
Northumbria Research Link

Citation: Liu, Jiandong, Liu, Bin, Liu, Juan, He, Xing-Dao, Yuan, Jinhui, Ghassemlooy, Fary,
Torun, Hamdi, Fu, Yong Qing, Dai, Xuewu, Ng, Wai Pang, Binns, Richard and Wu, Qiang
(2023) Integrated label-free erbium-doped fiber laser biosensing system for detection of
single cell Staphylococcus aureus. Talanta, 257. p. 124385. ISSN 0039-9140 

Published by: Elsevier

URL:  https://doi.org/10.1016/j.talanta.2023.124385
<https://doi.org/10.1016/j.talanta.2023.124385>

This  version  was  downloaded  from  Northumbria  Research  Link:
https://nrl.northumbria.ac.uk/id/eprint/51457/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


Talanta 257 (2023) 124385

Available online 18 February 2023
0039-9140/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Integrated label-free erbium-doped fiber laser biosensing system for 
detection of single cell Staphylococcus aureus 

Jiandong Liu a, Bin Liu a,**, Juan Liu a, Xing-Dao He a, Jinhui Yuan c, Zabih Ghassemlooy b, 
Hamdi Torun b, Yong-Qing Fu b, Xuewu Dai b, Wai Pang Ng b, Richard Binns b, Qiang Wu a,b,* 

a Key Laboratory of Opto-Electronic Information Science and Technology of Jiangxi Province, Nanchang Hangkong University, Nanchang, 330063, China 
b Optical Communications Research Group. Faculty of Engineering and Environment, Northumbria University, Newcastle Upon Tyne, NE1 8ST, United Kingdom 
c Research Center for Convergence Networks and Ubiquitous Services, University of Science & Technology Beijing, Beijing, 100083, China   

A R T I C L E  I N F O   

Handling Editor: J.-M. Kauffmann  

Keywords: 
Fiber laser biosensor 
Fiber interferometer 
Foodborne pathogen 
Staphylococcus aureus sensor 

A B S T R A C T   

A critical challenge to realize ultra-high sensitivity with optical fiber interferometers for label free biosensing is 
to achieve high quality factors (Q-factor) in liquid. In this work a high Q-factor of 105, which significantly 
improves the detection resolution is described based on a structure of single mode -core-only -single mode fiber 
(SCS) with its multimode (or Mach-Zehnder) interference effect as a filter that is integrated into an erbium-doped 
fiber laser (EDFL) system for excitation. In the case study, the section of core-only fiber is functionalized with 
porcine immunoglobulin G (IgG) antibodies, which could selectively bind to bacterial pathogen of Staphylococcus 
aureus (S. aureus). The developed microfiber-based biosensing platform called SCS-based EDFL biosensors can 
effectively detect concentrations of S. aureus from 10 to 105 CFU/mL, with a responsivity of 0.426 nm wave
length shift in the measured spectrum for S. aureus concentration of 10 CFU/mL. The limit of detection (LoD) is 
estimated as 7.3 CFU/mL based on the measurement of S. aureus with minimum concentration of 10 CFU/mL. In 
addition, when a lower concentration of 1 CFU/mL is applied to the biosensor, a wavelength shift of 0.12 nm is 
observed in 10% of samples (1/10), indicating actual LoD of 1 CFU/mL for the proposed biosensor. Attributed to 
its good sensitivity, stability, reproducibility and specificity, the proposed EDFL based biosensing platform has 
great potentials for diagnostics.   

1. Introduction 

The World Health Organization (WHO) has reported that foodborne 
diseases are among the highest morbidity and mortality worldwide and 
pose a major threaten to social and economic development [1]. The 
main cause of foodborne illness is the pathogenic bacteria including 
Staphylococcus aureus (S. aureus) S. aureus produces toxins and invasive 
enzymes, and exists widely in nature. It can produce several types of 
protein-based enterotoxins that cause acute gastroenteritis [2]. Entero
toxin can withstand boiling temperature (100 ◦C) for 30 min without 
being destroyed and can easily cause food poisoning in people by 
showing symptoms of vomiting and diarrhea [2]. S. aureus poses risks 
during food processing, storage, transportation, and sales, leading to 
severe food poisoning. To effectively prevent diseases caused by 

foodborne pathogenic bacteria and ensure food safety, rapid and effec
tive detection methods are urgently required. Traditional culture-based 
detection methods, such as agar dilution, breakpoint or disk diffusion, 
need at least 24 h to culture the sample, thus not suitable for rapid 
detection [3]. Several new detection methods have emerged including 
electrochemical biosensor [4,5], fluorescence sensor [6], impedance 
biosensors [7,8], surface-enhanced Raman spectroscopy (SERS), etc [9, 
10]. However, they are mostly confined to the laboratory environments 
and commonly lack of reusability [11]. 

Previously Majumdar et al. [12] proposed electrochemical ampero
metric biosensors that quantifies changes in S. aureus concentration with 
a limit of detection (LoD) 10 CFU/mL and a good linearity between 
concentration and current output. However, these electrochemical bio
sensors are often prone to false current measurements due to ambient 
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fluctuations. 
In recent years, many researchers have been working on fiber-based 

biosensors, which have advantages of anti-electromagnetic interference 
and easy manufacturing capability [13,14]. Fiber biosensors based on 
surface plasmon resonance (SPR) [15], tapered optical fiber [16,17], 
U-bent fiber [18], long-period grating [19], and fiber Bragg grating [20] 
have shown fast and highly sensitive responses to bacteria, but their 
manufacturing processes are often complex and costly. In contrast, fiber 
optic interference structures are becoming more popular as biosensors. 

Biosensors based on Machzender interference (MZI) structures have 
been widely studied and developed owing to their low cost, simple 
structure, and moderate sensitivity [16]. In 2017, Li et al. proposed to 
form an MZI interference structure by controlling the waist diameter of 
conical multimode fiber, and to detect Escherichia coli by modifying a 
biofilm reaction layer on the surface of the interference structure with a 
LoD of 103 CFU/mL [21]. In 2020, Kaushik et al. proposed the use of a 
photosensitive (PS) fiber optic MZI structure for the measurement of 
collagen in the human body [22]. In 2022, Wang et al. proposed a lateral 
offset spliced coreless fiber MZI biosensor for cytokine tumor necrosis 
factor-α (TNF-α) detection [23]. However, biosensors based on MZI is 
not yet regarded as a practical solution, which is mainly due to the 
difficulty of analyzing its multi-stripe transmission spectrum. One 
possible option for simplifying the MZI-based sensors would be to 
integrate the single mode – core only – single mode (SCS) structure 
within the fiber laser cavity. The interferometric feature of MZI struc
tures allows selection of wavelength (λ) in the fiber laser cavity, i.e., an 
output with a single wavelength with a high signal-to-noise ratio, thus 
simplifying the spectral assessment with an enhanced detection resolu
tion [24]. There are many examples, such as deployment of 
singlemode-multimode-singlemode (SMS) structures in fiber laser cav
ities [24,25]. For example, in Ref. [26], a biosensing platform based on 
the tapered fiber integrated in fiber laser system was reported as a 
molecular biosensor in a case study where avidin molecules with vary
ing concentrations were measured. The fiber laser system is able to 
achieve a single-wavelength output, thus simplifying sensor’s output 
and analysis [26]. 

In the conventional optical fiber sensing systems, broadband light 
sources (BLSs) or amplified spontaneous emission (ASE) are often used, 
which have a large full-width half maximum (FWHM) in the optical 

spectrum and a low optical signal-to-noise ratio (OSNR) in the available 
wavelength range [27]. Therefore, the application of these conventional 
systems for concentration detection of biomolecules is limited to a great 
extent. In this paper, to overcome the difficulty of analyzing multi-stripe 
transmission spectrum and improve detection resolution, SCS-based 
EDFL biosensors is proposed by introducing multimode interference 
structures based on SCS functionalized by porcine IgG into an EDFL. 
Experimental result demonstrates that the SCS-based EDFL biosensors 
achieves a single-wavelength output with high Q factor of 105. Its 
full-width at half-maximum (FWHM) and OSNR values are 0.12 nm and 
41.2 dB, respectively. The verified LoD of SCS-based EDFL biosensors for 
detecting S. aureus is 1 CFU/mL. 

2. Materials and methods 

A schematic diagram of the proposed SCS structure is illustrated in 
Fig. 1(a), which is constructed using two single-mode fibers (SMFs, 
G652D, Yangtze Optical Fibre and Cable, China) and a small diameter 
core-only fiber (COF, CL-1010-C, Yangtze Optical Fibre and Cable, 
China). A commercial welding machine (Fujikura 80C, FUJIKURA, 
Japan) is used to fuse the ends of COF (2 cm long and 62.5 μm of 
diameter) with the SMFs. Fig. 1(b) shows a microscope image (GP-660 
V) of fusion spliced SMF and COF under optical magnification of 4.5 × , 
a working distance 95 mm, and an electrical magnification of 135 × . 
The injection of light from the SMF output into the COF excites the 
multimode interference effect. This interference mode will interact with 
the surrounding medium by formation of an evanescent field. A slight 
change in the surrounding medium alters the transmission modes of the 
COF, thus resulting in a significant wavelength shift in the interference 
spectrum, which can be readily measured using a spectrum analyzer 
[28]. 

The sensing head is obtained by functionalizing the SCS structure. 
We choose the porcine immunoglobulin G (IgG) antibody (product code: 
b1108, purchased from BEIJING BERSEE SCIENCE AND TECHNOLOGY 
CO. LTD), which is specifically bound to S. aureus [30–33]. The detailed 
processes of functionalization are listed as follows:  

i. The SCS structure is immersed for 4 h in a silane solution (3-(3- 
triethoxysilylpropyl) oxolane-2,5-dione) (product code: 

Fig. 1. (a) Schematic diagram of SCS structure, (b) micrograph of SCS structure. SMF: single mode fiber; COF: core-only fiber, (c)schematic diagram of SCS structure 
functionalization process, and (d)diagram of SCS-based EDFL biosensors experiment device. 
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T195932-5 g, purchased from aladdin) diluted to 5% with the 
anhydrous ethanol solution, which forms carboxyl groups on the 
surface of the fiber.  

ii. The SCS structure is cleaned twice using a buffer solution (pH =
6, product code: P118681, purchased from aladdin), after which 
it is immersed in a freshly prepared activation reagent for 30 min. 
The activation reagent is composed of hydroxy-2, 5-Dioxopyroli
dine-3-Sulfonicacid sodium salt (NHSS, product code: H109337, 
purchased from Sinopharm Chemical Reagent Co., Ltd) and 1-(3- 
dimethylaminopropyl) -3-ethylcar-Bodiimide hydrochloride 
(EDC, product code: 39141134, purchased from aladdin), mixed 
in a buffer solution (pH = 6).  

iii. The SCS structure is washed with the phosphate buffered saline 
(PBS, product code: SH30256.01, with a pH value of 7.4, pur
chased from GE Healthcare Life Sciences). It is then immersed 
into solution of porcine IgG antibodies, which is fixed onto sur
faces of fiber optic sensor after it is soaked in the solution for 4 h.  

iv. The SCS structure is cleaned three times with the PBS, and then 
immersed into a solution diluted with the PBS to 1% bovine 
serum albumin (BSA, product code: A119741, purchased from 
aladdin). The purpose of this is to block the remaining carboxyl 
groups that do not bind to porcine IgG antibodies. This will 
prevent non-specific binding, in which non-target biomolecules 
bind directly to the carboxyl group. 

Fig. 1(c) shows the functionalization process of the fiber’s surface, 
including the above mentioned four key steps. 

In order to solve the difficulties to analyze the transmission spectrum 
generated from the sensing process and improve the measurement ac
curacy, an EDFL is used to interrogate the transmission spectrum of the 
sensing head. The specific structure of SCS-based EDFL biosensors 
experimental device is shown in Fig. 1(d). Using a wavelength division 
multiplexer (WDM, WDM-1X2-980/1550–2, BOKAI GUANGDIAN, 
China) coupler, a 980 nm pump source (VLSS-980-B-650-FA, CONNET, 
China) is connected to the ring cavity of laser. The common port of the 
WDM coupler is passed through a polarization controller (PC, 3-Paddle 
Fiber Polarization Controller, BOKAI GUANGDIAN, China), which is 
used to adjust polarization state. To ensure the unidirectional propa
gation of the light, we use a polarization independent isolator (PI–ISO, 
Polarization Insensitive Isolator, BOKAI GUANGDIAN, China). The PI- 
ISO outputs are then applied to an erbium-doped fiber (EDF, 5 m long, 
8/125, Nufern) amplifier and the SCS interference structure, the latter of 
which plays the role of a sensing head. The output of SCS is injected to a 
WDM coupler then to an optical spectrum analyzer (OSA, MS9710C, 
Anritsu, Japan) via a 90:10 optical coupler (OC, WIC-1X2-1550-10/90- 
0-A40, BOKAI GUANGDIAN, China). 

Numerical simulation of the SCS structure is firstly performed using 
the mode propagation method [24,25]. The parameters of both SMF and 
COF used in the numerical simulation are listed in Table 1. Fig. 2(a) 
shows the transmission optical field distribution of the SCS structure 
along the x-z direction at a wavelength of 1550 nm in air. Optical field 
evolutions (in x-y direction) can be clearly demonstrated in the trans
mission process of the COF section, due to the modes’ interference along 
the length of COF. The result shows that the SCS structure is sensitive to 
change of surrounding environment. 

Fig. 2(b) shows spectral responses of SCS structure with various 
refractive indices (RIs) of 1, 1.33, 1.34, and 1.35. Results of interference 
wavelength vs. different RIs are shown in Fig. 2(c), which reveals a 

sensitive redshift with the increasing RI, and the obtained sensitivity is 
~201 nm/RIU (refractive index unit). 

3. Experimental results and discussion 

3.1. Refractive index sensitivity of SCS-based EDFL biosensor 

Fig. 3(a) compares the laser spectrum (black line) output from the 
SCS-based EDFL biosensor with the transmission spectrum (red line) of a 
single SCS fiber structure. The FWHM of the output laser spectrum 
reaches ~0.12 nm, whereas the OSNR value and Q-factor exceed 40 dB 
and 105, respectively. At the same time, the detection resolution of the 
sensor is defined as [29]: 

R= 3σ = 3
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
ampl− noise + σ2

spect− res + σ2
temp− induced

√

(1)  

σample− noise =(FWHM)
/ (

4.5×
(
OSNR0.25)) (2)  

σspect− res =Rw

/
2

̅̅̅
3

√
(3)  

σtemp− induced = 10− 5 nm (4)  

where σampl− noise, σspect− res, and σtemp− induced are the spectral resolution, 
thermal variation of the system, and amplitude noise, respectively. 
Combining Eqs. (1)–(4), the sensor’s detection resolution is calculated as 
7.65 and 0.054 nm, respectively, before and after introducing the EDFL. 
In the calculation process, the OSNR values are 9.8 dB and 41.2 dB, and 
Rw values, which represent the scanning resolutions of OSA, are 0.2 and 
0.05 before and after the introduction of EDFL, respectively. The results 
clearly show that the detection resolution of the sensor is significantly 
improved, translating into a much lower LoD. In addition, the interfer
ometric effect of SCS structures with its filtering functionality has led to 
SCS-based EDFL biosensor generating a single λ and eliminate the dif
ficulty of analyzing multi-stripe transmission spectrum 

The influence of temperature on SCS-based EDFL biosensor is studied 
and discussed. The experimental results are shown in Fig. 3(b). When 
the temperature increases from 36 ◦C to 72 ◦C, the wavelength of the 
output spectrum of the sensor shifts from 1558.03 nm to 1557.2 nm, and 
the sensitivity is − 0.02 nm/0C. The results show that temperature has a 
limited effect on the measurement accuracy due to our tests were carried 
out at room temperature within 30 min, and the temperature variation is 
very small (<1 ◦C). The refractive index (RI) sensitivity of SCS-based 
EDFL biosensor is measured. Fig. 3(c) shows wavelength shifts vs. RI, 
where the wavelength shift increases with the increases of RI value, 
illustrating a monotonical red-shift. Fig. 3(d) shows the spectrum of a 
typical SCS fiber structure with a 2 cm long COF. After several mea
surements, the RI sensitivity of the sensor is 200.86 nm/RIU, and the 
maximum error bar is 0.09, which agrees very well with the simulation 
result as shown in Fig. 2(c). Therefore, we chose the SCS structure with a 
2 cm COF as the sensing head, functionalized the SCS structure and 
immobilized antibodies, and introduced EDFL to construct an SCS-based 
EDFL biosensor for further experimental measurement of S. aureus. 

3.2. SCS-based EDFL biosensor for detection of S. aureus 

The functionalized SCS-based EDFL biosensors can be used to mea
sure the S. aureus. The measurement steps are listed as follows:  

A. The SCS structure is functionalized using porcine IgG antibodies 
with three different concentrations of 50, 100, and 200 μg/mL, 
respectively. A total of 45 functionalized SCS structures are made, 
and each antibody concentration are associated with 15 SCS 
structures.  

B. SCS-based EDFL biosensors functionalized by 50 μg/mL antibody 
are then selected for the following sensing process. 

Table 1 
Parameters of fibers used in the numerical simulation.  

Fiber 
type 

Core diameter 
(μm) 

cladding diameter 
(μm) 

RI of 
core 

RI of 
cladding 

SMF 8 125 1.4507 1.4428 
COF 62.5 120 1.444 1–1.365  
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i. The SCS-based EDFL biosensor is immersed in the PBS solution 
for 30 min to stabilize the integrated sensing platform.  

ii. The SCS-based EDFL biosensor is immersed into a sample of 
S. aureus (10 CFU/mL), and SCS-based EDFL biosensors are then 
used to monitor the specific recognition of antigens and 
antibodies.  

iii. Three same SCS-based EDFL biosensors are used to repeat the 
above steps for proving the repeatability.  

iv. The concentrations of S. aureus samples are then changed to 102, 
103, 104 and 105 CFU/mL, respectively, and then the steps (i), (ii) 
and (iii) are repeated for each concentration.  

C. SCS-based EDFL biosensors functionalized with the 100 μg/mL 
antibody are selected to repeat step B. 

D. SCS-based EDFL biosensors functionalized by 200 μg/mL anti
body are selected to repeat step B. 

The bonding of porcine IgG antibodies with S. aureus effectively 

Fig. 2. Simulated results of the SCS structure: (a) optical field distribution along x-z direction at λ of 1550 nm and mode field distributions of cross sections of a COF 
of a range length of 5, 8, 10, 12, and 15 mm, (b) the transmission spectra for RI of 1, 1.33, 1.34, and 1.35, and (c) wavelength vs. the refractive index. 

Fig. 3. (a) Comparison of the laser spectra (black lines) from the output of an SCS EDFL biosensor with the transmission spectra (red lines) from a single SCS fiber 
structure, (b) Linear fitting diagram of the variation of wavelength with temperatures, (c) Linear fitting diagram of the variation of wavelength shift with refractive 
index, and (d) spectrum of SCS fiber structure with a 2 cm long COF. 
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changes the RI value and thickness of the media around the SCS struc
ture, thus resulting in shifts of the spectral wavelengths for the SCS- 
based EDFL biosensor. Fig. 4(a) and (b) show images (obtained using 
the scanning electron microscope, SEM) of the functionalized SCS-based 
EDFL biosensor bound with S. aureus. It should be noted that the 
S. aureus bound to the SCS structure conforms to the biological char
acteristics of S. aureus, which is spherical in shape and between 0.5 and 
1.5 μm in size. 

The SCS-based EDFL biosensor which is functionalized using porcine 
IgG antibody (200 μg/mL) is then immersed into the solution of S. aureus 
(103 CFU/mL), and the obtained spectral responses of SCS-based EDFL 
biosensor are illustrated in Fig. 5(a). Different concentrations of 
S. aureus samples (i.e., 10, 102, 103, 104, and 105 CFU/mL) are used to 
study effect of S. aureus’ concentration on performance of SCS-based 
EDFL biosensors. Five SCS-based EDFL biosensor (fabricated under the 
same conditions) are functionalized using porcine IgG antibody (200 μg/ 
mL) for detecting S. aureus samples. Fig. 5(b) depicts the wavelength 
shifts as a function of time for these five SCS-based EDFL sensors 
immersed into S. aureus solution with various concentration. To study 
the effect of porcine IgG concentration on SCS-based EDFL biosensors, 
three SCS-based EDFL biosensors are functionalized with antibodies 
with different concentration (50, 100, and 200 μg/mL), respectively. 
The SCS-based EDFL biosensor is then immersed in a solution of S. aureus 
(103 CFU/mL). Fig. 5(c) shows the results of wavelength shifts for three 
SCS-based EDFL biosensors immersed in the same sample of S. aureus. 

Results shown in both Fig. 5(b) and (c) indicate that the wavelength 
shifts of the SCS-based EDFL biosensor occur in the first 20 min, 
revealing that the binding of S. aureus to porcine IgG antibody on the 
surface of the functional SCS-based EDFL biosensors occurs in this 
period. During the surface-specific binding of S. aureus to the SCS-based 
EDFL biosensor, the data of wavelength shifts and the immersion time 
show an exponential relationship, and these results are consistent with 
the reported dynamics of immune behavior [37]. Fig. 5(b) also show 
that testing in a higher S. aureus concentration results in a significantly 
increased wavelength shift when the SCS-based EDFL biosensor is 
functionalized by the porcine IgG antibody (200 μg/mL). The reason is 
that the SCS-based EDFL biosensor is more likely to capture S. aureus in a 
high concentration solution. At the same S. aureus’ concentration (103 

CFU/mL) the wavelength shifts of SCS-based EDFL biosensor treated 
with much higher concentration of porcine IgG antibody shows signif
icantly increased value. This is because the binding sites for S. aureus 
increase with the concentration of antibody. When the concentration of 
antibody used modify the surfaced of fiber biosensor is 200 μg/mL, the 
maximum value of wavelength change is ~1.005 nm. Fig. 5(b) and (c) 
show that the maximum wavelength shift in PBS solution for 30 min is 
±0.03 nm. 

Reproducibility of the SCS-based EDFL biosensors is demonstrated 
by testing 45 SCS structures separated into three groups, with each 
group functionalized with the porcine IgG antibody concentrations of 
50, 100, and 200 μg/mL, respectively. Each group is then separated into 

five sub-groups, to be bound with S. aureus with their concentrations of 
10, 102, 103, 104, and 105 CFU/mL, respectively. 

Fig. 6(a) depicts the wavelength shifts as a function of S. aureus 
concentration for three different porcine IgG antibodies. The SCS-based 
EDFL biosensor show wavelength shifts of {0.289, 0.618, 0.711, 0.757, 
0.787}; {0.346, 0.7423, 0.937, 0.985, 1.015}; and {0.426, 0.858, 1.019, 
1.155, and 1.34} nm, which are obtained using various S. aureus’ con
centrations of 10, 102, 103, 104, and 105 CFU/mL. The maximum error 
bar can be achieved with the lowest concentration of 10 CFU/mL. One 
possible reason for this is that S. aureus tends to be more evenly 
distributed in higher concentrations than those in lower concentrations. 

Twelve SCS structure functionalized with the porcine IgG antibody 
(50 μg/mL) are prepared to further study the specificity of the SCS-based 
EDFL biosensors. Firstly, four identical SCS-based EDFL biosensors are 
immersed into four different analytes, namely 102 CFU/mL S. aureus, 10 
mg/mL BSA, 3.95 × 107 CFU/mL E. coli and 8.7 × 104 CFU/mL Sal
monella, respectively. Secondly, the processes are repeated three times 
with the SCS-based EDFL biosensors. Fig. 6(b) shows the obtained 
experimental results, where wavelength shifts for the identical SCS- 
based EDFL biosensors are 0.64, 0.045, 0.069, and 0.062 nm for 
S. aureus, BSA, E. coli, and Salmonella, respectively. Obviously, SCS- 
based EDFL biosensor has a specific selectivity for S. aureus, which is 
attributed to its specific combination of antigen and antibody. 

The calibration curves of the fiber biosensor are obtained as shown in 
Fig. 6(c), where a linear regression function is obtained, which is 
y = 0.23 Log[x (CFU /mL)] + 0.29 (slope = 0.23), with a correlation 
coefficient of 0.93. According to LoD equation [38]: 

LoD= 3.3
Sy

a
(5)  

sy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(yi − y)2

degrees of freedom

√

(6)  

where LoD is detection limit; Sy denotes the standard deviation of re
sponses for around expected LoD and a is the slope of a linear calibration 
line. When the calibration law is semilogarithmic, the LoD equation 
needs to be redefined as follows: 

LoD= 3.3 ×
2.303Syx

dy
dlogx

10

(7) 

In Fig. 6(c), the value of x is 10 CFU/mL, dy
dlogx = 0.23. Sy is 0.022 

calculated at the minimum concentration 10 CFU/mL, thus the LoD is 
estimated as 7.3 CFU/mL. 

We then experimentally investigate the detection effect of this SCS- 
based EDFL biosensor at a concentration S. aureus of 1 CFU/mL. The 
volume of the sample used in each test is about 1 mL. For the S. aureus 
sample (1 CFU/mL), the number of S. aureus bacterium is 1 CFU on 
average in each test. Furthermore, the number of bacteria in the 
extracted sample can only be an integral number. Therefore, due to the 

Fig. 4. SEM images of the functional SCS-based EDFL biosensor bound with S. aureus with different scale bar: (a) 10, and (b) 2 μm.  
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probability issue, the actual concentration of each sample could be 
varied significantly, which could be 0, 1, or 2 CFU/mL, etc. However, it 
should be noted that if the actual number of bacteria in the samples is 
taken as zero, it would be impossible for the fiber-optic sensor to capture 
any S. aureus. Even with one or two bacteria in the testing sample, the 
probability of capturing one or two S. aureus bacteria in the sample slot 
is low, because the SCS structure has a small diameter of 62.5 μm and the 
chance of bacteria being captured by the antibody immobilized on the 
SCS is low. 

From the analysis results at the limiting concentration, the SCS-based 
EDFL biosensor which is treated with the porcine IgG antibody (50 μg/ 
mL) can be applied to test the responses with the limiting concentration 
of 1 CFU/mL. Ten repeatable experiments are conducted under the same 
conditions. The conditions mentioned here are the same SCS-based EDFL 
biosensor, treated with porcine IgG antibody (50 μg/mL), measured at a 
concentration of 1 CFU/mL S. aureus sample at room temperature. The 
sample solution was changed and washed with PBS for each 

measurement, but the volume (1.0 mL) and concentration (1.0 CFU/mL) 
remain unchanged. Only in one of 10 test results, a significant spectral 
response (wavelength shift of 0.12 nm) is obtained using the SCS-based 
EDFL biosensor. Fig. 6(d) shows the comparisons the one case which 
shows the significant spectral response, and with the other four cases 
without showing apparent responses. The change in the laser wave
length in other tests is less than ±0.03 nm, which is similar to the 
response of PBS solution, thus indicating that the SCS-based EDFL 
biosensor does not capture S. aureus. It should be noted that the theo
retical LoD is 7.3 CFU/mL, calculated using a semi-logarithmic rela
tionship. Based on our experimental testing, the developed sensor was 
able to detect 1 CFU/mL S. aureus sample. 

Table 2 summarizes the sensing concentration achieved from the 
newly proposed SCS-based EDFL biosensor in this study, together with 
those of optical sensing platforms reported in literature. It is clear to see 
that the actual minimum measured value of the SCS-based EDFL 
biosensor is relatively low, compared to those reported in literature, 

Fig. 5. (a) Spectral responses of the SCS-based EDFL biosensors treated with 200 μg/mL porcine IgG antibody for detecting 103 CFU/mL S. aureus solution con
centration, (b) measured wavelength change at different concentrations of S. aureus samples (10, 102, 103, 104, and 105 CFU/mL), and (c) different IgG antibody 
concentrations (50, 100, and 200 μg/mL) for detecting S. aureus. 

Fig. 6. (a) Reproducibility of SCS-based EDFL biosensor, (b) specificity results of SCS-based EDFL biosensor, (c)measured wavelength shift of the SCS-based EDFL 
biosensor at solutions with different concentrations of S. aureus, and (d) under concentration of 1 CFU/mL with multiple tests. 
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demonstrating the excellent performance of the new sensing platform. 

4. Conclusions 

In summary, a biofunctionalized SCS structure was integrated into 
EDFL for ultra-high sensitive detection of S. aureus and then its effec
tiveness is experimentally demonstrated. The SCS structure as a filter, 
which was prepared by fusing a section of COF with a diameter of 62.5 
μm between two SMFs, achieves the EDFL spectrum with a high Q factor 
of 105. In a case study, the SCS structure treated with the porcine IgG 
antibody. This antibody has its specificity to bind with S. aureus. The 
performance of SCS-based EDFL biosensor with different concentrations 
of porcine IgG antibodies was reported. The SCS-based EDFL biosensor 
functionalized with the 200 μg/mL porcine IgG antibody has a better 
sensitivity than those with 50 and 100 μg/mL antibodies. The average 
wavelength shift reached 0.426 nm for detection of 10 CFU/mL 
S. aureus. Furthermore, the SCS-based EDFL biosensors demonstrated a 
good stability by immersing the PBS solution for 30 min, and the 
maximum wavelength shift detected was ±0.03 nm. Finally, the prob
ability for detection of limit concentration S. aureus (1 CFU/mL) was 
discussed and demonstrated with repeated experiments. The SCS-based 
EDFL biosensor simplify the outputs and analysis of the sensor and 
improved the measured minimum concentrations of the fiber biosensor, 
and therefore are appropriate for practical applications. 
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