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ABSTRACT We demonstrate a temperature-insensitive and high-sensitive label-free biosensor for
low-concentration Human IgG detection based on S-tapered optical fiber (STF). The sensor is sensitive
to local refractive index changes and has high robustness against temperature noise without a temperature
control system. The temperature sensitivity of the sensor is —0.02nm/°C in the range of 25°C-45°C.
Within 15 minutes at room temperature, the average drift of the center wavelength is 0.04 nm. The calibration
experiments demonstrate that STFs for liquid achieved a sensing precision of 0.04 nm and a sensitivity
of 538.62 nm/RIU. The STFs are applied for the concentration measurement of multiple diluted ex vivo
IgG biomolecule solutions. The results showed that STFs were reliable for low-concentration IgG detection
and its lower limit of measurement was demonstrated as 28 ng/ml. With the advantages of temperature-
insensitive, compact size, low cost, high precision, real-time detection, fast response, good specificity, this
STF sensors are promising for the antigen detection applications.

INDEX TERMS Human IgG, high precision, S-tapered fiber biosensor, temperature-insensitive.

I. INTRODUCTION

The concentration of human immunoglobulin G (IgG) is
generally considered as one important physiological indicator
of the immune response. Therefore, the detection and analysis
of human IgG were significant for clinical diagnosing and
drug development [1]-[3]. However, IgG is sparse in blood
vessels and the development of high-sensitivity biosensors
has been a growing interest during the past decades [4].
The traditional detection methods of IgG antigen, such as
enzyme-linked immunosorbent assay (ELISA) [5], radioim-
munoassay (RIA) [6], and high-performance liquid chro-
matography (HPLC) [7], suffer from high cost, multi-step
processing, and long detection time. Recently, various opti-
cal biosensors have been developed for quantifying molec-
ular information using the electrochemical method [8], [9],
surface plasmon resonance (SPR) [10], [11], and fiber
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optics [12], [13]. Among them, optical fiber sensors based on
intermodal interference have become one of the major optical
sensing techniques, which can sense the changes of external
refractive index, temperature, humidity, strain, displacement,
pH value, and other parameters in time by converting these
changes into optical signals such as interference peak wave-
length [14]-[19]. So far, intermodal interference has been
realized in single-mode fiber, multimode fiber, and photonic
crystal, based on which multiple types of fiber sensor have
been developed, such as tilted fiber Bragg grating sensor [20],
fiber sensor based on partial core fusion [21], fiber sensor
based on mode field mismatch [22], etc. The tapered sensors
have the advantages of simple structure, small volume, and
strong evanescent field, which can achieve a high detection
sensitivity.

The S-tapered fiber (STF) sensor is one type of tapered
fiber, which bend at the taper transition where the high-order
modes are excited. STFs performs as micro Mach-Zehnder
interferometers (MZI) on fibers, which demonstrate high
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sensitivity and robustness, firstly proposed by Rui yang et al.
in 2011 [23]. Afterward, the STF sensors attract substantial
interest and are applied to detect refractive index (RI) and
strain [24]-[27]. STF sensors may provide a new approach
for high-sensitivity and lower-cost sensing of human IgG.

In this paper, we demonstrate an STF biosensor with high
sensitivity and temperature insensitive for low-concentration
detection, which is verified by the detection of Human IgG.
The detection of human IgG is crucial in the prevention
of cancer, chronic infection, and influenza virus. Therefore,
it is significant to measure the concentration of Human IgG
accurately and sensitively.

Il. CHARACTERIES OF STF SENSOR

A. PRINCIPLE

The STF sensor is a fiber Mach-Zehnder interferometer
(MZI), comprising two abrupt bending sections and one
straight waist section as shown in Fig. 1. The field of cladding
mode extends out of the fiber in the waist section and interacts
with the adjacent environment as a sensing arm while the core
mode is confined inside the fiber core as the reference arm.
STF’s structural parameters, such as the axial offset length,
the diameter of the waist section, and bending section, will all
affect the transmission characteristics of the STF. However,
these parameters are mainly related to the stretched length
and axial offset of the optical fiber. Therefore, we will study
the influence of different stretch and axial offset length on the
transmission characteristics of STF.

>
Bending Section  Waist Section Bending Section

FIGURE 1. Schematic diagram of STF sensor.

According to the two-mode interference, the intensity of
the output light can be expressed as:

=11+ L+ 2y/T1Tacos (Ag) (1

where I and I, are the intensities of the fundamental core
mode and the high order cladding mode, respectively. A¢ is
the phase difference between the two modes, which is defined
as:

A =27 (nig-nch) L/ 2)

where L is the effective interference length. A is the
light wavelength. n;‘% and ngf are the effective refractive
indices of the fiber core and fiber cladding respectively.
ng} remains constant while n;lcf changes according to the
local environment refractive index. The peak wavelength of
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the transmission spectrum can be derived as:
Am = 27 AnggL [ (2m + 1) A3)

where m is the interference order.

On the other hand, temperature changes will cause both
Anggr and L to change, resulting in a change in phase differ-
ence. The corresponding wavelength shift can be derived as:

AL~ [(a + E)ATIA )

where « is the thermal expansion coefficient of the silica fiber
and & is the difference of the thermo-optic coefficient of the
two modes [28]. £ being a function of the fiber profile can be
either positive or negative on the fiber diameter. In addition,
changes in temperature will also cause changes in the refrac-
tive index of the liquid, which will also change the interfer-
ence wavelength. At a particular diameter, the negative can
compensate for the thermal expansion effect. In consequence,
the wavelength shift may be small.

B. PERFORMANCE OF STF SENSOR

STF is fabricated from single-mode fiber using a tapering
machine by an electric arc (Shandong Coupler technol-
ogy CO., LTD AEBT-8000LE-H). We are using stan-
dard single-mode communication fiber (Corning SMF-28)
with core and cladding diameters of 9 um and 126 um,
respectively. As shown in Fig.2, the whole experimental
platform consists of five parts: electric arc heating head,
electric control generator, optical fiber clamping platform,
three-dimensional micro displacement operation platform
and computer software control system. Firstly, the optical
fiber is placed straight in the central groove of the fiber
clamping platform and keep in a tight state through the
three-dimensional micro displacement operation platform.
Then, the fiber is fused by electric arc heating. Finally, the
STF is obtained by stretching the optical fiber in the opposite
direction through the electronic control displacement plat-
form and applying transverse displacement. The stretching
length and axial offset of STF can be controlled by computer.
The two ends of the optical fiber sample are respectively
connected with a broadband light source and a spectrometer
to monitor the transmission spectrum.

FIGURE 2. Optical fiber taper machine. 1-electric arc heating head;
2-electric control generator; 3-optical fiber clamping platform;
4-three-dimensional micro displacement operation platform;
5-computer software control system.
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Broadband light sources (BBS, Fiberlake, ASE) with
wavelengths ranging from 1250nm to 1650nm were used
as an input light source. The output spectrum of the
STF sensor was measured by an optical spectrum ana-
lyzer (OSA, Yokogawa aq6370c, Japan), with a resolution
of 0.02 nm.

We explore the relationship between the structural param-
eters of STF and its transmission spectra. Fig.3 gives STF
sensors with different waist lengths of 400,500,600,700 and
800 um and the same axial offsets as 160 wm. As shown
in Fig.3 f), the S-tapper fiber with 500, 600, 700, and 800 pm
corresponds to 5, 4, 3, and 2 interference dip respectively, and
the number of resonant peaks and dips decreases in turn.
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FIGURE 3. STFs with different stretch lengths and the spectrum.

a) - e) optical microscope images of STF with different axial offsets when
the axial offsets is fixed at 160 xm. f) The transmission spectrum of SFT
corresponding to a) - e).

Following, STF sensors with the axial offsets of 80, 120,
160, 200, and 240 um, and with the same waist length
of 700 um. The optical microscope image and transmission
spectrum of these STF sensors are shown in Fig.4. It can be
seen from the figure that the extinction ratio of each STF first
increases and then decreases. The reason for this change is
that a certain value of axial offset can break the structural
symmetry and promote the excitation of higher-order modes.
However, when the axial offset is too large, most of the energy
is dissipated in the form of bending loss, and the energy of the
fundamental mode and higher-order mode participating in the
interference process decreases.

The transverse offset of S-tapered fiber will affect the
contrast of the transmission spectrum. The too large or too
small lateral offset will lead to too small excitation energy in
S-tapered fiber and decrease the contrast of the transmission
spectrum. When the stretching length is 700 um and the
axial offset is 160 um, the contrast of the S-tapered fiber
transmission spectrum is the largest.

The S-tapered fiber sensor with a label prepared before
was selected. Because the S-tapered fiber sensor with tensile
length and axial offset was set as 700 um and 160 pum has
good mechanical strength and proper interference contrast,
we select the sensor to process our experiment. The waist
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FIGURE 4. STFs with different axial offsets and the spectrum.

a) - e) optical microscope images of STF with different taper waist
diameters when the stretching length is fixed at 700 xm. f) The
transmission spectrum of STF corresponding to a) - e).

diameter and axial offset were measured to be 75.3 um and
160.1 wm respectively.

C. EXPERIMENT METHOD

As shown in Fig 5 (a), we have fabricated an STF sensor with
a taper length (L) of 1507 pum, a waist diameter (d) of 53 pum,
and an axial offset (Loff) of 163 um. Fig. 5 (b) illustrates
the detection system consisting of a circulation section and a
sensing section. In the circulation part, a flow cell is used to
circulate the sensing liquid and ensure the stability of the sen-
sor. The flow cell is constructed using Polydimethylsiloxane
(PDMS) which includes two liquid inlet and outlet channels,
and the two liquid channels are arranged axially in the middle
of the PDMS. A directional cavity is constructed in the middle
of the liquid inlet and outlet channels to make the liquid fully
contact the sensor. Keep the flow rate of the liquid constant
during the circulation of the sensing liquid to maintain the
stability of the measurement.

100um
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Solution Pool
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FIGURE 5. STF sensor, experimental system and microchannel. (a) The
microscopic images of the STF sensor. (b) The schematic diagram of the
detection system. (c) The structure of flow cell.

STF sensor is fixed on the slide that is clamped on the
flow cell upside down, as shown in Fig. 5 (c). Therefore,
the STF sensor passes through the flow cell and is completely
immersed in the solution. With the help of a peristaltic pump
(pre fluid, mp300, China), the test solution is extracted from
the solution pool, injected into the flow cell through the inlet
pipe, and then pushed out of the flow cell from the outlet pipe.
In the sensing part, the STF sensor is embedded into the flow
cell.
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IIl. RESULT AND DISCUSSION

A. TEMPERATURE INSENSITIVITY

Temperature drift is a key disturbance for the performance of
sensors. So, we study the temperature response of STF sensor.
Firstly, STF sensor is placed in a constant temperature water
bath, and the temperature is changed from 25 °C to 85 °C at
10 degree intervals. The transmission spectrum of STF has
little change, shown in Fig.6 (a). We selected the temperature
ranges of 25°C-45°C and 45°C-85°C for linear fitting and
obtained the temperature sensitivity. When the taper diameter
is in the range of 40-90 wm, the STF sensor is in a negative
temperature coefficient sensing area [28]. At each tempera-
ture, we measure data 10 times to calculate the uncertainty
of measurement. The maximum of the standard deviations
is 0.08nm.

(a) (b)
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FIGURE 6. (a) The shift of Dip with temperature (b) Variation of trough
wavelength of d S-tapered fiber in 15 minutes without temperature
control system.

Further, a long-time test of the STF sensor is demonstrated
without any temperature control, the transmission spectrum
of STF is collected in a deionized water liquid environment
in 15 minutes at room temperature. The spectral wavelength
drift is shown in Fig 6 (b). The o was 0.04 nm. Therefore, our
STF sensor is suitable for temperature-independent refractive
index sensing near room temperature and has good temper-
ature stability. Therefore, the following experiments were
carried out at room temperature without temperature control.

B. CALIBRATION OF STF SENSOR FOR REFRACTIVE INDEX
SENSING
The refractive index sensing ability of STF is calibrated out
by measuring different concentrations of sodium chloride
solution. We have prepared deionized water and sodium
chloride solutions with concentrations of Omg/ml, 20mg/ml,
40mg/ml, 60mg/ml, and 80mg/ml. The refractive indices of
the solutions measured by the Abbe refractive index are
1.3317, 1.3345, 1.3378, 1.3415, and 1.3436 respectively.
Every solution of a certain concentration circulates in the flow
channel pool for 3 minutes. The corresponding spectral data
of the spectrometer are recorded, and then the channel cell
and pipeline are cleaned with deionized water for the next
test. The transmission spectrum of the STF sensor in sodium
chloride solution was obtained, as shown in Fig.7.

In order to describe the specific performance of the sensor,
two dips with high interference contrast of STF sensor are
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FIGURE 7. The spectrums of the STF sensor in sodium chloride solution.

selected as Dip A, Dip B, and the two dips are tracked
and recorded. The spectral data corresponding to the two
interference dips marked by an S-tapered fiber sensor are
shown in Fig.8(a) and Fig.8(b). It can be seen from the
figure that with the increase of solution concentration, the
external refractive index will also increase, and the spectrum
will shift to a long wavelength.
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FIGURE 8. (a) The experimental data and linear fit results of Dip A;
(b) The experimental data and linear fit results of Dip B; (c) The
wavelength shift of Dip A with the variation of the RI;

(d) The wavelength shift of dip B with the variation of the RI.

The central wavelengths corresponding to the two interfer-
ence troughs are determined and the corresponding refrac-
tive index sensitivity is calculated. The results are shown
in Fig.8(c) and Fig.8(d). The corresponding sensitivities of
Dip A and B are 465.35 nm/RIU and 538.62 nm/RIU,
respectively. The fitting linearity was 0.99 and 0.99, respec-
tively. At each concentration, 10 real-time spectral data were
acquired continuously. The results show that the uncertainties
of Dip A and Dip B are both 0.02nm. It can be seen that
for multiple interference dips of the same S-tapered fiber,
the refractive index sensitivity at the long wavelength is
higher than that at the short wavelength and has good stability
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FIGURE 9. The main procedures of the surface functionalization and
Protein A-1gG binding reaction.

1) (I

for the measurement of the concentration of each sodium
chloride solution.

C. BIOSENSING OF STF SENSOR

At first, the deionized water is injected into the flow cell by
the peristaltic pump and circulated for 10 minutes to create
a clear and stable baseline. Then, the 2 mg/ml dopamine
solution is mixed with 10 mM Tris-HCI buffer (pH 8.5).
The mixture is circulated in the flow cell for 10 minutes
to create a multifunctional adhere platform based on the
oxidative polymerization of the dopamine aqueous solution,
as step (I) shown in Fig. 9. After 5 minutes of circulation
of the deionized water and the PBS buffer, the 100 pg/ml
Protein A solution in PBS buffer is circulated for 30 minutes
for enough contact with the sensor. The Protein A molecules
are immobilized on the surface to build up a specific recog-
nition layer, as step (II). The 500 pg/ml BSA solution in the
PBS buffer washes the flow cell for 10 minutes to block the
uncombined polydopamine sites after circulating 5 minutes
PBS buffer, as step (III). The STF sensors are functionalized
for biosensing.
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Finally, different concentrations of IgG solutions
in 100 mM PBS buffer (pH 7.5) are circulated 50 min for a
complete binding reaction, as step (IV), followed by another
5 minutes circulation of PBS buffer and 10 minutes flow of
the deionized water..

Fig.10 shows the shift of interference spectrum during
the whole process of fiber surface functionalization and
antigen-antibody binding. Equation (3) indicates that for
cladding modules, The nefr decreases with the decrease
of the surrounding refractive index, resulting in Ay will
move towards the short wavelength, also known as blue
shift.

Due to the self-assembly of dopamine on the fiber surface,
STF Sensor show a wavelength shift of about 1.678 nm. the
adsorption of protein A fixed on the dopamine nanolayer
contributes another wavelength shift of 0.176 nm.

IgG antigen can react with protein A on the surface of
optical fiber, resulting in the interference wavelength mov-
ing further 0.766 nm to the shorter wavelength region
within 25 minutes. With the further increase of time,
the wavelength does not shift significantly, which indicates
that the binding of antigen and antibody has reached sat-
uration as a complete process of antibody-antigen binding.
In Fig. 10, The two inset graphics indicate the change of
the interference wavelength of the sensor in PBS buffer
before and after the immune response. Before immune reac-
tion, the interference wavelength of fiber in PBS buffer is
1477.023 nm, and the corresponding variance is 0.03 nm.
After the immune reaction, the interference wavelength of the
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FIGURE 10. Spectral shift of the whole experiment.
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fiber in PBS buffer is 1477.290 nm, and the corresponding
variance is 0.04nm. This indicates that the wavelength shift
caused by the immune response is 0.267 nm.

We have repeated the measuring process by the IgG
solutions with different concentrations from 0.25 pg/ml to
2 pug/ml, which are shown in Fig. 11. It shows that the sensi-
tivity of the sensor to IgG solution is —0.722 nm/(ug/ml).

$=-0.722 nm/(ng/mL), R*=0.97 | * Data

-5 Var=0.04 nm {— Linear fit |
£ 201 :
&=
=
=}
22,5
=
Y
>
«
B I

3.0

0.0 0.5 1.0 15 2.0

Concentration (pg/mL)

FIGURE 11. Peak wavelength shift with different concentrations of IgG.

The detection of biomolecules by the sensor can be eval-
uated based on the detection limit. LOD is defined as the
minimum concentration of biomolecules that the sensor can
detect. Taking into account the spectral resolution of the
spectrometer, LOD is expressed as the ratio of the resolution
of the spectrometer to the sensitivity of the sensor [29].

A
LOD = —= 5)

where AA is the wavelength resolution of the spectrometer
and S is the sensitivity of the sensor. Because the minimum
resolution of OSA is 0.02nm, the detection limit of the sensor
is 28ng / ml, which realizes the detection of trace biomolec-
ular solution.

After cleaning the optical fiber by the ultrasonic cleaner,
we can see that the interference wavelength returns to the
initial position in Fig. 10, which shows that our biosensor can
be reused and has good stability.

D. SENSOR SPECIFICITY

In our experiment, cTnl antigen solution is employed to
assess the specificity for the antibody-antigen combination
process. The combination process cTnl antigen solution,
as well as the IgG antigen solution, are shown in Fig.12. The
optical fiber sensor is immersed in 0.125ug/mL cTnl antigen
solution and 0.125g/mL IgG antigen solution for 40 minutes
respectively. Compared with the antigen solution, the inter-
ference wavelength shift of the cTnl antigen solution is much
smaller. The interference wavelength of cTnl antigen solution
fluctuates irregularly in a small range due to environmental
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FIGURE 12. Temporal evolution of relative interference wavelength shift
for the immobilized fiber sensor immersed in IgG antigen solution and
cTnl antigen solution.

TABLE 1. Comparison of the LOD with different methods.

Method used Analyte LOD(ug/ml) Ref

SPR Human IgG 0.019 [30]
Goat anti-Rabbit IgG 0.054 [31]

LSPR Human IgG 0.12 [32]
Human IgG 0.09 [33]

MZ1 Human IgG 0.047 [34]
Human IgG 0.028 This work

interference. This shows that the proposed fiber optic sensor
has good specificity.

IV. CONCLUSION
We design and fabricate a fiber-optic biosensor with a low
detection limit. The STF sensor has high refractive index
sensitivity and is insensitive to temperature changes. The
design, fabrication, and test of the biosensor are introduced in
detail. The relationship between different structural parame-
ters and the transmission spectrum of STF are studied. Using
dopamine and protein to modify the STF sensor, and then the
modified sensor is utilized to detect the human IgG antigen
solutions with a detection limit of 28 ng/ml. Compared with
other fiber-optic biosensors based on SPR, FBG, and MZI,
the sensor is temperature-insensitive and has a compact size,
low cost, high precision, fast response. By monitoring the
shift of the selected wavelength, the real-time response of the
antibody-antigen combination process can also be obtained in
human IgG solutions with a low concentration of 0.25 pg/ml.
The sensor has the advantages of simple structure, high
mechanical strength, and good comprehensive performance.
In addition, the proposed biosensor can also be used to detect
other protein biomarkers by only changing the appropriate
antibody on the fiber surface.

The detection limit is compared with other sensors reported
for IgG immunosensing, shown in Table 1. It can be
concluded from the table that the proposed sensor improves
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the detection limit for IgG. This indicates that the proposed
sensor is more advantageous in terms of trace detection of
biomolecules and lower analyte concentration. The STF sen-
sor has broad application prospects in medical diagnosis,
immunoassay, and environmental monitoring.
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