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Abstract—A new double-taper microfiber Mach-Zehnder interferometer (MZI) biosensor is applied for 
Staphylococcus aureus (S. aureus) detection. The microfiber MZI structure is fabricated by creating two tapers along a 
traditional single mode fiber (SMF) firstly and tapering the SMF sandwiched between two tapers into very small 
diameter (in the order of micrometers). The measured refractive index (RI) sensitivity of the microfiber MZI is up to 
2731.1 nm/RIU in the RI range of 1.34 when the taper waist diameter was 10.2 µm, which is in good agreement with 
numerical simulation results by using the beam propagation method (BPM). The microfiber MZI functionalized with pig 
immunoglobulin (pig IgG) could be used to specifically binding to S. aureus. In experiment, the maximum wavelength 
shift of 1.408 nm was achieved when the microfiber biosensors were immersed into S. aureus with concentration of 
7×101 CFU/mL. The limit of detection (LoD) of the microfiber biosensor for S. aureus is calculated as low as 11 CFU/mL. 
The proposed microfiber MZI biosensor has advantages of simple structure configuration, high sensitivity, good 
repeatability and specificity, wide detection range and fast detection response time (<30 minutes) and thus was 
demonstrated a good application prospect in food safety inspection, biochemical sensing, diseases and medical 
diagnostics. 

Index Terms—Optical fiber sensor, biosensor, Mach-Zehnder interferometer (MZI), Staphylococcus aureus (S. 
aureus) 

I. Introduction

taphylococcus aureus (S. aureus) which was discovered by 

Dr. Alexander ogston is a gram-positive spherical bacteria. 

It is widely present in the natural environment and can produce 

enterotoxins under appropriate conditions, leading to food 

poisoning [1-3]. Recently, numerous reports about food 

poisoning caused by S. aureus, it accounts for a quarter of 

food-borne microbial food poisoning events, second only to 

Salmonella and parahaemolyticus [4]. Therefore, the detection 

of food-borne pathogens and the reduction of the incidence of 

food-borne diseases have always received much attention [5]. 

Some conventional detecting techniques of foodborne 

pathogens, including polymerase chain reaction (PCR), 

enzyme-linked immunosorbent assay (ELISA) method and so 
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on, have good reliability, but time-consuming, typically 

requiring 24-48 hours to grow bacteria on plates in enriched 

media, which cannot meet the convenient and fast analysis of 

detecting foodborne pathogens [6]. In order to solve this 

problem, many new rapid, sensitive and specific diagnostic 

methods have been proposed in recent years [7-9]. Among 

these methods, fiber-based biosensor is a label-free technique, 

which needs to deposit antigen/antibody on the surface of 

optical fiber sensors acting as “capture” elements to specific 

binding to biomolecules. By detecting the optical signal 

variation, the concentration of the analyte will be determined 

once the sensor is calibrated. Compared with the traditional 

methods, such as PCR and ELISA, the optical fiber-based 

immunological sensor method has the advantages of high 

sensitivity, simple operation, and monitored real-time and thus 

has become a hot research topic. According to different 

working principles, the main types of optical fiber biosensors 

include optical fiber interferometer [10,11], fiber surface 

plasmon resonance [12,13], fiber grating [14,15], and 

whispering-gallery-mode resonator [16,17]. Among them, the 

interferometer biosensor is widely concerned due to the 

advantages of high sensitivity, low cost, and simple fabrication. 

A microfiber is the collective name of fiber with a diameter of 

micron or nanometer, which can excite a strong evanescent 

field and thus is an ideal candidate for biosensing application. 

On the other hand, a microfiber interferometer produces 

significant coherent peak or coherent valley spectra, which can 

be used to monitor wavelength shift (peak or dip) with unique 

advantage of independent to power variation of optical source, 

providing better measurement accuracy compared to 

monitoring power of the sensor. The microfiber interferometer 

biosensor is currently the hot research topic over the world.  
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According to different optical path principles, the microfiber 

interferometers can be divided into: multimode interferometer 

[18-22], Sagnac based microfiber interferometer [23,25] and 

Mach-Zehnder interferometer (MZI) [26-28]. Compared with 

other microfiber sensor structures, the fiber diameter of the 

microfiber interferometer can be made relatively large, less 

affected by environmental instability factors, and its sensitivity 

is higher. Salceda-Delgado G et al fused a tapered fiber with a 

diameter of 10 μm to two ordinary single-mode fibers (SMFs), 

and extracted the spatial light frequency by performing a 

Fourier transform of the transmission spectrum to achieve 

temperature-insensitive refractive index (RI) sensing with a 

resolution of up to 3.7 × 10-6 [29]. Liu et al used fusion taper 

technology to taper the SMS 

(single-mode-multimode-single-mode) fiber structure to 

between 10-20 μm. It is also used for RI sensing with a 

sensitivity of 19212.5 nm/RIU [30].   

In recent years, people have used optical fiber sensors to 

carry out research in the detection of foodborne pathogens. For 

example, Zibaii et al used a tapered fiber to directly detect the 

growth process of E. coli K-12 [31]. T. Liu et al. applied 

propidium iodide to the end of the tapered fiber to detect dead E. 

coli, and its LoD value was 104 cells/mL [32]. Y. Li et al. 

proposed and demonstrated a phage-based fast-response 

multimode microfiber probe (S = 2178 nm/RIU) to detect E. 

coli, with a LoD value of 103 CFU/mL [33]. K. Dandapat et al. 

used the maximum RI sensor (S = 1929 nm/RIU) obtained by 

the response wavelength conversion point of the long-period 

grating to detect E. coli, and its LoD value was 102 CFU/mL 

[34]. Ling Chen et al proposed a tapered singlemode-no 

core-singlemode fiber coupler structure (S = 1523 nm/RIU) for 

S. aureus detection [35]. However, those above methods have

its disadvantages such as low sensitivity and complicated

fabrication and so on.

Fig. 1.  (a) Sensor preparation process diagram; (b) SEM image of one of the MZI arms; (c) SEM image of taper waist. 

In this paper, we propose a new microfiber MZI biosensor 

with simple configuration where a SMF sandwiched between 

two tapers was tapered into microfiber with diameters in the 

order of ten micrometers. The characteristics of the sensor and 

the spectral response of RI are studied by employing the beam 

propagation method (BPM). The effect of waist diameter on 

surrounding RI sensing responses is experimentally analyzed in 

detail. Then, the double taper microfiber MZI was 

functionalized with Pig IgG, sensitivity and specificity for 

detection of S. aureus are tested and analyzed based on the 

microfiber MZI biosensors. When the concentration of S. 

aureus was as low as 7×101 CFU/mL, the wavelength shift of 

the double taper microfiber MZI biosensor was 1.408 nm. 

II. STRUCTURE CONFIGURATION AND NUMERICAL

SIMULATION 

The microfiber MZI structure is composed of two tapers 

(non-adiabatic) and microfiber (adiabatic) sandwiched between 

the two tapers as shown in Figure 1(a). The two tapers are 

equivalent to the beam splitter and coupler. When the light 

travels through the first taper, the mode field mismatch of the 

single-mode fiber will excite the cladding modes, which will 

travel along the microfiber and then re-couples to the core 

mode of SMF through the second taper. In the output of SMF, 

due to the phase difference between the core mode and the 

cladding modes within the microfiber, MZI interference was 

take place and different interference light intensities are 

generated. 

In our previous work, a double-taper fiber MZI structure was 

fabricated by using arc discharge of a traditional fusion splicer 

(Fujikura 80c) [36]. The discharge time and power of the fusion 

splicer was set to 2000 ms and 100 bits, respectively. However, 

the fiber MZI is insensitive to the change of surrounding RI. So, 

it was then tapered by the Commercial Optical Coupler 

Manufacturing System (OC-2010, JILONG) into microfiber 

with taper waist diameter in the order of ten micrometers in 

order to achieve a highly sensitive refractive index response. 

The typical structural parameters of tapered microfiber MZI 

were obtained with SEM in Figs. 1(b) and (c). l1 = l2, D1 = D2 
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and taper waist of microfiber are 379, 83.3 and 10.2 μm, 

respectively. 

The beam propagating method (BPM) was used for the 

numerically study the light transmission of the proposed double 

taper microfiber MZI. Under the condition of slowly varying 

envelope approximation, it can be derived from Maxwell's 

equations: 

2jβ
∂φ

∂z
=

∂2φ

∂x2 +
∂2φ

∂y2 + k0
2(n2 − neff

2 )φ  (1) 

Among them: φ is the envelope function of the field; β is the 

propagation constant; k0 is the wave-number; neff is the effective 

RI. Use uniformly distributed calculation grid sizes in the x and 

z directions of the 2D model, the grid sizes are set as 0.1 μm and 

1 μm along X and Z directions, respectively. The boundary 

condition used in the model is perfectly matched layer (PML) 

condition. Standard Corning SMF with 125 μm diameter 

cladding, 8.2 μm diameter core, and the corresponding RIs are 

1.4507 and 1.4428, respectively, are used for the construction 

of the model. The length of the taper l1 = l2 and the taper 

diameter (D1 = D2) were set to 400 and 80 μm, respectively. 

And the diameter and length of taper waist were set to 10 μm 

and 12 mm, respectively. The spectral responses at surrounding 

RI range of 1.34 were simulated numerically as shown in Fig. 

2(a), and a linear RI sensitivity of 2891 nm/RIU was achieved 

[Fig. 2(b)]. The optical field distribution along the microfiber 

MZI at 1538.0 nm (dip) and 1539.9 nm (peak) is shown in Figs. 

2(c) and (d). 

Fig. 2.  (a) Simulated spectral response of a taper microfiber MZI with a microfiber length set to 12 mm and a 7 mm tapered transition zone in the RI range of 1.34; 

(b) calculated RI sensitivity at RI range of 1.34; (c) and (d) The distributions of optical field and normalized optical intensity propagating along microfiber MZI at 
1538.0 nm (dip) and 1539.9nm (peak).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. RI sensitivity

RI sensitivity of the proposed double taper microfiber MZI

sensor was firstly investigated by preparing three microfiber 

MZIs with taper diameters of 58, 30 and 10.2 µm, which were 

recorded as S-1, S-2, and S-3, respectively. Figure 3(a)-(c) 

shows the measured spectral responses of surrounding RI, and 

the wavelength shifts of the three sensors vs. RI were 

summarized in Fig. 3(d). When the RI increases in the range of 

1.34, the transmission dips of all the three sensors have obvious 

redshift. As the taper waist diameter decreases from 58 to 10.2 

μm, the RI sensitivity of the microfiber MZI increases 

significantly. The RI sensitivities of the three sensors are 460.0, 

1333.0 and 2731.1 nm/RIU corresponding to S-1, S-2, and S-3, 

respectively. In addition, the RI sensitivity of the selected 

biosensor S-3 in the RI range of 1.373-1377 and 1.410-1.414 is 

5182.0 and 12221 nm/RIU, respectively. The measured 

sensitivity with about 10 μm taper diameter almost identical 

with simulations as a result (2865 nm/RIU). The results show 

that as the diameter of the taper waist of the sensor decreases, 

the sensitivity of the RI of the biosensor increases significantly. 

The measured sensitivity of S-3 (with 10.2 μm taper waist 

diameter) agrees very well with the simulated result (2865 

nm/RIU). In addition, studies have shown that considering the 

turning point of microfiber dispersion, the sensitivity of the 

sensor to environmental index changes can be further improved, 

and near the turning point (fiber diameter is 4.6 μm) to achieve 

ultra-high sensitivity of 10777.8 nm/RIU [37]. However, there 

is a trade-off between the sensitivity and stability for this type 

of sensor. Therefore, in our experiments the double taper 

microfiber MZI sensor with taper waist diameter of about 10 

μm was used for biological sensing study. 

The temperature dependance of the sensor within 20-48 ℃ 

is shown in Figures 4 (a) and (b), and the temperature 

sensitivity is -0.031 nm/◦C. This suggests the temperature has a 

limited influence on measurement accuracy (our biological 
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testing processes are all carried out at room temperature with narrow temperature fluctuations). 

Fig. 3. Sensor wavelength shift spectrum of different taper waist diameters (a) 58 μm; (b) 30 μm; and (c) 10.2 μm. (d) The change of the center wavelength of the 

transmission spectrum with RI. (e)-(h) Spectral drift and corresponding sensitivity of S-3 in different refractive index ranges.

Fig. 4. (a) and (b) The temperature sensitivity of the sensor; (c) and (d) The 
humidity sensitivity of the sensor. 

B. Sensor functionalization

To utilize the double taper microfiber MZI sensor for S.

aureus detection, functionalization of Pig IgG antibody on 

surface of the microfiber is required, which will specifically 

binding to S. aureus. The process of sensors functionalization is 

described below and illustrated in Fig. 5: 

(a) Firstly, the optical fiber surface was cleaned by treating

with 5% KOH standard solution for 1 hour. In order to

immobilize the pig IgG antibody onto fiber surface, the

optical fiber is required to be activated first. The silica

optical fiber surface contains a large amount of silanol. By

immersing the optical fiber into a 5% silanized ethanol

solution for 4 hours, the silane agent in the acid anhydride

will hydrolyze to carboxyl groups. Figures 6(a) and (b)

show the SEM of mass spectrometry analysis image

measured by field emission scanning electron microscope 

(FESEM) and elemental composition after silanization. 

(b) The sensor was then immersed into EDC solution

(1-(3-Dimethylaminopropyl)-3-ethylcar-bodiimide

hydrochloride) in PBS buffer about 30 min; and then

immediately by dipping in the mixed solution of EDC and

NHSS (hydroxy-2,5-dioxopyrolidine-3-sulfonicacid

sodium salt) about 30 min to activate the surface carboxyl

group (generate active fat).

(c) After washing several times with deionized water, the fibers

were dispersed in pig IgG in PBS solution with the

concentration of 50 ug/mL. The sensor was connected to an

OSA (AQ6370) for real-time monitoring the

immobilization of Pig IgG [Figs. 7(a) and (b)]. It is possible

to see that the spectral shift tends to be stable until about

100 mins, indicating that the immobilization of Pig IgG

antibody has been saturated. Then, the fiber surface was

washed with deionized water to remove non-bind Pig IgG.

(d) After washing with deionized water, the sensor was

immersed in bovine serum albumin (BSA) for 1 hour to

block the remaining carboxyl groups not binding to Pig IgG

antibody, which will prevent nonspecific bind in the

following measurements.  Sensor surface was washed with

deionized water.

(e) The above-functionalized microfiber biosensor was

immersed into the S. aureus solution to monitor the real

time binding process between Pig IgG antibody and S.

aureus. Figures 6(c) and (d) show the FESEM image and

mass spectrometry analysis image of pig IgG bind with S.

aureus, respectively. The above characterizations reveal

that the S. aureus was effectively captured on the microfiber

surface.
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Fig. 5.  Schematic diagram of biological modification process (a) sensor after silanization; (b) sensor after EDC / NHSS activation; (c) sensor after antibody 

modification; (d) blocking remaining carboxyl groups by BSA; (e) antibody antigen Combining process. 

Fig. 6. (a) FESEM photo of the silanized fiber surface; (b) Mass spectrometry analysis image on the surface of the optical fiber after silicidation; (c) FESEM photo 

of antibody Pig IgG binding to S. aureus; (d) mass spectrometry analysis image on the surface of the optical fiber after the antibody porcine IgG is combined with 

S. aureus. 

Fig. 7. (a) and (b)Wavelength shift of the biosensor spectra during the process 

of modifying the fiber surface by immobilization of pig IgG over it. 

C. Results and discussion

The detection of S. aureus is shown in Figure 8. The

microfiber MZI sensor was connected to the BBS (SC-5-FC) 

and OSA for recording the spectral response of the developed 

biosensor at different concentrations of S. aureus. The volume 

of S. aureus solutions was about 2000 μL per experiment.

Fig. 8.  Schematic diagram of the experimental device. 

The functionalized microfiber MZI biosensor was firstly 

immersed into PBS buffer for 20 minutes to test the stability of 

the biosensor. The maximum wavelength variations are not 

more than ±0.02 nm over 20 min in the PBS [Fig. 9(a)]. The 
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fiber biosensor was then immersed into different concentrations 

(from low to high, 7×101, 7×102, 7×103, 7×104, and 7×105 

CFU/mL) of S. aureus solution for about 40 minutes each time. 

Before testing different concentrations of S. aureus solution, 

the biosensor needs to be immersed in PBS buffer for washing 

the nonspecific bind between IgG antibody and S. aureus. 

During the process, the pig IgG on the surface of microfiber 

MZI will specifically capture S. aureus, resulting in the 

physical property changes to the fiber biosensor (effective 

diameter, RI) and thus introduce changes in the transmission 

spectrum. Figure 9(b) shows spectral responses with time, 

when a microfiber MZI biosensor (functionalized with 50 

μg/mL pig IgG) was immersed into S. aureus solution with a 

concentration of 7×101 CFU/mL. The wavelength change 

mainly occurs in the first 20 minutes, which is much larger than 

the movement amount of the last 20 minutes and tends to be 

stable. This result is consistent with the kinetics of the 

biological reaction law.  

Fig. 9.   (a) Wavelength shift response when no biological binding occurs 
in PBS solution; (b) spectral response of biosensor functionalized with 50 

µg/mL antibody pig IgG, used to detect S. aureus at a concentration of 7 × 
101 CFU/mL; (c) wavelength shift vs. time in different concentrations of 

S. aureus. (d) Calibration curve for S. aureus with a concentration range

of 101-105 CFU/mL.

Before changing the S. aureus solution with higher 

concentration, the fiber biosensor was immersed into PBS 

buffer for about 20 minutes for washing out nonspecific bind 

with S. aureus. The wavelength shifts of the microfiber MZI 

biosensor (functionalized with 50 µg/mL pig IgG solution) over 

time was shown in Fig. 9(c), indicating the dynamic binding 

between IgG antibody and S. aureus. It is noted that the 

wavelength shift is very small (less than 0.02 nm) in the PBS 

buffer solution, which indicate that the nonspecific bind with S. 

aureus is neglectable. When the concentration of the S. aureus 

solution is 7×101 CFU/mL, the wavelength shift due to the bind 

between pig IgG and S. aureus is 1.408 nm. The wavelength 

shifts are 2.704 nm, 3.792 nm, 4.752 nm, and 5.504 nm 

corresponding to S. aureus concentration of 7×102, 7×103, 

7×104 and 7×105 CFU/mL, respectively. This result shows that 

the developed double taper microfiber MZI biosensor can 

detect the concentration of S. aureus effectively. In biosensing, 

LoD represents the lowest detectable concentration of the 

analyte in the sample (LoD = 3.3 standard deviation of blank 

samples(σ) / slope of the calibration line). The results show that 

the calibration curve shows a good the linearity (correlation 

coefficient is 0.989 [Fig. 9(d)]). The remaining standard 

deviation of the regression line was used as the standard 

deviation of blank samples (σ = 0.3255) and the LoD of the 

sensor was calculated to be 11 CFU/mL. 

In addition, we also conducted a reproducibility test by 

fabricating five biosensor samples (same manufacturing 

parameters, modified antibody pig IgG concentration) to 

perform multiple tests on the same concentration of S. aureus. 

The results [Fig. 10(a)] clearly verified that the proposed sensor 

indicating excellent reproducibility. The binding specificity of 

the fiber sensor was studied by immersing it into E. coli, BSA 

and human chorionic gonadotropin (hCG) solutions, and the 

measured wavelength shifts were 0.16, 0.22 and 0.42 nm 

respectively [shown in Fig. 10(b)], which were much smaller 

than that in S. aureus solution (shift 5.88 nm). The results 

demonstrated a good selectivity and specificity in detecting S. 

aureus. 

Fig. 10. (a) Reproducibility: wavelength shift vs. concentration of S. 

aureus and (b) specificity results of the biosensor. 
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The advantages of our proposed biosensor compared with 

others pathogenic bacteria biosensor are shown in Table 1. 

Method performances allow analytes to be detected as low as 

11 CFU/mL (LoD). This is one of the best 

results reported to date, these tests have shown superior 

performance of this sensor.

TABLE 1 

Comparison of the analysis characteristics of the immunosensor developed in this research and related immunosensors. 

Transducer 
Pathogenic 

bacteria 

dynamic range 

(CFU/ml) 

response 

time (min) 
LOD Ref. 

Dual-color upconversion fluorescence and 

magnetic nanoparticles 
S. aureus 101-105 60 8 CFU/mL [38] (2012)

Magnetic beads (MBs) and gold 

screen-printed electrodes (Au/SPEs) 
S. aureus 1–107 120 1 CFU/mL [39] (2012)

Surface plasmon resonance (SPR) S. aureus - 20 10 CFU/mL [40] (2013)

Gold nanoparticle S. aureus 10-106 240 9 CFU/mL [41] (2014)

Chemically modifified graphene S. aureus - 1-2 1 CFU/mL [42] (2014)

Magnetically assisted surface-enhanced 

Raman scattering (SERS)  
S. aureus 10-105 - 10 cells/mL [43] (2015)

Dual-aptamer-based sandwich 

immunosensor 
S. aureus 10-106 - 1 CFU/mL [44] (2015)

Microdisks whispering gallery mode 

(WGM) 
S. aureus 5×106-5×109 30 5 pg/mL [45] (2016)

Magnetic nanobeads and gold surface S. aureus 7.5-7.5×106 - 7-100 CFU/mL [46] (2016)

Long-period fiber gratings (LPFGs) S. aureus 104-108 30 224 CFU/mL [47] (2019)

Fluorescent (optical) bioprobe S. aureus 40×102-4×108 20 85 CFU/mL [48] (2019)

Double-taper microfiber Mach-Zehnder 

interferometer (MZI) 
S. aureus 7×101-7×105 20 11 CFU/mL this paper 

IV. CONCLUSION

A new highly sensitive microfiber MZI biosensor was 

proposed and experimentally demonstrated for application to S. 

aureus detection. The proposed microfiber MZI structure 

consists of two tapers and SMF, which are tapered to small 

diameter. When the taper diameter is 10.2 µm, the RI 

sensitivity of the microfiber MZI is as high as 2731.1 nm/RIU 

within the RI range of 1.34, which meets well with numerical 

simulation by using BPM. The surface of the microfiber MZI 

was functionalized with pig IgG for specifically capturing S. 

aureus. The experimental results show that a detection 

concentration limit (7×101 CFU/mL) of the biconical 

micro-fiber MZI biosensor can be achieved, and the excellent 

LoD can reach as low as 11 CFU/mL. Furthermore, the sensor 

has a high detection range (from 7×101 to 7×105 CFU/mL) and 

rapid detection response time (less than 30 minutes). In 

addition, a good reproducibility and specificity for the optical 

fiber sensor have been demonstrated experimentally. Therefore, 

the proposed sensor has a good application prospect in 

biomedicine, biochemical pollution, food safety and others 

fields. 
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