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Abstract—In this study, we present a novel optical sensing
system for the real-time detection of ascorbic acid (AA), also
known as vitamin C, a vital water-soluble vitamin with signif-
icant clinical relevance. AA serves not only as a biomarker
for various diseases but also as a treatment for condi-
tions such as scurvy, anemia, and cardiovascular disease.
Our approach involves the development of a highly sensi-
tive fiber optic sensor tailored for AA detection, utilizing
a multimode fiber-four-core fiber (MMF-FCF) configuration.
Fabrication involved advanced techniques, including fusion
splicing and hydrofluoric (HF) acid etching, which created
a core-mismatch structure generating sufficient evanescent
waves (EWs). We immobilized tungsten disulfide (WS2) thin-
film and cerium dioxide nanorods (CeO2-NRs) onto the
probe’s surface to enhance the sensor’s performance. There-
after, EWs excited the localized surface plasmon resonance
(LSPR) phenomenon of gold nanoparticles (AuNPs) immobilized on the probe’s surface, facilitating AA detection.
To enhance AA sensor selectivity, the probe’s surface was functionalized with the ascorbate oxidase (AOx) enzyme. The
experiments utilized a laser source and an erbium-doped fiber amplifier (EDFA) to achieve precise excitation and signal
amplification, enhancing the sensor’s overall performance. Experimental results demonstrated a sensor sensitivity of
0.796 nm/mM and a limit of detection (LoD) of 167.71 µM within the 0–500 µM concentration range. These findings
emphasize the sensor’s potential value in clinical applications for AA detection.

Index Terms— Ascorbic acid (AA), Erbium-doped fiber amplifier (EDFA), fiber optic sensor, localized surface plasmon
resonance (LSPR), multicore fiber.

I. INTRODUCTION

ASCORBIC acid (AA), known as an antioxidant, plays
an active role in biological systems through different

physiological functions, e.g., growth and repair of skin and
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connective tissue [1]. The occurrence of oxidative stress arises
when the body’s homeostasis is disrupted by the generation
of free radicals that can contribute to the onset of vari-
ous diseases, including posttraumatic tissue damage, chronic
diseases, atherosclerosis, and cancer [2]. The utilization of
AA can mitigate the risk of disease by effectively scav-
enging detrimental free radicals, thereby safeguarding other
physiological functions from potential damage [3]. Adequate
intake of amino acids can facilitate the synthesis of crucial
amino acids necessary for collagen production. Conversely,
a deficiency in AA can result in insufficient collagen levels
within the body, leading to less elasticity in blood vessels
and an increased susceptibility to scurvy [4]. Of course, the
presence of collagen is also conducive to the protection of
the skin, which has a role in delaying skin aging. Simulta-
neously, AA can inhibit the proliferation and metastasis of
cancer cells, which plays a potential role in the treatment of
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cancer [5], [6], [7]. AA has been significantly associated
with serious diseases such as scurvy, Parkinson’s disease,
Alzheimer’s disease, and cardiovascular disease in the human
body [8]. Therefore, the health of the human body can
be assessed by detecting the concentration of AA. AA has
antioxidant properties, maintains a healthy balance in the body,
and treats some specific diseases. However, the human body
cannot synthesize AA by itself and can only supplement its
content by ingesting it externally, which is also the case for
most aquatic animals [9], and thus AA plays a great role
for aquaculture as well. There are two primary methods for
acquiring AA: through the consumption of fruits and veg-
etables and through the utilization of pharmaceuticals. In the
21st century, people are particularly concerned about their own
health and the rejuvenation of their physical condition. The
intake of AA should be maintained at 60–75 mg/day [9]. The
AA detection content holds significant importance in assessing
human health, as well as in the evaluation of medicinal and
esthetic products. Therefore, there is a pressing need to create a
sensitive, real-time, and convenient approach for the detection
of AA content.

Presently, there are several established methodologies for
the detection of AA, which encompass titration [10], [11],
electrochemical detection [12], [13], and chromatography [14].
Nevertheless, a number of these methodologies exhibit some
limitations, including exorbitant expenses, limited sensitiv-
ity, and intricate procedures. To overcome the constraints
associated with the aforementioned methodologies, a novel
laser-based fiber optic technology was employed that has
gained significant traction in the field of biosensors. Fiber
optics possess numerous advantageous attributes, including
cost-effectiveness, robust resistance to interference, increased
sensitivity, and other notable features. Various techniques,
such as fiber core mismatch, tapered fiber, and etching, can
be employed for the development of fiber optic biosensors.
Among them, fiber core mismatch can provide the advantages
of simplicity in operation, a high level of sensitivity, and
compact size. In recent years, there has been an increasing
proliferation of optical technology-based sensors, including
but not limited to lossy mode resonance (LMR) [15], long-
period grating (LPG) [16], and Mach-Zehnder interferometers
(MZIs) [17]. Srivastava et al. [18] utilize a novel fiber optic
structure to fabricate an effective sensor based on the in-fiber
MZI. The device can enhance the sensitivity to the external
refractive index (RI) through mode conversion phenomena.
The localized surface plasmon resonance (LSPR) phenomenon
has gained widespread attention because of developments
in fiber optic technology and nanomaterials. Zhdanov [19]
studied the sensors based on the principles of LSPR and sur-
face plasmon resonance (SPR). A comprehensive elucidation
of the functions performed by NPs, the process of sensor
manufacturing, and the modeling techniques employed for
LSPR and SPR sensors was provided, with the objective of
elucidating the commonalities and distinctions between LSPR
and SPR sensors. In the other hand, the high adsorption
(e.g., cerium dioxide nanorods, CeO2-NRs) and high surface
area (e.g., WS2) of nanomaterials allow for excellent bio-
compatibility. The ability to regulate the adhesion density

of nanomaterials on the surface of fibers is a significant
advancement in enhancing the sensing capabilities of fiber
optic probes [20].

The nature of LSPR sensors with coated nanoparticles
depends strongly on the size, shape, and charge of the metal
nanoparticles, which all affect the strength of the local electric
field [21]. In this work, WS2-thin layers, cerium dioxide
CeO2-NRs, and gold nanoparticles (AuNPs) were used to
develop the proposed sensor probe. The WS2 is an emerg-
ing material for constructing high-performance sensors with
superior structural properties. WS2 allows the possibility of
changing the conductivity from metal to semiconductor, thus
tuning the fluorescence and electrochemical properties [24].
Its unique lamellar 2-D structure can provide abundant attach-
ment sites for AuNPs and AA to react with ascorbate
oxidase (AOx). It has been shown that Au-WS2 nanocom-
posites exhibit strong photoluminescence due to their LSPR
effect [25]. Light absorption can be increased by the light trap-
ping of WS2, which can greatly limit the photoluminescence
and detection rate through the enhancement of light-solid
interaction [26]. The strong electric field strength of pure
WS2 nanosheets is a strong indication that WS2 nanosheets
have excellent LSPR effects [27]. Due to its high oxygen
storage capacity and unique redox properties, the CeO2 of the
fluorite structure is widely used in gas sensing, water-gas shift
reactions, and other fields [28]. CeO2 is highly biocompatible
and can maintain the activity of AOx coated on the probe,
improve the survival rate of AOx, and enhance the sensitivity
of the probe to the target substance. The small size of
CeO2-NRs has a very high surface effect and dielectric-limited
domain effect, and the strong surface energy is favorable for
the attachment rate of AOx and other nanomaterials.

In this work, the multimode fiber-four-core fiber (MMF-
FCF) structure is used. Due to the structural properties of
FCF itself, more light enters the cladding when light is injected
from the MMF fiber into the FCF fiber. The mismatch between
the FCF and the MMF is higher compared to the other struc-
tures. This study introduces a valuable approach for detecting
AA, employing a fiber-core mismatch structure and leveraging
the LSPR principle. This method overcomes the constraints
associated with conventional detection techniques and offers
a significant strategy for advancing AA sensor technology.

II. EXPERIMENTAL SECTION

A. Materials
The proposed structure was fabricated using traditional

MMF (62.5/125 µm, Shenzhen Technologies Company
Ltd., China) and FCF (8.0/125 µm, Fibercore Ltd., U.K.).
AuNPs were synthesized with tetrachloroauric acid (HAuCl4),
trisodium citrate (Na3C6H5O7·2H2O), and deionized (DI)
water, and the probe surfaces were cleaned using acetone,
hydrogen peroxide solution (H2O2, 30%), and concentrated
sulfuric acid (H2SO4, 98%), and the AuNPs were immobi-
lized with (3-mercaptopropyl) trimethoxysilane (MPTMS) and
ethanol. The probes were immobilized with WS2 thin-film,
CeO2-NRs. Then, 11-mercaptoundecanoic acid (MUA), N-
hydroxysuccinimide (NHS), and N-(3-dimethylaminopropyl)-
N-ethylenediimide hydrochloride (EDC) were utilized to
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Fig. 1. Schematic of MMF-FCF-based fiber structure.

functionalize the AA enzyme. The nanomaterials of CeO2
and WS2 were purchased from Nanjing Xian Feng
Nano Technology Company China. Phosphate-buffered saline
(1 × PBS, pH = 7.4) was used to prepare various concentra-
tions of AA solutions.

B. Instruments
The MMF-FCF probe structure was fabricated using a

fusion splicer machine (FSM P100+, Fujikura), and the
cross sections of the probes were scanned. A high-resolution
transmission electron microscope (HR-TEM, Talos L120C,
Thermo Fisher Scientific, USA) was used to observe the
micro-distribution of the nanomaterials in the target solution.
A UV-visible spectrophotometer (Hitachi-U-3310, Japan) was
used to measure the absorption spectra of the AuNPs solu-
tion to determine the size of the AuNPs. The coating of
nanomaterials on the probe surface was observed by scanning
electron microscopy (SEM, Carl Zeiss Microscopy, Germany).
Spectra were measured with an optical spectrum analyzer
(OSA, AQ6370D, YOKOGAWA).

C. Sensing Mechanism of the Probe
To enhance the performance of the probe, it is necessary

to intensify evanescent waves (EWs). The fiber was processed
using fiber structure manufacturing techniques. Experiments
employ a variety of technical procedures to fabricate fiber
structures on a regular basis [22], [23], including changing
the fiber structure (U-shaped), changing the fiber diameter
(tapered fiber), reducing the cladding thickness (etching), and
core-mismatch. This study employed two fiber production
processes, namely core mismatch and etching, which are
characterized by their cost-effectiveness and ease of fabrica-
tion. In this work, the MMF-FCF structure is adopted. Then,
the fiber cladding is etched with hydrofluoric (HF) acid to
generate more EWs, which lays an important foundation for
the excitation of LSPR. The schematic of the sensor structure
is shown in Fig. 1. The MMF and FCF were fused together
using FSM to form a fiber mismatch structure. The optical
spectra of various lengths of FCF were measured using an
OSA that the optimal length of FCF is 3 mm. As a result,
the entire probe area can be considered a new core, leading to
the formation of a new optical waveguide with the external
medium. This process generates a strong evanescent field,
resulting in the probe exhibiting exceptional performance.

Fig. 2. (a) Internal structure of the FSM instrument. (b) MMF-FCF
structure fabrication process.

D. Fabrication of Sensor Probe
This study utilized conventional MMF and FCF to construct

the sensor probe. These two types of fibers were fused
together using FSM to develop a core-mismatched structure.
The process of fusion splicing was governed by a program.
Several critical parameters played a significant role in this
process, notably predischarge power, cleaning power, premelt-
ing power, and so on. The process of achieving loss-less
fusion splicing with good repeatability of the fiber involves
iterative debugging. This involves using the FSM with two
electrodes that undergo continuous discharge to fuse the ends
of the fiber. Additionally, the FSM produced a discharge field
surrounding both sides of the fiber to ensure a more uniform
discharge process. As a result, the FSM achieved a minimal
loss of approximately 0 dB. The instrument structure of the
FSM was operated with precision and a repeatable program to
maximize the guarantee of repeatability in the discharge area.
Fig. 2(a) and (b) show an internal view of the FSM machine
and the proposed structure, respectively.

E. Synthesis Process of AuNPs-NPs/CeO2-NRs/WS2
Thin-Film

AuNPs with a particle size of 10 nm were synthesized by the
Turkevich method [31]. First, HAuCl4 was added to DI water
and heated to boiling at 100 ◦C. At this time, the trisodium
citrate solution was added. After 5 min, the color of the
solution changed to that of red wine. Stirring was continued
for 10 min to allow the solution to stabilize. CeO2-NRs solu-
tion (3.125 mg/mL) was prepared with N-methylpyrrolidone
and then sonicated for one hour. Similarly, WS2 solution
(1 mg/mL) was prepared with DI water and then sonicated
for 2 h.

F. Nanocoating and Enzyme Functionalization
Nanomaterials are important for functionalizing probes and

excitation of LSPR phenomena. Thus, immobilization and
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Fig. 3. WS2-thin layer/CeO2-NRs/AuNPs-immobilization and AOx
enzyme functionalization over MMF-FCF sensor structure.

functionalization of probes are critical in this work. The optical
fiber was immersed in acetone for 20 min to remove organic
contaminants from the surface of the fiber. And then the probe
was immersed in Piranha solution (a mixture of sulfuric acid
and 30% hydrogen peroxide, 7:3 by volume) for 30 min,
which resulted in the formation of hydroxyl groups on the
surface of the optical fiber to make it easier for immobilizing
nanomaterials. After the above steps, the silanol groups on the
surface of the MMF-FCF structured fiber were exposed, which
helps the adhesion of MPTMS. Then, the optical fiber was
immersed in the prepared WS2-thin layer solution for 10 min.
The fiber was then dried in an oven at 70 ◦C for 30 min,
and this step was repeated three times. A similar process was
followed for the coating of CeO2-NRs.

The probe was then treated with a 1% MPTMS ethanol
solution for 12 h. The methoxy group possessed by MPTMS
can react with the silanol group to form a -SH group, which
is beneficial for the immobilization of AuNPs. Then the probe
was immersed in the synthesized AuNPs solution for 48 h.
Au easily interacts with (-SH) to form stable Au-S covalent
bonds, which immobilize AuNPs on the probe surface.

After the immobilization of nanomaterials, follow the
enzyme functionalization process. The probe was first
immersed in MUA ethanol solution (10 mL, 0.5 mM) for 5 h
for carboxylation. Then the probe was immersed in 5 mL of
a mixture of EDC (200 mM) and NHS (50 mM) for 30 min,
which activated the carboxyl groups on the surface of the
probe. The EDC and NHS converted the carboxyl groups
into amino-active NHS esters. Finally, it was immersed in
an aqueous solution of AOx for 12 h. The ester group of
NHS reacted with AOx to achieve the functionalization of the
enzyme. Fig. 3 shows the nanomaterial immobilization and
enzyme functionalization processes.

G. Preparation of Analytes Solutions
In order to validate the sensing ability of the AOx sen-

sor probe, five different concentrations of AA solutions at
concentrations of 1, 100, 300, 400, and 500 µM were pre-
pared for this work. The levels of AA in the human body
are in the range of 40–120 µM; thus, we prepared five
solutions with different concentrations of AA to cover their
highest and lowest concentrations. The pH within human blood
is 7.35–7.45, and we prepared 1 × PBS with 10 × PBS to

Fig. 4. Experimental setup for AA measurement.

provide an approximation of the pH of human blood, and a
2 mL stock solution was prepared by dissolving 35 mg of AA
in 2 mL of 1 × PBS solution. The remaining concentrations of
AA solutions were then prepared by diluting the stock solution
in 1 × PBS.

H. Experimental Setup
The optical signal generated by the pump laser source

(947 nm, Max-ray Photonics Company Ltd.) was received
by the OSA, which accepted wavelengths in the range of
600–1700 nm. The schematic of the experimental setup is
shown in Fig. 4. The experimental setup was constructed with
a ring laser cavity, a 947 nm laser source to output the laser
light, a 2 m long highly erbium-doped fiber (EDF) (ER12-6,
Fibercore) with an absorption of 12 dB/m at 915 nm as the
active medium, and a wavelength-division-multiplexer (WDM)
coupler to feed the power into the cavity. The EDF used in the
experiment improves the measurement accuracy and sensitivity
of the sensor. An optical fiber consisting of MMF and FCF
was inserted into the ring cavity together with a 10:90 coupler.
Then, 10% of the coupler’s output was used to transmit
the laser output signal, which is monitored with an OSA,
and 90% was fed into the cavity in the form of reflections,
ensuring unidirectional operation so that this laser forms a ring
cavity by reflection. When light passed through the sensing
region, i.e., the region where the evanescent field was strong,
the AuNPs absorbed the light and generated the resonance
phenomenon. In addition, the light from the laser light source
was transmitted through the optical fiber, and the specific
enzyme on the probe couples with the target material, changing
the RI surrounding the probe and altering the wavevector of the
surface plasma wave, which causes a change in the EWs. The
spectrum was measured using an OSA, which revealed that the
peak of the resonance wave of the LSPR spectrum is shifted.
Using this principle, the different levels of concentration of
AA solution can be analyzed based on the LSPR spectrum
of AA solution. The data corresponding to each concentration
was recorded when the spectral output was stabilized.

III. RESULTS AND DISCUSSIONS

A. Optimization of Optical Fiber Sensor Probe
This section elucidates the methodology employed for ascer-

taining the splicing parameters and optimizing the etching time
of the fiber optic sensor. The crucial stage in the fusion splicing
of optical fibers using an FSM is to appropriately calibrate the
fusion procedure parameters.
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Fig. 5. Repeatability analysis of MMF-FCF sensor structures with FCF
lengths of (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

The determination of the ideal experimental parameters
involved iterative experimentation, wherein the experimental
debugging process was repeated and adjustments were made to
the parameters. This approach aimed to generate a fiber probe
that exhibited high sensitivity and excellent repeatability.

The MMF-FCF structure was influenced by the length of
the FCF, and it was necessary to fabricate this structure
using FCF lengths of 1–4 mm. The transmitted intensities
of the fiber optic probes with these different FCF lengths
were then measured. The resulting transmitted intensities were
depicted in Fig. 5(a)–(d) for the fiber optic probes with FCF
lengths of 1–4 mm, respectively. The transmitted spectra of
the fiber probes were measured for four kinds of fiber probes.
Fig. 5(c) illustrates that the fiber with a FCF of 3 mm exhibited
the highest level of repeatability. In theory, a decrease in
transmitted intensity corresponds to an increase in the amount
of light injected into the core, whether it is located inside
or outside the cladding. This increase in light injection leads
to the generation of additional EWs, which in turn enhances
the stimulation of the LSPR phenomenon. From Fig. 6(a),
comparing the transmitted intensities of different MMF-FCF
structures, it can be concluded that the FCF length of 3 mm
was the lowest transmitted intensity, thus the MMF-FCF
structure with an FCF length of 3 mm was selected to develop
the sensor probe.

The relationship between etching time and cladding layer
thickness was evident, with longer etching times resulting in
a smaller cladding layer thickness.

However, this did not necessarily imply that a smaller
cladding layer thickness was superior. By examining the trans-
mitted intensity spectra of the MMF-FCF structure at different
etching times [as shown in Fig. 6(b)], it was observed that
the fiber optic probe etched for 10 min exhibited the lowest
transmitted intensity. Similarly, the fiber optic fiber yielded the
lowest transmitted intensity. The light probe exhibited the low-
est transmitted intensity, resulting in the generation of highly
potent EWs under this particular parameter. Hence, the fiber
optic probe with an etching time of 10 min and an FCF length

Fig. 6. (a) Comparison of the transmitted intensity of different MMF-FCF
structures (probe 1 −1 mm, probe 2 −2 mm, probe 3 −3 mm,
probe 4 −4 mm). (b) Transmitted intensity spectra of MMF-FCF struc-
tures at different etching times.

Fig. 7. MMF-FCF structure at different etching times (a) 0 min,
(b) 5 min, (c) 10 min, and (d) 15 min.

Fig. 8. Transmission intensity spectra at different treatment stages
(bare fiber, etched, coated with WS2-thin film, CeO2-NRs, and AuNPs,
respectively).

of 3 mm was chosen. Once the fabrication of the optical fiber
was completed and the optimal length of the FCF was identi-
fied, the fiber underwent a series of etching processes using HF
acid at various durations. The objective was to ascertain the
most suitable etching time for achieving optimal results. Fig. 7
illustrates the cross-sectional configuration of the MMF-FCF,
showcasing changes resulting from varying etching durations.
The fiber probes underwent etching processes lasting 0, 5, 10,
and 15 min, with corresponding cross-sectional perspectives
presented in Fig. 7(a)–(d), respectively. These images reveal
the expansion of the core diameter and the reduction in the
external cladding diameter as the etching time progresses.

The transmitted intensity spectra at different processing
stages, such as: 1) bare fiber probe; 2) after etching; 3) after
coating of WS2-thin layer; 4) after coating of CeO2-NRs; and
5) after coating of AuNPs, are shown in Fig. 8, and it can be
observed that, the spectral peaks of the fiber are affected at
different processing steps.
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Fig. 9. (a) Absorbance spectrum of AuNPs. (b) TEM image of AuNPs.
(c) TEM image of WS2 thin-film. (d) TEM image of CeO2-NRs.

B. Characterization of Nanomaterials
The sensing performance can be significantly influenced by

the size and shape of the AuNPs, with the LSPR effect exhibit-
ing an exponential decrease as the nanoparticle morphology
and scale varied from 10 to 50 nm [32].

The absorption spectrum of the synthesized AuNPs solution
was measured using a UV-visible spectrophotometer. The
results are shown in Fig. 9(a), and the absorption peak of the
AuNPs solution was at 520 nm, which indicated that the size
of the AuNPs in our synthesized solution was around 10 nm.
Thus, the morphology of AuNPs was observed by HR-TEM,
and the results are shown in Fig. 9(b). It can be seen that the
synthesized AuNPs are spherical and uniform in size, which
makes them easy to resonate with the EWs and excite the
LSPR phenomenon. As shown in Fig. 9(c) and (d), a large
amount of WS2 thin-film and CeO2-NRs are observed in
the synthesized solution, which increased the probability of
attachment of the AOx enzyme to the probe.

C. Characterization of NPs-Immobilized Structure
The immobilization of nanomaterials was crucial for the

experiment. The fabricated probe was scanned with SEM, and
the result was used to verify whether the nanomaterials were
well-mobilized on the MMF-FCF probes.

The SEM result showed that the WS2, CeO2-NRs, and
AuNPs were efficiently immobilized on the surface of the
probe, as shown in Fig. 10. The prepared WS2-thin film layer
is flat-structured nanosheets, according to Fig. 9. It can be
seen in Fig. 10 that the flat nanosheets are uniformly immo-
bilized on the fiber surface. Furthermore, CeO2-NRs were
also coated uniformly according to the experimental result.
Whereas, AuNPs exhibited a consistent morphology, charac-
terized by a spherical form with a diameter of around 10 nm.

Fig. 10. SEM image of WS2 thin-film, CeO2-NRs, and AuNPs-
immobilized MMF-MCF probe.

The illustration shown in Fig. 10 clearly illustrates the uniform
coating of AuNPs.

D. Measurement of AA Solutions
Different AA solutions with concentrations ranging

from 1 µM to 500 mM were detected using the developed
sensor probes. This range covered the lowest and highest
AA concentrations in the human body. Before detecting the
first concentration of AA solution, the probes were rinsed
with PBS solution. After the sensor probe was dried, the
respective transmitted intensity and wavelength were recorded,
guaranteeing the initial pH of the probe. Then, the probe was
rinsed with 1 × PBS and dried at room temperature, after
which other concentrations of AA solutions were measured.
Before measuring the next sample, the sensor probe must be
cleaned with a PBS solution to minimize the crosstalk error
between the new AA concentration and residual molecules on
the fiber surface. According to the above steps, LSPR spectra
were recorded for all concentrations, and the obtained results
were expressed as transmitted intensity spectra. First, a 1 µM
concentration of AA solution was added to the sensor probe,
and the respective LSPR spectra were recorded.

All solutions were tested three times with three different
probes. For our developed probes, LSPR spectra are shown in
Fig. 11(a). According to the results, it can be implied that the
LSPR spectral peak decreased with increasing concentration.
It can be seen in Fig. 11(b) that the linear relationship between
the peak wavelength of the LSPR spectra and the AA solutions
was expressed as

λ = 0.000796 C + 1529.96. (1)

In (1), λ is the peak wavelength, C is the concentration
of AA solution, and the slope is the sensitivity of the probe.
By measuring the 1 × PBS solution fifteen times with the
same probe, the data were recorded each time after the LSPR
spectra were stabilized. The standard deviation (SD) was
calculated from the resonance peak wavelengths of the fifteen
times 1 × PBS data.

The limit of detection (LoD) serves as a pivotal measure
of the biosensor’s stability and sensitivity. LoD represents the
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Fig. 11. Measurement of AA using the proposed MMF-FCF-based fiber
structure. (a) Sensing spectrum. (b) Linear plot of the proposed sensor.

minimum concentration at which the biosensor can effectively
detect analytes. It was determined by performing an inverse
fit function on the fit curve. And it can be calculated using the
following formula [33]:

LoD =
3 × SD

Sensitivity
. (2)

According to the calculation, the LoD of the developed AA
sensor is 167.71 µM.

E. Stability Test and Selectivity Test
The stability test is performed to investigate whether the

peak wavelength position of the sensor probe is stable over
multiple measurements. Excellent stability of the probe is
required to ensure the accuracy of the measurement results
when the probe is applied. Initially, the probe was submerged
in a PBS solution.

Subsequently, the probe’s spectra were assessed and docu-
mented. Following the drying of the probe’s surface, the PBS
solution was reintroduced. The PBS solution was tested with
the same probe 15 consecutive times. The results were then
analyzed according to the resonance wavelength of the peak.
The test results of stability are shown in Fig. 12(a), which
shows that the developed probe has almost the same reso-
nance wavelength in 15 measurements with an SD of 0.0445,
indicating that the probe possesses good stability.

Selectivity is the most important characteristic of a sensor.
The purpose of the selectivity test is to detect whether the
sensor has the ability to resist the influence of other external

Fig. 12. (a) Stability test of the developed sensor. (b) Selectivity result.

interfering substances. For this reason, three other substances
were arbitrarily chosen to measure their LSPR spectra,
namely dopamine, glucose, and creatine. The LSPR spectra
of the three other substances were measured at concentrations
of 1–500 µM, respectively, and the results of the test are
shown in Fig. 12(b). The resonance peak of the LSPR spectra
observed the most significant change as a result of variation in
the concentration of the AA solution. Consequently, the probe
that developed exhibits good selectivity.

F. Reproducibility and Reusability Test
The reproducibility of the probes was examined by mea-

suring the same concentration of AA solution with different
sensor probes. In this experiment, three identical probes were
used to detect AA solutions at a concentration of 400 µM.
The LSPR spectra were allowed to stabilize, and the data were
recorded. As shown in Fig. 13(a), for the same concentration
of AA solution, the resonance wavelengths of the different
probes were basically similar, indicating that the probe has
good reproducibility.

Reusability is another important attribute of high-
performance probes. If the probe can be reused and performs
well, it indicates that the developed probe is practical in the
application and can eliminate the errors caused by different
probes measuring the same substance. The same sensor probe
was used to measure two concentrations of AA solution twice.
First, the probe was immersed in a 100 µM concentration
of AA solution, and its data were recorded after the LSPR
spectrum was stabilized. Then, the probe was immersed
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Fig. 13. (a) Reproducibility test. (b) Reusability of the developed sensor.

TABLE I
PERFORMANCE COMPARISON OF THE PROPOSED

SENSOR WITH THE EXISTING AA SENSORS

in 1 × PBS solution, gently stirred, and taken out to dry
naturally, and the 100 µM concentration of AA solution
was measured again. Similarly, a 500 µM AA solution was
measured, and the results are shown in Fig. 13(b). It can be
seen that the probes have basically similar peak wavelengths
at the same concentration, which indicates that the developed
sensor probes have good reusability.

G. Evaluation of Sensing Performance
Currently, many methods for AA detection include electro-

chemical, titration, fluorescence, and so on. Table I shows the
comparison of the sensing performance of the developed AA
sensor with other methods to measure AA. The most widely
used technique for the determination of AA is titration. How-
ever, titration has low sensitivity. In this work, an AA sensor
based on the simple, portable, and sensitive biosensor structure
of MMF-FCF is proposed. The advantages of this method
included low cost, wide detection range, high sensitivity, real-
time performance, ease of operation, and high feasibility.

IV. CONCLUSION

In this study, the authors have developed a laser-based fiber-
optic sensing probe using a unique MMF-FCF structure to
detect different concentrations of AA by using the LSPR
phenomenon induced by AuNPs. The probe’s evanescent field
is amplified through the fiber core mismatch structure and
selective etching to activate the LSPR phenomenon.

WS2 thin-film and CeO2-NRs are applied to the probes
to enhance the surface area for AuNPs and AOx attachment
while preserving enzyme activity. These tailored probes are
immersed in solutions with different AA concentrations, and
the LSPR spectra are recorded. The AA concentration is
determined by monitoring the shift in the resonance peak
wavelength. The results demonstrated a linear correlation
between the AA solution and the wavelength shift within the
concentration range of 1–500 µM, with a remarkable linear
fit value of 0.9980. Overall, this innovative fiber-optic sensing
probe, capitalizing on the MMF-FCF structure and LSPR
phenomenon, exhibits substantial potential for precise AA
detection. Its further development could significantly advance
analytical capabilities and applications in diverse fields.
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