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Abstract: We developed an all optic-fiber waveguide-coupled surface plasmon resonance (SPR) 
sensor using zirconium disulfide (ZrS2) and poly-dopamine (PDA) as the dielectric layer and 
biological cross-linker, respectively. This sensor can be employed to monitor the entire process of the 
C-reactive protein (CRP) sensing, including antibody modification and antigen detection. The design 
and the optimization of the optical fiber waveguide-coupled SPR sensor were realized, based on the 
transfer matrix method and first-principles calculations. The sensor was fabricated and characterized 
according to the optimized parameters. The experimental setup was implemented to measure the 
entire process of antibody modification and antigen detection for CRP with the detection limit of 
3.21 pmol·mL−1, and the specificity tests were also carried out. 
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1. Introduction 

C-reactive protein (CRP) is one of the most 

important inflammation markers in the human body, 

which is used in response to infection, tissue 

inflammation, or other inflammatory stimuli, and 

can be used to differentiate the infection caused by 

bacteria from virus clinically [1]. Since the CRP 

contributes importantly to the diagnosis of human 

diseases, a number of methods have been developed 

for its detection, such as enzyme linked 

immunosorbent assay [2], immunofluorescence 

assay [3], and latex agglutination [4]. However, 

these methods have the limitations of being 

time-consuming, semi-quantitative, and lack of 

miniaturization. 

The optical fiber-based surface plasmon 

resonance (SPR) sensors have the potential for 

solving these problems [5]. By the integration of the 

optical fiber technology and sensor technology, 

these sensors amalgamate the strengths of both 

technologies, encompassing enhanced sensitivity, 

label-free detection, immunity to electromagnetic 

interference, and electrical insulation. Consequently, 
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such sensors are widely applied in diverse sectors 

e.g., environmental monitoring, biomedicine, and 

food security [6]. Since their inception, these sensors 

have captivated substantial attention and emerged as 

a focal point for research and development. 

The rapid evolution of optical fiber SPR sensors 

has engendered comprehensive explorations into 

their architectures [7], materials [8], and sensitivity 

[9]. Especially, the configuration of the thin film and 

the selection of materials have been meticulously 

investigated to enhance the performance and the 

sensitivity of sensors. As a result, numerous 

achievements have been attained. These 

advancements have paved the way for the realization 

of biological sensing applications. However, there 

remains a challenge in achieving the dynamic and 

entire monitoring of the biological sensing process. 

To enable practical biological sensing, we 

successfully developed an all optic-fiber 

waveguide-coupled SPR sensor, building upon 

previous research works [10]. This sensor 

incorporated zirconium disulfide (ZrS2) as the 

dielectric layer and poly-dopamine as the biological 

cross-linker. The design and the optimization of the 

sensor were achieved through the utilization of 

transfer matrix methods and first-principles 

calculations. Subsequently, this SPR sensor was 

fabricated and characterized based on the optimized 

parameters. This specifically designed sensor holds 

the capability to monitor the entire process of the 

CRP sensing, including antibody modification and 

antigen detection. Additionally, it allows for the 

specificity experiments. 

2. Principle and optimization 

The structure of the all optic-fiber 

waveguide-coupled SPR sensor is shown in Fig. 1. 

This sensor design was performed based on a 

silica-core multimode fiber with the plastic cladding. 

Key components of the sensor include the optical 

fiber core, metal layer, and dielectric layer, as shown 

in Fig. 1(a). The optical fiber core was supposed to 

be made of silica, while the metal layer could be 

gold, silver, copper, or aluminum. The dielectric 

layer was made of new 2-dimensional (2D) 

materials, such as transition-metal dichalcogenides 

(TMDCs). In the comparison of different materials 

for the metal and dielectric layers, gold and 

zirconium disulfide (ZrS2) were identified as better 

choices [10]. The theoretical model of the sensor is 

described in Fig. 1(b). 

Dielectric Layer (ZrS2)

Metal Layer (Au)
Core

Cladding
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Metal layer (Au) 

Cladding 

Dielectric layer (ZrS2)  
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ns n2 n1n0

 
(b) 

Fig. 1 Structure of the optic-fiber waveguide-coupled SPR 
sensor: (a) profile view of the whole sensor and (b) theoretical 
model of the sensor. 

The dielectric constants of the optical fiber core 

and the Au layer could be described according to the 

Sellmeier dispersion model and the Drude model, 

respectively [11]. Using the first-principles 

calculations and the density functional theory, the 

properties of the ZrS2 layer could be estimated with 

the Cambridge Sequential Total Energy Package 

(CASTEP) module of Materials Studio 7.0, resulting 

in a dielectric constant that varies with the 

wavelength [12]. Based on the dielectric constants 

of each layer, the transmission spectrum 

characteristics of the all optic-fiber 

waveguide-coupled SPR sensor were analyzed using 
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the transfer matrix method [13]. The structure of the 

sensor shown in Fig. 1(a) could be regarded as a 

stack of the multi-layer structures with the thickness 

of dk and refractive indices of nk for the kth film 

layer. The electric and magnetic field amplitudes (E 

and H) could be expressed using the characteristic 

matrix equation as [14] 
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where E1 and H1 are the components of the electric 

and magnetic fields at the boundary of the first layer, 

EN and HN are the components of the electric and 

magnetic fields of the Nth layer, and M denotes the 

transfer matrix of the multi-layer structure. The 

transfer matrix M can be described as the linear 

product of the transfer matrix Mk for the boundary 

between the kth layer and (k+1)th layer as 
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where kη  denotes the optical admittance for the kth 

layer. And the normalized transmitted power, Ptrans, 

in the fiber SPR sensor will be then expressed as 
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and θ is the angle of incidence in the fiber core, Nref 

represents the total number of reflections in the 

sensing region, while L and Dc represent the length 

of the exposed sensing region and the diameter of 

the fiber core, respectively; θcr is the critical angle of 

the fiber, whereas ncl is the refractive index of the 

fiber cladding, and n0 is the refractive index of the 

fiber core as shown in Fig. 1(b). And the resonance 

wavelength (the minimum of the resonance dip of 

the transmission spectrum of the SPR sensor) λres 

can be expressed as [16] 
2 2 2 2 2 2
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where ωp=9.03 eV represents the plasma frequency 

of Au as a constant, ns is the refractive index of the 

analyte, and c the speed of light in vacuum. This 

model enables the theoretical simulation and 

optimization of the sensor, leading to the optimized 

parameters for the biological sensing. 

It can be seen that (6) is a concave function, so 

the sensitivity will increase obviously with the 

refractive index. The refractive indices of most 

biological solutions are around 1.35 RIU [17]. The 

length of the sensor was set as 10 mm, while the 

diameter of the fiber was 600 μm. When the 

thicknesses of the zirconium disulfide and gold film 

were set, the transmission spectrum of the sensor 

could be calculated and the resonance wavelength 

was extracted, leading to the sensitivity 

corresponding to different refractive indices of the 

analyte. When the refractive indices of the analyte 

were set as 1.35 RIU, the sensitivity of the sensor 

was simulated as shown in Fig. 2, according to the 

different thicknesses of the gold and zirconium 

disulfide film. It can be seen from the figure that the 

sensitivity is very sensitive to the thickness of the 

zirconium disulfide film, with the optimized 

thickness of about 240 nm−260 nm. Meanwhile, the 

thickness of the gold film could be changed in a 

relatively wider range. In order to acquire a 

relatively higher plasmon intensity, the thickness of 

the gold film was set at 40 nm. When the thickness 

of the zirconium disulfide film was larger than 

320 nm, the sensitivity was reduced because of the 

energy reduction due to the thicker 2D materials. 

Deep blue areas indicate zero sensitivity because the 
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resonance wavelength was beyond the wavelength 

range of 2 000 nm and the fitting curve could not be 

obtained. 
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Fig. 2 Sensitivity of the sensor with different gold film 

depths. 

When the thickness of the gold film was set at 

40 nm, the thickness of the zirconium disulfide film 

was varied from 100 nm to 500 nm, leading to the 

morphologic change of the spectrum. It can be seen 

from Fig. 3 that, the longer the resonance 

wavelength is, the deeper the absorbance depth is. 

When the depth of the zirconium disulfide film was 

larger than 300 nm, the new resonance mode could 

be stimulated. When the depth of zirconium 

disulfide was larger than 400 nm, another new mode 

could also be stimulated. When the depth was 

restricted to be less than 300 nm, the resonance 

valley would be more obvious with the increment of 

the thickness of the zirconium disulfide film. 
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Fig. 3 Transmitted spectrum of the sensor with different 

zirconium disulfide film depths. 

When the thicknesses of the gold and zirconium 

disulfide film were set at 40 nm and 240 nm, 

respectively, the transmission spectra of the sensor 

are shown in Fig. 4(a), and the wavelength shift 

corresponding to the refractive indices of the analyte 

is shown in Fig. 4(b). It can be seen from the figure 

that the fitting curve is a concave function, and the 

sensitivity increases with the refractive indices. 
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Fig. 4 Transmission spectra and resonance wavelength of the 

optic-fiber waveguide-coupled SPR sensor: (a) transmission 
spectra of the sensor and resonance wavelength of the sensor 
and (b) resonance wavelength of the sensor. 

3. Fabrication and characterization 

3.1 Sensor fabrication 

According to the optimized parameters, the all 
optic-fiber waveguide-coupled SPR sensor was 

fabricated for the CRP sensing. This indicated the 
inflammation degree in the serum monitoring, which 
is a fundamental biochemical criterion. The fabrication 

flow chart of the sensor is shown in Fig. 5. 
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Fig. 5 Fabrication flow diagram of the optic-fiber 

waveguide-coupled SPR sensor. 

The optic-fiber waveguide-coupled SPR sensor 

was fabricated on a plastic-cladding silica-core 

multimode fiber, with a numerical aperture of 0.37 

and a core diameter of 600 μm, respectively. After 

being cleaned by acetone and ethanol successively 

in an ultrasonic cleaner, a ~10 mm unclad section in 

the middle of the fiber was coated with a 

40 nm-thick gold layer, using the vacuum sputtering 

coating device, in a pure Ar atmosphere under a 

working pressure of 1 Pa (7.5 mTorr). The 

completed sensor was immersed into the ultrasound 

treated ZrS2 isopropanol nano-dispersion until the 

full evaporation of the solution, which indicated the 

completion of one deposition cycle. Deposition 

cycles were carried out twice by repeating the above 

evaporation process for the optimized thickness of 

the ZrS2 layer. Then, the procedure of annealing at 

50 °C for 5 hours was performed to ensure the 

adhesion strength. As a neurotransmitter, dopamine 

would lead to the self-polymerization reaction in the 

environment of the oxygen and weak base, and the 

poly-dopamine (PDA) would be produced with an 

adjustable thickness. Therefore, it could be utilized 

as a biological cross-linking agent. In order to make 

more biological molecules firmly fixed on the sensor 

and form a stable and reliable detection film, PDA 

was used to cross-link the biological molecules to 

the sensor surface. The practical sensors fabricated 

with the above process are shown in Fig. 6. 
Sensing range of the sensor

 
Fig. 6 Practical sensors fabricated with ZrS2 and PDA layers. 

3.2 Characterization of the sensor 

To evaluate the performance of the fabricated 

sensor, it was also characterized by different 

equipment. The morphology characterization of the 

Au layer was monitored by the microscope and the 

atomic force microscope (AFM). The Au layer was 

very smooth, according to the microscope picture 

shown in Fig. 7(a). The comparison of the Au layer 

and bare fiber core was clearly observed in the AFM 

image shown in Fig. 7(b). The thickness of the Au 

layer was 43.7 nm with the roughness of 4.46 nm. 

 
(a) 

 
(b) 

Fig. 7 Morphology characterization of the Au layer for the 
optic-fiber waveguide-coupled SPR sensor: (a) microscope 
picture of the Au layer and (b) AFM picture of the Au layer. 

The ZrS2 layer underwent the characterization 

using the Raman spectroscopy instrument with a 

model of HORIBA Scientific LabRAM HR 

Evolution. Figure 8(a) exhibits the Raman spectrum 

of the sensor, revealing a wide and asymmetric peak 

corresponding to the A1g mode at 332 cm−1. This 

observation was consistent with the data presented 

in [18], indicating the presence of the ZrS2 layer. 

Additionally, the film morphology of the ZrS2 layer 
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was examined using the scanning electron 

microscopy (SEM) at a magnification of 50 000×, as 

depicted in Fig. 8(b). The SEM image demonstrates 

the uniform distribution of ZrS2 nano-sheets, 

ranging in the size from dozens of nanometers to 

hundreds of nanometers. 
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Fig. 8 Morphology characterization of the ZrS2 layer for the optic-fiber waveguide-coupled SPR sensor: (a) Raman spectrogram of 
the ZrS2 layer and (b) SEM picture of the ZrS2 layer (50 000×). 

To verify the successful modification of the PDA 

layer onto the sensor surface, a full spectrum 

scanning of the PDA-functionalized sensor was 

performed using the X-ray photoelectron 

spectroscopy (XPS) instrument with a model of 

Thermo Scientific Escalab 250Xi. The scanning 

results are shown in Fig. 9(a). The XPS spectrum 

revealed the presence of carbon (C), nitrogen (N), 

and oxygen (O) elements on the sensor film layer 

surface, as well as the presence of amino groups 

(RNH2) and imino groups (R2NH). This 

characterization experiment confirmed the 

functionalization of the sensor surface with PDA, 

which was consistent with previously reported 

literature [19]. The entire depth of all layers could 

also be characterized by the SEM, including the Au 

layer, ZrS2 layer, and PDA layer. All layers of the 

sensor were successive and symmetrical, with a total 

depth of 77 nm as shown in Fig. 9(b). Thus, it could 

be used in the biological sensing. Additionally, the 

difference between batches did exist, but the 

optimized stable process flow could ensure the error 

within a controllable range, which would have little 

influence on the performance of the sensors. 
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Fig. 9 Morphology characterization of the PDA layer for the optic-fiber waveguide-coupled SPR sensor: (a) XPS spectrogram of 
the PDA layer and (b) SEM cross-section picture of the whole layer (50 000×). 

4. Fabrication and characterization 

4.1 Experimental setup 

The optic-fiber waveguide-coupled SPR sensing 

system was implemented, as shown in Fig. 10. It 

consisted of four parts. The source launched the 

light into the optic-fiber waveguide-coupled SPR 

sensor. The detected transmission spectrum of the 

sensor could be analyzed using the computer. The 

sensor was immersed into the CRP solution for 
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monitoring. The transmission spectrum was 

denoised using all-phase filters [20], resulting in the 

resonance wavelength of the sensor as the valley 

position of the spectrum. 

the Optical-Fiber 
Waveguide-Coupled 

SPR Sensor
Source Spectrum

CRP Solution

IPCSource  Spectrum OPC

CRP solution 
Optic-fiber 

waveguide-coupled  
SPR sensor 

 
(a) 

 
(b) 

Fig. 10 Setup and practical system for optic-fiber 
waveguide-coupled SPR sensing: (a) sensing system setup of 
the optic-fiber waveguide-coupled SPR sensor and (b) practical 
experimental field of the optic-fiber waveguide-coupled SPR 
sensor. 

4.2 Experiments and discussion 

4.2.1 Sensitivity experiments 

To cross-link the biological molecules to the 

sensor surface, the PDA was used as the biological 

cross-linking agent. However, it was hard to 

simulate the performance of the PDA layer. So, the 

sensitivity investigation of different PDA layer 

positions could be used to evaluate the effect of the 

PDA. Five sensors were fabricated with structures of 

the Au layer only, Au layer+ZrS2 layer, Au 

layer+PDA layer, Au layer+PDA layer+ZrS2 layer, 

and Au layer+PDA layer+ZrS2 layer+PDA layer, 

respectively. These five sensors could be used for 

the refractive index monitoring with the system 

setup as shown in Fig. 10. 

When the refractive index was changed from 

1.34 RIU to 1.38 RIU, the resonance wavelengths of 

different sensors are shown in Fig. 11(a). The 

relationship between the resonance wavelength and 

the refractive index was fitted based on the inverse 

proportional function. Using the fitting results, the 

sensitivity of the sensors corresponding to different 

refractive index values could be calculated as 

Fig. 11(b). The PDA layer and the ZrS2 layer would 

both cause the redshift of the resonance wavelength 

for the SPR sensor, and both factors could be 

superposed. When both layers were used, the 

sensitivity would increase sharply. When the 

refractive index was larger than 1.375 RIU, the 

sensor with the Au layer+PDA layer+ZrS2 layer had 

the highest sensitivity, and the highest value could 

reach 9 500 nm/RIU when the refractive index was 

1.39 RIU. As the spectrometer had the resolution  

of 0.02 nm, the refractive index resolution of     

the sensor could reach 2.1×10–6 RIU with the    

best performance. When the refractive index was 

smaller than 1.375 RIU, the sensor with the Au 

layer+PDA layer+ZrS2 layer+PDA layer had the 

highest sensitivity. As the biological solution usually 

had the refractive index of around 1.35 RIU [17], we 

used the sensor with the structure of the 

Au layer+PDA layer+ZrS2 layer+PDA layer for the 

biological sensing application. Additionally, further 

stacking of the PDA layer+ZrS2 layer would 

increase the sensitivity of the sensor and also 

broaden the transmission spectrum of the sensor at 

the same time, leading to large errors in the SPR 

wavelength demodulation or even fail to detect the 

SPR valley. 

Table 1 shows the performance comparison 

between the sensors proposed in this work and some 

other technologies. It could be seen that the sensors 

with the structure proposed in this work had the 

highest sensitivity with the widest detection range. 

This was because the PDA layer outside of the ZrS2 

layer had the stronger adsorption ability for the 

analyte, especially biological molecules. 
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Fig. 11 Resonance wavelength and the sensitivity of the optic-fiber waveguide-coupled SPR sensor: (a) resonance wavelength of 

the sensor and (b) sensitivity of the sensor. 

Table 1 Performance comparison of different fibers based SPR sensors. 

Sensing structure Refractive index range (RIU) Sensitivity (nm/RIU) Ref. 

Fiber core/Ag layer/Pt layer/ITO/graphene/analyte 1.33−1.36 4 150 [21] 

Fiber core/Ag layer/Au layer/MoS2/analyte 1.331 8−1.370 1 3 061.84 [22] 

Fiber/MoS2/Au layer/analyte 1.331 4−1.362 3 6 184.40 [23] 

Fiber core/Cr layer/Au layer/MoSe2/analyte 1.333−1.358 2 793.36 [24] 

Fiber core/Al layer/graphene/MoS2/analyte 1.330−1.332 6 200 [25] 

Fiber core/Au layer/PDA layer/ZrS2/analyte 1.33−1.39 9 500 This work 

 

4.2.2 Entire processing monitoring of the CRP 
immunoreaction 

The immunoreaction between the anti-CRP 

molecule and the CRP molecule would cause the 

change of the refractive index. The optic-fiber 

waveguide-coupled SPR sensor with the 

Au layer+PDA layer+ZrS2 layer+PDA layer was 

used in the CRP immunoreaction sensing. The 

anti-CRP was immobilized onto the surface of   

the sensor to realize the functionalization,      

with bovine serum albumin (BSA) blocking to 

enhance the performance of the sensor. The entire 

process including the functionalization and  

sensing are shown as Fig. 12, and also could be 

monitored by the optic-fiber waveguide-coupled 

SPR sensor. 

 
Fig. 12 Functionalization of the optic-fiber waveguide- 

coupled SPR sensor for CRP immunoreaction sensing. 

We executed the detection of the CRP serum 

solution with different concentrations. The refractive 
index of the CRP serum solution was measured by 
the Abbe refractometer, and the result was about 

1.345 6 RIU. When the concentration of the CRP 
serum solution changed from 10 μmol·mL−1 to 
500 μmol·mL−1, the average values of 100 times of 

measurement were calculated, with the mean  
square error no more than 0.17 nm. The relationship 
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between the SPR wavelength and the concentration 
of the CRP serum solution is shown as Fig. 13. It 
can be seen that the relationship between them is 
nearly linear, and the slope of the curve is 

52.9 nm/(nmol·mL−1), leading to the concentration 
resolution reaching 3.21 pmol·mL−1 for the serum 
solution of the CRP, with the maximum wavelength 

error below 0.17 nm. We also compared the 
performance of the sensor with other CRP sensors, 
and the results are shown in Table 2, in terms of the 

detection range and detection limit. It could be seen 
that the sensor proposed in this work had the best 
detection limit for the CRP detection, and the value 

was only one third of the latest reference [29]. 
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Fig. 13 SPR wavelength response of the sensor for the 

serum solution of the CRP with different concentrations. 

Table 2 Performance comparison of CRP detection based on different methods. 

Sensing structure Detection range (μmol·mL−1) Detection limit (pmol·mL−1) Ref. 

Fiber core/magnetic nanoparticles 450−6 500 400 [26] 

Fiber core/gold nanoparticles 40−900 52.2 [27] 

Fiber/bioresponsive hydrogel 0−2 100 46.5 [28] 

Fiber core/Cr layer/ 

Au layer/PDA-NPs/analyte 
0−340 9.57 [29] 

Fiber core/Au layer/PDA layer/ 

ZrS2/analyte 
10−500 3.21 This work 

 

The entire process of sensor functionalization 

and immunoreaction sensing is shown in Fig. 14. 

The sensor was immersed in pure water for 

Processes 1 and 3. The wavelengths were basically 

the same for both processes, which indicated that the 

performance of the sensor was stable. The anti-CRP 

immobilization on the sensor surface was carried out 

in Process 4. It could be seen that the wavelength of 

the sensor shifted very slowly, which meant that the 

functionalization of the sensor required more time. 

The BSA blocking occurred in Process 5, in order to 

eliminate the superfluous active spots. As the 

antibodies and antigens should be both dissolved in 

the phosphate buffer saline (PBS) solution, the 

sensor should be cleaned by the PBS solution as a 

reference liquid before the anti-CRP immobilization 

and after the BSA blocking, respectively. These two 

operations could be clearly observed in Processes 2 

and 6. The wavelength difference between these two 

processes meant that the anti-CRP molecules were 

immobilized on the surface of the sensor 

successfully. The immunoreaction between the 

anti-CRP and the CRP molecules was shown in 

Process 7. The figure showed that the wavelength 

shift was fast at the earlier process while lower at 

the later time. After the immunoreaction, the sensor 

was also immersed into the PBS solution, as 

illustrated in Process 8. As the obvious wavelength 

difference between Processes 6 and 8 for the same 

PBS solution, it could be concluded that the 

immunoreaction occurred adequately. After being 

cleaned by the PBS solution in Process 8, the sensor 

was also immersed into the pure water during 

Process 9. The large difference between the 

wavelengths in Processes 9 and 1 also verified   

the immunoreaction. Process 10 referred to the  

final immersing operation of the sensor in       

the PBS solution. The SPR wavelengths in 
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Processes 8 and 10 were nearly the same, which 

meant that the binding of anti-CRP and CRP 

molecules was strong and was not dropped    

when cleaned by the pure water. All in all, the 

optic-fiber waveguide-coupled SPR sensor could 

effectively monitor the entire process of the   

sensor functionalization and the immunoreaction 

sensing. 
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Fig. 14 Entire process of sensor functionalization and immunoreaction sensing (the numbers 1−10 indicate Process 1 to    

Process 10). 
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Fig. 15 Wavelength shifts in different solutions for the 

sensor immobilized by anti-CRP. 

4.2.3 Specificity experiments 

To verify the specificity of the senor, the 

anti-CRP immobilized sensors were immersed into 

different solutions and the wavelength shifts were 

detected separately. These solutions included goat 

IgG, rabbit IgG, goat anti rabbit IgG, and CRP 

solutions, respectively. These solutions had the same 

concentration of 0.05 mg/mL. The experimental 

processes were the same, and the maximum 

wavelength shifts were recoded as shown in Fig. 15. 

Only the CRP solution caused a wavelength shift of 

15 nm, while all other solutions produced the 

wavelength shifts of no more than 1 nm. It indicated 

that the sensor had a good specificity detection 

ability, which could be applied in the immunological 

detection effectively in the mixed solution. 

5. Conclusions 

We developed an all optic-fiber waveguide- 

coupled SPR sensor using the ZrS2 and PDA as the 

dielectric layer and the biological cross-linker, 

respectively. The design and the optimization of the 

optical fiber waveguide-coupled SPR sensor was 

realized, based on the transfer matrix method and 

the first-principles calculations, leading to the 

optimized parameters of Au and ZrS2 film depths of 

40 nm and 240 nm, respectively. The sensor was 

fabricated and characterized according to these 

optimized parameters. This sensor could be used to 

monitor the entire process of the CRP sensing, 
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including the antibody modification and the antigen 

detection. The experimental setup was implemented, 

and the entire process of the antibody modification 

and the antigen detection for the CRP was monitored 

and analyzed, leading to detection limit of 

3.21 pmol·mL−1. The specificity experiments have 

also been performed. 
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