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Abstract: An all-fiber glucose sensor is proposed and demonstrated based on a helical intermediate-
period fiber grating (HIPFG) produced by using a hydrogen/oxygen flame heating method. The
HIPFG, with a grating length of 1.7 cm and a period of 35 um, presents four sets of double dips with
low insertion losses and strong coupling strengths in the transmission spectrum. The HIPFG possesses
an averaged refractive index (RI) sensitivity of 213.6 nm/RIU nm/RIU in the RI range of 1.33-1.36
and a highest RI sensitivity of 472 nm/RIU at RI of 1.395. In addition, the HIPFG is demonstrated
with a low-temperature sensitivity of 3.67 pm/°C, which promises a self-temperature compensation
in glucose detection. In the glucose-sensing test, the HIPFG sensor manifests a detection sensitivity of
0.026 nm/(mg/mL) and a limit of detection (LOD) of 1 mg/mL. Moreover, the HIPFG sensor exhibits
good stability in 2 h, indicating its capacity for long-time detection. The properties of easy fabrication,
high flexibility, insensitivity to temperature, and good stability of the proposed HIPFG endow it with
a promising potential for long-term and compact biosensors.

Keywords: helical intermediate-period fiber grating; optical fiber sensor; glucose detection

1. Introduction

Monitoring glucose concentrations is critical for human health, and glucose sensors
have gotten much interest in medical diagnostics and treatment. Diabetes is caused by
persistent hyperglycemia (blood glucose levels exceeding 2.3 mg/mL), leading to significant
health consequences such as heart disease, stroke, and kidney failure. Hypoglycemia (blood
sugar levels below 0.65 mg/mL) can cause dizziness, difficulty concentrating, and even
shock. Several approaches have been developed for glucose detection, including electrode
methods, chemiluminescence, and electrochemical methods, all of which are usually time-
consuming and complex [1-4]. Therefore, easy-to-handle glucose level detection with
excellent sensitivity is a critical diagnostic technique for glucose concentration monitoring.

In recent years, optical fiber sensors (OFSs) have been intensively investigated as
an appropriate platform for glucose detection, with strong biocompatibility, simplicity
of integration, and low cost, to address the limitations of conventional biosensors [5-13].
Most OFSs employ the change in transmitted or reflected light caused by RI changes
in the target sample as their sensing principle. In 2009, Binu et al. presented a glucose
detecting system based on polymethyl methacrylate (PMMA) fiber and applied it to glucose
measurement with concentrations in the range of 0-25% [5]. Deep et al. described a
glucose sensor based on a long-period fiber grating (LPFG) with a glucose sensitivity
of 0.806 nm/(mg/mL) at a glucose concentration in the range of 10-300 mg/dL and
temperature sensitivity of 300 pm/°C [6]. In 2014, Luo et al. proposed a tilted fiber grating
(TFG)-based sensor for glucose measurement with a sensitivity of 0.298 nm/(mg/mL) in
the low concentration range of 0.0~3.0 mg/mL. The TFG-based sensor has a relatively
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lower temperature sensitivity (~5.3 pm/°C) than LPFG-based sensors [12]. Some sensitive
compounds were immobilized on the fiber surface to increase sensitivity. For example,
Jiang et al. deposited GO on the surface of the TFG in 2018, and their experimental results
indicated that the sensor’s sensitivity for detecting glucose concentration was around
1.33 nm/mg/mL in the range of 0-8 mM [13]. OFSs based on surface-plasmon resonance
(SPR), a Mach-Zehnder interferometer (MZI), photonic crystal fiber (PCF), and whispering
gallery mode (WGM) resonances are also commonly utilized in glucose detection [14-17].
Abdulhalim demonstrated a blood glucose biosensor utilizing an SPR with a sensitivity
of 0.14 nm/(mg/dL) with a glucose concentration of 0-200 mg/dL [14]. Biosensors based
on a multimode microfiber with refractive index (RI) sensitivity of 2180 nm/RIU and
glucose-sensing sensitivity of 1.74 nm/(mg/mL) were described by Li et al. in 2018 [15].
More recently, in 2019, an SPR-based sensor, fabricated using D-shaped PCFE, was reported
by Lidiya et al., and the results showed a sensitivity of 0.83 nm/(mg/mL) in the glucose
concentration range of 0—100 mg/mL [16]. Brice et al. proposed a glucose sensor based on
WGM by hybridizing the WGMRs with gold nanoparticles [17].

A glucose sensor based on a helix intermediate-period fiber grating (HIPFG) with a
high RI and low-temperature sensitivity is demonstrated first in this paper. The HIPFG
is defined as an intermediate-period fiber grating with a helical structure and interme-
diate period smaller than 100 um, which possesses the advantages of high sensitivity,
small insertion loss resistance, good mechanical strength, high stability, and insensitiv-
ity to temperature and torsion [18,19]. This work is a follow-up work of our previous
work reported by Zou et al. and Zhong et al. [19,20]. By comparing with the E-HIPFG, a
HIPFG inscribed in elliptical core fiber, the HIPFG written in single-mode fiber has supe-
rior fabrication efficiency and reproducibility [20]. The HIPFG inscribed in single-mode
fiber (SMF) by a hydrogen/oxygen flame heating system has a highest RI sensitivity of
472 nm/RIU at a dip around 1530 nm. The temperature sensitivity is 3.67 pm/°C, con-
firming the insensitivity of the HIPFG to temperature interference. Twenty-six glucose
solutions, with concentrations ranging from 0.02 mg/mL to 200 mg/mL, were used to
identify the glucose properties of the proposed HIPFG. The results reveal that the HIPFG
gives a glucose detection sensitivity of 0.026 nm/(mg/mL) and a limit of detection (LOD)
of 1 mg/mL. The exceptional stability of the HIPFG sensor is also proved for 2 h with an
average error of 0.001 nm. To the best of our knowledge, this is the first paper to realize
glucose detection by using HIPFG.

2. Materials and Methods

To fabricate the HIPFG for our experiment, we used high-efficiency helical grating
manufacturing equipment that included a high-precision rotator, two translation stages, a
hydrogen generator, and a LabVIEW program control portion, as shown in Figure 1. The
hydrogen/oxygen flame heating system for processing helical fiber gratings has several
benefits, including high reproductivity, high efficiency, and good grating quality. Those
qualities have been demonstrated in our previous publications [19-24]. The HIPFG was
written with a rotation rate () of 2057 rpm, a velocity of 1.10 mm/s for the left translational
stage V1, and a velocity of 1.20 mm/s for the right translational stage V, when the SMF
(Corning, SMF-28) was melting by hydrogen/oxygen flame heating.
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Figure 1. Schematic of grating fabrication configuration using a hydrogen/oxygen flame.
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The schematic configuration of the HIPFG sensor and the real structure of the fab-
ricated HIPFG are shown in Figure 2a. The upper figure of Figure 2a represents the 3D
diagram of the proposed HIPFG sensor, while the lower figure depicts the actual structure
of the HIPFG obtained by an optical microscope. The periodic RI perturbations are effec-
tively produced in the core of SMF without mechanical deformation on the HIPFG surface,
as illustrated in the picture. The inset figure of lower Figure 2a shows the grating structure
of the fabricated HIPFG. The grating period was calculated to be 35 um by the formula
A =60V, /Q) and the grating length was cut to be 17 mm.
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Figure 2. (a) Schematic configuration of the HIPFG sensor and the real structure of the fabricated
HIPFG observed by the optical microscope; (b) transmission spectrum of the fabricated HIPFG
measured in the air; (c) transmission spectrum of the fabricated HIPFG measured in different RI-
matching liquid; (d) relationship between the RI and the wavelength shift of Dip—1.
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In the measurement system, one end of the HIPFG was joined by an amplified sponta-
neous light source (ASE, NKT Photonics) to emit light into the HIPFG. Another end was
connected to an optical spectrum analyzer (OSA, Yokogawa, AQ6370C) for monitoring
the transmission spectra of the HIPGH. Figure 2b presents the transmission spectrum of
the HIPFG in air measured with a wavelength range of 1200-1700 nm and a resolution of
0.05 nm. A series of dual dips emerge in the spectrum because the wave vectors in those
dip wavelengths fulfill the phase match condition (PMC), while the dual dips are caused
by the TE and TM polarizations of the fundamental core mode, which couple into forward-
propagating TE and TM cladding modes, respectively [19,25,26]. Among those double-dip
sets, the dips around 1530 nm have the highest coupling strength with a coupling strength
of 16.67 dB for the peak at 1523.94 nm (Dip—1) and 22.40 dB for the peak at 1530.23 nm
(Dip—2), as shown in the inset figure of Figure 2b.

To study the sensing performance, the RI sensing test was carried out. A succession of
typical RI-matching solutions was used to submerge the HIPFG (provided by Cargille Labs).
To obtain a stable condition, the transmission spectra were recorded a few minutes after the
immersion. The RI-matching liquid on the surface of the HIPFG was cleaned with alcohol
after each measurement until the spectrum was restored to its original condition. Figure 2¢
shows the HIPFG transmission spectra in air and different RI-matching liquids with a RI
ranging from 1.305 to 1.395. The peak moves toward a longer wavelength as the Rl rises. In
particular, the separated peaks of HIPFGs merge when the Rl is above 1.355. This is because
the eigenvalue equation of the TM cladding mode is influenced by the surrounding medium
RI and the index difference between the cladding and the surrounding medium. Therefore,
the index gap between these TM and TE cladding modes decreases as the surrounding
refractive index rises [26]. The connection between the wavelength shifts (AA = Agample — Aair)
in various RI-matching liquids is determined by comparing the wavelength of Dip-1 in
air, as illustrated in Figure 2d. The sensor’s Rl sensitivity appears to increase nonlinearly
with the increase of the surrounding RI. This result is consistent with the results of formal
reports, which demonstrated that the shift of resonant wavelength exhibits a nonlinear
function with increasing surrounding RI [27,28]. The red line is the exponential fitting
line of the experimental data, with an R? of 0.9939. When the surrounding Rl is 1.3, the
HIPFG has a low RI sensitivity of 93 nm/RIU. The average sensitivity (Save) of the HIPFG
in the RI range of 1.33-1.36 is calculated to be 213.6 nm /RIU. The RI of glucose solution is
nearly located in 1.33-1.36; therefore, the average sensitivity in this range is vital to evaluate
the sensing performance. As the surrounding RI increases to 1.395, the HIPFG shows the
highest sensitivity of 472 nm/RIU.

By placing the HIPFG sensor in a column oven with a temperature resolution of 0.1 °C, the
temperature response of the sensor is studied. Figure 3 exhibits the transmission spectra
of the HIPFG response to the temperature from 30 to 100 °C with an interval of 10 °C.
As the temperature increases, the wavelengths of the double dips slightly shift to the
long-wavelength side. Figure 3b indicates the wavelength shift of Dip—1 in response to the
temperature change. The red line is the linear fitting line of Dip—1, for which R? equals
0.9918, and the temperature sensitivity of the HIPFG is calculated to be 3.67 pm/°C. This
result is lower than that of the previously reported optical fiber sensors [19]. Therefore, the
effect of temperature cross-sensitivity caused by this sensor is significantly reduced.
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Figure 3. (a) Transmission spectra of the HIPFG with increasing temperatures. (b) Relationship
between the temperature and the wavelength shift of Dip—1.

3. Glucose-Sensing Properties of the HIPFG

D(+)-glucose was bought from Sigma-Aldrich International GmbH (China). In our
experiment, deionized (DI) water and 26 glucose solutions with concentrations ranging
from 0.02 to 200 mg/mL were used for glucose sensitivity measurement. The samples were
prepared by diluting different masses of glucose powder into 10 mL of DI water. The Ris of
each sample were measured by a Table Digital Refractometer (TDR095). The corresponding
RI value range of those glucose samples is 1.3330-1.3602 and the relationship between the
glucose concentration and the RI is illustrated in Figure 4. The HIPFG was packed in a
glass dish before being detected in the experiment. By syringe, glucose solutions of various
concentrations were delivered into the glass dish. The previously used glucose solution
was removed after each measurement. The glass dish and HIPFG were thoroughly cleaned
with DI water and acetone. The measurement was carried out in a range of 1535-1555 nm
and with a resolution of 0.02 nm.

1.36F @ RI
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1.34+
y = 1.386x + 1.333;
R? = 0.999.

1.33L - . : - :
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Figure 4. Relationship between the glucose concentration and the RI.

The HIPFG couples the light from the fundamental core mode to the forward-propagating
cladding modes leading to the distinct attenuation dips in the transmission spectrum at
resonant wavelengths satisfying the following equation [29]:

A= (HCWE - néludding)A' @
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where 7.y, and ni, adding A€ the effective refractive index of the fundamental core mode
and the ith order cladding mode, respectively, and A; is the ith order resonance wavelength,
and A is the grating period. Equation (1) demonstrates that the resonant wavelength A; is
mainly influenced by the evanescent field of the cladding mode, in other words, the change
of the surrounding RI. Therefore, by monitoring the variations of the resonant wavelength
in the transmission spectroscopy of the HILPG, the RI changes of the surrounding medium
linked to the target sample can be observed.

Figure 5a shows the transmission spectra in 1538-1553 nm of HIPFG in water and
glucose solutions. Figure 5a shows the transmission spectra of water and glucose solutions
measured by the HIPFG. The spectrum of water (The dashed gray line) shows two dips
at 1540.73 nm and 1543.51 nm with losses of —25.67 dB and —22.59 nm, respectively.
The transmission spectra of glucose solutions show a similar spectral shape to that of
water but with dips at longer wavelengths and lower losses. As the glucose concentration
increases, the dips shift to longer wavelengths, and the wavelength difference between
the two dips becomes blurred. This phenomenon can be attributed to the increase in
glucose concentration increasing the RI of the surrounding medium [30], consequently
leading the mode indexes of the polarization states to decrease. Figure 5b shows the sensor
response of the concentrations of glucose solutions and the dip wavelength of Dip-1. The
glucose sensitivity (S) is 0.026 nm/(mg/mL). The LOD can be calculated by the equation of
LOD = 6A/S, where A is the wavelength resolution of OSA. Because of the resolution of
0.02 nm of the OSA, the LOD of the HIPFG sensor is calculated to be 1 mg/mL.
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Figure 5. (a) Transmission spectra of water and glucose solutions measured by the HIPFG;
(b) relationship between the glucose concentration and the wavelength shift of Dip—1.

To test the stability of the HIPFG sensor, it was dipped in a glucose solution with a
concentration of 10 mg/mL, and the transmission spectrum was measured every 20 min
for two hours. The wavelength shifts about 14.96 nm when the HIPFG was merging in a

n 2
glucose solution, with a root mean squared error (calculated by RMSE = 4/ M)

of 0.007 nm in two hours, as shown in Figure 6. This result confirms the HIPFG sensor’s
outstanding stability, which is vital for long-term monitoring.
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Figure 6. Sensing stability of the HIPFG with the wavelength shift of Dip-1.

Table 1 illustrates the comparison of glucose-sensing performances of optical fiber
gratings. Most grating sensors reported in previous articles are combined with glucose-
sensitive materials, such as GO (graphene oxide) and GOD (glucose oxidase). However,
the sensing performances are affected by the combination of the sensitive material and the
optical fiber sensor, making it more difficult to build durable sensors. The suggested HIPFG
sensor offers a novel approach to glucose monitoring avoiding material combination.
Its stability has been demonstrated above, which ensures its durability for long-term
application. Furthermore, because of its low-temperature sensitivity of 3.67 pm/°C, which
is negligible compared to the glucose-induced wavelength shift, HIPFG has unique stability
in a temperature-changing environment.

Table 1. Comparison of glucose-sensing performances of optical fiber gratings with this work.

SRI Temperature

Sensor Type External Material Sensitivity Sensing Range Glucose Sensitivity Sensitivity Ref.
TFG GO ! and GOD 2 128 nm/RIU 0-8 mM 1.33 nm/(mg/mL) - [13]
LPG - 0-1.2 mg/mL 0.77 nm/(mg/mL) - [10]

S-shape LPG - 0-1% 0.64 dB/(mg/mL) - [11]

HIPFG Not required 472 nm/RIU 0-200 mg/mL 0.026 nm/(mg/mL) 3.67 pm/°C This work

! Graphene oxide, 2 glucose oxidase.

4. Conclusions

In this work, a biosensor for glucose detection based on E-HIPFG was fabricated
by a hydrogen/oxygen flame heating system, and the optical working characteristics
of the sensor were examined. At the peak around 1530 nm, the RI sensitivity increases
nonlinearly with the surrounding RI, and the highest RI sensitivity of 472 nm/RUI is
archived in the Rl range of 1.305-1.395. Furthermore, the experimented HIPFG presents
low-temperature sensitivities of 3.67 pm/°C with the temperature ranging from 30 °C
to 100 °C. Various concentrations of the glucose solution ranging from 0.02 mg/mL to
200 mg/mL, with a corresponding RI range of 1.3330-1.3602, were measured to identify
the concentration sensitivity of the proposed HIPFG. The results significantly demonstrate
the glucose sensor sensitivity of 0.02 nm/(mg/mL) and a LOD of 1 mg/mL. In addition,
the HIPFG sensor shows good stability in 2 h and can be employed for long-time detection.
The proposed sensor can be developed as a powerful sensing platform for drug discovery,
clinical diagnostics, and food safety applications with the benefits of probability, easy
fabrication, strong anti-interference capability, and considerable stability.
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