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Tapered side-polished microfibre sensor for
high sensitivity hCG detection

Wei Luo, Bin Liu*, Juan Liu, Tao Wu, Qiang Liu, Meng-Yu Wang, Sheng-Peng Wan,
Jinhui Yuan®, Ping Lu, Danling Wang, Xing-Dao He, and Qiang Wu*

Abstract—A high sensitivity human chorionic
gonadotropin (hCG) detection was conducted by a
tapered side-polished (TSP) optical fiber sensor.
Experimentally, the TSP fiber sensor was made by side
polishing a short section of single mode fiber to a D
shape structure and tapering the D shape section to a
small diameter (<10 pm in the experiments). By
functionalizing the primary antibody of hCG onto the
TSP fiber surface, the sensor was used for detecting
hCG concentration. Experimental results show that
when the hCG concentration is 0.1 miU/mL, the sensor
has an average wavelength shift of 0.82 nm. The limit of
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detection (LoD) of the hCG is estimated 0.058 mIU/mL, assuming three times of maximum wavelength variation
(3x0.15=0.45 nm) in Phosphate buffer saline (PBS) to the measurement limit. The specificity has also been tested by
immersing the sensor into a mixed biomaterial solution (hCG - 1 mIU/mL, pig-lgG - 1 pg/mL, Staphylococcus aureus -
6x10° CFU/mL and Escherichia coli - 2.5x10° CFU/mL). The result showed that the TSP optical fiber sensor has excellent
specificity. The biosensor has potential application in clinical/medical diagnostics, human health, environmental

quality and food safety monitoring.

Index Terms— Optical microfiber, Biosensor, side-polished optical fiber, Refractive index, Human chorionic

gonadotropin (hCG)

I. Introduction

SINCE the first optical fiber sensor was reported in the late
1970s [1], optical fiber sensors have been developed by
leaps and bounds. Benefiting from its outstanding properties
like ultra-high sensitivity, robust to electromagnetic field and
lightweight, optical fiber sensor has been widely used in
different applications like physical, biomolecules, chemical and
environment detection [2-4]. For example, the recent works of
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the optical fiber biosensors for Human chorionic gonadotropin
[5], Escherchia coli bacteria [6] and Salmonella Typhimurium
[7] detection. The common optical fiber sensor structures
include Mach Zehnder interferometer (MZI), Multimode
interferometer, Sagnac ring, Fabry-Perot cavity, fiber
gratings[8]. Moreover, with the rapid development of
micro/nano technology and the increasing demand for high-
performance, multi-functional optical sensors, spatial
miniaturization has become one of the current trends of optical
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fiber sensors [9]. Compared with the traditional optical fiber,
the micro/nano optical fiber has a sub-wavelength structure,
strong evanescent [10-13]. The micro/nano fiber optic sensor
has advantages of rapid response, ultrahigh sensitivity, and
excellent spatial resolution, and thus is becoming a new
platform for sensing application. Typically, the microfiber
structures  include,  microfiber  coupler,  microfiber
interferometer, microfiber grating, microfiber resonators, etc.
[14-18].

The tapered optical fiber (TOF) is one of the most common
microfibers, which is attracting increasing research interest due
to its advantages, like strong evanescent field and mode
confinement, micro/nano-scale dimension and has been
developed into a series of practical application value of devices.
For example, the microfiber bottle resonator is normally formed
by a section of TOF and a silica micro-bottle [19]; a
combination of the fiber grating structure and fiber taper
techniques to increase the sensing performance [20-22]; a
microfiber knot resonator made by the TOF [23].

On the other hand, D-shaped optical fiber is attracting research
interests due to its advantages of simple fabrication, strong
mechanical stability and easy modification of sensing material
on the surface due to the large and smooth side polished surface.
Benefit from these advantages, D-shape optical fiber has been
widely applied in sensing applications, including refractive
index (RI), temperature, magnetic field and biochemical
sensing [24]. However, the D-shape fiber suffers the
disadvantage of relatively low sensitivity, limiting the
application of D-shape fiber sensor, particularly in ultra-low
concentration biochemical detections. In order to address this
challenge, researchers proposed methods integrating various
structures such as surface plasmonic resonant (SPR),
whispering gallery modes (WGM), microstructures, and
gratings into the D-shaped fiber, which demonstrated that the
sensing performance has been improved significantly [25-32].
In addition, compared to hollow fiber and photonic optical fiber
[25, 33], it is easier to flow analyte liquid through D-shaped
fiber sensor.

Human chorionic gonadotropin (hCG) is a glycoprotein
hormone consisting of two distinct subunits: a-hCG, which
exists in different glycoprotein hormones [34], and B-hCG,
which has a large glycosylated domain [35]. Compared with
other glycoproteins, hCG is the product of trophoblasts and
malignant tumors and is an indicator of pregnancy processes
[36]. In pregnancy promoting process, the concentration of
hCG is normally high and approximately >5 mIU/mL during
the first pregnancy week. The clinical diagnostic method, such
as the point-of-care (POC) testing method can be used to detect
the hCG concentration. However, although the usual
progesterone test stick is cheap, it cannot detect the low
concentrations of hCG (<1 mlU/mL), which usually occurs in
recurrent seminoma and a non-seminoma testicular tumor [37].
Therefore, as the diagnostic marker of pregnancy or early fatal
loss, or as the tumor biomarker in organs such as pancreas,

stomach and lung, the hCG detection is very important. In the
past few years, several methods have been presented for hCG
detection, such as fluorescent immunoassays,
radioimmunoassay, enzyme linked immunosorbent assay
(ELISA), electrochemiluminescence, SPR and so on. The
optical microfiber sensor is an emerging technique for
biosensing and attracted wide interests for hCG detection [5,
38, 39].

In this paper, a high sensitivity hCG optical fiber sensor was
proposed based on a side-polished microfiber structure. By
controlling the waist diameter of side-polished microfiber, the
sensitivity of the sensor can be controlled. The developed
sensor is thus functionalized with antibody hCG-B-mAb for
hCG detection. A mixed solution of hCG and other
biomaterials, such as E.Coli, 1gG and S. aureus has been used
for specificity test and the detection limit is as high as 0.058
mIU/mL with excellent specificity.

Il. THEORETICAL BACKGROUND AND SIMULATION

Figure 1 (a) is a schematic of the side-polished microfiber
structure. Firstly, a single mode fiber (SMF) was side-polished
by an optical fiber polishing system. The side-polished fiber
was then placed in an optical fiber tapering system to be
stretched to a microfiber with outer diameters varying from 6 to
30 micrometers. From the Scanning Electron Microscope
image shown in Figure 1(b), the side-polished surface can be
observed clearly.

In Figure 1(a), as the fundamental mode transmits from SMF
to the tapered side-polished (TSP) fiber, multiple modes will be
excited due to the surrounding RI of the TSP fiber is much
smaller than that of the silica. These multiple modes will
transmit independently within the TSP fiber and couple to the
core of the output SMF, where the interference will take place,
resulting in transmission peaks and dips in the output spectrum.
When the surrounding RI changes, the eigen modes in the TSP
fiber will change, thus altering the phase difference of these
modes and causing a wavelength shift in the output spectrum.
By monitoring the wavelength variation of the TSP fiber sensor,
the surrounding RI will be determined. The very detailed
theoretical background analysis of an SMS fiber structure can
be found in [8].
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Fig. 1. (a) A schematic diagram of the TSP fiber structure; (b) SEM
image of a part of side polished region, (i) side view and (ii) front view of
the structure; (c) a schematic diagram of the cross section of the TSP
fiber.
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Fig. 2. Simulated results of the TSP fiber sensor, (a) the transmission
spectrum of the sensor; optical field distribution at 1506.5 nm (dip) along
(b) X-Z and (c) Y-Z direction; optical field distribution at 1535 nm (peak)
along (d) X-Z and (e) Y-Z direction; (f) optical field distribution of cross
sections at 1535 nm, at i) Z =0.9, ii) Z =1.2, iii) Z =1.4 and iv) Z =1.7 cm

A numerical simulation study of the TSP fiber sensor was
executed using the beam propagating method (BPM). The mesh
size of the 3D model in the simulation are X, Y (0.5 pm) and Z

(2 cm). The model boundary conditions are based on fully
matched layer conditions. The core/cladding diameter of the
SMF are set to 9/125 um. The RI of the core/cladding are
1.4428/1.4507, respectively, and the RI of the surrounding
material of the TSP fiber is 1.34. During the numerical
simulation process, the two taper transition lengths in both ends
and the length of the taper waist are 6 mm. The cross-section of
the taper waist region is D-shaped as shown in Figure 1(c), the
taper waist diameter do and d; were set to 24 and 12 um,
respectively. Figure 2(a) shows the spectral response of the TSP
fiber sensor, where a strong mode interference can be observed
in the wavelength range 1500 nm to 1600 nm. Figures 2(b) and
(c) show the power transmission of the TSP fiber sensor along
the X-Z and Y-Z direction respectively when the wavelength is
1506.5 nm, where very limited power is transmitted to the
output SMF in both directions. Figures 2(d) and (e) show the
optical field transmission of the TSP along x-z and y-z direction
at peak wavelength 1536 nm, respectively. In addition, obvious
D-shape optical field evolutions of cross-section (X-Y
direction) for the TSP fiber structure can be demonstrated in
Figure 2(f).

Ill. EXPERIMENTAL INVESTIGATION

A. The TSP fiber Structure for Rl Measurement

A section of standard Corning SMF-28 (9/125 pm
core/cladding diameter) is polished using a self-assembled fiber
side polishing system [40]. In the system, the residual diameter
of the polished fiber is calibrated by real-time measuring the
output optical power of the fiber during the side-polishing
process. In our experiments, the polish length is 8 mm, and the
polish depth is about 57.69 um. The side polished SMF is then
tapered to smaller diameter at the range between 6 um to 30
pm.

Firstly, the RI sensitivity of the TSP fiber sensor was
studied. Figure 3 shows a schematic setup used in the
experiment. The light emitted by a supercontinuum light source
(SCLS: SC-5) is injected into the TSP structure and the output
signal is connected to an optical spectrum analyzer (OSA,
AQ6370D). The RI liquid sample was made by mixing the
dimethyl sulfoxide with deionized water with different weight
ratio and thus different Rl whose value was calibrated by an
Abbe refractometer. The TSP fiber sensor was immersed into
the prepared RI solution and the wavelength shifts will be
recorded. Figure 4 shows the wavelength shifts of the TSP vs.
RI with different taper waist diameter. It is clear to see in Figure
4 that the sensitivity of RI increases from 2640.15 to 14219.61
nm/RIU as the taper diameter of the side-polished fiber
decreases from 23.7 to 6.3 um. Figures 5(a), (c) and (e) are the
measured spectra of the TSP optical fiber sensor with a taper
diameter 6.3 um in three different RI ranges: 1.33-1.34, 1.37-
1.38 and 1.40-1.41, respectively. Figures 5(b), (d) and (f) show
the corresponding linear fit of the sensing wavelength shift vs.
RI. From these figures, we can find, with the same waist
diameter of 6.3, the RI sensitivity increases as the RI increases,
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and the highest RI sensitivity is 14219.61 nm/RIU in RI range
of 1.4022-1.4062.
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Fig. 3. A schematic experimental setup for Rl and hCG measurement.
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(8) p —13336— 1.334 —1.3364
34] 1338 —1.3393
a8
=
I3
S
2
€
C
@
[
-50 . . v . .
1550 1560 1570 1580 1590 1600
Wavelength (nm)
®) Wavelength (nm)
1584 .
£ 1582
£
2 1580
g
[ -
z 15781
< Slope=1511.1054
1576+ R2=0.98196
15741+ . y . . :
1.334 1.335 1.336 1.337 1.338 1.339
RI
© —1.3733— 1.3755— 1.3775
=347 —1.3797 —1.3782
& -38
<)
5
S 42
@
5 -46
c
@
F .50
541

1480 1500 1520 1540 1560 1580

Wavelength (nm)

15501

g ]

£

£ 1540

o

g ]

[}

© 15304

]

g ] Slope=4285.76264nm/RIU

15201 R2=0.99761

510 T r : T T
1.372 1.374 1.376 1.378 1.380 1.382
RI

—_
o
~

-349—1.4022 — 1.4039 — 1.4052 — 1.4062

-384

421

461

-50

Transmission(dB)

541
1500 1525 1550 1575 1600 1625 1650
1650+ Wavelength (nm)

16404
1630+
1620

_
=

-
[=2]
=
o

16004
15904
1580

Slope=14219.61249nm/RIU
R2=0.99268

Wavelength (nm)

1.402 1.403 1.404 1.405 1.406 1.407
RI

Fig. 5. (a), (c) and (e) are the shift of the wavelength dips; (b), (d) and (f)
described the corresponding sensitivity and linear correlation coefficient
in the RI range of 1.33-1.34, 1.37-1.38 and 1.40-1.41, respectively.

B. STP optical fiber sensor for hCG detection

In order to realize hCG sensing, the STP fiber sensor was
functionalized with hCG-B-mAb, an antibody that will
specifically bind to hCG. If the hCG is bind to the antibody
hCG-B-mAb immobilized on the STP fiber surface, the
physical property (effective surrounding RI1) of the TSP fiber
sensor will change, resulting in a resonant wavelength shift.
Once the wavelength shift vs. hCG concentration is calibrated,
the functionalized TSP sensor can be used for hCG detection.
Based on the above RI sensitivity investigation, the TSP fiber
sensor with the waist diameter ~6 um was selected for hCG
detection since it has highest RI sensitivity. Prior to
functionalization of the fiber optic sensor, the TSP fiber sensor
was firstly immersed into a standard solution of potassium
hydroxide -ethanol for one hour to clean the fiber, then washed
by deionized (DI) water for three times until the washed water
was in neutral (pH=7), and then dried at ambient environment.
After cleaning the fiber, the fiber will be functionalized with the
following steps as illustrated in Figure 6:

i: Formation of carboxyl group: immerse the fiber sensor
into 5% silane reagent (3-(Triethoxysilyl) propylsuccinic
anhydride) (configured by 95% silane reagents and 99.99%
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ethanol solution) for 4 hours. This process will create carboxyl
group on the surface of fiber sensor.

ii; Activate succinimide ester: use ethanol and Phosphate
buffer (PB, pH=6.0, without sodium chloride) to wash the
sensor and remove the remained silane reagent solution, then
treat with the mixture solutions contained 0.8 mg/mL EDC (1-
(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride)
and 1.2 mg/mL N-Hydroxysulfosuccinimide sodium salt
(NHSS) for one hour. This step aims to obtain an activated
succinimide ester, which was formed by EDC reacted with
NHSS, on the surface of the fiber.

iii; Antibody immobilization: immerse the fiber sensor into
Phosphate buffer saline (PBS) to wash the residual solution.
The fiber sensor was then immersed in a 50 pg/mL solution of
anti hCG-B-mAb for 4 hours.

iv: Nonspecific bind block: the antibody immobilized fiber
sensor was washed with PBS and then treated with 1% Bovine
serum albumin (BSA) solution for 2 hours at room temperature.
This process is to block the fiber surface without immobilized
antibody, thereby suppress nonspecific bind.

v: Before use the functionalized fiber sensor for hCG
solution, use PBS to wash the sensor.

(i) (ii) (iii) (iv) )
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Fig. 6. Schematic diagram of immobilizing anti hCG-B-mAb on the fiber
sensor surface: (i) formation of carboxyl group; (ii) activate succinimide
ester; (iii) antibody immobilization; (iv) nonspecific bind block; (v)
detection of hCG.

After functionalizing the TSP optical fiber, put it into a
microchannel to detect a different concentration of hCG
solution. During the hCG detection procession, four
concentrations of hCG (0.1, 1, 10, 100 mIU/mL) were prepared.
Before detecting every hCG concentration, the stability of the
sensor was tested in PBS solution, and the result show this
sensor has good stability as described in Figure 7(a). It shows
that the wavelength variation in 30 minutes is £0.15 nm,
demonstrating good stability of the developed TSP biosensor.
Figure 7(b) shows the spectra of the functional TSP sensor
(with 50 pg/mL of anti hCG-B-mAb) immersed in a 0.1
mlU/mL hCG solution for a period of time. As show in Figure
7(b), the wavelength dip in the output spectrum shifts towards
a shorter wavelength over time, which took place in the initial
6 minutes and after 20 minutes, there is almost no wavelength
shift. Figure 7(c) shows an example of summarized the

measured wavelength shift vs. time using the TSP fiber sensor
to detect above four different hCG solutions. It is noted that
during the hCG detection, the hCG samples start from the low
concentration of 0.1 mlU/mL to high concentration of 100
mlU/mL, and before each measurement of different hCG
concentration, the sensor will be washed by PBS to remove the
non-specific bounded hCG.

Sensor reproducibility was studied by manufacturing four
fiber sensors with same side-polish, tapering parameters and
surface modification conditions (hCG-B-mAb). Figure 7(d)
illustrates the measured result, where reasonable good error bar
for hCG concentration varies from 107! to 102 miU/mL,
indicating good reproducibility of the proposed sensor. Figure
7(e) plots the average wavelength shift at different
concentration of hCG and its fitted curve. As shown in Figure
7(d), when the hCG concentration is 0.1 mIU/mL, the average
wavelength shift of the TSP sensor is 0.82 nm. According to the
fitted curve, the average wavelength shift y can be express as a
function of hCG concentration x:

y =223+ 1l44log, (1)

Because the peak-to-peak wavelength average change in PBS

within 30 min is £0.15 nm, 3 times peak-to-peak change
(3%0.15=0.45 nm) is defined as the limit of measurement. In
this case, according to Eq. (1), the LoD of the hCG is calculated
as 0.058 mIU/mL. It is noted that in each hCG experiment,
several fiber sensor samples will be functionalized, and the
functionalized fiber sensor will be stored in fridge at 4 °C. Our
experimental results show that after four or five days, there is
no significant performance degradation of the sensor for hCG
detection. Table 1 shows a compare between the performance
of our develop sensor and previous published techniques.

Table 1. Comparative performance of the developed hCG
sensing platforms with the previously reported techniques

Concentration - Limit of
Sensor type range Sensitivity detection Ref.
SPR 4.16-250 nM -38.34m 0.065 nM [41]
/nM
Aolorimetric 1 mlU/mL-0.21
assay u/mL 0.4 miu/mL [42]
Microtoroid
optical 100 aM-10 nM 120 aM [43]
resonators
Electrochemic
al 0-1000 pg/mL 1 pg/mL 100 pg/mL [44]
Tapered 01
Hollow core 5-500 mlU/mL ' 0.6 mIU/mL [5]
P nm/(miU/mL)
optical fiber
Igf::fdnggl 0.05-500 98 0.0001 [36]
ﬁbgr miU/mL nm/(miU/mL) | miu/mL
TSP optical 1.44 0.058 This
fiber 0.1-100 miU/mL nm/(mlu/mL) miu/mL work
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To study the specificity of the tapered side-polished biosensor,
three  different  biomaterials, pig-lgG (1  pg/mL),
Staphylococcus aureus (S. aureus) (6 X 10° CFU/mL) and
Escherichia coli (E. coli) (2.5 10%> CFU/mL) were used to
detect the wavelength shift by immersing the developed
biosensor into these biomaterials in sequence. The measured
wavelength shift vs. time in the three biomaterials is shown in
Figure 8(a), which have similar wavelength shift to that of PBS,
indicating that the functionalized sensor has no specific bind
with these biomaterials. To simulate real world situation, we
use a mixture solution of pig-1gG (1 pg/mL), S. aureus (6 X 10°
CFU/mL), E. coli (2.5X 10° CFU/mL) and hCG (1 mIU/mL) to
investigate the specificity of the sensor and the measured
wavelength shift is shown in Figure 8(b). The results show that
the developed fiber sensor has excellent specific detection of
hCG. It can also be seen in Figure 8(b) that the wavelength shift
in mixed solution is slightly smaller than that in pure hCG
solution. This is possibly due to the fact that other biomaterials
have impact to decrease the bind activity and capability of the
functionalized antibody hCG-B-mAb.

The influence of temperature on the performance of the
TSPOF was studied and the result is shown in Figure 9(b). It
can be seen that as temperature varies from 20 to 40 °C, the
wavelength shift is 0.27 nm. In our experiment, the test is
conducted in room temperature, and the detection is the
“dynamic” measurement of wavelength shift between the
wavelength before and after adding the analyte liquid into the
container of the biosensor. Since the measuring process is not
long and the surrounding temperature variations is normally
less than 2 °C within 30 minutes, the temperature induced
wavelength shift in the experiment is less than 0.02 nm, which
is much smaller than the wavelength shift in the stability test
(£0.15 nm), indicating that the influence of temperature on the
sensor performance is very limited.
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Fig. 7. (a) The measured wavelength shift of the sensor in the PBS
solution before detecting the four different concentrations of hCG
solutions; (b) the spectral response when the sensor is immersed into
hCG (0.1 mlU/mL) solution; (c) summarized the wavelength shift with
the time increasing in different concentration of hCG; (d) the wavelength
shift error bar in different hCG concentration; (e) average wavelength
shift vs. hCG concentration and fitted curve.
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Fig. 8. The wavelength shift during immersing the sensor into the (a) E.
coli, S. aureus, PBS and pig-1gG solution; and (b) pure hCG and mixture
solution.
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Fig. 9. (a) Stability test of the biosensor in room temperature; (b)
wavelength shift error bar vs. temperature.

IV. CONCLUSIONS

In conclusion, a novel optical fiber hCG sensor based on TSP
fiber structure is proposed and investigated. The RI sensing
experiment shows that the TSP fiber sensor with a taper waist
diameter of 6.3 and residual depth of ~67 um has RI sensitivity
1511.10 and 14219.61 nm/RIU in RI range 1.334-1.349 and
1.402-1.407 respectively. The developed TSP optical fiber is
functionalized with 50 pg/ml hCG-p-mAb to detect hCG
concentration. The result shows a low LoD of 0.058 mlU/mL.
Specifically, we immerse the fiber structure into the pure hCG
solution and mixture solution of pig-1gG, S. aureus, E. coli and
hCG (1 mlU/mL) to investigate the specificity of the sensor.
The temperature influence on the performance of the hCG
sensor was studied. As the temperature changes from 20 to 40
°C, the wavelength shift is 0.27 nm, which is smaller than that
of wavelength fluctuation (0.45 nm) in PBS, indicating that the
temperature has very limited impact on the performance of the
sensor. The proposed biosensor has good repeatability and
specificity, which has excellent potential in medical diagnosis,
environmental monitoring and food safety application.
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