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Avian influenza is an acute 
infectious disease caused by 
the avian influenza virus 
(AIV), which has caused 
enormous economic losses 
and posed considerable 
threats to public health. This 
study aimed to demonstrate an 
immunosensor based on 
dispersion turning point long-
period fiber grating (DTP-
LPFG) integrated with 
graphene oxide (GO) for the 
specific detection of a type of AIV H5N1 virus. LPFG was designed to work at DTP, 
whose dual-peak spacing was very high sensitive to a refractive index. Anti-H5N1 
monoclonal antibodies were covalently bonded with the GO film on the fiber surface, 
thus constructing an immunosensor for the label-free and specific detection of the H5N1 
virus. The proposed method was capable of the reliable detection of H5N1 virus with 
the limit of detection as low as ~1.05 ng/mL within the large range of 1–25 μg/mL. 
More importantly, immunoassays of the whole H5N1 virus in clinical samples further 
confirmed that the GO-integrated DTP-LPFG immunosensor showed very high 
specificity to the H5N1 virus and demonstrated great potential for clinical use. 
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1  |  INTRODUCTION 

Avian influenza, an acute infectious disease caused by avian 
influenza virus (AIV), has become a new threat to global public 
health due to its high morbidity and potential mortality. At 
present, the detection methods of AIV mainly include virus 
isolation and serum identification (VI-SI) [1], 
hemagglutination inhibition (HA-HI) tests  [2], serum 

neutralization and enzyme-linked immunosorbent assay 
(ELISA) [3], molecular diagnostic techniques such as reverse 
transcription–polymerase chain reaction (RT-PCR) [4], gene 
chip [5], new-generation high-throughput sequencing method 
[6], and so forth. However, VI-SI requires complex procedures 
that take time (from days to weeks) and are cumbersome. The 
(HA-HI) tests can improve the sensitivity and specificity of 
detection. However, their sensitivity and specificity depend on 
the control of AIV RNA, and they have the disadvantages of 
cross-contamination, cumbersome operation, and high cost. 
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ELISA is suitable for large-scale serological studies, but it also 
has disadvantages including high time consumption, complex 
process, and inconvenient on-site operation. RT-PCR method 
has high sensitivity because it directly identifies viral genes; 
however, the high cost of the equipment still restricts the use 
of this method in clinical practice. Although the new high-
throughput sequencing method has high precision and low 
error rate, its detection requires complex instruments and 
equipment. Therefore, developing a rapid, accurate, and 
reproducible detection method to quickly and accurately 
diagnose and timely detect the possible outbreak of AIV has 
become a serious challenge for scientific researchers. 

In the last several decades, various types of optical fiber 
(OF) biosensors have been developed in the biological fields 
for the label-free and real-time detection of bacteria [7], cells 
[8], proteins [9], peptides [10], immunoglobulin antigens and 
antibodies [11-13], DNA [14], and so forth, due to their 
common advantages of smart structure and remote sensing. Of 
these, the optical fiber grating (OFG)-based biosensors are 
wavelength encoded, and hence the readout is independent of 
the optical intensity fluctuation induced by fiber bending or 
optical source. Cladding etching [15] and side-polished [16] 
techniques have been used to improve the sensing performance 
of OFG biosensors, but these methods can destroy the integrity 
of the fiber structure. Therefore, increasing efforts have been 
made to design either OFG structures or a thin film coating on 
OFGs to improve their sensitivity to surrounding refractive 
index (SRI). The dispersion turning point long-period fiber 
gratings (DTP-LPFGs) own intrinsic high sensitivity to the SRI 
[17]. The deposition of a thin film on LPFG induces potential 
changes in transmission properties. Selecting a thin film with 
adequate thickness and refractive index can provide the highest 
sensitivity for SRI.  

On the contrary, unique physical and chemical properties 
of nanomaterials, including carbon nanotube [18-20], graphene 
[21, 22], two-dimensional black phosphorus [23-25] and 
transition metal sulfides [26], have gained enormous attention 
and have been combined with OF or OFGs to realize chemical 
and biological sensing devices with improved sensitivity and 
selectivity. Especially graphene oxide (GO), as a derivative of 
graphene, apart from being a type of lattice-like nanostructure, 
it displays advantageous of ability for solution processing, very 
high ratio surface area and excellent capabilities for direct 
wiring with biomolecules through π-π stack or covalent linking 
to biomolecules, due to an abundance of carboxyl groups 
exposed on the edges and hydroxyl groups on its basal plane 
[27]. Therefore, many GO-integrated OF sensors have been 
explored for the label-free and ultrasensitive detection in 
chemical and biological fields [28-31]. 

In this study, a GO-integrated DTP-LPFG sensor was 
designed and fabricated using the high sensitivity of DTP-
LPFG and the special properties of GO. GO was coated on the 

surface of DTP-LPFG through hydrogen bonding. Also, anti-
H5N1 monoclonal antibodies (anti-H5N1 MAbs) were 
covalently bonded with the GO film through an amide linkage, 
thus forming an immunosensor for the label-free and highly 
specific detection of the H5N1 virus, which is a common type 
of AIV. Sensing performances of GO-integrated DTP-LPFG 
immunosensors were evaluated by detecting highly purified 
H5N1 virus in buffer solutions. The immunosensor was used 
in clinical immunoassays for AIV-Blank allantoic fluid, 
Newcastle disease virus (NDV) allantoic fluid, and AIV 
allantoic fluid to evaluate the specific and clinical 
performances of the immunosensor to the whole H5N1 virus. 
This study was novel in using a GO-integrated OFG 
immunosensor for the label-free and specific detection of 
H5N1 virus and effective diagnosis of the whole H5N1 virus 
in a clinical allantoic fluid. 

2 |  Material and Method 

2.1 | Preparation of Reagents 

All the reagents were of analytical grade, and each working 
solution was prepared with sterilized deionized water. GO 
suspension (2 mg/mL) was purchased from Xianfeng 
Company (Nanjing, China). Hydrofluoric acid (HF) solutions 
(40%), sodium hydroxide (NaOH, 99% purity), dilute nitric 
acid solutions (HNO3, 5%), anhydrous ethanol (C2H6O), n-
hydroxysuccinimide (NHS, 99% purity), and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimine (EDC, 99% 
purity) were purchased from Sigma–Aldrich, China. 
Phosphate-buffered saline (PBS, pH 7.4) was obtained from 
Wuhan Boster Biological Technology Co., China. A 4-
morpholineethane-sulfonic acid hydrate (MES, 0.1 m, pH = 
6.0) buffer was purchased from Shanghai General Chemical 
Reagent Factory, China. Anti-H5N1 MAbs (70 kDa, purity 
>90%, 2 mg/mL) was purchased from Abcam Co., USA. 

Trimethylmethylaminomethane (Tris) and Tween were 
purchased from GEN-View Inc., USA. The home-made 
skimmed milk powder sealing fluid (SMPSF) is a mixture of 
skimmed milk powder, Tween, and Tris-buffered saline (TBS, 
0.1M, pH = 7.4) in a certain ratio, which was used in this 
study for sealing the free carboxyl terminals of the GO film 
on the fiber surface.  

The H5 AIV strain was a kind gift from the Veterinary 
Department, Nanjing Agricultural University. The attenuated 
H5N1 subtype AIV strain was kindly provided by Chongqing 
Animal Disease Prevention and Control Center, China. The 
NDV-AV29 strain was purchased from the China Institute of 
Veterinary Drug Control. SPF chick embryos (aged 9 days) 
were inoculated with diluted H5-AIV (0.2 mL) into the 
allantoic cavity to prepare the AIV allantoic fluid. The eggs 
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were hatched at 37°C for 72 h, followed by allantoic fluid 
collection. The NDV allantoic fluid was prepared in the same 
way as the AIV allantoic fluid.  

2.2 | Working principle of DTP-LPFG 

The phase-matching condition of LPFG was expressed as [32]: 

𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓 = �𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆𝒄𝒄𝒄𝒄 − 𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆
𝒄𝒄𝒄𝒄,𝒎𝒎�𝜦𝜦                 (1) 

where 𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓  is the resonance wavelength, 𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆𝒄𝒄𝒄𝒄  and 𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆
𝒄𝒄𝒄𝒄,𝒎𝒎 

are the effective refractive index (RI) of the core mode and m-
order cladding mode, respectively, and 𝜦𝜦 is the grating period. 
When the SRI changed, the resonance wavelength shift of 
LPFG was given by [33]: 
𝒅𝒅𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓𝒎𝒎
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 (2) 

where, 𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓𝒎𝒎  is the resonance wavelength of m-order coupled 
mode; 𝒖𝒖𝒎𝒎 is the root of the first class of zero-order Bessel 
functions; 𝒏𝒏𝒔𝒔𝒔𝒔𝒔𝒔 is the RI of the surrounding medium; 𝒓𝒓𝒄𝒄𝒄𝒄 and 
𝒓𝒓𝒄𝒄𝒄𝒄  are LPFG core and cladding radius, respectively. The 
results of a previous study [17] showed a turning point in the 
phase matching curve for the standard single-mode fiber, when 
𝜦𝜦  is small enough ( 80𝝁𝝁𝝁𝝁 < 𝜦𝜦 < 𝟑𝟑𝟑𝟑𝟑𝟑𝝁𝝁𝝁𝝁) . Two 
discontinuous resonant wavelengths were coupled to the same 
cladding mode on both sides of the turning point, resulting in 
a double-resonance peak. For the purpose of guaranteeing the 
dual peaks to locate at the NIR band that the commercial 
optical equipment usually used (i.e., 1250 -1650nm), the 
grating period of LPFG should be designed to be between 130-
150 µm by using the simulated results of the couple-mode 
theory [17]. According to Eq. (2), for the resonance 
wavelength at the positive dispersion point (the shorter 
wavelength peak, 𝒅𝒅𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓𝒎𝒎 𝒅𝒅𝒅𝒅⁄ > 𝟎𝟎), it would blue shift with the 
increase in SRI; while for the resonance wavelength at the 
negative dispersion point (the longer wavelength 
peak, 𝒅𝒅𝝀𝝀𝒓𝒓𝒓𝒓𝒓𝒓𝒎𝒎 𝒅𝒅𝒅𝒅⁄ < 𝟎𝟎), it would red shift. Hence, the variation 
for the separation of the dual peaks could change with the 
response of DTP-LPFG to the surrounding, such as the SRI 
change, biochemical reaction or combination of 
biomolecules. Furthermore, it was proved that the deposition 
of the GO film on the surface of LPFGs could further improve 
its SRI sensitivities [34]. 

2.3 | Fabrication of DTP-LPFG immunosensor 

2.3.1 | Fabrication and properties of GO-integrated DTP-LPFG  

Quasi-continuous KrF laser (wavelength 248 nm) and scan 
mask technology were used to write LPFG on the H2-loaded 
single-mode fiber (SMF-28). After the preparation of DTP-

LPFG, it was annealed in a convection oven at 80℃ for 24 h to 
ensure the stability of spectral characteristics. The obtained 
DTP-LPFG had a grating period of 136 µm and a length of 19 
mm, resulting in dual peaks at ~1375 nm and ~1540 nm 
(exposed in the air), as shown in Figure 1(a), which was in 
accordance with the theoretical expectation and designation. 
The calibration for the SRI sensitivity of the dual-peak 
separation was ~795 nm/RIU, with the left peak and right peak 
being ~–306 nm/RIU and ~489 nm/RIU for the low RI range 
of 1.333–1.38, respectively, which were ~40 times higher than 
those (~20 nm/RIU) for the normal LPFGs. 

 

 

 
FIGURE 1 (a) A spectrum of DTP-LPFG exposed in the air; (b) 
calibrations of the SRI sensitivity of the DTP-LPFG sensor before and 
after GO coating. 

The process of GO coating on fiber surface followed 
several steps. First, DTP-LPFG was immersed in HNO3 (5% 
v/v) solution for 2 h and then rinsed thoroughly with ultrapure 
water and ethanol. Subsequently, DTP-LPFG was immersed in 
NaOH (0.2M) solution for 3.5 h in a thermostat at 40°C and 
then for another 0.5 h at room temperature so as to activate the 
−OH group on the fiber surface. The grating surface was 
repeatedly rinsed with ultrapure water to remove excess 
impurities and then dried in a convection oven at 50°C for 10 
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min. Finally, the DTP-LPFG sensor was incubated in GO 
suspension (2 mg/mL) at room temperature for 12 h; GO was 
combined with the fiber surface through a hydrogen bond. The 
fiber surface was repeatedly rinsed with ultrapure water and 
ethanol to flush away the unbound GO, and hence GO-
integrated DTP-LPFG was obtained.  

The surface morphology of GO-integrated DTP-LPFG 
was investigated using a field emission scanning electron 
microscope (FESEM, ZEISS Sigma HDTM). As shown in 
Figure 2(a–d), a dense membrane layer with wrinkles covered 
the fiber surface after the GO coating. It can be seen from Fig. 
2(a) that the GO coating on fiber surface is not so 
homogeneous, with the darker areas being relatively thicker 
GO layers and the brighter areas being the relatively thinner 
ones. This should be due to that the used GO suspension was 
consist of multi-layer GO (1 - 6 layers, average thickness 0.8-
5 nm, lateral size 0.5 - 5 µm). In addition, the elements of the 
fiber surface analyzed by using the FESME accessory—energy 
dispersive spectrometer (EDS), the maximum detection depth 
of which is ~1000 nm. As shown in Fig. 2(e), it is clear that the 
fiber surface containing C, O and Si elements, which is in 
accordance with components of GO and SiO2. Hence, the 
aforementioned results provided good evidence for the GO 
coating on the fiber surface. 

 

 

 

 
FIGURE 2 FESEM images of GO-integrated DTP-LPFG: (a) 482 X; 
(b) 5.52 KX; (c) 18.44 KX; (d) 32.47 KX; and (e) the corresponding 
EDS spectrum. Note: (a), (b), (c) is the side-edge detection mode, 

while (d) is the center detection mode; and the EDS spectrum graph 
on the left of (e) is corresponding to the highlighted dot on the right. 

The calibration of the SRI sensitivity is also shown in 
Figure 1(b), indicating that the SRI sensitivity of the dual-peak 
separation was ~832 nm/RIU, with the left peak and right peak 
being ~–331 nm/RIU and ~500 nm/RIU for the low RI range 
of 1.333–1.38, respectively, which increased by ~5% 
compared with those for bare DTP-LPFG. Because the GO 
film on the fibre surface would increase the effective RI of 
cladding mode (𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆𝒄𝒄𝒄𝒄,𝒎𝒎) of the DTP-LPFG sensor, thus according 
to Eq. (2), the RI sensitivities of the dual peaks would increase 
correspondingly. However, the enhancement of RI sensitivity 
is not high due to the GO film on fibre surface was very thin, 
but the GO layer could provide abundant binding sites for 
biomolecules, which will, to a great extent, affect the 
sensitivity and detection range when it was used as a biosensor. 

2.3.2 | Bio-functionalization of GO-integrated DTP-LPFG  

EDC (0.004 g) and NHS (0.002 g) were dissolved in 200 µL 
of ultrapure water with a mass ratio of 2:1. Then, MES buffer 
(300 µL) was mixed to obtain an EDC/NHS-activating system. 
Then, the GO-integrated DTP-LPFG sensor was immersed in 
EDC/NHS solution (300 µL) for 1 h at room temperature to 
activate the −COOH groups on the fiber surface. The GO-
integrated DTP-LPFG sensor was then incubated in anti-H5N1 
MAbs solution (50 µg/mL, 300 μL) for 1 h at room temperature, 
during which the grating was placed in different positions of 
the solution every 20 min to ensure adequate anti-H5N1 MAbs 
to combine with the GO film through an amide linkage. The 
sensor was repeatedly washed with blank PBS to remove 
unbound anti-H5N1 MAbs from its surface. Finally, the GO-
integrated DTP-LPFG sensor was immersed in the configured 
SMPSF for 1 h to seal the remained carboxyl terminal of the 
GO film. The whole surface modification process for the fiber 
surface is illustrated in Figure 3.   
 

 
FIGURE 3 Surface modification process for DTP-LPFG: (a) bare 
fiber; (b) hydroxylation; (c) GO coating; (d) EDC/NHS treatment; (e) 
immobilization of anti-H5N1 MAbs; (f) sealing by SMPSF. 
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2.4 | Experimental Scheme 

Figure 4 shows the experimental system for monitoring the 
transmission spectrum of the GO-integrated DTP-LPFG sensor. 
Broadband light was generated using the supercontinuous laser 
source (SC-5, 480–2200 nm). The attenuator reduced the 
power of the light output to 80%, not only ensuring the spectral 
stability of the light source but also preventing damage to the 
OF path. The light was delivered to DTP-LPFG through SM28 
fiber after passing the isolator, the function of the isolator was 
to block the backscattering and reflected light. The 
transmission spectrum of the sensor was recorded with an 
optical spectrum analyzer (OSA, MS9740A, minimum 
resolution 0.03 nm). Inset in Figure 4 shows the the fluidic part 
of the setup, including two parallel settled glass slides with and 
a mobilizable one between them. The ends of DTP-LPFG were 
fixed on the two settled glass slides, and thus the grating across 
upon the top surface of the mobilizable one. In the experiments, 
the working solution was dropped on the top surface of the 
mobilizable glass slide to cover the grating area, and was 
thrown away with the mobilizable glass slide after each test. 
During the experiment, it was essential to guarantee the free 
horizontal state of DTP-LPFG and keep the laboratory 
temperature constant (25℃) to avoid the detection error caused 
by sensor cross-sensitivity effects induced by the strain and 
temperature. 
 

 
FIGURE 4 An experimental system for monitoring the spectrum of 
the sensor (Inset: the fluidic part of the experimental setup). 

Highly purified H5N1 virus dissolved in PBS were used 
to evaluate the sensing performances of the GO-integrated 
DTP-LPFG immunosensor. Using the experimental setup in 
Figure 1, blank PBS (200 μL) was first introduced into the 
sensing region and the observed spectrum was recorded as the 
reference. Subsequently, the prepared H5N1 virus solutions 
(300 μL) were used for immunoassays from the lowest to the 
highest concentration, including 1 ng/mL, 5 ng/mL, 10 ng/mL, 
20 ng/mL, 20 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL, 500 
ng/mL, 1 μg/mL, 5 μg/mL, 10 μg/mL, 25 μg/mL, 50 μg/mL, 
and 100 μg/mL. The spectrum of the immunosensor was 
monitored online by an OSA and recorded every 3 min until it 
became stable at each testing concentration level. After 
completing each assay for H5N1 virus solution, the 
immunosensor was washed with blank PBS to remove the 
unbonded H5N1 virus on the fiber surface and immersed in 

blank PBS again. Finally, the dual-peak spacing of the 
immunosensor was recorded as the corresponding readout of 
the immunoreaction. 

The specificity and clinicality are important criteria to 
evaluate the eligibility of the immunosensor. After completing 
the aforementioned assays for highly purified H5N1 virus 
solutions, the GO-integrated DTP-LPFG immunosensor was 
etched using HF solution (5% v/v in deionized water) for 5 min. 
As a consequence, all the layers on the fiber surface were 
removed without affecting the geometrical structure and 
sensing properties of DTP-LPFG during the etching process. 
The bare DTP-LPFG was disposed by the same surface 
modification processes, as mentioned earlier. The evaluating 
scheme had three steps, including immunoassays for AIV-
Blank allantoic fluid, NDV allantoic fluid, and AIV allantoic 
fluid. It is worth to point out here that, in the experiment the 
H5N1 antigen diluted by PBS is the purified H5N1 virus. The 
total length of H5N1 virus genome is about 13.6kb. The 
composition of H5N1 virus in PBS solution is single, but the 
composition of clinical samples is complex. The allantoic 
fluids contained many biomolecular impurities (e.g., 
heteroproteins, biosalts, cells, etc.). Apart from these, the AIV 
allantoic fluid contained the H5N1 virus, which was not 
present in the AIV-Blank allantoic fluid and NDV allantoic 
fluid. Therefore, these three immunoassay steps could identify 
the specificity of the AIV immunosensor for binding to the 
H5N1 virus, proving its potential clinical applications. 

3 |  RESULTS AND DISCUSSION 

3.1 | Surface modification monitored by the spectrum of 
DTP-LPFG 

In the experiment, spectral monitoring was also conducted for 
each surface modification of DTP-LPFG, and the spectral test 
for each step was conducted in blank PBS. Fig. 5 (a) and (b) 
show the spectral evolution and the corresponding changes for 
the wavelength separation of the dual-peaks during the whole 
modification process. It can be seen that the shorter- and 
longer-wavelength one of the dual-peaks would blue shift and 
red shift, respectively, as the additional layers deposited on 
fiber surface gradually. This is because the effective RI of 
cladding modes would increase as an additional layer 
deposited on fiber surface, thus according to the analyses by 
Eq. (2), the dual-peaks would shift in an opposite direction.  
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FIGURE 5 (a) Spectral evolution and (b) corresponding variations 
for the dual-peak spacing of DTP-LPFG during the whole 
modification process, the error bars were obtained from the 
wavelength accuracy of the optical spectrum analyzer. 

The relative variation of the dual-peak separation of DTP-
LPFG was ~2.5025 nm, ~3.465 nm, ~4.69 nm, ~2.8725 nm, 
and ~0.7975 nm in the steps of hydroxylation, GO deposition, 
carboxyl activation of GO, immobilization of anti-H5N1 
MAbs, and SMPSF sealing for the remaining carboxyl sites, 
respectively. These changes for the dual-peak spacing also 
provided proofs for the effective surface modification on the 
fiber surface. 

3.2 | Detection of H5N1 virus in PBS solution 

Figure 6(a) is the variation of the dual-peak spacing against 
testing time during the whole detection process in which the 
H5N1 virus concentration increased from 1 ng/mL to 100 
μg/mL. Figure 6(b) shows the corresponding spectra of the 
immunosensor. The total change in the dual-peak spacing of 
the immunosensor was ~10.56 nm, and it gradually became 
saturated at the point larger than 25 μg/mL due to the fewer 
specific binding sites for H5N1 antigen. The change in the 
dual-peak spacing of the immunosensor was ~0.90 nm for the 
concentration of 1 ng/mL, indicating that it showed a good 

response in the low-concentration area in the initial use. At the 
same time, the aforementioned immune tests showed that the 
spectrum usually took only 10–20 min to reach the stable statue 
at each measured concentration level. Thus, the proposed 
immunosensor had the ability of fast detection for H5N1 virus. 

Furthermore, Figure 6(c) shows the relationship between 
the variation of dual-peak spacing and the concentration of 
H5N1 virus illustrated in Figure 6(a). The specific adsorption 
of H5N1 antigen by the immunosensor followed the Langmuir 
model given by [35]： 

𝑪𝑪
𝜟𝜟𝜟𝜟

= 𝑪𝑪
𝜟𝜟𝝀𝝀𝒎𝒎𝒎𝒎𝒎𝒎

+ 𝟏𝟏
𝜟𝜟𝝀𝝀𝒎𝒎𝒎𝒎𝒎𝒎

∙ 𝑲𝑲𝒅𝒅                    (3) 

where 𝑪𝑪 is the concentration of H5N1 virus solution and 𝜟𝜟𝜟𝜟 
is the corresponding variation of the dual-peak spacing; 
𝜟𝜟𝝀𝝀𝒎𝒎𝒎𝒎𝒎𝒎 is the max variation of dual-peak spacing in the whole 
immunoassay process; and 𝑲𝑲𝒅𝒅  is the dissociation 
coefficient describing the binding ability of two interacting 
molecules (i.e., H5N1 antigens and anti-H5N1 MAbs), which 
was calculated to be 5.31 × 10-9 M according to the 
experimental data in Figure 6(c), suggesting good affinity of 
the immunosensor to H5N1 virus.  

The limit of detection (LOD) is one of the most important 
parameters for biosensors. According to the method proposed 
by the International Union of Pure and Applied Chemistry, the 
LOD of the immunosensor was calculated as described in [36]: 

𝒙𝒙𝑳𝑳𝑳𝑳𝑳𝑳 = 𝒇𝒇−𝟏𝟏(𝒚𝒚𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 + 𝟑𝟑𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎)                 (4) 

where 𝒚𝒚𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 is the readout of the immunosensor measured in 
blank PBS, and  𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎  is the corresponding standard 
deviation; 𝒇𝒇−𝟏𝟏 represents the inverse function of the fitting 
cure obtained in Figure 6(c). In this study, the LOD of the 
immunosensor was calculated to be ~1.05 ng/mL. This value 
was ~1619 times better than that detected by the widely used 
gold diagnostic method (~1.7 µg/mL) [37]. Therefore, 
considering the aforementioned analysis, the detection range 
of the proposed immunosensor for H5N1 virus was estimated 
as 1 ng/mL to 25 µg /mL. 
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FIGURE 6 (a) Variation of the dual-peak spacing against testing time 
during the whole detection process, the error bars were obtained from 
the wavelength accuracy of the optical spectrum analyzer; (b) the 
corresponding spectral evolution of DTP-LPFG during the whole 
modification process; and (c) variation of the dual-peak 
spacing against the concentration of H5N1 virus solutions, inset is the 
response in the range of 0–20 ng/mL, the error bars were obtained 
from the averaging of five independent measurements. 

3.3 | Evaluation for the specificity and clinical 
performances of the immunosensor 

The spectrum of the GO-integrated DTP-LPFG immunosensor 
immersed in blank PBS was recorded as the reference. 
Immunoassays were conducted for the prepared AIV-Blank 
allantoic fluid (300 µL) first and then NDV allantoic fluid (300 
µL). The prepared AIV allantoic fluid (300 µL) 
containing different concentrations of the H5N1 virus, 
including 1 ng/mL, 5 ng/mL, 100 ng/mL, 10 μg/mL, 25 μg/mL, 
and 50 μg/mL, were used for immunoassays successively. 
These AIV allantoic fluids were viral concentrates obtained by 
H5N1 virus amplification, while the NDV allantoic fluid was 
obtained by NDV virus amplification. Therefore, the 
immunoassays in the allantoic fluid had clinical applications. 

 

 

 
FIGURE 7 (a) Spectral evolution (Inset: the magnification graphs for 
the dual-peak movements), and (b) the corresponding variations for 
the dual-peak spacing of the GO-DTP-LPFG immunosensor during 
the specific and clinical tests, the error bars were obtained from the 
averaging of five independent measurements. 

Similarly, following each test (20 min) for every allantoic 
fluid, the immunosensor was washed with blank PBS several 
times and then immersed in blank PBS again. Hence, the 
spectrum of the immunosensor was recorded. Figure 7(a) and 
7(b) shows the spectral evolution of the sensor during the 
immunoassay and the corresponding dual-peak spacing of the 
DTP-LPFG immunosensor, respectively. The dual-peak 
spacing of the immunosensor remained nearly unchanged for 
the immunoassays of AIV-Blank allantoic fluid and NDV 
allantoic fluid. Consequently, no H5N1 virus was found in 
these two clinical samples. Nevertheless, for the 
immunoassays in the AIV allantoic fluid, the dual-peak 
spacing of the immunosensor increased with the concentration 
of the H5N1 virus in the clinical samples. As a consequence, 
these assays proved that the proposed GO-integrated DTP-
LPFG immunosensor had very high specificity to the H5N1 
virus and demonstrated great potential in clinical use. 

Furthermore, Figure 7(b) shows that the variation of the 
dual-peak spacing of the immunosensor was ~0.93 nm, ~1.705 
nm, ~2.94 nm, ~9.26 nm, ~9.83 nm, and ~9.96 nm for the test 
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of AIV allantoic fluid with H5N1 virus concentration of 1 
ng/mL, 5 ng/mL, 100 ng/mL, 10 μg/mL, 25 μg/mL, and 50 
μg/mL, respectively. Figure 6(a) shows that the variation of the 
dual-peak spacing of the immunosensor was ~0.90 nm, ~1.57 
nm, ~3.16 nm, ~8.1 nm, ~9.76 nm, and ~10.13 nm, 
respectively, for the test of H5N1 virus with the same 
concentration in PBS. The average relative deviation for these 
two sets of experimental data was calculated to be only ~7.6%, 
manifesting that, even in the assays for clinical samples, the 
proposed immunosensor showed similar performances as good 
as those in the pure environments. In addition, the results also 
indicated that the reprocessed GO-integrated DTP-LPFG 
immunosensor was reusable with good repeatability. 

4 |  CONCLUSION 

The present study proposed an effective H5N1 virus detecting 
technique based on DTP-LPFG immunosensor, which was 
successfully biofunctionalized with anti-H5N1 MABs 
covalently bonded with the GO film on the fiber surface 
through amide linkages. FESEM images and electronic energy 
techniques provided convincing evidence for the effective 
coating of GO on the fiber surface. Online monitoring for the 
spectrum of DTP-LPFG during the whole modification process 
also confirmed every effective modified step. The correlation 
between the concentration of H5N1 virus in PBS and the 
variation of dual-peak spacing of DTP-LPFG was analyzed in 
detail. The results indicated that the LOD of the proposed 
immunosensor for H5N1 virus was as low as ~1.05 ng/mL 
within the range of 1 ng/mL to 25 µg /mL, which was improved 
~1619 times compared with the LOD using the commonly used 
gold diagnostic method. The immunoassays using the 
proposed immunosensor for clinical samples confirmed that 
the immunosensor was highly specific to the whole H5N1 
virus, and its testing performances were similar to those tested 
in the pure environments, thus confirming its great potential 
for clinical use. 
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