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A label-free lateral offset spliced coreless fiber MZI bio-
sensor based on hydrophobin HGFI for TNF-α detec-
tion*  
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A real-time label-free lateral offset spliced coreless fiber (CF) Mach-Zehnder interferometer (MZI) biosensor func-
tionalized with hydrophobin Grifola frondosa I (HGFI) was proposed for the detection of cytokine tumour necrosis 
factor alpha (TNF-α). The nanolayer self-assembled on the optical fiber surfaces by HGFI rendered the immobilization 
of probe TNF-α antibody and recognition of antigen TNF-α. Trifluoroacetic acid was utilized to remove the HGFI 
layer from the glass surface, which was validated by field emission scanning electron microscopy (FESEM) and water 
contact angle (WCA). Results demonstrated that the processes of HGFI modification, antibody immobilization and 
specific antibody detection can be monitored in real time. The proposed biosensor exhibited good specificity, repeat-
ability and low detection limit for TNF-α, extending its application in inflammation and disease monitoring.   
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Tumour necrosis factor alpha (TNF-α) is a 
pro-inflammatory cytokine that plays a key roles in a 
variety of pathological processes[1]. It is a crucial bio-
marker whose level in serum elevated in numerous dis-
eases, such as rheumatoid arthritis[2], Alzheimer’s dis-
ease[3], diabetes[4] and cancers[5]. Recently, there has been 
increasing interest in TNF-α detection and approaches, 
such as enzyme-linked immunosorbent assays[6], chemi-
luminescence immunoassay[7], electrochemical im-
munosensors[8], have been thoroughly investigated. In 
contrast, fiber-optic biosensors have advantages in easily 
fabrication, low cost and high resolution, and have been 
widely applied for biochemical processes detection[9-11].  

The bio-probe molecules immobilization is considered 
as one of the most important steps of sensors fabrication. 
Various methods, such as electrostatic adsorption through 
the positive charge of Poly-L-Lysine (PLL) layer[12], spe-
cific recognition through biotin-avidin system[13], and 
covalent coupling with the sulfhydryl group introduced 
by (3-aminopropyl) triethoxysilane (APTES) silaniza-
tion[14], were employed for surface functionalization. 

However, the lack of adsorption stability and the com-
plexity of the reaction procedures severely limit their 
applicability and commercialization. 

Hydrophobins are a series of amphipathic proteins that 
typically produced by filamentous fungus and can be 
self-assembly into nanolayers on the interfaces, altering 
surface wettability[15]. In terms of hydrophobic patterns 
and characteristics of the film formed, hydrophobins are 
divided into two subgroups[16]. Class I hydrophobins[17] 
can generate highly stable films with rodlets morphology 
and are only disaggregated by strong acids like trifluo-
roacetic acid (TFA) and formic acid. Class Ⅱ hydropho-
bins[18] cannot form rodlets and their films can be disag-
gregated by 2% sodium dodecyl sulfate (SDS) and 60% 
ethanol. Properties of hydrophobins including low toxic-
ity and high biocompatibility have led to their wide-
spread applications in surface functionalization[19] and 
drug delivery[20].     

The hydrophobin layer has been shown to adsorb pro-
teins using both hydrophobic and electrostatic forces[21]. 
In our previous researches, the hydrophobin Grifola 
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frondosa I (HGFI) had been employed to modify anti-
body probe on the surface of optical fiber to detect anti-
body-antigen interaction[22-24]. These investigations sug-
gested that HGFI was a viable option for TNF-α detec-
tion by TNF-α antibody immobilization. In this study, a 
label-free lateral offset spliced coreless fiber (CF) 
Mach-Zehnder interferometer (MZI) biosensor based on 
HGFI was fabricated to detect TNF-α in vitro. 
  Biomaterials used in this study include TNF-α neu-
tralizing antibody (10602-MM0N1, sino Biological) as 
the probe, recombinant human TNF-α (10602-HNAE, 
sino Biological) as the target antigen, 2019-nCoV nu-
cleocapsid protein (N protein, P2328, Beyotime) as a 
mismatch antigen, phosphate buffer saline (PBS) 
(0.01 mmol Na2HPO4, 0.15 mol NaCl, pH=7.4) and TFA 
(T6508, 99%, Sigma-Aldrich, Fluka). Hydrophobin 
HGFI was prepared as described previously[25]. A 
fed-batch fermentation was carried out to produce HGFI 
by Pichia pastoris GS115-pPIC9K-hgfI. The supernatant 
fluids were harvested by centrifugation (8 000 r/min). 
The crude materials were purified by ultrafiltration and 
high efficiency liquid chromatography. The purified 
HGFI was lyophilized and redissolved in deionized water 
in 300 µg/mL. The antibody and antigens were diluted 
with PBS to 5 µg/mL for antibody and 1 µg/mL for anti-
gens, respectively. 

The proposed lateral offset fiber-optic MZI (LOFMZI) 
was made by fusing single mode fiber (SMF) and CF 
structures with a lateral offset CF in a fiber splicer (Fu-
rukawa S178A, in a manual operation mode). A section 
of CF1 with cladding diameter of 125 m was spliced 
with the lead-in SMF and another section of CF3 was 
spliced with the lead-out SMF. CF was cleaved with de-
signed length with the assistance of translation stage. 
Lateral offset CF2 was spliced with CF1 and CF3 with 
predesigned offset along X direction but laterally aligned 
along Y direction. The splicing parameters are as follows. 
The discharge electric intensity was 70 bit and duration 
time was 325 ms. The microscope photograph of LOF-
MZI sensor is presented in Fig.1. The lengths of CF1, 
CF2 and CF3 are 106.04 m, 600.60 m and 107.80 m, 
respectively. The lateral offset distance is 61.60 m. 

When the light was launched through CF1, the beam 
would separate into two portions, which propagated 
through the lateral offset CF2 (I1) and the cavity (I2), as 
shown in the blue arrows in Fig.1, and then interfered at 
CF3. To investigate light propagation of our proposed 
sensor in air and water condition, simulation was utilized 
to analyze power evolution process based on the beam 
propagation theory, as illustrated in Fig.2. Due to the 
optical path difference between these two portions of 
light, interference would occur at the lead-out SMF, 
which was sensitive to the refractive index change of the 
cavity medium. The interference light intensity could be 
expressed as follows[26] 
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where λ is the optical wavelength, neff is effective re-
fractive index difference of the interference modes, and L 
is interference length. Therefore, interference fringe pat-
tern dip appears at wavelength of 

  eff
dip

2= ,
2 1

n L
m





                              (2) 

where m is an integer. Local enrichment of protein on the 
fiber surface results in refractive index change. The dip 
wavelength changes with the refractive index variation of 
medium accordingly. 

 

 

Fig.1 Micrographs of LOFMZI sensor (The magnified 
images (inset) of CF1 and CF3 regions are shown 
below) 
 

 
Fig.2 Simulation results of beam propagation process 
for the LOFMZI with different conditions of (a) air and 
(b) water 

 
The experimental setup of HGFI functionalized MZI 

biosensor for TNF-α detection was schematically illus-
trated in Fig.3, which consisted of a supercontinuous 
broadband source (SBS) ranging from 1 250 nm to 
1 640 nm, an optical spectrum analyzer (OSA, Yokogawa 
AQ6370D, operation wavelength ranges from 600 nm to 
1 700 nm) with a wavelength resolution of 0.2 nm, an 
integrated microfluidic channel with inserted fabricated 
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LOFMZI sensor inside, poly tetra fluoroethylene (PTFE) 
tubes connected with a pressure syringe for samples 
pumping in, and a beaker for waste collection. 
 

 

Fig.3 Schematic diagram of experimental setup for the 
TNF-α detection system 

 
The processes of optical fiber modification and anti-

gen detection were depicted schematically in Fig.4 and 
conducted as follows. HGFI solution was firstly pumped 
into the microfluidic channel and incubated for 15 min. 
TNF-α solution was then pumped into the microfluidic 
channel and incubated for 40 min, and antigen solution 
was finally pumped into the microfluidic channel and 
incubated for 40 min. All the dynamically incubation 
phases were carried out at room temperature (25 °C) 
with a flow rate of 0.1 L/min, and the microfluidic 
channel was washed repeatedly with deionized water to 
eliminate dissociative proteins between each step. The 
relative wavelength shifts in response to each process 
were recorded in real time. 

 

 

Fig.4 Schematic diagrams of the DNA hybridization 
procedure: (a) Surface functionalization of the LOF-
MZI by HGFI; (b) Immobilization of probe antibody; (c) 
Detection of target antigen with immobilized probe 
antibody 

 
Fig.5 shows the corresponding transmission spectra 

and relative wavelength shifts for all processes. The re-
sonant dip near 1 550 nm is selected to analyze processes 
of HGFI modification, TNF-α antibody immobilization 
and TNF-α detection. With the increase of time, the wa-
velengths were gradually stabilized, indicating reactions 
of HGFI self-assembly, antibody binding to HGFI and 
antigen recognition by antibody have reached saturation 
point. The wavelengths were red-shifted by 13.7 nm, 
1.3 nm and 2.3 nm, respectively, indicating that this 

LOFMZI sensor showed a detection limit less than 
1 μg/mL for TNF-α in PBS. 
  In order to analyze the specificity and repeatability of 
a single optical fiber in our system, all the biomaterials 
on the surface must be removed entirely. Herein, TFA 
was employed to remove the HGFI layer on the surfaces 
of original glass pieces. A 100 µL drop of HGFI solution 
(300 µg/mL) was added on the surface of a clean glass 
piece and evaporated at 60 °C. The HGFI-coated surface 
was then washed with 5 mL pure TFA and sufficient de-
ionized water, successively. Field emission scanning 
electron microscopy (FESEM, SIGMA 500, ZEISS) im-
ages in Fig.6(a) and (b) suggested that a layer with rod-
lets morphology was observed on the surface of 
HGFI-coated glass, whereas no layer remained following 
TFA treatment, indicating that the HGFI layers were ef-
ficiently removed. 
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Fig.5 Corresponding transmission spectra and rela-
tive wavelength shifts for different steps: (a) and (b) 
HGFI modification; (c) and (d) TNF-α antibody immo-
bilization; (e) and (f) TNF-α detection 

 
A 100 µL drop of HGFI solution (300 µg/mL) was 

added on the surface of a clean glass piece and incubated 
in room temperature overnight. The modified surface 
was then rinsed with deionized water to remove any un-
covered HGFI. 50 µL TFA was added and covered the 
modified region for 10 s, then removed by filter paper. 
Three times of TFA treatment were repeated and the sur-
face was finally washed with deionized water. Water 
contact angle (WCA) was determined using CAM 200 
compact contact angle meter system (KSV Instruments 
Ltd., Helsinki, Finland) and images in Fig.6(c) to (e) 
showed that the WCA of glass surface decreased from 
37.4°±1.5° to 9.2°±1.2° after HGFI coating, indicating 

that the surface became more hydrophilic as a result of 
HGFI modification. After TFA treatment, the WCA of 
HGFI modified glass surface increased back to 
36.3°±1.7°, suggesting that the HGFI layer was success-
fully removed.   

 

 

Fig.6 FESEM images of (a) HGFI modified glass sur-
face and (b) HGFI modified glass surface followed by 
TFA treatment; WCA results on different glass sur-
faces: (c) Bare surface; (d) HGFI modified surface; (e) 
HGFI modified surface followed by TFA treatment  
  

PTFE tubes were used in the setup and 1 mL pure 
TFA was pumped into the microfluidic channel with a 
flow rate of 200 µL/min followed by washing with 5 mL 
ethanol (500 µL/min), 5 mL 0.2 mol/L NaOH solution 
(500 µL/min), and 5 mL deionized water (500 µL/min) 
to remove the residual TFA. Another two HGFI modifi-
cation processes were repeated, and no significant dif-
ference was observed in relative wavelength shifts, as 
shown in Fig.7, indicating that the optical fiber can be 
repeatedly utilized to be modified with HGFI.  

The HGFI remodified LOFMZI sensor was subse-
quently immobilized with TNF-α antibody probe as pre-
viously described. A mismatched antigen N protein of 
2019-nCoV was utilized to test the specificity of our 
system. As shown in Fig.8, the transmission spectra only 
exhibit fluctuations of wavelength shift at a range of 
0.3 nm when the sensor was exposed in N protein solu-
tion. Following TFA treatment and washing, an addi-
tional TNF-α detection procedure was carried out. As 
expect, a similar transmission dip response behavior was 
observed, indicating that the LOFMZI sensor fabricated 
in this study was reproducible for specific antigen detec-
tion with good repeatability. More broadly, the micro-
structure parameters of the sensor[27] and probe immobi-
lization conditions[28] are needed to be optimized to ele-
vate the detection sensitivity for biomarkers detection in 
serum or other biological samples, as well as shorten the 
time of surface modification.  

In conclusion, a hydrophobin HGFI modified LOF-
MZI biosensor was developed and applied to detect the 
pro-inflammatory cytokine TNF-α in vitro. Results 
demonstrated that the probe TNF-α antibody was simply 
immobilized by HGFI layer, facilitating the repeatable  
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Fig.7 (a) Corresponding transmission spectra and (c) 
real-time relative wavelength shifts for LOFMZI sensor 
with another repeated HGFI modification; (b) Corre-
sponding transmission spectra and (d) real-time rela-
tive wavelength shifts for LOFMZI sensor with another 
two repeated HGFI modifications 

 

Fig.8 Real-time relative wavelength shifts of an addi-
tional detection process for TNF-α and N protein with 
the LOFMZI sensor  
  
and specific detection of antigen TNF-α with a single sen-
sor by our system. TFA was adopted to remove HGFI 
which made it accessible to reuse the sensor. Compared 
with the conventional methods based on electrostatic in-
corporation and silanisation, our proposed HGFI function-
alized LOFMZI sensor presented advantages such as ease 
of operation, good stability and lower sample consumption, 
which would serve as a model for more biomarker detec-
tion in inflammation and disease monitoring.  
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