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In the realm of optical fiber sensing, conventional surface plasmon resonance (SPR) sensors often face challenges
due to their low linearity, broad resonance, and susceptibility to external temperature changes. To that end, we
evaluate a groundbreaking approach with a temperature-compensating SPR biosensor based on the Mach-
Zehnder interferometer (MZI), featuring a novel tapered multimode fiber-single mode fiber-multimode fiber
(MMF-SMF-MMF) architecture. Specifically, the SPR is excited on a silver film modified by reduced graphene
oxide (rGO) and =n-n stacked pyrene-1-boric acid providing specific glucose binding ability. The MZI effect
compensating for ambient temperature influence on the SPR is realized with the MMF-SMF-MMF structure. The
study also explores the use of Fast Fourier Transform (FFT) for separate, granular analysis of the MZI and SPR
signals and improves the linearity of the sensor using a novel centroid-fitting technique. This method utilizes the
shift of calculated centroid coordinates rather than the single dip resonance wavelength from SPR, enhancing the
overall performance of the sensor. The experimental results demonstrate excellent glucose sensitivity of 2.819
nm/mM, a linear range of 0-10 mmol/L, a LOD of 0.12 mM/L and concurrent temperature compensation.
Compact and easy to fabricate, the proposed SPR sensor provides a novel solution for accurate glucose con-
centration detection in human blood.

1. Introduction compounds [4]. Therefore, alternative measurement methods that are

simple, fast, highly accurate, and have strong anti-interference ability

Glucose is a vital component of human blood [1] and an essential
biomarker for medical diagnosis and treatment [2]. Low blood sugar
levels can induce symptoms such as dizziness, fatigue, lack of focus,
anxiety, and nausea. Severe hypoglycemia may lead to convulsions and
coma, even posing a life-threatening risk. Conversely, elevated blood
sugar levels also negatively affect the kidneys, eyes, nervous and im-
mune systems, also causing cardiovascular diseases, heart disease and
stroke risk. Therefore, monitoring blood glucose levels has a prime
importance. The conventional method for detecting blood glucose con-
centration, the glucose oxygen electrode method [3], has limited accu-
racy owing to factors such as small generated current, interference from
human bioelectricity, and temperature sensitivity. Although the glucose
sensor based on spectrophotomety has a wide monitoring range, its
application is limited due to its complex manufacturing process, high
cost, cumbersome operation, and susceptibility to interference from

are crucial for accurate monitoring of glucose concentration, particu-
larly in patients with diabetes. The proposed optical fiber surface plas-
mon resonance (SPR) sensor is a promising alternative to conventional
glucose-monitoring methods [5-7]. Its passive detection feature pro-
vides strong anti-electromagnetic interference ability [8], while the use
of resonance peak drift measurements ensures high stability [9]. The
compactness and integration ability of the optical fiber enables its
insertion into subcutaneous tissues [10], providing real-time and accu-
rate glucose concentration values.

However, the sensitivity and accuracy of optical fiber SPR sensors
require further improvement compared with traditional prism-model
SPR sensors based on angle detection [11]. Temperature changes can
also alter the refractive index of the tested material and hence affect the
test results [12]. Therefore, the fiber SPR sensors are often equipped
with Bragg gratings or Fabry-Perot multimode interferometers to
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compensate for the temperature drift in the SPR spectrum [13,14].
However, the implementation of these methods increases the sensor
size, complicates its structure, and weakens the inherent advantages of
fiber-optic sensors. At the same time, current research focuses on
introducing two-dimensional materials such as graphene [15] or metal
nanoparticles [16] onto a metal film to enhance the sensitivity of the
sensor owing to their excellent electrical and optical properties. Gra-
phene and related materials possess high carrier mobility that promotes
electron transfer to the metal film of an SPR sensor [17]. This leads to
stronger coupling at the interface and enhances surface electric field,
thereby increasing the sensitivity of the sensor. Additionally, graphene
oxide exhibits good biological affinity, which promotes the adsorption of
biological molecules onto the metal membrane of the SPR sensor [18]
and further improving its sensitivity for detecting biological molecules
[19]. Reduced graphene oxide (rGO), a member of the graphene family,
possesses the advantages of both graphene and graphene oxide [20]. In
addition to its high carrier mobility, rich surface functional groups and
strong hydrophilicity make it easy for rGO to connect to the biosensor
membrane and measured substance. Therefore, it has broad applications
in SPR sensors. Kant et al. proposed an optical fiber SPR sensor based on
a combination of rGO and chitosan-modified silica sol gel to detect
caffeine concentration [21]. Semwal et al. proposed a type of SPR sensor
based on a coreless optical fiber coated with a composite film of rGO and
polyaniline on its surfaceto detect the external pH value [22]. However,
adding the rGO significantly widened the resonance of the sensor, which
affected its accuracy. Simultaneously, the multimode regime in the op-
tical fiber leads to different incident angles. Each of these angles pro-
duces different resonance wavelengths [23] and the transmission
spectrum resonance of the optical fiber structure is also widened
compared to the relatively mature prism counterpart [24].

In this study, we present an optical fiber sensor that simultaneously
employs SPR and Mach-Zehnder interferometer (MZI) effects, provides
high detection sensitivity for glucose concentration and enables real-
time monitoring of the ambient environmental temperature. Addition-
ally, the linearity and detection resolution of the sensor is improved by
employing the centroid-fitting method, which uses the centroid co-
ordinates as a sensing monitoring parameter instead of the shift in the
resonance wavelength from a single dip of the SPR. Compared to
traditional optical fiber SPR sensors [25], the proposed sensor exhibits
superior performance in terms of sensitivity, accuracy, and linearity for
glucose concentration detection, offering significant advantages over
conventional sensing methods.

Optics and Laser Technology 169 (2024) 110133
2. Fabrication and principle
2.1. Materials and methods

The fiber sensor developed in this work was fabricated from a
multimode fiber (MMF, 62.5/125 um, Changfei company, China) and a
SMF single-mode fiber (SMF, 8.2/125 um, Changfei company, China).
The instrument used for tapering is fusion splicer (FSM-60, Fujikura inc.,
Japan) which performs precise fusion splicing of optical fibers, ensuring
connection quality and stability. Fiber optic fusion splicers align and
connect optical fibers by utilizing the internal microprocessor and
electrode discharge which greatly saves time and enhances repeat-
ability. Fusion splicing of different types of optical fibers requires
different settings, including discharge power, discharge time, overlap
distance, and alignment angle, among other important parameters. All
these parameters are determined through multiple experiments until the
fiber loss reaches the minimum. Magnetron sputtering coating machine
(JSD350, Weina company, China) works on the principle of using a
magnetic field to create plasma, which bombards a target material,
causing its atoms to be ejected and deposited onto the surface of the
sensor, forming a metal film. The control of the sputtering time, current
intensity, vacuum level, and other parameters allows regulating the
thickness and smoothness of the metal film. Fig. 1 illustrates the process
adopted for fabricating the proposed SPR sensor. First, the multimode
fiber (MMF, 62.5/125 um) and SMF single-mode fiber (SMF, 8.2/125
um) were cut flat using a fiber-cutting tool, followed by fusion splicing
using a fusion splicer (FSM-60). Next, the sensing unit was cut to the
desired length, and the MMF was fused to the other end of the SMF while
reserving 1.5 cm, overall resulting in an MMF-SMF-MMF structure. A
37.6 % volume fraction HF solution (purchased from Aladdin
Biochemical Technology) was dropped onto the surface of the middle
0.5 cm of the SMF, which was then corroded over 40 min to form a
tapered structure as the HF diffused to both ends with time. After
etching, the residual HF on the fiber surface was rinsed with deionized
water. The SMF surface was wiped with anhydrous ethanol and dried
with nitrogen gas. The processed fiber was then fixed on a glass slide and
placed in a magnetron sputtering coating machine (JSD350) to deposit a
50 nm-thick silver film. The magnetron sputtering current was main-
tained at 30 mA, and the deposition time was set to 150 s. The proposed
SPR sensor fabrication method is simple, feasible, and easy to
implement.
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Fig. 1. Fabrication process for the optical fiber sensor.
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2.2. Sensor design and principles analysis

Fig. 2 shows the sensing structure, which uses a small segment of an
SMF sandwiched between two MMFs. The middle part of the SMF is
immersed in HF acid, which spreads to both sides of the SMF over time
and causes the formation of a tapered structure due to uneven corrosion
[26]. A 50 nm-thick silver film is deposited on the surface of the SMF to
enhance the interaction of evanescent waves (EWs) with the surround-
ing medium, while eliminating the influence of multimode interference
on the cladding through acid etching. When light is introduced from the
MMF into the SMF, it excites higher-order cladding modes that propa-
gate in the cladding of the SMF whereas the fundamental mode con-
tinues to propagate in the core. Conversely, when light enters the MMF
from the SMF, the MZI effect occurs between the two excited modes.
Simultaneously, surface plasmon waves (SPW) are excited on the silver
film surface.

For SPR, total internal reflection occurs when the light propagates in
the cladding of the SMF and reaches the interface between the optical
fiber and the silver film. Consequently, a portion of the energy enters the
metal layer in the form of EWs. The incident wave vector of the EWs can
be expressed as follows:

K, = g\/asine @

The propagation constant of the SPW of the metal can be expressed
as:

@ E1&
K, =— 2
K cVe +e @

where 0 is the angle of incidence of light; c is the speed of light in vac-
uum; o is the angular frequency of the incident light; and ¢.,¢1,and €3 are
the dielectric constants of the optical fiber cladding, metal layer, and
surrounding dielectric layer, respectively. The propagation constant of
the evanescent wave is equal to that of the SPW. Thus:

[0) E1& [0) .
=4/ = —/e.sind 3
c\Ve +& c 3

Resonance occurs when the EWs match the resonance frequency of
the SPWs at the interface between the fiber and the silver film [27]. The
energy of the incident light wave is resonantly transformed into the
oscillation energy of the plasma wave, resulting in reduced reflected
light and a resonance absorption peak in the resulting spectrum.

For the MZI, a two-mode interference model is used to analyze the
transmission spectrum [28]. The output intensity of the sensor is given
by

I = Lioe + Ljpading T 4/ Loorel, cosAg 4

cladding
where Icore and Iojaading Tepresent the intensities of the core and cladding
modes, respectively. 1 and Ag represent the wavelength of the input
light and phase difference between the two modes, respectively. Ag can
be expressed as [29]
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Agp

_ 2nLsur core cladding (5)
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where Lgyr is the length of the SMF, while nt%¢ and nfll:f‘zdmg are the
effective refractive indexes (RIs) of the core and the cladding modes,
respectively. According to the interference theory, the wavelength cor-
responding to the interference extremumis 4,, given by:
P 4rnAny,L )
"N+ D

In the equation, N is an integer. It can be observed that changes in the
refractive index of the environment lead to the variation in the effective
refractive index, while the temperature causes changes in L, resulting in
a drift of the interference dips.

2.3. Functional modification of the sensor

The surfaces of the optical fibers were functionalized before
measuring the glucose concentration. Fig. 3 illustrates the process of
modifying the silver-plated sensor using rGO (purchased from Nan-
jingxianfeng Nanomaterials) and PBA (purchased from Aladdin
Biochemical Technology). First, the silver-plated sensor was cleaned
with acetone solution, washed with deionized water to remove any
remaining solution, and dried with nitrogen. The fiber sensor was
immersed in a 1 mg/mL poly diallyl dimethylammonium chloride
(PDDA) solution for 1 h. PDDA is a polymer electrolyte that becomes
ionized when dissolved in water, leaving behind positively charged
polymer chains. When the polymer attaches to the fiber surface, the
surface of the Ag film can acquire a positive charge. In the second step,
the rGO nanoslices were deposited on the surface of the optical fibers
using the pull method. Reduced graphene oxide disulfide nanosheet
dispersion (0.5 mg/mL) was purchased from Nanjingxianfeng Nano-
materials. The rGO solution is sonicated in an ultrasonic machine for
thirty minutes to ensure its uniform dispersion. After rinsing off the
excess PDDA solution from the sensor surface with deionized water, the
optical fiber was immersed in a 0.5 mg/ml single-layer rGO dispersion
for two minutes. This step was repeated 10 times. The sensor was dried
on a heating plate at 70 °C to remove any remaining water, after which
the negatively charged rGO was fixed on the surface of the positively
charged silver film by the adsorption between positive and negative
charges. Fig. 4(a) shows the scanning electron microscopic (SEM) image
of the rGO. It can be seen from the SEM that rGO has a very large specific
surface area and many wrinkles, which are conducive to the adsorption
of PBA. Fig. 4(b) shows the Raman spectrum of rGO with two bands at
1340 and 1583 cm™!, known as the D and G bands, respectively. This
confirms the successful attachment of rGO to the surface of the optical
fiber. In the third step, PBA (10 mg) was dissolved in deionized water
(10 mL), then the rGO-modified sensor was immersed in a 1 mg/mL PBA
solution for eight hours, creating n-r interactions to fix the PBA onto the
rGO nanosheets [30]. The sensor was washed with acetone and deion-
ized water to remove the unbonded PBA. The resulting functionalized
sensor is suitable for measuring glucose concentrations because reduced

Interference
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Fig. 2. Schematic of the optical fiber sensor.
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Fig. 4. (a) SEM image and (b) Raman spectra of rGO.

graphene oxide exhibits strong affinity to immobilize a large amount of
PBA on its surface and PBA could form reversible covalent bonds with
glucose molecules containing diol units, enabling the sensor to dynam-
ically adsorb glucose molecules and achieve selective detection of
glucose.

2.4. Demodulation and optimization of the sensor

The sensor output signal simultaneously contains the SPR and MZI
effects, resulting in a superimposed spectrum, as shown in Fig. 5 (a). Fast
Fourier transform (FFT) was performed to separate the SPR and MZI
signals from the original spectrum [31]. The spatial frequency spectrum
at a refractive index of 1.333 is shown in Fig. 5(b), where the primary
peak (Peak SPR) originates from the SPR absorption peak, while the
weaker peak is caused by the MZI. The SPR and MZI signals were
separated using a bandpass filter, as shown in Fig. 5 (c¢) and (d),
respectively. The spatial frequency components of the separated SPR
and MZI signals underwent inverse Fourier transform to generate
separate SPR and MZI wavelength spectrograms. Thus, the SPR and MZI
signals in the original spectra were effectively separated and further
processed individually. Additionally, the noise, i.e. spactal components
other than the SPR and MZI signals, was filtered out. Therefore, the
sensor is less susceptible to noise interference, which leads to a good
signal-to-noise ratio. The results demonstrated the success of the method
for separating these two signals in the original spectrum, enabling a
more accurate analysis of the individual SPR and MZI effects.

Distinct from traditional prism-based SPR sensors, optical fibers have
multiple light propagation angles and each angle has a unique SPR
resonance wavelength, which widens resonance in the transmission
spectrum. Modifying the fiber surface with rGO improves the sensitivity,
but further widens the spectral features, which can adversely affect the
sensor performance by reducing the accuracy and linearity. Conse-
quently, the prism’s method of utilizing the dip of the resonance offers a
limited means of analysis in the case of the fiber, resulting in diminished
linearity. To address this issue, we propose using the centroid co-
ordinates as the sensing parameter. Centroid fitting method features
fitting the SPR curve with a mathematical function, choosing the in-
flection point to mark the baseline, and establishing the centroid co-
ordinates within the region enclosed by the baseline and the fitting
function as the sensing parameter describing the resonance position.
Therefore, this method could facilitate a thorough analysis of the com-
plete resonance profile to improve the sensor’s linearity. The proposed
approach is shown in Fig. 6. The measured discrete spectral data of the
separated SPR signal were fitted by a Gaussian function using a Gaussian
curve fitting algorithm.

(A= 2) ] -

Tomse = Tocp [ 2 FWHM?

Here, /. is the resonance wavelength, Ty is the transmittance corre-
sponding to it and FHWM is the full width at half maxim of the reso-
nance. The y-coordinate of the inflection point a of the fitted Gaussian
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Fig. 5. (a) Original spectra. (b) Spatial frequency distribution after FFT in 1.333 RIU. (c) SPR spectrum in 1.333 RIU after band pass filtering. (d) MZI spectrum in

1.333 RIU after band pass filtering.
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Fig. 6. Principle of the centroid-fitting algorithm.

function was used to define the baseline:

= max( ) (€]

= Tguu.vs (a) (9)

Using Eqn 10, the centroid wavelength of the area D enclosed by the
baseline and the fitted Gaussian function was calculated.

[T gussdo

D
[T gaussdo
D

d Tgaus.x

di

d Tgaus.&
da

Ybase

2= (10)

It was used to define the positions of the resonances for further calcu-
lations of the spectral shifts.

3. Results and discussion
3.1. Experimental setup

The experimental setup, which is shown in Fig. 7, comprises a
broadband light source (Ocean Insight, HP-2000LL, 400-2500 nm), a
spectrometer (Ocean Optics HR2000 + ES) and the optical fiber sensor.
The light passed through the sensor and was recorded by the spec-
trometer, capturing the simultaneous SPR and MZI transmission spectra.
The measured spectra were stored and processed using the centroid-
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fitting algorithm to improve the accuracy of the sensor readings. A bath
containing the analyzed solution (glycerol in water) and the sensor was
placed on a small heating plate. The temperature was adjusted by con-
trolling the heating plate, while different concentrations of glycerol in
water were used to vary the refractive index of the solution. After a
single data collection cycle, the sensor was cleaned with deionized water
until it returned to its initial state. The average of three measurements
was used as the reference data.

3.2. RI and temperature sensing characteristics

The RI and temperature-sensing characteristics of the sensor must be
assessed before testing the glucose parameters. The RI sensing perfor-
mance was evaluated by immersing the sensor in glycerol solutions at 30
°C, with RIs of 1.333, 1.345, 1.357, 1.364, and 1.371. To obtain accurate
readings, the original spectrum underwent FFT, and the SPR and MZI
spectra were separated using a bandpass filter for normalization, as
shown in Fig. 8(a) and 8(b), respectively. As the RI increased, the
resonance peak red-shifted from 518.67 nm to 667.27 nm. Additionally,
as the external refractive index increased, the interference wavelength
of MZI underwent a red-shift from 635.19 nm to 641.2 nm. The SPR
spectrum had a lower R-square value than the MZI spectrum owing to
the adverse effects of multiple angles of light propagation in the optical
fibers. The average sensitivity of the SPR spectrum was 3867.6087 nm/
RIU and the regression coefficient R-square was 0.98273, while the MZI

o
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spectrum had an average sensitivity of 155.644 nm/RIU, with a higher
R-square value of 0.994, as shown in Fig. 8(c) and 8(d), respectively.

The transmission spectrum can be further affected by changes in the
refractive index of the optical fiber [32], dielectric constant of the metal-
plated surface [33], and RI of the external solution owing to temperature
changes [34]. To reduce errors caused by temperature changes, we
analyzed the temperature-sensing performance of the sensor. The sensor
was immersed in deionized water, and the temperature of the heating
table set to 30, 40, 50, 60, and 70 °C. The transmission spectra were
recorded after the temperature stabilized. The SPR and MZI spectra were
separated using FFT, as shown in Fig. 9(a) and 9(b), respectively. As the
temperature increased, the SPR resonance wavelength underwent a blue
shift from 518.62 nm to 513.04 nm, while the interference fringes of MZI
red-shifted from 641.48 nm to 655.66 nm. The linear fitting results of
the SPR and MZI are shown in Fig. 9(c) and 9(d), respectively. The
temperature sensitivity of SPR was —0.134 nm/°C with an R-square of
0.983, and MZI had a sensitivity of 0.331 nm/°C with an R-square of
0.996. The RI sensing results indicated that the linearity of the SPR
spectrum was lower than that of the MZI spectrum.

3.3. Optimization and temperature-compensation of the sensor

As described above, the centroid-fitting method was used to enhance
the accuracy of the sensor by processing the SPR signal. We extracted the
SPR spectral signal for Gaussian fitting and used the centroid
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Fig. 9. Temperature responses of the (a) SPR and (b) MZI signals at a constant RI of 1.333. Linear fit of the (c) SPR and (d) MZI resonance wavelength in the studies
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coordinates of the area enclosed by the baseline and SPR curves to
replace the traditional SPR resonance peak position as the sensing
parameter. The RI and temperature linear fitting results were obtained
using the resonance peak coordinates and fitted centroid coordinates as
indicators, as shown in Fig. 10(a) and 10(b), and Fig. 10(c) and 10(d),
respectively. The linearity of the RI and temperature improved signifi-
cantly after optimization, with the R-squares of the RI linear fitting and
temperature linear fitting results increasing from 0.98273 to 0.99778,
and 0.983 to 0.99619, respectively.

The above discussion confirms that the MZI signal is insensitive to
the variation of RI and thereby is immune to the influence of the
thermal-optic coefficient. As a result, the MZI signal of the sensor pro-
vide an efficient means to avoid cross-sensitivity between RI and tem-
perature in order to achieve temperature compensation. As the linearity
of the SPR curve was optimized using centroid fitting, we could establish
a sensitivity matrix to separate the RI and temperature factors. This was
possible because of the significantly different sensitivities of the SPR and
MZI, in respect to temperature and RI. The sensitivity matrix expressed
by the following equation was used to obtain accurate and reliable
readings, as demonstrated by our results.

Adspr _ siPR S?JR An an
Adyz sMA S| | AT

Inserting experimental data into Eq. (12), An and AT can be

represented by the following matrix:

—1
—0.12} {AASPR} 12)

155.644  0.331 Az

An | | 3862.70
AT | —

Alspr and Alyz represent the wavelength shifts of the SPR centroid
and MZI interference fringe, respectively. s38 and sM“! are the RI sen-
sitivities of the SPR and MZI signals, respectively, while si*® and s¥4
represent the temperature sensitivities of the SPR and MZI signals,
respectively. An and AT represent the changes in the RI and temperature
detected by the sensor, respectively. Based on Eq. (12), changes in
refractive index (RI) and temperature (T) can be obtained by measuring
the shift of the trough in the MZI spectrum and the shift of the centroid in
the SPR signal, respectively. Therefore, temperature compensation can
be achieved.

3.4. Glucose measurement

As mentioned above, the sensor detected changes in the RI on the
surface of the optical fiber to determine the concentration of glucose
while performing temperature compensation to reduce the temperature
crosstalk. This method was used attaching a PBA to the surface of the
sensor to measure its response to glucose concentration. The sensor was
functionalized by immersing it in a PBA dissolved in acetonitrile for 4 h
to create the required interaction between the PBA and the rGO attached
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to the sensor surface. Then, at a constant temperature of 30 °C, the
sensor was successively immersed in glucose solutions (purchased from
Merck, Germany) with concentrations of 0, 1, 2.5, 5, 7.5, 10,12.5,15 and
20 mmol/L for testing, which covered the normal sugar content in the
human blood which ranges from 3.9 to 6.1 mmol/L. After the spectrum
stabilized for about 60 s, the transmission spectrum was recorded and
the remaining glucose on the sensor surface was washed off with
deionized water until the transmission spectrum returned to its initial
state. Each concentration was tested thrice and the average value was
used for the subsequent analysis.

The normalized SPR and MZI spectra obtained by FFT demodulation
of the original spectrum are shown in Fig. 11(a) and 11 (b), respectively.
As expected, the dielectric constant of the sensing film changes upon
binding with the glucose molecules, resulting in red shifts in both
spectra. As the glucose concentration increases, the SPR resonance and
MZI wavelength shifted by 33.2 nm and 2.36 nm, respectively, as shown
in Fig. 11(c). It can be observed from the Fig. 11(c) that the sensor’s
sensitivity diminishes as the glucose concentration rises. This pattern
could possibly be attributed to the saturation of the bonding activity
between PBA and glucose molecules, which indeed inhibits subsequent
binding reactions. In the 0-10 mM range, PBA can bind sufficiently with
glucose molecules, resulting in good linearity. However, as mentioned
above, the binding between PBA and glucose molecules is a dynamic
adsorption process. When the concentration exceeds 10 mM, a fixed
amount of PBA cannot fully absorb the glucose molecules, leading to a
gradual stabilization of the redshift. It reaches saturation when the
concentration exceeds 20 mM. Therefore, the sensor exhibits good
linearity within 10 mmol and has a maximum detection limit of 20 mM,
making it suitable for detecting low-concentration glucose solutions. As
per the data represented in Fig. 11(d), the sensitivities of the SPR and
MZI are 2.656 nm/mM and 0.1608 nm/mM, correspondingly, within a
concentration range of 0 to 10 mM/L. To enhance the accuracy of the
sensor, we used the centroid-fitting method to process the SPR spectrum
and obtain the centroid coordinates of the region bounded by the
baseline and SPR curves. The optimized linear fitting diagram, shown in
Fig. 11(e), demonstrates higher linearity, with a sensitivity of 2.819 nm/
mM and R-square of 0.991. It can be observed that the linearity of the
sensor improved from 0.97477 to 0.991 after the fitting optimization,
indicating that the sensor has a higher level of accuracy. Additionally,
because glucose and deionized water share similar thermo-optical co-
efficients [35], we performed temperature compensation to account for
the effect of temperature changes on glucose. The sensitivity matrix
expressed by the following equation was used to obtain accurate and
reliable readings, as demonstrated by our results.

Mg | _ |5 57" | [ Ac 13)
Adyz sﬂ’m S?Zl AT

Inserting experimental data into Eq. (11), An and AT can be repre-
sented by the following matrix:
{Ac] B {2.819 70‘12}’1?@”} 14

AT 0.1608 0.331 Az

Alspr and Aly represent the wavelength shifts of the SPR centroid
and MZI interference fringe, respectively. s5® and s¥# are the glucose
solution concentrations sensitivities of the SPR and MZI signals,
respectively, while s§*R and s¥4 represent the temperature sensitivities
of the SPR and MZI signals, respectively. Ac and AT represent the
changes in the glucose solution concentrations and temperature detec-
ted by the sensor, respectively. These results highlight the significance of
optimization for improving the accuracy and reliability of glucose
measurements. Before optimization, the SPR spectrum underwent a blue
shift with temperature change, exhibiting poor linearity which leads to
inaccurate glucose measurements. However, the optimized spectrum
exhibited higher linearity, and sensitivity, highlighting the importance
of optimization in obtaining accurate and reliable readings. To verify the
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temperature compensation characteristics of the sensor, the sensor was
immersed in glucose solutions of 1 mmol, 2.5 mmol, and 5 mmol
respectively, and the temperature of the solution was increased from 30
°C degrees to 40 °C degrees, recording the spectral offset every 2 de-
grees. As can be seen from Fig. 11(f), after temperature compensation,
the sensor is almost unaffected by external temperature interference,
proving that the sensor has good temperature stability.

Additionally, to verify the potential impact of various substances
such as cholesterol, potassium chloride, sodium chloride, sucrose, and
other molecules present in the blood on the performance of the sensor,
we conducted their selective testing. The sensor’s specificity was
investigated by detecting typical high-concentration substances, su-
crose, sodium chloride, potassium chloride, and cholesterol, at the same
concentration of 5 mM, typical for human blood. The results shown in
Fig. 12 indicate that the maximum dip wavelength shift for the glucose
solution is 17 nm, which is significantly greater than that of the sample
with the other substances. Due to the specific absorption of PBA, the
selectivity of the sensor towards glucose molecules is superior to the
interferents (cholesterol, sucrose, KCl, NaCl). However, the influence of
other substances can be taken into account. Considering that the spectral
shift caused by other substances is due to the adsorption of these sub-
stances by rGO, and PBA cannot form covalent bonds with these sub-
stances, one can introduce a reference sensor of the same design but
without PBA which will have different sensitivities to glucose and an
interferent. Measuring the spectral shifts for both sensors and knowing
their caliblated sensitivities for both substances, one can extract con-
centration of glucose even in the presence of the interferent In order to
conduct repeatability tests, 3 glucose sensors were used to detect a
glucose concentration of 2 mM. The recorded normalized SPR spectra
are shown in Fig. 12(b). The almost overlapping curves indicate that,
under the same glucose concentration, the three sensors have the same
SPR spectra and the resonance wavelength, demonstrating that the
prepared probes have good repeatability. The long-term stability of the
sensor is also an important indicator, as factors like oxidation of the
metal layer can cause drift or deterioration in sensor performance.
Therefore, we conducted stability testing on the sensor. As shown in
Fig. 12(c), the sensor was subjected to three measurements per day in a
1 mM glucose solution for 14 days, and the average value was taken. The
centroid position of each signal was recorded to determine the stability
of the sensor. It can be seen from the Fig. 12(c) that the centroid co-
ordinates are almost the same, with a standard deviation (SD) of 0.112.
This indicates that the sensor exhibits good stability. Furthermore, we
can calculate the limit of detection (LOD) as 0.12 mmol/L using the
formula defined as three times the standard deviation multiplied by the
reciprocal of the sensitivity.

Table 1 presents a comparison of optical sensors of various types with
the one proposed in this study. According to Table 1, compared to the
Side-polished flexible SPR and MMF without Cladding sensor, the pro-
posed sensor has better sensitivity together with temperature compen-
sation, thereby significantly improving the detection accuracy. The
proposed sensor’s sensitivity may not match glucose oxidase-enhanced
dual-channel SPR fiber sensors or Au nanoparticle-equipped sensors,
but it has a superior detection limit, amplified by rGO surface modifi-
cation which could effectively adsorbs PBA to increase the upper
detection limit of the sensor. Unlike the glucose oxidase method, PBA
has better accuracy because its absorption efficiency of glucose is less
disturbed by external temperature. Compared to enzyme electrodes,
fluorescence, and radio frequency methods, the SPR optical fiber sensor
has an advantage of simple structure, minimal temperature effects, and
strong electromagnetic resistance.

With the development of SPR and two-dimensional material tech-
nology, optical fiber sensors have achieved significant progress in the
field of bio-sensing, such as detecting the novel coronavirus, human
blood glucose, histamine, collagen, and other biomolecules [38-45].
However, despite the fact that the proposed optical fiber sensor has
shown various advantages, the problem of high dependence on the
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Table 1
Comparison with the Performance of Glucose Sensors Reported Previously.
Techniques Glucose Temperature Linear Reference
Concentration compensation Range
Sensitivity
SPR sensor with 1.647 nm/mM No 0-5 [3]
modified Au mM
nanoparticles
D-shaped flexible 1.944 nm/mM No 0-10 [36]
SPR sensor mM
MMF without 2.25 nm/mM No 0-8 [37]1
Cladding mM
Dual-channel SPR 6.156 nm/mM Yes 0-1.5 [5]
fiber sensor mM
Tapered SMF 2.789 nm/mM Yes 0-10 This work
mM

spectrometer and light source makes it difficult to integrate it into
various medical devices. The problem limiting the possibility of minia-
turization can be addressed by introducing a miniaturized light source
and integrating the fiber-optic sensor with chip-level spectrometers. By
using a microcontroller, the transmitted optical signal can be converted
to an electrical signal, which communicates wirelessly with the host
computer via methods like WiFi. Incorporating machine learning to
analyze the transmitted spectral signals ensures accurate detection of
blood glucose concentration. This is a problem that needs to be
addressed in the follow-up of this article.
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4. Conclusion

In summary, this study presents an innovative sensor design that
combines the MZI and SPR effects to simultaneously detect glucose
concentration and solution temperature to perform temperature
compensation. The use of the FFT enabled the separation of the MZI and
the SPR effects, while the proposed centroid-fitting algorithm effectively
improved the linearity and linear detection range of the sensor.
Furthermore, the proposed sensor was tested to detect glucose concen-
tration. After centroid fitting and temperature compensation optimiza-
tion, the sensor demonstrated high sensitivity, low susceptibility to the
external temperature, high accuracy, low production cost, and ease of
manufacturing. These features make it suitable for various biological
analysis fields that require the detection of glucose concentration.
Overall, the results of this study demonstrate the significant potential of
the proposed sensor for various applications, such as monitoring human
blood glucose levels, medical diagnosis, and environmental monitoring.
These findings provide valuable insights into the design and optimiza-
tion of sensitive and accurate glucose sensors, which could potentially
lead to the development of novel and improved fluid analysis
technologies.
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