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Abstract: An unstable bilirubin level in the human blood causes many dangerous health problems,
such as jaundice, coronary artery disease, ulcerative colitis, and brain lesions. Therefore, the accu-
rate and early detection of bilirubin concentrations in the blood is mandatory. In this work, a highly
sensitive biosensor based on photonic crystal fiber (PCF) for monitoring bilirubin levels is proposed
and analyzed. The sensor parameters, including relative sensitivity, effective mode area, confine-
ment loss, and effective material loss, are calculated. The geometrical parameters are studied, and a
modal analysis of the suggested sensor is carried out using the full-vectorial finite element method
(FEM). The fabrication tolerance of the geometrical parameters is also studied to ensure the fabrica-
tion feasibility of the reported design. High sensitivities of 95% and 98% are obtained for the x-
polarized and y-polarized modes, respectively. Furthermore, a small material loss of 0.00193 cm™,
a small confinement loss of 2.03 x 1074 dB/cm, and a large effective mode area of 0.046 mm? are
achieved for the y-polarized mode. It is believed that the presented sensor will be helpful in health
care and in the early detection of bilirubin levels in the blood.

Keywords: terahertz sensor; bilirubin levels in the blood; photonic crystal fiber; biosensor

1. Introduction

The terahertz (THz) range covers the gap between the far-infrared and microwave
spectrum, which spans from 0.1 to 10 THz. Furthermore, the molecular resonance of most
chemical and biological materials lies in the THz region. Therefore, the THz regime has
attracted the interest of researchers all over the world for different applications, including
waveguiding [1] and sensing [2,3] devices. Photonic crystals have attracted attention be-
cause of their wide range of application, including logic gates [4,5] and sensors [6-10].
Photonic crystal fiber (PCF) [11] is a new kind of optical fiber that has the advantages of
single-mode guidance [12], a large degree of design freedom, and a large effective mode
area. Over the last decade, PCF in the THz and IR regions has been increasingly used for
chemical, gas, and biomedical sensing [13,14]; communications [15,16]; and time-domain
spectroscopy [17]. The geometrical parameters of PCF sensors can be controlled to achieve
a sensitivity that is higher than that of traditional optical fiber [18]. In this context,
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Rahaman et al. [19] proposed a liquid sensor based on a hollow-core PCF with asymmetric
rectangular air holes. The presented sensor had relative sensitivities of 91.42%, 92.55%,
and 94.03% for water, acetic acid, and chloroform, respectively. Bulbul et al. [20] suggested
a blood component sensor with suspended circular PCFs, with four air fragments. This
sensor had relative sensitivities of 96.19% for RBC, 95.57% for WBC, 95.89% for HB, 95.01%
for water, and 95.39% for plasma. Another terahertz PCF sensor for blood components
with square holes was presented by Islam et al. [21], with sensitivities of 99.39%, 99.27%,
99.12%, 99.03%, and 98.79% for RBC, hemoglobin, WBC, plasma, and water, respectively.
Moreover, Bulbul et al. [18] proposed a hollow-core PCF sensor for determining the kero-
sene ratio in petrol and diesel, with a sensitivity of 98.68-98.83% for the different kero-
sene—petrol mixture ratios, while a sensitivity of 98.83-98.90% was achieved for the dif-
ferent kerosene—diesel mixture ratios. Ramachandran et al. [22] also reported a chemical
sensor based on dual steering-wheel-shaped PCFs with a large noncircular air hole. The
sensor [22] showed a relative sensitivity of 94.9% for water, 95.4% for ethanol, and 95.6%
for benzene. Furthermore, Jibon et al. [23] introduced a THz nicotine sensor using a
square-shaped core PCF, with a cladding of circular air holes arranged in a square man-
ner, and a relative sensitivity of 83%. Podder et al. [24] presented a THz PCF for camel
milk and buffalo milk sensing, with a relative sensitivity of 94.69% for camel milk and a
relative sensitivity of 94.75% for buffalo milk.

Bilirubin is a yellowish pigment found in bile, a fluid made by the liver. A high level
of bilirubin in the blood (>51.3 umol/L) can cause jaundice [25], where the skin and the
whites of the eyes appear yellow. This is an indicator of hemolytic anemia, low liver ac-
tivity, and gallstones [26]. However, low levels (<5.47 umol/L) can cause coronary artery
disease [27], ulcerative colitis [28], and mental disabilities [29]. It has been reported that
middle- and low-income countries suffer more from serious hyperbilirubinemia and ker-
nicterus compared to other countries in the world [30]. It has been found that kernicterus
is the most common reason for growth delay in children in Egypt [31]. Additionally, neo-
natal jaundice has been found to be one of the main significant contributing factors to
cerebral palsy in children [32]. Therefore, there is a high need for a susceptible sensor for
the early detection of liver activity with a cost-effective, short-time response and a porta-
ble, compact size.

In this work, a highly sensitive THz PCF biosensor was proposed for detecting bili-
rubin levels in the blood. The effective index (n.f), relative sensitivity (RS), effective mode
area (A¢), confinement loss (CL), effective material loss (EML), and confined power frac-
tions (1) were studied and analyzed. The proposed sensor had a circular-sectored clad-
ding and a rectangular-shaped core with high-resistivity silicon (HRS) as the background
material. A modal analysis was carried out using the full-vectorial finite element method
[33] with the COMSOL Multiphysics software package [34]. To the best of our knowledge,
this is the first time that a biosensor has been designed to monitor the bilirubin concentra-
tions in the blood in the THz region, achieving a high analyte refractive index (=3.21) and
absorption coefficient (280 cm™) with very low losses. High sensitivities of 95% and 98%
were obtained for the x-polarized and y-polarized modes, respectively. Furthermore, a
small material loss of 0.00213 cm™, a small confinement loss of 7.741 x 10-4dB/cm, and a
large effective mode area of 0.0483 were achieved. Furthermore, the suggested sensor can
be fabricated using currently available fabrication techniques.

2. Design Considerations and Sensing Mechanism

Figure 1 shows a 2D cross-section and 3D view of the suggested sensor with a diam-
eter of 1.959 mm. The cladding region had two symmetrical air fragments. The core region
consisted of 9 x 5 identical rectangular holes with the length L. and width W.. A large
central rectangle was used to house the blood sample with the length L. and width Wa.
The total length (L) and width (W) of the core were 780 and 650 pm, respectively. The core
region was connected with the outer shell of the fiber using a column of width k that had
rectangular air holes (to reduce the material loss) with a length of 50 um and width of 20
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um. Recently, due to the outstanding properties of the high-resistivity silicon (HRS) in the
THz regime, it has been widely used as a background material in photonic crystal fibers
[35]. The HRS material has an average high refractive index of 3.417 and an average ab-
sorption coefficient of 0.015 cm™ at a frequency range from 0.5 to 1.1 THz [36]. The refrac-
tive index and absorption coefficient of the blood as a function of bilirubin concentrations
from 4 to 12 umol/L are given by the experimental measurements in [37], where the glu-
cose concentration values were variated from 5.0 to 5.5 mmol/L to keep the blood samples
at constant conditions. In these measurements, the refractive index and the absorption
coefficient of the blood samples decreased as the bilirubin concentration increased. Fur-
thermore, the human bilirubin contains 96% as nonpolar insoluble bilirubin that is at-
tached to albumin. The remaining 4% are combined with glucuronic acid. Therefore, an
increase in the bilirubin concentration accompanies an increase in the concentration of
albumin, and this decreases the blood absorption coefficient. Thus, the refractive index of
blood also decreases with the increase in the bilirubin concentration [37]. Moreover, THz
spectroscopy determines the concentration of polar water molecules that are combined
with bilirubin in the blood, which examines only the effect of the bilirubin level on the
refractive index and absorption coefficient. Moreover, it has been reported that the other
blood outlier factors (hemoglobin, white blood cells, and red blood cells) have no effect
on the THz wave absorption and the refractive index of the whole blood at a glucose con-
centration range of 105.8-136.9 mg/dL (corresponding to 5.87-7.6 mmol/L) and at a fre-
quency near 0.5 THz [38]. The glucose concentration in our study was in the same range
reported in [38]. Therefore, the main factor affecting the refractive index and absorption
coefficient of the whole blood is the bilirubin only.

Compared to previously reported THz slot PCFs, it is believed that the fabrication of
the proposed structure is possible through the conventional stack-and-draw technique
[39]. It is also possible to fabricate the rectangular air hole using the extrusion technique
[40]. The sample can be infiltrated within the central rectangle using the selective infiltra-
tion technique [41]. The rectangular core air holes had an initial length of L =75 pm and
initial width We =45 um, and they were placed in a square lattice with a lattice constant
Ax =80 pm in the x-direction and Ay =120 pm in the y-direction. The diameter (D) of the
cladding air fragment was equal to 1856 pm. Furthermore, the length (L:) and the width
(Wa) of the central rectangle were equal to 365 and 75 pum, respectively. In addition, the
structure width (k) of the proposed PCF was taken as 120 um, and the thickness of the
fiber’s wall (r) was taken as 103 um. Table 1 shows the value of the geometrical parameter
for the initial biosensor design. These initial parameters were chosen for the fabrication
feasibility of the proposed design.

Although the proposed work was based on simulations, a schematic diagram for the
sensing setup is presented in Figure 2. An ultrafast femtosecond laser source was used to
produce the laser beam, which was incident onto a beam splitter. Then, the two beams,
called probe and pump beams, were generated [24].
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Figure 1. (a) 2D cross-sectional diagram; (b) 3D view of the suggested biosensor.

Table 1. The initial geometrical parameters of the proposed biosensor design.

Geometrical Parameter Value (um)
La 365
Wha 75
Lec 75
We 45
Nx 80
Ny 120
D 1856
R 103
H 120
L 780
1% 650
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\
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Figure 2. Schematic diagram of the experimental setup of the proposed sensor for practical sensing
application.

Secondly, the pump beam was incident on a photoconductive antenna (THz emitter)
to emit the THz pulse. A system of parabolic mirrors was used to align and synchronize
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the THz beam onto the PCF core region, where two irises were used to fix the sensor. The
blood samples with different bilirubin concentrations could be selectively infiltrated in-
side the core region using a hypodermic syringe based on the capillary action. The syringe
was used to infiltrate the analyte into the core through the face opposite to the blocked
end. The solution could be slowly fed from the hypodermic syringe to ensure that the
analyte sample did not enter the fiber cladding [42]. The syringe did not affect the core’s
refractive index, because it was removed immediately after the filling process. Injection of
the UV-cured polymer was used to block the cladding holes and keep the central core hole
open [43]. In addition, femtosecond laser micromachining could be used to block all the
air holes using a section of conventional single mode fiber. Then, femtosecond laser direct
drilling was used to open the selected holes through the blocked end [43]. In addition, the
cladding holes could be blocked by selective sealing with molten uncured polymer. Then,
analyte was infiltrated into the unsealed holes via capillary effects [44]. The transmitted
THz beam could be realigned and refocused onto the photoconductive THz detector. The
probe beam met the detector to measure the incident electric field with amplitude attenu-
ation and time delay based on the THz pulse absorption of bilirubin. A delay unit was
used to offset the pump and probe pulses and helped in the THz temporal analysis. A
Fourier transform was then used to convert the time-domain spectroscopy into a fre-
quency domain spectrum. The blood refractive index variation modulated the intensity of
the transmitted optical power. The intensity modulation could be analyzed by the optical
spectrum analyzer (OSA), and the output could be investigated using the computer to
obtain the performance parameters, such as sensitivity and CL. The computer represented
the data both numerically and graphically. The cutback method and external lenses were
used to eliminate the coupling loss that resulted from the lateral misalignment of the sys-
tem [45]. Currently, modern technologies overcome the THz gap in the sources, detectors,
and coupling devices by developing an efficient device [46].

3. Numerical Results and Discussion

The modal characteristics of the supported x- and y-polarized modes were studied
using the full vectorial finite element method (FEM) [47,48]. A numerical analysis was
performed using COMSOL Multiphysics software, with a minimum element size of 0.1
um, a maximum triangular element size of 20 um, and an element growth rate of 1.1.
Furthermore, the curvature factor was fixed at 0.2. Hence, the number of degrees of free-
dom was 241,055, and the obtained error from the convergence study was of the order
102'. Moreover, a circular scattering boundary condition was used to absorb the outgoing
waves. The fundamental mode electric field distributions for the two polarized modes
using the initial parameters are shown in Figure 3, at 0.75 THz. It was revealed that the
field intensity was maximum at the central region, with good confinement within the an-
alyte core region for both polarization modes. Hence, a good light-analyte interaction
could be achieved. It was also evident from Figure 3 that the confinement through the core
region decreased by increasing the bilirubin concentrations. This was due to the refractive
index of the blood decreasing as the bilirubin concentration increased. Therefore, the con-
trast in the refractive index between the cladding and core regions decreased. Subse-
quently, the mode field tried to dissipate towards the cladding.
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(d)

Figure 3. The electric field distribution of the fundamental mode for the (a—c) x-polarized mode and
the (d—f) y-polarized mode at f=0.75 THz, C =4, 8, and 12 umol/L, respectively. The initial dimen-
sions shown in Table 1 are used.

Figure 4 shows the variation of the effective index with the frequency for both the x-
and y-polarized modes at different bilirubin concentrations. It may be seen that the effec-
tive index increased as the operating frequency increased. This was due to the good con-
finement of the mode through the high index core at large frequencies. Moreover, as the
concentration of bilirubin increased, the refractive index of the analyte sample decreased.
Therefore, the effective index of the supported modes decreased by increasing the biliru-
bin concentration [49]. The difference in the effective index between the x- and y-polarized
modes was due to the asymmetrical structure of the core rectangular air hole [50,51].

3.4 34
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@ [} ; 2
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Figure 4. Variation of the frequency-dependent effective index of the fundamental (a) x-polarized
mode and (b) y-polarized mode at different bilirubin concentrations.

The effective material loss (EML) of the PCF was a limiting factor for the sensor’s
performance. This loss mechanism occurred due to the absorption of the fiber background
materials. Therefore, rectangular air holes were used to reduce the material loss. The EML

can be calculated as [52-57]:
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where EML is measured in cm™, & is the relative permittivity, and . is the relative per-
meability of the free space. Moreover, nxrsand anrs are the refractive index and absorption
coefficient of the HRS material, respectively, while S: denotes the z-component of the
Poynting vector. The variations in the EML with the frequency for the two polarized
modes at different bilirubin concentrations are shown in Figure 5. As the concentration of
the bilirubin increased, the refractive index of the analyte sample decreased. The refractive
index range of the infiltrated analyte within the core region was 2.666-3.213, correspond-
ing to the analyte concentration of 12—4 umol/L. However, the refractive index of the clad-
ding material was equal to 3.417. It should be noted that the air hole slots in the back-
ground material decreased the effective refractive index of the cladding region. Further-
more, the index difference between the core region and the cladding region decreased by
increasing the analyte’s concentration and, hence, the confinement of the supported
modes will decrease. This will increase the interaction of the x- and y-polarized modes
with the HRS material with increased EML [58], as shown in Figure 5. The proposed sen-
sor had low EML values of 0.0069 cm™ and 0.0065 cm™ for the x- and y-polarized modes,
respectively, at f=0.75 THz. The obtained EML values were lower than those reported in
[23,24].
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Figure 5. The variation of the EML with the frequency for the fundamental (a) x-polarized mode
and (b) y-polarized mode at different bilirubin concentrations.

The analyte sensing area of the PCF sensor is provided by calculating the effective
mode area (Aef) of the fundamental mode through the core region, as given in [18]:

(J  |E*| dxdy)?
Aeff = 2)
[ |E*| dxdy

where E denotes the transverse electric field intensity. Figure 6 shows the variation in the
effective mode area with the frequency at different bilirubin concentrations. It may be seen
that the effective mode area decreased with the increasing operating frequency. This was
due to the electric field being more confined through the analyte by increasing the fre-
quency [59,60]. It was also noted that the effective mode area increased with a decreasing
refractive index of the analyte (i.e., increasing the bilirubin concentration). For lower in-
dexed analyte, the light confinement through the core region will be reduced [61]. The
obtained effective mode areas were 0.0526 mm? and 0.0551 mm? for the x-polarized mode
and y-polarized mode, respectively, at f=0.75 THz.
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Figure 6. Variation in the effective mode area with the frequency for the fundamental (a) x-polarized
mode and (b) y-polarized mode at different bilirubin concentrations.

The confinement loss (CL) is another loss property that affects the sensor’s perfor-
mance. It can be calculated using the imaginary part of the effective index as given by [62]:

CL = 8.686 x (2”f ) Im(ng,,) 3)

c
where f, ¢, and n.fare the operating frequency, speed of light in a vacuum, and the effective
index of the studied mode, respectively. Figure 7 shows the variation in the confinement
loss of the suggested sensor with the operating frequency. It was noted that the confine-
ment loss decreased with the increasing frequency. Moreover, the confinement loss de-
creased by decreasing the bilirubin concentrations. This was owing to the well confine-
ment through the core region at higher frequencies. As the bilirubin concentration in-
creases, the analyte refractive index will decrease. Therefore, alow index contrast between
the core and cladding region occurs with reduced light confinement in the core region.
The proposed sensor had very low confinement loss values of 2.05 x 10-'* dB/cm and 8.204
x 10-5dB/cm for the x- and y-polarized modes, respectively, at f=0.75 THz.
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Figure 7. Variation in the confinement loss with the frequency for the fundamental (a) x-polarized
mode and (b) y-polarized mode at different bilirubin concentrations.

The core power fraction (1) is a very important property and represents the percent-
age of the propagated light power inside the core region to the total power through the
PCEF. It can be calculated by the following equation [63]:
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Analyte Power Fraction, (%)

70

J,
n = analyte % 100

Jou Sz dxdy

where 7 is the power fraction, and S: is the z-component of the Poynting vector. Figure 8
shows the variation in the analyte power fraction versus the frequency. It was noted that
the power fraction in the analyte region increased with the increase in the operating fre-
quency to 0.6 THz and then started to decrease. The reason behind that is the light with a
higher frequency tries to propagate through the higher refractive indexed material. There-
fore, some light leaks through the background material [52,64,65]. The power fraction also
increased as the bilirubin concentration decreased, which increased the analyte refractive
index [61]. This will increase the index contrast seen by the two polarized modes with
better confinement in the core region. The maximum power fraction within the analyte
region of the x- and y-polarized modes were 54.82% and 59.74%, respectively, at f=0.75
THz.

The relative sensitivity is used to realize the sensing performance of the PCF sensor
and can be calculated by the following [66]:

nT
RS = ( > X7
Nerr

where 71 is the analyte refractive index, nefis the effective mode index, and 7 is the analyte
power fraction given by Equation (4). Figure 9 shows the variation in the relative sensitiv-
ity with the operating frequency for both the x- and y-polarized modes. It was revealed
that the relative sensitivity increased with the increase in the operating frequency to 0.6
THz and then started to decrease. This can be attributed to the behavior of the core power
fraction. Furthermore, the relative sensitivity of the y-polarized mode was higher than
that of the x-polarized mode. Since the core had a greater geometrical dimension in the y-
direction, hence, it provided a larger core power fraction [61]. The maximum sensitivity
obtained for the proposed sensor was approximately 56.29% and 61.88% for the x- and y-
polarized modes, respectively, at f=0.75 THz.
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Figure 9. Variation in the relative sensitivity with the frequency for the fundamental (a) x-polarized
mode and (b) y-polarized mode at different bilirubin concentrations.

In order to maximize the sensitivity of the proposed sensor, the optimization of the
different geometrical parameters was performed. The variation in the relative sensitivity
of both polarized modes with the core length (L.) is first presented in Figure 10a, while the
other parameters were kept constant at their initial values. However, the variation in the
relative sensitivity of both polarized modes with the core width (W.) is shown in Figure
10b at f=0.75 THz and C =4 umol/L. It is revealed from Figure 10 that the relative sensi-
tivities of the two polarized modes increased by increasing the studied parameters. This
was due to the increase in the analyte area, which increased the core power fraction
[60,66]. It is also worth noting that the geometrical parameters were chosen for the ease of
fabrication. Therefore, L. =377 um and W, =124 um were chosen for the suggested design.
It is also evident that the relative sensitivity of the y-polarized mode was better than that
of the x-polarized mode. This was due to the core power fraction of the y-polarized mode
being greater than that of the x-polarized mode [58,61].
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Figure 10. Dependence of the relative sensitivity on (a) the analyte rectangle length (L:) and (b) the

analyte rectangle width (W.) at a bilirubin concentration equal to 4 umol/L and f=0.75 THz.

The variation in the relative sensitivity of both polarized modes with the cladding
rectangular hole width (W.) is presented in Figure 11a, at L. = 75 um. Furthermore, the
variation in the relative sensitivity of both polarized modes with the cladding rectangular
hole length (Lc) is shown in Figure 11b, at We =55 um. As the studied parameters increased,
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the air cladding regions increased, which increased the index contrast between the core
and cladding regions. Therefore, the filed confinement of the two polarized modes in the
core region increased. Hence, the relative sensitivity was increased by increasing the stud-
ied parameters, as shown in Figure 12. In the next study, We =55 pm and L. = 90 yum were
taken for the subsequent simulations. A maximum relative sensitivity of 95% and 98%
were obtained for the x-polarized and y-polarized modes at the optimized geometrical
parameters listed in Table 2. It should be noted that during the fabrication process, the
minimum distance between the holes must not be smaller than 4 um [53,67] due to the
possible fluctuations of the geometrical parameters during the fabrication process.
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Figure 11. Dependence of the relative sensitivity on (a) the cladding rectangular hole width (W)
and (b) the cladding rectangular hole length (Lc) at a bilirubin concentration equal to 4 umol/L and

(a)

f=0.75 THz.
100 -
{ X-Polarized Mode )
90 4 WP eataampmaotaes
A o,
< A % /\—O"O—\ SO0
3 804 -
c 70
Ol
3]
8 so-.
w
v 50+
[
3wl
e ]
£ 30+ ~0—C=4 umollL
] 4 C=6 umoliL
g 2 =O=C=8 umollL
1 ~+=C=10 umol/L
104 ~&=—C=12 ymoliL
Ul siata lntsl="alatsln el plaial
04 02 03 04 05 06 07 08 09 10 14

Frequency, (THz)

()

Analyte Power Fraction, (%)

(b)

]Y-Polarized Mode

80-.
4
-
50:
.
30-.

20 4

={=C=4 pmollL
=0O=C=6 umol/L
—O=C=8 pmol/lL
~e—C=10 umol/L
~&=—C= 12 umol/L

LI S e e e e e e
02 03 04 05 06 07

0.1

| FL L L)
08 09 10 11

Frequency, (THz)

(b)

Figure 12. The variation in the analyte power fraction with the frequency for the fundamental (a) x-
polarized mode and (b) y-polarized mode at different bilirubin concentrations for the optimized
design.
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Table 2. The geometrical parameter values for the optimized biosensor.

Geometrical Parameter Value (um)
La 377
Wa 124
Le 90
We 55

Table 3 presents the fabrication tolerance effect on the different PCF sensor parame-
ters to consider the fabrication faults. The effect of the analyte rectangle length (L) and
width (Ws) and cladding rectangular air hole length (L) and width (W:) were studied with
a tolerance of +2% and +4%, relative to their optimized values at f=0.75 THz for the y-
polarized mode. It was revealed that a minimum relative sensitivity of 96.15% and a max-
imum value of the relative sensitivity of 98.76% was obtained within a tolerance of 4% in
the width and tolerance of +4% in the length of the analyte rectangle, which ensures the
feasibility of the proposed design.

Table 3. Fabrication tolerance of the length and width of the analyte rectangle and the cladding
rectangular holes of the proposed terahertz biosensor.

Parameter Variation Sensitivity (%) Aett (mm?) Confinement Loss (dB/cm) EML (cm™)

L. +2% 98.02 0.0457 1.46 x 10715 0.00189
+4% 98.36 0.0455 6.96 x 101 0.00185

W. +2% 98.22 0.0454 6.52 x 10715 0.00187
+4% 98.76 0.0421 2.22 x 101 0.00182

L. +2% 98.19 0.0455 4.49 x 10 0.00185
+4% 98.62 0.0451 4.28 x 10 0.00180

W, +2% 98.24 0.0461 3.58 x 10 0.00181
+4% 98.76 0.0461 8.04 x 104 0.00170

Optimum 98 0.0460 2.03 x 1014 0.00193

L. 2% 97.28 0.0464 3.35x 10 0.00197
4% 96.90 0.0467 1.78 x 1013 0.00201

W. 2% 97.07 0.0467 5.80 x 104 0.00198
4% 96.46 0.0474 1.03 x 104 0.00204

L. 2% 96.98 0.0467 9.88 x 10715 0.00202
4% 96.15 0.0474 2.14 x 10 0.00213

W, 2% 97.02 0.0460 4.57 x 101 0.00205
4% 96.34 0.0460 3.82 x 1015 0.00217

Table 4 shows a comparison between the proposed design and some of those recently
reported in the literature. Our sensor shows a higher sensitivity than that presented in
[19,20,22-24,51,53,63-85] and is comparable with that reported in [18]. Furthermore, the
suggested sensor showed lower confinement loss than that suggested in
[19,68,63,69,70,72], and it is comparable with that proposed in [18,20,53]. In addition, the
introduced sensor had a lower EML than all of those reported in Table 4. Moreover, the
suggested sensor was compared with the corresponding silica-based PCF in the wave-
length range of 0.8 to 2 um [83-87]. It was revealed that the silica-based PCF sensors had
low sensitivity and high confinement loss compared to the proposed sensor. Furthermore,
it may be seen that the proposed sensor achieved very high sensitivity compared with
silica-based PCF in the THz region, as reported in [64]. In addition, in THz region, the
sensor can easily be fabricated compared to those in the optical regime. Additionally, the
molecular resonances occurred in the terahertz range, making it an ideal candidate for
chemical and biological sensing. Moreover, the PCF sensors worked outstandingly well,
especially in the THz region, with a higher sensitivity and lower confinement loss than
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conventional PCF at an optical wavelength of 1.55 um, as shown in Table 4. Considering
all of the guiding and efficiency parameters, our sensor showed a remarkable performance
in bilirubin sensing. Furthermore, there are different methods that have been developed
for the measurement of bilirubin concentrations in medical samples. Direct spectroscopic
measurement is widely used as a fast and simple method to detect bilirubin concentra-
tions [88], but it has some drawbacks, such as the result being pH dependent [89], altered
by other hemeproteins, and having low sensitivity [90]. A fluorometric biosensor is an-
other detection method that is based on measuring the fluorescence of bilirubin [91]. It is
observed that the bilirubin is very weakly fluorescent. Therefore, a special environment is
needed to detect the bilirubin and enhance its emission, such as the presence of albumin
bounded with bilirubin to enhance its fluorescence [92]. Highly emissive metallic nano-
particles can also be used due to the fact of their emissions being dependent on bilirubin
concentrations [91]. In addition, an electrochemical biosensor can measure the oxidation
potential of bilirubin into biliverdin. The demerits of the electrochemical sensor are that
oxidation reaction relies on the pH of the environment; the measurement could interfere
with other biological substances, such as glucose, ascorbic acid, uric acid, and glutathione
[93]; and it has a very long response time. Moreover, an optical fiber-based sensor has
been developed for measuring the absorption of the bilirubin in a cuvette [94]; this method
needs flat reflecting surfaces [92].

Currently, there are great developments in the field of optical sensors. Some of these
sensors are based on the edge topological defect state in a 1D photonic crystal [95]. How-
ever, these sensors are not easy to fabricate due to the lattice mismatch at the interface
between the two photonic crystal layers [96] and due to the fact of their very small dimen-
sions compared to our design. Additionally, new optical sensors have been implemented
based on the excitation of high wave vector modes in metamaterials [97]. However, met-
amaterial sensors suffer from a complicated fabrication process with expensive equipment
where prism or grating coupling configurations are needed [98].
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Table 4. Comparison between the guiding parameters of the suggested biosensor with the sensors in the literature. NA: Not Available.

itivity (9 fi tL dB EML (cm™!
Reference Analyte Background Wavelength/Frequency Sensitivity (%) Confinement Loss (dB/cm) (cm™)
x-pol y-pol x-pol y-pol x-pol y-pol
. 98.89 98.90 1.58 x 1074 1.58 x 1074 0.00796 0.00796
[18] Adulterated diesel/petrol Zeonex 1.5-3 THz 98.67 98,68 9.50 x 1015 9.50 x 10-15 0.00779 0.00779
Water 91.42 91.30 1.06 x 10~
19 Acetic acid Topas 1-2 THz 92.55 92.47 2.02 x 10710 NA NA NA
[ p
Chloroform 94.03 93.99 1.39 x 101
RBC 96.17 96.18 2.34 x 10 0.005 0.005
HB 95.54 95.57 4.99 x 1071 0.0048 0.0048
[20] WBC Zeonex 1-3 THz 95.87 95.89 NA 7.2 x 1071 0.0049 0.0049
Plasma 95.37 95.39 2.15x 1071 0.0047 0.0047
Water 94.97 95.01 7.16 x 10715 0.0046 0.0046
Water 94.6 94.9
22 Ethanol Topas 1-3 THz 95.2 95.4 NA NA NA NA
P
Benzene 95.4 95.6
[23] Nicotine Zeonex 1-2 THz 83 83 1.00 x 1077 1.00 x 1077 0.0082 0.0082
[24] Milk Zeonex 1-3 THz 93.79 94.69 NA NA 0.0064 0.0079
[51] Air pollutants Topas 0.6-1.2 THz 91 NA 10°16 NA 0.019 NA
Sarin 90.8 91.2 1.82 x 10-12 2.47 x 10712 0.00683 0.00687
[63] Soman Zeonex 1-2 THz 91.3 91.7 2.08 x 10-12 2.22 x 10712 0.00737 0.00747
Tabun 92.5 92.7 2.73 x 1012 3.78 x 10712 0.00760 0.00770
Ethanol 68.48 68.48 2.13 x 101 213 x 101
[59] Benzene Silica 1-3 THz 69.20 69.20 1.92 x 101 1.92 x 101 NA NA
Water 66.78 66.78 2.70 x 10°® 2.70 x 108
[53] lllegal drugs Topas 0.2-2 THz 81.41 NA 2.58x1071° NA 0.09835 NA
ater opas o1, z . . A1 x 107 A1 x 107 . .
64 W Top 0.5-1.5 TH 96.25 96.25 211 x 10 211 x 10 0.000916 0.000916
Water 84.25 84.25 5.55 x 10710 5.55 x 1010
[69] Ethanol Zeonex 0.8-3 THz 86.32 86.32 5.60 x 10710 5.60 x 10710 0.00699 0.00699
Benzene 88.36 88.36 6.60 x 10-10 6.60 x 10-10
Glucose 84.55 84.55 7.92 x 101 7.92 x 101
Plasma 85.09 85.09 6.66 x 1011 6.66 x 10711
7 T 1-4 TH A A
701 WBC opas z 85.62 85.62 3.14 x 101 3.14x 10" N N
RBC 87.68 87.68 1.86 x 101 1.86 x 10

[71] Camel milk Zeonex 0.2-2 THz 81.16 NA 8.675 x 1018 NA 0.033013 NA
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Cow milk 81.32 NA 1.435 x 10-18 NA 0.03284 NA
Water 92.3 92.9 2.05 x 10-13 1.61 x 10-13 0.0058 0.0054
[72] Ethanol Zeonex 1-2 THz 93.5 93.8 8.48 x 1013 3.85 x 1013 0.0062 0.0057
Benzene 93.7 94.2 8.57 x 10-13 1.28 x 10 0.0064 0.0059
Chloropicrin 94.6 94,5 8.34 x 10-13 336 x 1012 0.009414 0.009095
73] Ethyl-bromide Zeonex 1-2 THz 9.7 92.5 243 x 10-12 1.27 x 1012 0.008116 0.007929
methyl-bromide 93.3 93 4.70 x10-12 470 x10-12 0.008464 0.008243
[74] NaCl Zeonex 0.9-12 THz 915 91.7 NA NA 0.0037 NA
[75] Etha“‘c/’;;l ?:rnzer‘e Topas 1-3 THz 86.5 86.5 6.67 x 10°8 6.67 x 108 NA NA
[76] Cocaine Zeonex 0.4-1.6 THz 87.02 87.02 10 10 0.01 0.01
[77] Alcohol Topas 1-3 THz 88.7 88.7 5.75 x 10 5.75 x 107 NA NA
[78] Refra(it;‘zl;“dex Topas 0.5-1.3 THz 89.7 89.7 2.18 x 102 2.18 x 1012 NA NA
Ethanol
[79] Benzene Topas 0.6-1.6 THz 84.6 84.6 749 x 101 7.49 x 1011 NA NA
Water
[80] Formalin Zeonex 1-2 THz 77.71 77.71 NA NA NA NA
Ethanol 79.99 79.99 118 x 10-12 118 x 10-12
[81] Benzene Topas 1.5-3.5 THz 80.27 80.27 1.18 x 1012 1.18 x 1012 NA NA
Water 79.39 79.39 1.18 x 1012 118 x 1012
Ethanol 78.56 78.56 5.80 x 1010 5.80 x 10710
82] Benzene Zeonex 1-3 THz 79.76 79.76 6.02 x 1010 6.02 x 1010 NA NA
Water 77.51 77.51 5.74 x 10-10 5.74 x 1010
[83] Ethanol Silica 0.8-2 um 29.25 29.25 7.68 x 10°° 7.68 x 10° NA NA
[84] Benzene Silica 0.8-1.5 um 85.55 85.55 1.309 x 1013 1.309 x 1012 NA NA
[85] Gas Silica 1.1-1.7 um 75.14 75.14 141 x 10 141 x 10 NA NA
[86] Hus;iﬁlecosa Silica 1.3-2 um g:g? 6.54489 x 10~ NA NA
[87] Ammonia gas Silica 1.544 pm 70.25 1.202x1073 NA NA
Proposed Bilirubin HRS 0.1-1.1 THz 95 98 2.64 x 10715 2.03 x 104 0.00131 0.00193

Sensor
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4. Conclusions

In this paper, a highly sensitive THz-PCF biosensor was numerically analyzed for
measuring bilirubin concentrations in the blood. The HRS material was used to construct
the suggested PCF sensor due to the fact of its index contrast relative to the bilirubin with
a low absorption coefficient in the THz region. The numerical simulation results showed
a high relative sensitivity of 95% and 98% for the x-polarized and y-polarized modes, re-
spectively, at f=0.75 THz. Moreover, the suggested THz-PCF donated a low confinement
loss of 2.64 x 10715 dB/cm for the x-polarized mode and 2.03 x 10-* dB/cm for the y-polar-
ized mode at f= 0.75 THz. Furthermore, a low EML of 0.00131 cm™ was achieved for the
x-polarized mode and 0.00193 cm™ for the y-polarized mode. This sensor was aimed at
helping in the effectively earlier detection of diseases that are based on the disruption of
bilirubin concentrations in the blood; hence, it will help in health care.
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