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Background & Objectives: Over the past two decades, biophotonic sensors based on
two-dimensional (2D) photonic crystals (PhCs) have garnered significant attention in
cancer diagnosis. This technology has become a crucial tool in early cancer detection and
treatment response monitoring due to its ability to detect minute changes in biomarker
concentrations and molecular interactions. The development of these sensors through
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Introduction professionals. The efficacy of microscopic

Cancer, responsible for more fatalities than
all other major diseases combined, is projected
to affect over 20 million patients by 2025,
particularly in low-income countries (1). The
detection and recognition of various cancerous
cells during their early stages present significant
challenges for pathologists and medical
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imaging techniques in identifying cancer cells
varies among patients, contingent upon the
level of experience, meticulous observation,
and accurate predictions of the examining
professional (2). Oral cancerous cells, originating
from the tissues of the mouth or throat, are
characterized by aberrant, uncontrolled cell
proliferation, which can progress to malignancy.
These cells may manifest in diverse regions of
the oral cavity, including the lips, tongue, cheeks,
and floor of the mouth. In their initial stages, oral
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cancer may present as persistent sores, lumps,
or areas of discoloration. Risk factors for oral
cancer encompass tobacco use, excessive alcohol
consumption, human papillomavirus (HPV)
infection, and prolonged sun exposure to the
lips. Early detection and diagnosis are crucial
for enhancing prognosis and survival rates,
underscoring the importance of efficient and
accurate detection methods.

A plethora of analytical and experimental
techniques have been developed to detect
cancerous cells in their nascent stages (3-7).
Various approaches are available to identify
and localize cells based on their biophysical
characteristics (8-11). The optical properties
of cells serve as one of the essential biological
factors in distinguishing between healthy
and cancerous cells. The refractive index
(RI) method is a widely employed detection
technique, providing valuable insights into cell
abnormalities. Refractometry methods enable
the measurement of RI values for individual
live cells based on their optical characteristics
(12-14). Photonic crystal (PhC) biosensors are
devices that harness the properties of PhC to
detect and analyze biological substances. PhCs
are materials exhibiting periodic fluctuations in
their R, thereby creating a photonic bandgap that
influences the transmission of electromagnetic
waves, including light. These crystals can
be engineered with specific characteristics
suitable for biosensing applications. Analogous
to the electronic bandgap in semiconductors,
the periodic structure of PhCs generates a
bandgap that prohibits the propagation of
specific light wavelengths (15-19). The photonic
bandgap undergoes alterations when the RI
of the surrounding medium changes due to
biomolecules binding to the PhCs surface.
By monitoring these changes in the photonic
bandgap, the biosensor can detect fluctuations in
concentration or the presence of biomolecules.
The introduction of a defect in this periodic
structure, such as a missing or modified rod,
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engenders localized resonant modes within
the bandgap. These resonant modes manifest
as sharp peaks in the transmission spectrum of
the PhCs. When the RI of the sample changes
(e.g., due to cancerous cells binding to the
biosensor’s surface), it alters the local optical
environment of the PhC. This change in the
local RI affects the resonant conditions of the
defect mode, resulting in a shift in the resonant
peak wavelength. The magnitude of this shift
is directly proportional to the extent of the RI
change (20-22). The position of the resonant peak
in the transmission spectrum can be precisely
measured, and any shift in this peak can be
correlated with the RI change in the sample,
facilitating the quantification of the amount and
type of biological material (e.g., cancerous cells)
present. By optimizing the design parameters
of the PhC, such as the lattice constant, rod
radius, and defect size, the sensitivity to RI
changes can be maximized. A high-quality
factor (Q-factor) resonant cavity within the
PhC ensures that even minute changes in the RI
result in significant shifts in the resonant peak,
enabling the detection of low concentrations of
cancerous cells. Despite the inherent challenges,
ongoing research aims to address the difficulties
associated with PhC sensors. These biosensors
hold considerable promise for a wide range
of biosensing applications, particularly in
differentiating between benign and malignant
cells (23-25). Lee et al. have demonstrated that
PhC biosensors can detect protein biomarkers
at concentrations as low as femtomolar levels,
highlighting their potential for early cancer
detection and improved patient outcomes (26).
Furthermore, Rakavandi et al. have illustrated
the development of a 2D PhC biosensor capable
of distinguishing between benign and malignant
cells based on subtle differences in their optical
properties (27).

The diminutive size and highly accurate
sensing capabilities of PhC sensors have rendered
them increasingly prevalent in biosensing
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applications. In recent years, a plethora of PhC
biosensors have been developed and investigated
for various sensing applications. Among the
diverse types of PhC sensors, two-dimensional
(2D) PhCs are preferred due to their practical
design and feasible fabrication. With the aid of
advanced VLSI and micromachining techniques,
2D PhC sensors can be fabricated in real-time.

The design and methodology for creating
biosensors with PhCs that exhibit superior
optical properties present significant challenges.
Through judicious selection of materials for the
sensor’s construction, it is possible to precisely
control the light’s characteristics within the
PhC (28). A distinctive attribute of PhCs is the
photonic bandgap (PBG), which can inhibit light
propagation for a specific frequency band (29).
By introducing a structural flaw, the propagation
of light through the PhC can be modulated. 2D
PhCs are intricate arrangements of materials that
exhibit a periodic pattern in two dimensions.
Analogous to how semiconductors affect the
flow of electrons, these structures are engineered
to manipulate and regulate the propagation of
light. The composition of a 2D PhC engenders
a particular optical environment that gives rise
to unique optical features. What distinguishes
a 2D PhC is its periodicity—the recurring
arrangement of components on a regular grid.
This periodic structure results in the photonic
bandgap, which is a range of wavelengths or
frequencies of light that the PhC prohibits from
propagating through it (30).

The bandgap in PhCs pertains to a spectrum
of light wavelengths or frequencies that cannot
traverse the crystal. Constructive interference
occurs when the wavelength of the light coincides
with the periodicity of the PhC structure.
This results in enhanced interactions between
the incident light and the crystal, causing
that wavelength to be reflected or absorbed.
Conversely, destructive interference occurs at
wavelengths that do not match the periodicity,
creating a gap in the permitted wavelength range
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known as a photonic bandgap. The effects of the
photonic bandgap on the behavior of light in the
crystal are profound. The bandgap is essential
for applications such as lasers because it inhibits
the propagation of certain wavelengths, which
amplifies a particular wavelength that forms
the foundation of laser operation. Wavelengths
within the bandgap are effectively prohibited
from propagating through the structure.
However, wavelengths outside the bandgap are
permitted to propagate rapidly. Consequently,
crystal characteristics can be engineered by
designers to modulate the behavior of light. The
regulation of light propagation in 2D PhC has
numerous practical applications. By adjusting
the periodicity and arrangement of materials,
designers can create optical filters, waveguides,
and resonators.

Materials and Methods

The sensor described in this paper employs
a 2D square grating lattice with a rods-in-
air arrangement. The sensor incorporates a
waveguide, which includes defects created
by removing necessary rods. These regions
facilitate the propagation of light. The normal
and cancerous cells are immersed in the analyte
(Figure 1). Light is sourced and detected from
the ends of the PhC to detect the interaction of
light with the test sample. The dielectric constant
of the test sample, including normal and various
cancerous cells, affects the propagation of light.
This structure has been designed and optimized
to achieve high sensitivity, enabling it to detect
a variety of malignant cells in the sample under
test. The sensitivity of the structure increases
as the frequency of the propagated signal shifts
farther away.
The designs of the proposed structures

The basic rods are arranged in a square
lattice structure with an air configuration, as
shown in Figure 1. These rods are strategically
distributed both horizontally and vertically in
the lattice region, with a lattice constant of ‘a’.
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Figure 1. Designed biosensor based on the 2D PhC structure

What distinguishes this structure is the use of
silicon material, with a dielectric constant of 3.45,
as the rods in air structures. The radius of Sirods
1s 95 nm, and the area of the lattice structure is
228 um”2. Additionally, the radius of the analyte
rod is 550 nm. This unique design is the result
of an optimization process that meticulously
considers the rod radius and lattice, ensuring the
structure’s efficiency and effectiveness. The 2D
PhC structure is created with precision using the
Optiwave simulation tool. This tool is an essential
and powerful component of our research (31).
It employs the Finite-Difference Time-Domain
(FDTD) method to solve the PhC structure. The
tool is user-friendly, efficient, and effective in
designing and simulating PhCs. It also enables us
to analyze the behavior of photonic components
and model polarization effects, scattering,
diffraction, and light propagation. As a result, we
gain a comprehensive understanding of nanoscale
structures. The FDTD method, which forms the
foundation of this tool, is based on Maxwell’s
time-varying curl equations along with their
solutions. This method divides the spatial domain
into a grid of cells, with electric and magnetic
field components alternately placed in each cell.
Consequently, the results of the FDTD method
can be directly applied to the time evolution of
electromagnetic fields. The models are matrix-free

and can easily run in parallel on supercomputers.
Additionally, the FDTD method naturally handles
impulsive and nonlinear behaviors, although error
sources are well-identified and can be constrained
to certain levels (32). The adaptability of the
FDTD method is a key feature, as it does not
automatically require reformulation; instead,
changes are typically made only to account for
new and additional parameters if necessary,
providing reassurance about its flexibility. The
FDTD method simulates the time evolution of
electric and magnetic fields across a spatial grid
using Faraday’s law and the Ampere-Maxwell
law in time-domain form. Initially, the first two
Maxwell’s equations are obtained in a coupled
and simultaneous manner and in parallel. The
FDTD grid is usually generated in Cartesian
coordinates with non-co-located and alternating
electric and magnetic field components.

In this simulation, we used the transverse
electric field mode (TE) where the electric field
has only a z-component, E_and the magnetic
field have x and y components, H and H.
Maxwell’s curl equations in 2D for TE mode are:

oH, _ 10E 2
ot M Oy

o, 1o, o
ot u Ox
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Were the electric field has only a z-component, E,
and and the magnetic field has x and y components
H_ and H,. The FDTD method discretizes both
time and space. We define a grid with spatial steps
Ax and Ay, and a temporal step A t. The fields
are sampled at discrete points in space and time:
Ez(i,j,n),Hx(i,j,n)andHy(i,j,n),
where i and j are spatial indices, and n is the time
index. The FDTD update equations are derived by
approximating the spatial and temporal derivatives
using finite differences (32) (Ref 33777?).
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Results

In this experiment, the five rods in the central
region are filled with the sample under test. As
light interacts with the sample throughout the
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structure, its propagation is facilitated through
the waveguide. The RI of the sample varies with
the presence of different cell types, and the light
exhibits a resonant peak based on this RI. As the
RI of the sample changes, the resonant peak of the
transmission spectrum also shifts, reflecting the
presence of different cell types. The experiment
demonstrates that malignant cells typically
possess a higher RI than normal cells, which
enhances their detectability. The proposed work
utilized five types of normal and cancerous cells,
with their respective Rls tabulated in Table 1.
A shift in the resonant peak towards higher
wavelengths can be observed with increasing
sample RI. It is evident from the experiment
that the most prevalent method for identifying
cancerous cells is based on varying RI values.
The literature suggests that most cancer cells
exhibit higher RI than normal cells. Crucially,
the experiment underscores that early detection
of these cancer cells can be life-saving.

The cavity is filled with the sample under test,
and light is directed onto it. A Gaussian pulse
laser, operating in the range of 1300 to 1400nm,
is positioned at the left side of the bus waveguide,
with light passing through the structure precisely
at the resonance peak. Figure 2 illustrates the
propagation and confinement of light through
the structure, depicting light propagating and
being confined through the bus waveguide and
analyte regions. After traversing the structure,
the light reaches the detector.

The RI of the sample varies depending on
the presence of different cell types - normal
and cancerous. When light interacts with the

Table 1. Refractive index of various Oral cell types

Refractive Index
Oral Cell Types n n AN=nCancer-nNormal
Normal Cancer

1.369 0.026AA
1.371 0.027
1.372 0.027
1.377 0.029
1.378 0.027

Type A 1.343
Type B 1.344
Type C 1.345
Type D 1.348
Type E 1.351
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test sample, it produces a resonant peak based
on the sample’s RI. As the RI of the sample
fluctuates, the resonant peak of the transmission

Biosensor : OFF

Biosensor : ON

Figure 2. Light propagation and confinement through
the waveguide
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spectrum also shifts, indicating the presence of
different cell types. This phenomenon is clearly
demonstrated in the transmission plot in Chart 1,
which represents various samples under
examination. The RI of type A cells is minimal
and increases progressively with type B, type
C, and so on. As the sample’s RI increases, the
resonant peak shifts to higher wavelengths.
The following information can be utilized
to identify the presence of cancerous cells in
samples. Chart 2 indicates that the presence of
various normal and cancerous oral cells with
different RI values causes the resonance peak
wavelength to shift to higher wavelengths. For
type A cells, if normal, the resonance peak occurs
at 1312 nm; however, if cancerous, the resonance
peak shifts by 27 nm to 1339 nm. Similarly, for
type B cells, the resonance wavelength peak for
normal cells occurs at 1313 nm, while for the
cancerous sample of the same cell type, it occurs
at 1341 nm, indicating a displacement of 28 nm.
In the case of type C cells, the resonance

100 -

80 -

60 -

40 -

Transmission (%)

20 +

Type ANOMAl e 1.343 o
Type B:NOMal e 1,344

Type C:NOMMAl comme 1. 345

Type D:NOmal e 1 . 348
Type E:Normal e 4 351
Type A:Cancer e 4 .369
Type B:CanCer s 1.371
Type C:CanCer s 1.372
Type D:Cancer w4 377
Type E:Cancel e 1.378

1300 1320

1340

1360 1380 1400

Wavelength(nm)

Chart 1. Transmission Curve of the light passing through the proposed structure with various types of cells under test
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j)1.378 - Cancer Cell Type E
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Refractive index

Chart 2. Resonant wavelength peak variation with the different refractive index of Oral normal and cancerous cells

wavelength peak occurs at 1314 nm for normal
cells and, after a shift of 29 nm, at 1343 nm
for its cancerous counterpart. When the test
sample consists of type D cells, the resonance
wavelength peak for normal cells occurs at
1317 nm, but for the cancerous type, it shifts
to 1347 nm. Finally, for type E cells, resonance
occurs at 1320 nm for normal cells, while for
the cancerous sample, the resonance wavelength
shifts to 1351 nm.

The sensitivity and Q-factor are the two
most significant parameters that determine the
sensor’s performance and accuracy. Sensitivity
refers to how responsive the proposed sensor is
to the presence of malignant cells in the sample,
while the Q-factor measures how accurately
the sensor detects minute changes in the
sample’s RI. These two vital factors represent
the performance of the proposed design. The
sensitivity and Q-factor values can be calculated
from the obtained results using the following

206

formulae and plotted, as shown in Chart 3 and
4. The change in peak resonant wavelength
due to a change in RI (ARI) is described by the
following equations:

_ Adgw @)
ARI

Q=1 ®)
FH

where A4z, is the change in peak resonant
wavelength, ARI is the change in RI, 44, is the
resonance wavelength, and A, is the range of
wavelengths where the filter transmits at least
50% of light at the center wavelength. Chart 3
illustrates the sensitivity for each biosensor for
the detection of oral normal and cancerous cells.
The sensitivity of the type A biosensor is 962,
and with the increase in RI in cell types from B
to E, the sensitivity increases, reaching a value
of 1148.
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Chart 3. Proposed sensor sensitivity for the different
biosensor types

The proposed device is designed to enhance
sensitivity rather than the Q-factor. Chart 4
displays the quality factor for each type of
biosensor. The type A biosensor has a Qfactor
of 191.28, which is comparable to 191.57, 191.85,
192.42, and 193 for other samples from B to E,
respectively. These results demonstrate that
the proposed structure is highly responsive
to changes in RI and possesses a reasonable
Q-factor.

Discussion and Conclusion

The proposed 2D PhC biosensor offers several
advantages over existing cancer detection
techniques, particularly in terms of sensitivity
and practicality. We evaluated the sensor’s
effectiveness by measuring the transmission
spectrum shift for a range of RI values. The shift
in the wavelength of the transmission spectrum
for the corresponding variation in the RI value
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Cell Type

Chart 4. Proposed sensor Q-Factor for the different
biosensor types

of the analyte enables the sensing and detection
of cancerous cells in the sample. By directly
examining the transmission spectrum region,
it is straightforward to identify the presence of
cancerous cells in the sample. The suggested
structure can be used in biochips for medical
applications. It is straightforward to infer that by
directly examining the transmission spectrum
region, it is simple to identify the existence of
oral cancer malignant cells in the sample. The
proposed design achieved a sensitivity of 1148
nm/RIU and a Q-factor of 193. Furthermore,
the proposed sensor design is compared with
recently reported work, as tabulated in Table 2.
Two important performance parameters of
the biosensor, sensitivity and Q-factor, are
compared. The comparison table demonstrates
that the proposed sensor’s accuracy and
capability surpass those of existing sensors
under similar circumstances. The designed

Table 2. Proposed sensor design compared with related work with the same refractive index of various types of
normal and cancerous cells

Refractive index Table 2 in Reference (34) Present Work
| o | on. | Sensitivity [ _Q-Factor | Sensitivity | ______Q-Factor |

1.343 1.369 2.308 141.31

1.344 1.371 2.370 141.32
1.345 1.372 2.370 141.36
1.348 1.377 2.345 141.45
1.351 1.378 2.481 141.50

962 191.28
1034 191.57
1037 191.85
1072 192.42
1148 193
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biosensor leverages the high RI contrast and
precise structural control of PhCs to achieve
high sensitivity. The sharp resonant peaks in
the transmission spectrum are highly sensitive
to minute changes in the RI, allowing for the
detection of small quantities of cancerous cells.
This can be especially beneficial for early-
stage cancer detection where cell populations
may be low. The sensor structure is simple and
can be produced from a basic line defect and
resonator, making it suitable for integration into
biochips for medical applications. In conclusion,
the proposed 2D PhC biosensor offers superior
sensitivity and practicality compared to existing
cancer detection techniques. Its ability to
accurately identify both malignant and normal
cells in test samples makes it appropriate for real-
time deployment in point-of-care applications,
potentially revolutionizing early cancer detection
and diagnosis.
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