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Abstract

A novel spectroscopic optical sensor is presented for cancerous cell detection in various parts of the human body (i.e.,
cervix, adrenal gland, breast, skin, and blood). An optimized structure based on compact cladding is successfully designed
with enhanced sensitivity and very low confinement loss. The parameters like effective area (A.y), V-parameter (V,g), spot
size (W), numerical aperture (NA), and beam quality factor are investigated over the wavelength region 1.4-2.5 um. The
consummation of relative sensitivity is also calculated and is superior to other previous work. The numerical investigation
indicates that cancerous cells have higher sensitivity than normal cells. The values investigated for the sensitivity of cervical
cancer, adrenal gland cancer, skin cancer, blood cancer, and breast cancer of type I and type II are 94.96%, 95.15%, 94.13%,
94.84%, 95.40%, and 95.51% in X-polarization, respectively, which are higher than the calculated values from any prior
works. The explored structure is monomode PCF, with silica as a dielectric material. The finite element method (FEM) has
been implemented for investigating the numerical values, implemented on COMSOL Multiphysics (version 5.3). The simple
design ensures easy fabrication with ongoing techniques.
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1 Introduction

Due to its great potential in sensing applications, photonic
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applications, SPR-based sensors are popular items of interest
for researchers. It is highly applicable to chemical sensing,
blood component detection, various types of disease detec-
tion, harmful additive detection, and more [1-4]. Due to
advancements in photonic technology, the implementation
of sensors with rapid detection, enhanced sensitivity, and
low confinement loss is now possible. Spectroscopic sensors
have already proved their potential in various fields, such as
disease detection, chemical sensing of toxic materials, and
more [5, 6]. Although various spectroscopy-based sensors
have been implemented for disease detection, the detection
of cancer cells with very high sensitivity and low confine-
ment loss is introduced in this article. The cancerous cells
are categorized as stage-I, stage-1I, and stage-III. In stage-
I, patients can be cured. In Stage-II, patients may also be
cured but patients naturally cannot be cured in stage-III. It
is necessary to detect cancerous cells at an early stage for
better treatment. Many techniques, such as electrochemi-
cal methods and artificial intelligence, have introduced for
detecting cancerous cells in the cervix, breast, and different
parts of the body. However, these methods are comparatively
very complex. A requirement of cancer-testing equipment is
the ability to detect the cancerous cell in a short time. For
the detection of cancer, we consider blood and other fluid
substances from the affected parts of a human body, which
directly measure the refractive index of cancer cells. In 2014,
Sharan et al. proposed the detection of cancer cells by using
the photonic bandgap method [9]. However, the photonic
band gap method experiences difficulty in the fabrication
process. Additionally, the thermal profile has an impact on
the outcome. In the following year, Sharma et al. proposed a
2D photonic crystal sensor for the investigation of cancerous
cells in basal, breast, and cervical cases [8]. The operating
wavelength range was very small. In addition, the fabrication
tolerance was not introduced. In 2018, Ramanujan et al. pro-
posed a dimensional coated nanocomposite material based
photonic crystal for detecting cancerous cells [7]. They
applied the surface plasmon resonance (SPR) technique for
sensing and gained very low sensitivity. In the middle of
2018, Shimohammadli et al. designed a microfluidic device
for breast cancer screening [10]. In the same year, Ayynar
et al. proposed a dual-core PCF sensor for detecting cervi-
cal, breast, and basal cancers [5]. Although they reported
the improved sensitivity performance, the detection limit
was very low. In 2019, Jabin et al. presented a cancer sen-
sor that is based on SPR for the fast detection of various
types of cancerous cell with the improvement of sensitivity
response and detection limit [2]. Moreover, a new amoeba-
shaped structure was designed and more optical parame-
ters are also analyzed but the relative sensitivity response
was not so good though the other parameters response was
good [11]. As a result to overcome these limitation or to
increase the sensitivity percent the proposed investigation is

performed. Additionally, to the best of our knowledge, dif-
ferential optical absorption spectroscopy-based cancer cell
detection sensor has not been proposed yet. So, there is still
room to design such a refractive index-based optical sensor.

In this study, a spectroscopy-based compact cladding
PCF is introduced. Simplification in design with optimized
sensitivity and low confinement loss provides easier fabri-
cation with better results for the detection of several can-
cerous cells: blood cancer, cervical cancer, gland cancer,
breast cancer of type-I and type-II, and skin cancer. A large
number of parameters are analyzed in this proposed work
such as guiding properties, sensitivity response, loss value,
effective area, V-parameter, Sport size, beam divergence,
and numerical aperture. The maximum sensitivity response
with low loss value is gained from the suggested work. So,
it is estimated that the modified sensor will be implemented
for further investigations.

2 Design methodology of cancer sensor

The proposed PCF is made of compact cladding using a
circular lattice of air holes. This PCF is proposed as a cancer
sensor for the detection of various types of cancer cells. The
core region is surrounded by a compact cladding containing
circular air-holes. In the cladding part, each circular air hole
is surrounded by six air holes. The diameter of the core is
2.9 um, while the air filling factor for the inner core circle
is 1.9 um. These values of the structural design parameters
are gained from tuning the values. It is noticed that the core
diameter as well as the air hole shape and size highly affect
the light propagation mode. In Fig. 1b, the description of
each parameter is described with the value of diameters.
Simplicity in design makes the proposed sensor easy to fab-
ricate using the latest techniques (e.g., sol-gel, extrusion).
The wavelength operating range makes the proposed cancer
sensor significant and auspicious. The proposed structure
is constructed using the COMSOL Multiphysics software
(version 5.3). Its optical behavior is analyzed by the full
vector finite element method (FV-FEM). The accuracy
of this method is high than other well-known numerical
approaches. Because this method splits the model into large
numbers of mesh elements like 45,324. Due to the fixed
number of degree freedom FEM is best suited for electro-
magnetic probe. A simple design is proposed here to reduce
complexity and manufacturing cost.

3 Cancer sensor guiding properties
Figure 1a shows the proposed structure of a spectroscopy-

based cancer sensor for the fast detection of various types
of cancer cells, such as adrenal gland cancer (PC12), blood
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Fig. 1 Cross sectional view of
the proposed cancer sensor

cancer (Jurkat), breast cancer (MDA-MB-231 and MCF-7),
cervical cancer (HeLa), and skin cancer (basal). In this arti-
cle, a better performance for the fast detection of cancer
from cell fluid (80% of concentration) relative to its normal
cell (30-70% of concentration) is achieved. The outcomes
of the index of refraction of normal cells and cancer cells are
quite different. Normally, cancer cell size variation depends
upon the types of cancer cells. The cervical cancerous cell
size is 17.66 pm, the breast cancer cell size is 17.48 or
18.72 pm, and the basal cancer cell size is 30 pm [5]. Silica
is taken as the background material. The simulation is done
using Sellmeier’s equation [12].

AN
-1=y . (1

In expression (1), n is the index of refraction for specified
wavelength 4 (um), A, and B, are the constants parameters
that have fixed values and are taken from [12]. Here A, A,,
and A; values are 0.69616630, 0.40794260, and 0.89747940,
respectively, and B, B,, and B; values are 0.06840430,
0.11624140, and 9.8961610, respectively. Table 1 lists the
refractive index of normal and cancer cells according to the
concentration level. Table 1 represents the refractive indices
lists of different cancer cells that are used in this investiga-
tion. Here, the cancer cell variations and concentrations mix-
ers are highlighted. In addition, (MDA)-(MB)-231 is known
as Type-I and MCF-7 is known as Type-II for breast cancer.
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In figure legends, breast cancer Type-I and Type-II are con-
ducted for cell (MDA)-(MB)-231 and MCF-7 respectively.

3.1 Sensitivity

The amount of light interacted with analytes is depicted by
relative sensitivity and is evaluated by [13]:

Rg = —x
7 Re [nei]

X FP‘ )

In expression (2), n. is the index of refraction of the can-
cerous cell, n is the effective index of refraction at that pre-
cise wavelength, Ry is the coefficient of relative sensitivity,
and F’p is the ratio (%) of the core power and overall power.

Using the pointing theorem, the fraction of core power
can be calculated [13]:

_ /Core Re (ExHy ~ Eny) dxdy
Re (E H, — E,H,) dxdy

3

b / Overall

In expression (3), E, and E, are the electric fields and H,
and H, are the magnetic fields. The numerator of the above
expression is accomplished for the cancer cells sensed in the
core area and the denominator is taken as the overall region
of the fiber. Figure 2 represents the mode filed distributions
of the highlighted cancer sensor in both polarizations and
ensures tight confinement of light through the core area. So,
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Tgble T Refractive index of Name_Cell Types of cell and its concentration Refractive_Index References
different cancer cells as well level (%)
as normal cells according to
concentration level Jurkat Blood_Cancer (80%) 1.390 (2,8, 17, 18]
Normal_Cell (30-70%) 1.376 [2,8,17, 18]
HeLla Cervical_Cancer (80%) 1.392 [2,8,17, 18]
Normal_Cell (30-70%) 1.368 [2,8,17, 18]
PC-12 Adernal Gland_Cancer (80%) 1.395 [2,8,17, 18]
Normal_Cell (30-70%) 1.381 [2,8,17, 18]
(MDA)-(MB)-231 Breast_Cancer (80%) 1.399 [2,8,17, 18]
Normal_Cell (30-70%) 1.385 [2,8,17, 18]
MCF-7 Breast_Cancer (80%) 1.401 [2,8,17, 18]
Normal_Cell (30-70%) 1.387 [2,38,17, 18]
Basal Skin_Cancer (80%) 1.380 [2,38,17, 18]
Normal_Cell (30-70%) 1.360 [2,8,17, 18]

Fig.2 Light confinement
outline of the PCF; a X-polari-
zation and b Y-polarization

(a)

both the power fraction and the sensitivity response will be
high.

Figure 3 shows the relative sensitivity of the various
cancerous cells with respect to wavelength in the X and
Y-polarization modes based on the Eq. (2). Comparing the
sensitivity of cancerous cells with that of the normal cell, the
sensitivity of the cancerous cell is more than that of the nor-
mal cell. The higher refractive index cancerous cell has more
sensitivity. The above graph shows that the breast cancer
cell of refractive index 1.401 has higher relative sensitivity.
Also, the higher wavelength sensor shows higher sensitiv-
ity for the corresponding cancerous cell. The highest rela-
tive sensitivity is observed at 2.5 pm. Light interacts more
strongly at a higher wavelength. Keeping the parameters the
same, the proposed sensor relative sensitivity is calculated
for Y-polarization mode. No more changes in Y polariza-
tion are observed, the same as X polarization higher relative

(b)

sensitivity is observed at a higher wavelength. For the
entire cancerous cell sensitivity, up to 90% is observed for
the higher value of wavelength. It was determined that the
interaction of light with cancerous cells gives better results
at higher wavelengths both in X and Y polarizations. The
relative sensitivity is obtained for X-polarization of 94.96%,
95.15%, 94.13%, 94.84%, 95.40%, and 95.51% for cervical
cancer, adrenal gland cancer, skin cancer, blood cancer, and
breast cancer of type I and type II, respectively. The sen-
sitivity investigated for Y polarization is 94.83% for blood
cancer, 94.96% for cervical cancer, 95.39% for breast cancer
of type-1I, 95.51% for breast cancer of type-1I, 94.14% for
skin cancer, and 95.15% for gland cancer. The comparison
chart for the sensitivity response analysis with prior works
is given in Table 2.

From Table 2, it can be claimed that the maximum sensi-
tivity response gained from the proposed work is the highest
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Fig.3 The sensitivity Vs wavelength for the proposed design in a X-polarization and b Y-polarization

Table2 The comparison of sensitivity response with respect to the
prior articles

Sensor structure Maximum sensitivity References
response (%)

Quasi PCF 72.19 [14]

PCF 55.56 [15]

Kagome PCF 85.7 [3]

PCF 95.51 Proposed work

than the previously analyzed responses. So, it can be esti-
mated that the calculated results for both types of polariza-
tions (i.e., X and Y) are higher than the values calculated in
any prior works.

3.2 Confinementloss

Confinement loss is an important parameter for sensors.
The assimilation is done by taking the imaginary part of the
effective refractive index. Light penetrates from the core to
the cladding region due to the finite number of air holes. Due
to tight confinement of light, very low confinement loss is
observed both in X and Y polarization according to expres-
sion (4) [16].

407 - Im(nyg) - 10°
© A -1n(10)

dB/m. @)

Here, L, specifies the confinement loss and Im(n )
represents the imaginary part of the effective refractive
index. From Fig. 4, it is seen that the confinement loss is
very low (lowest scale of 107) up to 2.2 um. After that,
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the confinement loss increases with respect to wavelength.
The increment of loss is very low (highest scale of 107
for the investigated range of all analytes. The outcomes are
highly comparable with prior studies. In addition, the dif-
ferences between the confinement losses of X-polarization
(in Fig. 4a) and Y-polarization (in Fig. 4b) are very close
to each other. As the light intensity changes for the two
polarizations so the confinement losses are also changed.
But these changes are very small.

3.3 Effective area

The area surrounded by the mode fields in the core section
is evaluated by an effective area (A.g). The A4 of a PCF
can be evaluated by the following expression (5) [16].

2
I(r)r.dr.
A= [/ (ror r]2 .
[/ Iz(r.)r.dr.]

In expression (5), I (r.) =|E1? represents the amount of
transverse electric field.

The light intensity variations are the main reason for
changing the effective area. The light intensity that propa-
gates through the core changes for the polarized modes.
That means different light intensity propagates for the X
and Y polarizations. For this reason, the effective area is
also changed. In Fig. 5, it is demonstrated that A trends
upward with an increase in wavelength for both types of
polarization. At lower wavelengths, light pulses are more
confined in the core region. It is observed that as A
increases, the relative sensitivity also increases for a higher
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Fig.4 Confinement loss vs wavelength for the proposed structure in a X-polarization and b y-Polarization
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Fig.5 The effective area vs wavelength for the suggested structure in a X-polarization and b Y-polarization

degree of modal diffusion due to more light-to-cancer-cell
interaction. This enhances its sensing characteristics.

3.4 V-parameter

The normalized frequency or V-Parameter (V) of a PCF
is stated by expression (6), where values less than 2.405
(V<2.405) indicate a mono-mode waveguide and values
more than 2.405 (V> 2.405) indicate a multimode wave-
guide [17].

(6)

y) nco ncl :

Here, n, is the refractive index of the core region and n
is the index of refraction of the cladding region.

In Fig. 6, as wavelength increases, the value of Vg
decreases for both X and Y polarization. Its highest values
are 2.0151 for breast cancer for both types of polarization
at 1.4 um, which is less than 2.405; hence, the proposed
structure is monomode. The monomode behavior helps
the proposed sensor for long-distance sensing applications
and makes the sensor a prominent candidate in the area of
sensing.

3.5 Spotsize
Spot size and beam divergence are two essential parameters
for all biosensors. The relationship between spot size and V

can be analyzed by the Marcuse formula, given in expres-
sion (7) [18]. The modal spot size W, can be evaluated as:
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Fig.6 The V-effective vs wavelength for the suggested design in a X-polarization and b Y-polarization
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Here, R is defined as the core radius and V is the nor-
malized frequency. As shown by Fig. 7, the higher refrac-
tive index cancer cells (i.e., breast cancer cells of type-II)
have lower spot sizes. Also, at higher wavelength, the spot
size increases. In Fig. 7, it is demonstrated that the spot
size increases with wavelength. This is a favorable sign
for a sensor because the increment of spot size enhances
the beam-focusing quality.

14 S
14 4 E
13 —&— Breast Cancer Type-| 13 H
1 —&— Adrenal gland Cancer 1
12 —&— Cervical Cancer 12
7 —w— Skin Cancer 1
1 1 —4— Blood Cancer 11 4
7 —p— Breast Cancer Type-Il E
_ 1 —4&— Normal Breast Cancer Type-| 10 4
g_ 10 4 —&— Normal Adrenal gland Cancer ’é‘ ]
' —&— Normal Cervical Cancer 3 9 4
N 9 —%— Normal Skin Cancer > ]
(7] —@— Normal Blood Cancer N 8
° 8 1 - Normal Breast Cancer Type-Il 2

Q. 1 r=) T
w7 o 7
w 4
6 6 -
5 5
4 4 4

3 T T T T T T 1 3

14 1.6 1.8 2.0 22 24 26
Wavelength(um)

(a)

3.6 Beam divergence

The light beam quality is measured by the beam divergence
when it is passed through a fiber. Beam divergence of the
PCF can be evaluated from Gaussian-beam theory using the
following expression [19].

0= ().

Here, 0 represents the beam divergence angle and is meas-
ured in radians, A represents the operating wavelength, and
W, 1s the spot size. Larger beam divergence specifies poor
beam converging or beam quality. In Fig. 8, it is illustrated that

the beam divergence is increasing with increasing wavelength.
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Fig.7 The spot size vs wavelength for the suggested design in a X-polarization and b Y-polarization
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Fig. 8 Divergence vs wavelength for the suggested structure in a X-polarization and b Y-polarization

This phenomenon indicates inferior beam quality or beam
focusing.

3.7 Numerical aperture

In practical, the value of NA plays a significant role in the
application area of PCF-based sensing. NA is inversely pro-
portional to A 4 The NA can be calculated using expression
[20].
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The behavior of the NA is shown in Fig. 9. It is depicted
that the NA is centralized with respect to the increment of
wavelength. This phenomenon indicates the proposed sensor
as an inferior applicant in many optical applications, such as
optical coherence tomography (OCT) and medical imaging.

Finally, the suggested sensor for cancerous cell detec-
tion shows enhanced relative sensitivity and lower loss with
regard to good beam quality. In addition, the monomode
characteristic indicates the explored sensor is a promising
candidate in the area of cancer-sensing applications. Further-
more, the good response of spot size, NA, and beam quality
factors helps to make the superior candidate in differential
spectroscopy-based sensing history. As per our knowledge,

—ill— Breast Cancer Type-l
—@— Adrenal gland Cancer
—dh— Cervical Cancer
—9— Skin Cancer

—f— Blood Cancer

—J»— Breast Cancer Type-ll

—4@— Normal Breast Cancer Type-l
—4— Normal Adrenal gland Cancer
—@— Normal Cervical Cancer
—ak— Normal Skin Cancer

—&— Normal Blood Cancer

—#— Normal Breast Cancer Type-l|

1.4 16 1.8 20 22 24 26
Wavelength(pm)
(b)

Fig.9 Numerical aperture vs wavelength for the suggested structure in a X-polarization and b Y-polarization
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Table 3 List of all variables those are used in the equations

SI Variable name Symbol

1 Index of refraction n

2 Wavelength A

3 Relative sensitivity R,

4 Index of refraction of the cancerous cell ng

5 Real part of the refractive index Re[ng]

6 Power ratio F,

7 Electric polarized fields E and E,
8 Magnetic polarized fields H, and H,
9 Confinement loss L,

10 Imaginary part of the refractive index Im[n4]
11 Effective area A

12 Transverse electric field 1(r)

13 Normalized frequency Vv

14 Radius R

15 Refractive index of core material g,

16 Refractive index of cladding material ny

17 Spot size W

18 Beam divergence angle [

19 Numerical aperture NA

this type of spectroscopy-based sensor is introduced for the
first time with enhanced sensitivity (more than 90%) and
very low confinement loss.

In the numerical point of view, in Table 3, here are listed
all variables name and symbol those are used in different
equations. Figures 3, 4, 5, 6, 7, 8 and 9 are illustrated fol-
lowing Egs. 2-9, respectively. In practical point of view,
when the proposed model will be experimentally demon-
strated, external factors such as temperature, noise source
may change the outcomes compared to simulated results.
As a result, the sensitivity response can vary a little but we
can assure you that those values will be very close to the
suggested outcomes.

4 Conclusion

We present a novel design of a circular lattice cancer
cells with enhanced sensitivity and lower confinement
loss. The very low confinement loss of 5.3x 10~ (dB/m),
4.3% 107 (dB/m), 4.3x 107 (dB/m), 3.6 x 10~ (dB/m),
6.1x107° (dB/m), 5.3x 107 (dB/m), and 7.5x 10~° (dB/m)
are obtained for cervical cancer adrenal gland, skin can-
cer, blood cancer and breast cancer of type-I and type-II,
respectively, with very high relative sensitivities of 94.96%,
95.15%, 94.13%, 94.84%, 95.40%, and 95.51% in X-polar-
ization mode. The calculated performance of overall sensi-
tivity concerning their normal cells is superior to any other
previous work. In addition, the monomode characteristics,

@ Springer

good response of spot size, NA, and beam quality factors
of the explored sensor make it a prominent candidate for
improved differential spectroscopy-based sensing. The pro-
posed design is also easier to fabricate with a lower manu-
facturing cost by applying modern techniques.
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