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A biological solution concentration sensor based on a side-polished fiber (SPF) assisted fluid system is presented. The
birefringence properties of the asymmetrically filled fluid in this structure and the relationship between the concentra-
tion of the biological solution and the refractive index are theoretically analyzed. It was found that the interference
peaks had red-shifted with increasing concentration. A sensing sensitivity of 1.387 1x10* nm'mL/mol at
14.68x10™ mol/mL was achieved within the experimental range after different concentrations of arginine solutions
were injected into the sensing system. This sensing system can also be applied to measure the concentration of other

biological solutions, providing the feasibility of real-time detection of biological solutions.
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Biological solution sensing has received deep attention
and is widely used in environmental monitoring, fer-
mentation technology, clinical medicine and other
fields!"™. Optic fiber sensors have the advantages of
small size, high sensitivity, strong corrosion and fast
response speed, which are suitable for the biological so-
lution detection®®”). In recent years, many innovations
have been made in fluid-filling technology that fills fluid
materials into special fibers and interacts with transmit-
ted light™®'”. However, current fluid filling techniques
require the introduction of materials into the optical fiber
in advance, which cannot be replaced, updated or mixed,
limiting the development in field of biological sens-
ing!"""). Therefore, it is significant to design a real-time
fluid control optical fiber sensor with simple structure,
easy operation and high sensitivity for detecting biologi-
cal characteristics, and one good solution is an optical
fiber fluid sensing system.

In recent years, optical fiber-based biosensors and flu-
idic sensors have attracted attention from researchers. MA
et al'"" designed a high-order mode (E>)) biological sens-
ing structure, which is composed of a suspended racetrack
micro-resonator (SRTMR) and a microfluidic channel. To
analyze the mode confinement property, they calculated
the confinement factors in core and cladding of the sus-
pended waveguide and found the high-order mode could
improve the sensitivity. However, the sensing sensitivity
of this method is lower than that of other methods and

more progress is needed. PRABHAKAR et al'"” investi-
gated diverse single/multiple-bend waveguides, i.e.
U-shaped/C-shaped/S-shaped/spiral-polymer waveguides
coupled with the microchannel-network for chemi-
cal/biological-sensing functions. In the current approach,
they explored the enhanced efficiency of different designs
of embedded-tapered-waveguide-probe. The evanes-
cent-field-absorbance sensitivity of embed-
ded-tapered-waveguides was 11% superior, although both
side-surfaces of the tapered-waveguide were interacting
with the analyte solution. The devices required that proper
waveguide-surface-modification procedure was executed.
GUO et al''® designed an optical fiber DNA sensor based
on side-polish fiber, which used the photonic band gap
effect to sense the concentration of the DNA solutions.
The experiment used drift at the photonic bandgap bound-
ary to detect concentration, but the use of this sensor is
limited by the requirement that the injected solution's re-
fractive index should be higher than the base in order to
produce the photonic bandgap effect. In summary, the
current optical fiber biosensing and fluid sensing have
achieved certain research results, but the fluid channels are
usually small, the fabrication of fiber sensing structures is
complicated and there are many sensing constraints, lim-
iting the technology’s applications.

This work describes an optical fiber fluid sensor that
measures biological solution concentrations using Sagnac
interferometer. According to theory and simulations,
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a Sagnac interferometer can observe birefringence when
fluids asymmetrically filled the air holes of a photonic
crystal fiber (PCF). Different concentrations of arginine
solutions were used in experiments with apertures created
by the side-polished fiber (SPF). Different concentrations
of arginine solutions entered the air holes of the PCF
through the openings provided by the SPF, and the inter-
ference peak shifts were noticed. For arginine concentra-
tions in the range from 4.25x10™* mol/mL to
24.63x10* mol/mL, a sensing accuracy of 1.387 1x
10* nm-mL/mol at 14.68x10™* mol/mL was attained.

Fluid sensing system employs two unique fibers (SPF
and PCF). SPF is made by polishing a part of sin-
gle-mode fiber. One of the primary processes for creating
SPFs is mechanical grinding. The novel optical fiber
known as PCF has several special features and is used in
many different optical systems. The cladding’s air holes
can be shaped to fit the needs of the research or filled to
alter the characteristics.

Fig.1 depicts the structure for fluid sensing system.
The SPF supplied gap serves as a conduit for fluid to
enter the PCF. The PCF used in this paper is a micro-
structure fiber (PCF-125-03) produced by Wuhan
Changfei Optical Fiber Co., Ltd., and the cross-section is
shown in Fig.2(a) and (c). The air holes in the cladding
have a five-layer structure, regularly spaced array of
square hexagons, each with a hole diameter of 3.5 pym
and 4.9 pym between them. The polishing depth of the
SPF determines the quantity of air holes that leak from
the PCF. The polishing depth is 57 pm, which is just
enough to leak out the five layers of air holes (blue air
holes) in the PCF as shown in Fig.2(b).
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Fig.1 Schematic diagram of the fluid structure
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Fig.2 (a) Cross-section of PCF; (b) Diagram of SPF; (c)
PCF cross-section under microscope
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The problem of slow fluid filling caused by smaller
channels is resolved by creating bigger fluid channels
with a polishing depth of 57 um and polishing lengths on
the order of centimeters. The SPFs at each end of the
PCF allow fluid to enter or exit the sensor structure, ena-
bling the real-time dynamic measurement of biological
solution concentrations.

The theoretical analysis of the relationship between
the solution's concentration and refractive index is con-
ducted. According to Lorentz electron theory, Lambert’s
law and Beale’s law, the relationship between solution
refractive index n and concentration c is as follows
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where y is the damping coefficient of classical radiation,
@y is the natural frequency of the electron, w is the fre-
quency of incident light, A is the wavelength in vacuum,
a is a constant independent of concentration, n is the
number of atoms per unit volume, e is the charge of the
electron, u is the relative dielectric constant of the me-
dium, and m is the mass of the electron. From the above
formula, the concentration and refractive indices are ap-
proximately linear when the incident light frequency is a
constant.

In this paper, the arginine solutions were used for the
experiments. A naturally occurring amino acid called
arginine helps to strengthen the immune system and fight
disease. Research has indicated that arginine can treat
cardiovascular disease. It widens blood vessels, boosts
blood flow, and enhances bodily circulation. In addition
to improving the immune system, arginine aids in the
fight against cancer cells and offers protection against
viral infections. Monitoring arginine concentrations
therefore is significant.

In this experiment, a total of seven sets of arginine so-
lutions with different concentrations were prepared. Their
concentrations were 4.25x10“ mol/mL, 7.97x10™* mol/mL,
11.05%10™ mol/mL, 14.68x10"* mol/mL, 17.75%10™ mol/mL,
21.42x10* mol/mL and 24.63x10™ mol/mL. An Abbe re-
fractometer was used to calculate the solutions' refractive
indices. At 25 °C, each concentration was measured three
times, with the average value used as the result. The final
graph of the arginine solution concentration and refrac-
tive index was produced, as depicted in Fig.3. The rela-
tionship between the concentration and refractive index
shows a linear fit of 99.84%.

B is a crucial performance factor for estimating the bi-
refringence. The calculation formula is the real part dif-
ference of the effective refractive index of the two po-
larization modes of the core as follows

B(2) = Re|ny (1) =i (D), @)

where Re represents the real part, andnj (1) and
n; (A1) are the effective refractive indexes of the core in
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the x-polarization and y-polarization, respectively.
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Fig.3 Relationship between arginine concentration
and refractive index

The asymmetric filling of the fluid into the PCF causes
the birefringence effect, and as a result, the birefringence
coefficient will alter as the fluid's refractive index varies.
The nj;(A) and n); (A1) in PCF filled with fluids of
various refractive indices are calculated using the
COMSOL Multiphysics simulation software. B is then
calculated using Eq.(2). Pure silicon PCFs are used in the
experiment and the birefringence is introduced by a fluid
that is asymmetrically filled, thus preventing temperature
interference.

The transmission interference spectrum equation is

1—cos(2nLB(A)/ L)
2

where L represents the length of the fluid fill, in this case
which is 10 cm.

Fig.4(a) shows the Sagnac interferometer transmission
spectra for the simulation of filling several fluids with
varying refractive indices. The interferometric peaks are
red-shifted as the refractive index increases. Fig.4(b)
shows the wavelength drift curve with refractive index
corresponding to the resonance peak. As the refractive
index increased from 1.3 to 1.312, the wavelength is
shifted by 41.6 nm with a second order fit of 99.99%.
The refractive index sensing sensitivity is about
3 841.67 nm/RIU.
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Fig.4 (a) Transmission spectra of liquid-filled fiber
Sagnac interferometer with varying refractive indices;

(b) Rl response curve

The experimental device is shown in Fig.5, including
SPF-PCF-SPF system, pressure device, tee tube, fiber
coupler, polarization controller, supercontinuum light
source (NKT-K90-120-00), and optical spectrum ana-
lyzer (YOKOGAWA-AQ6370D, OSA). The supercon-
tinuum light source is connected to the 3 dB coupler and
the transmitted light is divided into two beams to access
both sides of SPF-PCF-SPF and polarization controller,
and the output is connected to the OSA.
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Fig.5 Schematic diagram of birefringence sensing
experimental device based on Sagnac interferometer

Utilizing a pressure mechanism to force the arginine
solution into the fluid channel, the sensing performance
in the range of 4.25x10*—24.63x10™ mol/mL is inves-
tigated. Based on the correlation between the concentra-
tion of arginine solution and the refractive index of the
arginine solution, the refractive index of the arginine
solution and the birefringence properties, the concentra-
tion of arginine solution can be determined from the
change in wavelength of the interference peak. The in-
terference spectrum of the filled concentration of
4.25x10™* mol/mL solution is shown in Fig.6. The inter-
ference peak near 1 300 nm is selected as the observation
point, and the interference peak spectra with different
concentrations are shown in Fig.7. The interference peak
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has red-shifted when the arginine concentration rises,
which is consistent with the simulation.
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Fig.6 Transmission spectrum of the arginine solution

with a concentration of 4.25x10* mol/mL
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Fig.7 Concentration response characteristics of ar-
ginine solutions around 1 300 nm

The relationship between the wavelength of the inter-
ference peak and the concentration of arginine solution is
displayed in Fig.8 to better analyze the sensing perform-
ance. The drift characteristics of the observation point
with concentration are approximately linear. The sec-
ond-order polynomial fit of 99.54% and the sensitivity of
1.387 1x10* nm'mL/mol  at 14.68x10™ mol/mL are
achieved. The relationship between the refractive index
and the concentration of arginine solution can be ob-
tained by this relation, which provides a method to ob-
tain the concentration of biological solution.
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Fig.8 Arginine solution concentration response
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Optoelectron. Lett. Vol.19 No.4 * 0213 «

In this paper, a novel biosensing system based on a fi-
ber optic fluid sensing system and a Sagnac interferome-
ter is proposed. The arginine solution is used as an ex-
ample to theoretically analyze and experimentally con-
firm the linearity of the relationship between solution
concentration and refractive index. According to the ex-
perimental findings, arginine solutions with concentrations
ranging from 4.25x10™* mol/mL to 24.63x10™* mol/mL have
a sensing sensitivity of 1.387 1x10* nm'mL/mol at
14.68x10™* mol/mL. The structure is very sensitive, struc-
turally stable, and economical. By measuring the con-
centration of the solution in relation to its refractive in-
dex, the technique can be used to detect the concentra-
tion of other biological solutions.
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