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In this paper, we present the design, investigation, and optimization of a surface plasmon resonance 
(SPR) biosensor using a D-shaped photonic crystal fiber (PCF) with layers of gold and titanium oxide 
(TiO₂). The TiO₂ layer is applied on top of the gold layer to enhance sensitivity. This biosensor aims to 
simplify the manufacturing process while achieving optimal performance through effective coupling. 
We improved the design by thoroughly analyzing and optimizing various structural parameters to 
enhance performance. Our biosensor demonstrated exceptional diagnostic accuracy when tested on 
multiple samples, including cancer cells (Basal, MDA-MB-231, Jurkat, PC-12, and HeLa). The biosensor 
achieved a maximum wavelength sensitivity (WS) of 42,000 nm/RIU, a maximum amplitude sensitivity 
(AS) of – 1862.72 RIU, and a maximum figure of merit (FOM) of 1393.128 RIU⁻¹ across the wavelength 
range from visible to near-infrared and within a refractive index (RI) range of 1.3–1.4. The results 
indicate that this optimized biosensor exhibits reliable and accurate detection capabilities, capable of 
measuring minute changes in RI with high precision.
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Cancer poses a significant biological challenge worldwide, affecting millions of lives each year. Timely and 
accurate identification of this disease can have a profound impact on individuals’ lives. In this regard, all-optical 
sensors have attracted significant interest from researchers and industry professionals, primarily because of 
their remarkable immunity to external electromagnetic fields. This immunity makes them particularly valuable 
in environments where electromagnetic interference can affect the performance of traditional electronic 
sensors. By utilizing light for sensing, these sensors offer enhanced reliability and stability, paving the way for 
advancements in various applications, such as telecommunications, medical diagnostics, and environmental 
monitoring. Surface plasmon resonance (SPR) biosensors that utilize photonic crystal fiber (PCF) are essential 
for detecting cancer as optical sensors. These biosensors have demonstrated outstanding promise across various 
applications, including biomolecule detection, medical diagnostics, blood type analysis, virus detection, food 
quality and safety inspection, environmental monitoring, and more1–5.

In PCF sensors, selecting suitable materials for the background and plasmonic substance is crucial. Silica 
(SiO2) is commonly used in PCF-SPR sensors6. The materials used as plasmonic substances include gold, silver, 
copper, aluminum, Palladium, indium, and sodium, which are capable of generating surface plasmons7,8. Gold 
and silver are the most well-known among these elements9,10. Sensors using SPR with silver substrates exhibit 
higher sensitivity compared to those using gold substrates. However, the low chemical stability of silver in SPR 
sensors restricts its broader application, and it is prone to surface tarnishing and corrosion in air and aqueous 
environments, and thus typically requires protective passivation layers that complicate fabrication and can degrade 
the near-field enhancement11. Alternatives like Pd and Pd-based nanostructures are attractive for active gas 
sensing (hydrogen) because of hydride formation, but their chemical reactivity and associated optical/structural 
changes make them less suitable as passive, long-term stable RI-biosensor coatings12,13. In contrast, gold has 
high chemical stability and resistance to oxidation. It also supports reliable, reproducible thin-film deposition 
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and bioconjugation chemistry under ambient and biological conditions, making it the more commonly utilized 
material in SPR-PCF sensors14–16. Furthermore, the integration of various materials with plasmonic metals has 
become a significant area of investigation in SPR-based optical sensors. The use of materials such as oxides like 
TiO₂, Transition Metal Dichalcogenides (TMDCs), and other nanostructures like carbon nanotubes (CNTs), 
graphene, and MXene has been explored to either enhance sensitivity or improve the chemical stability of the 
plasmonic layer17–22. But depositing a metal layer onto PCF presents significant challenges in practice. To address 
issues such as coating small holes in the internal metal layers of PCF sensors and achieving a uniform thickness 
without roughness on circular surfaces, D-shaped sensors have been proposed. By polishing the surface of the 
PCF to create a flat area, it becomes possible to achieve a homogeneous metal coating with minimal roughness. 
This polished fiber surface positions the metal layer closer to the fiber core, providing an effective solution to the 
coupling issue between the core mode and the surface plasmon polariton (SPP) mode23.

Recently, there has been a growing focus on D-shaped PCF-based SPR sensors. One of the challenges in 
implementing and simulating these sensors is achieving optimal detection performance. The sensitivity to 
changes in the refractive index (RI) and the overall detection quality are indicated by factors such as wavelength 
sensitivity (WS), amplitude sensitivity (AS), figure of merit (FOM), and resolution, all of which are crucial 
for enhancing sensor performance. To improve these aspects, the primary challenge lies in finding the ideal 
combination of materials and structures that can boost sensitivity and detection quality. Many traditional sensors 
have primarily relied on metals like gold and silver; however, these materials require further optimization to 
attain high sensitivity and improved chemical stability. To address these challenges, researchers have explored 
various proposed structures and employed different plasmonic materials to enhance detection capabilities for 
a wide range of applications. Wu et al. conducted a numerical investigation of a D-shaped PCF sensor coated 
with gold. They analyzed the effects of different structural parameters on sensor performance and achieved a 
WS of 21,700 nm/RIU in the RI range of 1.33 to 1.34, with experimental results confirming their numerical 
analysis24. Ayanar et al. introduced a D-shaped PCF sensor utilizing the phase change material Ge2Sb2Te5 (GST) 
within the near-infrared (IR) wavelength range and an RI range of 1.35 to 1.40. This sensor demonstrated 
wavelength sensitivities of 17,600 nm/RIU for the crystalline phase and 8000 nm/RIU for the amorphous 
phase25. Abdelghafar et al. developed a biosensor with a V-shaped surface coated with ZrN as a plasmonic 
material for cancer detection. The maximum WS achieved for this structure is 6214.28 nm/RIU, specifically for 
breast cancer detection26. Pakarzadeh et al. developed a D-shaped PCF sensor that combined gold coating with 
ten layers of graphene to detect RIs ranging from 1.35 to 1.42 across the visible to IR wavelength spectrum. By 
adjusting the chemical potential of the graphene, they achieved tunable RI sensitivity, reaching a maximum 
WS of 7500 nm/RIU at a chemical potential of 1.2 eV27. Mu et al. presented a D-shaped PCF sensor using a 
dual layer of Au/Ti3C2Tx-MXene. This sensor operates within a wavelength range of 800–2020 nm and an RI 
range of 1.39 to 1.415, achieving a remarkable WS of 64,600 nm/RIU28. Li et al. have demonstrated that sensors 
enhanced with molybdenum disulfide (MoS2) can outperform silver-based sensors. Their experimental results 
indicate that within the RI range of 1.415 to 1.420, this sensor achieves a maximum WS of 16,000 nm/RIU. 
This enhancement has led to a 167.35% increase in performance compared to silver-based sensors29. Liu et al. 
introduced a D-shaped PCF sensor using silver and TiO2, which exhibited a maximum WS of 30,000 nm/RIU 
in an RI range of 1.22 to 1.3630. Elmahdi et al. developed an SPR PCF-based biosensor that utilizes a rhodium 
plasmonic material with a grating structure. This biosensor is designed for the detection of basal, breast, and 
cervical cancers, featuring WS of 19,750 nm/RIU, 20,428 nm/RIU, and 20,041 nm/RIU for these respective cell 
types31. Additionally, Chen et al. analyzed a D-shaped PCF sensor that utilized a dual layer of Au/MgF2 with a 
rectangular microchannel. This sensor operates within an RI range of 1.27 to 1.43 and a temperature range of 45 
to 100 degrees Celsius, achieving a maximum WS of 31,800 nm/RIU32. Sardar et al. developed a sensor based on 
dual polished photonic crystal fibers for cancer detection. This sensor showed a maximum WS of 7143 nm/RIU, 
an AS of – 270 RIU−1, and an FOM of 900 RIU−133. Lastly, Dong et al. introduced and numerically analyzed 
a D-shaped sensor that incorporates a MoO2 nanofilm as the plasmonic layer. This sensor operates within an RI 
range of 1.38–1.43 and demonstrates a WS of 24,000 nm/RIU34. Despite the advancements in the development of 
SPR PCF sensors and the incorporation of various structural elements, challenges still exist in achieving reliable 
and stable detection performance across all diagnostic parameters. The introduced sensors have struggled to 
meet the criteria for excellent performance in every aspect. Specifically, certain parameters such as AS, FOM, 
and resolution are either not adequately addressed or demonstrate clear shortcomings in their performance.

The D-shaped PCF-based SPR biosensor presented in this study demonstrates remarkable sensitivity for 
precise cancer detection. The novelty of this work is threefold: first, a comprehensive optimization process 
yields a design with simultaneously high and balanced performance across all key metrics (WS, AS, and FOM), 
enhancing its diagnostic reliability. Second, we propose a practical sensing approach using cell cytoplasm, which 
links detection to protein concentration changes and simplifies experimental procedures. Third, the synergistic 
combination of optimized Gold/TiO₂ layers is shown to be critical for achieving the sensor’s exceptional 
sensitivity. This innovative design enables the biosensor to operate efficiently within the visible to near-infrared 
spectrum, responsive to RI changes between 1.3 and 1.4 RIU. Its performance is exemplified by a maximum WS 
of 42,000 nm/RIU and a FOM reaching 1393.128 RIU⁻¹, offering superior resolution and accuracy. Furthermore, 
its broad applicability is demonstrated through the capability to identify multiple cancer cell lines, such as Basal, 
HeLa, Jurkat, PC-12, and MDA-MB-231. With its high sensitivity and specificity, this biosensor holds significant 
promise for applications in early cancer detection and other biomedical diagnostics.

Proposed cancer detection system
The experimental setup for evaluating the performance of this biosensor is illustrated in Fig. 1a. Firstly, an 
electromagnetic wave is generated by a tunable optical laser source and transmitted through a single-mode 
fiber to a polarizer and then to the biosensor. The polarizer converts unpolarized light into polarized light. The 
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analyte is introduced to and removed from the biosensor via a programmable pump, controlled through tubes 
and valves at an appropriate pressure. The output light from the biosensor is then sent through a single-mode 
fiber to an optical spectrum analyzer. The collected data is then transmitted to a computer for analysis35. In this 
detection configuration, the analyte under investigation will be cancer cells, but it’s challenging to completely 
inject the cell into the biosensor because of its micrometer-scale dimensions (Fig. 1b). Standard centrifugation 
methods can be used to separate different parts of a cell, such as the cytoplasmic liquid, which can then be 
injected into the biosensor for measurement (Fig. 1(c)). The change in the RI of the analyte leads to a change in 
the resonance wavelength. Cancer cells have a higher RI than normal cells due to the larger amount of proteins 
in the cytoplasm. Therefore, by measuring the changes in resonance wavelength, it is possible to measure the 
change in the RI of the analyte and detect cancer cells (Fig. 1(d, e))36.

Although the cytoplasmic fluid contains water, its overall refractive index is primarily determined by 
biomolecules such as proteins and lipids. Water exhibits an absorption peak in the mid-infrared region; however, 
in the near-infrared region relevant to the sensor, water absorption is minimal and does not significantly impact 
the measurement process. This characteristic allows changes in the cellular refractive index to influence shifts 
in the resonance wavelength, independent of the presence of water. Another consideration in biosensing is 
the scattering of light caused by cellular components. However, the sensor operates based on the shift of the 
resonance wavelength rather than the intensity of light, which minimizes the effect of scattering. Additionally, 
using cytoplasmic fluid instead of whole cells significantly reduces light scattering, as the fluid does not contain 
the large cellular organelles that typically cause strong scattering of light37–40.

Design and numerical characteristics of the proposed biosensor
The proposed biosensor is a D-shaped PCF-based SPR sensor featuring 12 air holes. These holes are strategically 
arranged to achieve a specific geometry that controls the core-guided mode and its interaction with the 
plasmonic surface. The biosensor design features strategically placed holes to create an asymmetric structure, 
which induces birefringence and supports the Y-polarized mode.

Figure 2a illustrates the cross-section, while Fig. 2b shows the 3D view of the proposed biosensor, highlighting 
its structural parameters, and Fig. 2c shows the finite element method (FEM)-based meshing in the structure. 
The numerical solution for this biosensor uses the FEM. The sensor simulation is based on a two-dimensional 
cross-sectional area, as the structure is uniform along the propagation direction. The complete mesh consists 
of 17,326 domain elements and 16,726 boundary elements. The optimization of this biosensor follows a 
manual step-by-step approach, focusing on achieving the desired outputs for optimization. In the design of this 
biosensor, the holes labeled d1 and d2 primarily serve to confine the core-guided mode. The hole labeled dc is 
strategically positioned to lower the effective RI of the core and to create phase-matching conditions between 
the core-guided mode and the SPP mode. Meanwhile, the hole labeled d3 regulates the leakage of the core mode 

Fig. 1.  (a) Experimental setup illustration of the proposed biosensor. (b) Cell and cytoplasm. (c) Schematic 
diagram of the biosensor. (d) Normal cell image. (e) Cancerous cell image.
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field to the plasmonic surface. The placement and dimensions of these holes are carefully engineered to provide 
adequate space for the core mode field to reach the plasmonic metal surface, thus maximizing sensitivity. The top 
surface of the biosensor is polished, and a layer of gold is deposited on this polished surface. Subsequently, a layer 
of TiO2 is coated over the gold layer. The analyte flows around the optical fiber and over the polished surface. 
To minimize unwanted reflections at the boundary regions, a perfectly matched layer (PML) is incorporated as 
the final layer.

In PCF-based sensors, silica is commonly used as the background material due to its favorable optical 
properties. The RI of silica is a critical parameter that influences the sensor’s performance and is described by 
the Sellmeier equation, as expressed in Eq. (1)41.

	
n2

SiO2 (λ ) = 1 + B1λ 2

λ 2 − C1
+ B2λ 2

λ 2 − C2
+ B3λ 2

λ 2 − C3
� (1)

In this relationship, the wavelength of incident light is on the micrometer scale. B1, B2, and B3 are the Sellmeier 
coefficients and are equal to 0.69616300, 0.407942600, and 0.897479400 respectively. C1​, C2​, and C3​ are 
the wavelength-independent parameters related to the material’s electronic band structure and are equal to 
0.00467914826 µm2, 0.0135120631 µm2, and 97.9340025 µm2, respectively.

As mentioned previously, a dual layer of Au/TiO2 is utilized as the plasmonic layer in this biosensor. 
The detection performance of the biosensor is highly dependent on the characteristics of this layer. These 
characteristics include the permittivity of gold, obtained using the Drude-Lorentz approximation, as described 
in Eq. (2)42, and the RI of TiO2, which is given by the relation in Eq. (3)23. The relevant values for these relations 
are provided in Table 1.

	
ϵ Au = ϵ ∞ − ω 2

D

ω (ω + jγ D) − ∆ ϵ · Ω 2
L(

ω 2 − Ω 2
L

)
+ jΓ Lω

� (2)

	
nTiO2 =

√
5.193 + 2.441 × 107

λ 2 − 0.803 × 107
� (3)

  

	
α

(
dB

cm

)
= 20 × log (e) × k0 × Im (neff ) × 104 = 8.686 × 2π

λ
× Im (neff ) × 104� (4)

  

 
Where λ  is the incident wavelength in µm and Im (neff) represents the imaginary part of the effective RI of 

the fundamental guided mode.
The length of the biosensor is inversely related to the maximum CL at the resonant wavelength. The larger 

this number, the longer the core and plasmon modes need to interact effectively, as described by Eq. (5)44:

	
sensor length (SL) = 1

α
, (cm)� (5)

Fig. 2.  (a) Cross-sectional view of the proposed biosensor. (b) 3D schematic view of the proposed biosensor. 
(c) FEM-based meshing.
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One of the key parameters in assessing the performance of an SPR-PCF sensor is its sensitivity. Changes in the RI 
of the analyte lead to corresponding changes in the resonance wavelength of the sensor. The extent of the shift in 
resonance wavelength due to changes in RI is a key factor in assessing the performance of this biosensor, known 
as WS. To determine WS, a wavelength interrogation method is employed, which is based on Eq. (6)45:

	 Sλ (nm/RIU) = ∆ λ peak/∆ na� (6)

In this equation, ∆ λ peak denotes the changes in the resonant wavelength in nm, and ∆ na represents the 
changes in the RI of the analyte.

Another type of sensitivity analysis in SPR-PCF sensors is AS, which is performed using the amplitude 
interrogation method. This sensitivity can be expressed by Eq. (7)46:

	
SA

(
RIU−1)

= − 1
α (λ , na)

∆ (λ , na)
∆ na

� (7)

in this equation α (λ , na) shows the CL value at resonance wavelength, and ∆ α (λ , na) is the change in the 
CL value between two resonance wavelengths.

Another aspect that can be mentioned for evaluating the performance of a biosensor is its ability to detect the 
smallest changes in RI, referred to as sensor resolution, which is determined by Eq. (8)47:

	
RS (RIU) = ∆ na × ∆ λ min

∆ λ peak
� (8)

In this equation, ∆ na is the changes in the RI, ∆ λ min  represents the smallest value of the spectral resolution, 
and ∆ λ peakis the shift of resonance wavelength in nm scale.

An important component in the plot of CL of the biosensor is the full spectral width of CL at half-maximum, 
which significantly influences the biosensor’s performance. Smaller values of this component enhance metrics 
such as FOM and detection accuracy (DA). The overall performance of a biosensor can be compared and 
evaluated by FOM derived from Eq. (9)45:

	 FOM
(
RIU−1)

= Sλ /FWHM� (9)

Additionally, achieving smaller values of FWHM means the resonance peak is more precisely located within 
a narrow range of wavelengths. This leads to greater accuracy in detecting changes in the RI. Consequently, a 
sensor with a smaller FWHM and a larger DA will be able to detect minor changes with increased precision. the 
DA of a biosensor is determined by Eq. (10)48:

	
DA = 1

F W HM (nm) � (10)

In this biosensor, gold is used as the plasmonic material. To optimize the biosensor’s performance and select an 
appropriate thickness of gold, the performance was evaluated for three different thicknesses. The CL spectrum 
and AS graphs for various gold layer thicknesses are illustrated in Fig. 3a and b, respectively. As shown in this 
figure, increasing the thickness of the gold layer reduces the evanescent wave’s ability to penetrate this layer 
due to the inherent damping properties of gold, resulting in a decrease in CL and a blue shift in resonance 
wavelength. It is also evident that the Tg = 30  nm layer has the highest AS. Other necessary information is 
provided in Table 2. As shown in Table 2, the highest WS, AS, and FOM are achieved with the Tg = 30 nm layer. 
Therefore, the optimal thickness for this part is considered to be Tg = 30 nm.

Parameter Definition

ϵ Au Permittivity of Au

∆ ϵ = 1.09 Oscillator weighting vector

ω = 2π c/λ Optical angular frequency

ω D = 4227.2π (THz) Plasma frequency

γ D = 31.84π (THz) Damping frequency

Ω L = 1300.14π (THz) Frequency of the Lorentz oscillator

Γ L = 209.72π (THz) Lorentz oscillator’s spectral width

λ Incident wavelength in µm scale

Table 1.  The relevant values for these relations of Drude-Lorentz approximation and RI of TiO2. In the 
analysis of SPR-PCF sensors, the critical data for evaluating the sensor’s performance is derived from the 
energy transfer between the core mode and the SPP mode. This energy transfer is quantified as Confinement 
Loss (CL), which is a pivotal parameter in the analysis of these sensors and can be calculated using Eq. (4)43:
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The use of TiO2 in SPR-PCF sensors is aimed at enhancing SPR and increasing sensitivity. In this biosensor, a 
layer of TiO2 is used on top of the gold layer to evaluate the performance of this biosensor using the TiO2 layer. 
Figure 4a shows the CL spectrum and Fig. 4b shows the AS graph for different TiO₂ thicknesses. As shown in 
Fig. 4a, increasing the thickness of this layer, which acts as a sensitivity-enhancing dielectric layer, results in 
increased CL, and the resonance peak shifts towards longer wavelengths. while the TiO₂ layer enhances the field, 
there is an optimal thickness (Tti = 10 nm) that maximizes the WS. A layer that is too thin provides insufficient 
enhancement, while a layer that is too thick can begin to shield the evanescent field from the analyte, reducing 
the overall sensitivity. As shown in Table 2, the highest values for WS, AS, FOM, and DA are achieved with the 
Tti = 10 nm layer. Therefore, a thickness of Tti = 10 nm is considered optimal.

It is critical to optimize and place the air holes correctly when designing an efficient biosensor. The location 
and size of these holes have a significant impact on factors such as mode field distribution, coupling between 
core and SPP modes, birefringence, and ultimately the biosensor’s performance.

Figure  5a shows the CL spectrum, and Fig.  5b shows the AS graph for different d1 diameters. With an 
increase in the diameter of this hole for an RI of 1.38, CL increases, while for RI = 1.39, the CL first increases and 
then decreases, resulting in a shift of the CL peak towards longer wavelengths. This behavior occurs because, 
for smaller diameters, the confinement of the core-guided mode and its coupling towards the plasmonic surface 
is less intense. As indicated in Table 2, the highest values of AS, WS, and FOM correspond to a diameter of 
d1 = 2 μm. Therefore, the diameter of d1 = 2 μm is considered the optimal value for this component.

Parameter Quantity

Peak CL (dB/
cm) Peak AS

(1/RIU)
Peak WS
(nm/RIU)

FWHM
(nm)

DA
(1/nm)

FOM
(1/RIU)1.38 1.39

Gold

25 nm 146.39 249.72 – 1809.61 11,000 39.15 0.025536828 280.905111

30 nm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.455537

35 nm 119.95 411.79 – 1638.17 12,000 66.00 0.015151489 181.817872

TiO2

7.5 nm 111.28 211.7 – 1235.9 11,000 52.42 0.019074408 209.8184833

10 nm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.4555373

12.5 nm 169.37 357.83 – 1270.1 11,000 47.96 0.020850652 229.3571725

d1

1.8 μm 109.61 235.51 – 1524.39 9000 47.87 0.02088882 187.999421

2 μm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.4555373

2.2 μm 180.7 338.73 – 1251.84 10,000 42.77 0.023379394 233.7939432

d2

0.9 μm 129.22 331.02 – 1490.68 13,000 57.70 0.017328811 225.274545

1 μm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.4555373

1.1 μm 124.25 234.46 – 1729 13,000 49.19 0.020327166 264.2531604

d3

0.3 μm 180.7 392.03 – 1054.97 12,000 42.77 0.023380874 280.5704933

0.4 μm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.4555373

0.5 μm 64.107 119.99 – 1169.16 13,000 53.22 0.018787666 244.2396601

dc

0.4 μm 111.46 257.19 – 1640.95 12,000 51.70 0.01934169 232.1002833

0.5 μm 134.14 348.05 – 1862.72 13,000 46.02 0.021727349 282.4555373

0.6 μm 151.35 355.75 – 1372.17 14,000 54.42 0.018373331 257.2266291

Table 2.  Different sensing parameters for different structural parameters for RI = 1.38,1.39.

 

Fig. 3.  (a) CL spectrum for different thicknesses of gold layer for RI = 1.38, RI = 1.39. (b) AS for different 
thicknesses of gold layer for RI = 1.38.
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Figure 6a shows the CL spectrum, and Fig. 6b shows the AS graph for different d2 diameters. The purpose of 
this hole is to engineer and confine the core-guided mode; therefore, increasing the diameter of this hole beyond 
d2 = 1 μm prevents the core mode from accessing the plasmonic surface, resulting in a decrease in CL. However, 
changing the diameter of this hole does not alter the resonance wavelength. According to the results in Table 2, 
WS remains the same for all three values. However, for the other parameters, d2 = 1 μm shows the highest value 
and is considered the optimal component.

Figure 7a shows the CL spectrum and Fig. 7b shows the AS graph for different dc diameters. As shown in 
this figure, with an increase in the diameter of the dc hole, there is an increase in CL and a shift of the resonance 
peak towards longer wavelengths. This is because, with an increase in the diameter of this hole, the distribution 
of the core-guided mode field increases, leading to a more evanescent field penetrating the plasmonic surface, 
which results in higher CL. According to Table 2, the highest WS corresponds to the 0.6 μm diameter, and the 
highest values of AS, DA, and FOM correspond to dc = 0.5 μm. Considering the trade-off between the available 
parameters, a value of dc = 0.5 μm can be regarded as optimal.

Figure 8a shows the CL spectrum and Fig. 8b shows the AS graph for different d3 diameters. The d3 hole is 
positioned to manage and control the leakage of the core mode field to the plasmonic surface. With an increase 
in the diameter of this hole, naturally, a smaller amount of the field of the core-guided mode will reach the 
plasmonic surface. Therefore, it can be expected that CL will decrease with an increase in the diameter of d3. 
According to the results in Table 2, it can be inferred that WS is highest at d3 = 0.5 μm and d3 = 0.4 μm. AS and 
FOM are higher at d3 = 0.4 μm compared to the others, and DA is highest at d3 = 0.3 μm. Considering the trade-
off between the parameters, d3 = 0.4 μm is deemed the optimal value.

Numerical performance of the proposed biosensor
The CL curve for the Y-polarized mode, the real part of the effective RI of the SPP mode, and the core mode 
and their mode field distribution for RI = 1.38 are shown in Fig. 9. According to the optimizations and results 
obtained in previous sections, the structural parameters of the proposed biosensor have the following values: Tg 

Fig. 5.  (a) CL spectrum for different diameters of d1 hole for RI = 1.38, RI = 1.39, Tg = 30 nm, and Tti = 10 nm. 
(b) AS for different diameters of d1 hole for RI = 1.38, Tg = 30 nm, and Tti = 10 nm.

 

Fig. 4.  (a) CL spectrum for different thicknesses of TiO2 layer for RI = 1.38, RI = 1.39, and Tg = 30 nm. (b) AS 
for different thicknesses of TiO2 layer for RI = 1.38 and Tg = 30 nm.
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Fig. 8.  (a) CL spectrum for different diameters of d3 hole for RI = 1.38, RI = 1.39, Tg = 30 nm, Tti = 10 nm, 
d1 = 2 μm, d2 = 1 μm, and dc = 0.5 μm. (b) AS for different diameters of d3 hole for RI = 1.38, Tg = 30 nm, 
Tti = 10 nm, d1 = 2 μm, d2 = 1 μm, and dc = 0.5 μm.

 

Fig. 7.  (a) CL spectrum for different diameters of dc hole for RI = 1.38, RI = 1.39, Tg = 30 nm, Tti = 10 nm, 
d1 = 2 μm, and d2 = 1 μm. (b) AS for different diameters of dc hole for RI = 1.38, Tg = 30 nm, Tti = 10 nm, 
d1 = 2 μm, and d2 = 1 μm.

 

Fig. 6.  (a) CL spectrum for different diameters of d2 hole for RI = 1.38, RI = 1.39, Tg = 30 nm, Tti = 10 nm, and 
d1 = 2 μm. (b) AS for different diameters of d2 hole for RI = 1.38, Tg = 30 nm, Tti = 10 nm, and d1 = 2 μm.
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= 30 nm, Tti = 10 nm, d1 = 2 μm, d2 = 1 μm, d3 = 0.4 μm, and dc = 0.5 μm. According to Fig. 9a, when the real 
part of the effective RI of the core mode intersects with that of the SPP mode, a maximum CL is achieved at that 
point. This phenomenon indicates a coupling between the two modes, known as the phase-matching condition. 
This maximum CL occurs at the resonance wavelength λSPR. Figure 9b and c present the 2-D and 3-D mode field 
distributions of the core guided mode, respectively. Similarly, the 2-D and 3-D field profiles of the SPP mode 
are illustrated in Fig. 9d and e, while those of the SPR mode are shown in Fig. 9f and g. CL diagram for RI of 
1.3 to 1.4 and AS of this biosensor for RI from 1.3 to 1.39 in 0.01 increments are illustrated in Fig. 10a and b, 
respectively. The resonance wavelength values and corresponding WSs for each RI from 1.3 to 1.4 and AS values 
for different RIs are listed in Table 3. As shown in this table, the highest WS of this biosensor is associated with 
an RI of 1.39 with a value of 42,000 nm/RIU, the average value is 7400 nm/RIU, and the highest AS is associated 
with an RI of 1.39 and is equal to -1862.72 RIU. The average AS for this biosensor is -479.63 RIU. The analysis 
of the CL diagram in Fig. 10a and the sensor response data in Table 3 reveals that sensor performance and CL 
improve at RIs of 1.38 and higher. This enhancement can be attributed to the increased coupling between the core 
guided mode and the plasmonic mode. As the RI of the analyte rises, the effective RI of the plasmonic mode also 
increases, bringing it closer to the effective RI of the core mode. This alignment strengthens the phase-matching 
condition. As a result of this improved phase matching, there is greater energy transfer between the two modes, 
leading to a stronger resonance. Additionally, as the RI of the analyte increases, the penetration depth of the 
evanescent field also rises, allowing for more interaction between light and the surrounding environment. This 
ultimately results in increased sensitivity, a reduced FWHM, and a higher FOM for the sensor49,50.

The biosensor’s performance is also represented by other factors such as FWHM, DA, and FOM. Figure 11(a) 
displays the graph of FWHM and FOM values, and Fig. 11(b) shows the graph of FWHM and DA values. The 

Fig. 9.  (a) CL curve for y-pol core mode and the phase matching condition among the SPP mode and core 
mode. The 2-D mode field distribution of (b) core guided mode (d) SPP mode, (f) SPR mode. The 3-D mode 
field distribution of (c) core guided mode, (e) SPP mode, (g) SPR mode.
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exact values of FWHM, FOM, and DA for RI ranging from 1.3 to 1.4 in increments of 0.01 are provided in 
Table 3. These parameters provide a comprehensive understanding of the biosensor’s detection capabilities and 
its overall efficiency. The maximum FOM of this biosensor is 1393.128 RIU− 1 associated with an RI of 1.39 and 
its average value is 201.377 RIU− 1.

Moreover, this biosensor’s shortest and longest lengths correspond to RIs of 1.4 and 1.3, with values of 
1.485 × 10− 5 m and 7.1551 × 10− 4 m, respectively. According to Fig. 12, as the CL increases, the biosensor length 
decreases.

The smallest change in the RI that the biosensor can detect is known as the sensor resolution. The data for 
RIs ranging from 1.3 to 1.4 is shown in Table 3. As illustrated in the table, the smallest detectable change by the 
biosensor is 2.38 × 10− 6 RIU, with an average value of 4.43 × 10− 5 RIU.

One of the key factors in evaluating SPR-PCF sensors is the relationship between the resonance wavelength 
and the RI of the analyte, as illustrated in Fig.  13. This relationship enables the prediction of the resonance 
wavelength based on variations in the RI. The polynomial fitting equation governing this biosensor is expressed 
as: y = 61,771.56 × 4 − 330,881.90 × 3 + 664,555.36 × 2 − 593,127.16x + 198,489.12. In this equation, y represents 
the resonance wavelength in micrometers (µm), while x denotes the RI of the analyte. The high R² value of 
0.99 indicates that the polynomial fitting equation accurately reflects the relationship between the resonance 
wavelength and the RI of the analyte. This information is crucial for the design and optimization of the biosensor 
for various applications.

RI cl_max (dB/cm) λ spr (µm) ∆ λ (µm) L (cm) WS (nm/RIU) SR (RIU) AS (1/RIU) FWHM (nm) DA (1/nm) FOM (1/RIU)

1.3 13.976 0.59 10 0.071551 1000 10− 4 – 64.9165 63.47 0.015755 15.755

1.31 17.278 0.6 20 0.057877 2000 5 × 10− 5 – 81.1706 60.47 0.016536 33.07152

1.32 21.228 0.62 10 0.047108 1000 10− 4 – 102.235 58.77 0.017015 17.01514

1.33 28.132 0.63 20 0.035547 2000 5 × 10− 5 – 132.473 54.11 0.018477 36.95497

1.34 37.11 0.65 20 0.026947 2000 5 × 10− 5 – 184.489 52.16 0.019171 38.34194

1.35 49.033 0.67 30 0.020394 3000 3.33 × 10− 5 – 260.616 52.12 0.019186 57.55893

1.36 67.726 0.7 40 0.014765 4000 25 × 10− 5 – 390.237 53.45 0.018709 74.83567

1.37 91.396 0.74 40 0.010941 4000 25 × 10− 5 – 306.37 61.87 0.016163 64.65103

1.38 134.14 0.78 130 0.007455 13,000 7.69 × 10− 6 – 1862.72 46.02 0.021727 282.4555

1.39 348.05 0.91 420 0.002873 42,000 2.38 × 10− 6 – 1411.1 30.14 0.03317 1393.128

1.4 673.62 1.33 NA 0.001485 NA NA NA 81.98 0.012198 NA

Table 3.  Performance investigation of the proposed biosensor for different analyte RI.

 

Fig. 10.  (a) CL spectrum of the biosensor for RIs from 1.3 to 1.4. (b) AS of the biosensor for RI of 1.3 to 1.39.
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Cancer detection by the proposed biosensor
Changes in the RI of biological cells are significant components of biological processes, influenced by alterations 
in biochemical compounds and proteins present in the cytoplasm. It is important to note that the RI of biological 
tissues varies with wavelength. Generally, they exhibit normal dispersion behavior, meaning that, according 
to the Cauchy and Sellmeier equations, the RI slightly decreases as the wavelength increases. However, in the 
operational wavelength range of our sensor, this variation remains minimal, and researches conducted in the 
near-infrared range indicate that although the absolute value of the RI changes with wavelength, the difference 
in RI between cancer cells and normal cells remains significant. This distinction makes the method based on RI 
changes a valid approach for cancer diagnosis37,51,52.

Fig. 13.  Resonance wavelength variation with RI from 1.3 to 1.4.

 

Fig. 12.  Sensor length and CL variation with RI from 1.3 to 1.4.

 

Fig. 11.  (a) Graph of FWHM and FOM values in the RI range of 1.3–1.39 in increments of 0.01. (b) Graph of 
FWHM and DA values in the RI range of 1.3–1.4 in increments of 0.01.
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In this section, we examine the performance of the proposed biosensor in various applications, including 
the detection of different types of cancer cells such as Basal, MDA-MB-231, Jurkat, PC-12, and HeLa33,36. The 
biosensor’s ability to detect and identify cancer cells, along with numerical values for detection parameters for 
each type of cancer, will be discussed. Figure 14 presents the CL spectra of both normal and affected cells for five 
different cell types: Basal (Fig. 14a), HeLa (Fig. 14b), Jurkat (Fig. 14c), PC-12 (Fig. 14d), and MDA-MB-231 (Fig. 
14e). The AS graphs for each cell type are shown in Fig. 14f. Information related to this figure and the numerical 
performance of the biosensor is provided in Table 4. According to the results presented in the table, the proposed 
biosensor demonstrates a range of WS of (4000–32142.85), AS range of (569–1826.77), SR range of (2.5 × 10–5–
3.11 × 10− 6), and FOM range of (74.83–683.32). By conducting investigations on the biosensor and observing 
its performance against various analytes, the excellent performance of this biosensor was demonstrated across 
all detection metrics, which makes this biosensor a suitable option for various applications, such as biosensing.

After a comprehensive analysis of the biosensor’s performance and the numerical results, it is evident that 
the biosensor has great potential to be used in medical diagnostics. Its high WS, FOM, and SR make it suitable 
for detection using the wavelength interrogation method. Additionally, its high AS and excellent performance in 
detecting cancer samples make it a strong candidate for medical diagnostics through the amplitude interrogation 
method. A performance comparison with other state-of-the-art sensors is presented in Table  5. The data 

Fig. 14.  CL spectrum of normal and affected cells (a) Basal cell, (b) HeLa cell, (c) Jurkat cell, (d) PC-12 cell, (e) 
MDA-MB-231 cell. (f) AS graph for Basal cell, HeLa cell, Jurkat cell, PC-12 cell, MDA-MB-231 cell.
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clearly indicates that the proposed biosensor exhibits superior or highly competitive performance across all 
key diagnostic metrics, highlighting its significant advantages over existing designs. Although several reported 
sensors exhibit higher WSs, this improvement often comes at the expense of broader resonance linewidths 
(larger FWHM), which reduces the FOM and limits DA. Other designs achieve sharp resonances but suffer 
from weaker AS or narrower operational ranges. By contrast, the proposed sensor offers a balanced trade-off. 
The proposed SPR-PCF biosensor maintains high WS and AS while achieving a narrow FWHM, resulting in a 
superior overall FOM. This balance between sensitivity and spectral sharpness ensures reliable performance for 
practical biosensing applications.

  

Feasibility of fabricating the proposed biosensor
Although this study is based on numerical simulations, the proposed sensor is highly feasible for practical 
implementation by addressing its fabrication challenges. The primary challenge is ensuring structural uniformity. 
Achieving the precise dimensions and correct arrangement of air holes along the fiber’s structure is critical for 
the sensor’s consistent performance. Various fabrication methods can be employed for this biosensor, such as 
sol-gel, stack and draw, 3D printing, extrusion, and others57–61. The automated stack-and-draw method, utilizing 
high-precision capillaries, can guarantee the preservation of the sensor’s geometry during the drawing process62.

A second challenge is obtaining a smooth, polished surface at the appropriate depth without damaging the 
fiber’s core structure. This can be accomplished using the wheel polishing method (WPM), which allows for 
high-precision surface polishing. Furthermore, real-time monitoring of the polishing depth during the process, 
for instance with an optical microscope, is essential to prevent over-polishing63.

The final challenge involves the thin-film deposition of gold and TiO₂ to achieve a smooth, uniform surface. 
High-vacuum deposition methods are recommended. While Chemical Vapor Deposition (CVD) can be utilized 
for the gold layer, the TiO₂ layer requires a high-precision technique such as Atomic Layer Deposition (ALD). 
This method produces highly uniform, conformal, and pinhole-free films with angstrom-level precision, which 
is crucial for achieving the sensor’s ideal performance64,65.

Conclusion
This paper introduces a highly effective biosensor utilizing SPR PCF. We meticulously examined, analyzed, and 
optimized the structural parameters of the biosensor. To tackle manufacturing challenges, we implemented a 
specialized coating on a polished surface, effectively addressing issues such as achieving uniform metal surfaces 
on circular geometries and significantly reducing both costs and complexity in internal metal coating for sensors. 
This D-shaped design represents a key step towards practical and scalable fabrication. We selected gold and TiO₂ 
for their exceptional stability against oxidation. Through the optimization of structural parameters, we achieved 
remarkable enhancements in detection capabilities, which we compared favorably with findings from other 
studies. The biosensor demonstrated outstanding performance in detecting various cancer types, including 
Basal, MDA-MB-231, Jurkat, PC12, and HeLa, underscoring its potential in advancing medical diagnostics. 
Looking forward, future research can enhance sensor sensitivity and stability by using advanced plasmonic 
materials like MXene and graphene-metal. Optimizing deposition techniques such as atomic layer deposition 
(ALD) will improve coating uniformity and efficiency. While these advanced approaches promise significant 
performance gains, future work must also address their practical feasibility, including higher fabrication costs 
and complexity, to ensure a viable path toward clinical adoption. Expanding the refractive index detection range 
through innovative designs and employing artificial intelligence for spectral analysis will increase accuracy. This 
integration of AI will focus on both developing machine learning models for automated cell classification and 
utilizing signal processing algorithms to enhance the accuracy of experimental data. Ultimately, the path to 
clinical translation will require these advancements to be integrated into a robust prototype. Additionally, in 
vitro validation with real biological samples and the development of portable microfluidic systems can support 
clinical applications and aid early cancer detection.

Cancer type Cell type RI range
Resonance 
wavelength (nm)

Wavelength 
sensitivity 
(nm/RIU)

Amplitude 
sensitivity (RIU− 1)

Sensor resolution 
(RIU)

FOM 
(RIU− 1)

Skin Basal 1.36–1.38 0.7–0.78 4000 – 569 2.5 × 10− 5 74.83

Cervical HeLa 1.368–1.392 0.73–0.94 8750 – 1621.8 1.14 × 10− 5 163.7

Blood Jurkat 1.376–1.390 0.76–0.91 10714.28 – 1826.77 9.33 × 10− 6 222.61

Adrenal Gland PC12 1.381–1.395 0.79–1 15,000 – 1436.24 6.66 × 10− 6 360.12

Breast MDA-MB-231 1.385–1.399 0.85–1.3 32142.85 – 736.963 3.11 × 10− 6 683.32

Table 4.  Performance investigation of the biosensor for different cancerous analytes.
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Data availability
The data that support this study are available from the corresponding author upon reasonable request.
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