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ARTICLE INFO ABSTRACT

Keywords: Adrenal gland cancer, particularly adrenocortical carcinoma (ACC), is an aggressive malignancy arising from the
Biosensor adrenal cortex’s secretory cells. ACC is often diagnosed at advanced, metastatic stages, necessitating surgical
Metamaterial

resection. However, its high recurrence rate and late-stage detection frequently require systemic therapies, which
are generally ineffective, leading to poor survival outcomes. Early detection is, therefore, crucial for improving
treatment efficacy. Identifying PC-12 adrenal gland carcinoma cells is essential for understanding neuroendo-
crine tumor progression and developing effective therapeutic strategies. This study presents a novel metamaterial
(MTM)-based biosensor for detecting PC-12 carcinoma cells with exceptional sensitivity. The sensor features
three resonators fabricated on 0.2-pm-thick aluminum (Al) layers embedded within a 10-ym-thick polyethylene
terephthalate (PET) substrate. The sensor is highly compact with an overall dimension of just 150 x 150 pm?,
making it well-suited for integration into portable diagnostic systems. Operating in the terahertz frequency range
(0.5 THz to 5.0 THz), the device achieves remarkable performance, with an absorption rate exceeding 99% across
eight operating bands and surpassing 99.9% in two bands. Additionally, it boasts high quality factor
(approaching 30) and an exceptional sensitivity of nearly 4000,000 THz/RIU. The sensor’s outstanding perfor-
mance is attributed to meticulous geometric tuning and architectural optimization, significantly enhancing its
sensitivity for cancer detection. Numerical validation was conducted using full-wave electromagnetic simula-
tions, including electric and magnetic field distribution analysis, surface current mapping, and scattering
parameter evaluation. Comparative assessments against state-of-the-art biosensors demonstrated the proposed
sensor’s superiority in key performance metrics such as quality factor, figure of merit (FOM), and absorption
efficiency. The sensor’s efficacy in detecting PC-12 adrenal carcinoma cells was verified by integrating it into a
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Microwave Imaging (MWI) system. The device successfully distinguished between healthy and cancerous cells by
capturing distinct electromagnetic signatures through electric (E) and magnetic (H) field variations. These results
underscore the sensor’s potential as a highly sensitive, non-invasive diagnostic tool for early-stage detection of
adrenal gland cancer and other malignancies.

1. Introduction

The adrenal gland consists of two main regions: the cortex, which
secretes steroid hormones, and the medulla, which produces catechol-
amines. Hormones derived from the adrenal gland play a crucial role in
regulating essential physiological functions such as stress response,
blood pressure, and metabolism. Various tumors, both benign and ma-
lignant, can develop in the adrenal glands. Among them, adrenocortical
carcinoma (ACC), a highly aggressive cancer originating from the
secretory cells of the adrenal cortex, has an incidence rate of 0.5-2 cases
per million. Similarly, pheochromocytomas (PCCs), which arise from
the chromaffin cells of the adrenal medulla, occur at a rate of 0.8 cases
per million annually [1,2]. ACC is commonly diagnosed at advanced and
metastatic stages. Although surgical resection is the preferred treatment,
the high recurrence rate and late-stage detection often necessitate sys-
temic therapies, which remain largely ineffective, resulting in a survival
rate of less than 44% [3].

In recent years, progress in adrenal cancer research has been facili-
tated by the development of improved in vitro and computational
models, enabling more accurate representation of tumor heterogeneity
and disease progression. However, despite advances in molecular
biology and oncology, early-stage diagnosis of adrenal malignancies
remains a major clinical challenge. PCCs, while predominantly benign,
are strongly influenced by genetic background and molecular classifi-
cation, with malignancy occurring in approximately 10% of cases. If left
untreated, excessive catecholamine secretion can lead to severe car-
diovascular complications [4]. Metastasis occurs in fewer than 15% of
cases, while recurrence rates following surgical resection range from 6%
to 16%, depending on tumor size and genetic factors [5,6]. Importantly,
all PCCs are considered potentially metastatic, as no definitive bio-
markers reliably predict malignant transformation [7].

Early detection of adrenal gland cancer is therefore critical for
improving patient outcomes and reducing healthcare burdens. Current
diagnostic approaches rely on a combination of imaging techni-
ques—such as computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET-CT), and ultra-
sound—alongside biochemical testing, histopathology, and genetic or
molecular analyses [8-15]. Despite their clinical utility, these methods
suffer from significant limitations. Imaging modalities often struggle to
distinguish benign from malignant lesions and may yield false positives
or negatives, particularly for small tumors [16,17]. CT and PET scans
involve ionizing radiation or radioactive tracers, while MRI and PET
remain costly and inaccessible in many healthcare settings. Biochemical
testing is similarly confounded by physiological stress, hypertension,
and other neuroendocrine disorders, often necessitating repeated or
confirmatory tests that delay diagnosis [18,19]. Genetic testing, while
promising, is expensive and lacks universal predictive power, as not all
adrenal cancers exhibit identifiable pathogenic mutations [20,21].
These challenges highlight the urgent need for alternative diagnostic
strategies that are rapid, non-invasive, sensitive, and widely accessible.

The detection and analysis of PC-12 adrenal gland carcinoma cells
are particularly important for understanding neuroendocrine tumor
behavior and therapeutic response [22]. Conventional techniques such
as immunocytochemistry, flow cytometry, and fluorescence-based as-
says provide valuable molecular insights but are limited in their ability
to capture dynamic cellular behavior and real-time microenvironmental
interactions [23-25]. To address these limitations, Dynamic Microen-
vironment Profiling (DMP) has emerged as a promising diagnostic
paradigm, enabling real-time monitoring of cellular responses,

biochemical signaling, and biomechanical properties associated with
malignant transformation [26,27]. DMP focuses on how tumor cells
interact with their surrounding microenvironment, allowing differenti-
ation between benign and malignant phenotypes based on dynamic
behavior rather than static biomarkers alone.

Effective implementation of DMP requires highly sensitive sensing
platforms capable of detecting minute changes in cellular dielectric
properties. In this context, terahertz (THz) sensing technologies have
gained increasing attention due to their strong sensitivity to water
content, biomolecular composition, and cellular structure, while
remaining non-ionizing and label-free. Recent studies have demon-
strated the effectiveness of THz photonic crystal fiber (PCF) and
refractive-index-based sensors for detecting a wide range of cancer cells,
including breast, cervical, brain, blood, and adrenal gland cancers, with
exceptionally high sensitivity and low loss characteristics. These works
highlight the ability of THz-based photonic structures to distinguish
healthy and malignant cells through subtle refractive index variations,
reinforcing their potential for early cancer diagnostics.

Metamaterials—artificially engineered structures exhibiting elec-
tromagnetic properties not found in nature—offer additional advantages
for biosensing applications, including extreme field confinement,
tunable resonances, and miniaturization [28,29]. When functionalized
for biological detection, metamaterial-based sensors amplify local
refractive index changes induced by biomolecular interactions, resulting
in highly sensitive resonance shifts. Operating in the terahertz regime,
such sensors enable non-destructive, label-free analysis and are well
suited for integration with DMP frameworks. Recent advances have
demonstrated successful application of THz and GHz metamaterial and
photonic sensors for detecting multiple cancer types and disease con-
ditions, underscoring their versatility and diagnostic potential [30-69].

Recent advances in terahertz and photonic crystal fiber-based bio-
sensing have demonstrated high sensitivity for detecting various cancer
cells through refractive-index contrast, including adrenal gland carci-
noma, brain tumors, leukemia, and other malignancies. For example,
THz photonic crystal fiber sensors have been reported for adrenal and
breast cancer detection [70], early-stage brain tumor identification
[71], Jurkat (leukemia) cell discrimination [72], and brain lesion
diagnosis using THz refractive-index sensing [73]. These studies vali-
date the feasibility of THz-based dielectric sensing for cancer diagnostics
and motivate the development of metamaterial-based alternatives with
enhanced absorption and multiband response [74-78].

In this study, we present a terahertz metamaterial-based biosensor
for ultrasensitive detection of PC-12 adrenal gland carcinoma cells. The
proposed sensor incorporates three resonators embedded in a 10-pm-
thick polyethylene terephthalate (PET) substrate with 0.2-pm-thick
aluminum layers, achieving absorption exceeding 99% across multiple
frequency bands. The design exhibits a high-quality factor (~30),
exceptional sensitivity (~4000,000 THz/RIU), and superior figure of
merit (FOM), as validated through full-wave electromagnetic simula-
tions. Furthermore, integration with a microwave imaging (MWI)
framework demonstrates the sensor’s ability to distinguish healthy and
cancerous cells, highlighting its potential as a non-invasive, high-per-
formance diagnostic platform for early-stage adrenal gland cancer
detection.

2. Design and electromagnetic configuration of metamaterials

This section explores the structural and electromagnetic properties of
the proposed metamaterial system, emphasizing its design evolution and
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functional characteristics. Metamaterials are artificially engineered
structures designed to exhibit electromagnetic properties not typically
found in natural materials. Their unique behavior arises from the peri-
odic arrangement of subwavelength resonators, such as split-ring reso-
nators, which enable precise manipulation of electromagnetic waves.

The design process involves selecting an appropriate unit cell
structure and material composition to achieve the desired electromag-
netic response at specific frequencies. The effective permittivity and
permeability of the metamaterial can be tailored to produce phenomena
such as negative refractive indices, cloaking effects, or super-lensing.
Computational techniques, including finite element analysis (FEA) and
finite-difference time-domain (FDTD) simulations, are employed to
optimize the metamaterial’s performance across different wavelength
regimes, from microwave to optical frequencies.

Furthermore, the electromagnetic configuration is analyzed to un-
derstand how the designed structure interacts with incident electro-
magnetic waves. The absorption mechanism is examined in detail,
focusing on the spatial arrangement and geometry of the resonators,
which play a crucial role in tuning the metamaterial’s response. Through
careful engineering, the proposed metamaterial is optimized for high-
efficiency wave absorption, making it suitable for applications such as
perfect absorbers.

2.1. Structural Framework of Metamaterials (MTMs)

The proposed Terahertz Multiband Metamaterial Biosensor is
designed as a multilayered structure incorporating metamaterials
(MTMs) and various surface materials, including aluminum (Al), poly-
ethylene terephthalate (PET), a PC-12 coverslip, and adrenal gland cells.
The configuration is schematically represented in Fig. 1, where struc-
tural parameters H, I, J, and K (Table 1) define the external and internal
geometric features of the substrate. The aluminum layer, with a thick-
ness of 0.2 pm, serves as a conductive surface, while the PET dielectric
layer (T1) is 10 um thick, ensuring stable wave propagation. The PC-12
coverslip (T2) measures 2 um, and the layer containing PC-12 adrenal
gland cells (T3) is 8 um, all contributing to the structural integrity of the
MTM waveguide.

The sensor is designed to operate within the terahertz frequency
range of 0.5-5THz, where incident waves interact with the meta-
material surface to achieve near-perfect absorption. The amplitude of
the incident THz wave is coupled to the structured surface, facilitating
an optimal absorption mechanism that minimizes reflections and en-
hances sensing capabilities. Within this configuration, PET functions as
the waveguide medium, characterized by a refractive index npgt, while
the aluminum components provide high conductivity and minimal
electromagnetic losses, with a refractive index npj. Figs. 1(a) and 1(b)
present the initial design and its proposed modifications, while Figs. 2(a)
and 2(b) illustrate the integration of secondary and tertiary resonators,
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Fig. 1. Schematic representation of the proposed metamaterial-based absorber:
(a) Initial resonator structures; (b) Secondary resonator configurations.
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Table 1
Summary of Optimized Parameters for the Proposed Biosensor Configuration.
Parameter Value (um) Parameter Value (um)
A 142.84 H 56
B 23.92 I 33
C 100.12 J 49
D 15.92 K 150
E 62.45 Aluminum (Al) thick 0.2
F 27.58 PET thick (T1) 10
G 101 Coverslip thick (T2) 2
PC-12 Adrenal Gland Cells thick (T3) 8

K

(a) 15 pm (b) 15 pm

Fig. 2. Complete metamaterial architecture: (a) Integration of secondary and
tertiary resonators; (b) Finalized structural model.

culminating in the finalized structural model.

The metamaterial architecture consists of a tri-layered system where
two thin aluminum layers encapsulate a PET dielectric spacer. The
aluminum layers, each with a thickness of 0.2 pm and a conductivity of
3.56 x 107 S.m™, function as an impedance-matched surface to facili-
tate wave penetration while simultaneously acting as a reflective barrier
to prevent transmission losses. The absorption process is governed by
both electrical and magnetic loss mechanisms, optimizing energy
confinement and enhancing biosensing sensitivity.

To evaluate the electromagnetic performance of this metamaterial,
numerical simulations were performed using CST Studio Suite with the
frequency-domain finite element solver, ensuring precise characteriza-
tion of resonance behavior across different structural configurations.
Periodic (unit cell) boundary conditions were applied along the x- and y-
directions to emulate an infinite array, while open (add space) bound-
aries with perfectly matched layers (PMLs) were implemented along the
z-direction to suppress artificial reflections. A normally incident plane
wave excitation was used. Local mesh refinement was applied around
sharp metallic edges and thin dielectric layers to accurately resolve
electromagnetic field distributions.

To exclude numerical artifacts, extensive convergence testing was
performed. Mesh refinement was continued until resonance frequencies
and linewidths varied by less than 1% between successive refinement
steps. High-resolution frequency sampling was used near resonance
peaks to ensure accurate FWHM extraction. Boundary conditions and
PML thickness were varied to confirm resonance stability without sig-
nificant frequency drift. Energy conservation was verified usingA =1 —
IS111? — 1S211%, ensuring physically consistent absorption values across
the full spectrum.

Additional numerical verification was performed using CST’s adap-
tive mesh refinement. Multiple refinement passes were executed until
convergence was achieved, defined by resonance frequency variation
below 1% and negligible change in S-parameters between successive
iterations. These criteria ensured numerical stability and reproducibility
of the reported resonance characteristics, independent of mesh density.

Accurate THz illumination requires precise alignment of wave



M.N. Hamza et al.

excitation sources, whether plane waves or port-based inputs, with the
designated polarization state. Optimization strategies such as leveraging
symmetry planes and defining material properties with high accuracy
further enhance the simulation’s efficiency. Post-processing techniques
enable comprehensive analysis of absorption spectra and electric field
distributions, providing insights into the metamaterial absorber’s
operational effectiveness.

By tuning key structural parameters—including geometric di-
mensions and material properties—metamaterial absorbers can be
engineered for application-specific resonance characteristics. Function-
alizing the sensor surface with biomolecular receptors enhances selec-
tivity, enabling the detection of molecular spectral signatures through
biomolecular interactions. The integration of high-absorption meta-
materials at precise THz frequencies offers a label-free, real-time sensing
platform. These advancements in metamaterial-based biosensing have
significant potential for biomedical diagnostics, providing a powerful
tool for detecting molecular vibrational signatures with exceptional
sensitivity and specificity.

2.2. Electromagnetic configuration and absorption mechanism

The proposed terahertz (THz) multiband metamaterial biosensor is
designed for the detection of PC-12 adrenal gland cancer cells through
the interaction of incident electromagnetic waves with a precisely
engineered metamaterial structure. The sensor consists of an array of
metamaterial perfect absorbers (MTM-PAs) fabricated from aluminum
(Al) patterns deposited onto a polyethylene terephthalate (PET) sub-
strate, as illustrated in Fig. 3. The periodic arrangement of these struc-
tures ensures efficient resonance coupling, with the incident wave
characterized by its electric field, magnetic field, and wave vector. Key
parameters affecting the resonant absorption include the angle of inci-
dence and polarization, which enable precise tuning of the sensor’s
response. The resulting multiple resonance frequencies correspond to
distinct absorption peaks within the THz spectrum, ensuring high
sensitivity to dielectric variations induced by biological analytes.

The absorption mechanism within the biosensor is primarily gov-
erned by the excitation of localized surface plasmon resonances (LSPRs)
and Fabry-Pérot cavity modes. The structured aluminum resonators
function as frequency-selective elements, confining electromagnetic
energy to specific THz frequencies. This interaction generates strong
electric field localization, enhancing absorption efficiency. The PET
substrate, serving as a low-loss dielectric medium, contributes to reso-
nance stability and minimizes unwanted energy dissipation. As a result,
the metamaterial system achieves near-unity absorption at designated
frequencies, a critical feature for biosensing applications where even
minor dielectric perturbations lead to measurable shifts in resonance
characteristics.

Dynamic resonance frequency analysis enables precise detection of
PC-12 adrenal gland cancer cells by monitoring shifts in the effective

Aluminum

}w Polyethylene Terephthalate
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Fig. 3. Illustration of the structural setup along with the orientation of the
incident electromagnetic field.
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refractive index upon cell attachment to the metamaterial surface.
Changes in the local dielectric environment induce detectable frequency
shifts, providing a quantitative measure of cellular presence and con-
centration. The controlled orientation of the incident electromagnetic
wave enhances sensitivity by optimizing coupling conditions and facil-
itating interaction with target analytes. Additionally, the biosensor’s
multiband resonance properties allow simultaneous detection of multi-
ple biomolecular variations, further improving selectivity. This
advanced metamaterial design thus establishes an efficient platform for
label-free, ultrasensitive cancer cell detection, with significant potential
for real-time biomedical diagnostics.

To evaluate fabrication robustness, key geometric parameters of the
resonators were varied within realistic lithographic tolerances
(£1-5 pm). The resonance peaks remained clearly observable, exhibit-
ing primarily predictable frequency shifts and minor variations in ab-
sorption amplitude rather than disappearance or distortion. This
behavior confirms that the resonances are intrinsic to the metamaterial
design and that the sensing mechanism based on dielectric loading-in-
duced resonance shifts remain stable under practical dimensional
deviations.

3. Optimization and performance assessment of absorptive
properties

The absorptive properties of metamaterial-based structures play a
crucial role in determining their efficiency for various applications,
particularly in biosensing and electromagnetic wave manipulation. To
achieve optimal absorption characteristics, a comprehensive evaluation
of different design configurations, material compositions, and geometric
parameters is essential. This section presents a systematic approach to
optimizing the absorptive performance of the proposed metamaterial
structure through comparative analysis, material selection, and struc-
tural refinement.

Initially, a comparative study of different structural configurations is
conducted to assess their influence on absorptive behavior. The impact
of design variations on absorption efficiency is analyzed, providing
insight into the key geometrical parameters that enhance performance.
Subsequently, the effect of substrate and resonator materials is exam-
ined, where various dielectric substrates and metallic resonators are
evaluated to determine their contributions to absorption enhancement.
Finally, the influence of substrate thickness is investigated to identify
the optimal configuration for achieving maximum absorption across the
desired frequency spectrum.

The following subsections detail the optimization strategies and
performance assessment methodologies, supported by graphical repre-
sentations of absorption spectra and comparative analyses of different
configurations.

3.1. Comparative analysis of different structural configurations

Fig. 4 presents the relative absorptive response of two distinct met-
amaterial designs intended for THz multiband biosensing applications.
Within the 0.5-5.0 THz range, the absorption spectra illustrate how
structural modifications influence resonance properties. Fig. 4(a) cor-
responds to Design Variation 1, where the resonator shape exhibits
multiple high-frequency oscillations, leading to a distributed arrange-
ment of absorption peaks. The structural architecture of Fig. 4(a),
highlighted in the inset, features a simplified rectangular framework.
The variation in absorption strengths across the frequency spectrum
suggests highly unstable resonance behavior in this design. The absence
of well-defined absorption peaks indicates less effective energy coupling
and weaker field confinement, which may limit the sensor's sensitivity to
biological variations.

Conversely, Fig. 4(b) corresponds to Design Variation 2, which ex-
hibits significantly improved absorption efficiency due to a more com-
plex and symmetric resonator structure. The presence of well-defined,
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Fig. 4. Absorptive response comparison between two configurations: (a) Design Variation 1; (b) Design Variation 2.

distinct peaks in the absorption spectra at multiple THz frequencies in-
dicates superior resonance stability. The enhanced structural arrange-
ment shown in the inset of Fig. 4(b) consists of a circular resonator with
embedded patterns, facilitating localized surface plasmon resonance
(LSPR). This architecture ensures stronger interactions with incident
THz waves by enhancing electromagnetic field confinement. The
reduced spectral noise and more pronounced absorption peaks of this
model indicate increased sensitivity, making it more suitable for precise
biosensing applications.

A comparative analysis of these two structural configurations reveals
that design complexity directly influences absorptive response. Design
Variation 2 exhibits well-defined, high-Q factor resonances that enhance
detection capabilities, whereas Design Variation 1 presents broader
resonance distributions with fluctuating intensities. The improved ab-
sorption characteristics of the second design are particularly critical for
biosensing applications, as they enable more precise detection of
dielectric fluctuations associated with PC-12 adrenal gland carcinoma
cells. These findings highlight the importance of structural optimization
in metamaterial-based biosensors to achieve superior performance in
biomedical diagnostics.

Fig. 5 evaluates the absorptive performance of two additional met-
amaterial structures, further demonstrating how structural variations
affect resonance behavior in the THz spectrum. These models are
assessed for their ability to optimize absorption properties, thereby
enhancing biosensing capability. Fig. 5(a) corresponds to Design Vari-
ation 3, where the absorption spectra exhibit multiple resonant peaks
distributed across the 0.5-5.0 THz frequency range. The inset of Fig. 5
(a) depicts a distinctive geometric pattern designed to enhance localized
surface plasmon resonance (LSPR) effects. Although this arrangement
supports multiple resonances, the measured absorption profile indicates
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that certain peaks exhibit reduced absorption efficiency, which may
limit its sensitivity in detecting small dielectric variations induced by
biological analytes.

Employing a more refined resonator configuration, Fig. 5(b) illus-
trates the absorptive response of Design Variation 4, demonstrating a
significantly enhanced absorption profile. Strong electromagnetic field
confinement, as indicated by well-defined and sharp resonance peaks,
improves interactions with incident THz waves. The more complex
resonator design in Fig. 5(b) supports enhanced resonance stability and
absorptive strength across multiple THz frequencies. Compared to
Design Variation 3, this model exhibits superior absorption efficiency,
fewer variations, and a more consistent spectral response, making it a
more attractive choice for high precision biosensing applications.

A comparative analysis of these additional models underscores the
critical role of resonator geometry in determining the absorption prop-
erties of metamaterial-based biosensors. While Design Variation 3 pro-
vides broad spectral coverage with multiple peaks, its absorption
strength remains inconsistent, potentially affecting sensing reliability. In
contrast, Design Variation 4 demonstrates a more stable and efficient
absorption profile, which is essential for detecting variations in the
biological microenvironment. These results further validate the neces-
sity of structural optimization in metamaterial absorbers to ensure
maximal sensitivity in detecting PC-12 adrenal gland cancer cells.

3.2. Influence of substrate and resonator materials on absorption

efficiency

The absorption properties of metamaterials (MTMs) are greatly
influenced by the materials used in their composition. To determine the
appropriate material selection, the impact of both substrate and

1.0
0.81
= 0.64
2
= 0.41
et
2 0.2+ U
-]
< 0.04
-0.21 4:}|
04] (=4

0.51.01.52.02.53.03.54.04.55.0
(b) Frequency (THz)

—— Model 4

Fig. 5. Absorptive performance assessment of additional models: (a) Design Variation 3; (b) Design Variation 4.
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resonator materials was analyzed, aiming to achieve a balance between
practicality, usability, and performance attributes.

The 0.5-5.0 THz range was selected as it offers an effective trade-off
between penetration depth and sensitivity to dielectric variations in
biological samples. While lower frequencies provide deeper penetration
with reduced sensitivity and higher frequencies may enhance molecular
specificity at the expense of higher attenuation, the chosen band rep-
resents a practical compromise; nevertheless, resonator retuning could
enable optimization for specific biomarkers in future work.

The absorption characteristics of the proposed metamaterial design,
utilizing various substrates such as Polyimide, Arlon AD 430, Rogers
RT5870, and PET within the terahertz frequency range of 0-5 THz, are
crucial in determining the material’s performance, particularly in terms
of absorptivity. The choice of substrate significantly influences the
electromagnetic response, playing a key role in optimizing the design’s
effectiveness for high-frequency applications.

Polyimide, known for its high dielectric constant and low loss
tangent, is commonly used in flexible electronics. Its absorption
behavior varies across the terahertz spectrum, exhibiting three absorp-
tivity peaks above 80% between 0.5 and 2 THz, four peaks above 80%
from 2 to 3.5 THz, and a sharp increase in absorptivity peaks at higher
frequencies from 3.5 to 5 THz. However, its high dielectric constant may
slightly affect the coupling between electromagnetic waves and the
substrate material, as illustrated in Fig. 6(a).

Arlon AD 430, a thermosetting laminate, is valued for its low
dielectric constant and low loss tangent, making it a suitable choice for
high-frequency applications. Its low loss tangent ensures minimal signal
energy dissipation, thereby enhancing absorptivity, as depicted in Fig. 6
(b). The absorption characteristics of Arlon AD 430 are comparable to
those of Polyimide within the same terahertz frequency range, with
slight variations. However, it maintains a more stable absorption
response as the frequency increases from 0 to 5 THz.

In Fig. 7(a), Rogers RT5870, known for its low dielectric loss and
high glass transition temperature, is commonly used in microwave and
millimeter-wave applications. Its low dielectric loss ensures efficient
energy absorption within the proposed design, contributing to overall
performance. The absorption spectra exhibit a low response with two
peaks above 80% at lower frequencies from 0.5 to 2 THz, a moderate
response with four peaks at middle frequencies from 2 to 3.5 THz, and
sharp, well-defined absorption peaks at high frequencies from 3.5 to
5 THz due to its superior material properties.

On the other hand, Polyethylene Terephthalate (PET), a widely used
polymer, has a low dielectric constant and low loss tangent, resulting in
moderate energy dissipation. While PET's performance is like that of
Rogers RT5870, it is more prominent at middle and high frequencies
compared to Rogers RT5870. Its low loss tangent and dielectric constant
still contribute to a decent level of absorption. The absorption spectra for
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PET exhibit a smoother and more gradual increase in absorptivity across
the 0-5 THz range.

All four resonator metals such as Silver, Gold, Copper and Aluminum
show absorption peaks above 80% across the terahertz range, indicating
their effectiveness as resonator materials. However, the impact of the
metal on overall design performance was found to be less significant
compared to the variations resulting from different substrate materials.
Figs. 8(a) and 8(b) illustrate the absorption characteristics of Silver and
Gold. Due to their high conductivity, Silver and Gold demonstrate sharp
surface plasmon resonances, leading to prominent absorption peaks
within the THz frequency range of 0-5THz, making them highly
effective for determining slight variation in biological tissues for bio-
sensing applications.

Additionally, the absorption properties of Copper and Aluminum as
resonating materials contribute to enhancing the multiband capabilities
of metamaterial biosensors. Copper, due to its high conductivity, and
Aluminum, recognized for its lightweight nature and cost efficiency,
both demonstrate notable absorption behavior within the terahertz
frequency range of 0-5 THz, as shown in Figs. 9(a) and 9(b), respec-
tively. These resonator materials facilitate a wide range of absorption
frequencies, which is crucial for developing highly sensitive and selec-
tive multiband biosensors designed to detect tumors within the
microenvironment.

The analysis presented in Figs. 10-11 examines the effect of substrate
thickness on absorption efficiency within the 0.5-5 THz frequency
range. Each figure illustrates varying substrate thicknesses and their
corresponding responses, providing a comprehensive understanding of
how different thickness levels influence the ability to absorb electro-
magnetic waves. A preliminary analysis of Fig. 10(a) and (b), which
depict substrate thicknesses of 10 and 20 pym, reveals promising ab-
sorption performance across the entire frequency spectrum. This in-
dicates that relatively thinner substrates exhibit enhanced absorption
characteristics within the specified frequency range. A strong response
suggests an efficient interaction between electromagnetic waves and the
substrate, leading to effective absorption. For the proposed meta-
material biosensor, a thickness of 10 um achieved an absorption effi-
ciency exceeding 85% at the initial 0.5 THz, maintained a stable
response in the mid-frequency range from 1.5 to 2.5 THz, and demon-
strated sharp and consistent absorption at higher frequencies between 3
and 5 THz. In contrast, the 20 um thickness presented a more stable
response in the mid-frequency range from 1.5 to 4 THz but exhibited
lower absorption at higher frequencies compared to the 10 pm substrate
thickness.

Fig. 11 illustrates the impact of varying substrate thicknesses on
absorption efficiency within the 0.5-5 THz frequency range. In Fig. 11
(a), a substrate thickness of 40 um achieves absorption rates exceeding
80% at specific frequencies: 1.5, 2.5, and 4 THz, as well as within the
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Fig. 6. Comparative absorption spectra for varying substrate materials: (a) Polyimide; (b) Arlon AD 430.
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Fig. 9. Comparative absorption spectra for different resonator compositions: (a) Copper-based design; (b) Aluminum-based design.

4.5-5 THz range. In contrast, Fig. 11(b) shows that increasing the sub-
strate thickness to 50 um enhances absorption performance above 80%,
particularly at 1.5 THz, between 2-3 THz, and within the 4-4.5 THz
range. These results highlight a correlation between substrate thickness
and absorption capability, with thicker substrates exhibiting strong
absorption across the 0.5-5 THz frequency spectrum.

4. Structural optimization and enhancement of absorption
properties

This section is concerned with evaluating the absorption character-
istics, material effects, and electromagnetic response of the proposed
metamaterial-based biosensor. By studying the real and imaginary
components of the proposed absorber, we aim to understand various
factors influencing the absorption efficiency and sensitivity. We also
examine different electromagnetic properties, such as impedance,
reflection coefficients, absorption efficiency, impedance, and S-
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Fig. 11. Absorption characteristics under varying substrate thicknesses: (a) 40 um thickness; (b) 50 pm thickness.

parameter to characterize the biosensor's potential for detection of PC-
12 adrenal carcinoma cells.

4.1. Electromagnetic properties of the absorber

Permeability (i) and permittivity (¢) play crucial roles in controlling
the absorption properties of materials, particularly in their interaction
with electromagnetic waves. To understand their significance, we
studied the variation in the real and imaginary components of perme-
ability and permittivity with respect to frequency. As illustrated in
Fig. 12(a), the real components of permeability and permittivity exhibit
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significant fluctuations within the 0-5 THz frequency range. The real
component of permeability, shown along the primary vertical axis,
varies between —5 and 235 H/m, whereas the real component of
permittivity, shown along the secondary vertical axis, ranges from
—75-262 F/m. These broad variations highlight the metamaterial's
strong electromagnetic response and its ability to efficiently control both
electric and magnetic fields over a broad frequency range.

Several resonance peaks are observed within the considered fre-
quency range for both permeability and permittivity, indicating strong
interactions between the metamaterial and the incident electromagnetic

waves. These interactions signify the multiband absorption
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Fig. 12. Electromagnetic characteristics of the proposed absorber structure: (a) Real components of permeability (1) and permittivity (¢); (b) Imaginary components

of permeability (1) and permittivity (e).



M.N. Hamza et al.

characteristics of the metamaterial absorber. The maximum peak for the
real part of p, 235 H/m, is obtained at 3.29 THz, whereas the maximum
peak for the real part of €, 262 F/m, occurs at 4.81 THz. Moreover, the
presence of negative values for p and € at a frequency of 0.5 THz is
attributed to the negative refractive index property of the metamaterial.
The occurrence of multiple peaks in the permeability and permittivity
graph is essential for achieving optimal absorption within narrow fre-
quency bands, thereby enhancing the sensor's sensitivity and selectivity
across the 0-5 THz range.

Fig. 12(b) depicts the imaginary components of permeability (p') and
permittivity (¢'), which reflect the energy dissipation within the material
due to magnetic and electric effects. These components are crucial for
analyzing the metamaterial's absorption efficiency. Compared to the real
part, a higher number of peaks are observed in the imaginary compo-
nents of permeability and permittivity. It should be noted that the
occurrence of negative values for p' and &' within the 0-0.5 THz range is
due to the negative refractive index property of the metamaterial. The
resonance peak positions in the imaginary component indicate efficient
conversion of electromagnetic energy into heat, thereby reducing both
reflection and transmission. The broad range of imaginary permittivity
and permeability demonstrates the metamaterial's capability to absorb
electromagnetic energy over a wide frequency spectrum, reinforcing its
function as a perfect absorber. This property is particularly vital for
biosensing applications, where precise absorption control is essential for
detecting subtle biomolecular interactions at specific frequencies.

Subsequently, we investigated the impact of the real and imaginary
components of the refractive index (RI) on the performance of the pro-
posed structure, as depicted in Fig. 13(a). It is observed that the real part
of the refractive index increases up to 63 as the frequency rises from 0.5
to 2.75 THz. The RI remains almost constant within the frequency range
of 2.75-4.5 THz, after which it increases until 5 THz. On the other hand,
the imaginary component of the refractive index exhibits multiple sharp
peaks within the 0.5-5 THz range.

Fig. 13(b) displays the reflection coefficient (R) and absorption ef-
ficiency (A). The lower peak levels in the reflection spectra coincide
exactly with the higher peaks of the absorption spectra. These multiple
peaks in reflection and absorption highlight the ability of the proposed
metamaterial absorber to achieve near-perfect absorption at resonance
points. This high absorption efficiency, coupled with minimal reflection,
is essential for sensitive biosensing applications, enabling the detection
of molecular interactions across a wide range of frequencies.

4.2. Electromagnetic response and S-parameter investigation

Scattering parameter analysis is highly instrumental in metamaterial
evaluation, as it provides focused insight into their overall electromag-
netic behavior and sensing capabilities. S-parameters can describe how
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an electromagnetic wave propagates through and interacts with a
biosensor, revealing essential details such as reflection, transmission,
and absorption. By analyzing these parameters, it is possible to deter-
mine the resonance frequencies, absorption peaks, and observe shifts
caused by biological interactions, enabling precise detection of
biomolecules.

In this subsection, the final optimized metamaterial impedance and
scattering parameters will be evaluated, with Fig. 14(a) starting with the
real and imaginary parts of the normalized device impedance in relation
to frequency, ranging from 500 GHz to 5 THz.

The real impedance exhibits a mild response, approaching the uni-
tary value near the frequencies targeted for optimal matching at the
desired absorbance peaks.

The second graph in Fig. 14(a) also shows the imaginary component,
which clearly indicates most of the resonance frequencies through its
sharp zero approaches or crossings, as expected.

The reflection coefficient was then evaluated, with Fig. 14(b) pre-
senting the absolute value of the scattering parameter S;; (in dB) along
with the achieved absorption rate realized by the metamaterial.

The design exhibited more than ten sharp resonances with reflection
levels below —10 dB, an outstanding achievement for a sensor of this
kind, with detection peaks spanning the entire spectrum, from as low as
0.6 THz to as high as 4.5 THz, allowing for a wide range of sensing
applications, including the detection of PC-12 Adrenal Gland
Carcinoma.

The absorption rate reflects both the low reflection rates and other
internal phenomena, including the transmission coefficient. By consid-
ering all these contributions, the metamaterial-based sensor's absorption
spectrum, shown in Fig. 14(b), demonstrates several peaks with very
high absorption, including eight peaks with an absorption rate
exceeding 0.99. It is also noteworthy that while absorption peaks are
present throughout the spectrum, the most prominent ones are located
at higher frequencies.

The sensor performance exhibits low sensitivity to moderate varia-
tions in the orientation and incidence angle of the terahertz waves due to
the symmetric three-resonator metamaterial geometry and the
impedance-matched absorber design. For oblique incidence within
practical angular ranges, the primary effect is a small resonance fre-
quency shift and minor reduction in absorption amplitude, while the
multiband absorption behavior and sensing contrast are preserved. At
extreme incidence angles, some polarization-dependent variations may
occur; however, the fundamental sensing mechanism based on
dielectric-induced resonance shifts remains stable. With excellent ab-
sorption and performance, the sensor was selected for further
evaluation.

To better understand the internal workings of the proposed
biosensor, the next section will provide a detailed analysis of the
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Fig. 13. Simulation-based evaluation of critical performance metrics: (a) Computed real and imaginary components of the refractive index; (b) Reflection coefficient

and absorption efficiency analysis.
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Fig. 14. Simulated response depicting absorber behavior: (a) Impedance characteristics; (b) S-parameter performance analysis (|S11| in dB).

electromagnetic fields and interactions occurring within the structure of
the metamaterial, which generate the observed response.

5. Electromagnetic field and surface current distributions

The analysis of the electromagnetic (EM) field distribution in the
designed metamaterial (MTM)-based biosensor provides a detailed un-
derstanding of the interaction between the biosensor structure and
incident terahertz (THz) waves. The spatial distribution of the electric
field (|E|), magnetic field (|H|), and surface current across the structure
plays a critical role in determining the absorption efficiency and reso-
nance characteristics of the biosensor. These distributions influence how
the sensor interacts with different biological tissues, making it possible
to achieve highly sensitive detection capabilities. The ability to manip-
ulate and confine electromagnetic waves within the MTM structure is an
essential factor for improving the sensor's overall performance.

5.1. Electric field distribution

The electric field distribution across the biosensor structure is crucial
for understanding how energy is confined and absorbed. Figs. 15(a) and
15(b) illustrate the real and imaginary components of the |E|-field dis-
tribution, respectively. The real component of the |E|-field demonstrates
the field intensity and interaction at different resonant frequencies,
highlighting strong localization around the metallic resonators. This
localization is a direct result of the coupling between the incident THz
waves and the MTM structure, which enhances the sensor's ability to

detect subtle biomolecular changes. The ability to confine electric fields
in localized regions ensures efficient signal processing and improved
accuracy in detecting biomolecular interactions.

The imaginary component of the |E|-field represents energy dissi-
pation, which is associated with absorption losses in the resonator ma-
terials. High dissipation areas correspond to peak absorption
frequencies, validating the sensor’s high efficiency in THz wave ab-
sorption and conversion. This is particularly beneficial in biomedical
applications where high sensitivity to minute changes in biological tis-
sues is required. The electric field’s confinement also plays a role in
enhancing the quality factor (Q-factor) of the resonances, ensuring a
sharper and more distinct absorption spectrum.

5.2. Magnetic field distribution

The magnetic field (|H|) distribution within the biosensor structure
provides insights into the interaction between the resonator and the
external THz field. Figs. 16(a) and 16(b) illustrate the real and imagi-
nary components of the |H|-field, respectively. The real part of the |H|-
field reveals strong confinement within the metallic regions, particularly
in the areas surrounding the split-ring resonators, indicating enhanced
energy storage and resonance behaviour. The localization of the mag-
netic field in these areas suggests that the sensor is highly responsive to
variations in the surrounding dielectric properties, making it a suitable
candidate for distinguishing between healthy and diseased tissues.

Conversely, the imaginary part of the |H|-field highlights the energy
loss within the MTM structure, signifying the sensor’s capability to
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Fig. 15. Spatial representation of the electric field (|E|) distribution across the metamaterial structure: (a) Real component of the |E|-field; (b) Imaginary component

of the |E|-field.
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efficiently absorb and trap incident THz waves. The enhanced |H|-field
intensities at specific resonant frequencies correlate directly with the
observed absorption peaks, affirming the sensor's strong performance in
THz biosensing applications. This behaviour is particularly advanta-
geous in biosensors, where the ability to detect minute dielectric prop-
erty changes is critical for accurate medical diagnoses. Additionally, the
high-intensity magnetic fields indicate the presence of strong resonance
modes, which contribute to the sensor's ability to selectively absorb
targeted frequencies.

5.3. Surface current distribution

The surface current distribution is a key factor in characterizing the
electromagnetic response of the biosensor. Figs. 17(a) and 17(b) present
the real and imaginary components of the surface current distribution.
The real component indicates a strong, localized current density in the
metallic regions of the resonators, reinforcing the presence of dipole and
quadrupole resonance modes. These resonance modes are crucial for
generating multiple absorption peaks, ensuring that the biosensor can
operate effectively across different THz frequency bands.

The imaginary part of the surface current distribution reflects energy
dissipation due to resistive losses in the metallic structures, which
contributes to the overall absorption efficiency of the biosensor. The
alternating parallel and antiparallel surface current patterns observed in
the structure support the generation of multiple absorption peaks in the

(b)

Fig. 16. Magnetic field (|H|) distribution mapping within the metamaterial structure: (a) Real component of the |H|-field; (b) Imaginary component of the |H|-field.

(b)
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A/m

THz spectrum. This multiband behaviour significantly enhances the
biosensor’s ability to detect various biomolecular interactions, making it
a highly versatile diagnostic tool. The presence of strong surface currents
at resonant frequencies also ensures efficient energy trapping, reducing
unwanted radiation losses and improving the sensitivity of the sensor.

5.4. Significance of electromagnetic field analysis in biosensing

The detailed analysis of the electric and magnetic field distributions,
along with surface current characteristics, confirms the robustness of the
proposed biosensor in achieving high sensitivity and selectivity for
biomolecular detection. The strong field confinement and optimized
resonator design ensure minimal transmission losses and maximal ab-
sorption efficiency. This behaviour is critical for precise biomolecular
interaction detection, allowing the biosensor to differentiate between
normal and cancerous biological tissues. Additionally, the electromag-
netic field analysis provides insights into how structural modifications
can be used to further enhance biosensor performance by tailoring the
resonance frequencies to target specific biomolecular interactions.

By leveraging these detailed field analyses, researchers can fine-tune
the sensor’s design to achieve optimal absorption and higher detection
accuracy. The biosensor's ability to confine and manipulate electro-
magnetic waves efficiently ensures its applicability in a broad range of
biomedical applications, including cancer detection, biomolecular di-
agnostics, and environmental monitoring.

Fig. 17. Surface current distribution characteristics of the designed metamaterial: (a) Real component of the surface current; (b) Imaginary component of the

surface current.
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The electromagnetic field and surface current analysis validate the
performance of the proposed MTM-based biosensor, making it a prom-
ising tool for highly sensitive, non-invasive biomedical diagnostics.
Future improvements could involve exploring novel resonator geome-
tries and material compositions to further enhance sensitivity and
expand the range of detectable biomarkers.

6. Diagnosis of PC-12 adrenal gland cells carcinoma

The proposed terahertz multiband metamaterial biosensor demon-
strates remarkable capability in distinguishing between healthy adrenal
gland tissue and PC-12 adrenal carcinoma cells by exploiting its high
sensitivity and broad operating range. Early-stage detection of adrenal
gland carcinoma is critical for improving patient outcomes, and the
biosensor's ability to detect minute dielectric differences between
normal and cancerous tissues enhances its diagnostic utility.

In the present work, the sensor performance is evaluated through
comprehensive full-wave electromagnetic simulations in CST, where
healthy adrenal tissue and PC-12 carcinoma cells are represented using
experimentally reported dielectric properties. The PC-12 cell layer was
modeled with an 8 um thickness, consistent with typical cellular
monolayer dimensions used in terahertz biosensing studies. Complex
permittivity values (including real and imaginary components) were
implemented to account for realistic terahertz loss tangent and water-
content-induced absorption effects.

The dielectric parameters were selected from published terahertz
time-domain spectroscopy (THz-TDS) studies of hydrated biological
tissues operating in the 0.5-5THz range. In this regime, the real
refractive index of biological tissues typically lies between 1.4 and 2.2,
depending on hydration level and structural composition. Malignant
tissues generally exhibit slightly elevated refractive indices and ab-
sorption coefficients due to increased water content and cellular density.
The values used in this work fall within these experimentally reported
ranges and were implemented using n = \/&;.

This simulation-based approach enables systematic assessment of the
sensing mechanism and performance trends under realistic biological
conditions. Experimental validation using fabricated sensors and real
biological samples is a natural next step and is part of ongoing and future
work.

Fig. 18 illustrates the structure of the metamaterial (MTM) sensor,
which consists of four layers designed for efficient interaction with
terahertz (THz) waves. This layered design is essential for optimizing
resonance characteristics and ensuring effective detection capabilities
for distinguishing between healthy adrenal gland tissue and PC-12 ad-
renal carcinoma cells.

Fig. 19 presents the measured absorption spectra within the
0.5-5 THz range. Fig. 19(a) shows the response for healthy adrenal
gland tissue, while Fig. 19(b) depicts the absorption profile of PC-12
adrenal carcinoma cells. A notable shift in absorption intensity and
peak positioning is observed between these two cases, affirming the
sensor’s efficacy in biomolecular differentiation. The shift in absorption
peaks suggests that terahertz waves interact differently with malignant

Fig. 18. Absorption coefficient analysis of the proposed biosensor for both
healthy adrenal gland tissue and PC-12 adrenal carcinoma cells.
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cells due to changes in their molecular structure, water content, and cell
membrane properties.

At present, there is no universally standardized calibration protocol
for quantifying terahertz resonance shifts in biological samples, as
measured responses depend on sample type, hydration level, and mea-
surement configuration. In this work, calibration is implicitly achieved
by using reference measurements (e.g., empty sensor or healthy tissue
models) and quantifying relative resonance shifts induced by biological
loading. In practical implementations, standardized calibration can be
established through baseline referencing, controlled sample thickness,
and calibration using known dielectric standards or reference biofluids.

The sensor distinguishes PC-12 carcinoma cells from other neuro-
endocrine or benign adrenal cells by detecting differences in their
effective dielectric properties, which arise from variations in intracel-
lular composition, membrane structure, and water content. PC-12 car-
cinoma cells exhibit distinct refractive-index and loss characteristics
compared to benign cells, leading to measurable shifts in resonance
frequency and absorption intensity across multiple terahertz bands. The
multiband response of the metamaterial enables differential spectral
analysis rather than reliance on a single resonance, improving discrim-
ination reliability. When combined with reference measurements or
pattern-based analysis, this spectral signature allows differentiation
between malignant and non-malignant neuroendocrine cell types.

Fig. 20 highlights the application of microwave imaging (MWI)
techniques for diagnosing PC-12 adrenal carcinoma. MWI is a powerful,
non-invasive imaging method that provides real-time visualization of
biological tissues based on their dielectric properties. The contrast in
microwave response between healthy and cancerous samples reinforces
the effectiveness of the biosensor in early-stage cancer detection. The
ability to visualize changes in tissue composition at the cellular level
offers a promising approach for identifying carcinoma at its earliest
stages.

Figs. 21 and 22 present MWI-based visualizations of the electric field
(E-field) and magnetic field (H-field) distributions, respectively. Figs. 21
(a) and 22(a) illustrate the field mapping for healthy adrenal gland
tissue, while Figs. 21(b) and 22(b) depict the field interactions with PC-
12 adrenal carcinoma cells. The variations in E-field and H-field in-
tensities between these cases demonstrate the biosensor's ability to
provide a distinct electromagnetic signature for different tissue types,
further confirming its diagnostic potential. The E-field visualization
highlights areas of strong interaction where terahertz radiation is
absorbed by the biological tissue, whereas the H-field distribution pro-
vides insight into the overall magnetic response and wave propagation
behavior within the sample.

In addition to its diagnostic accuracy, the biosensor’s ability to
operate over a wide frequency range allows for a comprehensive anal-
ysis of tissue composition and cellular abnormalities. The strong corre-
lation between absorption characteristics and cellular composition
opens new possibilities for integrating this technology into clinical
oncology. Future work will involve refining the sensor’s detection limits
and enhancing its ability to differentiate between various cancer stages.
Furthermore, the non-invasive nature of this approach makes it partic-
ularly suitable for frequent monitoring and early screening of adrenal
gland carcinoma, potentially reducing the need for invasive biopsy
procedures.

Overall, the application of this terahertz metamaterial biosensor in
detecting PC-12 adrenal gland carcinoma cells demonstrates its poten-
tial as a transformative tool for cancer diagnostics. By leveraging ab-
sorption spectroscopy and microwave imaging, this approach provides a
powerful means of identifying cancerous tissues with high precision,
paving the way for further advancements in terahertz-based biomedical
sensing.

Although terahertz sensing and MWI operate in different frequency
regimes, both rely on contrast in the complex permittivity of biological
tissues. In this work, MWI is not intended to directly validate the THz
resonance mechanism, but rather to provide complementary
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Fig. 19. Measured absorption spectra across the 0.5-5 THz range: (a) Healthy adrenal gland tissue; (b) PC-12 adrenal carcinoma cells.

Fig. 20. Diagnosis of PC-12 adrenal carcinoma using microwave imaging
(MWI) techniques.

confirmation that the assumed dielectric differences between healthy
and cancerous tissues produce consistent electromagnetic contrast.
While THz sensing probes near-field dielectric loading at micrometer
scales, MWI visualizes macroscopic dielectric variations. Thus, the MWI
results support the physical plausibility of the dielectric modeling used
in the THz simulations.

(a)
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7. Future perspective

The field of terahertz biosensing is rapidly evolving, and the pro-
posed metamaterial-based micro-biosensor offers promising applica-
tions in early-stage cancer detection. Future research directions include:

1) Further optimization of metamaterial configurations and substrate
materials can improve detection limits and biomolecular specificity.
Future studies should explore alternative resonator designs and
hybrid material compositions to enhance the sensor’s resolution and
absorption characteristics.
Beyond PC-12 adrenal carcinoma cells, the biosensor can be
extended to detect other cancers and disease states that exhibit
distinct terahertz dielectric signatures, such as breast, lung, cervical,
or skin cancers. To adapt the sensor, modest modifications such as
resonator geometry tuning, surface functionalization for target
specificity, and optimization of the sample interface would be
required.

3) The incorporation of Al-driven data analysis can enhance diagnostic
accuracy by identifying subtle spectral variations. Deep learning al-
gorithms can be trained on large datasets to detect cancerous sig-
natures with high precision, reducing false positives and improving
clinical decision-making.

4) Developing compact and wearable biosensor devices can enable real-
time and point-of-care diagnostics. Advances in microfabrication and
flexible electronics could facilitate the creation of biosensors that are
lightweight, disposable, and easily deployable in remote or resource-
limited settings. The biosensor can be implemented in point-of-care

2
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Fig. 21. Microwave imaging-based visualization of the electric field (|E|-field): (a) Healthy adrenal gland tissue; (b) PC-12 adrenal carcinoma cells.
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Fig. 22. Microwave imaging representation of the magnetic field (|H|-field): (a) Healthy adrenal gland tissue; (b) PC-12 adrenal carcinoma cells.

or handheld devices by integrating the miniaturized metamaterial
chip into a disposable cartridge with simple sample handling,
coupled to a compact terahertz source and detector. By monitoring
resonance shifts or absorption changes at selected frequency bands,
the system can operate with simplified electronics and minimal
alignment, enabling rapid, portable diagnostics.

Extending the biosensor’s functionality to detect multiple bio-
markers simultaneously for comprehensive cancer screening. The
design of multiband metamaterials could allow for the simultaneous
detection of different cancer types, improving early diagnosis and
treatment monitoring.

Extensive testing on patient-derived samples will be necessary to
validate the sensor’s performance in real-world medical applica-
tions. Large-scale clinical trials should be conducted to assess the
biosensor’s reliability, reproducibility, and diagnostic accuracy
across diverse patient populations. Aluminum and PET are generally
considered biocompatible and are widely used in biomedical and
microfluidic devices; however, certain challenges may arise when
interfacing them with living tissue or biofluids. Bare aluminum
surfaces can undergo oxidation or ion release under prolonged
exposure to ionic biofluids, which may affect surface stability and
long-term measurements. PET, while chemically inert, can exhibit
limited biofouling and nonspecific protein adsorption, potentially
influencing sensing repeatability. These issues can be mitigated
through surface passivation, thin dielectric coatings, or biocompat-
ible functional layers, which are commonly employed in practical
biosensor implementations.

Combining terahertz biosensing with other diagnostic modalities,
such as infrared spectroscopy or Raman scattering, could enhance
the overall robustness of the biosensor. Hybrid approaches may
provide complementary insights into tissue pathology, improving the
specificity and accuracy of cancer detection.

The transition from laboratory research to commercial deployment
requires addressing regulatory challenges and manufacturing scal-
ability. Collaboration with industry partners and healthcare pro-
viders can accelerate the biosensor’s adoption in clinical practice,
paving the way for future biomedical applications.

5

—

6

—

7

—

8

(7

By addressing these future directions, terahertz metamaterial bio-
sensors have the potential to revolutionize cancer diagnostics, enabling
earlier detection, improved patient outcomes, and personalized treat-
ment strategies. Continued interdisciplinary collaboration between en-
gineers, biophysicists, and medical professionals will be key to
unlocking the full potential of this groundbreaking technology.

The simulation results presented in this study are expected to be
largely reproducible under realistic fabrication and biological testing
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(b)

conditions. The proposed biosensor employs micrometer-scale geome-
tries and a simple Al/PET/Al configuration that is compatible with
standard microfabrication techniques and tolerant to typical dimen-
sional variations, which primarily lead to minor resonance shifts rather
than degradation of absorption or sensing functionality. Moreover, the
sensing mechanism relies on relative resonance shifts induced by
effective refractive-index changes, making it robust against biological
variability such as cell density and hydration. While practical mea-
surements may exhibit slightly broadened resonances due to fabrication
imperfections and material losses, the key multiband absorption
behavior and sensing trends are expected to remain consistent.

Fabricating the proposed three-resonator metamaterial at a
150 x 150 um? scale requires precise lithographic patterning and
alignment to preserve resonance accuracy, as well as uniform control of
the thin aluminum layers and PET substrate thickness. Minor fabrication
imperfections may introduce slight resonance shifts or peak broadening
but are not expected to affect the fundamental multiband absorption
behavior or sensing functionality.

Although this study is simulation-based, the proposed Al/PET/Al
structure is compatible with standard microfabrication techniques such
as photolithography or electron-beam lithography followed by thin-film
aluminum deposition and lift-off patterning. Biological samples can be
introduced using a controlled microfluidic channel or PDMS well to
maintain an approximately 8 um hydrated cell layer. The fabricated
device can be characterized using terahertz time-domain spectroscopy
(THz-TDS) in reflection mode, which is well suited for metamaterial
perfect absorbers. Resonance shifts before and after biological loading
can then be directly measured to quantify sensing performance. These
established fabrication and measurement approaches support practical
translation of the proposed biosensor.

8. Benchmarking

Benchmarking the performance of the proposed biosensor against
existing THz-based biosensors provides insight into its competitive ad-
vantages and potential applications in biomedical diagnostics.

While many THz metamaterial sensors report multiband resonances,
most operate over relatively narrow frequency ranges or exhibit mod-
erate absorption efficiency and limited Q-factors. The specific gap
addressed in this work is the simultaneous realization of broadband
operation (0.5-5 THz), near-unity absorption at multiple discrete peaks,
and strong near-field confinement within a compact Al/PET/Al perfect-
absorber configuration tailored for PC-12 carcinoma detection. Unlike
transmission-based or single-resonance designs, the impedance-
matched architecture enables highly dispersive resonances that
enhance refractive-index responsivity. A fair comparison with recent
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Table 2
Breakthrough Advantages of the Proposed Biosensor.

Feature

Advantage

High Sensitivity

Broad Operating
Range

Multi-Peak
Absorption

Compact Design

High Figure of Merit
(FOM)

Good Quality Factor
(QF)

Simple Fabrication

Real-Time Detection

Non-Invasive

Exceptional sensitivity of 3906000 THz/RIU, enabling
precise detection of minute biomolecular changes.

Covers 0.5 — 5 THz, making it applicable for various
biomolecular detections and material characterizations.
Offers absorption of > 99% (8 peaks), > 99.5% (6 peaks),
> 99.8% (3 peaks), and > 99.9% (2 peaks), ensuring
reliable detection.

Ultra-miniaturized structure (150 x 150 um?), suitable for
integration into portable diagnostic devices.

Exceptional FOM of 181168831 RIU™ , outperforming
conventional biosensors.

A QF of 28.279, enhancing spectral resolution and signal
accuracy.

Designed with three-layer aluminum-PET-aluminum
structure, allowing cost-effective manufacturing.

Capable of dynamic monitoring of biomolecular
interactions in real-time.

Uses terahertz radiation, which is non-ionizing, ensuring

Approach safer diagnostic applications.
Versatile Suitable for detecting cancer biomarkers, blood disorders,
Applications and other diseases.
TaBLE 3

Advancing terahertz sensing for superior biomedical applications.

Novel Feature Description

Metamaterial Perfect
Absorber Design

Utilizes an optimized metamaterial structure to
achieve near-perfect absorption across multiple
resonance peaks.

Exhibits sensitivity orders of magnitude higher
than most existing THz biosensors.

Offers up to eight distinct resonance peaks with
absorption exceeding 99%, ensuring superior
detection capability.

Covers a wide 0.5 — 5 THz frequency range, unlike
conventional biosensors limited to narrowband
operation.

Micro-sized (150 x 150 um?), making it among
the smallest metamaterial-based biosensors for
THz applications.

Achieves an unprecedented FOM of 181168831

Extremely High Sensitivity

Multi-Resonance Peaks with
High Absorption

Broadband Terahertz
Operation

Ultra-Compact Form Factor

Enhanced Figure of Merit

(FOM) RIU™!, significantly higher than existing sensors.

Simple and Cost-Effective Consists of only three layers (Al-PET-Al), reducing
Fabrication complexity and fabrication costs.

Potential for Multiplexed The multi-band response allows for the detection
Sensing of multiple biomarkers simultaneously.

Strong Suitability for Cancer  Specifically designed to detect biomarkers
Detection associated with early-stage cancer, particularly

PC-12 adrenal gland carcinoma.
Uses non-ionizing THz radiation, making it safer
for biomedical applications.

Non-Destructive and
Biocompatible

state-of-the-art THz biosensors (Tables 4 and 5), using consistent defi-
nitions of sensitivity and FOM, demonstrates improvements in band-
width, absorption strength, and dielectric loading sensitivity arising
from optimized field-analyte overlap rather than structural complexity
alone.

The proposed biosensor exhibits high sensitivity (3906000 THz/
RIU), a figure of merit of 181168831 RIU™!, and a quality factor of
28.279. The large FOM results from the combination of high sensitivity
and extremely narrow FWHM values at specific resonances. The
extracted FWHM values are on the order of 10-2-10~% THz at selected
resonances, which significantly increases the calculated FOM.

For clarity, the refractive-index sensitivity is defined as:

Afres
$="an W
where:
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Table 4
Comparisons Of Bio-Sensing Performance Of Various Sensor Applications Based
On THz Metamaterial.

References Year FOM Q S (THz/ Bio-
Published (RIU-1) RIU) application
[79] 2014 0.1216 5.58 0.02432 Detection of
Penicillia
[80] 2017 - - 0.0242, Detection Of
0.02438 Virus
[81] 2020 - - 0. 960 Biosensor,
Collagen
[82] 2020 1.88 6.6 0.285 Sensor
[83] 2021 - - 0. 2833 Polystyrene
Particle
[84] 2022 1.81,1.57 8.21, 0. 203 Sensor
6.05
[85] 2022 0.166 - 1.06 Detection of
Avian
Influenza
Virus
[86] 2022 2.75 2.43 1.21 Cancer
Diagnosi,
Biosensor
[87]1 2023 - 82 0.495 Cancer
Detection
[47] 2023 0.86, 1.15 12.8, 0.0515, Non-
13.5 0.076 Melanoma
Skin Cancer
Diagnostics
[88] 2023 - 11 0.278 Bovin Serum
Albumin
Protein
[58] 2024 1.186, 7.81, 138, Non-
4.656 12.84 440.5 Melanoma
Skin Cancer
Diagnostics
This work - 181168831 28.279 3906000 PC-12
Adrenal
Gland Cells
Carcinoma

o Afies is the resonance frequency shift (in THz)
e An is the change in refractive index (RIU).

The figure of merit is defined as:

S

FOM = ——
OM = WM

2
where:

e S is sensitivity (THz/RIU)
e FWHM is the full width at half maximum of the resonance peak
(THz).

The high sensitivity enables detection of minute dielectric pertur-
bations associated with early-stage pathological changes.

The exceptionally high sensitivity and FOM originate from the
impedance-matched metamaterial perfect absorber configuration com-
bined with strong near-field confinement in the analyte region. The Al/
PET/Al architecture supports hybrid localized surface plasmon and
Fabry-Pérot-type resonances, resulting in sharp, highly dispersive ab-
sorption peaks with near-unity absorption. Because the PC-12 cell layer
is positioned directly within the region of maximum electric-field
localization, small refractive-index perturbations induce comparatively
large resonance shifts. Sensitivity is therefore amplified by both the high
field-analyte overlap and the narrow resonance linewidths, rather than
by numerical artifacts.

e Tables 2-5 illustrate key performance metrics, demonstrating that
the proposed biosensor surpasses prior designs in terms of absorption
efficiency, operational bandwidth, and biomolecular detection
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Table 5
A Comparison Between The Terahertz Band Study On Perfect Metamaterials And The Recommended Biosensor.
References  Material substrate Frequency operating Absorptivity Techniques used Application
THz
[89] SiO, 7-9.5 0.98 Au/SiO,/ Graphene Multi-Frequency Broadband and Ultra-
Broadband
[90] Silicon dioxide 1.5-1.7 0.972, 0.991 Gold/silicon dioxide/ Gold Biosensor for Detecting Coronaviruses
[86] SiO, 0.5-2.5 - SiO,/Graphene Breast Cancer Detection
[91] SiO, 2 -6 0.99 graphene/Au/SiO,/Au Refractive Index Sensor
[92] Glass 0-0.37 0.998 Glass/InSb/MgF2/InSb Colon Cancer Detection
[93] Photonic crystal 1-3 0.97, 0.98, 0.99 bulk Dirac semimetal/photonic Narrowband Perfect Absorber
plate crystal/Au
[94] Dielectric layer 1-3 0.99, 0.99 Auydielectric layer/Au Sensor
[95] PET 0-3 0.99, 0.80, 0.95 PET/FSS/UV glue/ Graphene Multifunctional Tunable Terahertz
[96] Teflon 0.7-5 > 0.96 Ion gel/Graphene/Teflon/Gold Polarization-Sensitive
[971 Topas spacer 0.5 -4.5 0.99, 0.98, 0.99 graphene/Topas/Au Ultra-Broadband Absorber
[98] Dielectric Teflon 1-22 0.99 Auydielectric Teflon/Au Sensor
This work PET 0.5 -5 Eight peaks: > 0.99 Al/ PET /Al PC-12 Adrenal Gland Cells Carcinoma

Six peaks: > 0.995
Three peaks:

> 0.998

Two peaks: > 0.999

sensitivity. Compared to previously developed THz biosensors, the
proposed design offers a broader frequency range, improved selec-
tivity, and higher absorption efficiency.

The biosensor's ultra-compact PET-based structure and aluminum
resonator layer provide enhanced absorption across multiple THz
peaks, ensuring high diagnostic accuracy. The choice of materials
contributes to reduced fabrication costs while maintaining excellent
mechanical stability and electrical performance.

The biosensor operates efficiently over a wide THz spectrum
(0.5-5 THz), allowing for multi-frequency analysis of biomolecular
interactions. This capability makes it suitable for diverse biosensing
applications, including cancer detection, virus identification, and
protein analysis.

Due to its excellent biocompatibility, non-invasive nature, and
adaptability to real-time monitoring, this biosensor is a strong
candidate for integration into clinical oncology diagnostics. The
ability to detect PC-12 adrenal gland carcinoma cells with high
precision positions this sensor as a potential alternative to traditional
biopsy-based diagnostic methods.

The sensor’s simple three-layer aluminum-PET-aluminum structure
enables cost-effective mass production. The manufacturing process
can be adapted for large-scale fabrication using existing micro-
fabrication techniques, making it feasible for commercial biomedical
applications.

Unlike many traditional biosensors that target a single biomarker,
the proposed THz biosensor's multiband absorption capabilities
allow for multiplexed sensing. This feature enhances its usability in
detecting multiple cancer types or differentiating between various
disease stages, improving diagnostic efficiency.

The biosensor's performance could be further enhanced through the
incorporation of advanced nanomaterials, such as graphene or
quantum dots, to improve its sensitivity and selectivity. Additionally,
integration with Al-based spectral analysis could further refine its
diagnostic accuracy, making it an indispensable tool in modern
medical diagnostics.

By establishing a clear comparison with existing biosensors and
highlighting its unique advantages, this benchmarking analysis re-
inforces the transformative potential of the proposed THz biosensor in
biomedical applications. The ability to achieve real-time, non-invasive,
and highly accurate cancer detection makes this sensor a strong candi-
date for future adoption in clinical practice.
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9. Conclusions

This study presents an innovative terahertz multiband metamaterial
biosensor for the ultrasensitive detection of PC-12 adrenal gland carci-
noma cells. The biosensor’s optimized metamaterial architecture ex-
hibits multiple high-absorption peaks, allowing precise differentiation
between healthy and cancerous tissues. The integration of microwave
imaging (MWI) further enhances its diagnostic capability by providing
detailed electromagnetic field visualizations, demonstrating the sensor’s
high sensitivity and reliability.

The reported sensitivity and FOM describe the sensor’s electromag-
netic response and are not intended to replace clinical tools such as bi-
opsies or imaging. Instead, the biosensor is envisioned as a
complementary, non-invasive screening approach for early indication
and risk stratification, with definitive diagnosis remaining reliant on
established clinical methods.

Benchmarking analyses confirm that the proposed biosensor sur-
passes existing THz-based biosensors in terms of sensitivity, figure of
merit, and operational bandwidth. Its compact structure, non-invasive
approach, and real-time detection capabilities make it a promising
tool for early-stage cancer diagnostics. The biosensor’s exceptional
performance is attributed to its advanced metamaterial configuration,
enabling enhanced electromagnetic wave interaction for precise bio-
molecular detection.

In addition to its application in cancer diagnostics, the biosensor has
the potential for broader biomedical applications, including the detec-
tion of viral pathogens, protein interactions, and blood disorder anal-
ysis. The ability to operate over a wide frequency range makes it
adaptable for various medical and environmental sensing applications.
The non-ionizing nature of terahertz radiation ensures that the biosensor
is safe for repeated use in clinical settings, reducing the risks associated
with conventional imaging techniques.

Future work will focus on refining the sensor’s design, improving
detection accuracy through Al integration, and conducting extensive
clinical trials to validate its practical applications. Enhancements in
material selection, including the incorporation of graphene-based or
hybrid nanostructures, could further boost the sensor’s selectivity and
response time. Moreover, efforts will be directed towards developing
portable, user-friendly diagnostic systems that integrate THz biosensing
with real-time data processing for efficient disease monitoring and
treatment planning.

The development of this terahertz metamaterial biosensor represents
a significant advancement in biosensing technology. By leveraging its
high sensitivity, non-invasiveness, and broad detection capabilities, this
sensor has the potential to revolutionize early-stage cancer diagnostics
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and other biomedical applications. With continued research and tech-
nological advancements, the proposed biosensor could become an
essential tool in personalized medicine, enabling timely and accurate
disease detection for improved patient outcomes.
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