide new avenues
for the development of miniaturized micro- and nanophotonic
biosensors.

4. Experimental Section

Numerical Simulations: ~The reflectance spectra and near-field electric
distributions of the microantenna arrays were computed using the Finite-
Difference Time-Domain (FDTD) method implemented in the Lumer-
ical FDTD software. The periodicity of the arrays was accounted for
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through the utilization of periodic boundary conditions defining the
unit cell of the array. The structure was excited by illuminating it with
a plane wave aligned with the dipole microantennas and incorporat-
ing all propagating Floquet modes. Additionally, the platform accommo-
dated normal incidence of light on its backside. The scattering charac-
teristics were computed on a refined mesh iteratively until convergence
was achieved. The default simulation environment was usually ideal dry
air (no water, background refractive index of 1, simulated temperature
of 300 K).

Metasensor Microfabrication—Substrate Preparation: The platform
substrate underwent a combination of injection molding and precise en-
graving to achieve the desired dimensions. This was done using a polymer
material with a refractive index of ~1.46. Subsequently, the substrate was
cleansed with deionized water and ethanol. To ensure a pristine surface
and enhance adhesion during metal deposition, the substrate was then
dried using a gentle stream of nitrogen gas.

Metasensor Microfabrication—Photolithography: The photoresist was
spin-coated onto the substrate and gently baked. The pattern of the mask
plate was then transferred to the photoresist coating by UV irradiation. The
exposed substrate was reacted in a specific developer, taking care to con-
trol the important parameter of development time. Specific wavelengths of
light were used in conjunction with the corresponding developer to ensure
effective exposure and development.

Metasensor Microfabrication—Metal Deposition:  Sequentially, a 10 nm
chromium layer followed by a 100 nm gold layer was deposited onto the
cleaned silicon substrate. These layers were deposited using a magnetron
sputtering system.

Metasensor Microfabrication—Lift-off Process:  To delicately remove the
photoresist layer and the gold film adhered to the upper rim, the coated
samples were submerged in acetone. Ultrasonic debonding was employed
with greater efficacy to maintain the integrity of the metal microstructure,
aiming to prevent any undesired impairment.

THz Spectroscopy System Measurements: To acquire spectroscopic
data, the advanced TAS7500TS THz ultra-broadband spectroscopy system,
crafted by Advantest Co., Ltd in Tokyo, Japan, was utilized. This exceptional
apparatus featured a frequency range spanning from 0.5 to 7.0 THz, show-
casing a remarkable frequency precision of 3.8 GHz. It comprised crucial
components such as a femtosecond laser, two photoconductive antennas
serving as both THz emitters and detectors, a precision time delay device,
and data collection software. This setup enabled precise measurements,
yielding detailed and accurate results. The method entailed the strategic
utilization of a pair of optical fiber lasers operating at a wavelength of
1550 nm, each with pulse durations beneath 50 fs. Operating at a repe-
tition rate of 50 MHz, one laser transmitted the sample while the other
detected the THz signals. With a system noise level below 60 dB, the sys-
tem enabled measurements in both normal reflectance and transmission
modes in the time domain. In this work, in order to facilitate experimen-
tal operations and dynamic monitoring, reflective modules were used for
data collection.

Data Collection and Analysis Process: The photoconductive antenna
method was utilized to generate and detect THz signals operating in re-
flection mode. By using an advanced phase-modulated dual-laser synchro-
nization control method, time-domain signals that contain analytical de-
tails were collected. The emitted THz signals were polarized in a trans-
verse magnetic (TM) mode and focused onto the plane of the sample stage
where the metasensor was placed. During the experiment, the THz signal
was incident from the backside at a low fixed angle of 5° onto the test plat-
form. The electric field of the THz signal was consistently parallel to the
long axis of the miniature antenna. To ensure accurate sensing results and
to minimize the effect of water in the environment, an air dryer was used
to dry the experimental environment, keeping the relative humidity below
3%. The environment was dried for 30 min before starting data measure-
ments. The signal of the THz pulse through the bare TPX substrate was
used as the reference signal. In the post-processing step, the time-domain
signals of the THz pulses measured through the metasurface adorned
with the analyte (Figure 4c) were subjected to a fast Fourier transform
(FFT) to obtain the corresponding THz spectrum. Then, the THz spec-
trum reflected through the analyte (Rg,,)) is normalized with the spectrum
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reflected only from the substrate (Rg(,,)), i-€., R(s) = |Rs(w)/Rr(w)|, and the
normalized spectrum is shown in Figure. 3e.

Machine Learning:  In mixed sample classification, PCA was employed
for dimensionality reduction of measured spectral data. To facilitate the vi-
sualization of the feature space, PCA was performed in OriginPro 2018. A
correlation matrix was calculated for the normalized set of features, from
which eigenvectors and eigenvalues were extracted to construct principal
components as linear combinations of the initial features. The first two
principal components were used to display a 2D scatterplot of the fea-
tures. The proposed SVM classifiers were developed on Python 3.6 using
the scikit-learn package. The entire dataset comprised 450 spectra, and
the dataset was split into training data (80%) and testing data (20%). The
linear kernel function was used as the kernel of the SVM with a C set to
1. For concentration prediction, an MM-DNN model was developed us-
ing the scikit-learn package based on Python 3.6. The MM-DNN model
consisted of feature concatenation and a Deep Neural Network (DNN)
architecture. Early fusion was employed to combine features from meta-
surface and molecular data into a unified representation. Subsequently,
feature extraction and dimensionality reduction were applied to the fused
dataset. The architecture of the DNN model was composed of fully con-
nected layers that utilize Rectified Linear Unit (ReLU) activation functions.
MM-DNN leveraged Keras to define a sequential model for regression
tasks with two output nodes. The model architecture included an input
layer, hidden layers, and an output layer. The input layer consisted of 315
nodes, corresponding to the frequency points within the spectral range.
The model contained two hidden layers, each comprising 64 neurons.
These hidden layers enabled the model to discern complex relationships
and facilitate precise predictions. The output layer consisted of two neu-
rons with a linear activation function, providing regression outputs for two
target variables. The model was compiled using the Adam optimizer with
a Mean Squared Error (MSE) loss function. Additionally, metrics such as
mean absolute error (MAE) and accuracy were included to monitor per-
formance. The Adam optimizer was a robust optimization algorithm that
dynamically adjusted the learning rate based on the gradient of the loss
function, enhancing training efficiency. During the entire training process,
the model iteratively fine-tuned the weights and biases within the layers to
minimize the loss function, ultimately improving prediction accuracy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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