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Highlights

Design of an all-optical biosensor for early detection of malaria disease.
Optical biosensors based on 2D photonic crystals offer faster and more accurate detection.
Biosensor measures the refractive index of healthy and infected samples in the human body.

Sensitivity parameter calculated as a percentage (%RIU-1) for different detection modes.
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Proposed biosensor utilizes finite difference time domain method and has compact dimensions (57um2) for improved speed
and reduced time delay.
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Malaria mosquitoes are abundant in most countries with warm climates, so malaria disease spreads
rapidly through the bites of these mosquitoes to the human body. The effects of these diseases are
very dangerous and deadly. Early detection of such diseases is very important to prevent death. In
this paper, an all-optical biosensor based on the refractive index of healthy and infected samples in
the human body is designed and presented. Many biosensors have been introduced in various ways

Keywords in recent years, but optical biosensors based on two-dimensional photonic crystals (2D-PhCs) have
Optical Biosensor, received less attention for the detection of malaria disease. The proposed biosensor has a faster and
High-Sensitivity, more accurate detection than previous works. In addition, the sensitivity parameter is calculated as
Photonic Crystal, a percentage. The main function of the biosensor is based on the intensity of the signal transmitted
Refractive Index, from the input waveguide to the output waveguide. The higher the intensity of the received signal,
Sensitivity, the better for the person. The range of percentages is between 97% ~ 66.12% and the range of
Malaria, sensitivity is between 8.21RIU-1 ~ 11.91 RIU-1. In previous similar articles, sensitivity has not been
Red Blood Cells, calculated as a percentage, but here, due to showing the amount of sensitivity in different modes,
>D-FDTD. the sensitivity parameter is defined as %RIU-1. The interaction of light with matter and samples of

Maxwell's functional equations, and to obtain the output results in the software, the finite difference
time domain method in two-dimensional is used. The overall dimensions of the proposed biosensor
are very small and 57um2, which reduces the time delay and increases the speed

1. Introduction light, and no noise, which can be a significant advantage
1.1. Photonic Crystals (PhCs) over the electronic, and expand PhCs-based applications.

Photonic crystals (PhCs) are dielectric rods that are Recently, researchers have been trying to design almost all
arranged in the same order and shape in this paper. Due to electronic devices as PhCs-based all-optical devices, which
their unique properties, including flexibility, and wide so far have a wide variety of PhCs-based structures such as
wavelength range, control of optical signals in regions. Optical biosensors [2-4], Optical filters [5,6], Optical
Custom is known as a suitable environment for designing demultiplexers [8,9], Optical flip-flops [10-12], Optical flip-

all-optical devices [1]. In addition, the photonic has very flops [13,14], and Optical analog-to-digital converters
important properties such as bandgap (PBG), speed of [15,16], have been proposed.
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1.2.0ptical Biosensors

Optical Biosensors are considered analytical detectors
that detect different types of diseases by using the refractive
index of samples and the interaction of light and matter
[17]. Bio-photonic sensors have many advantages that
distinguish them from conventional diagnostic techniques,
such as single-stage detection, ease of use, and most
biosensors that allow better and faster control over
measurement. There are different types of biosensors such
as electrical, piezoelectric, electrochemical,
nanomechanical, magnetic, acoustic, and optical [18-21].
The optical transducer mechanism is a system that
modulates the interaction with optical radiation in a
recognizable manner. Because a special photonic structure
that can be used for measurement is a photon crystal (PC),
in this paper, we present a highly sensitive 2D-PhC-based
biosensor structure with an input waveguide, an output
waveguide, and a glass cylinder, which the samples are
placed is designed [22].

1.3.Malaria

Malaria is the leading cause of morbidity and mortality
worldwide, affecting more than 500 million cases of fever
and approximately 1 million deaths per year. The disease is
usually transmitted by Anopheles mosquitoes and infected
material. The disease enters the body through mosquito
bites, parasites that are present in the mosquito saliva. The
parasites go to the liver and grow and reproduce there.
There are five types of infected Plasmodium that can be
transmitted by humans. Plasmodium types are P
falciparum, P vivax, P ovale, P malaria and P Knowlesi. The
most dangerous type is P falciparum. Plasmodium and
infected Anopheles mosquito and the dangerous substance
sporozoite into human blood, which is very deadly.

As mentioned earlier, mosquitoes often suck and feed
on human blood. By biting, sporozoites are a type of malaria
parasite that is injected into human tissues through the
blood. They usually damage liver cells. Merozoites, on the
other hand, enter the bloodstream to damage red blood
cells. [23]. When merozoites flow into the bloodstream,
they cause biochemical changes in red blood cells and
eventually turn into mononuclear trophozoites. In the
schizophrenic stage, trophozoites become multinucleated
cells called schizonts. Schizont growth is based on the
digestion of hemoglobin by the production of hemozoin.
[24]. Most blood tests are more sensitive tests for malaria
infection. Using a larger volume of blood under a
microscope, more parasites are examined. The result of
such smear tests depends on the quality of the equipment,
the result of which is not suitable for large-scale
epidemiological studies.

The aim and main issue addressed in the study is the
urgent need for an efficient and accurate detection method
for malaria disease, which spreads rapidly through
mosquito bites and can be deadly. The significance of the
research lies in addressing the urgent need for an efficient
and accurate detection method for malaria, a disease that
poses a significant global health burden. By developing an
all-optical biosensor based on 2D-PhCs, the study offers the
potential for a faster and more accurate detection approach
compared to existing methods. This research has the
potential to contribute to early detection of malaria,
enabling timely intervention and treatment, thereby
reducing morbidity and mortality associated with the
disease. To tackle this problem, the paper proposes an all-
optical biosensor based on two-dimensional photonic
crystals (2D-PhCs).

In this paper, an optical biosensor based on 2D-PhC
for malaria diagnosis is presented in five main sections. The
first section describes photonic crystals, biosensors, and
information on specimens of malaria mosquitoes. The
second part deals with the numerical method and
calculation of results. The third part of the proposed
biosensor is examined. The fourth section discusses the
extent of allergies and other outcomes in different malaria
samples, and in the last section, the is the conclusion. The
proposed biosensor offers faster and more accurate
detection by analyzing the refractive index of healthy and
infected samples in the human body and measuring the
intensity of the transmitted signal.

2. Theory and Method

Photonic crystals (PCs) are composed of dielectric
materials with repeated and regular arrangements at equal
distances from each other in a bed [6]. In designing and
simulating photonic crystals, three types of structures are
used: one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D). In this paper, a two-dimensional
structure is used in the design. Two-dimensional structures
also have two main parts. The first part is the placement of
the dielectric rods in the air bed. The second part consists
of air cavities created in the dielectric substrate. In
designing the proposed structure, the first part and the two-
dimensional structure of photon crystals have been used.
The phenomenon of light scattering in the software by
solving the Maxwell equations given in Eq (1). Calculations
of the results and outputs taken related to the structure,
using the finite-difference two-dimensional method.
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The sensitivity parameter is an important factor in a
biosensor. Usually, to calculate the sensitivity of the
detection between healthy and unhealthy samples, the
difference in resonance wavelengths must be divided by the
difference in refractive index. But here, due to the
variability of the transmitted power optical signal, instead
of the resonant wavelength, we will calculate the sensitivity
value from Eq (2).

_ATE , %

Where TE is the power transfer rate from the input
waveguide to the output waveguide, the unit of which is
normalized in percentage (%). The RI parameter is the
refractive index value of the samples, which is indicated by
the unit 0.01RIU-.. As can see, in this work, we calculate the
sensitivity value in percentage.

Photonic crystals have many applications in optical
communication and optical information processing
because photonic crystals provide a common platform for

the construction of a large number of optical components
on a chip down [8]. Light is not allowed to pass in the PBG
frequency range, it can only be localized by creating certain
defects in the structure of the PC, otherwise, the light in the
PBG is completely forbidden. These PC bandgap structures
can be used for various applications [9].

3. Proposed Device

Fig. 1 shows the transmission spectrum in an
integrated two-dimensional structure. As mentioned
earlier, the pink line shows the frequency of transmission
through the integrated structure. This frequency range is
between a/A = 0.2826 ~ 0.4169. The blue line also shows
the wavelengths transmitted through the integrated
structure. According to the figure of a green area, it is
specified that the wavelengths are not allowed to pass and
this is the bandgap of the structure. The working range of
the integrated structure (green line) is between A = 1.199um
~ 1.769um. The free spectral range of around FSR = 570
nm.
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Fig. 1. Frequency transmission spectrum.

In the proposed structure, dielectric rods are made of
silicon with the silicon substrate and a refractive index of
nsi = 3.46 in the air bed with a refractive index of n, = 1. Fig.
2 shows the proposed biosensor in two dimensions or top-
view. The lattice index (distance from the center to the
center of two adjacent rods) is equal to a=500nm. The
radius of the dielectric rods is equal to r = 0.2a =100nm.
The detection operation is performed by the refractive
index of the samples that are placed in the green cylinder.
The green cylinder is made of ordinary glass with a
refractive index and reduce are ng=1.52, R¢c=600nm
respectively. The red parts represent the samples, which
change the amount of light signal received from the output

of the structure by changing them and their refractive
index. The pink rods around the cavity are the main ones to
increase the accuracy of the detection operation. The yellow
light seen in the structure represents the light of the input
source and the blue light indicates the change in the
amount of light signal transmission. The overall
dimensions of the structure are equal to 57um2. Due to the
small overall dimensions, the proposed structure is capable
of assembly and this is an important advantage in the
design that the small path of the waves also reduces the
length of the optical signal path and thus increases the
overall speed in the device.
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Fig. 2. Top-view of proposed biosensor.

Since in this paper an important parameter for
measuring sensitivities is the transmission for different
samples, so we will put all the samples in the structure once
and calculate the throughput, and then the sensitivity of
each unhealthy sample to calculate a healthy sample.

The proposed biosensor for malaria detection employs
a compact and efficient two-dimensional photonic crystal
structure. The structure comprises silicon rods with a
refractive index of 3.46, surrounded by a green glass
cylinder with a refractive index of 1.52. By manipulating the
refractive index of the samples within the green cylinder,
the amount of light signal transmitted through the
structure can be controlled. This enables precise detection
of malaria-related changes. The compact dimensions of the
biosensor, measuring 57um2, offer advantages in terms of
easy assembly and reduced optical signal path length,

resulting in improved speed and performance of the device.

4. Result and Discussion

In this section, important transmission (TE)
calculations for each of the normal and Infected samples
(Infected red blood cell ring stage, Infected red blood cell
trophozoites stage, Infected red blood cell schizont stage)
are discussed. As can be seen from Fig. 3, the highest
throughput is related to the normal sample with TE = 97%,
and the lowest throughput is related to the infected schizont
stage sample at TE = 66.12%. Therefore, we can identify the
type of samples by the intensity of the light signal that we
receive as a percentage of the structure output. The large
difference between the values of the transmission makes it
easier and more accurate to separate them from each other.
One of the important advantages of our proposed structure
compared to other similar structures is the high throughput
rate of up to 97%, in other words, at best, only 3% of power
losses signal in the structure.
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Fig. 3. Transmission spectrum of different red blood cell samples.

Here we want to calculate the sensitivity of a normal
sample to infected samples. As mentioned earlier in this
paper, due to the change in the intensity of the signal
received from the output or the percentage of transmission
in the different samples, we also calculate the sensitivity in
terms of percentage. Fig. 4 shows the sensitivity of the
different refractive index of the samples. As mentioned
before, to calculate the sensitivity parameter, we divide the
transmission difference by the refractive index difference of

different samples and finally show the sensitivity in
percentage. The sensitivity for detecting the infected red
blood cell ring stage sample from normal was equal to
sensitivity S = 821.42 %RIU = 8.21 RIU. The sensitivity
for infected red blood cell trophozoites stage and infected
red blood cell schizont stage samples are S = 191.05%RIU-
11.91RIU- and S 1064.82 %RIU* = 10.64RIU,
respectively. Then we collected all the calculated results in
the form of a table. Table 1 shows the significant values of



sensitivity and transmission for the samples and the
different refractive index.
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Fig. 4. The Sensitivity Samples.

Table 1. The Sensitivity and transmissions of different refractive index.

Samples (RD) TE (%) S (RIUMY)
Normal Red Blood Cell 1.402 97 Ref
Infected Ring Stage 1.395 91.25 8.21
Infected Trophozoites Stage 1.383 74.37 11.91
Infected Schizont Stage 1.373 66.12 10.64

Another important advantage is the structure of the
work at wavelength A=1.55um, which is the normal central
wavelength in most light sources, and it can be concluded
that we will have no problem setting the light source with
the proposed field. in this section (Fig. 5), to better
understand the signal density and transmissions in
different samples, the graphic mode is examined. As shown
in Fig. 5(a), a continuous Gaussian light signal with a
wavelength of A=1.55um is applied to the input waveguide
of the structure, and after passing through a normal red
blood sample, 97% is transferred to the output of the
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structure, in which case a 3% of Signal power is lost. In Fig.5
(b), by placing the Infected Ring Stage, the intensity of the
output signal is reduced to 91.73%, and 8.27% of the optical
signal is lost. In Fig. 5(c), when the infected trophozoites
stage sample is placed, the amount of signal intensity at the
output reaches 74.37% and we have a power loss of about
25.63%. Finally, in Fig. 5(d), by placing the Infected
Schizont Stage sample in the structure, 66.12% of the
output of the structure is received, and we have a power loss
of about 33.88%.

1.0
§ A=1.55um
¢ i INPUT —— — OUTPUT
2
= e .." .
Eoi Jamel E s RIS
'\\'4 0 o b e [JV.~ -
%
TE=91.25%
-4
23 Infected Ring Stage
6 4 2 0 2 4 6 1.0



Z (um)
Z (um)
o

Infected Schizont Stage

] ] —— OUTPUT B
J ] |
. 5 |
| TE =66.12 % [
-4
0

6 -4 2 0 2 4 6 -1
X (um) X (um)

Fig. 5. Schematic of structure behavior at different refractive index, (a) Normal red blood cell, (b) Infected ring stage, (c) Infected trophozoites stage, (d)
Infected schizont stage.

In this part, in order to prove that the radius of the and after passing the value of R¢ > 600 nm, the number of
glass cylinder in which the samples are placed is at its best, transmission power decreases. Therefore, it can be
Rc = 600nm, we performed the calculations for the normal concluded that a radius of R¢ = 600 nm is the best radius
sample at different radii of the glass cylinder. As can be seen for the cylinder. On the other hand, the lowest power loss is
in Fig. 6, with increasing the radius of the cylinder to R¢ < related to the radius of 600 nm.

600 nm, the percentage of transmission power increases,
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Fig. 6. Transmission and power loss in terms of different radius of the glass cylinder.

To be surer in choosing the right radius, in Fig. 7 the almost the same and has increased slightly in the radius of
sensitivity values for the Infected Ring Stage sample are Rc = 60onm, and after the radius of R¢ > 600 nm, the
measured in different cylinder radius. As can be seen, with percentage of sensitivity decreases slightly.

increasing the radius up to R¢ < 600 nm, the sensitivity is
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Fig. 7. Sensitivity and Transmission in terms of different radius of the glass cylinder.

From Figures 6 and 7, it can be concluded that the best
radius for the glass cylinder is 60onm, with the highest
transmission of 97% and the best sensitivity in Infected
Ring Stage sample equal to 11.91RIU-1. Another important
advantage of the small size of the proposed structure is that
it significantly increases the speed in the detected
performance.

5. Conclusion

In this work, an all-optical biosensor based on the
refractive index is designed and simulated for the detection
of malaria disease in two-dimensional photonic crystals
(2D-PhCs). The reason for choosing to detect malaria is its
dangerousness and attention lack in the design of all-
optical biosensors in photonic crystals. The proposed
biosensor operates according to the intensity of the optical
signal field in the output waveguide. Due to the refractive
index of the samples, the intensity of the optical signal field
changes. Most of the transmissions are related to a sample
of a healthy person with 97% and the lowest amount is
related to an Infected Schizont Stage sample of 66.12%.
Optical signal power loss is 3% at best and 33.88% at worst.
The sensitivity parameter for the best case (infected
trophozoite stage sample) is equal to 11.91RIU* and for the
worst case (Infected Ring Stage sample) is equal to
8.21RIU-. Due to the small size of the structure, it can be
integrated, which is equal to 57umz2. For future study, some
recommendations can be explored as, conducting
experimental validation to verify the simulation results and
assess the biosensor's real-world performance. This would
involve performing tests on a larger set of clinical samples
from individuals with different stages of malaria to evaluate
the biosensor's accuracy and diagnostic capabilities.
Moreover, exploring strategies to enhance the sensitivity of
the biosensor for improved detection. This could include
investigating novel materials, optimizing design

parameters, or incorporating additional functional

elements to increase the biosensor's sensitivity.
Additionally, miniaturization and integration efforts
should be pursued to develop a compact and portable
biosensor suitable for point-of-care testing in resource-
limited settings. By addressing these recommendations,
future studies can advance the field of malaria detection
and contribute to the development of more efficient and
reliable biosensors for disease diagnostics.
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