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Abstract: A new type of human immunoglobulin G (IgG) sensors based on the surface plasmon 
resonance (SPR) in the low refractive index (RI) plastic optical fiber (POF) and an antibody 
immobilization method is presented. A 50-nm-thick gold film was formed on the polished D-shaped 
fiber surface by magnetron sputtering. The RI response of the POF sensor is 30 049.61 nm/RIU, 
which is 26.5 times higher than that of single mode fiber (SMF) SPR sensors. The proposed SPR 
biosensor can be developed by simple and rapid modification of the gold film with 11-mercapto 
undecanoic acid (MUA). Upon immobilization of the goat anti-human IgG antibody, the resonance 
wavelength shifts by 11.2 nm. The sensor can be used to specifically detect and quantify the human 
IgG at concentrations down to 245.4 ng/mL with the sensitivity of 1.327 7 nm per μg/mL, which 
offers an enhancement of 12.5-fold compared to that of the conventional SMF based SPR sensors. 
The proposed device may find the potential applications in the case of use at the point of care. 
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1. Introduction 

Immunoglobulin G (IgG) is an important 

antibody that protects the body from viruses. It is 

clinically important for understanding the humoral 

immune function and diagnosing various diseases 

such as immune enhancement [1], immunodeficiency 

[2], infection [3], and autoimmunity [4]. The IgG 

concentration clinically reflects the immune status 

of the body against specific pathogens, and thus a 

rapid and accurate method is needed to quantify the 

IgG concentration. Compared to the traditional 

methods such as Enzyme-linked immunosorbent 

assay (ELISA) [5] and radioimmunoassay [6], 

optical sensors offer natural advantages, such as  

the small size, fast response, label-free, and 
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contamination-free [7–9]. There are various types  

of optical based biosensors [10], including 

interferometers [11], gratings [12], and surface 

plasmon resonance (SPR) devices [13]. Among 

these, the SPR is currently proving to be one of   

the most viable technologies for developing 

label-free, point-of-care, and high-throughput 

biosensors [14, 15]. 

Conventional SPR sensors have a built-in 

Kretschmann configuration that relies on large 

optical elements, resulting in high operating costs 

and challenges with miniaturization [16]. In this 

regard, emerging specialty fibers exhibit many 

outstanding features (e.g., high sensitivity, low cost, 

lightweight, distributed sensing potential, and small 

size) that can be used to develop SPR sensors 

[17–20]. To date, the meaningful work has been 

carried out to improve existing fiber optic SPR 

sensor configurations by employing specialty fibers. 

Depending on the profile of the detection area, 

fiber-optic SPR sensors use different types of optical 

fibers or configurations as the sensor head, such as 

the D-shaped probe [21], U-shaped probe [22], 

tapered fibers [23], and microfibers [24, 25]. Among 

these, the D-shaped sensing structure leads to a 

range of benefits (e.g., high sensitivity, easy surface 

functionalization, and large detection area). To date, 

the great efforts have been made to promote the 

development of fiber-optic SPR sensors. For 

example, in 2019, J. X. Sun et al. [26] proposed a 

gold/graphene composite membrane D-POF sensor 

with a sensitivity of 1 539 nm/RIU in the ethanol 

solution. In 2020, N. Cennamo et al. [27] proposed 

an SPR sensor based on a D-shaped micro/nano 

fiber probe. In 2021, F. Wang et al. [28] proposed a 

fiber-optic SPR label-free biosensor based on a gold 

nanoparticle-old film “hot spot” model in the 

near-infrared. However, a leap forward in clinical 

applications has elevated the requirements for the 

sensitivity and stability of fiber-optic SPR sensors. 

In recent years, various means to improve SPR 

based sensors have been reported. Just to name a 

few, X. Xiong et al. [29] proposed the modification 

of the graphene oxide on the surface to improve  

the sensitivity in biological solutions up to 

2 715.1 nm/RIU. A. K. Sharma et al. [30] proposed 

a metal and a 2-dimensional material structure to 

improve the sensitivity. C. Li et al. [31] proposed 

the Au/Al2O3 based multilayer composite hyperbolic 

metamaterial (HMM), graphene thin-film on the 

D-shaped fiber SPR sensor with the improved 

sensitivity up to 4 461 nm/RIU. However, the above 

methods change the external relative refractive 

index (RI) from the surface of the gold film to make 

the external effective RI closer to the base RI so as 

to improve the RI sensitivity of the device [32–35]. 

Complex surface modification methods can enhance 

the base sensitivity of the sensor, but the limited 

improvement often results in the extra complexity 

for the subsequent modification of the biochemical 

sensor. The RIs of fused silica (SiO2) [34] and 

polymethyl methacrylate (PMMA) [35] are too high 

to serve as substrates for highly sensitive SPR 

biosensors. 

In order to overcome this hurdle, we proposed 

the use of low-index material substrates [36, 37]. A 

promising candidate was a polymer optical fiber 

(POF, GigaPOF-50SR) with a core that had a low RI 

of 1.359. Therefore, a new type of D-shaped 

fiber-optic SPR IgG sensor was proposed with the 

high sensitivity, simple fabrication, and potential 

low cost. In addition, the simple sensor structure 

was convenient for the modification of biomass in 

the later stage. The human IgG and goat anti-human 

IgG were used for the antigen and antibody 

experiments. 

2. Materials and principle 

A section of the side polished POF with the 

50-nm-thick gold film was sealed in a microfluidic 

channel (Fig. 1), where the yellow zone represents 

the coated gold film, as shown in Fig. 1. This area 

was functionalized with the goat anti-human IgG for 

human IgG detection. 
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Goat anti-human IgG

 
Fig. 1 Schematic view of the proposed sensor that was 

sealed in a microfluidic channel. 

2.1 Materials 

The 11-Mercaptoundecanoic acid (MUA), 

bovine serum albumin (BSA), N-(3-Dim- 

ethylaminopropyl)-N-ethyl carbodiimide hydrochloride 

(EDC), and N-Hydroxy succinimide (NHS) were 

purchased from Sigma-Aldrich. The goat 

anti-human IgG antibody and human IgG were 

purchased from Shenzhen Anyan Biotechnology Co., 

Ltd. Phosphate buffered saline (PBS, pH=7.4) was 

purchased from Coolaber Science & Technology. 

The piranha solution [1:3 (v/v) mixture of 30% H2O2 

and 98% H2SO4] and NaOH solution (10 mM) were 

prepared with ultra-pure water. All of the chemicals 

were of the analytical reagent grade. GigaPOF-50SR 

optical fibers with the 50 μm core and low core   

RI were purchased from Chromis Technologies  

Inc. 

2.2 Principle 

The SPR is the coupling effect between the 

plasma waves and evanescent field of the light wave 

on a metallic surface. The prism coupling model 

proposed by A. Otto [38] and E. Kretschmann et al. 

[39] allows the SPR theory to be applied here as 

follows. A total internal reflection of light occurs at 

the interface between a fiber core and a gold film 

surface. At the interface, the evanescent wave leaks 

to the gold film from the fiber core and generates a 

plasma wave. When the wave vector ( evk ) of the 

core mode in the axial direction is equal to the 

propagation constant ( spk ) of the plasma mode, the 

phenomenon of the SPR occurs. It can be described 

by 

spev
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m d

k k
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where spω  and evω  are the plasma frequency and 

the frequency of the incident light, respectively. c 

represents the speed of light in vacuum, θ is the 

incidence angle, and 0ε  and mε  are the dielectric 

constants of the optical fiber and gold, respectively. 

dε  is the dielectric constant of the external material, 

which is related to the external RI. Therefore, it can 

be deduced that the RI sensitivity can be expressed 

as 
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where S is the RI sensitivity of the device, evλ  is 

the resonant wavelength, and dn  is the RI of the 

external medium. For the same external medium and 

the same metal, dn , spω , and mε  are all constants, 

and the incident angle θ is also a constant for the 

optical fiber. According to the dispersion curve, it 

can be found that the lower the RI of the substrate is, 

the greater redshift of the resonance wavelength is. 

Therefore, to significantly improve the sensitivity of 

similar structures, relatively low RI materials should 

be used. A specialty POF with the RI of its core 

based on the CYTOP®material is only 1.357, which 

is expected to be used for preparing highly sensitive 

SPR devices. Simulation of this POF is conducted to 

study the relationship between the RI sensitivity and 

absorptivity under varying gold film conditions. As 

shown in Fig. 2(a), when the thickness of the gold 

film increases, the sensitivity increases but the 

absorption rate decreases. This indicates that the 

resonance peak becomes shallower, which is 

unfavorable for accurately resolving the spectral 

shift. Therefore, it is better to choose a gold film of 
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50 nm in thickness. The simulated spectrum is 

shown in Fig. 2(b). The RI sensitivity of the 

proposed device can reach 30 432 nm/RIU, while a 

silica fiber under the same conditions can only 

achieve 1 133.70 nm/RIU. There is a 26-fold 

difference, which indicates a significant increase in 

the sensitivity by the use of the POF fiber. 
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Fig. 2 Simulation of (a) variation in the sensitivity and 

absorbance for the gold film thickness increasing from 30 nm to 
80 nm, and (b) RI spectra of a POF based SPR device with the 
50-nm-thick gold film in different surrounding RIs. 

3. Experiment 

3.1 Sensor fabrication 

The D-shaped POF used in the experiment was 

fabricated by the wheel-polishing technique [34]. 

Firstly, a section of the POF was side-polished by 

the wheeled sandpaper, where the cladding and a 

portion of the fiber core were removed by side 

polishing to obtain an exposed-core sensing area 

with a length of 5 mm, and the D-shaped POF was 

rinsed with deionized (DI) water to remove surface 

contaminants. The D-shaped POF was then coated 

with a 50-nm-thick gold film through magnetron 

sputtering. Subsequently, the D-shaped POF was 

washed with ethanol and DI water to remove surface 

impurities, dried with nitrogen at room temperature, 

and stored in a dust-free environment. 

Finally, the bonding efficiency of the biosensor 
depends on the property of the D-shaped surface,  
the number of binding sites, and the type of 
biomolecules. To recognize the human IgG, the 
biosensor was modified by the goat anti-human IgG. 
Figure 3 shows the modification process for the 
proposed sensor. The gold surface of the POF was 
first coated with the MUA (1 mM, ethanol solution) 
at room temperature for 12 h, followed by rinsing 
with ethanol and dried by N2 gas. The carboxylic 
group of the thiolate surface was activated with an 
aqueous solution of a mixture of the EDC/NHS 
(0.4 mM/0.1 mM) at room temperature for 30 min. 
Followed by being immersed into the goat 
anti-human IgG solution (100 μg/mL) for 1 h, to 
ensure the proper orientation and improve the 
combination between the goat anti-human IgG and 
human IgG. Finally, the sensor was soaked into the 
BSA solution (10 mg/mL) for 30 min to prevent the 
combination of carboxyl groups on the surface of 
the MUA-Au film and the human IgG. This 
completed the functionalization of the sensor surface 
as an immunosensor for the detection of the target 
human IgG. 

3.2 Experimental system and origin spectrum 
analysis 

The experimental setup shown in Fig. 4 consists 

of a white light source (HL100, Idea Optics), 

spectrometers with a detection range from 900 nm to 

1 700 nm (NIRQuest512, Ocean Optics) and a 

detection range from 200 nm to 1 100 nm (Ocean 

Optics), respectively, and a fluidic system 

comprising a peristaltic pump (LSP02-1B Longer 

Pump) and a self-designed flow-cell. A microfluidic 

channel of approximately 1 cm in length was 
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fabricated, and a microfluidic syringe pump was 

used to control the flow rate of liquid in the 

microfluidic channel with the flow rate regulated at 

5.026 5 µL/mL.
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Fig. 3 Flowchart of functionalization and human IgG detection of the SPR biosensor. 
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Fig. 4 Schematic diagram of the experiment setup. 

During experiments, the light emitted by the 

white light source was coupled into the POF, in 

order to excite the SPR in the sensing area. The 

transmitted light acquired by the spectrometer was 

digitized and normalized with respect to the average 

intensity of the source, which revealed the resonance 

produced by the SPR. As the biochemical 

interactions on the gold surface induced a change in 

the external RI, they could be monitored through the 

corresponding shift of the nominal resonant 

wavelength. 

4. Results and discussion 

4.1 RI response 

To evaluate the sensing performance of the 

D-shaped fiber SPR device, separate RI tests were 

conducted based on the single mode fiber (SMF) 

and POF, respectively. The thickness and polished 

length of the residual D-shaped zone were 68 μm 

and 5 mm, and 245 μm and 5 mm for SMF and POF 

fibers, respectively. And the thickness of the coated 

gold film was 50 nm for both cases. A set of 

RI-matching solutions was used for the RI 

sensitivity measurement. As shown in Fig. 5(a), the 

SPR resonance peak of the SMF device was located 

at 550 nm–800 nm with an overall wavelength shift 

of 173.62 nm in the 1.30–1.39 RI range. As seen in 

Fig. 5(b), the resonance peak of the POF device was 

located at 800 nm–1400 nm with a peak wavelength 

shift of 571.15 nm in the 1.30–1.34 RI conditions. 

Therefore, the RI response of SPR devices based on 

SMF and POF fibers were compared in the RI range 

of 1.30–1.34. For an external RI of 1.335, the SPR 

resonance peak of the SMF device was located    

at 615.16 nm, and the RI sensitivity was 

1 133.70 nm/RIU based on the third-order 

polynomial fit, while the SPR resonance peak of the 

POF device was located at 1 375.87 nm and the RI 

sensitivity was 30 049.61 nm/RIU. The difference 

between the two resonance peaks was 760.81 nm, 

while the RI sensitivity of the POF device was 

26.5 times higher than that of the SMF device. This 

phenomenon stemmed from the mechanism of the 

SPR that based on a conventional prism structure, 

where the closer the RI of the external environment 

was to the RI of the prism was, the higher the RI 

sensitivity was [36]. The SMF fiber is generally 

made from fused silica with an RI of 1.46, while the 

POF used here was made of Teflon with an RI of 

1.35, and thus the sensitivity of the POF device was 

much higher than that of the SMF device in an 

aqueous solution-based environment. 



                                                                                             Photonic Sensors 

 

Page 6 of 11

W
av

el
en

gt
h 

(n
m

) 

 
RI 
(a) 

1.30 1.40

Experimental data

780 

λ=15 438.9n2−39 802.6n+26 234.8
R2=0.998 6 

1.381.36 1.34 1.32 

750 

720 

690 

660 

630 

600 

570 

Fitted curve 

400 
Wavelength (nm) 

900 500 600 700 800 

T
ra

ns
m

is
si

on
 (

%
) 

135 

120 

105 

90 

75 

60 
Red shift

1.39 
1.36 
1.33 
1.30 

1.37 
1.34 
1.31 

1.38 
1.35 
1.32 

      

W
av

el
en

gt
h 

(n
m

) 

 
RI 
(b) 

1.300 1.325 

Experimental data 

1 400

λ=377 185.6n2−977 942.7n+634 701.7 
R2=0.995 8 

1.320 1.3151.3101.305

1 300

1 200

1 100

1 000

900

800

Polynomial fit 

750
Wavelength (nm) 

900 1 5001 3501 2001 050

T
ra

ns
m

is
si

on
 (

%
) 

95

100

105

90

75

80
Red shift

1.335 1.330 

85

1.300
1.320 1.325 1.330 1.335

1.305 1.3151.310

 

Fig. 5 RI response of the (a) SMF and (b) POF. 

During the measurement process, there were 

many factors that affected the measurement result of 

the sensor, such as temperature fluctuations. The 

concentration of the solution would also cause a 

shift in the resonant wavelength. In the actual 

measurement environment, the temperature of the 

IgG was very close to the body temperature.     

To study the impact of temperature changes, the 

sensor was used to perform temperature 

measurement in the range of 20 ℃–39 ℃ . The  

results are shown in Fig. 6, and the temperature 

sensitivity of SMF and POF based SPR devices 

were found to be –0.13 nm/℃ and –0.39 nm/℃, 

respectively. Therefore, the wavelength shift of the 

sensor due to temperature changes could be 

neglected. 
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Fig. 6 Spectral evolution of the SPR device based on the (a) SMF and (b) POF with temperature increasing from 20  to 39℃  ℃,  

(c) resonant wavelength shift versus temperature, where the linear fitting shows the temperature sensitivity. 
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4.2 Human IgG detection 

Firstly, the surface of the POF fiber based SPR 

device was functionalized, and the human IgG was 

modified on the surface of the gold film according to 

the modification flowchart shown in Fig. 3 for the 

subsequent test of the human IgG with different 

concentrations. Figure 7 shows the resonant 

wavelength evolution and typical transmission 

spectra during the surface functionalization and the 

antigen-antibody reaction process. The initial 

resonant wavelength in the pure PBS was located  

at 1 264.6 nm. In the process of surface 

functionalization, the resonant wavelength during 

the EDC/NHS process slowly shifted to longer 

wavelengths, then the surface was modified with the 

goat anti-human IgG, and the resonant wavelength 

quickly shifted to 1 290.4 nm. When the redundant 

sites were blocked with the BSA, the resonant 

wavelength stabilized at 1 295.2 nm. The total 

wavelength shift exceeded 30.4 nm during the entire 

functionalization process. Then, using the 10 μg/mL 

human IgG as an attempt, the resonant wavelength 

redshifted rapidly and finally settled at 1 318.1 nm. 

The total wavelength shift was about 24.4 nm. As 

seen clearly in Fig. 7(b), the entire spectrum 

redshifted during the experiment, which indicated 

that this process indeed could be monitored by the 

D-shaped POF device in real time. 
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Fig. 7 Transient and spectral responses (a) resonant wavelength evolution and (b) typical transmission spectra during surface 
functionalization and antigen-antibody reaction.

Subsequently, human IgG solutions of different 

concentrations were slowly injected into the 

microfluidic channel, each for 30 min, and the 

transmission spectrum was recorded every 2 min, as 

shown in Fig. 8(a). In the first 6 min, the wavelength 

shifted abruptly, and then the wavelength remained 

essentially the same over time. After 10 min,   

there was the negligible change in resonant 

wavelengths, which meant that the human IgG   

and goat anti-human IgG were fully bound. The 

resonant wavelengths redshifted with increasing 

concentrations of the human IgG, which ranged from 

0.5 μg/mL to 80 μg/mL. As is well known, it is 

difficult to completely clean out the human IgG that 

is bound on the surface of the Au film using the PBS. 

Thus, the sensing area was rinsed using the PBS for 

over 20 min to achieve that most of the bound 

human IgG could be removed and the transmission 

spectrum could be restored. Moreover, the IgG 

solution was tested in the order of concentration 

increasing to reduce the accumulative effect of 

insufficient dissociation by using the PBS. During 

human IgG detection, the sensor could be 

regenerated using the PBS solution for more than 

10 times. After human IgG detection, the sensor 

could also be regenerated by repeatedly dissociating 

biomolecular membranes from the piranha solution 

for more than 3 times. From the practical point of 

view, the device exhibited sufficient repeatability for 

human IgG detection in the case of the use at the 
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point of care. The resonance wavelength shifted as a 

function of the human IgG concentration is fitted in 

Fig. 8(b), with average error bars of 1.35 nm that 

could be mainly attributed to the fluctuation of the 

white light source. The highest sensitivity could be 

represented by the optical response between 

concentrations of 30 μg/mL and 40 μg/mL, which 

was 2.01 nm/(μg/mL). 

3
LoD

S

σ=               (3) 

where σ represents the standard deviation and S is 

the sensitivity. According to (3), the limit of 

detection (LoD) of the sensor could be estimated to 

be below 245.4 ng/mL. Table 1 lists the comparison 

of the proposed sensor with other IgG sensors 

previously reported. 
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Fig. 8 Concentration measurement: (a) SPR wavelength shift as a function of time during human IgG detection and (b) total 
wavelength shift with curve fitting for concentrations ranging from 0.5 μg/mL to 80 μg/mL. 

Table 1 Comparison of the proposed sensor with other 
previously reported IgG sensors. 

Sensing method Range (μg/mL) LoD (μg/mL) Ref.

GO/Ag-coated polymer 

cladding 
5–30 0.498 5 [40]

Polydopamine-modified 

SPR 
5–100 0.9 [41]

Multimode 

fiber-no-core 

fiber-multimode fiber 

structure SPR 

2–250 1.75 [42]

Elliptical core helical 

intermediate-period 

fiber grating 

10–100 4.7 [43]

H-shaped optical fiber 

SPR 
10–100 3.4 [44]

Ω-shaped fiber optic 

LSPR 
4.5×105–2.2×109 copies/mL 9.2 pM [45]

J-shaped optical fiber 

localized surface 

plasmon resonance 

1.0×102–1.0×108 CFU/mL 45.23 CFU/mL [46]

Low index polymer 

optical fiber SPR 
0.5–80.0 0.245 4 

This 

work

4.3 Stability and specificity of the sensor 

Figure 9 shows the stability of the sensor. The 

amount of the wavelength shift was relatively stable, 

and the maximum spectral wavelengths fluctuation 

was 0.855 nm. Noise accounted for 0.07% of the 

total wavelength shift. The standard deviation of the 

shift was 0.164 4 nm, indicating that the sensor had 

the reasonably good stability. In order to confirm the 

selectivity of the sensor, the analytes of the human 

IgG and rabbit IgG with the same concentration 

were also tested for comparison, and the resonant 

wavelength shift was recorded under the same 

conditions, as shown in Fig. 10. It was clear that the 

human IgG induced a significantly larger 

wavelength shift than other substances within the 

same concentration range. These results confirmed 

that the proposed sensor showed the good selectivity 

for human IgG detection. 
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Fig. 9 Spectral stability of the sensor measured over 20 min. 
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Fig. 10 Specific binding test. Note that the vertical axis 
denotes the wavelength shift relative to the initial wavelength in 
the pure PBS solution. 

5. Conclusions 

We fabricated a D-shaped fiber-optic SPR 

biosensor, which consisted of a uniform 50-nm-thick 

gold film coated on a low-index POF. The sensor 

demonstrated the high sensitivity compared to the 

state-of-the-art, with a sensitivity of 

30 049.61 nm/RIU which was 26.5 times higher 

than that of the SMF device. In addition, piranha 

solution immersion and cleaning enabled the reuse 

of the POF based SPR device for over 3 times. The 

method showed the good antibody immobilization 

efficiency, high sensitivity, and low LoD value of 

245.4 ng/mL for human IgG detection. In 

consideration of the simple fabrication process, high 

performance, and robustness, the D-shaped POF 

fiber based SPR biosensor has the great potential for 

quantifying the human serum and plasma. 
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