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Abstract: For the quick identification of diverse types of cancer/malignant cells in the human
body, a new hollow-core optical waveguide based on Photonic Crystal Fiber (PCF) is proposed and
numerically studied. The refractive index (RI) differs between normal and cancerous cells, and it is
through this distinction that the other crucial optical parameters are assessed. The proposed cancer
cell biosensor’s guiding characteristics are examined in the COMSOL Multiphysics v5.5 environment.
The Finite Element Method (FEM) framework is used to quantify the display of the suggested fiber
biosensor. Extremely fine mesh elements are additionally added to guarantee the highest simulation
accuracy. The simulation results on the suggested sensor model achieve a very high relative sensitivity
0f 99.9277%, 99.9243%, 99.9302%, 99.9314%, 99.9257% and 99.9169%, a low effective material loss of
8.55x 109 cm 1,896 x 107> cm 1,824 x 105 cm™!,8.09 x 107> cm ™1, 8.79 x 1073 em™ !, and
9.88 x 107> cm™! for adrenal gland cancer, blood cancer, breast cancer type-1, breast cancer type-2,
cervical cancer, and skin cancer, respectively, at a 3.0 THz frequency regime. A very low confinement
loss of 6.1 x 10710 dB/cm is also indicated by the simulation findings for all of the cancer cases
that were mentioned. The straightforward PCF structure of the proposed biosensor offers a high
likelihood of implementation when used in conjunction with these conventional performance indexes.
So, it appears that this biosensor will create new opportunities for the identification and diagnosis of
various cancer cells.

Keywords: microstructure fiber; PCF; cancer cell; confinement loss; effective material loss; sensitivity

1. Introduction

Photonic Crystal Fiber (PCF) has emerged as the most sought-after technology for
improving performance and lowering the cost of producing optical fibers because of its
huge promise in sensing applications. PCF is incredibly flexible in its design. The core and
cladding of this low-loss microstructure fiber are made of a photonic crystal material. It
is possible to improve the optical and guiding qualities by changing the size, shape, and
placement of air holes. Academics have recently paid a lot of attention to PCF’s ability to
detect chemical and biological components due to its exceptional features, such as light
transmission with low dispersion preservation [1] and confinement loss (CL) with high
nonlinearity preservation [2]. The effective area, relative sensitivity, and CL are important
guiding characteristics in detection. A lower effective area value provides a larger numerical
aperture. PCFs with higher sensitivity and numerical aperture are highly desirable for
sensing applications [3,4]. In Solid Core PCF (SC-PCEF), the core is made of robust silicon,
while the cladding section is made up of various air rings. The hollow core PCF is arguably
the most intriguing type due to its distinct light guide characteristics. The PCF is known
as a Hollow-Core PCF if it has a number of small-scaled silicate tubes running along its
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longitude that is optically guided by the hollow core in its center (HC-PCF) [5]. As a hollow-
core PCF structure was taken into consideration for our design, the HC-PCF contains more
analytical volumes than the porous core inside the core region, which improves the contact
between light and the materials. A polarization mechanism is also used by the HC-PCF.
Both adding stress to the core [6,7] and producing birefringence due to a strong anisotropy
in the hole’s structure [8] have been used to demonstrate this. Furthermore, the photonic
fiber’s background materials (PCF) Topas, Teflon, and Zeonex are used successfully [9-12].

Cancer is an uncontrolled cell proliferation (often created from one defective cell) [13].
The cancer cells may infect nearby tissues, spread across the body, enter remote areas
of the body, and promote the growth of new blood vessels that will feed them. This is
due to the loss of the cancer cells” usual growth and spread-controlling systems. Any
tissue in the body can give rise to cancerous (malignant) cells. The second leading cause
of death today is cancer. The World Health Organization estimates that cancer will be
responsible for roughly 10 million deaths in 2020 [14]. Blood cancer, skin cancer, cervical
cancer, breast cancer, and adrenal gland cancer are the five basic forms of cancer that
typically affect humans. Stages I, II, and III are used to classify malignant cells. In stage I,
patients may be cured. Stage II patients may also get treatment; however, stage III patients
are always incurable [15]. So, early cancer cell detection is essential for more effective
treatment. For the most part, multiple blood tests such as complete blood counts, blood
protein analyses, tumor marker analyses, and urine examinations are carried out to detect
cancer, but the results are often unable to pinpoint the organ that has been impacted [16].
Taking samples of suspect cells for examination during a biopsy is the only reliable method
for determining which cells are malignant [17]. Additional popular diagnostic techniques
for finding tumors include positron emission tomography (PET), ultrasound tests, magnetic
resonance imaging (MRI), and computed tomography (CT) scans [18-20]. The lengthy
nature of these procedures, which can take anything from two minutes to two or three
days, may have negative impacts on cancer patients, for whom a prompt diagnosis is
essential. Researchers in opto-electronics are working to create quick cancer cell detectors
as a result. RI vary between normal and malignant cells, and as a result, when exposed
to the same light source, they will propagate light differently. So, by examining the signal
that was received, cell characteristics can be determined. There have been many PCF-based
chemical and biological sensors developed thus far. As far as we know, Clark et al. are the
ones who first developed a biosensor that can identify glucose in blood [21]. Numerous
techniques for biosensor applications improved as a result of this study. Researchers are
now using photonics for cancer detection thanks to recent technological advances in the
field. A unique spectroscopic optical sensor for cancer cell identification in diverse human
body sections was proposed by Parvin Textit et al. in 2021 (i.e., adrenal gland, blood, breast,
cervical, and skin) [22]. It had the highest relative sensitivity of 95.51% for breast cancer
at X-polarization. Habib et al. (2021) proposed a new hollow core PCF to quickly identify
various types of cancerous cells in the human body [23]. According to the simulation
experiments, the recommended sensor operating at 2.5 THz has an astonishingly high
relative sensitivity of over 98 percent with little loss (0.025 dB/cm). Eid et al. presented
a Mono Rectangular Core Photonic Crystal Fiber (MRC-PCF) for the efficient detection
of skin and blood cancer, which had the highest sensitivity of 96.74% for blood cancer
at 2 THz [24]. Another Hollow core PCF was designed by Bulbul et al. (2022) to detect
four types of cancer cells, namely, Jurkat (blood), HeLa (cervical), MCF-7 (breast cancer
type-2), and Basal (skin) [25]. The relative sensitivity varied from 88.12% to 89.65% for
the four cancer cells in this designed hollow-core PCF (HC-PCF). In 2022, a study by
Yadav et al. [26] introduced a THz sensor utilizing HC-PCF to detect breast cancer cells.
The sensor exhibited a relative sensitivity of 65.53% along the x-axis and 53.63% along the
y-axis, while also possessing a high birefringence (0.0020), lower CL (17.33 x 10~? cm™1),
and effective area (3.04 x 10720 m?).

In order to further improve the sensitivity and other performances, we propose in this
article a straightforward, highly sensitive HC-PCF for cancer cell detection. The central
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air hole of the HC-PCF is penetrated by a variety of cancer cells, including those from the
adrenal gland, blood, breast cancer types 1 and 2, the cervical cavity, and the skin, and a
numerical investigation of the comprehensive sensitivity is carried out with the aid of the
FEM. These cancer cell samples have been monitored using the developed PCF geometry,
which has a sensitivity of over 99.9% at 3 THz. The comparison of the different fundamental
features also reveals extraordinarily high sensing capabilities, low CL, flattening dispersion,
and low birefringence, which are superior to earlier prototypes [22-25].

2. Numerical Analysis

The proposed biosensor has been designed and analyzed using the FEM, which is
the primary approach employed in this study. The steps involved in biosensor design and
performance evaluation are illustrated in Figure 1. Initially, the Global Variables (GVs) and
Structure Variables (5Vs) were declared in COMSOL Multiphysics 5.5 software, followed by
the design of the probable PCF sensor structure. Materials were then assigned to different
parts of the sensor, including Zeonex to PML and Strut of the fiber sensor, air holes in
the cladding, and six cell type analytes (in both normal and cancerous forms) in the core
for analysis purposes. Boundary and initial conditions were applied, and the designed
fiber was meshed and solved using partial differential equations. The optical parameter
data were then collected and transferred to MATLAB for further analysis. Different results
were analyzed, and the relationship between the operating frequency and various optical
parameters was observed. If the results were not satisfactory, the GVs and SVs were
adjusted, and the entire process was repeated until the desired results were achieved.

Applying
Declare Global Variabl
et el ekl e Portable Materials Boundry and
(GV) and Structure . "
. Structure (PS) Assignment Initial
Variable (SV) -
Conditions

Fine-tune the GVs Partial Differntial
and SVs Equation Solutions

Collect the Optical
Parameters and
Feed to MATLAB

Expected Result
Results? Analysis

Expected Results for
Optimum PCF
Structure

Figure 1. The step-by-step process involved in designing and analyzing the model in this study.

A list of different optical properties, such as relative sensitivity, effective area, numeri-
cal aperture, CL, effective material loss (EML), etc., seems necessary to check the biosensor’s
functionality. These parameters, i.e., performance indices, will be investigated through
simulation using the software while injecting an analyte into the core of the proposed
sensor using a capillary injection strategy. In actuality, though, this function will be fulfilled
by an optical spectrum analyzer. For each analyte, the full procedure will be repeated.

The FEM with a Perfectly Matched Layer (PML) boundary condition is a commonly
used framework for solving problems numerically. For investigating optical properties and
removing leaks, a PML is utilized. A meshing technique is used to partition the proposed
PCF into homogeneous triangular sub-spaces. Modal analysis and frequency transmission
through the Z-direction of fiber can be used to determine the performance of waveforms



Appl. Sci. 2023,13, 5784

40f18

spanning 1.5-3 THz in an x-y cross-section. The following equation can be obtained using
the Maxwell equations [27]:

Ax[s]P x E—KGn?[s]E=0 1)

In this context, s represents the PML matrix of 3 x 3 and [s] ~!is the inverse of 5. Electric
field vector E, domain refractive index #, free-space wave number Kj, and operational
wavelength A are all represented by the symbol. In this simulation, the fiber is split into
2,920,397 triangular segments. One-fourth of the PML layer computation window is used
to display Figure 2 for the recommended PCF structure.

Figure 2. Meshing output with boundary condition for one-fourth of the PML layer computation
window for the recommended PCF structure.

How sensitive a terahertz PCF is to an analyte depends on how much light interacts
with matter. This is dependent on a particular coefficient of frequency absorption. The
Beer-Lambert law can be used to explain it [8],

I(f) = Ip(f)el—Tonl] 2)

where the symbols for the optical intensity in the presence and absence of the desired
material are I(f) and Iy(f), respectively. In this case, the channel range is Ic, the relative
sensitivity is r, the optical frequency is f, and the absorption factor is «;,. The formula for
the absorbance (A) is

A= log% = —rayl. 3)

Now, relative sensitivity depicts the amount of light that interacts with the analyte.
The sensitivity of the PCF must be measured in order to examine its sensing efficiency,
which can be achieved using [8],

ny

r= XY 4)

Meff
where the RI (real) of the analyte to be detected is 1,, and the RI (effective) of the guided
mode is n.¢ (ERI). Additionally, Y represents the light interaction with the material and is
computed using [8],

fanalyte sample R, (Ex Hy - Elj Hy ) dXdy

Y =
ftotal RE(EXHy - Eny)dxdy

©)

Here, the electric components of x and y are E, and E,, respectively, and the magnetic
components of x and y are Hy and H;. By performing integration in the numerators and
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denominators of the aforementioned equation, one can determine the percentage of light
in the fiber’s middle, i.e., in the injected analyte, and the total amount of light present
throughout the fiber cross-section. Only the PCF should receive light in the core region.
Any optical power that crosses to the cladding air slot as a result of optical power escaping
is treated as a light power loss and is expressed as follows:

a(dB/cm) = 8.686 x koIm|neg] x 10* (6)

where, Im[n¢]| is the imaginary segment of the effective mode index.
When light pulses propagate through the Utilizing EML, &g, these PCF characteristics
are studied and can be expressed as

M _1ja f|E|2“mat77dA @)
2\ o\ 2 [y, S:dA

where amat is the absorption loss of fiber material and 7y, is the RI for background material
Zeonex. S; stands for the z-component of the Poynting vector, where ¢ is the permittivity
of free space and yy is the permeability into free space.

The physical phenomenon known as birefringence occurs when a substance’s Rl is
determined by the direction or polarization of the distribution of light. The material’s
apparent birefringence will be broken by the fiber’s cylindrical symmetry, and it may also
acquire birefringence, resulting in regular power exchanges between the two components.
Here is how birefringence is expressed mathematically:

B = |ny —ny| 8)

where 1, stands for the effective RI of the basic constituents, and 7, is frequently expressed
as the largest possible difference in RI.

The term “Effective Area” refers to the region of the core where light and matter
interact [28]. This area is important in both numerical aperture and bending loss but also
plays a key role in the calculation of THz PCF properties. These characteristics also serve as
a representation of the light beams’ efficiency. The effective area’s mathematical expression,
Aggf, is written as: ,

o Ulleraxdy) o
et [[fs|E[*dxdy
where S refers to the entire cross-segment of the fiber and E refers to the field vector.

Minimizing dispersion is a crucial component of applications for multi-channel con-
nection. Please take note that over the entire range of 1.5-3.0 THz, Zeonex’s material
dispersion for the PCF was found to be negligible. Thus, only the waveguide dispersion
is taken into account. The waveguide’s ERI variance is the only factor that affects the
waveguide’s dispersion. The following equation can be used to measure it [8]:

_ 2dney | wdPneg

c dw c dw? (10)

B2
where, respectively, w stands for the angular frequency and c for the free-space propagation
speed.

The capacity of a PCF core to aggregate light is calculated by the numerical aperture
(NA). As a result, the index of refraction’s variation can be calculated as follows [8]:
1
NA = —— (11)
(1+ nf et )

where the effective area of the guided mode is indicated by Aeg.
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The effective area of the fiber is closely related to nonlinearity -y, also known as the
nonlinear coefficient. It is a metric that indicates how well a fiber can contain intense light

and is defined as 2 f
7T np
== )| = 12
i ( c )(Aeff) 12

where, f is the operating frequency and #; is the nonlinear RI.

To modify the fiber modes, the uniform frequency parameter is referred to as a V-
parameter. There are two regions to the guide mode. One is a single mode, and the other
has several modes. Use the following expression to find the V parameter [27]

27mr
f N2ore — M4 ding < 2:405 (13)

Vet =

where, the core and cladding regions’ respective effective Rls are #1core and njadding- The
physical constants , f, and c, respectively, stand in for the core radius, frequency, and light
speed. We are aware that the fiber will operate as a single-mode fiber if the V parameter
is less than or equal to 2.405 (V < 2.405). However, when the V parameter is higher than
2.405, the fiber still supports multiple modes and remains a multimode.

The spot size of an optical fiber plays a significant role in determining the performance
of optical communication systems. It affects bending loss, nonlinearity, and beam diver-
gence. The amount of light entering the cladding is low, while the amount of light in the
core area is confined, as can be seen when considering optimal design characteristics. Now,
we use a Marcuse formula to determine the spot size, which is as follows: [29]

1.619 2.879) (14)

Wegs =1 X (0.65+ Va2 + BE
where, the core radius is 7, and V stands for the standardized value V. The size of the spot
affects the beam divergence.

A laser beam’s divergence is significantly influenced by its working frequency. The
beam divergence factor is a measure of the quality of light beams in optical fibers. This
factor is crucial for sensing and focusing power. The degree to which a proposed PCF’s
beam divergence factor can be calculated from the Gaussian-beam theorem depends on the
quality of the beam: [30]

(15)

1
edegree =tan " < 80 c )

Fr2Weg

where, f is the operating frequency, c is the speed of light, and W is determined by
Equation (14).

3. Detail Design of the Proposed HC-PCF

A HC-PCF has tremendous potential to increase sensitivity thanks to its greater
volume in the core area. Additionally, a hollow core significantly minimizes the amount of
background material used during manufacture, which in turn lowers material absorption
loss. We chose to design our proposed sensor in the Terahertz band because of its high
sensing characteristics in this regime [31,32] and the Electromagnetic Interference [33]
is very low at the Terahertz band. The Terahertz band also offers low attenuation loss
according to the fiber loss curve. The suggested HC-PCF’s inter-section is shown in
Figure 3. This article uses the FEM as a computational tool to investigate mode propagation
characteristics. The simulations were run using the program COMSOL Multiphysics 5.5.
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ZEONEX

Analyte

Figure 3. Cross-section of the proposed wave-shaped hollow core PCF (HC-PCF). (R1 = 510 pum,
R2 = 710 pm, R3 = 910 pm, R4 = 1110 um, R5 = 1310 um, R6 = 1510 um, T = 190 pum, and
D, = 1000 pm.

The wave pattern cladding consists of six-layer ring-shaped air holes labeled as C1, C2,
C3, C4, C5, and C6, having radii of R1, R2, R3, R4, R5, and R6, respectively, with an equal
width of T. The diameter of the core air holes is labeled as D,. The structural parameters
for the proposed PCF are R1 = 510 um, R2 = 710 pm, R3 = 910 um, R4 = 1110 um,
R5 = 1310 um, R6 = 1510 ym, T = 190 um, and D, = 1000 um. The thickness
of the solid cladding layers is called the strut. An optimal strut thickness is retained to
prevent manufacturing difficulty during the whole process. A variety of strut widths, S, of
10 pm and 20 pm are considered, In current manufacturing methods, a 6.5 um strut width
is bearable [27,34,35]. The PML has a radius of 1710 pm with a thickness of 185 um. Any
change in the form or dimensions of the cladding might affect CL but have absolutely no
effect on the core analyte.

As an anti-reflective layer to block incoming PCF waves, a PML is positioned at the
cladding’s edge, according to [8]. The breadth of PML is significant because of its superior
impact on numerical analysis. As a consequence of this test, it was discovered that the best
results were obtained when the PML was thicker than 10 percent of the whole diameter. It
should be pointed out that the RI of various cancer cells and their corresponding normal
cell, such as the breast, blood, skin, cervical, and adrenal glands are shown in Table 1.

Table 1. RI and concentration level of various cancer cell (breast, blood, skin, cervical, and adrenal
glands) and corresponding normal cell [36].

RI of Normal Cell RI of Cancerous Cell

Cancer Type Cell Type (Concentration (Concentration
Range 30-70%) Range 80%)
Breast (type 1) MBA-MD-231 1.385 1.399
Breast (type 2) MCE-7 1.387 1.401
Blood Jurkat 1.376 1.39
Skin Basal 1.36 1.38
Cervical HeLA 1.368 1.392

Adrenal glands PC-12 1.381 1.395
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4. Simulation Results and Discussions

An optical field is depicted in Figure 4 in the presence of adrenal gland cancer and
blood cancer. The other four types of cancer show similar field distributions. The field
exhibits two polarization modes that are well guided (x-pol and y-pol). Each color in
the figures corresponds to a specific cell type (red represents adrenal gland cell, blue
represents blood cell, black represents breast cell type-1, violet represents breast cell type-
2, cyan represents cervical cell and green represents skin cell), while the dashed lines
(- - -) indicate the “Normal State” and the solid lines (-) indicate the “Cancerous State”.

(a) (b)
(<) (d)

Figure 4. Inside the core of the envisioned HC-PCF, there is a field distribution of different cancer cell
types. (a,b) adrenal gland cancer; x-pol, y-pol, (c,d) blood cancer; x-pol, y-pol.

For core diameters of 1000 microns and strut widths of 10 microns and 20 microns,
Figure 5 illustrates the link between the relative sensitivity and corresponding frequency of
breast cells, blood cells, skin cells, cervical cells, and adrenal gland cells in both normal state
and cancerous state. Figures clearly show that all analytes would have better sensitivity
with a narrower strut width. So, a strut width of 10 pm is considered optimum for our
proposed model. It has also been demonstrated that the relative sensitivity increases up to
a particular frequency before essentially flattening off. This is expressed as follows: as the
frequency rises, the core power fraction rises as well, improving the effective RI. According
to Equation (4), the relative sensitivity is directly correlated with the RI of the analyte and
is inversely correlated with the RI of the effective analyte. From the figure, the relative
sensitivity of six cell types in normal form was found to be 99.9177% for adrenal gland cells,
99.9136% for blood cells, 99.9207% for breast cell type-1, 99.9222% for breast cell type-2,
99.9064% for cervical cells and 99.8983% for skin cells at a frequency of 3 THz in x-pol.
In their cancerous state, the relative sensitivity of all analytes increased to 99.9277% for
adrenal gland cells, 99.9243% for blood cells, 99.9302% for breast cell type-1, 99.9314% for
breast cell type-2, 99.9257% for cervical cells, and 99.9169% for skin cells at a frequency of
3 THz in x-pol.
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Figure 5. Frequency dependent relative sensitivity of adrenal glands cells, blood cells, breast cells
type-1, breast cells type-2, cervical cells, and skin cells for strut width (a) S = 10 um (b) S =20 um.
(Dashed Lines (- - -) represent Normal State, Solid Lines (-) represent Cancerous State).

The effective analyte detection of a Terahertz sensor is constrained by a small number
of limiting parameters, including EML, CL, bending, and scattering losses. Please note that
the scattering loss property is not taken into consideration because it is explicitly stated in
Figure 4 that light is well confined in the core and that light contact with the cladding is
minimal. Furthermore, it is better to avoid characterizing the bending loss due to the length
consideration. Because of the background material utilized, EML is the main contributor to
optical power loss in the proposed PCFE. EML is the sum of the light energy absorbed by
the core material. EML can be minimized by using air spaces in the core area. Utilizing a
hollow core also has the advantage of significantly reducing background material thickness
from the core, which lowers EML.

Figure 6a,b shows the EML characteristics in relation to frequency with variations in
analytes. As shown, EML reduces in response to the frequency at optimal geometrical vari-
ables, ultimately fulfilling the theoretical state of the EML calculation [32,37]. Figure 6 also
shows that EML is as low as 8.55 x 107 cm~! for adrenal gland cancer, 8.96 x 1075 cm~!
for blood cancer, 8.24 x 10> cm ™! for breast cancer type-1, 8.09 x 107> cm~! for breast
cancer type-2, 8.79 x 1072 em ! for cervical cancer, and 9.88 x 10~° ecm ! for skin cancer
cells at a frequency of 3 THz, respectively.

Figure 6¢c demonstrates the relationship between the frequency of various analytes
and CL. It is important to reduce CL because it causes light to leak from the core re-
gion to the cladding. All six analytes” CL decreased as a result of the hollow core area’s
mode fields being confined more tightly with increasing frequency. As a result, CL is re-
duced as 6.1 x 10719 dB/cm for adrenal gland cancer, 6.1 x 10~10 dB/cm for blood cancer,
6.1 x 10710 dB/cm for breast cancer type-1, 6.1 x 1071% dB/cm for breast cancer type-2,
6.1 x 10719 dB/cm for cervical cancer, and 6.0 x 10719 dB/cm for skin cancer cells at a
frequency of 3 THz.

The analytes’ birefringence property is shown in Figure 6d. Birefringence is officially
defined as the double refraction of light in a transparent, molecularly ordered substance,
which is exhibited by the existence of orientation-dependent differences in RI. The bire-
fringence decreases with decreasing ERI as the frequency ultimately rises in both x- and
y-polarity. Adrenal gland cancer’s obtained birefringence at a frequency of 3 THz is
1 x 10~; for other cancer kinds (such as blood cancer, breast cancer type-1, breast cancer
type-2, cervical cancer, and skin cancer), these values are below 1 x 10~?. Please be aware
that theoretically, reducing the core size might raise the birefringence considerably more,
but the relative sensitivity would be significantly reduced.
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Figure 6. The relation of EML, CL and birefringence with frequency for different cell types in both
normal state and cancerous state (adrenal glands, blood, breast type 1, breast type 2, cervical, skin).
(a) EML vs. frequency in x-polarization, (b) EML vs. frequency in y-polarization, (c) CL vs. frequency,
and (d) birefringence vs. frequency. (Dashed Lines (- - -) represent Normal State, Solid Lines (-)
represent Cancerous State).

The area that a waveguide or fiber mode actually covers in the transverse dimensions
is quantified as the effective mode area. In applications where nonlinear effects can sig-
nificantly impede system performance, the effective area is a better representation of the
light-carrying region in fibers used in those applications. The frequency dependency of
the effective area for several analytes is shown in Figure 7. The graphic representations
of this figure show that the effective mode area decreases with increasing frequency. The
mode field is tightly constrained and the effective area is reduced at higher frequencies
in the core portion. The effective area value of the planned PCF was 4.22 x 10~7 m? for
adrenal gland cancer, 4.23 x 10~7 m? for blood cancer, 4.21 x 10~7 m? for breast cancer
type-1, 421 x 1077 m? for breast cancer type-2, 4.23 x 10~/ m? for cervical cancer, and
4.25 x 1077 m? for skin cancer at a frequency of 3 THz. Figure 6c illustrates how CL
decreases as frequency rises, showing the physical result of this phenomenon.
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Figure 7. The frequency dependent effective area for different cell types in both normal state and
cancerous state (adrenal glands, blood, breast type-1, breast type-2, cervical, skin) in (a) x-polarization,
(b) y-polarization. (Dashed Lines (- - -) represent Normal State, Solid Lines (-) represent Cancerous
State).

The spreading out of a light pulse in time as it travels down the fiber is known as
dispersion. Figure 8 shows the dispersion relation for each analyte applied to a PCFE. As the
frequency increases, so does the dispersion of the solution.
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Figure 8. Frequency corresponding dispersion for different cell types in both normal state and
cancerous state (adrenal glands, blood, breast type-1, breast type-2, cervical, skin) (Dashed Lines
(- - -) represent Normal State, Solid Lines (-) represent Cancerous State).

An optical fiber’s NA measures its ability to gather light. Figure 9 shows the NA for
various cancer cells in relation to frequency. The graph depicts how NA behaves, acting
downward with gradually increasing frequency.

Figure 10 depicts the relationship between the nonlinear coefficient of cancer cells and
frequency. The nonlinear coefficient grows along with the operating frequency. Figures 7
and 10 depict the expected opposing actions. So, the relationship between nonlinearity and
effective area is inverse. Nonlinearity coefficients is 4.362 x 10~ for adrenal gland cancer,
4.352 x 10~? for blood cancer, 4.373 x 10~? for breast cancer type-1, 4.373 x 10~ for breast
cancer type-2, 4.352 x 10~ for cervical cancer, and 4.332 x 10~ for skin cancer cells at a
frequency of 3 THz, respectively.

Figure 11 shows the variance of the V parameter with frequency. The fiber maintains
its multi-mode nature with all cancer cell samples at a frequency of 3 THz.
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The link between spot size and frequency in the THz spectrum is defined in Figure 12
using different cancer cells. Spot size is nothing more than the beam’s own radius. Figure 12
shows that spot size decreases when the frequency is increasing.

3.4

=——6— Adrenal glands cancer
+ Blood cancer
+ Breast cancer (Type 1)
= Breast cancer (Type 2)
Cervical cancer
Skin cancer

Spot size (m)

w
w
&}

w
w

3.28 * * I

15 2 25 3
Frequeng (THz)

Figure 12. Spot size for different cell types in both normal state and cancerous state (adrenal glands,
blood, breast type-1, breast type-2, cervical, skin) (Dashed Lines (- - -) represent Normal State, Solid
Lines (-) represent Cancerous State).

Figure 13 shows the beam divergence in x-polarization toward frequency for various
cancer cells. The derivative of the beam radius with respect to the axial position in the far
field, or at a distance from the beam waist that is much farther than the Rayleigh length, is
the beam divergence. For the cancer cell sample, a fiber-beam divergence of 5.5 degrees
was predicted; however, this was decreased with an ideal geometry frequency of 3 THz and
rising frequency. The beam divergence decreases as frequency increases, according to the
graph. Because of the low beam divergence, the suggested sensor has a higher sensitivity
at 3 THz.

r
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Figure 13. Beam divergence for different cell types in both normal state and cancerous state (adrenal
glands, blood, breast type-1, breast type-2, cervical, skin) (Dashed Lines (- - -) represent Normal State,
Solid Lines (-) represent Cancerous State).

Based on a variety of performance criteria, Table 2 compares the suggested PCF model
with previously published PCF and outperforms the earlier design in terms of sensitivity.

In spite of the development of numerous manufacturing techniques, including boiling
techniques, capillary packing, multiple thinning, casting, and the sol-gel and stacking and
drawing method [38-46]—all of which have been used to create hollow-shaped processes—
3D printing was utilized for creating a number of hollow-shaped core processes [46].
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Table 2. Table comparing the HC-PCF fiber we recommended with the previously described PCFE.

Ref. Cancer Cell Frequency /Wavelength RS (%) CL (dB/cm) EML (cm ™) EA (m?) B
[22] Blood 2.5 THz 94.84 2x 107 - - -
Adrenal Gland 2.5 THz 95.15 2 x107% - - -
Breast Cancer Type-1 25THz 95.40 2x 1070 - - -
Breast Cancer Type-2 25THz 95.51 2 x 1070 - - -
Cervical 2.5 THz 94.96 2 x 107% - - -
Skin 25THz 94.13 2 x 107% - - -
[23] Blood 2.5THz 9840  approximately 1071 55x 1073 - -
Adrenal Gland 2.5THz 98.21 approximately 10-10 55 x 1073 - -
Breast Cancer Type-1 2.5THz 9834  approximately 10710 5.5 x 1073 - -
Breast Cancer Type-2 25THz 98.40 approximately 10710 5.5x 1073 - -
Cervical 2.5THz 98.12 approximately 1010 55x 1073 - -
Skin 2.5THz 97.95  approximately 1010 5.5 x 1073 - -
[24] Blood 2 THz 96.74 241 x 10714 1.131 x 102 2.6 %1077 0.0006
Skin 2.0 THz 96.61 1.58 x 10~1° 0.01131 261 x 1077 0.0006
[25] Blood 1.3 ym 89.15 7.26 x 10712 233x1077  6.0954 x 10712 -
Breast Cancer Type-2 1.3 ym 89.53 2.06 x 10~1 237x1077  6.0608 x 10712 -
Cervical 1.3 ym 89.22 5.88 x 10712 234x1077  6.089 x 10712 -
Skin 1.3 ym 88.78 1.16 x 1071 229x 1077 6.1276 x 10712 -
I;rl‘épgscelf Blood 3THz 99.92 6.1x 1010 896x10°5  423x107  >1x10°°
Adrenal Gland 2.5 THz 99.92 6.1 x 10710 8.55 x 107> 422 x 1077 1x107°
Breast Cancer Type-1 2.5 THz 99.93 6.1 x 10710 8.24 x 107° 421x1077 >1x107°
Breast Cancer Type-2 2.5 THz 99.93 6.1 x 10710 8.09 x 107> 421x1077 >1x107°
Cervical 2.5 THz 99.92 6.1 x 10710 8.79 x 107> 423 x 1077 >1x107°
Skin 25THz 99.91 6.0 x 10710 9.88 x 107° 425 x 1077 >1x107°

5. Fabrication of the Proposed HC-PCF

Another significant issue is the manufacturing of PCF-based devices. In spite of
the development of numerous manufacturing techniques, including boiling techniques,
capillary packing, multiple thinning, casting, and the sol-gel and stacking and drawing
method [38—46]—all of which have been used to create hollow-shaped processes—3D
printing was utilized for creating a number of hollow-shaped core processes [46]. Several
PCF structures have been created by D. Pysz et al. using the stack and draw technique [45].
Additionally, Z. Lui et al. [43] presented various stack and draw techniques for fabricating
suspended microstructure fibers. Recently, it was reported that a hollow core PCF was
developed using the stack-and-draw method, which involves stacking several layers of
extruded material on top of each other and then drawing the whole structure into its final
shape and was based on sodium-calcium-silicate glass [47]. The HC-PCF-based sensor can
be rendered using normal stack-and-drawing technology and includes circle-formed air
holes both in the center and cladding [48,49]. By leaving out some capillaries, it is possible
to create a hollow air core and claddings. In light of current fabrication methods and their
shortcomings, we proposed an HC-PCF biosensor that could be produced in any extrusion
or 3D printing manufacturing environment.

Figure 14 shows the basic structure for detecting cancer cells using the proposed
biosensor. In the figure, light is incident upon the core of the biosensor, which is filled
with analyte. The light passes through the analyte in the biosensor and goes into the
spectrometer. The spectrometer is used to analyze spectral properties of the fiber, which
can provide information about the refractive index of the surrounding medium and any
analytes present. The spectrometer can also be used to monitor changes in the transmission
spectra of the fiber over time, which can be used for real-time sensing applications. All
these data are transferred to a PC for further analysis and comparison.
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6. Application Possibilities of the Proposed HC-PCF

The sensor was demonstrated to have extremely high sensitivity (supposedly sur-
passing 99%) for analytes with a 1.3-1.4 Rl range while operating at peak efficiency. The
suggested sensor could be used as a biosensor for blood component detection in the medical
field [50]. Red blood cells have a RI of 1.40, while hemoglobin has a RI of 1.38, white blood
cells have a RI of 1.36, plasma has a RI of 1.35, and water has a RI of 1.33 [51]. Moreover, the
suggested sensor can differentiate between different types of alcohol (i.e., ethanol, benzene,
methanol) [27]. So, it is evident that the suggested sensor can identify cancer cells and
other substances in a variety of industries. Moreover, given the large detecting range, it is
evident that the proposed sensor model may detect bio-chemicals or other compounds in a
variety of sectors.

7. Conclusions

This article introduces a high-sensitivity biosensor for cancer cell detection. The
suggested sensor model is sufficiently versatile for detecting and categorizing different
cancer cells. Table 3 displays the optical specifications for the HC-PCF sensor that is
suggested for the detection of cancer cells at 3 THz. Our theoretical research suggests
that excellent sensitivity for a variety of cancer cells can be achieved with minimal CL.
Additionally, as shown in Table 2, modeling results demonstrate that our proposed PCF
structure performs better overall than the previous PCF structure for cancer cell detection.
The key PCF design parameters have been significantly improved as a result of this study
to maximize production efficiency. Our study has several limitations to consider. Our goal
was to achieve high sensitivity with low losses, which required us to think beyond common
shapes and develop a slightly complex model. As a result, the design we proposed may
be challenging to fabricate using methods other than 3D printing technology. Hence, we
recommend using 3D printing technology for the fabrication process. It is also important
to note that environmental factors such as temperature, humidity, and pH may affect the
performance of the biosensor we proposed.

Table 3. The proposed HC-PCF sensor’s optical parameters for cancer cell detection at 3.0 THz.

Analyte RS (%) CL (dB/cm) EML(cm™1)  EA (m?) B B NA
Adrenal Gland Cancer 99.9277 6.1x10710  855%x107° 422x1077 1x107? 0.0152 0.0865
Blood Cancer 99.9243 61x10710 896 x107° 423x1077 >1x10" 0.0152 0.0864
Breast Cancer Type-1 99.9302 6.1x10710  824x107° 421x1077 >1x10"° 0.0152 0.0866
Breast Cancer Type-2 99.9314 6.1x1071%  809x107° 421x1077 >1x10"° 0.0152 0.0866
Cervical Cancer 99.9257 61x10710  879x107° 423x1077 >1x1077 0.0152 0.0864
Skin Cancer 99.9169 60x10710  988x107° 425x1077 >1x10" 0.0153 0.0862
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The proposed biosensor has a lot of potential in implementing other bio applica-
tions such as the Microfluidic Invasion Chemotaxis Platform for 3D Neurovascular Co-
Culture [52], 3D-Printed Microneedles (MNs) [53], etc., to increase the overall performance
and improve the user experience. Microfluidic Invasion Chemotaxis Platform for 3D Neu-
rovascular Co-Culture can be used to study tissue and organ models and model human
diseases to check the performance of our biosensor for detection in systems that include
more than one cell. Additionally, we can implement 3D-printed MNs for collecting analytes
from the human body for our proposed sensor as they are user-friendly and minimally
invasive, offering less pain and lower tissue damage than conventional needles. So, by
incorporating these technologies with our proposed biosensor, the overall performance
and user experience can enhance greatly. The proposed biosensor has a great deal of
potential for quickly identifying different cancer cells because it has improved sensitivity
and sophisticated packaging to protect the detecting head. The authors firmly believe
that the suggested PCF structures can be made, thanks to recent developments in 3D
nano-fabrication methods.
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