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Abstract
A highly sensitive D-type photonic crystal fiber (PCF) sensor based on surface plasmon resonance (SPR) is proposed for the 
detection of cancer cells through refractive index (RI) monitoring. The sensor features a semicircular groove on the polished 
surface, coated with dual layers of gold (Au) and titanium dioxide (TiO₂) to enhance plasmonic coupling. Finite element 
method (FEM) analysis shows that the sensor has a refractive index range, maximum wavelength sensitivity, and resolution 
of 1.355–1.395, 54,000 nm/RIU, and 1.85 × 10−6 RIU, respectively, boding well for the early screening of cancer cells with 
a sensitivity in the range of 2500–24,285 nm/RIU. The compact sensor comprising a standard single-mode fiber with an 
outer diameter of 125 μm can be produced easily and has large application prospects in fields such as biomedical diagnosis, 
disease screening, and environmental detection.
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Introduction

Surface plasmon resonance (SPR) has attracted much atten-
tion in the field of optical sensing due to its high sensitivity 
to changes in the refractive index (RI) of the environment [1, 
2]. SPR occurs at the metal–medium interface due to collec-
tive oscillations of free electrons in the metal upon exposure 
to light, resulting in surface plasmon excitation (SPP) [3]. 
Owing to the high sensitivity, label-free detection, and fast 
response, SPR-based optical sensors have great potential in 
biomedical detection, environmental monitoring, and food 
safety [4–7]. However, traditional optical sensors suffer 
from technical bottlenecks. For instance, prism-based SPR 
sensors are bulky and susceptible to environmental inter-
ferences [8], while single-mode optical fiber SPR sensors 
exhibit poor mode coupling and low sensitivity [9], thus 
not being able to meet the stringent requirements of modern 
applications.

To overcome the above problems, photonic crystal fiber 
(PCF)–based SPR sensors are attractive. Compared with 
traditional sensors, PCF-SPR sensors can achieve high-sen-
sitivity detection due to the flexible optical field modula-
tion, low transmission loss, and easy coupling with the SPR 
effect [10–14]. Yang et al. have designed an SPR-based dual 
gold nanowire PCF sensor with the RI range of 1.34–1.41 

 *	 Chao Liu 
	 msm-liu@126.com

1	 School of Physics and Electronic Engineering, Northeast 
Petroleum University, Daqing 163318, China

2	 Shenzhen Key Laboratory of Ultra‑Intense Laser 
and Advanced Material Technology, Center for Intense Laser 
Application Technology, and College of Engineering Physics, 
Shenzhen Technology University, Shenzhen 518118, China

3	 Joint Laboratory for Extreme Conditions Matter Properties, 
Southwest University of Science and Technology, 
Mianyang 621010, China

4	 Northeast Petroleum University, Qinhuangdao 
Campus,  Qinhuangdao 066044, China

5	 Department of Physics, City University of Hong Kong, Tat 
Chee Avenue, Kowloon, Hong Kong, China

6	 Department of Materials Science and Engineering, City 
University of Hong Kong, Tat Chee Avenue, Kowloon, 
Hong Kong, China

7	 Department of Biomedical Engineering, City University 
of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-025-03185-z&domain=pdf


11300	 Plasmonics (2025) 20:11299–11310

and maximum spectral sensitivity of 46,800 nm/RIU [15]. 
However, the coupling efficiency and preparation process 
must be improved. In this respect, the D-type PCF with the 
unique side-polished structure allows the metal layer to be 
directly deposited in the neighboring region of the fiber core, 
thus shortening the coupling distance between the guiding 
mode and the SPP mode [16]. This design not only enhances 
the concentration of the electric field at the metal interface, 
which contributes to a more efficient excitation of the SPR 
effect, but also simplifies the fabrication process [17]. Zhang 
et al. have designed a D-type microchannel structure by 
introducing gold (Au) and molybdenum dioxide (MoO2) as 
the plasmonic materials inside the microchannels with an RI 
detection range of between 1.33 and 1.39 and a maximum 
wavelength sensitivity of 17,178 nm/RIU [18]. Despite the 
relatively wide RI detection range, the drawbacks are low 
sensitivity and poor matching between the selected materi-
als. Ashrafian et al. have proposed a D-type PCF-based SPR 
refractive index sensor comprising Au and titanium dioxide 
(TiO2) as the plasmonic materials for the detection of can-
cer cells. The sensor exhibits a peak spectral sensitivity of 
47,000 nm/RIU in the RI range of 1.25–1.43 [19]. However, 
the structure is complicated, making manufacturing difficult.

In this study, a high-sensitivity D-type PCF-SPR sensor is 
designed and demonstrated for the RI detection. The sensor 
consists of a semicircular groove on the polished side of the 
PCF, and the plasmonic film is deposited onto the groove to 
excite SPR. The distance between the fiber core and sensing 
layer is reduced to enhance the coupling efficiency between 
the guided wave mode and the surface plasmonic wave. The 
sensing characteristics of the sensor are systematically ana-
lyzed by the finite element method (FEM). The results show 
that the sensor has a refractive index detection range, maxi-
mum wavelength sensitivity, optimal resolution, and quality 
factor of 1.355–1.395, 54,000 nm/RIU, 1.85 × 10−6 RIU, and 
86.63 RIU−1, respectively. The ability of the sensor to detect 
a variety of cancer cells in early screening, including skin 
cancer, cervical cancer, blood cancer, and adrenal cancer, is 
investigated. The experimental results show that the sensor 
has enormous potential in biomedical monitoring, such as 
the early diagnosis of cancer.

Structure and Methodology

Figure 1a illustrates the two-dimensional cross-section of 
the D-type PCF sensor. The outermost layer is the perfectly 
matched layer (PML), which is employed to eliminate reflec-
tions at the computational boundaries and to ensure the reli-
ability of the simulation results. In addition, a refined mesh 
is applied throughout the simulation to further improve com-
putational accuracy. The analyte layer is located outside the 
sensor. The PCF consists of air holes of three different sizes 

arranged in regular rows, and the radii of the three air holes 
are r1, r2, and r3, respectively. The air hole spacing (Λ) is 
the distance between the centers of two adjacent holes in 
the optical fiber, and r is the radius of the semicircular notch 
region with a D-polishing depth of H. SPR is excited by 
depositing a plasmonic film onto the semicircular notch. The 
common plasmonic metals are gold (Au), silver (Ag), and 
aluminum (Al). Nanomaterials such as graphene, titanium 
dioxide (TiO2), or zinc oxide (ZnO) can be incorporated 
into the plasmonic film [20–22] to not only promote plas-
monic excitation but also enhance the dielectric properties 
and charge transfer [23]. In particular, Au is superior due 
to its stable properties and oxidation resistance [24]. TiO2 
has a high refractive index, leading to strong electric field 
coupling between the gold layer and fiber [25]. Hence, Au 
and TiO2 are selected to be the sensing materials. The Au 
and TiO2 thicknesses are tAu and tTi. This structure not only 
confines the energy in the fiber core but also controls the 
core size by adjusting the size and spacing of the air holes 
to improve the coupling strength between the fundamen-
tal mode and the SPP mode. Figure 1b shows the three-
dimensional structure of the sensor. The preparation process 
contains the following key steps. The stacking-stretching 
process is adopted. The solid silicon rods and quartz capil-
laries are stacked in a preset arrangement and then stretched 
at a high temperature to form the optical fiber pre-fabricated 
rods with regular micrometer-sized air-hole arrays. Precise 
regulation of the air-hole diameters can be achieved by con-
trolling the inner diameter size of the capillaries. One side 
of the fiber is processed into a D-type planar structure by 
precision mechanical polishing. In order to enhance SPR, 
a semicircular groove is etched in the D-plane by a focused 
ion beam (FIB) [26]. Finally, the Au thin film and TiO2 func-
tional layer are deposited sequentially onto the inner surface 
of the notch by magnetron sputtering [27].

Figure 1c shows the schematic of the sensing setup. A 
broadband light source transmits light through a single-mode 
fiber (SMF) to the D-type PCF sensing region to excite SPR. 
The sensor is fixed on a slide and placed on the test bench, 
while the analyte is placed on the sensor to make full con-
tact. The light signal passing through the sensing region is 
transmitted to the optical spectrum analyzer (OSA) through 
the second SMF connected to the computer for real-time 
acquisition and analysis of the interference spectra. After-
ward, it is cleaned with deionized water to eliminate residues 
and ensure the accuracy of the next experiment.

The effects of the structural parameters on the sensing 
characteristics are systematically investigated using the 
loss spectra. The optimal structural parameters are deter-
mined to be r = 13.5 μm, r1 = 6 μm, r2 = 14 μm, r3 = 16 μm, 
Λ = 34.5 μm, H = 43.5 μm, tAu = 50 nm, and tTi = 30 nm. 
Fused silica is the bulk material in the sensor, and the prop-
erties are derived by the Sellmeier equation [28]:
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where λ is the wavelength of incident light, 
A1 = 0.6961663, A2 = 0.4079426, A3 = 0.8974794, 
B1 = 0.0684043, B2 = 0.1162414, and B3 = 9.89616. In 
the designed sensor, gold is employed as the plasmonic 
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Fig. 1   a Schematic of the 2D cross-section of the PCF-SPR sensor; b schematic of the 3D structure; c experimental setup for practical applica-
tions
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plasma frequency �D = 4227.2π (THz), damping fre-
quency �D = 31.84π (THz), Lorentz oscillator frequency 
ΩL = 1300.14π (THz), and Lorentz oscillator spectral width 
ΓL = 209.72π (THz).

In order to enhance the coupling strength between the 
fiber core guiding mode and the surface plasmonic mode, a 
thin nano-TiO2 film is introduced to the gold surface. The 
refractive index of TiO2 can be calculated by the following 
equation [19]:

In general, the imaginary part of the effective refractive 
index (Im(neff)) is associated with the transmission loss of 
the mode. By calculating the resonance peak shift in the 
loss spectrum, the sensitivity and other performance char-
acteristics of the sensor can be determined. The limiting loss 
(CL) reflects the degree of radiation or absorption loss of 
energy during SPR and can be calculated by the following 
equation [30]:

where λ is the incident light wavelength and Im(neff) is the 
imaginary part of the effective refractive index of the fiber 
base mode. Optical biosensors typically employ wavelength 
detection to monitor and analyze biomolecular interactions. 
This method tracks resonance wavelength shifts induced by 
refractive index changes near the sensor surface. Spectral 
sensitivity, also known as wavelength sensitivity (WS), is a 
key parameter for evaluating the performance of PCF-SPR 
sensors and can be calculated from the resonance wave-
length shift using the following equation [31]:

where Δ�peak is the distance in wavelength between the 
two peaks and Δna is the change in RI of the analyte. The 
figure-of-merit (FOM) is defined as the ratio of wavelength 
sensitivity to the full width at half maximum (FWHM). A 
higher FOM indicates greater detection accuracy. FOM is 
defined as follows [32]:

where S� is the wavelength sensitivity and FWHM is the 
full-width at half-maximum of the resonant loss spectrum 
when the curve reaches half of the maximum loss. To further 
evaluate the ability to detect small changes in the refractive 
index, a performance parameter of resolution is introduced 
and defined as [33]
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where Δna is the refractive index change, Δ�
min

 is the 
minimum resolution of the spectrometer, and Δ�peak is the 
maximum displacement of the plasma resonance wave-
length. Amplitude sensitivity (AS) is also a key parameter 
for evaluating the performance of refractive index sensors 
and is commonly used to quantify the magnitude of loss 
variation induced by a unit change in refractive index. It is 
calculated as follows:

where �neff  represents the loss amplitude and Δ�loss 
denotes the peak change in loss between two consecutive 
refractive indices. In addition to sensitivity, the signal-
to-noise ratio (SNR) and detection accuracy (DA) further 
reflect the sensor’s detection stability and resolution, and 
they are calculated as follows:

These parameters are crucial for evaluating the sensing 
performance and feasibility of the sensor and offer a theoret-
ical foundation for its further optimization in future research.

Analysis

Figure 2 illustrates the dispersion relations of the SPP mode, 
fundamental mode, and confinement loss with wavelength. 
The black curve in the figure represents the variation of 
fundamental mode loss with wavelength for the y-polarized 
state. The loss increases gradually with wavelength, reach-
ing the maximum at the resonant wavelength. The loss tends 
to decrease with further increase in the wavelength. The 
red and blue lines in the figure indicate the real part of the 
effective refractive index of the fundamental mode and SPP 
mode, respectively. As the wavelength increases gradually, 
the effective RI real part of the two modes decreases at dif-
ferent rates and intersects at 2590 nm, and the wavelength 
corresponding to the intersection point is equal to the wave-
length corresponding to the loss peak. This indicates that the 
two modes satisfy the phase matching condition for SPR. 
Illustrations a and b show the E-field distributions of the 
fundamental and SPP modes, respectively, when the sen-
sor is non-resonant, and illustration c shows the E-field dis-
tribution of the fundamental mode at resonance. The three 
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electric field plots show that for non-resonance, the energy is 
mainly concentrated within the fiber core. When resonance 
occurs, the energy in the core is maximally coupled to the 
surface of the sensing layer consisting of Au and TiO2 films 
to produce a loss peak. The relationship curves and electric 
field distributions express the basic principle and signifi-
cance of SPR.

Figure 3 demonstrates the effects of different stomatal 
parameters on the loss spectra. Figure 3a shows that the 
resonant wavelength redshifts as the stomatal spacing (Λ) 
increases from 32.5 to 36.5 μm (in steps of 2 μm) because 
a larger Λ widens the distance between the air holes, weak-
ens the binding ability of the optical field inside the core, 
increases the energy leakage outward, and increases the 
phase velocity of the incident light in the core. Hence, 
the wavelength corresponding to the resonance condi-
tion becomes longer. As shown in Fig. 3b, the resonance 
wavelength blueshifts as the radius of the macropores 
(r3) increases from 14 to 18 μm (in steps of 2 μm). As r3 
increases, the air holes occupy more space, causing the 
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Fig. 2   Dispersion curves of the SPP mode (blue) and core-guided 
mode (red) and the wavelength-dependent confinement loss (black), 
at RI = 1.36

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

0

2

4

6

8

10

12

14

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

0

2

4

6

8

10

12

14

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

0

3

6

9

12

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

0

2

4

6

8

10

12

14

C
L
(d
B/
cm

)

Wavelength ( m)

r3=14 m
r3=16 m
r3=18 m

(a)

C
L
(d
B/
cm

)

Wavelength ( m)

r=11.5 m
r=12.5 m
r=13.5 m

(b)

C
L
(d
B/
cm

)

Wavelength ( m)

r2=10 m
r2=12 m
r2=14 m

(c)

C
L
(d
B/
cm

)

Wavelength ( m)

=32.5 m
=34.5 m
=36.5 m

(d)

Fig. 3   Effects of air pore parameters on the loss spectra of the PCF-SPR sensor for RI = 1.36: a  loss spectra for different air-hole spacing Λ, 
b loss spectra for different large air-hole r3, c loss spectra for different medium-sized air-hole r2, and d loss spectra for different notch-polishing r 
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optical field to further concentrate in the core region. More 
energy is bound to the core with a high refractive index, 
resulting in a decrease in the phase velocity of the incident 
light in the core. Consequently, the wavelength correspond-
ing to the resonance condition becomes shorter. Figure 3a 
and b show that the changes of Λ and r3 have little effect on 
the loss peaks, indicating that the modulation of the loss 
spectrum by the air-hole spacing and large air-hole radius is 
limited. Figure 3c shows that as the medium-sized stomatal 
radius (r2) increases from 10 to 14 μm (in steps of 2 μm), 
the loss peak increases with r2. This phenomenon occurs 
because the fiber core is squeezed by the enlarged medium-
sized air holes, and more energy is coupled to the metal 
nanolayer notches to enhance SPR coupling and increase the 
loss. As shown in Fig. 3d, the peak loss increases gradually 
as the radius (r) of the semicircular notch increases from 

11.5 to 13.5 μm (in steps of 1 μm) because the larger notch 
increases the contact area between the metal nanolayer and 
the fiber core mode. Based on the above single-variable 
simulation analyses of the air-hole pitch, large air-hole 
radius, medium air-hole radius, and the semi-circular groove 
radius, the influence trends of each structural parameter on 
the resonance wavelength and loss peak were determined. 
To ensure high sensitivity, a distinct resonance peak, and 
good fabrication feasibility, the following structural param-
eters were selected as the optimal configuration: r = 13.5 μm, 
r2 = 14 μm, r3 = 16 μm, and Λ = 34.5 μm.

Figure 4 illustrates the effect of polishing depth (H) on 
the loss spectra of the PCF-SPR sensor. As H increases 
from 39.5 to 43.5 μm (in steps of 2 μm), there is almost 
no effect on the resonance wavelength, but the loss peak 
increases with H. The effect of polishing depth is similar 
to that caused by deepening the notch. That is, the coupling 
distance between the metal nanolayer and the fiber core 
decreases. This is similar to the effect arising from increas-
ing the notch depth. The coupling distance between the 
metal nanolayer and the fiber core decreases to enhance the 
coupling strength and SPR, leading to a rise in the loss peak 
due to more efficient coupling of energy from the fundamen-
tal mode to the surface plasma wave.

Figure 5a shows the effects of different TiO2 film layer 
thicknesses. A thicker TiO2 film produces a blueshift of the 
resonance wavelength and a smaller loss peak for a fixed 
RI. When the TiO2 is too thick, the ability of the optical 
field to penetrate the Au layer is compromised, thus reduc-
ing the efficiency of the Au layer to excite SPR. The wave-
length sensitivities for different TiO2 thicknesses of 30, 40, 
and 50 nm are 7000, 4000, and 5000 nm/RIU, respectively. 
Although the sensitivity is slightly improved for the 50-nm 
thickness compared to 40 nm, the loss is small, and the SPR 
effect is limited. Taking into account the peak loss and sen-
sitivity, the optimal TiO2 thickness is 30 nm.
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Figure 5b shows the effects of different Au layer thick-
nesses. The resonance peaks move to shorter wavelengths 
with increasing Au layer thickness for a fixed RI. If the Au 
film is too thick, the incident electromagnetic wave can-
not penetrate deeply inside the metal, and the electric field 
cannot reach the interface between the metal and dielec-
tric to hamper SPP excitation. Since SPR depends on the 
strong coupling between the guided wave mode and SPP, 
resonance becomes insignificant in this case, and the cou-
pling efficiency decreases significantly. Further assessment 
of the wavelength sensitivities for different Au thicknesses 
shows that the wavelength sensitivities are 7000, 4000, 
and 3000 nm/RIU when the Au thicknesses are 50, 60, 
and 70 nm, respectively. The optimal Au layer thickness is 
50 nm.

The loss spectra are simulated for the RI range of 
1.355–1.395 (with an increment of 0.005), as shown in 
Fig. 6. It can be clearly observed that within the operating 
wavelength range of 2 to 3 μm, the resonance wavelength 
gradually redshifts as the RI increases. This wavelength 
band exhibits favorable molecular absorption characteristics, 
making it suitable for high-sensitivity detection. Figure 6a 
shows a peak wavelength of 2610 nm for an RI of 1.355 
and the smallest loss peak. In comparison, the loss peak is 
the largest, and the peak wavelength reaches 3010 nm at an 
RI of 1.395, indicating that the coupling between the fun-
damental mode and the SPP mode is the strongest. When 
the RI exceeds 1.395, the confinement of the guided mode 
weakens, resulting in optical field leakage, reduced sensi-
tivity, and irregular resonance peaks. In contrast, when the 
RI falls below 1.355, the coupling between the fundamen-
tal mode and the SPP mode becomes insufficient, leading 
to poor sensing performance and low detection accuracy. 
Therefore, the RI range of 1.355 to 1.395 is considered the 
optimal sensing interval for this sensor. Figure 6b shows that 
the peak wavelength shifts from 2710 to 3010 nm when the 

RI changes from 1.39 to 1.395, showing a maximum shift 
of 300 nm. According to Eq. 5, the maximum sensitivity is 
54,000 nm/RIU.

Discussion

The histograms of the wavelength sensitivity for different 
RIs are displayed in Fig. 7a. The wavelength sensitivity 
increases gradually from 2000 nm/RIU. The maximum spec-
tral sensitivity is 54,000 nm/RIU, and the average sensitivity 
is 11,142 nm/RIU. Figure 7b shows the polynomial fit of the 
resonance wavelengths with RI with an R-square of 0.98406.

In order to provide a more comprehensive analysis of the 
sensor performance, AS, SNR, and DA are further intro-
duced as auxiliary evaluation parameters in this study. Fig-
ure 8a illustrates the variation of amplitude sensitivity with 
wavelength as the RI changes from 1.380 to 1.395, with 
a step size of 0.005. In biosensor applications, amplitude 
sensitivity reflects the sensor’s ability to detect changes in 
signal amplitude caused by variations in analyte concentra-
tion or specific biomolecular interactions. It can be observed 
that as the RI increases, the AS generally exhibits a gradual 
decreasing trend and shows a consistent response pattern 
across the wavelength range, accompanied by a slight red-
shift. Figure 8b and c present the changes in SNR and DA 
within the RI range of 1.355–1.395. As shown in Fig. 8b, 
the SNR increases with RI and reaches 0.44 at an RI of 
1.395, indicating good detection stability and reliable signal 
response. Figure 8c demonstrates that the DA decreases with 
increasing RI, which is consistent with expected behavior, 
suggesting that the sensor maintains relatively stable resolu-
tion capabilities for small refractive index variations within 
the sensing range.

The effects of different metal oxide layers are studied in 
order to select the optimal metals, including molybdenum 

Fig. 6   Loss spectra: a RI 
between 1.355 and 1.39 and 
b RI of 1.395
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trioxide (MoO3), ZnO, and TiO2. Figure 9a shows the wave-
length sensitivity in the RI range of 1.38–1.39 (in steps of 
0.005). The effects of different materials on the SPR cou-
pling efficiency vary significantly. The sensitivities of the 

uncoated group are 4000, 6000, and 10,000 nm/RIU, respec-
tively. The sensitivity of MoO3 is lower than that of the con-
trol group for all RIs, indicating that its small low refrac-
tive index cannot excite SPP efficiently and even inhibits 
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Fig. 8   Properties of the PCF-
SPR sensor: a AS, b SNR, and 
c DA
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SPR generation. In contrast, ZnO shows a higher sensitiv-
ity for RI = 1.38 (up to 14,000 nm/RIU), but the sensitivity 
decreases rapidly at higher RIs. Hence, it is more sensitive 
to the modulation effect of the electromagnetic field distri-
bution and has poor coupling stability. TiO₂ shows the best 
enhancement, as its high refractive index leads to a stronger 

electric field compression effect at the metal–dielectric 
interface and enhances the coupling strength between the 
guided-wave mode and the SPP mode. The structure exhib-
its enhanced sensitivity for all RIs up to 540,000 nm/RIU, 
thereby corroborating that TiO2 is the best material. The 
regulation mechanism of SPR for different metal oxides 
mainly stems from their refractive index properties, electric 
field distribution regulation ability, and the interfacial cou-
pling strength. On account of the high refractive index and 
good optical transmission properties, TiO2 shows strong for 
a wide RI range.

Figure  9b shows the FWHM and FOM for different 
refractive indexes. They increase slowly and then increase 
significantly in this RI range. The resonance wavelength 
(λpeak), resolution, wavelength sensitivity, and FOM are sum-
marized in Table 1. Each parameter shows an increasing 
trend as the RI increases from 1.355 to 1.395. The offset of 
the resonance wavelength increases continuously to improve 
the wavelength sensitivity. The structure achieves the opti-
mal resolution (1.85 × 10−6 RIU) and FOM (86.63 RIU−1) 
at a refractive index of 1.395. Further analysis shows that 
the PCF-SPR sensor has excellent sensing response under 
different RI conditions.

Table 1   Properties of the sensors for refractive indexes between 
1.355 and 1.395

RI of analyte λpeak
(nm)

Resolution
(RIU)

Wavelength 
sensitivity
(nm/RIU)

FOM
(RIU−1)

1.355 2610 5.0 × 10−5 2000 6.65
1.36 2620 5.0 × 10−5 2000 6.66
1.365 2630 5.0 × 10−5 2000 6.57
1.37 2640 5.0 × 10−5 2000 6.22
1.375 2650 5.0 × 10−5 4000 11.72
1.38 2670 2.5 × 10−5 6000 16.31
1.385 2700 1.67 × 10−5 8000 17.30
1.39 2740 1.25 × 10−5 54,000 86.63
1.395 3010 1.85 × 10−6 N/A N/A
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Early cancer detection relies on the difference in the 
refractive index of normal cells and cancer cells in the 
lesion state. Figure 10 shows the resonance wavelengths 
and limiting losses of four types of human normal cells and 
cancer cells. The black curve corresponds to normal cells, 
while the red curve represents cancer cells. The limiting 
loss of cancer cells is higher than that of normal cells, man-
ifested by a redshift of the resonance peak. Notably, the 
confinement loss of the PC12 cancerous cell with a refrac-
tive index of 1.395 is lower than that of the corresponding 
normal human cell. This is because the core mode confine-
ment weakens at this refractive index, causing a significant 
portion of the optical field to leak into the external analyte 

region. As a result, the coupling efficiency between the 
core mode and the SPP mode decreases, leading to a reduc-
tion in confinement loss. In order to analyze the response 
of various types of cells, the refractive indexes of the four 
normal cells and cancer cells are summarized in Table 2, 
which is used to analyze the loss spectra in Fig. 10. The 
normal cells have RIs of 1.360, 1.368, 1.376, and 1.381, 
and their resonance wavelengths are 2620, 2630, 2650, and 
2670 nm, respectively. In contrast, Hela shows an RI of 
1.392, Jurkat an RI of 1.390, and PC12 an RI of 1.395. The 
resonance wavelengths are 2620, 2630, 2650, and 2670 nm, 
respectively. PC12 shows resonance wavelengths of 2670, 
2780, 2740, and 3010 nm, respectively. By analyzing the 

Table 2   Refractive indexes of 
normal and cancerous cells

Cancer cell Cell type Normal cell RI Cancerous cell RI Wavelength 
sensitivity
(nm/RIU)

Ref

Skin Basal 1.360 1.380 2500 [34]
Cervical Hela 1.368 1.392 6250 [34]
Blood Jurkat 1.376 1.390 6428 [32]
Adrenal gland PC12 1.381 1.395 24,285 [32]

Table 3   Comparison of 
different sensors

Ref. RI range

Plasmonic 

Materials

Wavelength 

Sensitivity

(nm/RIU)

Resolution

(RIU)

Structure 

Diagram

[35] 1.33-1.38 Au 8000 1.25×10
-5

[36] 1.20-1.30 Au 10200 9.8×10
-6

[20] 1.31-1.35 Au 20000 6.66×10
-6

[37] 1.37-1.41 Ag 11700 8.55×10
-6

This 

work

1.355-

1.395

Au 54000 1.85×10
-6
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resonance wavelength shift and RI change, the wavelength 
sensitivities are calculated to be 2500, 6250, 6428, and 
24,285 nm/RIU, respectively. The results indicate that the 
sensor has excellent properties in monitoring cancer cells 
(RI range of 1.355–1.395) for skin, cervical, blood, and 
adrenal cancer.

Table 3 compares different sensors. Our sensor shows 
a high sensitivity, a wide refractive index detection range, 
and a resolution of 10−6. The overall performance is com-
parable to that of current high-precision sensors. All in all, 
the structure has good manufacturability, cost-effectiveness, 
and outstanding sensing properties suitable for clinical 
implementation.

Conclusion

A D-type PCF refractive index sensor based on SPR is 
designed and demonstrated. The sensor features a com-
pact structure based on a standard single-mode fiber with 
a diameter of 125 μm and is easy to fabricate. Through 
structural optimization, the final optimal parameters are 
determined as follows: microchannel radius r = 13.5 μm; 
air-hole radii r1 = 6 μm, r2 = 14 μm, r3 = 16 μm; air hole 
pitch Λ = 34.5 μm; and polishing depth H = 43.5 μm. To 
enhance the sensor’s sensitivity, a 50-nm Au layer and a 
30-nm titanium dioxide TiO2 layer are deposited within 
the semicircular groove. Finite element analysis shows 
that the sensor exhibits excellent response in the ana-
lyte refractive index range of 1.355–1.395, a maximum 
wavelength sensitivity of 54,000 nm/RIU, a resolution of 
1.85 × 10−6 RIU, and good linearity in the wide RI range. 
The sensor is used for the early detection of cancer cells. 
It can differentiate typical cancer cells such as Basal, 
Hela, Jurkat, and PC12. The wavelength sensitivity range 
of 2500–24,285 nm/RIU demonstrates the excellent abil-
ity to respond to small refractive index changes. Owing 
to the high sensitivity, manufacturing compatibility, and 
adaptability, the sensor has large potential in optical fiber 
biosensors for early cancer screening, disease diagnosis, 
and detection of complex substances.
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