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ABSTRACT

Introduction: Diabetes is an extremely dangerous disease due to the disorder of glucose
metabolism in the body leading to serious complications and the cause of other dangerous dis-
eases. Therefore, the continuous monitoring of glucose levels in the body is particularly important
in the prevention and treatment of this disease. Optical fiber sensors that apply the LSPR effect of
silver nanoparticles show great potential in the field of sensors that enable precise label-free moni-
toring of analyte concentrations with high sensitivity, which is receiving much attention. Methods:
The sensitivity of the LSPR effect on the surface of AGNPs to the dielectric properties of the medium,
namely, the refractive index of the analyte solution, was determined. Variation in the LSPR condi-
tions of AgNPs leads to either donation or reduction in optical power. Based on that mechanism,
the fiber was used as a waveguide and immobilized on a self-assembled monolayer of the AgNP
1 core surrounded by a microfluidic channel that allows the analyte solution to pass through the
sensing area through a biological pump. This process of changing the capacity allows the assess-
ment of glucose concentration in solution to a very small degree of change. Results: AgNPs of
approximately 90 nm in size were quickly and simply synthesized with high stability and uniformity
by chemical reduction with an ethylene glycol reducing agent, as demonstrated by FESEM and DLS
results. The LSPR wavelength of the AgNP solution observed by the UV—vis spectrum is 435 nm. At
the same time, a fiber-optic sensor system that monitors glucose concentration changes has also
been successfully established with a sensitivity of 0.025 RIU corresponding to a detection limit (LOD)
of up to 0.35 mM. Conclusions: An optical fiber optical sensor based on the LSPR phenomenon of
AgNPs was initially established and showed high sensitivity in detecting and monitoring changes
in glucose concentration without the use of complex markers or enzymes. The compact size of the
fiber sensor opens up the potential for integration into handheld optical devices to help monitor

health more proactively.
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INTRODUCTION

Silver nanoparticles are widely known for their excel-
lent bactericidal ability, and they have increasingly be-
come a bright star among metal nanoparticles thanks
to their irreplaceable applications based on the power-
ful electromagnetic field generated by the LSPR effect.
Various synthesis methods have been studied and ap-
plied to quickly and easily and stably fabricate sil-
ver nanoparticles, such as chemical reduction 2, bio-

34 5 irradiation®, and

genic synthesis >*, microwave use
electrochemical synthesis”. Each method has its own
highlights, and the chemical reduction method is of
particular interest because of its suitable advantages to
develop and produce AgNPs with different morpholo-
gies and sizes that are quick and convenient without
requiring expensive bulky equipment. The morphol-
ogy and size of AgNPs depend greatly on the reaction

conditions, such as the concentration of the reactants,

reaction temperature, stirring rate, and pH 89 and the
plasmon peak of AgNPs depends greatly on the mor-
phology and size of AgNPs. Therefore, controlling the
maximum absorption wavelength of AgNPs becomes
simpler than ever by investigating the immobilization
of these factors.

In recent years, optical sensors have attracted increas-
ing attention because of their features that meet the
needs of modern society with extremely high sensi-
tivity and compactness. Much research has been con-
ducted on sensors such as fluorescence 1%, NIR spec-
troscopy !, Raman spectroscopy 12, and optical sen-
sors using the LSPR effect 13 which are interested
in developing applications in many different fields.
Especially in biomedical molecule detection, health
monitoring has some examples that can be mentioned
as the LSPR sensor system developed by M.H. Tu et
al. 1 established the strong plasmonic effect of hol-
low gold nanoparticles immobilized on fibers, which
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were used as probes. This sensor system obtained sat-
isfactory results in terms of sensitivity when reaching
1933 nm/RIU. In another study by Vu Thi Huong et
al. '3, who established a fiber-based optical sensor sys-
tem applying the plasmonic effect of gold nanoparti-
cles to detect bovine serum albumin molecules, many
remarkable results were obtained, except that the de-
tection limit reached 0.0075 ng/ml. In this study, we
developed a fiber-based optical sensing system com-
bined with AgNPs to create a sensing region that is
sensitive to changes in the refractive index of the an-
alyte solution. The strong LSPR effect of AgNPs en-
hances the sensor’s sensitivity to the medium’s refrac-
tive index through the sensitivity of the LSPR peak.
Glucose was used by us as a probe molecule for the
sensor. This is a common, available, nontoxic sub-
stance, but it has great biological significance, par-
ticipating in most of the metabolic processes in the
body in many different forms. Detecting and moni-
toring the concentration of glucose in the body plays a
particularly important role in health care. Disordered
glucose metabolism is the main cause of diabetes, an
extremely dangerous disease with many serious com-
plications that lead to heart failure, kidney failure, and
eye problems. This disease has the third highest mor-
tality rate in the world after cancer and heart disease.
For that reason, we have conducted experimental de-
velopment of a fiber-optic optical sensor system that
combines the LSPR effect of AgNPs in detecting and
monitoring glucose concentration. We hope that the
results obtained in this study will pave the way for the
development of small, highly sensitive sensor systems
that can monitor glucose levels in the body in real
time and noninvasively through saliva and respiratory
fluid.

MATERIALS AND METHODS

Materials and reagents

Silver nitrate (AgNOs3, 99%), polyvinylpyrrolidone
(PVP, M,, 55000, and (3-aminopropyl) triethoxysi-
lane (APTES, 99%) were purchased from Sigma
Aldrich. Ethylene glycol (EG, C;HgO3), sodium sul-
fide nonahydrate natri sulfide (Na;S.9H,0O, > 98%),
and sodium hydroxide (NaOH, 96%) were supplied
by Guangdong Guanghua Sci-Tech Co., Ltd. (China).
Ethanol (EtOH, C,HsOH, 99.8%) and D-glucose
(C¢Hj20¢) were provided by Fisher Ltd. (UK). Poly-
dimethylsiloxane (PDMS, Sylgard 184, Dow Corn-
ing Co., USA). The sensor is assembled by aligning a
multimode optical fiber (numerical aperture of 0.37,
JFTLH-Polymicro Technologies) with a core diameter
of 200 um.

2574

Preparation of silver nanoparticles (Ag NPs)

AgNPs were synthesized through a chemical reduc-
tion reaction with an ethylene glycol reducing agent
according to the following procedure: a 25 ml 3-
necked flask containing 15 ml of EG and 90 mg of
PVP was heated to 170 °C. Then, 70 ul of Na;S$ so-
lution was added, and at the same time, 1 ml of 96
mg AgNO3 in EG was also added. The reaction was
maintained for 100 minutes and quenched by an ul-
trasonic bath in 5 mins. The circulation system and
magnetic stirring were maintained throughout the re-
action. Finally, residual PVP and EG were removed
by centrifugation several times with DI water and ace-
tone, and then AgNPs were redispersed in 30 ml of DI
water and stored at 4 °C.

Fiber (SiO,) modification of silver nanopar-
ticles (Ag NPs)

The process of functionalizing AgNPs on SiO; sub-
strates was performed similarly based on the research
paper of Vu Thi Huong et al. '°. First, the two ends of
the multimode fiber are attached to the FC/PC con-
nection device then, a segment in the middle of the
fiber is removed from both the jacket and the cladding
layer. The core exposed after the removal process
was denatured in turn with the -OH functional group
by the oxygen plasma machine (CUTE-1MPR, Femto
Science Inc., Korea) to create -OH groups on the sur-
face of the sample. Next, the core of this fiber is soaked
in APTES 3% solution to create an NH, functional
group. Finally, after undergoing 2 rounds of denatu-
ration, the core was soaked in AgNP solution for 2 h
to produce an AgNP sensing layer.

The optical fiber sensor system

The manufacturing process of the LSPR microfluidic
PDMS sensor and optical real-time measurement sys-
tem is similar to that of a previous study 1°. The optical
system is depicted in Figure 1.

Analytical Methods

The AgNPs were evaluated for optical properties by V-
730 ultraviolet—visible spectroscopy (UV-Vis) from
JASCO in the 300 to 900 nm wavelength region
in conjunction with ZS90 dynamic light scattering
(DLS) from Malvern Panalytical, the UK, to deter-
mine the particle size distribution in solution. The
surface modification in preparation for the immobi-
lization of Ag nanoparticles and the coating proper-
ties was also demonstrated through a series of anal-
yses such as Fourier transform infrared spectroscopy
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Figure 1: Image of the fiber optic sensor system set up at the Center for Innovative Materials and Architectures
(INOMAR), Vietnam National University, Ho Chi Minh City (VNU-HCM).

(FTIR) by the Vertex 70v in transmission mode be-
tween 4000 cm ! and 500 cm~!; the Phoenix 300 wa-
ter contact angle supplied by Surface Electro-Optics,
Korea; powder X-ray diffraction (PXRD) Ni-filtered
Cu Kot (A = 1.541 78 A) radiation operated at 40
kV and 40 mA (1600 W) in the range of 30-80°; the
Hitachi 4800 field emission scanning electron micro-
scope (FESEM) at the scale of 1 um.

RESULTS

The AgNP solution with a green orchest color and
good dispersion in DI solvents was evaluated for its
optical properties through UV-vis absorption spec-
troscopy, as shown in Figure 2a, which shows the
plasmon peak at 435 nm and size distribution. The
size of the particles in the solution was demonstrated
by DLS spectroscopy, showing an average size of 119
nm, as shown in Figure 2b.

The glass substrate surface is in turn modified for
the final purpose of immobilizing AgNPs through the
NH, functional group. Each denaturation step was
checked by measuring the water contact angle and
FTIR spectroscopy to ensure that the denaturation
was successful, and the results are shown in Figure 3.
The properties of crystal structure and purity are
demonstrated in the XRD results investigated in the
2-theta angle range from 30 to 80 degrees in 1, 2, and
4 h samples. The results are shown in Figure 4a. After
surface modification to form the NH; group, the sub-
strates were soaked in AgNP solution for 1, 2,and 4 h.
The density of the AgNPs on the surface is depicted in
the surface FESEM in Figure 4 b-d.

D-glucose solution with 14 different concentrations
from 0 to 20 mM was continuously directed through

the microfluidic channel through a biological pump
(EYELA, SMP-21) to fix the flow rate. The output
power was recorded with a retention time of 60 s cor-
responding to 60 data points for each concentration.
The resulting power output change for the added con-
centrations of d-glucose is shown in Figure 5.

DISCUSSION

AgNPs are fabricated by the polyol reduction method
using EG as a reducing agent combined with PVP to
stabilize the surface and capping agent because the ef-
fective adhesion of PVP to the surface (100) of the re-
duced Ag nuclei will be easily development-oriented
(111). Atthe same time, Nay S acts as a corrosive agent
for the corners of AgNP bars, creating polygonal Ag
particles, which is explained by the appearance of a
small ridge at 370 nm. The plasmon peaks of AgNPs
observed at 435 nm were highly balanced, showing
the uniformity in size and shape of the particles in
the solution (Figure 2a). This hypothesis is further
supported by the results of the DLS spectrum shown
in Figure 2b. From the DLS spectrum, it can be ob-
served that the particles are mainly concentrated in
diameter in the range of 80 — 120 nm, and the average
size is calculated as 119 nm.

Immobilization of AgNPs through NH, functional
groups has been demonstrated previously however,
a number of analyses were still performed to verify
that was performed. First, the glass surface that has
not undergone any modification has a wetting angle
of 63.5 + 0.3 degrees. After this surface was treated
with oxygen plasma for 2 min, the contact angle was
reduced to approximately 12.0 £0.5 degrees. This
shows that the oxygen plasma environment created
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Figure 3: Schematic depicting the change in contact angle through surface modifications (a) and FTIR spectra of

the substrate surface after APTES modification (b).

very hydrophilic free OH™ groups on the glass sub-
strate. Continuing the glass substrate after 2 turns
of surface transformation, which is plasma oxygen
and immersed in 3% APTES solution, the contact
angle has increased from 12 £ 0.5 to 75.2 £0.2 de-
grees. The -NH; groups are hydrophilic, but in this
case, the contact angle increased from 12 +0.5 to
75 +0.2 degrees, which is explained by the hydrogen
bonding effect that occurs between the OH™ groups
formed due to the hydroxylated substrate surface and
the NH™ group formed from amine functionaliza-
tion, thus causing an increase in the contact angle
even though NH; is hydrophilic '® (Figure 3a). FTIR
analysis is a confirmation of the successful function of
the NH; functional group on the surface of the glass
substrate. Specifically, in Figure 3b, the appearance
of the scissor vibration of the NH, terminal group of
APTES at the band 1570 cm™! can be observed.

The AgNP particles have good crystallinity, mainly
growing in the (111) orientation!’, as shown by the
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characteristic diffraction peak of Ag at an angle of
2 to 38.16 degrees in the XRD diagram (Figure 4a).

The crystal size is 350 nm, which is calculated by the
kA

Bcos(6)"
size, k (shape factor in the case of spherical nanopar-

Scherrer formula d = where d is the grain
ticles) is used with a value of 0.9, A is the wave-
length of the X-ray radiation used, f3 is the full width
at half maximum (FWHM), and 0 is the Bragg an-
gle. In addition, this result also partly proves that the
AgNP coating is completely pure without any change
in the crystal structure. Increasing the immersion
time makes the AgNP layer have a higher density but
does not change the properties of the particles, which
is observed by the intensity donation of the XRD
diffraction peak when examined at times 1, 2, and
4 h without any other changes being observed. The
density of AgNPs immobilized onto glass substrates
is highly dependent on the time these substrates are
immersed in AgNP solution. Specifically, observing
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Figure 4: a) XRD pattern of the investigated AgNP coatings by immersion times of 1, 2, and 4 h. b), ), and d)
FESEM images of substrate surfaces after immobilization of AGNPs by solution immersion times of 1, 2, and 4 h,

respectively.

the FESEM images (Figure 4b-d) over the time of the
investigated samples according to immersion times of
1,2,and 4 h, it is very clear that the 1 h sample has a
low density and AgNPs have a higher density as the
soaking time increases. The diameter of AgNPs cal-
culated from FESEM images is approximately 90 nm
and has high homogeneity. At the longest survey pe-
riod of 4 h, it was observed that the superposition of
AgNPs on top of each other makes the uniformity on
the surface not guaranteed and well controlled. Ho-
mogeneous monolayer Ag coatings with high density
have been shown to have good sensitivity to environ-
mental conditions therefore, in this case, a 2 h coating
was selected for the glucose assay.

Self-assembled AgNP coating with a 2 h immersion
time observed for good surface coverage is a suit-
able choice for fiber application, allowing the sen-
sor system’s sensitivity to increase significantly in re-
sponse to the LSPR effect, and the surface effect is
maximized !3. The sensitivity of the absorptive peaks
of precious metal nanoparticles to specific environ-
mental factors in this case, the refractive index of the
analyte solution, has been demonstrated previously
by many previous studies'>2°. When the laser light
source passes through the fiber optic sensor, the light

will stimulate the LSPR effect of the AgNPs. When
light interacts with AgNPs, a part will be absorbed or
scattered by AgNPs, which is observed by the trans-
mitted power spectrum. LSPR has a close relation-
ship with the dielectric properties of the medium in
contact with the metal surface, so it is very sensitive
to changes in RI (An) caused by different concentra-
tions of analytes. Even a very small change in the
surface of the dielectric metal can cause a change in
the output power of the system because changes in
LSPR conditions lead to changes in the absorbance of
the wavelength. The relationship between the change
in refractive index (An) and the change in wave-
length (AAmgy) in the damping of the nanostructure
is roughly described as?!:

Anas = m (2n) [1 7,2(*%)}

where m is the sensitivity factor, An = nygsorbate —
Nedium 18 the variability in the RI near the metal-
lic surface, d is the thickness of the effective adsor-
bent layer on the surface sensing, and 1, is the decay
length of the electromagnetic field?2. The schematic
diagram depicting the variation in power output with
the injection of glucose concentrations from 0 to 20
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Figure 5: Graph showing the dependence of the output power on the concentration of d-glucose continuously

transmitted through the microfluidic channel.

mM sequentially in Figure 5 shows that power out-
put in the period from 0 to 10 mM causes a contin-
uous increase in the output power. This result sug-
gests that there is a blueshift of the extinction spectra
for the change in the refractive index induced by the
change in glucose concentration. This change causes
the absorbance for the excitation wavelength at 633
nm to decrease, which may be the main cause of the
increase in the output optical power compared to the
original. The output optical power no longer depends
only on the change in the LSPR effect caused by the
change in the dielectric properties of the metal surface
but also on the difference in the numerical aperture,
which is calculated according to the formula NA =

\/"2ore — 12,4~ Increasing the refractive index of the
analyte solution reduces the NA difference when pass-
ing light from the sensing region through the waveg-
uide, thereby increasing the output power. When the
concentration of glucose becomes too large from 10 to
20 mM, the decrease in the output optical power ob-
served in Figure 5 due to the increase in refractive in-
dex gradually slows down and begins to saturate while
the glucose concentration increases. The light absorp-
tion capacity of the solution also gradually increases,
leading to a decrease in optical power. The detection
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limit of the fiber optic sensor system is calculated as
0.35 mM, corresponding to a sensitivity value of 0.025
RIU. This is a positive result for the initial setup of an
optical sensor system for glucose.

CONCLUSIONS

In this study, we have successfully built a label-free
sensor system for glucose by taking advantage of the
sensitivity of the LSPR effect on AgNPs to the proper-
ties of the dielectric medium in contact with the sur-
face of AgNPs. The new and outstanding feature of
this sensor system is that there is no need to use mark-
ers or specific enzymes such as glucose oxidase. This
makes the system simpler and easier to integrate into
portable healthcare monitoring devices. With a mea-
sured initial detection limit of 0.35 mM correspond-
ing to a sensitivity of 0.025 RIU, and this number can
still achieve better values when the system is opti-
mized, the sensor system promises to unlock many
potential applications not only in the field of health-
care but also in other fields.

ABBREVIATIONS

PVP: polyvinylpyrrolidone
APTES: 3-(Triethoxysilyl)Propylamine
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EG: ethylene glycol

PDMS: Polydimethylsiloxane

Ag NPs: silver nanoparticles

LOD: detection of limited

XRD: X-ray diffraction

DLS: dynamic light scattering

FESEM: field emission scanning electron microscopy
(FESEM)

FTIR: Fourier transform infrared spectroscopy
UV-vis: Ultraviolet—visible spectroscopy
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