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Abstract: Photonic biosensors based on bound states in the continuum (BIC) resonant
modes exhibit a transformative potential for high-sensitivity, label-free detection across
various diagnostic applications. BIC-enabled metasurfaces, utilizing dielectric, plasmonic,
and hybrid structures, achieve ultra-high Q-factors and amplify target molecule interactions
on functionalized sensor surfaces. These unique properties result in increased refractive
index sensitivity and low detection limits, essential for monitoring biomolecules in clinical
diagnostics, environmental analysis, and food safety. Recent advancements in BIC-enabled
metasurfaces have demonstrated ultra-low detection limits in the zeptomolar range, making
these devices highly promising for real-world applications. This review paper critically
discusses the design principles of BIC-based biosensors, emphasizing key factors such as
material selection, structural asymmetry, and functionalization strategies that enhance both
sensitivity and specificity. Additionally, recent advancements in fabrication techniques that
enable precise BIC control with scalable approaches for practical biosensing applications
are examined. Case studies demonstrate the effectiveness of BIC metasurfaces for real-time,
low-concentration detection, highlighting their versatility and adaptability. Finally, the
review discusses future challenges and opportunities, such as integration with microfluidics
for point-of-care testing and multiplexed sensing, underscoring the potential of BIC-based
platforms to revolutionize the field of biosensing.

Keywords: nanophotonics; metasurface; biosensing; label-free detection; point-of-care
diagnostics

1. Introduction

Biosensors are analytical devices designed to detect biological molecules, which in-
tegrate a biorecognition element with a signal transducer. They hold immense potential
across healthcare, biodefence, environmental monitoring, and food safety, driven by the
ongoing demand for rapid, accurate, and cost-effective diagnostics [1]. Current research
focuses on achieving three key goals: (i) integration into point-of-care testing (PoCT) sys-
tems comprising low-cost disposable biochips and simple reader devices; (ii) ultra-low
limits of detection (LoDs) that extend down to the zeptomolar (zM) range; and (iii) ultra-
wide detection ranges spanning, for example, from zM to picomolar (pM) concentrations.
These objectives are pursued alongside standard requirements such as selectivity, speci-
ficity, stability, and reproducibility. Among biosensors, optical chip-scale platforms exhibit
unique advantages in addressing these challenges. Their label-free detection capabilities,
high sensitivity, and compatibility with CMOS fabrication processes make them ideal for
miniaturized, portable PoCT applications. Silicon photonic biosensors [2,3], such as those
developed by SiPhox and Genalyte, exemplify this trend. SiPhox leverages silicon photonic
ring resonators to measure biomarkers, such as high-sensitivity C-reactive protein, with
compact reader instruments, while Genalyte’s Maverick system integrates multiplexed
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detection with cloud connectivity for advanced diagnostics. These platforms demonstrate
the feasibility of high-performance biosensors within disposable and user-friendly sys-
tems. The development of chip-scale optical biosensors offers a promising pathway toward
fulfilling the ambitious goals of modern biosensing. By enabling precise and scalable inte-
gration of biosensing functions, these devices pave the way for transformative advances
in diagnostics.

Metasurfaces—thin layers composed of subwavelength nanostructures arranged ac-
cording to periodic or pseudo-periodic grids—have demonstrated remarkable potential in
controlling the behavior of electromagnetic waves, enabling precise manipulation of light
properties such as phase, amplitude, and polarization [4-12]. By tailoring the geometry,
size, and arrangement of these nanostructures, metasurfaces can achieve effects that tradi-
tionally require much thicker optical components, thus paving the way for highly compact,
lightweight, and versatile optical devices. Among the various resonant phenomena that
can be engineered within metasurfaces, BICs have emerged as particularly promising be-
cause of their unique ability to provide high-Q resonances. This feature makes BICs highly
suitable for applications requiring extreme sensitivity and strong light-matter interaction,
such as biosensing [13-16].

BICs are distinctive, resonant states that remain perfectly confined within a radiation
continuum, thus achieving theoretically infinite quality factors [17-19]. Unlike typical
resonant modes, which tend to couple with external radiation and lose energy, BICs avoid
such coupling by virtue of symmetry constraints or destructive interference mechanisms.
This enables them to retain energy without radiation leakage, resulting in confined res-
onances that are exceptionally sharp and robust against radiative decay. As illustrated
in Figure 1, BICs reside in the radiation continuum without coupling to radiative modes,
producing enhanced field localization that is beneficial for applications requiring intense
light-matter interactions. This intrinsic property has spurred substantial interest in BIC-
based metasurfaces across multiple fields, from lasing and nonlinear optics to sensing

and imaging.

Spectrum Mode profile

BIC

Resonance
(leaky mode)

Extended state

—_— .
/\/\/\/\/\ (continuum)

- Confinement! [ !
3 3 Regular
‘ ‘ bound state

Figure 1. Illustrative concept of BICs. Within an open system, the frequency spectrum includes a
continuum of extended states (blue) and discrete bound states (green) that do not radiate. Structures
with specific symmetry and interference properties enable BICs (red), which reside within the
continuum but remain localized without energy loss. Reprinted with permission from [17].
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The high-Q resonances achievable on BIC-based metasurfaces are particularly advan-
tageous for biosensing applications, where a sensor’s performance is often determined
by its sensitivity to changes in the refractive index near the sensing surface. High-Q
BIC resonances amplify the interaction between incident light and analytes within the
functionalized sensing region, significantly enhancing the sensor’s response to minute
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changes in refractive index [20,21]. This sensitivity is critical in detecting low concen-
trations of biomolecules—such as proteins, DNA, and other biomarkers—that might be
indicative of disease states. Additionally, the high-Q nature of BICs reduces the linewidth
of the resonance, leading to improved signal-to-noise ratios that are essential for high-
precision biosensing.

Similarly to other chip-scale technologies, a further advantage of BIC-based biosensors
is their capability for label-free detection. Traditional biosensing methods often require
fluorescent or colorimetric labels to visualize molecular interactions, which can add com-
plexity and limit the application scope. BIC-based sensors, however, achieve strong field
localization within the active sensing layer, enabling the direct detection of biomolecules
without the need for additional labels. This label-free approach not only simplifies the sens-
ing process but also enables real-time monitoring of biological interactions, an important
feature in diagnostic and environmental sensing applications.

BIC-based metasurfaces exploit a very simple excitation scheme, which is normal-to-
surface. As shown in Figure 2, the metasurface is typically excited by a beam that is normal
to the surface, and reflection and transmission spectra are observed. The metasurface sup-
ports a BIC-wave that is delocalized in a wide area, thus enhancing light-matter interaction.

Figure 2. Light scattered by the metasurface. The metasurface is top-illuminated. Reflection and
transmission can be observed. The metasurface is a periodic 2D array of dielectric metaunits, each
consisting of a pair of tilted silicon nanobars. Each metaunit has a mirror symmetry across the
major vertical axis and consists of elliptical dielectric nanoresonators with major and minor axes of
approximately 280 nm and 100 nm, respectively. These dimensions are fine-tuned to achieve the
desired resonance wavelength. The all-dielectric metasurface was fabricated by nanopatterning a
thin layer (100 nm) of amorphous silicon, which was deposited on a fused-silica substrate. Reprinted
with permission from [22].

The versatility of BIC-based metasurfaces is enhanced by the range of material choices
available, including dielectric, plasmonic, and hybrid metal-dielectric materials. Dielectric
metasurfaces, for instance, offer low-loss, high-Q resonances due to minimal intrinsic
absorption, making them ideal for applications where high sensitivity and stability are
paramount. Plasmonic metasurfaces, which utilize metals such as gold or silver, provide
strong field enhancement near the metal surface, making them well-suited for applications
requiring intense local field effects. However, their intrinsic losses can limit the achievable
Q-factors. Hybrid metal-dielectric BIC metasurfaces represent a promising compromise,
combining the strong field localization of plasmonic structures with the low-loss advan-
tages of dielectric materials. This flexibility allows BIC-based sensors to be tailored to
specific application requirements, optimizing parameters such as sensitivity, robustness,
and compatibility with lab-on-chip platforms [23-26].
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This review explores the principles and applications of BIC-based metasurfaces for
biosensing. The focus is on metasurfaces that operate in the visible and infrared spectral
regions, where BIC resonances are particularly relevant for optical biosensing applica-
tions. Several metasurfaces for biosensing that support BIC have been demonstrated in
the THz regime, achieving an LoD as low as a few tens of aM [27-29]. Section 2 delves
into the mechanisms behind BIC resonances in metasurfaces, providing an overview of
symmetry-protected, Friedrich-Wintgen, and Fabry—Perot BICs. Section 3 examines the
key design parameters that are essential for maximizing sensitivity and specificity in
BIC-based biosensors, including refractive index sensitivity, material choice, and functional-
ization techniques. Section 4 discusses the fabrication techniques and challenges associated
with producing high-Q BIC metasurfaces. Section 5 highlights applications of BIC-based
biosensors in clinical diagnostics and environmental monitoring, emphasizing performance
benchmarks. Finally, Section 6 outlines potential future developments and challenges for
BIC-based biosensing technologies.

2. Principles of BIC Resonance in Metasurfaces

The BIC phenomenon occurs due to specific conditions of symmetry and interference
that prevent coupling with radiative modes, allowing for high field confinement within the
metasurface structure [30-33]. BICs, originally introduced in quantum mechanics, have
become a fundamental concept in nanophotonics and are utilized in various applications,
including enhanced biosensing, which is the topic of this review paper.

BICs can be categorized into three primary types based on their mechanisms of confine-
ment: symmetry-protected BICs [34-36], Friedrich—-Wintgen (or accidental) BICs [37-39],
and Fabry-Perot BICs [40—42]. Symmetry-protected BICs arise in systems where the con-
fined mode’s symmetry prevents it from coupling with the radiative continuum. In meta-
surfaces, this form of BIC typically occurs in symmetric structures where the symmetry of
the mode is incompatible with the surrounding radiation modes. This symmetry mismatch
results in a non-radiating state that remains perfectly confined. When the symmetry of these
structures is intentionally broken, the symmetry-protected BIC transitions to a quasi-BIC
(gBIC), introducing a controlled level of radiative leakage. This slight asymmetry enables
the creation of ultra-high-Q resonances that retain much of the confinement characteristics
of a pure BIC, making them suitable for experimental applications where complete isolation
is not feasible. Friedrich-Wintgen BICs, named after the physicists who first identified
this mechanism, rely on destructive interference between two or more resonant modes,
resulting in a non-radiating state within the continuum. This type of BIC does not depend
on the system’s symmetry but instead occurs due to phase-matching conditions that allow
multiple resonances to cancel each other’s radiative components. Fabry-Perot BICs, on the
other hand, emerge in periodic or multilayer structures where phase-matching conditions
lead to constructive interference within the structure, effectively confining light due to
balanced internal and external phase conditions. These BICs are particularly relevant in
multilayer and waveguide structures, where they exploit internal reflection mechanisms to
achieve confinement.

The ability to confine light within a metasurface structure using BICs has profound
implications for enhancing light-matter interactions. This high-Q resonance produces a
stronger electromagnetic field within the region of confinement, which is particularly advan-
tageous for applications like biosensing that rely on detecting minute changes in refractive
index. By focusing light within a small volume, BICs amplify the interaction between light
and biomolecules, increasing sensitivity to low concentrations of analytes. The enhancement
of the electromagnetic field within the metasurface also enables label-free detection, as it
eliminates the need for external tags or markers to visualize biomolecular interactions.
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BICs can be realized in dielectric, plasmonic, and metal-dielectric hybrid metasurfaces,
each offering distinct advantages based on their material properties and resonant behaviors.

Dielectric metasurfaces, typically composed of materials like silicon or titanium diox-
ide, are particularly well-suited for supporting high-Q BICs due to their low intrinsic optical
losses. At the state-of-the-art, the highest Q-factor in such BIC-supporting metasurfaces
is close to 500,000 [43]. Dielectric materials facilitate the generation of Mie resonances,
which allow for strong confinement of electromagnetic fields within the nanostructure
while minimizing dissipative losses. This characteristic makes dielectric metasurfaces ideal
for applications demanding high sensitivity and stability, such as biosensors designed to
detect minute changes in refractive index or low concentrations of analytes. The ability
to achieve ultra-narrow resonance linewidths further enhances their precision and signal-
to-noise ratio, making them a cornerstone in the development of advanced BIC-based
sensing platforms.

Plasmonic metasurfaces, in contrast, rely on metallic materials such as gold, silver,
or aluminum to harness surface plasmon resonance (SPR). These metasurfaces exhibit
exceptionally strong near-field enhancement due to the collective oscillation of free electrons
at the metal-dielectric interface when illuminated by light at specific wavelengths. While
plasmonic metasurfaces inherently suffer from higher intrinsic losses compared with their
dielectric counterparts, the intense field localization near the metallic nanostructures can
significantly amplify light-matter interactions. This property is especially advantageous
for applications that prioritize strong surface sensitivity, such as label-free biosensing
and surface-enhanced Raman spectroscopy. For instance, plasmonic metasurfaces have
been shown to detect low concentrations of biomolecules by leveraging their capacity to
amplify the electromagnetic field within the sensing region, albeit at the expense of broader
resonance linewidths and reduced Q-factors.

Metal-dielectric hybrid metasurfaces bridge the gap between these two paradigms by
combining the high-field localization of plasmonic materials with the low-loss characteris-
tics of dielectric components. These hybrid designs enable the realization of quasi-BICs that
offer a balance between field confinement and radiative leakage. By integrating plasmonic
nanostructures with dielectric layers, hybrid metasurfaces can achieve enhanced near-field
interactions while maintaining relatively narrow resonance linewidths compared to purely
plasmonic systems. This synergy is particularly valuable for biosensing applications where
both high sensitivity and robustness are required. For example, hybrid metasurfaces can
be tailored to operate at specific wavelengths, optimizing the trade-off between sensitivity
and Q-factor to meet the needs of diverse sensing scenarios.

The choice between dielectric, plasmonic, or hybrid metasurfaces depends on the
specific requirements of the application. Dielectric metasurfaces excel in scenarios where
minimizing energy loss and achieving high-Q resonances are critical, making them suitable
for high-precision sensing. Plasmonic metasurfaces are preferred for applications demand-
ing extreme near-field enhancement and strong surface interactions, despite their higher
losses. Hybrid metasurfaces offer a versatile alternative, leveraging the strengths of both
approaches to deliver tailored solutions for demanding biosensing environments. This
versatility highlights the importance of material and structural optimization in designing
metasurfaces that maximize the advantages of BICs across a broad range of applications.

As already mentioned, structural asymmetry plays a critical role in tuning the Q-
factor and resonance properties of BICs, particularly in the generation of quasi-BICs.
Introducing a slight asymmetry in a BIC-supporting structure—such as altering the shape,
refractive index, or periodicity of the nanostructures—results in a quasi-BIC with finite
but high Q-factors. This controlled asymmetry allows for selective coupling with radiative
modes, enabling external access to the confined mode without fully compromising its
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resonant characteristics. For biosensing applications, the ability to fine-tune the Q-factor by
adjusting the degree of asymmetry is essential for optimizing sensitivity to refractive index
changes. Quasi-BICs created through asymmetry adjustments offer a practical approach
for enhancing the detection of biomolecular interactions within the functionalization layer
of the sensor. By designing the asymmetry to achieve a specific resonance linewidth,
quasi-BICs provide high field localization with a controlled level of radiation, balancing
confinement with accessibility.

Figure 3 illustrates the impact of introducing asymmetry in metasurfaces designed
to support BICs, taking as an example the metasurface discussed in [44]. The figure
demonstrates how varying the asymmetry parameter dy, from dy = 0 nm (symmetric
configuration) to dy = 120 nm (asymmetric configuration), influences the transition from
pure BICs to quasi-BICs (gBICs). In the symmetric case, the metasurface supports BICs that
are perfectly confined without radiative losses, leading to theoretically infinite Q-factors.
As asymmetry increases, controlled radiation leakage is introduced, transforming the BICs
into qBICs with finite yet high Q-factors. This tunable balance between field confinement
and radiative coupling in qBICs is particularly advantageous for biosensing applications,
as it allows for high sensitivity while maintaining practical detection capabilities.
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Figure 3. Illustration of the transition from BICs to qBICs in a metasurface as the asymmetry
parameter d, varies. For dy = 0 nm (symmetric case), the metasurface supports perfectly confined
BICs with infinite Q-factors. As d, increases to 120 nm, qBICs emerge with controlled leakage and
finite Q-factors, balancing field confinement and radiative coupling. This tunable behavior highlights
the potential of such metasurfaces for applications requiring both sensitivity and accessibility, such
as biosensing. (a) Experimentally measured transmittance spectra. (b) Spectra for d, = 40 nm and
dy = 120 nm with the relevant fit. Reprinted with permission from [44].
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3. Design Considerations for BIC-Based Biosensors

The design of BIC-based biosensors requires careful optimization of some parame-
ters of the metasurface, such as refractive index sensitivity, field confinement where the
target-receptor molecular interaction takes place, Q-factor of the BIC mode, and figure of
merit (FOM), defined as the sensitivity-to-linewidth ratio. These parameters collectively
determine the sensor’s performance in detecting small refractive index changes, which
is essential for biosensing. In BIC-based sensors, the refractive index sensitivity typically
ranges between 100 and 500 nm/RIU, with high-Q resonances yielding experimental values
above 1000 [45]. The FOM, expressed in RIU!, reaches values exceeding 100 RIU! for
optimized BIC structures. This high FOM, together with the field confinement close to
the sensor surface exposed to the target molecules, is crucial for achieving precise detec-
tion, as it balances sensitivity with spectral resolution. The measured Q-factor, Qiot, has a
significant impact on the LoD, as described by the following equation:

LoD=—"% _\/3c, 1)

where A is the resonance wavelength, S is the sensitivity (nm/RIU), Qo is the measured
total quality factor, and Qg is the resonant Q-factor, i.e., the quality factor without losses.
The term o represents the noise variance. This equation highlights that the LoD decreases
as Qiot increases, underscoring the critical role of achieving high-Q resonances to resolve
minute shifts in the resonance wavelength. For a more detailed discussion, refer to Ref. [46].

The selection of materials and geometric optimization play pivotal roles in maximizing
the Q-factor and enhancing the refractive index sensitivity. Dielectric materials are preferred
due to their low intrinsic losses and capability to support high-Q resonances with minimal
energy dissipation. Conversely, hybrid metal-dielectric structures, which incorporate
plasmonic materials like gold or silver, offer enhanced near-field interactions, albeit at the
cost of slightly reduced Q-factors, typically in the order of some hundreds [47]. These
hybrid designs are useful in applications where field enhancement near the sensor surface
is prioritized, even if higher radiative losses are introduced.

Specificity in biosensing applications relies on functionalization strategies that ensure
selective binding of target analytes. Functionalization methods often involve biochemical
receptors such as antibodies, aptamers, or molecularly imprinted polymers (MIPs) tailored
to interact specifically with the target molecule. The strong field confinement provided by
BICs enhances the interaction between the target analyte and the functionalized surface,
improving signal response and enabling low-concentration detection without the need for
labeling agents.

Case studies of BIC-based biosensors demonstrate their effectiveness in real-time
monitoring and low-concentration analyte detection. They will be discussed in Section 5.

Simulation Techniques for BIC-Based Metasurfaces

The design and optimization of metasurfaces supporting BICs heavily rely on ad-
vanced numerical simulation techniques. These methods allow for the detailed exploration
of electromagnetic behavior, facilitating the tailoring of metasurface properties to achieve
high sensitivity, Q-factors, and field confinement. Key simulation methods include rigor-
ous coupled-wave analysis (RCWA), finite-difference time-domain (FDTD), finite element
method (FEM), and eigenmode solvers.

RCWA [48-52] is a frequency-domain method particularly well-suited for analyzing
periodic structures such as metasurfaces. By expanding the electromagnetic fields into
Fourier series, RCWA provides a computationally efficient way to study the diffraction
behavior and resonance characteristics of periodic structures. This method is highly effec-



Photonics 2025, 12, 48

8of 17

tive for analyzing the optical response of BIC metasurfaces, particularly their reflectance,
transmittance, and resonance sharpness. RCWA is frequently used in the initial stages of
design to evaluate the influence of lattice parameters, feature dimensions, and material
properties on the emergence of BICs and quasi-BICs (qBICs).

The FDTD method is widely employed for simulating the dynamic interaction of
light with metasurfaces. Solving Maxwell’s equations in the time domain, FDTD enables
the detailed analysis of transient and steady-state field distributions. This method is
particularly useful for visualizing field localization near BIC modes and optimizing the
geometric parameters for maximum sensitivity and Q-factor. FDTD simulations are also
critical for studying the effect of symmetry-breaking perturbations on the transition from
BIC to gBIC modes.

The FEM is another widely used approach, particularly for metasurfaces with complex
geometries or inhomogeneous material properties. FEM operates in the frequency domain,
dividing the computational space into finite elements and solving Maxwell’s equations
locally. This method is ideal for detailed studies of near-field distributions, coupling effects,
and the impact of material anisotropy on the BIC properties.

Eigenmode solvers are crucial for the direct identification and analysis of BIC modes
in metasurfaces. By solving for the eigenfrequencies and eigenfields, these solvers help
determine the conditions under which BICs occur, quantify Q-factors, and predict how
structural parameters affect radiative losses and resonance tunability. This approach
provides a robust framework for understanding the transition from pure BICs to gBICs
under controlled symmetry-breaking.

The simulation process for BIC metasurfaces often involves a combination of these
methods. RCWA provides rapid initial analyses of periodic structures, while FDTD and
FEM offer more detailed insights into electromagnetic field behavior and resonance opti-
mization. Eigenmode solvers complement these techniques by providing direct access to
mode characteristics and guiding the design toward specific application requirements.

Environmental and mechanical considerations, such as temperature variations or sub-
strate deformation, can also influence the performance of BIC-based sensors. Multiphysics
simulation platforms that integrate optical, thermal, and mechanical modeling enable the
prediction of sensor behavior under real-world conditions, ensuring robust designs for
practical applications.

4. Fabrication Techniques, Functionalization, and Microfluidic
Integration Challenges

The fabrication of BIC-based metasurfaces relies on precise nanofabrication techniques
to achieve the high structural fidelity necessary for supporting high-Q resonances. In
fact, the Q-factor is limited by the fabrication imperfections and the finite size of the
metasurface, in addition to the light absorption by the non-transparent media where the
electromagnetic field is confined and the angular spread collimated beam utilized for the
metasurface excitation.

Commonly employed methods for metasurfaces fabrication include electron beam
lithography (E-beam lithography), focused ion beam (FIB) milling, and nanoimprint lithog-
raphy (NIL). Each technique offers unique advantages and faces distinct challenges when
applied to the production of BIC metasurfaces for biosensing applications. This section
explores these fabrication techniques, addressing the challenges in achieving reproducible,
high-Q BICs, and the importance of material selection in maintaining BIC quality over large
sensor areas.

E-beam lithography is widely used for the fabrication of BIC metasurfaces due to
its high resolution and precise control over nanoscale features. This technique allows
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for the direct writing of patterns on a substrate by using a focused electron beam to
expose a resist layer, which is subsequently developed to reveal the desired nanostructures.
E-beam lithography is particularly effective for creating the fine features and complex
geometries required for BIC formation, such as symmetry-breaking elements that enable
quasi-BICs (qBICs) with controlled radiative losses. However, E-beam lithography is limited
by its low throughput and high cost, making it less suitable for large-scale production.
Achieving reproducibility over large areas is challenging with E-beam lithography, as
variations in exposure dose and development conditions can lead to inconsistencies in
feature dimensions, which directly affect the Q-factor of BICs.

FIB milling is another technique employed in the fabrication of BIC metasurfaces.
FIB uses a focused beam of ions, typically gallium, to sputter material from the surface,
allowing for direct patterning of nanostructures without the need for a resist layer. FIB
milling offers flexibility in pattern design and is well-suited for rapid prototyping and
the fabrication of complex structures. However, like E-beam lithography, FIB is limited
in scalability and throughput. Additionally, the high energy of ion milling can introduce
damage to the material, potentially reducing the quality of the BIC resonance due to
structural imperfections and material degradation.

Nanoimprint lithography (NIL) has emerged as a highly versatile and promising
method for the large-scale fabrication of metasurfaces based on bound states in the con-
tinuum (BIC), particularly for applications requiring extensive biosensing areas [53-56].
This technique employs a pre-patterned mold to replicate nanoscale structures onto a
substrate. By applying heat and pressure, the resist layer conforms to the mold’s intricate
patterns, enabling the creation of highly precise and complex geometries. NIL offers signifi-
cant advantages, including high throughput and reduced costs compared to techniques
like electron-beam lithography. Recent research has demonstrated that NIL can achieve
nanoscale features with accuracies comparable to those produced by electron-beam lithog-
raphy while offering greater scalability. However, NIL also faces technical challenges. The
precision of the process is critically dependent on the quality of the mold and the uniform
distribution of pressure during the imprinting phase. Minor imperfections in the mold
or uneven pressure can lead to inconsistencies in feature dimensions and shapes, which
may degrade the quality of BIC resonances by introducing scattering losses and lowering
the Q-factor. Furthermore, the materials used in NIL must withstand the mechanical and
thermal stresses of the process, which narrows the range of suitable materials for fabricating
BIC metasurfaces.

The choice of fabrication technique has a profound impact on the performance of
BIC-based biosensors. While E-beam lithography and FIB milling provide high precision,
their scalability is limited, making NIL a more promising option for producing large-area
BIC metasurfaces at scale. However, achieving consistent high-Q performance across large
areas remains a challenge that requires continued research into material stability, process
optimization, and mold fabrication for NIL.

Surface functionalization is a critical step in transforming a fabricated metasurface
into a functional biosensor. One commonly employed protocol utilized for all-dielectric
silicon or silicon nitride metasurfaces involves silanization followed by the application
of a crosslinker to immobilize biorecognition elements. The surface is functionalized and
incubated with aptamers or antibodies specific to the target analyte, ensuring covalent
binding. This approach enables the precise detection of biomolecular interactions.

Integration with microfluidic systems is equally essential for real-time sensing applica-
tions. PDMS-based microfluidic chambers are typically plasma-bonded to the metasurface.
The chamber features inlet and outlet ports for controlled fluid injection and allows the
metasurface to interact with analytes in a liquid environment. This approach facilitates
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precise monitoring of molecular binding events, crucial for biosensing applications. The
chamber should be optimized to ensure compatibility with high-Q metasurface resonance
conditions, especially minimizing signal perturbations caused by flow-induced stress.

To provide a clear summary of the key processes involved, Figure 4 illustrates the fab-
rication, functionalization, and microfluidic integration steps for BIC-based metasurfaces.
This schematic offers an overview of the methodologies described in this section, highlight-
ing the critical stages required to manufacture these biosensors for practical applications.
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Figure 4. Overview of the fabrication, functionalization, and integration processes for BIC-based

metasurfaces for biosensing.

5. Applications of BIC-Based Biosensors

As widely discussed in this paper, BIC-based biosensors leverage the unique proper-
ties of high-Q resonances and enhanced light-matter interactions to achieve exceptional
performance metrics. These sensors have demonstrated transformative potential across
various application domains, including clinical diagnostics, environmental monitoring, and
food safety. This section provides an in-depth discussion of the performance parameters
critical for biosensor applications, followed by an analysis of experimental results from
BIC-based biosensors.

5.1. Key Performance Metrics for Biosensors

The performance of a biosensor is determined by several critical parameters, which
define its suitability for specific applications. Among these, the LoD and dynamic range
are the most fundamental metrics, but sensitivity, specificity, and time of response also play
vital roles.

The LoD represents the smallest concentration of analyte that a biosensor can reliably
detect. For BIC-based sensors, LoD is significantly enhanced by their high-Q resonances,
which amplify the interaction between the analyte and the functionalized surface.

Dynamic range refers to the range of analyte concentrations over which the sensor
provides accurate and linear detection. A wide dynamic range is essential for biosensors
used in clinical and environmental monitoring, where analyte concentrations can vary
significantly. BIC-based biosensors typically exhibit dynamic ranges spanning several
orders of magnitude, ensuring their applicability across diverse scenarios.

Sensitivity quantifies the sensor’s ability to detect small changes in analyte concen-
tration. In BIC-based biosensors, sensitivity is often expressed as the shift in resonance
wavelength per unit change in refractive index (nm/RIU).
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Specificity refers to the ability of the biosensor to distinguish the target analyte from
other substances in complex samples. BIC-based sensors achieve high specificity through
advanced functionalization strategies, such as the use of molecularly imprinted polymers,
aptamers, or antibodies, which selectively bind to the target analyte. The strong field
confinement provided by BICs further enhances specificity by increasing binding affinity.

The time required for a biosensor to detect and quantify an analyte is critical in appli-
cations requiring real-time monitoring. BIC-based sensors generally offer rapid response
times due to their highly localized field interactions, enabling quick and efficient analyte
detection. Reported response times range from a few seconds to minutes, depending on
the target analyte and functionalization method.

5.2. Experimental Applications of BIC-Based Biosensors

The unique properties of BIC-based biosensors have enabled their use in a variety of
real-world applications. Experimental evidence highlights their effectiveness in clinical
diagnostics, environmental monitoring, and food safety. Table 1 summarizes the experi-
mental performance metrics of some highly representative recent BIC-based biosensors,
highlighting their LoD, sensitivity, and Q-factors across various applications. Figure 5
provides a graphical summary of their application domains and performance metrics. The
results presented in Table 1 highlight and confirm the trade-offs and advantages of different
approaches for BIC-based biosensors. For instance, dielectric metasurfaces exhibit higher
Q-factors due to their low intrinsic optical losses. On the other hand, hybrid systems
combine the strengths of plasmonic and dielectric structures. These systems achieve sig-
nificant near-field enhancement due to plasmonic effects while maintaining relatively low
losses. Although their Q-factors are slightly lower than purely dielectric structures, hybrid
metasurfaces offer advantages in detecting biomolecules at extremely low concentrations,
as evidenced by LoDs in the zeptomolar range.

BIC-based biosensors have shown exceptional potential in detecting biomarkers at ultra-
low concentrations, facilitating early diagnosis of diseases. For instance, Clabassi et al. [57] uti-
lized a hybrid BIC sensor to detect transactive response DNA-binding protein 43 (TDP-43),
a biomarker for neurodegenerative diseases, especially amyotrophic lateral sclerosis, achiev-
ing an LoD of 100 zM and a detection range ranging from 100 fM to 100 zM.

Zito et al. [58] demonstrated the detection of the transforming growth factor-beta
(TGP-beta) at 10 fM in saliva, showcasing the applicability of BIC sensors in non-invasive
diagnostics. The result is particularly interesting due to the use of MIP as a biorecognition
element and the clinical relevance of the target biomarker, a cytokine, which is involved in
the progression of oral cancer.

In environmental and food safety applications, BIC-based sensors have been employed
to detect pathogens, toxins, allergens, pollutants, and contaminants with high precision.
Schiattarella et al. [59] reported the detection of ochratoxin A in food products with an
LoD of 2.3 pg/mL (=5.7 pM), highlighting their capability for ensuring compliance with
safety standards. Ochratoxin A has nephrotoxic, immunotoxic, carcinogenic, and genotoxic
effects. Thus, its detection, also at the level of traces, is crucial in many application contexts.
Sensors based on the same operating principle or similar ones are also being explored for
real-time monitoring of heavy metals and pesticides in water and air samples.

Table 1. Comparative performance of BIC-based biosensors in experimental studies.

Study Target Analyte LoD
Zito et al., 2024 [58] TGF-beta 10 fM
Clabassi et al., 2024 [57] TDP-43 100 zM

Schiattarella et al., 2022 [59] Ochratoxin A 6 pM
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Figure 5. Graphical summary of experimental achievements and application areas for BIC-based

biosensors, including clinical diagnostics, environmental monitoring, and food safety. (a) Scheme of
an MIP-BIC biosensor for TGF-beta detection, showing the interrogation scheme and dose-response
curve (LoD = 10 fM [58]). (b) Nanostructure based on dimers for hybrid symmetry-protected
BIC generation, consisting of a square array of fully silver-filled nanoholes within a silicon nitride
waveguide slab. The dose-response curve is provided (LoD = 100 zM [57]). (c) Sensing setup with
an SEM image of the metasurface and a schematic of surface functionalization. A spectral shift vs.
ochratoxin A concentration is shown (LoD = 6 pM [59]). Reprinted with permission from [57-59].

6. Future Directions, Challenges, and Conclusions

BIC-based biosensors hold immense promise for applications requiring high sensitivity,
low detection limits, and precise specificity, particularly in fields such as clinical diagnos-
tics, environmental monitoring, and food safety. Despite these advantages, the broader
application and commercialization of BIC-based biosensors require addressing several
technological challenges and leveraging emerging trends to enhance their functionality and
adaptability. Key areas for future research include the development of hybrid BIC sensors,
improving scalability, integrating with microfluidics, and advancing functionalization and
multiplexing capabilities. Also, integration with hyperspectral imaging has already proven
its promise with the experimental demonstration of biomolecular detection information at
the extremely low molecular counts of approximately three molecules per um? [22].

One of the most promising advancements in BIC-based biosensors is the integration
of hybrid structures that combine BIC resonances with advanced materials, such as MIPs.
MIPs offer selective binding sites that serve as a “molecular fingerprint” for target analytes,
thereby enhancing the sensor’s specificity. By incorporating MIPs into BIC structures,
sensors can achieve greater selectivity and stability, making them especially suited for
applications where high specificity is required. Additionally, materials like graphene and
transition metal dichalcogenides offer unique properties that can be harnessed to further
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customize BIC sensors. Graphene’s tunable electrical and optical properties, for instance,
can facilitate dynamic control of BIC resonances, enabling real-time adjustments in sensing
applications and further broadening the capabilities of BIC-based sensors.

Scalability remains a significant challenge in the development of BIC-based biosensors,
especially for large-scale production. While high-precision fabrication techniques such as
electron beam lithography and focused ion beam milling are effective for research purposes,
their low throughput and high costs limit their feasibility for mass production. Nanoimprint
lithography has emerged as a promising alternative, offering the ability to replicate high-
resolution features over large areas with reduced costs. However, achieving consistent
high-Q performance across large surfaces using NIL remains challenging, as even minor
variations in mold quality or pressure can impact the uniformity of the BIC structures.
Addressing these issues is crucial for enabling large-scale production of BIC sensors that
maintain high sensitivity and reliable performance, paving the way for widespread use in
commercial and industrial applications.

The integration of BIC-based biosensors with microfluidic systems presents another
frontier for innovation, particularly for point-of-care testing in medical and environmen-
tal applications. Microfluidic platforms allow precise control over small fluid volumes,
enabling efficient sample handling and on-site testing. By combining BIC sensors with mi-
crofluidics, it is possible to develop portable diagnostic devices capable of rapid, real-time
analysis in decentralized settings, thus reducing the dependency on centralized laboratories.
However, integrating BIC structures with microfluidic channels involves significant techni-
cal challenges, including alignment, material compatibility, and maintaining sensor stability
over extended use. Successfully addressing these integration challenges could expand the
accessibility and utility of BIC-based sensors in healthcare, offering faster diagnostics and
improved patient outcomes.

Further advancements in functionalization methods could also enhance the specificity
and applicability of BIC biosensors. Current functionalization techniques, such as using an-
tibodies, aptamers, or molecularly imprinted polymers, provide a degree of selectivity that
is crucial for accurate detection. However, new strategies involving multi-layered function-
alization or combinatorial libraries could push the boundaries of selectivity even further,
enabling BIC sensors to accurately distinguish between structurally similar biomolecules.
This would be particularly beneficial for clinical diagnostics, where high specificity is
required to detect disease markers in complex biological samples. Additionally, advances
in multiplexing could enable BIC-based sensors to detect multiple analytes simultaneously,
which is invaluable in medical diagnostics where profiling multiple biomarkers can provide
a comprehensive health assessment.

The miniaturization of BIC-based sensor systems is another area with transformative
potential. By integrating compact light sources, detectors, and readout electronics with
BIC structures, it is feasible to create portable devices for field diagnostics and point-of-
care applications. Such miniaturized systems could allow BIC biosensors to be deployed
in resource-limited or remote settings, providing rapid and accurate testing capabilities
where laboratory facilities are unavailable. The portability and ease of use of such devices
would not only broaden the applicability of BIC sensors but also help to address healthcare
disparities by improving access to diagnostics in underserved regions.

In conclusion, BIC-based biosensors have demonstrated clear advantages over tradi-
tional sensing technologies, offering higher sensitivity, lower detection limits, and superior
specificity through enhanced light confinement and selective functionalization. These
attributes position BIC-based sensors as a transformative tool in biosensing, with potential
applications across diagnostics, environmental monitoring, and food safety. Nonetheless,
challenges in scalability, material integration, and device miniaturization remain. Ad-



Photonics 2025, 12, 48

14 of 17

References

dressing these challenges will require a collaborative effort across disciplines, combining
advancements in nanofabrication, materials science, and microfluidics to fully realize the
potential of BIC technology.

Looking forward, BIC-based biosensors are poised to play a significant role in next-
generation biosensing and diagnostic applications. The ongoing exploration of hybrid
materials, improved fabrication techniques, and integration strategies will likely expand
the scope and functionality of BIC sensors, making them increasingly competitive in the
biosensor industry. As these advancements continue, BIC technology is expected to drive
innovation in diagnostics and environmental sensing, offering more sensitive, specific, and
accessible biosensing solutions that meet the growing demands of modern healthcare and
environmental safety.

As already mentioned, the two key performance parameters of a biosensor are the
LoD and the dynamic range. Significant improvements in these metrics can be achieved
by enhancing the Q-factor through innovative metasurface designs and, more critically,
through the optimization of fabrication techniques to reduce imperfections that limit the
Q-factor.

Additionally, improving the quality and specificity of biological receptors—as well as
functionalization strategies—can enhance the sensitivity and ensure reliable detection of
low-concentration analytes. Advanced functionalization methods, including multi-layered
biointerfaces, could further amplify performance by increasing selectivity.

Another key direction is extending the dynamic range of the sensor, ensuring operation
across a broader range of analyte concentrations. This could be achieved by introducing
hybrid sensor designs that combine BIC resonances with mechanisms for controlled field
localization, thereby maintaining high sensitivity even at elevated analyte levels.

The stability and reusability of BIC-based biosensors are key factors for their practical
deployment, particularly in applications such as point-of-care diagnostics. While extensive
stability tests are beyond the scope of this review, several referenced studies suggest promis-
ing durability and operational robustness. For instance, Schiattarella et al. demonstrated
consistent performance over multiple sensing cycles [59], while Romano et al. highlighted
the mechanical stability of microfluidic systems integrated with BIC metasurfaces [45].
These findings indicate the potential for the reliable long-term use of BIC-based biosensors
under typical operational conditions.
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