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Abstract

Traditionally, biosensors are indeed designed to detect one specific analyte. However, recent advancements in biosensor
technology have enabled the development of multiplexed biosensors capable of detecting multiple analytes simultaneously.
This work proposes the detection of cervical cancer (HeLa cells), skin cancer (basal cells), and breast cancer (MDA-MB-231
cells) by analyzing the refractive index of these cells. This analysis is based on comparing the absorption spectra of healthy
and cancerous cells. The proposed structure comprises three layers: a copper layer with a conductivity of 5.18 X/m, a silicon
dioxide layer with a refractive index of 3.9 containing a cross-shaped hole with a depth of 3.5 um, and a graphene layer.
For the basal cell biosensor, the graphene layer is assigned a chemical potential of 0.7 eV; for the HeLa cell biosensor, it
is 0.8 eV, and for the MDA-MB-231 cell biosensor, it is 0.9 eV. The absorption output extracted from CST software yields
the highest sensitivity values. For basal cell detection, the highest sensitivity (7100) and a figure of merit (FOM) of 22
are achieved in mode B. For HeLa cell detection, a sensitivity of 5250 and FOM of 28 are attained in mode B. Finally, for
MDA-MB-231 detection, a sensitivity of 5357 and FOM of 23 are achieved in mode B. This innovation is particularly ben-
eficial in complex biological samples where the presence of multiple analytes may provide more comprehensive diagnostic
information. The proposed multi-band high-sensitivity polarization-independent absorber serves as a notable example of
this trend, demonstrating the potential for biosensors to evolve toward simultaneous detection of multianalyte targets, such
as different types of cancer cells.
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Introduction

In recent years, there has been a significant focus on
research and development based on surface plasmon reso-
nance (SPR). This technology has gained attention in vari-
ous applications such as energy harvesting [1-3], thermal
emitters [4—7], and biosensors [8—12]. So far, many plas-
monic sensors based on different nanostructures have been
reported. At the same time, due to the high research value
of complete absorption in light-emitting diodes, optical fil-
ters, sensors, and energy harvesting, considerable costs have
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been incurred in researching frequency absorbers that can be
used in the design of biological sensor structures and optical
switches [13—15]. So far, researchers have proposed absorp-
tion schemes in the visible, infrared, terahertz, and gigahertz
ranges [16, 17]. Additionally, nanomaterial absorbers can
generate multiple absorption peaks in different frequency
bands, such as single-band [18, 19] and dual-band [20, 21].
Absorbers made of graphene cut into patterns can also create
different absorption frequencies [22-24].

Graphene has been extensively studied due to its excel-
lent mechanical, electrical, magnetic, and thermal proper-
ties [25-27]. The use of graphene-based surface plasmon
resonance (SPR) is a real-time, label-free technique. In this
context, there is still a need to introduce low-cost sensors
that offer higher sensitivity [28]. With its unique features
in terms of dynamic tunability and broad spectral response,
graphene provides unique research capabilities in the field of
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nanotechnology. It can be used in optical electronic devices,
biological or chemical sensors, super-absorbent materials,
and optical detectors [29-33]. In the infrared (IR) and tera-
hertz range, graphene can utilize plasmon amplification to
create strong light-matter interactions and improve the rate
of optical absorption [34, 35]. Important researches have
been done by researchers to increase the sensitivity and
other performance parameters of the biosensors by using
composite materials, such as the use of BK,/Ag/STO/MoS,
material, which has a sensitivity of 32140°/RIU at a wave-
length of 633 nm [32]. Also, a plasmonic sensor based on
2D inorganic with interlayer Ti MXene and SrTiOj; that to
e SrTiO; a sensitivity of 438.4°/RIU can be obtained. By
using the reflectance and intensity difference method, they
have reached a very high sensitivity [33]. The infrared spec-
troscopy technique is a powerful analysis method that can
be used to obtain information about the chemical compo-
sition of most samples [34]. Infrared spectroscopy is both
label-free and non-destructive, making it practically useful
for analyzing biological samples such as proteins, blood
components, and cancer [35]. A biosensor is a device used
to detect analyte samples with various characteristics. Since
no labels are attached to molecules, real information and the
nature of biodegradable materials remain untouched. Bio-
logical sensors can also be used in cancer research to analyze
target cell lines or protein changes in cells [36].

The development of the multi-band high-sensitivity
polarization-independent absorber marks a significant stride
in biosensor innovation, particularly in the realm of cancer
diagnostics. This advanced biosensing platform showcases
the capability to simultaneously detect multiple cancer bio-
markers, a crucial advancement considering the heterogene-
ity and complexity of cancer. By leveraging the refractive
index differences between healthy and cancerous cells, this
biosensor offers a promising approach to early cancer detec-
tion. Its design, featuring three distinct layers including cop-
per, silicon dioxide, and graphene, enables efficient detection
of various cancer types such as cervical, skin, and breast
cancer. The integration of graphene with tailored chemical
potentials for specific cancer cell types further enhances the
sensor’s sensitivity and selectivity. With its high sensitivity
and multi-band capability, this biosensor not only provides
valuable insights into cancer biology but also holds immense
potential for improving cancer diagnosis and personalized
treatment strategies.

Cancer (Blood Sample)

Hematologic cancers typically originate in the bone marrow
and result in the production of a large number of abnor-
mal white blood cells. These white blood cells (WBCs) are
not fully formed and are known as blasts or leukemia cells.
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Symptoms include bleeding and bruising, extreme fatigue,
increased risk of infection, and fever. These symptoms are
due to a deficiency of healthy blood cells. Diagnosis of this
disease is done through blood tests and bone marrow biopsy.
The four main types of leukemia are acute lymphoblastic
leukemia (ALL), acute myeloid leukemia (AML), chronic
lymphocytic leukemia (CLL), and chronic myeloid leukemia
(CML), which is less common. Leukemia is part of a broader
group called neoplasms, which includes blood, bone mar-
row, and the lymphatic system, and is known for blood and
lymphoid tumors [37].

In 2012, 352,000 people worldwide were diagnosed with
blood cancer, resulting in 265,000 deaths. This disease is the
most common type of cancer among children, accounting for
three-fourths of childhood blood cancers, all of which are
ALL. However, almost 90% of leukemia cases are diagnosed
in adults. AML and CLL are the most common types in
adults. This disease is more prevalent in developed countries
[38]. Treatment for this disease may include chemotherapy,
radiation therapy, and bone marrow or stem cell transplanta-
tion. Biomarkers are molecules, genes, or cells that serve as
markers for desired characteristics in a cell, tissue, or living
system. These biomarkers are used to diagnose, complete
treatment, and predict diseases. Once the biomarkers bind
to the target cell, they can enable the process of cell detec-
tion and analysis. These biomarkers may be used as a way to
more accurately diagnose diseases, such as the detection and
analysis of cancer cells. Also, biomarkers can help predict
treatment complications or disease remission. Using bio-
markers, researchers and clinicians can identify target cells
more precisely and better than possible.

Basal Cells

Basal cells are a type of cell found in the deepest layer of the
epidermis, which is the outermost layer of the skin. These
cells are responsible for constantly dividing and replenish-
ing the skin’s upper layers. Basal cells play a crucial role
in skin regeneration and wound healing. When basal cells
undergo uncontrolled growth, it can lead to the development
of basal cell carcinoma, which is the most common type of
skin cancer [43, 44].

HelLa Cells

HeLa cells are a type of immortalized human cell line
that was derived from cervical cancer cells taken from
Henrietta Lacks in 1951. These cells are widely used in
scientific research due to their ability to divide indefinitely
in culture, making them valuable for studying cell biology,
genetics, and disease mechanisms. The name “HeLa” is
derived from the first two letters of Henrietta Lacks’ first
and last names [45, 46].
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MDA-MB-231 Cells

MDA-MB-231 cells are a commonly used human breast
cancer cell line in research. These cells are triple-nega-
tive breast cancer cells, meaning they do not express the
estrogen receptor (ER), progesterone receptor (PR), or
human epidermal growth factor receptor 2 (HER2). MDA-
MB-231 cells are known for their aggressive and invasive
characteristics, making them a valuable model for studying
breast cancer metastasis and drug resistance.
Researchers often use MDA-MB-231 cells to investi-
gate various aspects of breast cancer biology, including
tumor growth, migration, invasion, and response to differ-
ent treatments. Studying these cells can provide insights
into the underlying mechanisms of breast cancer pro-
gression and identify potential therapeutic targets for the
development of novel anti-cancer therapies [47-49].

Materials and Methods

In this study, SPR sensors are investigated to detect mul-
tiple cancer biomarkers. A small change in the refrac-
tive index of the surrounding plasmonic medium due to
biomarkers results in a shift in the peak wavelength of
their spectrum. For absorption spectrum calculations,
the parameters S and FOM in the biosensor are calcu-
lated using Eqgs. 1 and 2, respectively. For further com-
parison, the values of refractive index change (An), peak
wavelength shift (AL), sensitivity (s), and figure of merit
(FOM) for the proposed structures at each cancer are cal-
culated in a table [46].

A

s=24
An (1)
FOM = —> 2
FWHM &

The structure of the absorber for designing a biosensor
containing a layer of graphene was designed and simulated
using CST software. The simulated structure consists of
three layers: the initial layer is made of copper with an
electrical conductivity of 5.183 x 10’s/m [47] and cubic
dimensions of 2 ym X2 pm X 0.5 um, the middle layer is
made of silicon dioxide with a dielectric constant of 3.9
[52, 53] and cubic dimensions of 2 um X2 um X 5 um. The
method of fabricating the proposed structure is that a layer
of silicon dioxide is placed on the copper layer with the
dimensions specified in the figure and using the stand-
ard lithography process and chemical vapor deposition
(CVD) which is a vacuum deposition method. We create

the desired shape on silicon dioxide and then a graphene
layer grown on a thin layer of silicon dioxide with a thick-
ness of 0.1 um is placed on the silicon dioxide layer as a
cover. A graphene layer is placed on this structure, consid-
ering the graphene relaxation time z=3.6 ps and chemical
potential u=0.9 eV at a temperature of 300 K.

In this article, three cancer samples are discussed for
diagnosis. The first sensor is for basal cell detection with a
chemical potential of 0.7 eV for graphene, the second sensor
is to detect HeLa cell with a chemical potential of 0.8 eV for
graphene, and the third sensor is intended for the detection
of MDA-MB-231 cell with a chemical potential of 0.9 eV for
graphene biosensor. The blood sample containing basal cell,
HeLa cell, and MDA-MB-231 cell is directed into a guiding
channel, at the bottom of which there are biosensors with
receptors for basal cell, HeLa cell, and MDA-MB-231 cell.
When the samples to be assessed are placed on their respec-
tive receptors, they cause a change in the refractive index of
the reflected waves, which is detected by the amount of this
refractive index change, revealing the nature of the sample
as either healthy or cancerous.

As shown in Fig. 1, the general structure of the biosensor
consists of a guiding channel for the passage of the samples
to be assessed, the biosensor part which contains a large
number of absorber structures arranged periodically next
to each other, and the cellular receptors installed on the
absorber structure to separate and assess the desired cell
from other cells. In this structure, a large number of samples
can be assessed, and in this article, three samples, basal cell,
HelLa cell, and MDA-MB-231 cell, have been assessed.

The prism can be mounted on a rail system, facilitat-
ing precise and controlled adjustments to its position. This
setup allows for highly accurate alignment and measure-
ment processes. By integrating a microprocessor, the entire

Flow channel

Fig.1 The overall structure of the designed biosensor for simulta-
neous detection of multiple cancer biomarkers, the prism, laser, and
detector are placed on a rail
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measurement sequence can be automated, ensuring consist-
ent and reliable data collection. This automation capability
also enables rapid switching between different structures
and materials, significantly increasing the efficiency of the
measurement process. In this method, only one prism and
laser structure are needed, which simplifies the experimen-
tal setup and reduces costs. The rail system allows for easy
repositioning of the prism, while the microprocessor han-
dles the adjustments and measurements. This combination
enables the system to seamlessly transition between various
materials without the need for multiple prisms or complex
manual adjustments. The flexibility offered by this system
is particularly advantageous in research and development
settings, where multiple materials and configurations need
to be tested quickly and accurately.

Simulation Results and Discussion

To initiate the simulation process, we first establish the
material parameters and structural characteristics of our
proposed multi-band high-sensitivity polarization-independ-
ent absorber. This involves defining the geometrical layout,
material properties, and operating principles of the biosen-
sor. By meticulously configuring these initial conditions, we
aim to accurately model the interaction between incident
electromagnetic waves and the absorber structure across
multiple frequency bands. Through rigorous simulation, we
anticipate gaining insights into the absorber’s performance
in detecting and distinguishing various cancer biomarkers
simultaneously.

Figure 2 illustrates the absorption spectra of the structure
of the octagonal absorber, and based on the extracted output
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Fig.2 Absorption waveform of the structure in the cavity states cre-
ated in the form of a cylinder with a cross-section of a circle, triangle,
square, and octagon
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from its absorption, we conclude that the regular octagonal
structure formed at the intersection of two squares with a
diameter of one micron creates two waves with the highest
absorption value, as well as two regular and proportional
waves. Therefore, we choose this structure for designing
biosensors.

In the next step, the depth of the hole is varied to select
the highest absorption value. Depths of 1.5 um, 2.5 pm,
3.5 pym, and 4.5 pm are considered, and based on Fig. 3,
which shows the absorption wave output, a depth of 3.5 um
provides a more suitable absorption value. Therefore, we
choose a depth of 3.5 um in the created structure.

Figure 4a shows the structure and Fig. 4b shows the
absorption spectra for different chemical potentials. Based
on Table 1 and Fig. 4b, the structure in two modes with dif-
ferent wavelengths exhibits high absorption levels, and the
absorption waveform has minimal overlap and a high-quality
factor. By adjusting the chemical potential of graphene from
0.7t0 0.8 eV and 0.9 eV, the absorption wavelength changes,
highlighting one of graphene’s key advantages. Given the
advantages of the proposed structure, it can be utilized as a
biosensor. With the ability to alter the absorption wavelength
by adjusting the chemical potential, a variety of biosensor
structures with different chemical potentials and absorption
wavelengths can be created, enabling the detection of numer-
ous substances.

Figure 5 presents a visual representation of the absorption
spectra obtained at various wavelengths through analysis con-
ducted within the CST program. This visualization serves to
elucidate the nuanced relationship between absorption wave-
length and the refractive index alterations within the analyte
sample. Further insights into this correlation are expounded
upon in Table 2, where precise values extracted from Fig. 5
are delineated for comprehensive understanding. Moreover,
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Fig.3 Absorption waveform for the hole depth created in silicon
dioxide with sizes of 1.5 um, 2.5 um, 3.5 um, and 4.5 pm
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Fig.4 a Adsorbent structure
proposed for use as biosensor. b
Absorption waveform at chemi-
cal potential of 0.7 eV, 0.8 eV,
and 0.9 eV applied to graphene

Graphene
layer

beyond mere data depiction, Fig. 5 also serves as a conduit
for evaluating the biosensor’s performance. Parameters such
as sensitivity and figure of merit (FOM) are meticulously
calculated and furnished alongside the spectral data. These
metrics are pivotal in gauging the efficacy and reliability of
the biosensor, providing invaluable insights into its practical
utility and potential for real-world applications.

By comparing the results of sensitivity and FOM of
previously reported references, it is clear that there is a
trade-off between these two parameters. In reference [50],
the sensitivity has been reported as 11,500, but the FOM
is relatively low at 3.9. This indicates a high sensitivity
but a less efficient overall performance. In reference [51],
the sensitivity drops significantly to 1700, but the FOM
increases to 10.8. This threefold increase in FOM suggests
a better-balanced performance despite the lower sensitiv-
ity. Reference [52] shows a continued increase in FOM
compared to the previous references, indicating improved
efficiency. However, the sensitivity continues to decrease
relative to the earlier references. Reference [53] presents
a structure very similar to the one proposed in this arti-
cle. Here, the sensitivity drops drastically to 598.9, but
the FOM reaches its highest value at 85.68. This implies
an exceptionally high efficiency, albeit with a substantial
reduction in sensitivity. When comparing these references,

Table 1 Absorption values, wavelength peak, and waveform quality
factor are included in chemical potential 0.7 eV, 0.8 eV, and 0.9 eV

Chemical poten- Mode Absorb Apick (nm) Q

tial (ev)

u=07 Mode A 0.955 28365 246
Mode B 0.995 33863 102

u=0.38 Mode A 0.938 26542 153
Mode B 0.987 31734 108

u=09 Mode A 0.90 25053 170
Mode B 0.968 29922 75
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it becomes evident that the proposed structure in this arti-
cle strikes a favorable balance between sensitivity and
FOM. With a sensitivity of 7100 and a FOM of 22, the
proposed structure offers both a high sensitivity and a sig-
nificantly improved FOM. This makes it a more accept-
able and advantageous solution compared to the other
referenced structures. The proposed structure achieves a
notable improvement in overall performance by maintain-
ing a relatively high sensitivity while also enhancing the
efficiency as indicated by the FOM (Table 3).

Independent of Polarization

The advent of the multi-band high-sensitivity absorber rep-
resents a breakthrough in biosensing technology, offering
a novel avenue for the simultaneous detection of multiple
cancer biomarkers with unprecedented precision. This cut-
ting-edge biosensor operates independently of polarization,
enhancing its versatility and applicability across diverse
biological samples. Cancerous cells typically exhibit differ-
ent refractive indices compared to their healthy counterparts
due to variations in their internal structure and composition.
These differences can be attributed to changes in cell den-
sity, organelle size, and the overall arrangement of cellular
components. By accurately measuring these variations, it is
possible to detect the presence of cancerous cells at an early
stage, potentially improving the prognosis and treatment out-
comes. Based on the output in Fig. 6, it can be observed that
the resonance peak value does not change with a change in
polar angle from 0° to 120° and 270°. The shape of the graph
remains constant at three polar angles, indicating the inde-
pendence of the structure from changes in the polar angle.
This feature of independence from the polar angle of the
proposed structure makes the biosensor more practical and
usable in detecting the desired analyte.
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Fig.5 Absorption waveform extracted from the biosensor from three samples. a Basal cell. b HeLa cell. ¢ MDA-MB-231
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Table 2 Total diagnostic

Analytic used RI A (nm) Absorption (%) FWHM  FOM  Sensitivity
p?.rameters proposed by the (nm/RIU)
biosensor for three types of
cancer Basal cell 1.360 30,021 87.2 208 - Ref

(normal) 35916 93.8 319 - Ref

Basal cell 1.380 30,120 88 210 23 4950

(cancerous) 36,058 95 321 22 7100

HeLa cell 1.368 28,131 89 171 - Ref

(normal) 33,695 99 303 - Ref

HeLa cell 1.392 28,247 88.5 170 28 4833

(cancerous) 33,821 985 298 176 5250

MDA-MB-231 (normal) 1.385 26,619 85.3 155 - Ref

31,882 99.8 298 - Ref

MDA-MB-231 (cancerous) 1.399 26,671 85.4 156 23 3714

31,957 99.8 293 18 5357

Table 3 Comparison of the output of the proposed structure with pre-
vious works

Ref [53] [52] [51] [50] Present
Sensitivity 598.9 1445 1700 11,500 7100
(nm/RIU)
FOM 85.68 28.8 10.8 3.9 22
1 . . . : . .
phi=0
0.8} — — — - phi=120 ]
sraesns phi=270
o 0.95 1
20.61 0.9 _
N
=9 0.85
5 038
204 ‘ "
l 2835 2.84 3385 339 i
< 104 x10*
0.21 b
0 1 1 1 1 1

28 29 3 31 32 33 34 35
Wavelangth A(nm) x10*

Fig.6 Absorption waveform at the resonance peak by changing the
polarization angle from 0, 120, and 270°

Conclusion

The development of a multi-band high-sensitivity polarization-
independent absorber represents a significant leap forward in
biosensor technology, particularly in the realm of simultaneous

detection of multiple cancer biomarkers. This advancement
holds immense promise in early cancer diagnosis, a crucial
factor in improving patient outcomes and reducing mortality
rates. By harnessing the absorber’s capability to operate across
multiple frequency bands with high sensitivity and independ-
ence from incident polarization, we can enhance the accuracy
and efficiency of cancer detection. This breakthrough is par-
ticularly timely given the increasing prevalence of cancer and
the urgent need for more effective diagnostic tools. Moving
forward, integrating this innovative biosensor into clinical prac-
tice could revolutionize cancer screening processes and pave the
way for more personalized and targeted treatment approaches.
The designed biosensor boasts superior sensitivity compared
to existing counterparts.
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