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ABSTRACT

Metasurfaces have emerged as a rapidly evolving frontier in the fields of optics and photonics, with a growing emphasis on their potential for
practical applications. The considerable volume of contributions to the study on metasurfaces has expanded, creating challenges in tracking
all the advancements within this dynamic field. In this review, we select practically useful metasurfaces among the diverse metasurfaces
studied so far. We refer to the selected hot research topics in metasurfaces at the beginning, succeedingly outline the status of several
applications that are nearing practical applications, and then focus on biosensing applications, with particular attention to metasurface
fluorescence (FL) biosensors, because FL detection is a major approach in bioscience and biotechnology. However, the contributions to FL
detection by metasurface biosensors have not been reviewed in an extensive and comprehensive manner. Indeed, the metasurface FL
biosensors have demonstrated capability of detecting a wide range of biomolecules including nucleic acids and proteins, such as antigens and
antibodies. Notably, they offer enhanced sensitivity assays and reduced assay time when compared to conventional commercial assays. We
here provide a focused review on the current status and future directions of metasurface biosensors.
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“metasurfaces” already appeared in 2004, yet its conceptualization
was closely tied to that of metamaterials and did not catalyze diverse
R&D across a wide range of optical and photonic applications.
Contemporary R&D exploiting metasurfaces are being globally
conducted with huge efforts. Figure 1 presents representative metasur-
faces that have been experimentally validated, showcasing their poten-
tial for practical applications, such as light wave manipulation,’
metalenses,” " infrared (IR) absorbers,” emitters,'” and biosensors.' "
Prior to delving into the specific applications shown in Fig. 1, we
address underlying key physics involved in metasurface studies. First,
plasmonic and dielectric nanostructures were individually investigated
and found to exhibit pronounced optical resonances, termed Mie reso-
nances."” Around the year 2000, noble metal nanoparticles were syn-
thesized chemically in various shapes, such as spheres, triangles, and
rods, and characterized as Mie resonators, owing to their strong light
scattering attributed to intrinsic optical resonances.'* '® In addition,
dielectric nanostructures were are shown to function as electric dipole
(ED) and magnetic dipole (MD) resonators, with theoretical analyses
for ideal spherical shapes.'” The analyses approximately account for
the prominent resonances observed in various configurations of dielec-
tric nanostructures."®'” Second, the concept of bound states in the
continuum (BIC) in photonics was reported on a light-confined mode
within a photonic crystal in 2013.”" The photonic BIC modes are
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hidden in symmetric configurations, becoming observable only when
asymmetry is introduced. For example, by introducing structural
asymmetry in unit cell, the BIC modes can be observed even under
normal incidence that is a symmetric configuration regarding optical
excitation. This property stimulated extensive studies on BIC in meta-
surfaces,”' ** which pursued narrow linewidth resonant modes of
high-quality (Q) factors.

Rapid progress in metasurfaces is based on high-precision
numerical simulations and contemporary nanolithography. Regarding
the numerical simulations, finite-difference time-domain (FDTD)>" "'
finite element method (FEM)™ and rigorous coupled-wave analysis
(RCWA) method™ ** are widely employed to design and evaluate
optical properties of metasurfaces. They were already established by
numerous publications on photonic crystals, metamaterials, and meta-
surfaces, which showed good agreement of the simulated results with
experimentally measured results. In addition to independent develop-
ment of the source codes for the numerical simulations, commercial
FDTD, FEM, and RCWA packages are available, enabling many
researchers to easily join the metasurface studies.

Let us briefly describe several topics on metasurfaces that exhib-
ited substantial progresses since the 2010s. Initially, the topic of ray
control emerged, introducing the design and fabrication of a metasur-
face of elaborate unit cell in 2011," as shown in Fig. 1(a) (yellow); the
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FIG. 1. Collection of representative metasurfaces for various applications. (a) Metasurface composed of a V-shaped unit cell (yellow)." (b) 1D metalens working at telecommunica-
tion wavelengths.” (c) Metalens with nearly unity numerical aperture:” low- and high-magnification scanning electron microscopy (SEM) images (upper and lower) with scale bars
of 10 um and 500 nm, respectively. (d) Mass productive metalenses:” Photograph of 2 cm diameter metalenses (upper) and SEM image with scale bar of 2 um, magnifying the cen-
ter of the metalens (lower). (e) IR absorber:” Design (upper) and SEM image of a fabricated sample (lower), where two different types are shown with blue and red. ()
Experimental absorptance (red) and emittance (blue) by the IR absorber.” (g) Photograph of a Eackaged IR emitter."® Scale bar indicates 5mm. (h) Metasurface fluorescence (FL)
biosensors." (i) FL images of the metasurface biosensors employed in single cfDNA sensing.' Target DNA numbers per test are shown together. (a) From Yu et al., Science 334,
333 (2011). Reprinted with permission from American Association for the Advancement of Science (AAAS). (b) Adapted with permission from Khorasaninejad et al., Nano Lett. 15,
5358 (2015). Copyright 2015 American Chemical Society (ACS). (c) Adapted with permission from Paniagua-Dominguez et al., Nano Lett. 18, 2124 (2018). Copyright 2018 ACS.
(d) Adapted from She et al., Opt. Express 26, 1573 (2018). (e,f) Reproduced from [Miyazaki et al., Appl. Phys. Lett. 105, 121107 (2014)] with the permission of AIP Publishing. (g)
Adapted from Miyazaki et al., Sci. Technol. Adv. Mater. 16, 035005 (2015); licensed under a Creative Commons Attribution (CC BY) license. (h) Adapted from lwanaga, Biosensors
13, 377 (2023); licensed under a CC BY license. (i) Adapted with permission from Iwanaga et al., Nano Lett. 23, 5755 (2023). Copyright 2023 ACS.
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periodicity in the horizontal was 11 um and the working wavelength
was 8 um; the Au microstructures of 220 nm width and 50 nm height
were fabricated on a Si wafer. The primary aim was to manipulate
wavefront of refracted light through the design of subwavelength V-
shaped structures, which reinforced a particular refraction component
due to wavefront interference and traveled along one of the allowed
reflective diffraction directions. This study strikingly stimulated many
studies on ray and wavefront control.”*"” As an extension of this study,
phase and/or polarization control was also explored in various configu-
rations for the visible and near infrared (IR) light,”’” which were often
nonperiodic and non-uniform nanostructures, similar to the meta-
lenses in Figs. 1(b) and 1(c).

Furthermore, as a natural progression of the ray and wavefront
control concepts, focus effects were examined through both numerical
simulations and experimental validations. The studies yielded metal-
enses, sometime called flat lenses.” *°%***® Most of metalenses were
designed at the height of sub micrometer, and the height was the same
in each metalens. Thus, from a macroscopic view, the metalenses are
characterized by their flat geometry. The principle for the focusing
effect is in common with conventional convex or concave optical
lenses, made of glass or quartz. The key difference is that the ray is
bent in the metasurface layer of subwavelength thickness, owing to the
precise alternation of the phase of light. Further improved designs led
experimental demonstrations of achromatic or multiwavelength metal-
enses.&lﬁ(\,"l()7'12,'1(3

Metalenses composed of subwavelength structures enable the
integration of multifunctional units. Indeed, this capability was
exploited to design color splitters,”” "’ which effectively focus the indi-
vidual red, green, and blue (RGB) components of light onto separate
pixels. This advancement is beneficial to produce ultracompact CMOS
cameras, which will be found in smart phones and tablets soon. These
optical functions of metalenses are elaborated later (Sec. II). Although
the designs of the color splitters are more complex than those of metal-
enses, the fundamental principle for design is in common with the
metalenses, which means that the color splitters belong to a family of
metalenses.

Metagratings were also conceived along the concept of metasur-
face.”’ > Conducting elaborate designs using computers enabled to
obtain nearly 100% diffraction efficiency. The large degree of freedom
in the structural designs yielded a diverse range of diffraction
responses. Historically, a similar notion to the metagratings was
reported in 1998,” where a subwavelength grating was designed and
fabricated to obtain superior diffraction efficiency compared to con-
ventional échlette gratings. The control of phase of refracted light was
analyzed at the time. More elaborate and extensive designs for meta-
gratings have significantly enriched the capabilities of subwavelength
gratings.

Holography is a well-established optical technique that modulates
both the amplitude and phase of light beam. Since metasurfaces can
control the amplitude and phase with large degree of freedom, meta-
surfaces are suitable for holographic applications. Indeed, several
reports experimentally showed fine holographic images using plas-
monic or all-dielectric metasurfaces.” *’ The designs of holographic
metasurfaces are also elaborate tasks; however, it is implementable
with help of current computational tools on personal computers.

Nonlinear effects on metasurfaces have been also extensively
explored. There are two main directions: Lasing”" ** and higher-order
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harmonic generation, specifically, second-order harmonic generation
(SHG) and third-order harmonic generation (THG).”" *” The studies
on lasing effect primarily focused on developing ultralow-threshold
lasing devices on BIC, which is a high-Q resonance and is considered
to make the lasing threshold lower. In reality, a low lasing threshold at
55 1t W was observed under optical pumping.”’ Regarding the higher
harmonics generations, improvement of the conversion efficiency was
expected. Such an improvement has been tested frequently using plas-
monic nanostructures (i.e., metallic nanostructures) from the view-
point of local electric-field enhancement; the highest SHG conversion
efficiency of plasmonic systems was reported to be 7.5 x 1072% at a
mid-IR range.(’(’ However, in 2016 and 2017, more efficient SHGs were
developed by exploiting dielectric nanostructures, which are Mie nano-
resonators;’’’? the dielectric was AlGaAs, which enables lower optical
loss and a higher pumping threshold than the metallic nanostructures
made of Au or Ag. Although optical metasurfaces optimized for SHG
and THG remain unreported, the potential for designing such nonlin-
ear metasurfaces is promising, based on efficient dielectric nanoresona-
tor: 5.7” 73

Very thin, artificially engineered structures with subwavelength
thickness were found to function as perfect light absorbers,”* 7 when
they were designed incorporating light-harvesting metallic micro/
nanostructures. The light absorption was attributed to plasmon-
associated resonances. This principle has been adapted to the IR range
through the fabrication of elongated periodic structures and was vali-
dated experimentally.””*' Recently, all-dielectric metasurfaces were
reported to act as effective light absorbers,”” in which Mie resonances
are origin of the light absorption.

Furthermore, IR emitters were designed based on plasmonic reso-
nators that comprised metal-insulator-metal (MIM) structures,” as
depicted in the upper panel of Fig. 1(e). In this configuration, electro-
magnetic (EM) fields can be resonantly confined within the narrow
insulating layer, which was confirmed conducting simulations and was
shown to be underlying mechanism of the efficient light absorp-
tion.””*” Au or Ag was chosen the metallic component because they
are good conductors and approximately behave as Drude metals in the
IR range. The insulator was chosen from transparent dielectrics, such
as AL O; or SiO,. The MIM-based metasurface was fabricated through
electron-beam (EB) lithography; a scanning-electron-microscopy
(SEM) image is shown in the lower panel of Fig. 1(e), where blue and
red are pseudocolors used to make the two types of MIM structures
clear to the eye.” The MIM-based metasurface was optimized for two
resonances at /; and /, in the mid-IR range, as shown in Fig. 1(f). The
two resonant wavelengths correspond to the IR absorption of CO, gas
and a reference.

Owing to reciprocity,”** light absorptance is equivalent to emit-
tance. Therefore, perfect light absorbers at a wavelength can work
as optimal emitters at the same wavelength. The reciprocal relation
was experimentally substantiated by fabricating membrane struc-
tures that kept sufficient thermal insulation.'” Fig. 1(g) shows a
packaged IR emitter that integrates the mm?-dimension metasurface
in Fig. 1(e) and is powered by dry cell batteries;'" the scale bar
indicates 5 mm.

The development of IR detectors has long history.””"
Metasurfaces engineered for large IR absorption have been fabricated,
demonstrating high-frequency responsiveness and wavelength-selective
detection,”” ™ which are elaborated in more details later (Sec. 11).

Appl. Phys. Rev. 12, 021305 (2025); doi: 10.1063/5.0253333
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Biosensors encompass a diverse range of devices sensing small
molecules in environment to those sensing large biomolecules, such as
DNA and antigen/antibody. Actually, many methodologies set their
goals to biosensing. We here provide a concise overview of metasurface
biosensors among various biosensing techniques, which are elaborated
later (Sec. IT). Metasurfaces often exhibit prominent optical resonances,
some of which have been applied to the resonance-shift sensing of bio-
molecules.”””" Metasurface resonances at an IR range have been apply
to molecular sensing to measure light absorption using a series of nar-
row linewidth resonances.”” These types of metasurface sensors have
been reviewed previously.”” ”* In contrast, to the best of our knowl-
edge, metasurface fluorescence (FL) biosensors have not been reviewed
so far. As is widely known, FL sensing for biomolecules is a major tech-
nique in the fields of bioscience and biotechnology, ® because it enables
to ensure specific detection of targets and to detect extremely weak sig-
nals, thanks to the development of FL-probes for biomolecules and of
FL-detection methods, such as photon counting.

Complicated structures for metasurfaces stimulated motives to
design novel functional nanostructures. Many trials have been
reported to date, using searching methods of inverse designs,”” '’
topological optimization,'”" """ and generative algorithm.'’>'" In
addition to these approaches, nonempirical structural search can
explore the possibility to find functional metasurfaces.'””'” The
reports for design procedures has been already numerous and several
reviews were published." '’

In this review, we survey various metasurfaces developing toward
practical applications in Sec. II: Light-wave manipulations in Sec. IT A,
metalenses in Sec. 11 B, IR absorbers in Sec. I1 C, IR emitters/detectors
in Sec. I1 D, and biosensors in Sec. I E. Our primarily focus is on bio-
sensor applications highlighted in Sec. I1I, with particular emphasis on
the FL-enhancing biosensors that ensure target-specific detections,
favored in contemporary biotechnology. The basic characteristics and
advantages of metasurface FL biosensors are described in detail.
Thereafter, the future prospects are addressed in Sec. I'V.

Il. METASURFACES FOR VARIOUS APPLICATIONS

Practical potential of metasurfaces are mainly two directions: (1)
realization of compact optical devices and (2) highly functional opti-
cal/photonic devices. For example, the former (1) is expected to realize
ultrathin lenses of sub micrometer thickness, which are now known as
metalens. Although the focusing function is similar to the conventional
diffraction-limited lenses, the thickness of metalenses is more than
1000-time thinner than that of the conventional achromatic lenses,
which enables to compact assemble/integration of optical devices and
to lead tiny cameras as one of the applications. The latter (2) is
expected to go beyond the performance of conventional devices. For
example, various biosensors are now commercially used; however, the
capability is almost the same for more than ten years and has not
reached the ultimate level, such as one molecule detection discriminat-
ing from zero molecule. Furthermore, the current high-precision bio-
sensing techniques, called digital methods, are demanding in cost and
have not been used in daily medical tests. Highly FL enhancing meta-
surfaces are expected to contribute to FL-detection biosensing in more
practical manners.

The good candidates of metasurfaces for applications are pre-
sented in Fig. 1, being briefly described above. This section aims not to
mentions the diverse research topics but to provide descriptions for
practical metasurface applications in more details than Sec. I. The

REVIEW pubs.aip.org/aip/are

followings are addressed: Light-wave manipulation (Sec. IT A), metal-
ens (Sec. I1B), IR absorbers (Sec. I1C), IR emitters/detectors (Sec.
1ID), and biosensing techniques (Sec. IIE) in comparison with the
existing ones to understand the status of biosensors from a wide point
of view.

A. Light-wave manipulation

Wavefront control employing a metasurface composed of a series
of Au V-shaped microstructures’ is visualized in Fig. 2(a). Each Au
microstructure was assumed to be fabricated on a Si wafer and numer-
ically designed to change the phase of a reflective component. Gradual
changes in the shapes correspond to the changes of the phase. By stra-
tegically arranging the set of the V-shaped microstructures including
the bars that look I shapes, the phase is able to be modulated from 0 to
7m/4 in Fig. 2(a). Forming a periodic structure with the unit, the
refraction beam in one of the reflective directions is reinforced due to
the interference, manifesting itself. This is the basic mechanism of the
anomalous refraction induced by the metasurface.’ The example
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FIG. 2. Wavefront control, focusing, and color splitting by metasurfaces. (a)
Wavefront modification by the V-shaped unit." (b) Diffraction-limited focusing by a
metalens:” focus image (left) and measured focal point under the diffraction limit
(right). (c) Color splitting of white light into red, green, and blue (RGB) compo-
nents.”® Upper inset: SEM image of the GaN metasurface. Lower inset: measured
RGB-separated focal points. (a) From Yu et al., Science 334, 333 (2011). Reprinted
with permission from AAAS. (b) Adapted with permission from Paniagua-
Dominguez et al., Nano Lett. 18, 2124 (2018). Copyright 2018 ACS. (c) Adapted
with permission from Chen et al., Nano Lett. 17, 6345 (2017). Copyright 2017 ACS.
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suggested that increasing the number of elements within the unit cell
can lead to a wide range of optical responses, thereby inspiring exten-
sive studies on metasurfaces. Early-stage contributions to the metasur-
face studies were collected in several review papers.''” "'

Along the design procedures similar to those for the wavefront-
manipulating metasurface in Fig. 2(a), polarization and phase control
of light waves, which were often laser beams, were reported.”™”” The
fabricated subwavelength structures, i.e., metasurfaces, were often non-
periodic and nonuniform, beam and vortex shapes were modulated
with a large degree of freedom.

B. Metalens

Optical focusing using a metalens is illustrated on the left side of
Fig. 2(b).” The circular array of Si nanopillars, which are shown in
Fig. 1(c), serves as a lens with a nearly unity numerical aperture (NA).
The measured focal spot is shown on the right side of Fig. 2(b). This
focus is diffraction-limited, meaning that the metalens functions as
ordinary optical lens whereas the primarily distinction is its planar
design. The height of the metalens was 250 nm and the designed array
of Si nanopillars on an SiO, substrate formed the metasurface. The
working wavelength was set at 715 nm. By adjusting the first-order dif-
fractions in transmission and reflection components, the focal point
was tuned in space. Essentially, the metalenses were designed to align
with the Fresnel phase profile ® for focusing, such that™*

®(x,y) =2n*2n7n(\/x2+y2 *fsz)v ey

where / is the working wavelength, f is the focal length, and n is the
refractive index around the unit structure of nanopillars or nanorods
constituting the metalens. Equation (1) was defined on the metasurface
on the xy plane. After assessing the phase change by each unit struc-
ture, the corresponding unit structures are configurated at the coordi-
nate (x, y) in accordance with the phase determined by Eq. (1).

A more functional metalenses were explored, which are color
splitters.”” " An example of such a color splitter is shown in
Fig. 2(c)."" White light is separated into three color components of
RBG, and each separated color is focused onto different spot in a pixel
of complemantary metal-oxide semiconductor camera. In other words,
although the color splitter is a kind of metalens, each color component
was designed to focus on a particularly designated position. Therefore,
the design had more complicated than simple metalenses focusing on
a in-plane position."’ Despite this complexity, the design and fabrica-
tion were successfully executed. A GaN layer of 600 nm thickness was
grown on a c-plane sapphire substrate, underwent EB-based nanoli-
thography, and finally formed the patterned nanostructures, ie., the
color splitter; a part of it is shown in the inset of Fig. 2(c) with blue
frame; the scale bar indicates 1um; it is seen that subwavelength
multi-components working for the three colors coexist. The focusing
efficiencies of the RGB components were 50.6%, 91.6%, and 87%,
respectively. The focal length was 110 um. The green component had
two focal positions, as shown in the inset of Fig. 2(c) with yellow frame.
It is also seen that a small crosstalk appeared at the focal positions,
which could be improved by additional adjustment in designs, nanoli-
thographic procedures, and image-processing parameters.*’

At the end, we mention that, on the basis of these metalens R&D,
metalens startup companies launched recently, aiming at the mass

REVIEW pubs.aip.org/aip/are

. sa1: . 119,120
productive commercialization. The compact metalenses may
become available for consumer use in the near future.

C. IR absorbers

Figures 3(a) and 3(b) show snapshots of resonant EM field distri-
butions in the MIM metasurface [Fig. 1(e)], and correspond to the res-
onant wavelengths 4, and 4,, respectively; the xyz axes are in common
in these figures. The upper panels in Figs. 3(a) and 3(b) present an
electric field component, E, of the xy-section view in the middle of the
insulator layer, and the lower panels do a magnetic field component,
H,, of the xz-section view at the position indicated with dashed lines
in the upper panels. Evidently, the EM fields are strongly enhanced in
the insulator layer between the metallic layers, exhibiting
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FIG. 3. IR detectors. (a) and (b) Electromagnetic (EM) distributions on large light-
absorption resonance. (c) Schematic illustration of an infrared (IR) detector. The
four patch cavities connected by synchronous wires. Yellow denotes Au and pale
blue represents a semiconductor layer including a quantum well. (d) Simulated
absorption spectrum. The horizontal axis covers a mid-IR range from 5.0 to 8.5 um.
(e) Measured responsivity spectra dependent on temperatures at 78-293 K. (a) and
(b) Reproduced from [Miyazaki et al., Appl. Phys. Lett. 105, 121107 (2014)] with the
permission of AIP Publishing. (c)—(e) Adapted from Miyazaki et al., Nat. Commun.
11, 565 (2020); licensed under a CC BY license.
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approximately 30-fold local enhancement, relative to the incident light.
This resonance is often referred to as gap plasmons. From the resonant
EM field distributions, it is confirmed that the resonant modes form
standing wave in the MIM structures. Note that the electric field is pre-
dominantly z-polarized when the incidence is x-polarized. This obser-
vation indicates that the incident polarization is converted to the other
direction in the subwavelength MIM structures. The fundamental
properties of the resonances—including the dispersion relations
between wavenumber and frequency—are ascribed to coupled eigenm-
odes of surface plasmon polaritons in the configuration with two
metal-insulator interfaces.'”' '**

Light absorbers are not restricted to only IR range. Indeed, they
were explored in various artificially designed structures from micro-
waves to the visible range.”* **

D. IR emitters/detectors

Applying reciprocity to a planar object (e.g., a metasurface) at the
equilibrium temperature, as drawn in Fig. 4, the Kirchhoff's law was
derived in a general formalism,*” such that

0((1(, CU) = €(7k7 w)7 (2)

where o(k, ®) and e(—k, w) are directional light absorptance and the
light emittance to the corresponding direction, respectively. The vector
k denotes wavevector of light. Equation (2) holds at the same

(@ Kirchhoff's law

Metasurface  S(K.w) \\ e(-k,w)

equilibrium
temperature (T)

Substrate

e -

®) .
L ‘\400

-~

Metasurface

\ Substrate

-~ -

FIG. 4. Schematics of reciprocal configurations. (a) Light absorption (c;) and emis-
sion (e), which is usually referred to as Kirchhoff's law [Eq. (2)]. Arrows indicate
wavevectors k (black) and —k (red). (b) General configuration for Eq. (3), assum-
ing two positions r; (i = 1,2). Red arrows denote current densities j;. Black arrows
stand for the induced electric field vectors E;.
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frequency . This reciprocal relation is the guide for the exploration of
efficient light emitters.

With respect to the Kirchhoff's law in Eq. (2), we remark some
extended configurations. The assumption to derive Eq. (2) was thermal
equilibrium. If a dipole emission takes place on the metasurface at a
moment, the emission minimally disturbs equilibrium because a single
photon emission or a small number of photon emissions hardly
change the temperature. Therefore, in the case that the emission comes
from sparse dipole radiations, Eq. (2) retains its validity. This means
that Eq. (2) is also a good basis for the exploration of metasurfaces
with efficient FL-emission capability.

In addition to the extended application of the Kirchhoff’s law, a
general reciprocity holds in electromagnetics; that is, physical quanti-
ties of current density j; (i = 1, 2) and the induced electric field vectors
E; at positions r; are correlated such that'*

j ji (1) - Ea(r)dR = [ ja(£2) - B (£2)dR, 3)
Q JQ

where Q denotes sphere with radius R. In the limit of R — 400, Eq.
(3) holds exactly. When the current density is ED, expressed as
p; - 0(r;), Eq. (3) is modified such as

p, - Ex(r1) = p, - Ei(r2). (4)

Equation (4) is rewritten as |E;|/|p,| o< |Ez2|/|p,|, which means that,
when the p, is the source of incident light and the p, is an ED on the
metasurface, the induced electric field E; is proportional to the emitted
field E, concerning the absolute values. From this relation, we can
understand that the resonant-field intensity induced by the incidence
is proportional to the emitted field intensity from the metasurface.
Therefore, one can assert that the FL emission from the metasurface
directly correlates with the resonant fields induced by the incidence.

Generally, Eq. (4) connects an incoming wave to the reversely
outgoing wave and leads reciprocity regarding transmittance and
reflectance.””'* This is called the Helmholtzs reciprocity, which tells
us that reciprocal relation holds for reflectance and transmittance.

Turning our attention to IR emitters, the reciprocal relation in
Eq. (2) describes blackbody radiation and implies that perfect light
absorber is simultaneously perfect light emitter. This was the principle
to design and fabricate highly efficient light emitters at IR
ranges.”'*"”*" Actually, the metasurface IR emitters tailored for CO,
detection have been produced in a compact, packaged format, as
shown in Fig. 1(g); the IR emitters consumed 31% less power than
conventional thermal emitters.”'’

Photodetectors were readily considered as another application of
metasurface IR absorbers.”” " The idea was akin to that for the IR
emitters. However, the production of IR detectors is far more compli-
cated than that of IR emitters, because the IR emitters go through a
photon-to-photon process intrinsically in the metasurfaces, whereas
the IR detectors need to transduce photon energy to electric power.
The unit MIM structures need to be connected with wires, as the
appearance is depicted in Fig. 3(c).”® Thus, the IR detectors require
more elaborate design and fabrication than the IR emitters. In the pro-
duction of the IR detectors, a typical fabrication procedure is as fol-
lows:*® (i) a single quantum well (QW) of semiconductor, such as n-
GaAs of 4nm, were designed through computations for electronic
energy levels, especially subband levels, in the QW, in accordance with
the purpose; (ii) the designed QW was grown on a wafer, such as n-
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GaAs (100), together with buffer GaAs, sacrificial Al,Ga;_,As, and
contacting Si-doped layers; (iii) after electronic characterization of the
growth, the set of layers of QW IR photodetector (QWIP) was coated
with Ti 5nm/Au 150 nm and bonded with another GaAs wafer; (iv)
the original base wafer was removed via mechanically polishing and
wet etching; (v) EB nanolithography was conducted on the wafer-
removed QWIP layers, and the shapes of QWIP patches and electric
wires were fabricated; (vi) Ti 5nm and Au 150 nm layers were depos-
ited, and then liftoff of the metallic layers were conducted; (vii) wet
etching for the uncoated QWIP regions was conducted, and patch-
shape QWIP and wires were obtained. Overall, the fabrication of meta-
surface QWIP has gone through several difficulties.

The design for the IR detector was optimized for the absorption
peak at 6.7 um. Figure 3(d) presents a simulated absorption spectra for
a mid-IR range of 5.0-8.5 um; the corresponding photon energy in
meV is indicated at the top. Thus, a good design was prepared through
the simulation.

The responsivity of QWIP dependent on temperature is shown
in Fig. 3(e). The temperature was varied from 78 to 293 K. Obviously,
the peak responsivity is located at 6.7 um, as designed. In addition, the
responsivity remains detectable even at 293 K. The temperature depen-
dence was similar to another study on QWIP.”” The decrease in the
responsivity over 100 K was accounted for by thermal scattering of car-
riers. The photocurrent spectra at approximately 150 meV were hardly
dependent on temperature.”” Furthermore, heterodyne measurement
showed that the metasurface QWIP is able to operate even at a high
repetition of 4 GHz. The fast response is one of the advantages in the
QWIP metasurfaces. Such high-repetition operations would require
optimal current control, which can be realized by designing the wires
for synchronous control of current.”® To achieve better performance,
quantum ratchet detector was recently reported,”’ in which the high
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resistance coming from potentials in multi-QW makes the thermal or
background noise intrinsically smaller than that in the QWIPs.

In addition to the aforementioned wavelength-selective IR emit-
ters and detectors, metasurface filters present a viable alternative for
the development of IR detectors for gas sensing.'*” In the device incor-
porating the metasurface filters, other components, such as IR emitter
and detectors, are chosen from conventional devices. In actual applica-
tions, this type of IR detector directly competes with the commercially
available IR sensors equipped with multilayer film filters on substrates
transparent to IR radiation.

E. Biosensing techniques

Biosensors represent a broad category of devices engineered for
the detection of various molecules, extending beyond the domain of
biomolecules. Let us start arranging the types. Table I lists biosensing
techniques with respect to their working principles, target molecules,
dynamic ranges in measurement, limits of detection (LODs), and
robustness. In addition to commercially available techniques of surface
plasmon resonance (SPR), enzyme-linked immunosorbent assay
(ELISA), and polymerase chain reaction (PCR), nanostructure-based
biosensing techniques are listed, such as Mie resonance, surface-
enhanced IR absorption (SEIRA), electrochemical sensing, and meta-
surface FL biosensing.

Figure 5 shows the nanostructure-based biosensing and
molecular sensing techniques, addressed in this subsection.
Schematics, biosensor images, and experimental results are shown
in Fig. 5: (a) SPR using Au nanoparticle (upper) and Au thin film
(lower) (b) Resonance-shift metasurface biosensors based on Mie
resonance, (c) BIC-based IR metasurfaces, (d) IR spectra of refer-
ence (upper) and SEIRA (lower), (e) metasurface FL biosensors
detecting cfDNA, (f) metasurface FL biosensor detecting tumor

TABLE 1. Comparison of biosensing techniques in terms of principle, target molecule, limit of detection (LOD), dynamic range, and robustness. Each biosensing technique is
referred to, citing a representative reference. On biosensing techniques and the principles, SPR, ELISA, BIC, IR, PCR, SERS, and s-amp denotes surface plasmon resonance,
enzyme-linked immunosorbent assay, bound-state in the continuum, infrared, polymerase chain reaction, surface-enhanced Raman scattering, and short-cycle amplification,
respectively. A symbol of 1/0 denotes single-molecule sensing that can discriminate from zero molecules. Note that the quantities listed here are based on presented experimen-
tal data in the references, which may be different from those claimed without experimental data or sufficient statistical analysis.

Biosensing technique Principle Target molecule Dynamic range LOD Robustness References
enhanced Raman

SERS scattering parathion unshown unshown unshown 128
SPR resonance shift PSA® unshown ~0.5u g/ml unshown 129
Mie resonance resonance shift PSA 1-10 ng/ml 0.7 ng/ml good 90
SEIRA IR absorption, BIC protein A/G unshown 2130 molecule/um®  unshown 92
ELISA enzyme reaction CEA" 1.25-50 ng/ml 1.25 ng/ml good 11
PCR nucleic acid amplification ~ COVID-19 102-10° copies/test™ 40 =* 10 copies/test good 130
digital PCR nucleic acid amplification ~ COVID-19 10-5000 copies/test" 10 copies/test good 131
Electrochemical sensing current detection COVID-19  231-5.8 x 107 copies/pul 231 copies/ul unshown 132
Metasurface FL sensing enhanced FL CEA 2-25000 pg/ml 2 pg/ml good 11
Metasurface FL sensing ~ s-amp & enhanced FL cfDNA® 1-5000 copies/test' 1/0 good 12
“Prostate specific antigen, a kind of tumor markers.
PCarcinoembryonic antigen, a kind of tumor markers.
“Clinical RNA samples, 20 ul per test.
410l target per test.
“Cell-free DNA.
4l target solution per test.
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FIG. 5. Nanostructure-based biosensing and molecular sensing techniques. (a)—(d) Biosensing based on resonant wavelength shift. (a) Plasmon resonance sensing: surface
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marker, and (g) 3D illustration of plasmo-photonic metasurface
(upper left), a section-view SEM image (upper right), and sche-
matic of antibody detection.

1. SERS—Surface-enhanced Raman scattering

As a molecular sensing technique, surface-enhanced Raman scat-
tering (SERS) was found in the 1970s,'*”'*” was explored as an optical
sensing technique since the 1980s,"*” and became popular because two
appealing reports to claim single-molecule sensing were published in
1997.>!* In spite of the initial impact, it was found that large valida-
tion significantly reduces reproducibility.*" This difficulty was tried to
be overcome using several structures that were less dependent on so-
called hot spots, which are extremely enhanced electric-field
spots.'****!*> In spite of the appeal of the prominent SERS results,
SERS has not been established as a commercial standard, probably
because the reproducibility of the SERS signals has not attained. A

crucial criterion for practical applications is sufficient reproducibility.
SERS is kept being studied'** after more than 20 years since the reports
in 1997.

In Table I, a result of parathion molecule detection'** is summa-
rized. The toxic molecules were identified as a residue on the peels of
fruits. The main claim was that a substantial reduction in the inhomo-
geneity of SERS signals was attained using densely dispersed Au nano-
particles that were coated SiO, shell of a few nm thickness. However,
the dynamic range of the target molecules and the LOD were not
shown. Therefore, it is difficult to use SERS as a quantitative method
for analysis. We note that single-molecule detection has been fre-
quently claimed in the SERS reports;'*”"*” however, the concentration
of the target molecule solutions typically fell within the range of micro-
molar (ie, 10~¢ mol/l); consequently, an extremely small fraction of
the molecules was detected, which means that the overall detection
efficiency was extremely low. To our knowledge, this issue persists to
the present day.
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2. SPR—Surface plasmon resonance

SPR is originally a surface plasmon polariton (SPP) excited at the
flat interface of metal and dielectrics, such as air, glass, and water.'** In
a typical experimental configuration, SPP is detected using an Au thin
film coupled with a prism and observed as a prominent dip at 46° in
reflection spectrum (red curve) dependent on incident angle 0, as
shown in Fig. 5(a) (upper). SPP is known to be sensitive to the refrac-
tive index of contacting medium and to exhibit definite resonance shift
dependent on the refractive index. Therefore, resonant shift was
applied for biomolecule sensing."*® Another SPR, called local plas-
mons, became popular owing to the synthesis of noble-metal nanopar-
ticles in the era of nanotechnology around 2000."* Local plasmons also
enable the measurement of resonance shifts by immobilizing biomole-
cules, such as antigens and antibodies, on the surface. An illustration
including an Au nanodisk is provided in Fig. 5(a) (lower). Resonant
electric-field intensity of the Au nanodisk with 152 nm diameter and
80 nm height on an SiO, substrate, simulated using RCWA method,'”*
is shown in a section view of the nanodisk, exhibiting more than 50-
fold enhanced intensity than that of incident plane wave at 633 nm.
The largely enhanced intensity distribution exists in 5nm area from
the outermost surface of the Au nanodisk.

In Table I, a result on prostate-specific antigen (PSA) detection'””
is listed. In an optimal condition, the PSA solution at 0.5 ug/ml was
flowed and detected as a signal of 74 pg of proteins/mm”. Although the
limit of resolution for the measurement was not determined in the Ref.
129, it is presumably located at approximately 10 pg of proteins/mm®
from the available data. Therefore, it is inferred that the LOD for PSA
detection is a few fold smaller than 0.5 ug/ml but in the same order. In
the same Ref. 129, cysteine-tagged protein G was detected at 2406 pg
of proteins/mm?, being equivalent to 1.03 x 10° molecules/um® These
results imply that the protein G was detectable by 100-fold dilution,
ie,at 1x 10° molecules/umz, which is compared to a SEIRA result
later (Sec. I1 E 5).

The SPR reports'””'*° hardly referred to robustness, which
ensures selective detection of target molecules among various obstacle
molecules. The SPR technique is mainly used for high-concentration
target solutions and for evaluations of binding constant between par-
ticular molecules, such as antigen and the antibody. Thus, the SPR
technique is not suitable for low-concentration targets but for the basic
analysis within high-concentration ranges.

3. Mie resonance

Mie resonance is referred to in Sec. I. The main feature is that
both metallic and dielectric nanostructures functions as optically
prominent resonators.” ' In this sense, plasmonic or dielectric nano-
structures, including metasurfaces, were readily noticed as candidates
for resonance-shift biosensors.”””"'*""'*" Fig. 5(b) (upper) shows a set
of images of all-dielectric metasurface biosensors composed of Si-
nanodisk array. The metasurfaces and a PDMS microfluidic chip form
a metasurface biosensors. A typical sensorgram is shown in Fig. 5(b)
(lower).

In Table I, a result of prostate specific antigen (PSA) detection”™
is listed; PSA is a tumor marker used in daily medical diagnoses. The
all-dielectric metasurfaces served as a biosensor, enabling the detection
in a dynamic range of 1-10ng/ml. The LOD was estimated to be
0.7 ng/ml. When the PSA was distributed in a human serum diluted to
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50%, the detection was performed in a similar precision on the meta-
surfaces, yielding a dynamic range of 3-20ng/ml and an LOD of
1.6 ng/ml, as noted in the robustness column of Table I.

4. BIC—Bound states in the continuum

A BIC is a resonance that does not show prominent optical
responses under forbidden conditions. For example, a symmetry-
protected BIC does not show any optical signal under the normal inci-
dence, as noted in Sec. I. However, once the symmetry is broken by
some ways, such as physical absorption of large molecules on nano-
structures, a detectable optical signal appears. Further, increase in the
degree of symmetry breaking gives rise to increase in the optical signal,
which was often observed as resonance shift. Thus, biosensing using
BIC was conducted,””"*” in a similar manner to that using Mie reso-
nances in Sec. I E 3.

To date, the reports on biosensing using BIC*>'** have not been
so many, compared with those using Mie resonances. The reported
target was limited to exosome and detected at hundreds of femtomolar
(fM, i.e., 10~ mol/l). The detection level was inferior to the detection
level of ~022 fM, by colorimetric techniques using Au
nanoparticles.' "'

5. SEIRA—Surface-enhanced infrared absorption

IR absorption by molecular vibrations has been a well-known
property in molecular science. Trials for SEIRA were conducted using
plasmonic microstructures in the 2000s;' > the metallic rods of um
length were prepared on substrates, in accordance with the IR working
wavelengths. The detected molecules were self-assembled monolayer
(SAM) or silk proteins, which directly contacted with the metallic
microstructures. The absorption spectra were Fano shapes,”””'”* due
to the interaction of the narrow linewidth resonances of molecular
vibrations with the plasmonic resonance with broad linewidth. From
the analyses of the experimental data, SEIRA signal enhancements
ranged from 10000- to 100000-fold for the reference signals. The
effort to improve SEIRA kept being continued, based on plasmonic
structures;'”” some of the studies incorporated nanofluidic or micro-
fluidic paths to obtain better sensing efficiency.'*"'**

In Table I, the BIC-based SEIRA using the all-dielectric metasur-
faces”” is noted. The LOD in protein detection was reported to be 2130
molecules/um?, which is nearly equal to 1 molecule/(2.2 x 2.2 nm?).
As noted in Sec. I1E2, the protein G was detected at the order of
1 x 10° molecules/um® via the SPR; the in-plane density is a little
smaller than the LOD evaluated by the BIC-based metasurfaces. As
another comparison, the in-plane density is comparable to the densely
immobilized density of proteins using a 200 x g/ml solution, or 1 mole-
cule/(2.24 x 2.24nm?), which was evaluated using the SPR instru-
ment."”* Thus, it is most likely that the BIC-based SEIRA is valid only
for molecular detections at high concentrations.

SEIRA was recently measured on another BIC metasurface. ** A
thin film of polymethyl methacrylate (PMMA) of 111 nm thickness
contacted with the metasurface, and the coupled systems of the
PMMA and metasurface exhibited strong coupling of the BIC with a
molecular vibration mode in a mid-IR range of 5.7-5.9 um with tuning
the asymmetry of the BIC metasurfaces. The interaction of the molecu-
lar vibration mode with the EM resonance in the IR range was shown
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to cover both weak and strong coupling regimes. Thus, BIC metasurfa-
ces are a new platform to explore light-matter interplay.

6. ELISA—Enzyme-linked immunosorbent assay

ELISA is a commercially standard assay for proteins, such as anti-
gen and antibody. When medical examinations for protein targets
require precision, ELISAs are mostly conducted by inspection compa-
nies. Although typical detection ranges of ELISA depend on the com-
mercial kits, they are mostly in a range of 0.5-5000 ng/ml. Although
some of commercial ELISA kits claim better detection capability than
the above, it is often unclear whether the capability is reproduced by
users when the kits are applied to actual samples, such as serum and
blood plasma.

In Table 1, a result of detection for carcinoembryonic antigen
(CEA), which is a kind of tumor markers, is listed. In user detections,
the dynamic range was 1.25-50 ng/ml and the LOD was 1.25 ng/ml,"’
which was slightly different from the product sheet.'*” The medical cri-
terion for CEA is 5ng/ml. Therefore, the commercial kit showed that
it serves as a diagnosis kit. It also turned out that the working range
was optimized only around the medical criteron and did not guarantee
high-sensitivity detection at the range of pg/ml. This result is com-
pared with a result by the metasurface FL biosensor later (Sec. IT E 10).

As a related development, great efforts were devoted to pursue a
high-sensitivity assay based on the ELISA. Incorporating a fraction
counting method into the conventional ELISA, digital ELISA was
introduced.'*>'®” At the expense of the extremely high sensitivity at
pg/ml or lower, the overall cost was significantly raised in the digital
ELISA. Consequently, the digital ELISA is not used for the daily medi-
cal examinations and the conventional ELISA noted above remains to
be the commercial standard for protein assay.

7. PCR—Polymerase chain reaction

PCR is a standard technique for detection of nucleic acids of
DNA and RNA. The amplification technique was invented in 1983
and reported in 1985.'°*'% Going through the extensive R&D, it is
widely known that the PCR technique became a commercial standard
for detection of nucleic acids in 1990s.

As a typical result using ordinary quantitative PCR (qPCR),
Table T lists a result for COVID-19 detection.'” As is widely recog-
nized during the COVID-19 pandemic (2019-2022), numerous tests
for COVID-19 using the qPCR were conducted worldwide. The RNA
of COVID-19 was reversely transcribed to complementary DNA
(cDNA), which was amplified and recorded as qPCR signals. A series
of tests for actual samples showed the dynamic range of 10>~10° cop-
ies/test and the LOD estimated at 4010 copies/test. The actual sam-
ples were swabs of patients and uninfected persons, and contained
various obstacle molecules in reality. The detection through the reverse
transcription and qPCR is robust in the practical tests. In the era of
COVID-19, many trials to detect the RNA of COVID-19 were
reported. Nevertheless, the qPCR was kept being the standard because
the era was short and it took time for the new methods to be estab-
lished in society. For providing against the future pandemic, useful
new methods seem to establish their practical performance and values
in advance.

Throughout the COVID-19 pandemic, numerous contributions
were published and several review papers were already published.’ "
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Readers seeking further in-depth insights can consult the review liter-
ature. Regarding the COVID-19 detection, a comparison of the gPCR
with the metasurface FL biosensors is discussed later (Sec. I11 C).

8. Digital PCR

Digital PCR (dPCR) is an improved technique of the ordinary
PCR, ie., qPCR.m 78 The incorporation of a fraction counting
method minimized background noise, thereby enhancing the precision
and lowering the LOD. In reality, the LOD was improved, at most, by
one order. Instead of the higher detection capability, the measurement
required elaborate statistic analysis and became complicated. The
instrument itself also became complicated, requiring higher cost than
that for gPCR. Consequently, the dPCR is not used for the daily medi-
cal diagnoses.

As a typical result using the dPCR, a result of COVID-10 detec-
tion employing droplet dPCR'*" is listed in Table I. In comparison
with the result of QPCR in Sec. IT E 7, the detected signals at 10 copies/
test was observed with an improved statistical confidence. The LOD
was 10 copies/test. Although LOD of 5 copies/test was claimed, * the
data of 10 and 5 copies/test overlapped with each other within one o
(0: standard deviation), thereby being statistically indistinguishable.
Generally, it is difficult to state how much the dPCR was improved for
the qQPCR because the process including reagents and data acquisition
are different. However, fivefold-tenfold better LOD is often obtained
in the dPCR. Therefore, the dPCR is currently ranked at a gold stan-
dard in the techniques for nucleic-acid detection, while it is demanding
in cost.

9. Electrochemical sensor

In parallel to the biosensing techniques addressed above, electro-
chemical sensors have been extensively studied for various targets
from gas to biomolecules. The studies are conducted more numerously
than those on optical sensors, probably because the measurement is
implemented by use only of current and voltage meters. Since the elec-
trochemical sensors were reviewed frequently,'”” we here specify only
the status of biosensing. A key element in electrochemical biosensing is
magnetic beads that collect antibodies efficiently.'*”'*" Although wide
dynamic ranges for target concentrations were often claimed, they
tend to be exaggerated;'”” '*® indeed, the dynamic range and LOD
were claimed without data or beyond the statistical limit. The electro-
chemical signals were heavily reduced by abundant obstacle molecules
in human serums.'*>'** Thus, it is not easy to find quantitatively reli-
able references concerning the electrochemical biosensing.

In Table I, an electrochemical result of detection of COVID-19
RNA is listed."*” In the experimental configuration, the RNA of
COVID-19 was first extracted in viral; second, the extracted RNAs of
COVID-19 were directly placed on an Au-nanoparticle-dispersed gra-
phene; third, single-strand DNAs (ssDNAs) were added and incu-
bated, which combined with the Au nanoparticles and served as probe
for the RNAs; finally, RN As hybridized with the ssDNA probes output
electric signals. Thus, the electrochemical signals of the RNAs were
detected, which were voltages and presented for the RNA concentra-
tions of 231-5.8 x 107 copies/ul. When the concentration was 231
copies/ul, the voltage signal was substantially zero. However, the LOD
was claimed to be 6.9 c:opies/,ul,132 which is an inconsistent, uncon-
vincing jump from the measured data, because any justification is not
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provided. Therefore, the LOD is noted as 231 copies/ul in Table I
From the comparison with the qPCR and dPCR, which are
amplification-based techniques, it is reasonable that the electrochemi-
cal sensing is ranked as a technique, at least, one-order less sensitive
than the gPCR.

10. Metasurface FL biosensor

Images (specifically, a photograph and a micrograph) and the FL
images of the all-dielectric metasurface FL biosensors are shown in
Figs. 1(h) and 1(i), respectively. The biosensing images for cell-free
DNA (cfDNA) and tumor-marker protein are illustrated in Figs. 5(e)
and 5(f), respectively. The FL-detection biosensors based on the all-
dielectric metasurfaces were validated, based on the finding of out-
standing FL-enhancing capability.'”” A few years before the report,'®’
plasmon-photon hybrid metasurfaces demonstrated an exceptional
and highly uniform FL enhancement exceeding 2600-fold."**'*” The
underlying mechanism responsible for this prominent FL enhance-
ment is detailed later (Sec. I1T).

In Table I, the results of CEA and cfDNA detection by the all-
dielectric metasurface FL biosensors are listed. The CEA is a kind of
tumor markers for cancers in lung, colon, and so on, and is widely
used in medical diagnostics. The dynamic detection range was 2-
25000 pg/ml, which was over four-order of target concentrations, and
the LOD was 2 pg/ml, which was more than 600-times lower than the
LOD of 1250 pg/ml evaluated by a commercial ELISA kit,'" as listed in
Table 1. In addition, the CEA detection was conducted for the CEA in
human serum, and it was shown that the detection curve remained
largely unaffected, indicating that the metasurface FL biosensors are
robust for interfering molecules in the human serum.

Regarding the cfDNA detection by the metasurface FL biosen-
sors, the dynamic range was 1-5000 copies/test, and the LOD was
expressed using a symbol, 1/0, which means that one cfDNA was dis-
criminated from zero. The LOD represents the ultimately high sensi-
tivity because no better sensitivity is expected in bio- and molecular
sensing. Even the dPCR has never attained this sensitivity, to our
knowledge. The ¢fDNA detection was a combination of short-cycle
DNA amplification and enhanced FL sensing, both of which are robust
methods for obstacle molecules and support robust sensing for
cfDNA.

11. Miscellaneous

Lateral flow technique emerges as a valuable approach for the
management of liquid samples within constrained environments,
thus, promoting efficient and cost-effective point-of-care biosensing
solutions.'”>7#17%191 Nanostructure-based biosensors, including the
metasurface biosensors, typically feature dimensions of 1mm?® or
smaller. Therefore, they do not need to large liquid samples. Instead,
it becomes important to handle small volume liquid samples, such
as 50 ul. Thus, microfluidic/nanofluidic systems should be effec-
tively incorporated with the nanostructure-based and metasurface
biosensors")(),()“l, 160-163,192

We mention trials for micro-/nano-optical sensors, which were
surveyed from a viewpoint of miniaturization of optical sensors and
efficiency improvement.'”” Metasurface optical sensors are one of the
micro-/nano-sensors. In addition to the biosensing techniques
addressed in this section, other candidates for circular dichroic sensors
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and a frequency-shift sensor were discussed.'”” Nevertheless, the con-
cept of the micro-/nano-sensors has not been established as biosensors
in terms of sensitivity, selectivity, and robustness, compared with the
biosensors listed in Table 1.

lll. METASURFACE FL BIOSENSORS

As listed in Table I and described in Sec. 11 E, the metasurface FL
biosensors show excellent performance among the various conven-
tional biosensors. However, the metasurface FL biosensors have not
been widely understood because they are a new type of biosensors.

In this section, we provide a comprehensive descriptions for the
fundamentals of FL enhancement on the metasurfaces (Secs. IIT A and
[11 B) and for the outstanding achievement using the metasurface FL
biosensors, covering a diverse range of target molecules from proteins,
such as antigens and antibodies, to nucleic acids, such as cfDNA and
RNA-transcribed DNA (Sec. IIIC). Notably, an ultimate high-
sensitivity was attained for the cfDNA. These were demonstrated using
ordinary FL probes.

Furthermore, we address a new approach integrating the meta-
surface FL biosensors with functional FL probes, called aggregation-
induced emission (AIE) molecules, for detection of human serum
albumin (HSA) in noninvasive liquid biopsy (Sec. I11 D). The AIE mol-
ecules are shown to function as a new kind of FL sources on the meta-
surface FL biosensors, expanding the use cases toward practical biopsy.

A. Outstanding FL enhancement

The pursuit of enhanced FL intensity has been an interesting
issue across the fields of optical physics and photochemistry. Since the
1980s,”" plasmonic resonances induced at metallic nanostructures,
especially nanogaps, were a plausible candidate for achieving this
enhancement.”””"” Further numerous studies were stimulated after
the effective synthesis of metallic nanoparticles."*

A nanogap between Au bowtie-shaped nanoantennas exhibited a
prominent FL enhancement in 2009;'"* the pairs of nanoantennas
were fabricated through EB-based nanolithography and aligned pre-
cisely, which was different from the chemically synthesized nanopar-
ticles. The nanogap structures shown in Fig. 6 was a realization of idea
for FL enhancement on a plasmonic resonance, being favored widely.
However, nanogap structures had a definite drawback, i.e., inhomoge-
neous FL enhancement, which was evident from the structure and the
resonant EM field distribution called hotspot. While the strong FL
enhancement was attained only at the nanogap, it was not observed at
the nearly 99% area surrounding the nanogap. Starting from this
result, we delve into the outstanding FL enhancement in this
subsection.

Regarding FL-intensity enhancement, the top ten experimental
results,””"**"7* % which reported FL-intensity enhancement factor
(EF) exceeding 1000-fold, are shown in Fig. 6; the horizontal axis rep-
resents the EF in a logarithmic scale. The EF is defined as ratio of the
FL intensity measured on the metasurfaces (or nanostructures) to that
on a relevant reference (or flat glass or Si wafer) that does not have any
enhancing effect. FL enhancement was reported in numerous reports,
and it is unrealistic for us to refer to all the them that presumably
exceed one thousand reports; instead, we here focus only on the top 10
results. We notice that some other references, which are not cited here,
claimed over 1000-fold FL enhancement and note that the reports
with substantial experimental data are selectively cited. Also, we note
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that the cited results in Fig. 6 are limited to experimental data, and do
not include purely theoretical claims or expectations based on
simulations.

In Fig. 6(a), the vertical axis represents reproducibility in %,
which means the percentage to observe the best EF. For instance, 50%
denotes that the best EF is observed by 50% in experiment; in other
words, 100 measurements result in 50 results showing the best EF and
50 results differ from the best EF, implying substantial an inhomoge-
neous FL-enhancement effect. We estimated the reproducibility based
on the available data. The reproducibility is crucial when the enhanced
FL is applied to FL sensing, because, in general, low reproducibility
methods cannot deserve practical applications. We point out that the
nanostructures featuring nanogaps or nanoridges exhibited low repro-
ducibility. As far as we surveyed the related references, tens of reports
showed 100- to 999-fold FL enhancement, and the other mass of
reports, presumably over 500, addressed 1- to 99-fold FL enhance-
ment. Thus, the top 10 results are exceptional; moreover, among them,
the highly reproducible metasurfaces are limited only to the plasmo-
photonic metasurfaces'**'* and the all-dielectric metasurfaces of Si
nanocolumn array.'*”*"

A 3D-view illustration of a plasmo-photonic metasurface is pro-
vided in Fig. 6(b). The structure includes complementary stacked Au
nanostructures; there is a perforated Au film at the top and Au disks
are located at the bottom; the top and bottom layers are complemen-
tary in structure to each other. Experimentally, the stacked comple-
mentary structures were formed by a normal deposition of Au. The
middle layer is perforated Si slab, which is a photonic crystal. Thus,

plasmonic resonances at the top and bottom layers couple with each
other via photonic modes in the Si photonic crystal, which have huge
photonic density of states. This unique coupled system form the
plasmon-photon hybrid eigenmodes, some of which exhibit large light
absorption.”” This plasmo-photonic metasurfaces do not rely on so-
called nanogaps; instead, it exhibits a macroscopic feature of large light
emittance, equivalent to the large light absorption.

The plasmo-photonic metasurfaces in Fig. 6(b) were tested as a
platform for FL enhancement. After a few trials and improvements,
effects of excellent FL enhancement of 2600-fold at the maximum
were attained.'”*'"” Not only the prominent EF but also high repro-
ducibility was obtained, which was not realized in any other platforms.
The underlying mechanism is specified later (Sec. I1I B).

An SEM image of an all-dielectric metasurface consisting of Si
nanocolumn arraym is shown in Fig. 6(c). Whtie scale bar indicates
1 um. The Si nanocolumns are rectangular shapes; the widths along
the x and y axes are 220 nm, and the height is 200 nm. The periodicity
of the array is 330 nm along the x and y axes. The metasurface was fab-
ricated using a silicon-on-insulator (SOI) wafer. The FL enhancement
corresponds to the closed purple circle in Fig. 6(a), exceeding 1000-
fold. We note that the FL-enhancing capability is similar to the meta-
surface of circular Si-nanocolumn array. The key for the prominent FL
enhancement is a higher-order magnetic resonance, specified later
(Sec. IIIB). Both rectangular and circular Si nanocolumns have the
magnetic resonance.

Another SEM image of mushroom-shaped Au structures is
shown in Fig. 6(d), which was formed by Au deposition on an SiO,
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nanopillar array of 300 nm periodicity. The Au was located on the top
and around the nanopillars. The strongest electric fields were identified
to appear around the nanopillars because Au nanodots were formed in
the deposition process. The FL EF was evaluated to be approximately
2000-fold whereas the EF was not uniform; accordingly, the reproduc-
ibility in Fig. 6(a) is estimated to be 5% from the shown experimental
data. The mushroom structure is in common with that shown with an
open orange triangle in Fig. 6(a). The same structure was applied to
SERS measurement, and prominent Raman-scattering enhancement
was reported, " as referred to in Sec. 11 1.

Figure 6(e) shows a schematic of nanopetal structures of Au/Ag
(left) and the SEM images (right). The nanopetal structures were
formed by heating of prestressed polystyrene (PS). The production
process is lithography-free and a kind of bottom-up approach, while
the nanogaps of Au/Ag are not controllable. The hot spots inducing
locally strong electric fields are restricted to a small portion in the unit
area estimated to the order of 1%. Consequently, the FL enhancement
exhibits significant inhomogeneity. Considering these points, the
reproducibility was assessed at 1%, shown with an open black rectan-
gular in Fig. 6(a).

Au bowtie antenna is shown in Fig. 6(f):""* a schematic (top) and
simulated resonant electric field distribution with an indicator (bot-
tom). In the case of gap ¢ = 30 and length L = 475 nm, the simula-
tions showed that the locally enhanced electric-field intensity reached
3500 at the maximum for the input of unity. Nanogap structures, such
as the bowtie antenna, are widely favored in plasmonics, probably
because the feature to enhance electric fields looks comprehensive for
many researchers. FL molecules were dispersed around the bowtie
antennas and the FL was measured. Obviously, the probability for the
molecules to be at the center of the bowtie antenna (i.e., hotspot) is
inevitably small. Therefore, the most enhanced FL signals are obtained,
only when the FL molecules are located at the nanogap with a small
probability. From the available measured data,'”* the reproducibility is
estimated to be 1%, as shown with open green circle in Fig. 6(a).

Although the other structures in the top ten results are not shown
in Fig. 6(a), they are similar to the structures that appears in this
review. As shown with an open red square in Fig. 6(a), a MIM struc-
ture was reported to show 2000-fold FL enhancement;'*” the hot spots
were sparsely dispersed; therefore, the reproducibility was approxi-
mately 10% from the measured data. Another Au bowtie antenna was
reported to show over 1000-fold EF together with approximately 2%
reproducible data."”” Lately, an all-dielectric metasurface of an array of
Si nanopellets with 50nm height was reported as a platform with
1200-fold EF,””° which is structurally similar to the all-dielectric meta-
surface in Fig. 6(c), except for the low height and the unit cell com-
prised the four elements.

Among the top ten results, the plasmo-photonic metasurfaces
and the all-dielectric metasurface of Si nanocolumn array are highly
reproducible, and therefore, are good candidates for practical FL bio-
sensors. The underlying mechanism of the reproducible, high-
efficiency FL enhancement is detailed in the Sec. I11 B.

B. Principle of FL enhancement

The whole process from photoexcitation to FL emission is
illustrated in Fig. 7. This diagram depicts the outstanding FL-
enhancing process on the plasmo-photonic metasurface, described in
Sec. III A. Except for the energy band peculiar to the plasmo-photonic
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FIG. 7. Schematic of the principle of FL enhancement, describing the energy dia-
gram involved in the FL-enhancing effect on a plasmon-photon (PlasPh) hybrid
metasurface.'® Reproduced with permission from Choi et al., Chem. Commun. 51,
11470 (2015). Copyright 2015 Royal Society of Chemistry.

metasurface, this framework of photoexcited dynamics is in common
with that on the all-dielectric metasurfaces and nanostructures in
Fig. 6. In this context, the diagram is generally accountable for the
FL-enhancing process.

The EF equation for a particular direction has been addressed fre-
quently,'*#!7:189:200205:207208 heing phenomenologically expressed as a
product of three factors as follows:

Nenh . M . Venh (k)
No 1y k)’

where Nen, and N, denote excited populations per unit time under
enhanced and reference conditions, respectively, and FL quantum yield
n; and radiative decay rate y; are expressed using similar subscripts to
the Nj;. Note that the decay rate y depends on wavevector k of radia-
tion. The ratio of y,,,/7, is known as Purcell factor.””” In Eq. (5), the
Purcell factor is anisotropic and directional along the wavevector k.
Normally, the direction dependent on k is determined by the position
of FL-signal detection. The FL quantum yield is defined such that

EF = (5)

y

1 7+ IR ©
where y and yyy denote radiative and nonradiative decay rates, respec-
tively. The rates 9., and 7y, in Eq. (5) are radiative components.
Equation (6) indicates that the nonradiative decay can significantly
reduce the FL yield and becomes close to 0, when yyg > 7. Thus, sup-
pression of the nonradiative rate is one of the crucial factors to attain
large EF.

The ratios of Nenh/No and /7, in Eq. (5) are proportional to
electric field intensity.]24 Therefore, the electric fields at the excitation
and FL emission are also crucial to realize effective photoexcitation
and efficient FL emission. This is the reason why various metallic and
dielectric nanostructures were tested for large FL enhancement.

Another key factor is the ratio of FL quantum yield #,,, /#,. This
factor is often neglected in the descriptions and analyses for FL-
enhancement effects. However, it is evident that a substantial reduction
of this factor significantly reduces the value of EF in Eq. (5). In the con-
figurations that were expected to induce large FL enhancement,
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significant quenching of FL or photoluminescence (PL) was often
observed; """ such phenomena are called metal-induced quenching
when metallic micro- or nanostructures are used. Not only metals but
also dielectrics can induce FL or PL quenching even on the flat sur-
face,”'! which is sometimes referred to as Foster resonant energy trans-
fer. Thus, the excitation-state transfer to the contacting metals or
dielectrics needs to be suppressed to obtain the large FL-intensity EF.

We first address the FL-enhancing mechanism on the plasmo-
photonic metasurfaces in Fig. 6(b). The whole optical excitation-to-
relaxation diagram is schematically illustrated in Fig. 7. Photoexcitation
at 532 nm, indicated by a green arrow, corresponds to an excited state
le,0) of the FL molecule on the metasurface. The excitation energy is
the same with that of plasmon-photon (PlasPh) hybrid mode |0, p,),
which has large light absorptance. In reality, the mixed state of |e, 0)
and |0, p,) is excited, which has larger transition probability than the
original |e, 0) and enhances excitation efficiency, leading to the increase
in Nenn /Np. Following the photoexcitation, the excitation transfer takes
place on an ultrafast timescale. The FL molecules located on bare Au
surface could be affected by the metal-induced quenching. To avoid it
self-assembled monolayer (SAM) was introduced.'*® The SAM pre-
vented the excited state from transferring to the Au and assisted the
transition to the lowest unoccupied molecular orbital (LUMO), which is
initial state of FL. Thus, the SAM contributed to the increase in the ratio
Nenn/Mo- FL emission is induced via the transition from the LUMO to
the highest occupied molecular orbital (HOMO) in the FL molecules.
Some of the HOMO overlap in energy with the PlasPh modes of high
light emittance and exhibit enhanced FL intensity. These total processes
contribute to the FL EF, being expressed in Eq. (5). For the plasmo-
photonic metasurfaces, ™ the experimental EF took the maximum of
2610 at 676 nm; the excitation efficiency Neyn /Ny was estimated to be
50 from the resonant electric fields and the k-dependent Purcell factor
Yenh/ Vo Was experimentally determined to be 11; finally, the increase in
the quantum yield 7., /17, was estimated to be 47. Thus, the SAM func-
tioned well as a block to prevent the nonradiative decay. It is crucial that
the total management of the FL process led to the large EF. We stress
that the large EF did not rely only on the local intense electric field
enhancement, ie., hotspot, and therefore, did exhibit high uniformity,
i.e,, high reproducibility.

Second, we describe the FL enhancement on the all-dielectric meta-
surface in Fig. 6(c). The entire process, from photoexcitation to
enhanced FL emission, is similar to that in Fig. 7. The differences are
that the PlasPh modes should be replaced with the resonant modes in
the all-dielectric metasurface and that the SAM is unnecessary because
of being free from the metal-induced quenching in the all-dielectric con-
figuration. The design strategy for the all-dielectric metasurface to obtain
the large FL enhancement was optimizing the resonance at the FL-
emission wavelength.'”” When the resonances matched with the FL-
emission wavelength, large FL-enhancement effects of almost 1000-fold
were observed. One of the resonant modes contributing to the large FL
enhancement is shown in Fig. 8. Numerically computed reflectance
spectrum at the normal incidence is shown in Fig. 8(a); a red arrow indi-
cates an FL-emission wavelength. The resonant electric- and magnetic-
field distributions, |E| and |H]|, are presented in Figs. 8(b) and 8(c),
respectively. One of the features in the resonant EM fields is that the
magnetic fields are strongly localized inside the Si nanocolumn, whose
boundary is drawn with white lines. The maximum of |H| is 11.1, com-
pared to the incidence, meaning that the intensity [H|® is 1232 at the
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FIG. 8. FL-enhancing resonance in the all-dielectric metasurface of the Si nanocol-
umn array.'®’ (a) Reflectance spectrum at the normal incidence. Red arrow indi-
cates an FL-enhancing wavelength. (b) and (c) Resonant electric- and magnetic-
field distributions, respectively. Adapted from Iwanaga, Appl. Sci. 8, 1328 (2018);
licensed under a CC BY license.

maximum. The multinode magnetic-field distributions indicates that
the mode is a higher-order magnetic resonance. As Mie resonances, the
magnetic dipole resonance has been frequently referred to.'” "’
However, the higher-order modes are rarely addressed, except for a
small number of literature.”>'®” As an effect of the higher-order mag-
netic mode, the corresponding electric-field distributions appear on the
outmost surface of Si nanocolumn, as shown in Fig. 8(b). The electric
fields can contribute to the FL enhancement on the outermost surface.
From the resonant electric-field distributions, the enhancement factors
were estimated as follows:'® the excitation efficiency Nenh/No was
approximately 20 and the FL-emission efficiency 7y, (k)/v,(k) was
approximately 50 for the total EF = 1000 in Eq. (5), under the assump-
tion that the ratio of quantum yield was constant, i.e., o, /1o = 1.

The principle for the EL enhancement is considered applicable
for combined systems composed of the metasurfaces and other FL/PL
materials. Indeed, the plasmo-photonic and all-dielectric metasurfaces
in this subsection were recently tested using an atomic monolayer
material of WS,.”'*”"> Regarding the PL EF, 1030- and 300-fold
enhancements were observed employing the plasmo-photonic and all-
dielectric metasurfaces, respectively. Thus, the framework to describe
the entire photoexcitation dynamics in Fig. 7 is widely accountable for
FL/PL-enhancing effects.

C. Detections with metasurface FL biosensors

In this subsection, we examine the advancements and current sta-
tus of the all-dielectric metasurface FL biosensors, which are here
defined as a combined pair of a metasurface substrate and a microflui-
dic chip made of PDMS. An appearance of the metasurface FL biosen-
sor is seen in Fig. 5(e).
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Figure 9 shows representative FL-detection results attained by the
metasurface FL biosensors. The target biomolecules, detected ranges of
target concentrations, and used buffers are listed in Table II. The
LODs correspond to the lowest concentrations of the detection ranges.
We mention that the detection ranges are potentially extended to
higher concentrations.

As an antigen target, a tumor marker CEA was detected using the
metasurface FL biosensors. Figure 9(a) illustrates two configurations in
experiment:1| one is a phosphate-buffer saline (PBS)-based diluent
buffer suitable for proteins (left) and the other is a human serum
(right). The target CEA was sandwiched using a pair of biotin-labeled
and FL-labeled antibodies. Using the microfluidic paths, the metasur-
face FL biosensors were first coated using cysteine-tagged streptavidin
(Cys-SA), and then the sandwich CEA complexes were immobilized
via biotin-streptavidin coupling, which is known to be the most
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effective coupling between biomolecules. Thus, an effective immobili-
zation protocol was implemented.

In Figs. 9(b) and 9(c), the results in the two configuration are
shown; orange dots with error bars indicate experimental data and
dashed curves represent fitted curves using the Hill equation,”**"”
which is mathematically equivalent to the four-parameter equation
used widely in analysis of protein detection. The Hill equation
describes immobilization reaction of the target molecules on the meta-
surface, being expressed as

xﬂ
)’—}’0+(5_)’0)m7 )
where y represents the FL intensity, y, the background level in the FL
measurement, S the saturated signal intensity, x the concentration of
target molecules, n the degree of cooperative reaction, and Kp the
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Photographs of the metasurface biosensors and the FL-detection configuration using a microfluidic system are shown in (k) and (1), respectively. lllustration of FL detection on
the metasurface is presented in (m). The detection profile is shown in (n); closed black circles represent measured data and red curve represents the fitted profile by the Hill
equation. (a)-(c) Adapted from Iwanaga, Biosensors 13, 377 (2023); licensed under a CC BY license. (d)-(g) Adapted from Ilwanaga et al., Biosensors 12, 981 (2022); licensed
under a CC BY license. (h)—(j) Adapted with permission from Iwanaga et al., Nano Lett. 23, 5755 (2023). Copyright 2023 ACS. (k)—(n) Adapted from Iwanaga, Biosensors 12,

987 (2022); licensed under a CC BY license.
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TABLE II. Summary of targets detected by the all-dielectric metasurface FL biosen-
sors. The detection range is presented, based only on the reported experimental
data. SP and Ab denote spike protein and antibody, respectively.

Target Detection range Buffer ~ References
CEA 2-25000 pg/ml Serum 11
PSA 0.16-1000 ng/ml Serum 11
COVID-19 SP 0.64-100 000 pg/ml PBS + BSA 214

COVID-19 Ab 1.56-100 ng/ml PBS + BSA 214
IgG* 5-2000 pg/ml PBS + BSA 133
anti-p53 Ab 50-5000 pg/ml PBS + BSA 133
cfDNA 0.488-2000 aM Tris-HCI 12
COVID-19 ¢cDNA" 5.86-4000 aM Tris-HCI 215
HSA® 18.75-160 000 ng/ml ~ Urine 218

“Immunogloblin G.
°Complementary DNA.
“‘Human serum albumin.

dissociation constant of molecular interaction. The Hill equation
describes a quasi-static chemical reaction, such as A + B — C, which
is applicable for the immobilization reaction in microfluidic paths.
When we consider a simple reaction of antigen capture, the A is the
antibody, the B is the antigen, and the C is the product after the reac-
tion of A and B. The amount of reaction products is described by the
Hill equation in Eq. (7).

The dynamic range of the CEA detection was 2-25000 pg/ml,
which is listed in Table I and is shown again in Table II for explicit
comparison with other results using the metasurface FL biosensors.
The LOD was 2 pg/ml, which was determined by evaluating the cross
point of the Hill curve and 3 ¢ (o: standard deviation) level from the
zero concentration (i.e., negative control), as shown in Fig. 9(b). The
medical criterion for CEA is 5000 pg/ml; therefore, the detection capa-
bility of the metasurface biosensors is sufficient in practice.
Importantly, as shown in Figs. 9(b) and 9(c), the detection profiles
were hardly affected in the case of the human serum, which has abun-
dant obstacle biomolecules, as illustrated in Fig. 9(a). Note that the
comparison with the commercially standard ELISA is already dis-
cussed in Sec. 1T E 10.

PSA is a widely used tumor marker for men. The detections were
conducted in a similar manner to the CEA."" The detection range of
the PSA was 0.16-1000ng/ml, even when a buffer composed of a
human serum was used, as listed in Table II. The LOD was 0.16 ng/ml,
which was mainly affected by the capture and detection antibodies. As
is widely known, the performance of antibodies depends on produc-
tion companies; therefore, the LOD could be improved just as that of
CEA. The medical criterion of PSA is now set to 4 ng/ml. Thus, the
metasurface FL biosensors are practically suitable for the diagnostic
purpose.

COVID-19 spike glycoproteins were detected using the metasur-
face FL biosensors.”"* The detection protocol was similar to that for
the CEA and PSA. The configuration after immobilization on a meta-
surface of the Si nanocolumn array is illustrated in Fig. 9(d).
Experimental data for the COVID-19 spike protein (SP) are shown
with red dots with error bars in Fig. 9(e); the detection range was as
wide as 0.64-100 000 pg/ml over five-order of concentrations, and the
LOD was 0.64 pg/ml, evaluated based on the 3 ¢ level. Table I lists the
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quantitative results. The detection was conducted using a PBS-based
diluent buffer including BSA, which is symbolically expressed as
PBS+BSA in Table II.

The results concerning the detection of the antibodies against the
COVID-19 spike glycoproteins are shown in Figs. 9(f) and 9(g). It was
widely recognized that the antibodies functioned as a neutralizing anti-
body and there was a social demand to measure the concentrations in
the COVID-19 pandemic. The detection configuration is similar to
that in Fig. 9(d). In this case, since the target is the antibody, the spike
proteins were immobilized in advance at a high concentration and the
concentration-varied antibodies were detected using a FL lable.”"*
Obviously, the FL images of the metasurfaces in Fig. 9(f) change the
brightness in proportional to the target antibody concentrations. The
FL intensities are plotted with red dots with error bars in Fig. 9(g); the
inset magnifies the data near Ong/ml. The profile is almost linear
down to 1.56 ng/ml, which was the LOD for the antibodies.

Other antibodies, such as IgG and anti-p53 antibody, were
detected in ranges of pg/ml on the metasurface FL biosensors.'”” The
detection procedures were similar to those for the CEA, PSA, and
COVID-19 antibody. Immunoglobulin G (IgG) is the most abundant
antibody in human body. The anti-p53 antibody is a tumor marker for
early stage.”’” **" As listed in Table II, the detection ranges of the IgG
and anti-p53 antibody were 5-2000 pg/ml and 50-5000 pg/ml, respec-
tively, and the LODs were 5pg/ml for the IgG and 50 pg/ml for the
anti-p53 antibody. The medical criterion for the anti-p53 antibody is
set to a few ng/ml. Therefore, the metasurface FL biosensors can meet
the diagnostic range.

The IgG and anti-p53 antibody were also detected in the ranges
of pg/ml on the plasmo-photonic metasurface biosensors.'”* The
detection ranges of IgG and of anti-p53 antibody were 5-10 000 pg/ml
and 50-5000 pg/ml, respectively. The detection capability was similar
to that of the all-dielectric metasurface FL biosensors in Fig. 9 and
Table 1. From a practical and economic standpoint, the plasmo-
photonic metasurfaces requires Au deposition and have a slight disad-
vantage, compared to the all-dielectric metasurfaces, though the FL-
enhancement capability is twofold better [Fig. 6(a)].

As a nucleic acid target, fDNA was detected, which is considered
to be a next-generation diagnosis marker in the near future.”**”*’
However, the concentration in liquid biopsies, such as blood, is known
to be extremely low; therefore, ideally high sensitivity is required for
the accurate detection. Figure 9(h) presents a schematic of cfDNA gen-
eration, collection, and sequence analysis using a next-generation
sequencer; ™" the target sequence for detection was determined as dis-
played in Fig. 9(h). A set of the FL images on the metasurface FL bio-
sensors is shown in Fig. 9(i), and the detection profiles are shown in
Fig. 9(j)'* where the horizontal axis represents target cfDNA concen-
trations in the units of copies/test and the corresponding concentra-
tions in attomolar (aM, i.e, 107¥mol/l) is indicated at the top; the
inset magnifies the data near 0 copies/test, represented in linear scales.
The detected signals at 1 copy/test were discriminated from 0. This
demonstrates an ultimate high-sensitivity detection of DNA, which
has not been realized, to the best of our knowledge, in any other bio-
sensing techniques.

At the level of a single-target molecule, the sampling process
becomes probabilistic and follows the Poisson distribution; this statisti-
cal analysis was implemented in the demonstration of the single
cfDNA detection.'” Table 11 lists a set of the cfDNA results, which are
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also referred to in Sec. I E 10. As a buffer for cfDNA, a standard buffer
for DNA, Tris-HCl 10 mM, was used to conduct the short-cycle ampli-
fication procedure that suppresses falsely positive reactions and rein-
forces the robustness of the detection.

The COVID-19 complementary DNAs (cDNAs) were detected
using the metasurface FL biosensors,”'” one of which is shown in
Fig. 9(k). The FL signals were measured under illumination of green
light-emitting diode (LED) light, as shown in Fig. 9(I). A schematic of
FL detection of the amplicons of the COVID-19 cDNA is shown in
Fig. 9(m). The experimental data (black dots with error bars) are
shown in Fig. 9(n); the horizontal axis is the target concentration in
aM, and the data are shown in the log-log scale. A fitted curve using
the Hill equation [Eq. (7)] is shown with a red curve. As listed in Table
I1, the LOD was evaluated to be 5.86 aM (or 14 copies/test). Notably,
this LOD was achieved through only 35 thermal cycles for nucleic-acid
amplification. This LOD meets the criterion that was officially
announced for reliable infection tests.””” As we refer to in Secs. [[E7
and I1 E 8, typical LODs for COVID-19 were approximately 40 and 10
copies/test in the qPCR and dPCR, respectively, under the condition
that the PCR cycling was conducted at more than 40 cycles, which
means that more than 32-fold amplicons were produced in the qPCR
and dPCR, compared to the metasurface FL biosensors. Thus, the
metasurface FL biosensors exhibit a substantially better detection capa-
bility than the dPCR that is considered to be the present gold standard.
Other comparisons and discussions are found in the literature.”"”

In a different approach, HSA was detected using a methodology
distinct from the previously mentioned cases using the ordinary FL
probes. For HSA, specific fluorogen molecules inducing AIE were
incorporated. Further details are described in the Sec. TII D.

D. AIE—Aggregation-induced emission

AIE is a unique optical phenomenon that molecules exhibit
bright FL in their aggregated state, whereas they exhibit weak or negli-
gible FL in their dispersed state.””” The restriction of intramolecular
motion (RIM) is currently the most widespread and accepted

(a) (b)
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intramolecular
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TPE ‘
Active rotation o RIR in aggregates
in solutions Restriction of Highly emissive
Non-emissive intramolecular

motion (RIM)
RIM =RIR + RIV
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Restriction of
intramolecular
vibration (RIV)

COTh

Dynamic vibration
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Q
AIE FL molecule v\ N .4 o / HSA
AN g L. i =l e
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Si nanocolumns
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mechanism to explain the AIE phenomena,” as illustrated in

Fig. 10(a). The molecular rotors, such as rotatable aromatic rings, in
AIE molecules persistently consume energy from the excited state
when they are completely dissolved in benign solvents, thereby leading
to a fast energy decay without being released.””” When AIE molecules
aggregate, intermolecular interactions limit the spinning rotors, which
causes molecules to decay through the radiation channel.”” Based on
this background, the strong hydrophobic luminous cores of AIE FL
molecules are typical properties that allow them to readily form aggre-
gates in physiological settings or aqueous media.””’ Furthermore, natu-
ral spatial restricted environment is produced by the significant steric
hindrance of reactive substances especially posed by biological macro-
molecules, which further results in FL emission upon photoexcitation
by continuous accumulation into the macromolecular structure.”””
Significantly, efficient radiative transition and photosensitization in the
aggregate state promote outstanding FL emission with the characteris-
tics of fast response, high sensitivity, “on-off” switch ability and good
stability.””

In the past few decades, numerous researchers have successfully
developed plenty of AIE FL bioprobes with high emissions and large
Stroke shifts to achieve FL detection of simple and cost efficiency in
biosensing.”* **” For instance, it was reported that an AIE probe, a
tetraphenylethylene (TPE) derivative sodium 1,2-bis[4-(3-sulfonato-
propoxyl)phenyl]-1,2-diphenylethene (BSPOTPE) for quantitative
detection of HSA.”* This probe is non-fluorescent in PBS buffers but
becomes emissive in the presence of HSA. The established FL method
showed a broad linear dynamic range (LDR) of 0.0676-6.76 mg/l,
LOD of 0.0676 mg/l, and an excellent selectivity to HSA. Additionally,
the sensing process was also demonstrated in artificial urine, showing
great potential in practical application. However, the performance of
ATE probes may be interfered by autofluorescence or impurity compo-
nents in actual complex biosamples.””” Moreover, extremely low con-
centrations of analytes also make AIE bioprobes difficult to detect the
FL signal because of the tiny amplitude of light absorption. To address
those issues, a feasible expectation is to integrate AIE bioprobes into

Excitation source

Fluorescence
Flow-out Flow-in
—
—t
—

Metasurface

Biotin-HSA antibody

Si0, layer

FIG. 10. (a) Mechanism of AIE phenomena.”*° (b) Schematic of AIE fluorogens incorporated with an all-dielectric metasurface FL biosensor for HSA detection.”'® (a) Adapted
from Zhang et al., Regen. Biomater. 10, rbad044 (2023); licensed under a CC BY license. (b) Hu et al., Adv. Opt. Mater. 12, 2400868 (2024); licensed under a CC BY license.
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compatible optical biosensors to further amplify sensitivity or reduce
light loss and background noise. The all-dielectric metasurface biosen-
sor is most likely to satisfy such requirements of AIE bioprobes.

The first study on the combination of an AIE-based fluorogen,
TPE-4TA, and the all-dielectric FL metasurface FL biosensor has been
conducted recently to achieve quantitative detection of trace HSA.”'®
The experimental configuration is illustrated in Fig. 10(b). This meta-
surface FL biosensor have six independent microfluidic channels,
which can be controlled to deliver different analytes simultaneously. In
the meanwhile, the TPE-4TA with typical AIE characteristics can be
immobilized on the metasurfaces through the flexible biofunctionaliza-
tion of Si nanostructures. First, the binding molecules of Cys-SA pro-
vide a robust and durable physical adsorption layer”*’ when flowing
across Si nanocolumns. Second, the biotin-labeled HSA (Biotin-HSA)
antibodies can establish a dense biological network via the non-
covalent protein-ligand interactions between streptavidin and biotin,
where HSA are captured efficiently and specifically. Third, when the
tetrazolate nitrogens of TPE-4TA reacts to the polar dominant-
contacting lysine residue in the HSA binding conformation through
hydrogen bonding and electrostatic interactions,”"" the restriction of
intramolecular motion triggers the strong FL signal.

Furthermore, the optical properties of this metasurface are suited
to the excitation and emission wavelengths of the TPE-4TA.”"® The
reflectance spectrum of the metasurface shows two definite reflectance
bands of 30% and 70% at 360 and 530 nm, respectively. The corre-
sponding distributions of resonant EM fields accounted for the under-
lying mechanism of FL enhancements.”'” The electric field distribution
at 360 nm excitation wavelength predominantly appears at the upper
outermost surface of Si nanocolumns, which is the most favorable
zone for HSA immobilizations. This electric field distribution at the
FL-emission wavelength of 530 nm qualitatively resembled with that
in Fig. 8, facilitating the ED transition in the AIE molecules. The
principle for the AIE enhancement is in common with that described
in Sec. 111 B.

The FL kinetic behaviors of TPE-4TA used in the metasurface FL
biosensor exhibited excellent FL stability within 2 h and a good LDR in
the microalbuminuria range of 0.0188-160 x g/ml, especially high sen-
sitivity to the traces of HSA less than 20 i g/ml.”"* More significantly,
the FL regulation of the metasurface was superior to that of the other
two conventional platforms; indeed, the metasurface FL biosensors
showed a significant 25.6-fold FL enhancement for HSA detection,
compared to enhancements of onefold and 3.48-fold observed in the
microplate and microfluidic platforms, respectively. In the application
scenarios involving human urine samples, the metasurface platform
also showed the highest HSA recovery of 95.6% while the microplate
and microfluidic platforms did 88.9% and 91.5% recovery, respectively.
Moreover, the LOD for metasurface platform was as low as 18.75 ng/
ml whereas those of microplate and microfluidic platforms were 300
and 150 ng/ml, respectively. Even when an urine sample was diluted
2560 times, the metasurface FL biosensors still possessed 10% FL
retention rate of HSA. These results fully demonstrate that the meta-
surface FL biosensors function very efficiently for the HSA detection,
which is most likely to come from the following three factors: (i) Si
nanocolumns that enable HSA to immobilize is the primary factor for
the effect of FL enhancement, (ii) FL amplification is determined by
the local enrichment of AIE molecules, and (iii) the FL-enhancement
effect of resonant EM fields. The scope of FL activities is further
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compressed by the spatial constraints of microfluidic pathways, while
Si nanocolumns facilitate the local enrichment of FL molecules within
a non-uniform stacking in a minuscule area, contributing to the FL
output. Furthermore, the resonant EM fields further reinforce the FL
emission of HSA and TPE-4TA conjugates, immobilized at the outer-
most surface of Si nanocolumns.

Summing up the HSA results, this ATE-based fluorogens incorpo-
rating with the all-dielectric metasurface FL biosensors successfully
achieves FL enhancement for HSA detection. In the realistic configura-
tion in the urine, the AIR fluorogens functioned with the metasurface
FL biosensors, exhibiting high sensitivity and robustness.

IV. FUTURE PROSPECTS

In summary, we have conducted a comprehensive survey with
focusing on practical applications of metasurfaces. Concretely, the
metalens, metasurface IR absorber/emitter/detector, and metasurface
biosensors have been addressed together with the key concepts. With a
particular emphasis, the biosensing techniques are further addressed
for comparison with the metasurface biosensors. Moreover, we have
delineated the current status of the metasurface FL biosensors. The
proof-of-concept has covered a broad range of target biomolecules
across nucleic acids and proteins, such as antigens and antibodies, and
has reached an ultimate sensitivity that can discriminate one target
DNA from zero, which has not been attained in any other biosensors.

One of the advantages in the metasurface FL biosensors is that
they are mass productive, similarly to the metalenses through high-
precision, high-throughput nanolithography. Thanks to their excep-
tional and reproducible FL enhancement, the metasurface FL biosen-
sors enable high-sensitivity biosensing in a simple, compact, cost-
effective, and automated manner,'” which is another practical advan-
tage. The existing high-sensitivity methods, such as digital ELISA and
digital PCR, require complicated and elaborate statistical analysis, and
are demanding in cost, due to the complex instruments; these draw-
backs have not been overcome for more than ten years. Considering
these points, the metasurface FL biosensors are one of the good candi-
dates for the next-generation biosensors that are applicable for diverse
targets.

One of the trends in the next-generation diagnoses is to detect
low-concentration targets in an aM range, such as cfDNA and
microRNA. At present, the biosensing methods that can conduct a
large number of short-time biosensing for the low-concentration tar-
gets have not yet been established. This is one of the most suitable
issues that the metasurface FL biosensors can contribute to. As
described in Sec. 111, the high sensitivity, high throughput, and robust-
ness of the metasurface FL biosensors have been substantiated for the
future practical biosensing. Thus, the basic requirements for the next-
generation diagnoses are satisfied.

Regarding the emerging technology, artificial intelligence (AI), it
is often discussed that AT makes complicated responses by biosensors
more comprehensive and feasible. However, this means that the bio-
sensors themselves are generally hard to use and/or understand, imply-
ing that they are originally impractical. In contrast, simply speaking,
the metasurface FL biosensors transduce the target biomolecule con-
centrations to the FL intensity, which is feasible to understand.

As one of the best scenarios in the near future, the metasurface
FL biosensors will contribute to high-precision, high-throughput, and
massive data-acquisition biosensing services that combine with big-
data life science and data-handling AL Although the aspect of massive
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data acquisition has hardly discussed regarding biosensors, one of the
most significant roles of scientific devices, such as biosensors, will be to
take scientifically reliable big data. This role can be efficiently con-
ducted by the metasurface FL biosensors.”** This role is similar to the
first-principle calculations for molecular dynamics in chemistry, which
yielded big data to make use of Al in the field of protein design.”*’ The
scientific firm ground built by quantitative biosensing data, a part of
which can be acquired by the metasurface FL biosensors, will be cou-
pled with generative Al to enable the individual to enjoy the maxi-
mized healthful life.
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