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Abstract—Riboflavin (RF) is an important vitamin neces-
sary for human living activities. It is a crucial component
of the body’s critical enzymes, contributing to energy pro-
duction, development, and metabolism. Low-cost RF sensors
are one of the most essential research objectives for today’s
development. In this work, the authors developed a highly
sensitive optical platform for real-time detection of RF con-
centration, with the goal of developing and testing a novel
RF sensor based on localized surface plasmon resonance
(LSPR) with a tri-tapered-in-tapered (TTIT) seven-core fiber
with multimode structure for fast and selective RF con-
centration measurement in solution. In this work, a TTIT
fiber-based RF sensor was developed using a fusion splicer
and tapered fiber optic fabrication techniques, in which gold
nanoparticles (AuNPs), zinc oxide nanowires (ZnO-NWs),
and molybdenum disulfide nanosheets (MoS»>-NSs) were uni-
formly coated on the surface of the optical fiber to enhance
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the evanescent field in the sensing region, reducing optical signal loss and increasing the sensing area. To detect
changes in RF concentration, the evanescent field can stimulate the LSPR of AuNPs immobilized on the probe surfaces.
Furthermore, the sensor has great repeatability and stability, and the RF fiber-optic sensor developed in this experiment
is an efficient, sensitive, and cost-effective mode of detection for rapid monitoring of RF levels in a wide range of practical
applications. The sensor’s sensitivity was 2.14 nm/mM, with a limit of detection (LOD) of 86.86 ;M. The success of the
technique will encourage the development of RF detection technologies for food safety and clinical diagnosis.

Index Terms— Gold nanoparticles, localized surface plasmon resonance (LSPR), multicore fiber, optical fiber sensor,

Riboflavin (RF).

|. INTRODUCTION
IBOFLAVIN (RF), also known as vitamin B2, is a

water-soluble vitamin produced by all plants and most
microorganisms and is essential for the survival of both
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humans and animals. RF participates in redox reactions in
all organisms as a coenzyme, and has therapeutic potential
for oxidative stress states [1]. In addition, the recommended
dietary allowances for human and animal nutrition are
0.4-0.6 mg/day and 0-17.5 mg/kg of RF [2]. The main role
of RF in the human body is to aid in the proper functioning
of the body [3], especially in energy production and red blood
cell formation. RF plays an important role in the body as an
essential vitamin, but it cannot be synthesized in the body and
can only be obtained from dietary sources including cheese,
tea, alcohol, and eggs. Deficiency of RF affects the biological
aging of the body, causing metabolic disorders and leading to
health problems. If the body is deficient in RF, symptoms such
as slow growth, easy fatigue, slow metabolism, and mouth
ulcers may occur. RF can also be used to prevent migraines
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and to treat hereditary diseases [4]. Impaired RF balance in
humans can lead to multisystem dysfunction, including neuro-
muscular diseases, anemia, fetal developmental abnormalities,
and cardiovascular diseases [5], and the health status of the
body can be determined by measuring the level of RF in
the body. RF is an important coenzyme in photosynthesis,
which promotes the growth and development of plants, and
it is one of the nutrients necessary for the growth of seafood,
which is essential for the maintenance of normal life activities
of the human body, as well as the growth of plants and
animals. RF is very important for maintaining the normal life
activities of the human body and the cultivation of plants and
animals. RF is also used to determine whether food is out
of date due to its excellent photosensitivity, and it is also
used to treat inflammation, angina, and other diseases due to
the pharmacological properties of RF, so the importance of
establishing a fast and sensitive RF sensor is self-evident.

The methods currently used to detect RF concentration
include electrochemical detection [6], capillary electrophore-
sis [7], colorimetric detection [8], high-performance liquid
chromatography (HPLC) [9], fluorescence detection [10], and
mass spectrometry [11]. However, all of them have their
own limitations, such as high cost, weak anti-interference
ability, ease of contamination, etc. However, more and more
attention has been paid to the role played by RF in human life,
to promote the development of RF sensors, this work develops
an RF fiber optic sensor based on localized surface plasmon
resonance (LSPR), which is based on the fiber optic structure
of multimode fiber (MMF)- seven core fiber (SCF)-MMF. This
work constructs a highly sensitive optical system for real-time
detection of RF concentration in a more portable way, which
has real-time, miniaturization and sensitivity.

Nanomaterials (NMs) are rapidly developing, the main
properties of NMs depend on their precise composition,
size, and shape. The smaller NMs are highly biocompatible
and suitable for the detection of small biomolecules at low
concentrations and also provide more possibilities for the
construction of functionalized structures [12]. The advance-
ment of modern technology has allowed scientific research
to have powerful characterization and synthesis tools, which
have made the sizes of the generated NMs more control-
lable [13]. The development of NMs has also promoted the
development of sensors. For example, fiber optic sensors
based on the LSPR phenomenon. The most commonly used
NMs for such sensors are AuNPs and AgNPs. AuNPs are
chosen because of their unique physicochemical properties,
low cytotoxicity, and optical properties of AuNPs, and due
to the large surface area of AuNPs, the chemical functional
groups can be immobilized on the surface of the gold [14]. The
formation of stable chemical bonding of AuNPs with S- and
N-containing groups makes AuNPs firmly immobilized on the
surface of optical fiber possible. The modification of other
NMs in turn endowed AuNPs with excellent biocompatibil-
ity [15]. Zinc oxide nanowires (ZnO-NWs) have excellent
optical transparency, biocompatibility, easy accessibility for
synthesis, and their forest-like structure can capture light
signals in optical fibers, reduce light loss, and increase the area

of the sensing zone [16], improving the sensing performance
of the sensor. Molybdenum disulfide nanosheets (MoS>-NSs)
are based on layered transition metal sulfur compounds, which
have received widespread attention because of their superior
electrical and optical properties. MoS, has a high sensitivity
that can quickly find the changes in the external environment.
It has also high electrical conductivity, a large specific surface
area, and a strong van der Waals force that can be well fixed
on the surface of the optical fiber, and it can provide a wide
range of adhesion sites for other materials [17].

In recent years, the rapid development of sensors has
contributed to the progress of human life. Zhang et al. [18]
reviewed LSPR fiber optic sensors, including the principle,
structure, and application in biosensors, etc. It introduced the
fiber optic sensors with different structures in detail and also
made a future outlook of the fiber optic biosensors based
on LSPR. The current goal of the sensor is to continuously
improve the sensitivity and limit of detection (LOD), and in
the near future, the sensor will go out of the laboratory and
enter into various fields of human life.

Zhu et al. [19] proposed a tapered fiber based on
LSPR to detect the concentration of ascorbic acid.
Goicoechea et al. [20] proposed a fiber optic sensor based on
the LSPR phenomenon of AgNPs and AuNPs for detecting
the concentration of HyO». In this, AgNPs in the presence of
H,0, oxidation occur which reduces the efficiency of plasma
coupling, and the concentration of H,O; is analyzed based on
the spectral response.

In this work, a new type of RF fiber optic sensor based
on LSPR with a tri-tapered-in-tapered (TTIT) structure is
proposed. The TTIT structure makes the transmission of
optical signals in the probe more complex, repeatedly breaking
the original optical signal transmission mode. The AuNPs,
ZnO-NWs, and MoS;-NSs are uniformly coated on the surface
of the optical fiber in sequence, to stimulate the phenomenon
of LSPR, which endows the sensor with high sensitivity and
excellent optical coupling. The sensor has high sensitivity and
excellent sensing performance.

In this work, a real-time continuous, label-free, and highly
sensitive optical detection platform was built. In this experi-
mental setup, a laser light source was used. The laser light
source has the advantages of strong anti-interference abil-
ity, high stability, and fast response time. This work uses
erbium-doped fiber (EDF) as the gain medium, EDF operates
around 1530 nm, its fiber loss ratio is low, and has great
application value. The wavelength range for interrogation of
this work is near infrared (NIR). Visible lasers have less
penetration depth compared to mid-infrared lasers and NIR
lasers. Ultraviolet laser is too high energy interaction with
biological tissues. NIR light is able to penetrate certain materi-
als, including human tissue, more efficiently than visible light,
making it invaluable in applications such as medical imaging.
An EDF was utilized as a gain medium, which served as a
signal amplifier and improved the sensitivity of the sensor.

The developed sensor showed good stability, reproducibility,
reusability, and stability in various tests. The developed sensor
has a sensitivity of 2.14 nm/mM and a LOD of 86.86 uM.
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The experimental results show that the developed sensor can
further promote the development of RF concentration detection
technology.

[l. EXPERIMENTAL SECTION
A. Materials
Acetone, hydrogen peroxide solution (HyO», 30%), con-
centrated sulfuric acid (HySOy4, 98%), deionized water (DI),
(3-mercaptopropyl) trimethoxysilane (MPTMS), and ethanol
were used for the cleaning of the probe surfaces and the immo-
bilization of the AuNPs. AuNPs solution was synthesized with
chloroauric acid (HAuCly), trisodium citrate (sodium citrate),
and deionized water (DI water). Further, the probes were
immobilized with ZnO-NWs and MoS;-NSs.

B. Instruments

A fiber optic cutter (CT-32, Fujikura) was used to cut the
stripped coated fiber to obtain a flat end face, the fiber was
cut to the appropriate length. Then a fiber optic fusion splicer
(FSM-100P+, Fujikura, Japan) was used for fusion splicing
of hetero-core fibers, and finally, a fiber optic combiner man-
ufacturing system (CMS, USA) was used for fiber optic taper
pulling. The above steps were used to fabricate the MMF-
MCF-MMF-based TTIT sensing probe. The absorption spectra
of the AuNPs were measured with a UV-visible spectropho-
tometer (Hitachi-U-3310) to determine the morphology of the
AuNPs. The micro-distribution of the NMs in the solution to
be tested was observed using a high-resolution transmission
electron microscope (HR-TEM, Talos L120C, Thermo Fisher
Scientific, USA). The spectra of the solutions to be tested were
measured by an optical spectrum analyzer (OSA, AQ6370D,
Yokogawa Electric) to study the optical properties of the
developed sensing probes.

C. Sensing Mechanism of the Probe

When the incident light is transmitted from the high refrac-
tive index (RI) medium to the low RI medium, the total internal
reflection phenomenon occurs, and evanescent fields (EWs) are
generated on the side of the cladding medium. Sensors based
on the LSPR phenomenon have excellent sensing performance
on the premise of generating strong EWs, which interact with
the AuNPs whose sizes are smaller than the wavelength of the
incident light. The frequency of the EWs is in line with the
oscillation frequency of free electrons of the AuNPs, and it is
excited, then LSPR generation. Powerful EWs can effectively
excite the LSPR to produce absorption peaks associated with
RI, and can also overlap sufficiently with the liquid to be
measured to sense the concentration of the liquid to be
measured. To make optical fibers produce powerful EWs to
excite the generation of LSPR phenomenon to enhance the
high sensitivity of the probe and its sensing properties, modern
optical fiber fabrication technology methods are commonly
used. In this work, the pull-taper technique and core mismatch
are used, where the pull-taper makes the fiber optic bent
compared to the conventional fiber structure. The diameter

of the core-cladding of a tapered optical fiber (TOF) gradu-
ally becomes smaller, changing the original light propagation
mode, with a larger mode field, a wider spectral range, and
generating more powerful EWs. In this work, the use of the
TTIT structure changes the nature of the waveguide modes by
altering the waveguide geometry, and it can be regarded as a
kind of multimode interferometer. In TTIT, a portion of the
light will penetrate the layer for several wavelength distances
with a tendency of gradual attenuation, and this distance is
the depth of penetration (dp), which can be expressed by the
equation

A

25\ /n2, (sin6;)> — n}

where 6 is the angle of incidence of light between the fiber’s
core and cladding surfaces, A is the wavelength of the incom-
ing light, and n¢, and n¢ are the RlIs of the core and cladding,
respectively. The fiber outer membrane in the environment RI
shifts, the incidence angle of the light signal will alter, hence
altering the light’s phase difference, the optical field inside the
fiber coupling and reorganization, and the transfer function is

I =11+ L+ 11 1hcos (Ag) 2)

where [ is the optical power of the inner membrane of
the core and I is the optical power of the cladding mode,
where Ap = (2w /) AnL) is the phase difference, where L
and A are the interaction length and the input wavelength,
respectively, and An = neff; — neff; is the difference in the
modal effective indices between the inner membrane of the
core and the cladding mode.
The LSPR spectral peak wavelength (A,,) is given by

A = dpy/202, + 1. 3)

The wavelength (A,) corresponds to the frequency of the
AuNPs, while n,, represents the RI of the surroundings. For
AuNPs with well-defined sizes and shapes, the change of the
resonance wavelength (AL) in the LSPR spectra can be written
as follows:

dp =

)

2
AL = gAn |:1 - e_dl’] 4)

where g is the response of AuNPs to RI, ¢ is the thickness of
the effective adsorption layer, and An is the change in relative
RI of the surrounding environment.

D. Fabrication of Sensor Probe

A fiber optic fabrication based on the LSPR sensor structure
as a TTIT structure for detecting RF is shown in Fig. 1. In this
work, an SCF (6.1/125 pum) and an MMF (62.5/125 #m) were
used to prepare the sensing probe. SCF has seven cores, low
loss when fused to MMF, and high sensitivity to changes
in RI. Because of its many unique advantages, SCF can be
used to make the sensing probe for this work. Compared
to other optical fibers, SCF have multiple cores within their
cladding, which enhances the freedom of fiber parameters and
the possibility of manufacturing sensors by fusion splicing
with MMF.
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Fig. 1. Fabrication procedures and mode-coupling phenomena inside
of TTIT structure.

The internal structure of the fiber optic fusion splicer
machine (FSM-100+, Fujimura) is shown in Fig. 2(a), where
the optical fiber was fusion spliced with the FSM to get
the structure of MMF-SCF-MMEF, and then the optical fiber
was fabricated by pulling the fiber with the CMS. Firstly,
the coating layer of a certain length of SCF and MMF was
removed with a fiber stripper, the fiber was cut flat with a fiber
cutter, and the MMF and SCF were placed at both ends of the
FSM electrodes and fusion spliced to obtain the MMF-SCF,
and the length of SCF was left at 2 cm with a fiber cutter. In the
same procedure, the MMF-SCF was fusion spliced with the
MMF to obtain the MMF-SCF-MMF structure of the fiber,
and then the fiber was tapered with CMS. CMS uses 3SAE’s
thermally stabilized plasma technology to heat the fiber. The
plasma has a high thermal stability and is more advanced
than traditional arc heating. Fig. 2(b) shows the main internal
structure of the CMS. The CMS requires preset parameters
and platform calibration prior to use, and calibration of the
stretching platform reduces errors due to differences in fiber
positions. A single taper is pulled in the SCM region of
the previously obtained fiber, and then a program is used to
construct a triple taper structure based on the single taper,
which results in the TTIT.

E. Synthesis Process of AuNPs/ZnO-NWs/MoS2-NSs

Turkevich method was used to synthesize AuNPs with a
diameter of 10 nm [21]. HAuCly was used as the precursor
and trisodium citrate as the reducing agent. First, HAuClsy was
dissolved in DI water, and then this solution was stirred with a
magnetic stirrer and brought to an ebullition at 100 °C. At this
moment, the trisodium citrate solution was poured immedi-
ately. Afterward, heating and stirring were continued for 5 min
and the color of the solution changed to burgundy. Stirring
was continued for 10 min to obtain a homogeneous solution
of AuNPs and the stirring was turned off. The ZnO-NWs were
dissolved in DI water and then sonicated for two hours then
ZnO-NWs solution was obtained. 30 mg of MoS;-NSs was
added to 20 mL of NMP. It was sonicated in an ultrasonic
bath sonicator for 3 h, followed by sonication for 10 min at
an output power of 125 w at 25 °C. The tip was pulsed to on
mode (7 s) and off mode (5 s) to avoid overheating effects. The
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Fig. 2. Schematic of the internal of (a) CMS and (b) FSM.

MoS;-nanosheets were further dispersed. The dispersion was
again centrifuged at 5500 r/min for 1 h at 10 °C. One-third of
the supernatant was collected to obtain MoS,-NSs solution.

F. Nanocoating Immobilization

The fiber optic probe was first cleaned by immersing it in
acetone solution for 20 min, then deionized water was used to
make the surface of the probe smooth. Then, the probe was
further cleaned by immersing it in a mixture of the solution
(30% H,0,: concentrated HySO4 = 3:7) for 30 min, then the
fiber was thoroughly cleaned with deionized water. Then, the
fiber was dried in an oven at 70 °C for 20 min, and then
the probe was immersed in a 1% ethanol MPTMS solution
for 12 h, taking care to consider the liquid sealing. MPTMS
will be used as a coupling reagent to promote the adhesion of
AuNPs to the surface of the optical fiber, followed by drying
in ethanol and then nitrogen gas, and then the optical fiber
probe was immersed in the AuNPs solution for 48 h. The
probe was then rinsed with ethanol and dried with nitrogen
gas to remove the unbounded AuNPs. The optical fiber was
immersed in 10 mL of ZnO-NWs solution for 10 min and dried
in an oven at 70 °C. This process was repeated three times
to ensure that the ZnO-NWs layer was uniformly covered
on the surface of the probe and to improve the stability of
the ZnO-NWs immobilized probe. The same procedure was
used to immobilize the MoS,-NSs solution. Finally, the fiber
optic probe with uniform AuNPs, ZnO-NWs, and MoS,-NSs
distribution layer was obtained, and the whole immobilization
process is shown in Fig. 3.

G. Preparation of RF Solutions

In this work, LSPR spectra of five RF sample solutions of
known concentration were measured. A 10 mL stock solution
was prepared by dissolving 3.8 mg of RF in 10 mL of 1X
PBS.
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Fig. 3. Process of NMs immobilization over the optical fiber structure.

Then different concentrations of RF solutions were made
sequentially by diluting the stock solution at concentrations
of 1, 100, 500, 700, and 800 M. The amount of change in the
concentration of RF was obtained by calculating the offset of
the resonance peaks of the LSPR spectra. The specific steps for
measuring the spectra were as follows: the probe was placed
in the reaction cell and fixed with a jig, then RF solution was
dropped around the probe with a pipette gun, and the spectral
images and data were recorded after ten minutes.

H. Experimental Setup

The schematic of the experimental setup is shown in Fig. 4.
The optical signal is generated by a pump laser source
(947 nm, Max-ray Photonics Company Ltd.), the optical
spectrum analyzer (OSA, 600-1700 nm), and the experimental
setup consists of a 2 m-long highly EDF (ER12-6, Fibercore)
with absorption of 12 dB/m at 915 nm, an optical signal
isolator to prevent reflected light from affecting the stability
of the system, and a wavelength division multiplexer (WDM)
coupler to couple the power into the cavity. The EDF was used
as a gain medium to achieve the amplification of the optical
signal, which can improve the sensitivity of the sensor. The
developed probe is inserted into the annular cavity along with
a 10:90 coupler, 10% of the coupler output transmits the laser
output signal, which can be observed by the OSA, and 90%
feeds into the cavity, which creates an annular cavity. When
the optical signal passes through the probe, the strong and
effective EWs excite the LSPR phenomenon of AuNPs. When
the optical signal passes through the probe, the change of
the concentration of the substance to be measured around the
probe causes the change of the EWs, which makes it possible
to measure the drift of the LSPR resonance spectral peak of
the substance to be measured and transform the amount of the
peak drift into the amount of the change of the concentration
of the substance to be measured. Different concentrations of
the RF solution are analyzed based on the LSPR spectrum of
the RF solution, and when the spectral output is stable, data
corresponding to each concentration are recorded.

I1l. RESULTS AND DISCUSSION
A. Optimization of Optical Fiber Sensor Probe

In the manufacture of optical fibers, the fiber fusion process
of FSM and the fiber tapering process of CMS are used. The
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analyzer N 4
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Fig. 4. Experimental setup for Riboflavin measurement.

use of a modern advanced optical fiber modification process
makes the traditional optical fibers produce effective and
powerful EWs, which can stimulate the LSPR phenomenon
more effectively, and the detection of RF concentration is more
sensitive and accurate. The most important aspect of using
FSM and CMS is to determine the parameters of fiber optic
manufacturing. It needs to be adjusted repeatedly to make the
manufactured fiber optic probes highly sensitive and highly
repeatable.

B. Characterization of NMs

The peak of the absorption spectrum of AuNPs is at
519 nm, as measured by a UV-visible spectrophotometer
and plotted in Fig. 5(a). It indicates that the synthesized
AuNPs have a diameter of about 10 nm and are capable of
better excitation of the LSPR phenomenon. The morphology
and distribution of the NMs were examined by HR-TEM.
It revealed that the synthesized AuNPs are spherical and
uniformly dispersed. Meanwhile, HR-TEM was used to char-
acterize the microscopic morphology of the ZnO-NWs and
MoS,-NSs. As shown in Fig. 3, the ZnO-NWs and MoS;-
NSs are uniformly coated on the fiber surface, increasing the
attachment area of AuNPs and laying the groundwork for the
excitation of the LSPR phenomenon, and the modification of
NMs greatly improves the sensor’s sensing performance.

The chosen NMs possess exceptional biocompatibility,
facilitating the viability of active molecules. Additionally,
their substantial specific surface area offers many sites for
the attachment of AuNPs and biomolecules. Therefore, the
immobilization of NMs plays a crucial role in determining
the sensor’s performance. Fig. 5(b)—(d) shows the HR-TEM
images of the AuNPs, ZnO-NWs, and MoS,-NSs NMs. The
adhesion of NMs to the optical fiber can be examined using
scanning electron microscopy. The ZnO-NWs exhibited a line-
like irregular cross-distribution, while the MoS,-NSs showed a
lamellar stacking distribution. The nano-coating on the probe’s
surface formed a compact and uniform layer-like structure,
indicating a well-distributed sensor. The probe surface’s nano-
coating, with its homogenous layer structure, provides a strong
basis for the sensor’s excellent sensing properties.

C. Measurement of RF Solutions

In this experiment, a series of five distinct concentrations
of RF solutions were prepared. The LSPR spectra of the
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Fig. 5. (a) Absorbance spectrum of AuNPs, HR-TEM images of - l
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RF sample solutions at various concentrations were evaluated
using the sensor. The concentrations were measured in a
sequential manner, ranging from 1 to 800 uM. Following each
measurement, the probe and reaction cell were cleaned with
PBS to avoid any interference between solutions of different
concentrations. Subsequently, the probe and reaction cell were
dried in preparation for the next measurement. The LSPR
was then carried out using OSA, once the output spectra had
stabilized, and the resulting data were recorded. To ensure the
experiment’s accuracy, the RF sample solutions were sequen-
tially measured using three distinct probes, starting from low
concentrations, and progressing to high concentrations. The
LSPR spectra were adjusted to a standard scale to achieve
normalization. Fig. 6(a) shows that the peak of the LSPR
resonance spectrum shifts to the left as the concentration of
the RF sample solution increases. This shift is caused by
changes in the RF concentration around the probes, which
in turn affects the EWs and leads to a change in the peak
of the LSPR resonance spectrum. Fig. 6(b) displays the linear
regression curve for the peak wavelength. The linear regression
has a coefficient of determination of 0.99. The linear regression
curve can be represented as

A =0.00214c41532.56 (5)

where A is the peak wavelength of the LSPR spectrum and c is
the concentration of the RF solution. The LOD of the sensor
can better reflect the sensing characteristics of the sensor, and
the sensor developed in this work has an LOD = 86.86 uM.

D. Stability Test

The stability experiment is designed to determine whether
the constructed sensor is stable, and that has a significant
impact on the sensor’s detection limit. OSA was used to

0 200 400 600 800
Concentration of Riboflavin (uM)

Fig. 6. Measurement of RF using the proposed TTIT-based fiber sensor
(a) sensing spectrum and (b) linear plot of the proposed sensor.

1530
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1528

Peak wavelength (nm)

1527

0 2 4 6 8 10 12 14 16
Number of measurements

Fig. 7. Stability test of the developed sensor.

take fifteen similar measurements of the same probe in the
same RF solution at an 800 M concentration. The data were
processed to extract the peak wavelength of each measurement.
From Fig. 7, it is obvious that the developed sensor has good
stability.

E. Reproducibility and Reusability Test

Reproducibility is an important factor in assessing the
practicality of a technology. The performance of a sensor
is closely tied to its ability to consistently produce accurate
measurements of a target solution using probes developed
through the same process. For this experiment, three probes
were utilized to assess the consistency of 1000 uM RF samples
within a controlled setting. It is important to rinse each sensor
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(a) Reproducibility test and (b) reusability of the developed

probe with PBS before measurement to ensure the accuracy
of the variables. The data analysis results are presented in
Fig. 8(a), indicating the sensor’s remarkable reproducibility
during fabrication.

Testing the reusability of the sensor is crucial in determining
its suitability for clinical application. For this experiment,
solutions of RF with concentrations of 400 and 800 uM were
chosen.

Two probes were chosen to measure sample solutions
with concentrations of 400 and 800 M. Each measurement
required cleaning the probes with a PBS solution. The probes
were left in the reaction cell for ten minutes. The data was
then analyzed and plotted in Fig. 8(b). The results demonstrate
that the sensor can be reused for the same concentration with
excellent reproducibility.

F. Evaluation of Sensing Performance

In this study, a novel RF fiber-optic biosensor utilizing
LSPR-based TTIT has been developed. Currently, there are
various methods used both domestically and internationally to
detect RF.

These methods include electrochemical detection, enzyme
immunoassay, capillary electrophoresis, colorimetric detec-
tion, HPLC, fluorescence detection, mass spectrometry, and
more. However, each of these methods has its own limitations.
The most commonly used method for determining RF is
HPLC, but this method is time-consuming and requires a large
number of mobile phase solvents. Electrochemical methods are
susceptible to interference, and fluorescence detection methods
have a natural fluorescence response due to their own structure,

TABLE |
PERFORMANCE COMPARISON OF THE PROPOSED SENSOR
WITH THE EXISTING RF SENSORS

Nano- Mechanisms Linear Sensitivi LoD Ref.
material range ty
s used wM)
ZnS/RG | Electroanalyti | 0.3-1, 1— nr.’ 0.029 [22]
o cal analysis 80 uM
AuNPs Electroanalyti 5-60 nr.? 15.35 [23]
cal analysis nM
AgNOs3 Versatile tri- 0-312.5 1.56 2.5uM | [24]
modal HA/mM/
cm’
Carbon Fluorescence 0-11 nr.’ 0.025 [25]
Dots method uM
MoS./ Electroanalyti 0-100 0.67 pA 1.5uM | [26]
MoOs cal analysis /uM
AuNPs/Z LSPR 1-800 2.14 86.86 | This
nO/MoS2 nm/mM uM work

“not reported

with many interfering factors, such as photodecomposition,
oxygen quenching, and susceptibility to contamination. Fiber-
optic biosensors offer exceptional sensing characteristics in
comparison. Table I presents a comparison of the performance
of different sensors. Table I revealed that the LSPR-based fiber
optic biosensor offers a wider detection range, along with
exceptional sensitivity and detection limits. This indicates that
the sensors developed in this study can deliver precise data to
fulfill the demands of measuring RF concentrations and can
be effectively utilized, providing new alternatives for detecting
RF concentrations.

V. CONCLUSION

In this work, the authors developed a real-time, highly
sensitive fiber-optic biosensor based on the MMF-SCF-MMF-
based TTIT structure. The probe surface was coated with
various NMs including AuNPs, ZnO-NWs, and MoS,-NSs.
The concentration of the target solution was measured by
excitation of the LSPR phenomenon of AuNPs. The ZnO-NWs
and MoS,-NSs enhanced the attachment area of the fiber optic
surface to increase the sensing area and improve the sensing
characteristics of the sensor. It can be seen from the tests
that the sensor developed in this work has higher sensitivity,
high repeatability, and stability and has a wider range of
measurement compared to other methods. The superior sensing
characteristics of this sensor mean that the measured data are
extremely accurate and can be put to use. This will advance
the development of RF sensors and their use in the clinical
field and food safety.
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