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A B S T R A C T   

This research work introduces a Surface Plasmon Resonance (SPR) based Photonic Crystal Fiber (PCF) sensor 
using gold nanowires as plasmonic material designed for the detection of various cancer cells, boasting 
remarkable sensitivity and ease of fabrication. The sensor’s structure was devised and analyzed using the Finite 
Element Method (FEM) of COMSOL v5.5, with a focus on exploring the impact of varying geometric parameters 
on its overall performance. The simulation utilized extremely fine mesh elements to ensure the utmost accuracy. 
Excitation between the core and plasmonic modes is achieved using Gold (Au) nanowires. The determination of 
the sensor’s wavelength sensitivity involves assessing the resonance wavelength shift between samples of normal 
and cancerous cells. Simultaneously, the measurement of amplitude sensitivity is accomplished through a 
comparison of the amplitudes associated with their respective confinement losses. Various parameters of the PCF 
were varied during the experimentation, leading to the achievement of exceptionally high Amplitude Sensitivity 
(AS) of − 273.16 RIU− 1, − 286.58 RIU− 1, − 455.59 RIU− 1, − 698.76 RIU− 1, − 1172.72 RIU− 1 and − 1971.30 RIU− 1 

for Skin Cancer, Cervical Cancer, Blood Cancer, Adrenal Gland Cancer, Breast Type-1 Cancer and Breast Type-2 
Cancer respectively. Additionally, the Wavelength Sensitivity (WS) values were found to be 6500 nm/RIU, 
14583.33 nm/RIU, 16428.57 nm/RIU, 25714.28 nm/RIU, 32857.14 nm/RIU, and 35714.28 nm/RIU for the 
same cancer types, respectively. The achieved resolutions for wavelength sensitivity are 1.54 × 10− 5 RIU, 6.86 ×

10− 6 RIU, 6.09 × 10− 6 RIU, 3.89 × 10− 6 RIU, 3.04 × 10− 6 RIU and 2.80 × 10− 6 RIU, while the resolutions for 
amplitude sensitivity are 7.32 × 10− 5 RIU, 8.37 × 10− 5 RIU, 3.07 × 10− 5 RIU, 2.00 × 10− 5 RIU, 1.19 × 10− 5 RIU 
and 7.10 × 10− 6 RIU for the respective cancer types mentioned above. The design of the presented biosensor is 
notably uncomplicated and can be readily manufactured using contemporary fabrication techniques. In sum
mary, the remarkable sensitivity exhibited by the proposed SPR-based PCF (SPR-PCF) biosensor, shows signif
icant potential for enhancing the detection of cancer cells.   

1. Introduction 

Optical sensors are crucial in modern detection and measurement 
technologies. Optical sensors stand out as particularly remarkable in
novations in sensing applications [1–8]. Optical sensors exploit the 
interaction between light and the target analyte to distinguish among 
various substances [9]. Their high sensitivity, fast response time and 
ability to provide real-time, non-contact measurements make them 
invaluable in various applications, including medical diagnostics, 
environmental monitoring and industrial automation. By detecting 
subtle changes in light properties, optical sensors can measure 

parameters such as temperature, pressure and refractive index with 
remarkable precision. Owing to their many benefits, optical sensors 
have attracted a lot of interest and have been widely used. Due to their 
elevated specificity and sensitivity, optical sensors are recognized for 
delivering high accuracy. In addition, their affordability and compact 
size make them perfect for a range of uses [9–11]. One of the most 
significant advancements in optical sensing technology is the develop
ment of Surface Plasmon Resonance (SPR) sensors. SPR sensors operate 
by measuring changes in the refractive index at the interface between a 
metal and a dielectric material. This makes them exceptionally sensitive 
to molecular interactions, allowing for the detection of biomolecules, 
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chemical compounds and other analytes at very low concentrations. The 
high sensitivity and specificity of SPR sensors have led to their wide
spread use in biological and chemical sensing applications. One inter
esting development in SPR sensing technology is the integration of 
photonic crystal fibers (PCF). A unique class of optical fibers known as 
photonic crystal fibers (PCFs) are defined by a periodic arrangement of 
microcapillaries that surround a solid or hollow core of the fiber as its 
cladding [12]. Also, the microstructure of PCF, which provides exact 
control over light propagation, ensures single-mode operation and 
effective confinement of the light within the fiber core. There are 
numerous advantages to this unique design for SPR sensing applications. 
For example, this enables guided light to engage with the surroundings 
more successfully, enhancing sensing abilities [13]. Furthermore, by 
enabling the modification of parameters like pitch and air hole, PCF 
provides flexibility in the construction of sensors with adaptable sensi
tivity and response [14]. 

Cancer is characterized by uncontrolled cell proliferation, which is 
frequently caused by a single defective cell [15]. Cancer cells can infect 
nearby tissues, spread throughout the body, enter remote areas, and 
promote the formation of new blood vessels to feed them. This arises 
from the lack of the typical mechanisms that regulate the growth and 
dissemination of cancer cells. Cancerous (malignant) cells can arise from 
any tissue in the body. Cancer is currently one of the major causes of 
death. Approximately 10 million deaths in 2020 are attributed to cancer, 
according to the estimates of the World Health Organization. [16]. Some 
common forms of cancer in humans are blood cancer, skin cancer, cer
vical cancer, breast cancer, and adrenal gland cancer. Blood cancer, also 
known as hematologic cancer, refers to malignancies that originate in 
the blood, bone marrow, or lymphatic system [17]. Leukemia, lym
phoma, and myeloma are the most common types of blood cancers. 
Adrenal gland cancer, on the other hand, is a rare and aggressive form of 
cancer that originates in the adrenal glands, which are responsible for 
producing hormones such as cortisol and adrenaline [18]. If not iden
tified and treated promptly, breast cancer, which is one of the most 
common types of cancer in women, impacts the breast tissue and has the 
potential to spread to other areas of the body [19]. Skin cancer is a form 
of cancer that begins in the cells of the skin. It arises when specific skin 
cells undergo abnormal transformations, causing uncontrolled growth 
and division. Among the various types of skin cancer, Basal Cell Carci
noma (BCC) is the most prevalent [20] and typically originates in the 
basal cells found in the deepest layer of the epidermis, which is the 
outermost skin layer. Cervical cancer arises from the cells of the cervix. 
It is frequently linked to a persistent infection with high-risk types of the 
Human Papillomavirus (HPV) [21]. Early detection of these cancers 
plays a critical role in ensuring effective treatment and improved patient 
outcomes. Malignant cells are classified into stages I, II, and III, with 
stage I offering potential for cure, while stage III remains incurable [22]. 
Thus, early cancer cell detection becomes imperative for more successful 
treatment strategies. Although multiple blood tests, such as complete 
blood counts, blood protein analyses, tumor marker analyses, and urine 
examinations, are commonly conducted to detect cancer, they often fail 
to pinpoint the affected organ [23]. Biopsy, involving the examination of 
suspect cells, remains the most reliable method for identifying malig
nant cells [24]. Various diagnostic techniques, such as positron emission 
tomography (PET), ultrasound tests, magnetic resonance imaging (MRI), 
and computed tomography (CT) scans, are also utilized to locate tumors 
[25–27]. However, the time-consuming nature of these procedures, 
ranging from two minutes to several days, may adversely affect cancer 
patients who require prompt diagnosis. To address this, researchers in 
optoelectronics are striving to develop rapid cancer cell detectors. Due 
to the differences in refractive index (RI) between normal and malignant 
cells, they exhibit distinct light propagation behaviors when exposed to 
the same light source. Analyzing the received signal enables the deter
mination of cell characteristics. Therefore, driven by a resolute desire to 
confront the enormous obstacles presented by cancer, this research work 
sets out to develop, construct, and deploy a Surface Plasmon Resonance- 

Photonic Crystal Fiber (SPR-PCF) biosensor for cancer identification 
with high sensitivity. The alarmingly high global cancer burden high
lights the critical need for reliable, sensitive, and reasonably priced 
diagnostic technologies that can support early intervention and enhance 
patient outcomes. Surface Plasmon Resonance (SPR) and Photonic 
Crystal Fiber (PCF) integration offer a novel platform for the investi
gation of cutting-edge sensing methods, and it signifies a paradigm shift 
in biosensor design. SPR is used because of its extraordinary sensitivity 
and is well-known for its capacity to identify molecular interactions at 
the interface of a metal film [28]. In the meantime, PCF, with its flexible 
design, offers an adaptable medium for exceptionally accurate guiding 
light [29]. In order to develop a new biosensor design that exceeds the 
constraints of current diagnostic instruments, the research aim is to 
leverage the synergistic effects of these two state-of-the-art technologies. 

SPR-PCF sensors are innovative devices that leverage the principles 
of surface plasmon resonance and photonic crystal fiber technology to 
detect and analyze biomolecular interactions [30]. SPR-based PCFs have 
shown excellent efficacy in a variety of applications in the fields of op
tical communication and biosensing [31,32]. When a photon beam in
teracts with the core of a Photonic Crystal Fiber (PCF), the 
electromagnetic field extends partially into the cladding region. This 
interaction excites the surface electrons of plasmonic materials as the 
evanescent field interacts with the plasmonic metal surface. The reso
nance phenomenon between the frequency of the evanescent field and 
the frequency of electron oscillation on the surface leads to the gener
ation of a CL peak [33]. When in resonance, the real part of the refractive 
index of the core mode and the SPP mode match, resulting in the highest 
energy transfer between them. The observation of the analyte’s RI 
variation results in a shift in the peak’s position at the resonant wave
length. This opens the door for SPR-PCF sensors to detect a broad variety 
of analytes. So, It is now possible to achieve improved biosensing thanks 
to the efficiency of PCF-SPR sensors. The use of SPR-PCF sensors in 
cancer detection offers several advantages, including high sensitivity 
[34] and specificity, allowing for the detection of even minute concen
trations of cancer-related biomarkers. Additionally, these sensors are 
non-invasive [35] or minimally invasive, providing a non-destructive 
and real-time monitoring platform. Researchers are now studying 
different designs for SPR-PCF biosensors for cancer detection thanks to 
recent technological advances in the field. An SPR-PCF biosensor was 
proposed by Yasli A. [36] to detect cancer early in life using a single 
living cell. Numerical analyses are performed using the Full vectorial 
Finite Element Method (FV-FEM) with perfectly matched layers. To find 
the refractive index (RI) variations of cancer cells, two techniques are 
used: spectral interrogation and amplitude. Six distinct cancerous cell 
types had refractive index (RIs) ranging from 1.38 to 1.401. The 
biosensor was able to measure the maximum Amplitude Sensitivity (AS) 
of − 757 RIU− 1 for HeLa cells and the maximum Wavelength Sensitivity 
(WS) of 7142.86 nm/RIU for Breast cancer Type-2 (MCF-7) cells. A 
double-core photonic crystal fiber (PCF) based refractive index sensor 
was introduced by Ehyaee et al. [37] to identify six distinct cancer- 
affected cell types. The fiber has a sizable central air hole that allows 
fluids containing both healthy and cancer-affected cells to be intro
duced. The suggested sensor in this work exhibits spectral sensitivities 
for basal cell cancer, cervical cancer (HeLa cells), Jurkat cancer cells, 
PC12 cancer cells, MDA-MB-231 breast cancer cells, and MCF-7 breast 
cancer cells of 10,000 nm/RIU, 11,250 nm/RIU, 10, 714.28 nm/RIU, 
12,857.14 nm/RIU, 11,428.57 nm/RIU, and 12,500 nm/RIU, respec
tively. Additionally, the investigation assesses resolution as a critical 
factor, producing 1 × 10− 5 RIU, 8.89 × 10− 6 RIU, 9.33 × 10− 6 RIU, 
7.78 × 10− 6 RIU, 8.75 × 10− 6 RIU and 8 × 10− 6 RIU results for the 
aforementioned cells, in that order. Mittal et al. [34] presented an all- 
optical sensor architecture that uses a spiral-shaped photonic crystal 
fiber structure and the surface plasmon resonance effect to detect cancer 
cells. With a resolution of 2.33 × 10− 4 RIU, the finite element method 
(FEM) simulations, which cover a variety of cancer cells including HeLa, 
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Basal, Jurkat, MDA-MB-231, MCF7, and PC12, show a maximum 
sensitivity of − 289 RIU− 1 for the detection of breast cancer cells. The 
refractive index range in which the sensor operates effectively is 1.36 to 
1.401. A surface plasmon resonance (SPR) refractometric sensor based 
on gold (Au) and titanium dioxide (TiO2) coated Photonic Crystal Fiber 
(PCF) was proposed by Chaudhary et al. [38] as a quick way to detect 
cancer cells. With an Au coating serving as the plasmonic material, the 
sensor operates on the surface plasmon resonance (SPR) principle and is 
intended for the rapid identification of a variety of cancerous cells, such 
as MDA-MB-231, MCF-7, PC-12, HeLa, and Jurkat, which correspond to 
breast cancer type-1, type-2, adrenal glands, cervical, and blood cancer, 
in that order. COMSOL Multiphysics software was utilized for the 
computational analysis, which yielded wavelength sensitivities ranging 
from 5500 nm/RIU to 10714.28 nm/RIU for various cancer cells. The 
maximum amplitude sensitivity varied between − 1387 RIU− 1 and −
1599 RIU− 1. With a maximum detection limit of 0.024, the sensor res
olution spans 0.93 × 10− 5 RIU to 1.82 × 10− 5 RIU. Sardar et al. [39] 
introduced a Dual Core Dual Polished PCF SPR Sensor designed for the 
detection of cancer cells, achieving the highest WS of 7143 nm/RIU for 
both breast Type-1 and Type-2 cancer cells. Additionally, it demon
strated the highest AS of − 270 RIU− 1 specifically for breast Type-1 
cancer cells. Abdelghaffar et al. [40] introduced a dual V-shaped PCF 
biosensor with plasmonic technology designed specifically for the 
identification of cancer cells. For skin, cervical, and breast Type-1 cancer 
cells, their sensor showed significant WS of 23700 nm/RIU, 8208 nm/ 
RIU, and 14428.6 nm/RIU, respectively. Ibrahimi et al. [41] put forth a 
sensitive Twin-Core PCF SPR biosensor with gold plating to accelerate 
cancer cell detection. The biosensor attained the highest WS of 4285.71 
nm/RIU for breast type-1 and type-2 cancer cells, and AS of 4078.43 
RIU− 1 for cervical cancer cells. Yang et al. [42] developed a high- 
performance Photonic Crystal Fiber biosensor based on Surface Plas
mon Resonance for rapid cancer detection, with a high WS of 16357 nm/ 
RIU and AS of − 1242 RIU− 1 for breast type-2 cancer cells. 

To enhance sensitivity and performance, a straightforward yet 
remarkably sensitive SPR-PCF biosensor using gold nanowires as plas
monic material which is tailored for the detection of cancer cells in the 
Adrenal gland, Blood, Breast (two cell types), Cervical, and Skin tissues 
is introduced. These six specific cell types are employed as analytes, and 
an extensive numerical investigation of the overall sensitivity is per
formed using the Finite Element Method (FEM). By employing a 
specially designed PCF geometry to analyze cancer cell samples, notable 

results are achieved with a substantial Wavelength Sensitivity (WS) of 
35714.28 nm/RIU and an impressive Amplitude Sensitivity (AS) of −
1971.30 RIU− 1 for Breast Cancer Type-2 cells. 

2. Structural design and numerical analysis 

The complete intersection of the proposed SPR-PCF model is depic
ted in Fig. 1. A Physics-controlled mesh is employed providing a total of 
147,037 degrees of freedom, with a fine element size to ensure 
maximum precision in the simulations. The overall structure consisted 
of 20,980 elements, characterized by a minimum element quality of 
0.05026 and an average element quality of 0.8416. The element area 
ratio is 0.0001684, and the mesh area covers 415.1 μm2. (See Fig. 2.) 

The study utilized the Finite Element Method (FEM) as a computa
tional tool to examine the properties of mode propagation [1]. The 
simulations were conducted using the COMSOL Multiphysics v5.5 pro
gram. The perfectly matched layer (PML) is utilized to absorb outgoing 
waves without reflecting any of them back into the bounded domain. 
Below the PML layer lies the unknown analyte layer, which is the target 
for detection. Silver (Ag) and gold (Au) are commonly employed as 
plasmonic materials within the photonic crystal fiber (PCF) structure 
[43]. However, the susceptibility of silver to oxidation in humid con
ditions poses a significant challenge [44], leading to a decrease in an
alyte detection accuracy. Consequently, gold emerges as the preferred 
metal of choice due to its stability, biocompatibility, and the substantial 
size of the resonance peak [45]. Gold (Au) nanowire is used as a plas
monic material because of its favorable plasmonic properties in the 
visible and near-infrared regions of the electromagnetic spectrum. Silica 
(SiO2) is the fiber material employed in this design. The arrangement of 
air holes on a silica (SiO2) substrate is designed to confine the electric 
field to the fiber’s center and facilitate strong interaction with the Gold 
(Au) nanowire. Gold nanowires have a high surface area to volume ratio, 
allowing for more efficient binding of target molecules and improved 
sensitivity of the sensor [46]. The pitch distance, denoted as ∧, corre
sponds to the separation between two adjacent cladding air holes. In the 
cladding, there are two different air hole diameters, namely D1 and D2. 
The air holes, characterized by a diameter D1, are employed to confine 
light within the core region. The diminished size of air holes with 
diameter D2 assists in lowering the CL by minimizing the scattering of 
light emanating from the fiber’s center. The rectangular core’s height 
and width are represented by H and W, respectively. The suggested 

Fig. 1. Proposed design for the SPR-PCF structure.  
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structural parameters for the PCF are as follows: ∧ = 1 μm, D1 = 0.9 μm, 
μm, D2 = 0.2 μm, R1 = 2 μm, R2 = 4.1 μm, W = 0.26 μm and H = 0.4 μm. 
Each side length of the square shaped cladding is 7.2 μm. The diameter of 
the gold nanowire is denoted by Dg. Optimum value for Dg is taken at Dg 

= 1.0 μm. The diameter of the analyte and the perfectly matched layer 
(PML) are represented by Da = 2Ra = 20 μm and Dp = 2Rp = 23 μm. 

The Finite Element Method (FEM) with a Perfectly Matched Layer 
(PML) boundary condition is widely used as a computational framework 
for numerically solving various problems. In our specific case, fused 
silica was used as the background material, and the refractive index of 
fused silica was determined using the Sellmeier equation, which can be 
expressed as follows: [47]. 

n2(λ) = 1+
B1λ2

λ2 − C1
−

B2λ2

λ2 − C2
−

B3λ2

λ2 − C3
(1) 

In this case, the refractive index of silica (n) is denoted, and the 
wavelength is measured in microns. The Sellmeier coefficients used to 
calculate the refractive index are as follows: B1 = 0.69616300, B2 =

0.407942600, B3 = 0.897479400, C1 = 4.67914826 × 10− 3 μm2, C2 =

1.35120631 × 10− 2 μm2, and C3 = 97.9340025 μm2. 
In our proposed work, gold (Au) nanowires are employed. The 

dielectric constant of gold was determined using the Drude-Lorentz 
model [48], which is expressed by the following equation: 

εAu = ε∞ −
ω2

D
ω(ω + jγD)

−
Δε⋅Ω2

L(
ω2 − Ω2

L
)
+ jΓLω

(2) 

The permittivity of the dielectric material (gold) is represented as 
εAu, while ε∞ denotes its permittivity at high frequency with a value of 
5.9673. The angular frequency, ω, can be defined as ω = 2πc/λ, where c 
is the velocity of light in vacuum. Furthermore, the plasma frequency 
and damping frequency are denoted as ωD and yD respectively, where 
ωD/2π = 2113.6THz and yD/2π = 15.92THz. The weighting factor is 
expressed as Δε = 1.09. Furthermore, the Lorentz oscillators have a 
spectral width denoted as ΓL/2π = 104.86THz and an oscillator strength 
denoted as ΩL/2π = 650.07THz. 

The investigation of the proposed biosensor relies on a crucial 
parameter known as confinement loss (CL). The measurement of CL is 
conducted using the following Eq. [47]: 

α = 8.686× k0 × Im
[
neff

]
×104 dB

/
cm (3)  

where k0 = 2π/λ = the number of free space, λ = operating wavelength 
and Im

[
neff

]
= the imaginary part of the effective refractive index. 

3. Structural parameter optimization 

In order to achieve optimum parameter values, the sensor perfor
mance is evaluated for various values, while keeping the remaining 
parameters constant. These outcomes pertain to the breast type-2 (MCF- 
7) cell detection process. 

The following value for D1 = 0.9 μm, D2 = 0.2 μm, W = 0.26 μm, and 
H = 0.4 μm, Da = 20 μm and Dp = 23 μm is taken to get optimum value 
for Dg and then at optimum Dg, other parameters are varied to get their 
optimum value. X-polarization values are taken to get the optimal value 
for parameters. 

Starting with gold (Au) nanowire, the value for Dg is varied to 0.9 μm, 
1.0 μm and 1.1 μm respectively. Comparing 0.9 μm and 1.0 μm gold 
diameter, it can be seen that the obtained CL for 0.9 μm is less than 1.0 
μm in Fig. 3a. But the obtained AS for 0.9 μm is − 1705.15 RIU− 1 and for 
1.0 μm is − 1971.30 RIU− 1 as shown in Fig. 3b. So Dg = 1.0 μm has higher 
AS. Also, the loss peak for normal and cancerous breast type-2 cell is at 
1060 nm and 1470 nm respectively for 0.9 μm Dg and 1040 nm and 1540 
nm respectively for 1.0 μm Dg. So the difference in wavelength shift 
between loss peaks for normal and cancerous breast type-2 cells in
creases from 410 nm to 500 nm when Dg is varied from 0.9 μm to 1.0 μm 
which results in WS increasing from 29285 nm/RIU to 35714.28 nm/ 
RIU. So 1 μm is better than 0.9 μm for Dg. Now increasing this parameter 
value from 1.0 μm to 1.1 μm, the sensor performance loses stability 
because the confinement loss increases too much and the leakage light in 
core mode is very high and no longer confined in the core for the analysis 
for RI at breast type-2 cancer cell. So, 1.0 μm is chosen as the optimal 
value for Dg. 

Airhole-1’s diameter, D1, is changed to 0.80 μm, 0.90 μm, and 1.0 μm, 
in that order. As can be seen in Fig. 4b, after comparing D1 values for 
0.80 μm and 0.90 μm, the corresponding AS for 0.80 μm is − 1758.63 
RIU− 1, and for 0.90 μm is − 1971.30 RIU− 1. This clearly shows the su
periority of the latter. The loss peak for normal and cancerous breast 
type-2 cells are observed at 1010 nm and 1500 nm, respectively, for D1 of 
0.80 μm, and at 1040 nm and 1540 nm, respectively, for D1 of 0.90 μm, as 
shown in Fig. 4a. The shift in wavelength between the loss peaks for 
normal and cancerous breast type-2 cells increases from 490 nm to 500 
nm when D1 is increased from 0.80 μm to 0.90 μm, resulting in a WS 
increase from 35000 nm/RIU to 35714.28 nm/RIU. Consequently, D1 of 
0.90 μm exhibits superior performance compared to 0.80 μm. However, 
when increasing this parameter to 1.0 μm, the sensor’s performance 
becomes unstable due to a significant increase in confinement loss and 
excessive leakage of light in the core mode, no longer confined within 

Fig. 2. Stacked preform and meshing output with boundary condition for the proposed SPR-PCF structure; (a) Stacked preform, (b) Meshing output (one-fourth of 
the PML layer computation window). 
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the core during the analysis of RI at breast type-2 cancer cells. Therefore, 
0.90 μm is designated as the optimal value for D1. 

Diameter of Airhole-2 (D2) is varied to values of 0.40 μm, 0.20 μm, 
and 0.10 μm, respectively. Comparing D2 values for 0.40 μm and 0.20 
μm, the corresponding Amplitude Sensitivity (AS) for 0.40 μm is −
973.39 RIU− 1, and for 0.20 μm is − 1971.30 RIU− 1, as depicted in 
Fig. 5b, clearly establishing the latter’s superiority. Loss peak for normal 
and cancerous breast type-2 cells are noted at 1050 nm and 1370 nm, 
respectively, for D2 of 0.40 μm, and at 1040 nm and 1540 nm, respec
tively, for D2 of 0.20 μm, as illustrated in Fig. 5a. The shift in wavelength 
between the loss peaks for normal and cancerous breast type-2 cells 
increases from 320 nm to 500 nm when D2 is reduced from 0.40 μm to 
0.20 μm, resulting in a WS increase from 22857.14 nm/RIU to 35714.28 

nm/RIU. As a result, a diameter of D2 at 0.20 μm exhibits superior 
performance when compared to 0.40 μm. However, diminishing this 
parameter further to 0.10 μm leads to an unstable performance of the 
proposed sensor, attributed to a significant rise in confinement loss and 
excessive leakage of light in the core mode. This light is no longer 
confined within the core during the analysis of the Refractive Index (RI) 
in breast type-2 cancer cells. So, 0.20 μm is identified as the optimal 
value for D2. 

For the analyte layer, the sensor is analyzed with three different 
values of Da respectively 16 μm, 20 μm and 24 μm. Comparing Da values 
for 16 μm and 20 μm, the corresponding AS for 16 μm is − 1716.44 
RIU− 1, and for 20 μm is − 1971.30 RIU− 1, as depicted in Fig. 6b, clearly 
establishing the latter’s superiority. But the WS is same for both values 

Fig. 3. Comparison between different gold diameters 
(
Dg

)
; (a) Confinement loss (b) Amplitude Sensitivity. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 4. Comparison between different Airhole-1 diameters (D1); (a) Confinement loss (b) Amplitude Sensitivity.  

Fig. 5. Comparison between different Airhole-2 diameters (D2); (a) Confinement loss (b) Amplitude Sensitivity.  
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since the loss peak for normal and cancerous breast type-2 cells are 
noted at 1040 nm and 1540 nm, respectively in both cases, as illustrated 
in Fig. 6a. Now if Da is increased to 24 μm, it can be seen that the value of 
AS is − 1955.62 RIU− 1 which is less than the AS obtained for Da = 20 μm. 
Also, the WS remains the same for all three values. Hence, Da = 20 μm is 
taken as the optimal value. 

The size of the rectangular hollow core is varied while maintaining a 
consistent ratio between W and H. The dimensions explored are: W =

130 nm and H = 200 nm, W = 260 nm and H = 400 nm, and W = 390 nm 
and H = 600 nm, respectively. This variation is evident in Fig. 7b. Upon 
comparing the first two size variations (W = 130 nm and H = 200 nm, 
W = 260 nm and H = 400 nm), the corresponding AS for the first core 
size is − 761.36 RIU− 1, while for the second core size, it is − 1971.30 
RIU− 1. This clearly shows that the latter is better. For the first core size 
(W = 130 nm and H = 200 nm), the loss peaks for normal and cancerous 
breast type-2 cells are observed at 980 nm and 1300 nm. On the other 
hand, for the second core size (W = 260 nm and H = 400 nm), the loss 
peaks are found at 1040 nm and 1540 nm, as depicted in Fig. 7a. The shift 
in wavelength between the loss peaks for normal and cancerous breast 
type-2 cells increases from 320 nm to 500 nm when transitioning from 
the first core size to the second core size, resulting in a WS increase from 
22857.14 nm/RIU to 35714.28 nm/RIU. So, the second core size ex
hibits superior performance compared to the first one. Nevertheless, the 
performance of the sensor becomes unstable when taking into account 
the third core size variation (W = 390 nm and H = 600 nm) because of a 
notable rise in confinement loss and excessive light leakage in the core 
mode, which is no longer confined within the core during the analysis of 
refractive index at breast type-2 cells. This instability results in the 
inability to identify a confinement loss peak in normal breast type-2 cells 
and the failure of the resonance condition to be met in cancerous breast 
type-2 cells. Consequently, it is determined that the ideal value for the 

rectangular hollow core size is W = 260 nm and H = 400 nm. 
A Perfectly Matched Layer (PML) in Surface Plasmon Resonance 

(SPR) Photonic Crystal Fiber (PCF) sensors is typically used to minimize 
reflection and effectively absorb outgoing waves at the boundary of the 
computational domain [49]. It’s not a physical layer that exists in 
practical sensor implementations or real-world applications. so the 
thickness of pml is taken about 15% of total sensor size which can be 
obtained if Dp = 23 μm. But PML is still varied Dp to 22 μm and 24 μm 
from 23 μm to observe if any change occurs but almost the same result 
was observed for AS and WS for those values as seen in Fig. 8a and 
Fig. 8b. so 23 μm was retained as the value for Dp. 

It is to be noted that the proposed SPR-PCF sensor is designed and 
optimized for x-polarization values to get maximum sensitivity. So, 
further investigations will be done using x-polarization values. Polarizer 
controller is used to control the polarization state [50] in the experi
mental setup. 

4. Simulation results and discussions 

Fig. 9 shows the core and SPP modes for our proposed biosensor 
design. Fig. 10 shows the phase matching of the blood (normal) cells. 
The resonance condition of the blood (normal) cells depicted in Fig. 10 is 
demonstrated as follows: the effective index of the fundamental (core- 
mode) (green-dotted line) and plasmon modes (SPP-mode) (blue-dotted 
line) intersect at a wavelength of 880 nm. At this specific wavelength, 
there is a notable high-energy transformation from the fundamental 
mode to the plasmon mode, resulting in the propagation losses reaching 
their maximum values. This observation is indicative of the resonance 
condition. 

Wavelength sensitivity (WS) refers to the change in the resonance 
wavelength of the SPR sensor in response to changes in the refractive 

Fig. 6. Comparison between different analyte layer diameters (Da); (a) Confinement loss (b) Amplitude Sensitivity.  

Fig. 7. Comparison between different rectangular hollow core sizes; (a) Confinement loss (b) Amplitude Sensitivity.  
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index of the medium in contact with the sensor surface [51]. When the 
refractive index of the medium in contact with the sensor surface 
changes, the resonance condition for SPR is altered, leading to a shift in 
the wavelength at which maximum SPR occurs. Wavelength sensitivity 
is often expressed in terms of the change in resonance wavelength per 
unit change in refractive index (typically in nanometers per refractive 
index unit, nm/RIU). Confinement loss (CL) in photonic crystal fiber 
(PCF) refers to the loss of light that occurs due to the confinement of the 
optical mode within the photonic crystal structure of the fiber [52]. This 
parameter is very important for calculating WS of our SPR-PCF sensor. 
Because the confinement loss curve has a peak value when the SPR oc
curs. Confinement loss curve for different normal and cancer cells are 
given in Fig. 11. WS is calculated using the following Eq. [53]: 

Sλ =
Δλpeak

Δna
nm

/

RIU (4)  

where the term Δλpeak represents the variance between the wavelengths 

of two neighboring peak losses, while Δna signifies the difference be
tween the corresponding refractive index. 

Amplitude sensitivity (AS), on the other hand, refers to the change in 
the amplitude of the SPR response curve in response to changes in the 
refractive index of the medium. The amplitude of the SPR curve corre
sponds to the intensity of the reflected light at the resonance condition. 
Changes in the refractive index of the medium affect the width and 
shape of the SPR curve, resulting in variations in the amplitude. 
Amplitude sensitivity is often expressed as the change in reflectivity or 
intensity per unit change in refractive index. The following equation is 
used to measure AS [53]: 

SA(λ) = −
1

a(λ, na)

∂a(λ, na)

∂na
RIU− 1 (5)  

here, a(λ, na) refers to the total propagation loss at a particular refractive 
index (RI) equal to na, while ∂a(λ, na) represents the disparity between 
the two loss spectra. 

Fig. 12 displays the relationship between AS and wavelength for six 
distinct types of cancer cells: Skin Cancer, Cervical Cancer, Blood Can
cer, Adrenal Gland Cancer, Breast Cancer Type-1, and Breast Cancer 
Type-2. Upon analyzing the figure, it becomes apparent that Breast 
Cancer Type-2 exhibits the highest AS of − 1971.31 RIU− 1 compared to 
the other cancer cell types. A negative value for amplitude sensitivity 
indicates a decrease in the amplitude of the SPR response curve with 
respect to changes in the refractive index of the surrounding medium. In 
practical terms, this means that as the refractive index increases, the 
amplitude of the reflected light signal associated with SPR decreases. 
The amplitude of the SPR curve is often associated with the intensity of 
the reflected light. Therefore, a negative amplitude sensitivity implies a 

Fig. 8. Comparison between different pml diameters (Dp); (a) Confinement loss (b) Amplitude Sensitivity.  

Fig. 9. Electric field distribution for the proposed sensor; (a) Core mode x-axis 
(Ex), (b) Core mode y-axis 

(
Ey
)
, (c) SPP mode x-axis (Ex) and (d) SPP mode y- 

axis 
(
Ey
)
. 

Fig. 10. Phase matching of core and SPP mode.  
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reduction in signal intensity as the conditions for SPR are modified. 
Small variations in RI measurement can be accurately discerned and 

faithfully portrayed only when the sensor possesses a sufficiently high 
resolution. This parameter is calculated for both the amplitude and 
wavelength investigation methods through the application of Eqs. (6) 
and (7), respectively, as referenced in [53]. 

RA =
ΔnA

SA
(RIU), (6)  

R(w) =
Δλmin

Sλ
(RIU), (7) 

Here, ΔnA represents the interval between two successive refractive 
index, SA denotes the amplitude sensitivity, Δλmin = 0.1nm signifies the 
minimum wavelength resolution, and Sλ indicates the wavelength 
sensitivity. The proposed sensor exhibits a resolution of 7.10 × 10− 6 RIU 
for Breast Type-2 cancer cell detection determined by Eq. (6). Addi
tionally, the sensor achieves a resolution of 2.80 × 10− 6 RIU for the same 
cancer cell detection using Eq. (7). Thus, the sensor demonstrates the 
capability to detect subtle refractive index variations on the order of 
10− 6. 

Table 1 represents the associated WS and AS values for the proposed 
SPR-PCF biosensor across six different cancer cell types, including Skin, 
Cervical, Blood, Adrenal gland, Breast Type-1, and Breast Type-2 cells. It 
also shows the resolution(wavelength) and resolution(amplitude) for 
the aforementioned cancer cells. Notably, Breast Cancer Type-2 dem
onstrates the highest WS of 35714.28 nm/RIU, as evidenced by the data 
in the table. Table 2 shows the comparison in sensitivity between the 
proposed SPR-PCF biosensor and previous cancer detection sensors. 
Some recent PCF sensors exhibit very high sensitivity within their 
maximum RI range [54–57]. However, within the similar range where 
our proposed sensor demonstrates the highest wavelength and ampli
tude sensitivity, which is for Breast Type-2 cancer cells (RI range 
1.387–1.401), these sensors show lower sensitivity compared to our 
proposed sensor. 

The linearity response is a crucial parameter in sensor design [36], as 
it determines the performance of the sensor for various applications. A 
high linearity response is desirable. Fig. 13 illustrates the linear fitting 
graph depicting the relationship between resonance wavelengths. The 
linearity of the proposed SPR-PCF sensor was evaluated using MATLAB 
curve fitting, where the slope of the linear fitting curve was measured 

Fig. 11. Confinement loss curve for different normal and cancerous cells; (a) Skin, (b) Cervical, (c) Blood, and (d) Adrenal Gland, (e) Breast Type-1 and (f) Breast 
Type-2. 

A.A. Chowdhury et al.                                                                                                                                                                                                                         



Sensing and Bio-Sensing Research 45 (2024) 100670

9

with respect to the resonance angle. If the sensor exhibits linearity, it 
becomes easier to predict the resonance angle for higher analyte 
refractive indices. Conversely, sensor nonlinearity introduces significant 
variability and complicates the detection process. Consequently, 
nonlinearity is an undesirable characteristic in a sensor. The linearity is 
quantified using the correlation coefficient (R), obtained through linear 
regression analysis. For the proposed sensor, the regression equation for 
the linear fit is y = 29870x − 40356, with a regression coefficient of R2 

= 0.9534, as illustrated in Fig. 13. The correlation coefficient’s value, 
close to 1, demonstrates a high degree of linearity, approaching the ideal 
condition. 

5. Fabrication of the proposed SPR-PCF biosensor 

Upon achieving superior performance, the implementation of the 
biosensor for cancer cell detection becomes highly advantageous. 
Consequently, the aim is to delve into the fabrication possibilities of our 
proposed design. Fabrication holds significant importance in micro- 
structured fibers, given their numerous intricately shaped minuscule 
holes. Fortunately, the relentless advancement of technologies ensures 
the feasibility of fabricating structures encompassing a diverse array of 
shapes. Various manufacturing methodologies, including boiling tech
niques, capillary packing, multiple thinning, casting, sol-gel, stacking, 
and the drawing method [61–69], have been employed to generate 
hollow-shaped processes. Notably, 3D printing has been leveraged to 
craft numerous hollow-shaped core processes [69]. D. Pysz et al. have 
successfully employed the stack and draw technique to produce several 
photonic crystal fiber (PCF) structures [68]. Furthermore, Z. Lui et al. 
[66] have presented diverse stack and draw techniques specifically 

tailored for fabricating suspended microstructure fibers. The stack-and- 
draw method is recommended for fabricating the proposed sensor, as 
this method has been suggested for the fabrication of many similar types 
of sensors. [5,53,70]. 

The proposed sensor’s gold nanowire diameter 
(
Dg

)
, large airhole 

diameter (D1), and small airhole diameter (D2) may not precisely match 
the optimal values. Existing routine procedures typically exhibit a 
variance of ±1% or ± 2% in proportions [53]. To evaluate the sensor’s 
adaptability, a fabrication tolerance study is conducted. Fig. 14 and 
Table 3 demonstrate that variations in air hole diameter by ±1%, ±2% 
and ± 3% have minimal impact on the sensor’s CL. The sensor’s CL 
increases slightly when the diameter of the two air holes is reduced and 
decreases when the diameter is increased. The peak wavelength is also 
almost the same up to ±3% change in both air hole diameters. So, the 
sensor remains highly adaptable, showing insignificant changes even 
with a ± 3% variation in dimensions. However, fluctuations in the 
diameter of gold nanowires cause more noticeable changes in CL 
compared to variations in air hole sizes. So, precise construction of the 
gold nanowire is crucial for achieving nearly accurate values. 

6. Conclusions 

To sum up, this paper presents a highly sensitive biosensor for clas
sifying and identifying different types of cancer cells. The proposed 
Surface Plasmon Resonance Photonic Crystal Fiber (SPR-PCF) biosensor, 
which uses gold nanowires as the plasmonic material, is a promising 
biosensor that exhibits remarkable sensitivity against six different types 
of cancer cells: adrenal gland cancer, blood cancer, breast type-1 cancer, 
breast type-2 cancer, cervical cancer and skin cancer. With its enhanced 
design the biosensor performs better overall, both in terms of sensitivity 
and efficiency. The biosensor’s WS peaks at 35714.28 nm/RIU and AS 
peaks at − 1971.30 RIU− 1 for Breast type-2 cancer cells. The improved 
performance of our proposed biosensor in cancer cell detection is further 
validated by comparing it with previous PCF structures in Table 2. 

There are some restrictions to be aware of with our study. To achieve 
high sensitivity, surpassing standard shapes was necessary, and a 
slightly complex model, which may be moderately difficult to fabricate, 
had to be created. Nevertheless, a likely method for fabrication is sug
gested for the proposed SPR-PCF biosensor. It’s also critical to remember 
that the performance of the proposed biosensor could be impacted by 
environmental elements like pH, humidity, and temperature. 

In spite of its minor drawbacks, the proposed biosensor holds great 
promise for integrating additional bioapplications, like 3D-Printed 
Microneedles (MNs) [71] and Microfluidic Invasion Chemotaxis Plat
form for 3D Neurovascular Co-Culture [72], to enhance overall func
tionality and enhance user experience. The Microfluidic Invasion 
Chemotaxis Platform for 3D Neurovascular Co-Culture can be used to 
simulate human diseases and study tissue and organ models in order to 
evaluate our biosensor’s performance for detection in multicellular 
systems. In addition, since 3D-Printed MNs are easy to use and less 

Fig. 12. Amplitude Sensitivity for different cancer cells.  

Table 1 
The optical properties of the proposed SPR-PCF biosensor for cancer detection.  

Cancer Type Cell Type State [58] RI WS (nm/RIU) AS (RIU− 1) Res. (Wl) (RIU) Res. (Amp) (RIU) 

Skin Basal 
Normal (30–70%) 1.36 

6500 − 273.16 1.54× 10− 5 7.32× 10− 5 
Cancerous (80%) 1.38 

Cervical HeLa 
Normal (30–70%) 1.368 

14,583.33 − 286.58 6.86× 10− 6 8.37× 10− 5 
Cancerous (80%) 1.392 

Blood Jurkat Normal (30–70%) 1.376 16,428.57 − 455.59 6.09× 10− 6 3.07× 10− 5 
Cancerous (80%) 1.39 

Adrenal Gland PC-12 
Normal (30–70%) 1.381 

25,714.28 − 698.76 3.89× 10− 6 2.00× 10− 5 
Cancerous (80%) 1.395 

Breast Type-1 MDA -MB -231 
Normal (30–70%) 1.385 

32,857.14 − 1172.72 3.04× 10− 6 1.19× 10− 5 
Cancerous (80%) 1.399 

Breast Type-2 MCF-7 
Normal (30–70%) 1.387 

35,714.28 − 1971.30 2.80× 10− 6 7.10× 10− 6 
Cancerous (80%) 1.401  
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invasive than conventional needles, they can be used to collect analytes 
from the human body for our proposed sensor with less discomfort and 
tissue damage. The authors express a strong belief in the considerable 
potential of the proposed SPR-PCF biosensor for highly sensitive cancer 
cell detection. With the help of new developments in nanofabrication 
technologies, it is expected that this biosensor can be produced using the 
suggested fabrication method or other approaches. 
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Table 2 
The optical properties comparison of the proposed SPR-PCF biosensor with 
previous sensors for cancer detection (Red color indicates the highest sensitivity 
achieved for that specific sensor).  

Ref Sensor Type Cancer Cell WS (nm/ 
RIU) 

AS 
(RIU− 1) 

[36] SPR-PCF 

Adrenal Gland 
(PC-12) 5500 − 399 

Blood (Jurkat) 4642.86 − 401 
Breast Type-1 

(MDA-MB-231) 
6428.57 − 324 

Breast Type-2 
(MCF-7)  

7142.86 − 305 

Cervical (HeLa) 4333.33  − 757 
Skin (Basal) 3150 − 625 

[34] SPR-PCF 

Adrenal Gland 
(PC-12) 

– − 245.5 

Blood (Jurkat) – − 165.9 
Breast Type-1 

(MDA-MB-231) 
–  − 289 

Breast Type-2 
(MCF-7) – − 154.5 

Cervical (HeLa) – − 166.7 
Skin (Basal) – − 83 

[37] dual-core PCF 

Adrenal Gland 
(PC-12)  

12,857.14 – 

Blood (Jurkat) 10,714.28 – 
Breast Type-1 

(MDA-MB-231) 11,428.57 – 

Breast Type-2 
(MCF-7) 12,500 – 

Cervical (HeLa) 11,250 – 
Skin (Basal) 10,000 – 

[38] SPR-PCF 

Adrenal Gland 
(PC-12) 

7571.43 − 1452 

Blood (Jurkat) 6000  − 1599 
Breast Type-1 

(MDA-MB-231) 9428.57 − 1441 

Breast Type-2 
(MCF-7)  

10,714.28 − 1411 

Cervical (HeLa) 5500 − 1387 

[39] PCF-SPR 

Adrenal Gland 
(PC-12) 

6429 − 259 

Blood (Jurkat) 5714 − 203 
Breast Type-1 

(MDA-MB-231)  7143  − 270 

Breast Type-2 
(MCF-7)  

7143 − 249 

Cervical (HeLa) 5000 − 221 
Skin (Basal) 3500 − 152. 

[40] 
Dual V-shaped 

SPR-PCF 

Breast Type-1 
(MDA-MB-231) 14,428.6 – 

Cervical (HeLa) 8208 – 
Skin (Basal)  23,700 – 

[41] 
Twin-Core 
PCF-SPR 

Adrenal Gland 
(PC-12) 

3571.42 − 2537.37 

Blood (Jurkat) 3571.42 − 2172.31 
Breast Type-1 

(MDA-MB-231)  
4285.71 − 2193.76 

Breast Type-2 
(MCF-7)  4285.71 − 1813.13 

Cervical (HeLa) 2916.66  − 4078.43 
Skin (Basal) 2500 − 1611.02 

[42] SPR-PCF 

Adrenal Gland 
(PC-12) 

12,000 − 902 

Blood (Jurkat) 9786 − 713 
Breast Type-1 

(MDA-MB-231) 14,500 − 1108 

Breast Type-2 
(MCF-7)  16,357  − 1242 

Cervical (HeLa) 9000 − 557 
Skin (Basal) 6450 − 371 

[59] 
H-Shaped SPR- 

PCF 

Breast Type-1 
(MDA-MB-231)  

7857.14  − 985.27 

Cervical (HeLa) 5000 − 792.89 
Skin (Basal) 4000 − 422.76  

Table 2 (continued ) 

Ref Sensor Type Cancer Cell WS (nm/ 
RIU) 

AS 
(RIU− 1) 

[60] 
D-shaped SPR- 

PCF 

Adrenal Gland 
(PC-12) 17,857.14 – 

Blood (Jurkat)  23,214.28 – 
Breast Type-1 

(MDA-MB-231) 
19,285.71 – 

Breast Type-2 
(MCF-7) 

22,857.14 – 

Cervical (HeLa) 17,916.66 – 
Skin (Basal) 18,000 – 

Proposed 
Sensor SPR-PCF 

Adrenal Gland 
(PC-12) 25,714.28 − 698.76 

Blood (Jurkat) 16,428.57 − 455.59 
Breast Type-1 

(MDA-MB-231) 
32,857.14 − 1172.72 

Breast Type-2 
(MCF-7)  35,714.28  − 1971.30 

Cervical (HeLa) 14,583.33 − 286.58 
Skin (Basal) 6500 − 273.16  

Fig. 13. Linear fitting characteristics of the proposed biosensor.  
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