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Plasmonic sensors have broad application potential in many fields and are promising to replace most bulky
sensors in the future. There are various method-based chemical reduction processes for silver nanoparticle
production with flexible structural shapes due to their simplicity and rapidity in nanoparticle fabrication. In
this study, self-assembled silver nanoparticles (Ag NPs) with a plasmon peak at 424 nm were successfully
coated onto —NH,-functionalized glass and optical fiber sensors. These coatings were rapidly produced
via two denaturation reactions in plasma oxygen, respectively, and an APTES ((3-aminopropyl)
triethoxysilane) solution was shown to have high strength and uniformity. With the use of Ag NPs for
surface-enhanced Raman scattering (SERS), excellent results and good stability with the detection limit
up to 107° M for rhodamine B and 1078 M for methylene blue, and a signal degradation of only ~20%
after storing for 30 days were achieved. In addition, the optical fiber sensor with Ag NP coatings
exhibited a higher sensitivity value of 250 times than without coatings to the glycerol solution. Therefore,
significant enhancement of these ultrasensitive sensors demonstrates promising alternatives to
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1. Introduction

Nowadays, silver is predominately used in engineered nano-
materials because of its outstanding properties such as anti-
bacterial, low toxicity, and high sensitivity." The plasmonic
property makes it one of the best materials to enhance the
sensitivity of optical sensors. The plasmonic property is the
main feature of localized surface plasmon resonance (LSPR)
effects, which occurs only in precious noble metal nano-
particles. The most popular are gold and silver.” The ability of
enhancing the Raman signal in the electromagnetic field (EM)
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cumbersome tests of dye chemicals and biomolecules without any complicated process.

of silver is 2-3 times higher than that of gold.? At the same time,
silver produces 10 to 100 times higher SERS signals than those
of similar gold nanostructured signals. This is because its band
gap d-s is in the UV region, causing less damping of the plas-
mon mode.* However, the sensitivity of LSPR properties to the
change in refractive index of the medium also makes Ag
nanoparticles receive much attention; this is used in increasing
the sensitivity of sensing system optics.” Consequently, it is
applied in fabricating biosensors to detect biomolecules at
extremely low concentrations.

However, Surface-Enhanced Raman Scattering (SERS) is one
of the most rapid and sensitive techniques to detect probe
molecules at ultralow concentrations as the fingerprint.® SERS
and fiber-optic optical sensors used in conjunction with metal
nanoparticles are increasingly showing strengths in the rapid
detection of molecules in real time with extreme accuracy and
responsiveness that meet the actual requirements of social
development.”® Compared with other analysis methods such as
fluorescence sensing, high-performance liquid chromatography
(HPLC), spectrophotometry, and enzyme-linked immunosor-
bent assays (ELISA), SERS and fiber optic sensing found some
advantages in facile sample preparation, low chemical usage,
and excellent stability. Therefore, the LSPR-applied fiber optic
sensor of metal nanoparticles (NPs) is a promising candidate in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the detection and treatment of diseases such as cancer, dia-
betes,” and biomedical diagnosis,*® and in other regions such as
environmental monitoring™ and food industry.**

Many studies aimed at optimizing sensor sensitivity and
stability by creating multilayer films,® and fabricating nano-
particles with hollow structures®® and alloy forms,* have ach-
ieved many remarkable results. However, these methods make
the sensors more complicated, increase the cost, and are
affected by many factors, and hence, ensuring stability requires
high technology.'>'® To overcome these outcomes, in this study,
we focused on optimizing the strengthening ability of the self-
assembled Ag NP layer by thoroughly investigating both the
synthesis and functional processes of Ag NPs onto the glass to
build a simple sensor system with high stability and
performance.

Rhodamine B (RhB) and p-glucose are extensively chosen as
substances for evaluating the sensitivity of SERS and optical
fiber sensors, respectively. They are easily found in the labora-
tory and are represented in the food and health-monitoring
sectors, in which RhB with the molecular formula
C,sH;1CIN,O; is used as a synthetic dye that has been identified
as an illegal additive in food by the European Food Safety
Authority (EFSA), because of its toxicity to the nervous system of
humans and animals."” Due to the cheap price of RhB, it is
widely used for dyeing, especially in counterfeit chili powder.*®
Therefore, the sensitive detection of this substance in food
testing is very important. However, glucose is an important
organic substance present in most organisms and its concen-
tration greatly affects the functions of parts of the organism.*
Particularly, in biomedicine, blood glucose levels reflect many
aspects of health conditions. The rapid and accurate detection
of changes in glucose levels allows for diagnosing diabetes
disease, which is a typical example that brings many compli-
cations and serious consequences to health.>®** Currently, the
detection of blood glucose levels is handled quickly and simply
by enzymatic methods** such as the copper reduction method
(modified from Rotblatt et al.),” the o-toluidine method,* and
the glucose oxidase and peroxidase (GOD-POD) method.* In
contrast, an ultra-sensitive low-concentration sensor system
was discovered for non-invasive glucose monitoring via saliva or
respiratory fluids to control glucose levels, which received much
attention. Small-sized, simple, low-cost, and highly sensitive
sensor chips are an urgent need to develop for the quick
detection of these substances in healthcare applications.

In this study, Ag NPs were easily synthesized by reducing Ag*
in AgNO; to form silver nuclei in the presence of ethylene glycol.
The size and shape of particles were controlled based on the
concentration of polyvinylpyrrolidone (PVP), which acted as
both a stabilizer and a capping agent. The self-assembled layer
of Ag NPs was also optimized with excellent enhancement in
SERS with a detection area of 10~* M to 10~ '° M corresponding
to a 10'"-fold enhancement factor. The results reported in this
study compared with a previously published by Huanyu Chi
et al.”® showed a significant improvement in detection limit
when the same Ag NPs were used as substrates. This shows the
importance of optimizing the enhancement condition of the
SERS substrate. Even the LOD reported in this study was equal
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to the LOD value on the superhydrophobic silver nanoparticles
decorated with aligned silver nanowire films reported by Jian-
chao Wang et al.”” It can be seen that this structure is relatively
much more complex, which means that it is difficult to control
stability. The immobilization of silver nanoparticles on the
substrate in this study also showed a detection limit 10 times
higher than that previously reported in a study by Debanjan Das
et al. on coating silver nanoparticles onto a cellulose paper by
a mirror coating reaction.”® Meanwhile, the stability, high
uniformity, and reproducibility of SERS substrates were
surveyed by investigating the Raman signals after storing for
two months under our laboratory conditions. The activity of the
active substrate was not significantly decreased in comparison
with the freshly prepared chips. It also affirmed a strong
development in the creation of simple, fast, and low-cost
sensors to prepare stable, highly sensitive, and reproducible
SERS substrates by modulating this property of Ag NPs.

Ag NPs coatings are also used for optical fiber sensors that
obtained a high sensitivity of 6 x 10~® RIU when tested with
glycerol. The ~-COOH group is modified on the surface of the Ag
NP coating to increase the sensitivity to glucose. The calculated
limit of detection (LOD) for glucose is 4 pM corresponding to
a sensitivity of 3 x 1077 RIU. In this study, it can be seen that
the superior fiber optic LSPR sensor has a LOD 350 times better
than that of the fluorescent sensor using conA as a recogni-
tion.”” In addition, LOD is 116 times higher than that of the SPR
optical fiber sensor with a layer of glucose-sensitive membrane
reported by Yuan et al., where GO, was embedded in PAM gel
modified with SiO, nanoparticles.*® In comparison to the
previous studies for glucose detection, LSPR-based fibers
provide label-free sensors for finding the concentration in real
time, fast detection, fabrication clarity, and ultra-low quantita-
tive analysis. This plasmonic sensor can deliver promising
sensing capability, revealing the capability of non-invasive
glucose testing through the respiratory fluid.

2. Experimental section
2.1 Materials and reagents

De-ionized (DI) water (Thermo Scientific Easypure II, G6teborg,
Sweden) was used for all processes with resistivity more sizeable
than 16 MQ cm™'. Silver nitrate (AgNO; 99%), poly-
vinylpyrrolidone (PVP, M,, ~ 55000, 99%), mercaptosuccinic
acid (MSA, HOOCCH(SH)CH,COOH, 97%), and (3-amino-
propyl)triethoxysilane (APTES, 99%) were obtained from Sigma
Aldrich. Ethylene glycol (EG, C,H¢O,, >99.7%), sodium sulfide
nonahydrate (Na,S-9H,0, >98%), and sodium hydroxide
(NaOH, 96%) were supplied by Guangdong Guanghua Sci-Tech
Co., Ltd (China). Ethanol (EtOH, C,H5;OH, 99.8%) and p-glucose
(Ce¢H1206, 99%) were provided by Fisher Ltd (UK), and glycerol
(C3HgO3, 99%) was obtained from Duksan Pure Chemicals Co.
(Ltd, Korea). Polydimethylsiloxane (PDMS, Sylgard 184) was
obtained from Dow Corning Co., USA. All chemicals were of
analytical grade and used without further purification. The
sensor was assembled by aligning a multimode optical fiber
(numerical aperture of 0.37, JFTLH-Polymicro Technologies)
with a core diameter of 200 pm.
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2.2 Preparing SERS substrate

Ag NPs were synthesized by chemical reduction according to the
following procedure. First, a three-necked flask containing
15 ml of EG and different amounts of PVP (100, 90, and 80 mg)
was heated to 170 °C. Then, 1 ml of AgNO; 96 mg ml™ " and 70 pl
Na,S 15 mg ml ™" were added through two necks of the flask,
alternatively. As the Ag nuclei were formed, the color of the
solution changed from caramel to dark green due to the growth
of larger Ag NPs. After 100 min, the Ag NP solution was cooled
down in an ultrasonic bath for 15 min, and then the Ag NPs
were washed several times with acetone and collected by
centrifugation at 4000 rpm for 10 min. The final product was
dispersed in 30 ml of DI and stored in the darkness at 4 °C.

APTES was used to anchor the functional group (-NH,) onto
the glass surface after treatment in an oxygen plasma atmo-
sphere for 2 min. This functional group has (-NH,) been proved
to exhibit excellent binding ability with Ag NPs. The process of
denaturing functional groups (-NH,) was investigated and
proven by V. Thi Huong et al.®* The Ag NP coating was investi-
gated according to the soaking time of the Ag NP solution on the
modified glass for 1, 2, and 3 h. Finally, a drop of 50 ul of analyte
solution, specifically RhB or methylene blue (MB), was dropped
onto a glass surface coated with Ag NPs. The Raman spectra
were recorded for further analyses. The fabrication process of
the SERS substrate is depicted in Scheme 1.

2.3 Characterizations

The properties of these different Ag NP solutions were investi-
gated by UV-vis spectroscopy, X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), and dynamic
light scattering (DLS). Then, the suitable coating was selected
based on XRD and FESEM results. The Raman signal of the
analyte was recorded immediately after the solution was
drained using a HORIBA Europe GmbH instrument (HORIBA
Scientific, HORIBA Ltd) at an excitation wavelength of 532 nm.

2.4 Manufacturing process of fiber optic sensor chip LSPR

2.4.1 Coating Ag NPs on the fiber core. Multimode fibers
with a core diameter of 200 um were removed from a section of
about 1 cm of the jacket and cladding layers leaving to expose
the core layer, in which the jacket was removed using a welding
machine ATC-2450-I11, ARIM, and then an acetone and ethanol
solution of 3:1 ratio was used to remove the cladding (the

Agb1 Agb2

-
g
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surface of the fiber core after removing the jacket and cladding
layer is observed in Fig. S41). Ag NPs coatings were functional-
ized onto the core in a process similar to the coatings on SERS
substrates via the (-NH,) group present in APTES. The fiber
surface continues to activate the carboxyl group with an MSA
solution of 0.1 mM in ethanol at room temperature (RT) for
16 h. The MSA denatured fraction was washed several times
with ethanol and distilled water before storage or use.

The surface modification for p-glucose detection included
the generation of the carboxyl groups on the fiber core surface.
The p-glucose concentrations were from 0.25 mM to 30 mM in
DI.

2.4.2 Fabrication of Poly-
dimethylsiloxane (PDMS) is a commonly used substance due to
its imitability, chemical inertness, and high mechanical
strength, and hence, it is kept in a chamber containing the
analyte solution during measurement. We used a cross-linking-
based curing agent that forms a PDMS network using a sylgard
184 silicone elastomer kit with the standard mixing ratio of 10:
1 (v/v) to make a PDMS mold that has a blank space in the
middle to load the analyte solution, which is pumped into and
out of the chamber through the inlet and outlet. Then, the fiber
with the denatured sensing area is placed into the blank space
of the PDMS chamber. The open surface of the PDMS is tightly
bonded to a glass (SiO,) through the -O- bridge to create
a closed chamber. This bonding process was performed after
the two bonding surfaces of the PDMS mold, and the func-
tionalized glass substrate with free -OH groups by placing them
in an oxygen plasma for 2 min. Finally, to improve the bonding
quality, the complete microfluidic channel was heated at 70 °C
for 30 min.

microfluidic channels.

3. Results and discussion

3.1 Preparation of Ag NP plasmonic coating

Fig. 1a shows the UV-vis spectra of Agbl, Agb2, and Agb3
samples, which were synthesized by different amounts of PVP
100, 90, and 80 mg, respectively. As a result, the effect of PVP
concentrations on the particle size and morphology of AgNPs
was clearly observed. The plasmon peaks of the solutions Agb1,
Agb2, and Agb3 were represented by the absorption spectra of
these solutions in the UV-vis region. The maximum absorption
peaks at 416, 424, and 427 nm correspond to Agb1, Agb2, and
Agb3 samples, respectively. Although there was no significant

Agb3

3

J& -Target analyte
a— Ag NPs
NH jI:APTES (NH,)
Oxidation

\ plasma (OH-)

Scheme 1 Schematic depiction of the synthesis of silver nanoparticles and the fabrication of SERS substrates on a glass surface.
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Fig.1 (a) UV-vis spectra and (b) XRD patterns of Agb1, Agb2, and Agb3

solutions.

change in the maximum absorption wavelength, the dispro-
portionation of the plasmon peak has demonstrated a large
variation of the particles in different Ag NP solutions. This
indicated the heterogeneity in the size and shape of particles in
the solution. The particle size and their distribution in solu-
tions are also important factors affecting the plasmon peak of
precious metal nanoparticles. In the Mie model,** the resolution
of the Maxwell equations shows the redshift of the plasmon
peaks of spherical metal nanoparticles with the increase in
particle size. Increasing the size of the nanoparticles leads to
a redshift of the peak absorption wavelength and broadens the
plasmon-enhanced peak.*” This phenomenon occurred by the
aggregation of small NPs. Therefore, for the Aghb3 sample, we
can see that the plasmon peak is relatively wide and dispro-
portionate, which means that the particle size distribution in
the Agb3 solution is likely to be highly identical. Especially for
the Agb1 solution, the strong absorption region spanned almost
the visible region, reflecting the interspersed existence of silver
nanoparticles of different shapes in the solution.**** Depending
on the metal nature, shape, size, and dielectric medium con-
taining metal nanoparticles, the plasmon resonances peaked at
different wavelengths. In the case of different shapes and sizes
of a mixture of nanoparticles, the expanded UV-vis extinction
spectra were received due to the superposition of spectra in
individual shape sizes with each other.*® Therefore, the Agb2
solution was estimated to contain a more uniform size and
shape of particles as compared to the Agb1 and Agb3 solutions,
which is elucidated by the width and balance of the absorption
spectrum.

As shown in Fig. S1,t the DLS results presented the corre-
lation between the size distributions in the solutions and the
plasmon absorption peaks. The purity of the phase structure of
Ag NPs solutions was demonstrated by X-ray diffraction results
shown in Fig. 1b. The characteristic diffraction peaks of the
face-centered cubic (FCC) structure of silver* corresponding to
20 angles at 38°, 44°, 65°, and 77° belonged to the crystal
orientations of (111), (200), (220), and (311), respectively.*”

As shown in Fig. 1b, the (111) orientation was drastically
developed for all 3 types of solutions of Ag NPs. The intensity of
the (111) orientation of Agb1 is 5 and 6 times higher than that of
Agb2 and Agb3, respectively, soaked on glass substrates under
the same conditions. As the ratio of PVP in the solution
becomes larger, the XRD diffraction peaks tend to be wider and
lower. From this result, the reducing and stabilizing role of PVP
in the process of forming crystals in different orientations of Ag

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NPs can be confirmed.*® This is consistent with the result of the
displacement of the maximum absorption wavelength observed
in the UV-vis spectrum (Fig. 1a). The (111) orientation of Agb1
has high intensity, which can be explained by a large amount of
PVP, which is not only limiting the growth of Ag in other
directions but also helps to prevent the corrosion of Na,S to the
(111) pole. Therefore, the Agb1 sample was strongly oriented in
the (111) plane leading to the formation of long Ag bars in the
solution.**** The sizes of the crystals growing in different
directions were calculated according to Scherrer's formula,*
and are shown in Fig. S2.1 The strong evolution of the (111)
orientation demonstrates the formation of rods in the Agb1
solution. The FESEM results exhibited in Fig. S31 show that the
visual shapes of the Agb1, Agb2, and Agb3 particles are in
perfect agreement with the development of the crystal orienta-
tion. Agb1 is proven to contain a mixture of Ag NPs with many
different shapes and sizes such as rod, triangular, and cube, in
contrast with Agb2 and Agb3 consisting of only spherical silver
nanoparticles. The size particle diameters of Agb2 and Agb3 are
80 and 120 nm, respectively. This result is completely consistent
with the conclusion from the UV-vis spectrum and XRD data
(Fig. 1).

The Agb2 solution was selected to create a coating to
enhance the Raman signal in SERS sensors and increase the
sensitivity in optical fiber sensors. Ag NPs dispersed in DI
exhibited low stability for enhancing the signal in SERS,*® and
hence, the self-assembled Ag NPs coating is considered a solu-
tion to increase signal stability in SERS. Ag nanoparticles
immobilized on the SiO, surface via the -NH, groups with
different immersion times (1, 2, and 3 h). In all investigated
samples, the purity of the crystal phase and the increase in
density were maintained, as evidenced by the XRD results
shown in Fig. 2a. The characteristic diffraction peaks of the Ag
NPs coatings have no shift as well as the appearance of other
diffraction peaks, indicating that the crystal structure of the Ag
nanoparticles remains stable at different immersion times.
However, an obvious increase in the intensity of the diffraction
peaks shows that the self-assembly process continues and there
is no sign of saturation at the survey times.

The FESEM images (Fig. 2b) of the coatings with the corre-
sponding time also showed an increase in the particle density of
Ag NPs on the SiO, substrate. Many theories supported the
creation of nanoparticle dimers, trimers, or clusters to create
hot spots with larger enhanced electromagnetic fields,*** but it
is difficult to manipulate these clusters evenly all over the
substrate. In this experiment, the 3 h coating was observed for
the agglomeration and overlapping of Ag NPs, but the surface of
SiO, substrates was exposed to voids not covered by Ag NPs. The
fact that the Ag NPs become dense and overlapping leads to
a decrease in the surface effect of the nanoparticles. Because
signal enhancement occurs at the interface of Ag NPs and the
analysis molecule when the Ag NPs are overlapped, there is no
space left for the analyte molecules to enter the empty slot
between Ag NPs due to the limited surface area, and hence, the
Raman signal is not enhanced at its best and this is elucidated
in Fig S5.f Many studies indicated that the distance between
nanoparticles is 2 nm,” and the analytical molecules can

RSC Adv, 2022, 12, 31352-31362 | 31355
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absorb and fully contact the surface of the nanoparticles. A
model using FDTD simulation for coating Ag NPs with a particle
diameter of 80 nm and a distance between particles of 60 nm
was reported by Vahid Eskandari et al.** showing the electric
field distribution on the surface, and their intensity for appli-
cation in SERS sensors. Therefore, the 2 hours coating sample
has a high uniformity on the surface and less overlap between
particles, and it was selected for the highest performance in the
sensor. For greater certainty, a survey measuring the SERS
signal enhancement of the coatings in 1, 2, and 3 h was per-
formed. The results shown in Fig. S5t proved to harmonize with
the theory stated about the density of nanoparticles in SERS
enhancement and the FESEM results shown in Fig. 2b. Ag NPs
2 h coating shows stronger enhancement and lower signal
attenuation even at a low concentration of 10™*° M, and char-
acteristic RhB oscillations are still observed. This is another
reason that supports the decision to choose symmetrical
polygonal Ag NPs although many theories have demonstrated
that Ag NPs have a particular morphology containing spikes
such as stars and leaves needles for higher electromagnetic field
focus.*” Because the interaction and support of local plasmons
with each other is also an essential factor. They form nanogaps
between the nanoparticles and the nanogap site has been
shown to provide superior signal enhancement compared to
that on the top surface of the nanocoating.*® The selection of Ag
NPs with a polygonal shape will help to create a good coating
with high particle density but still leave enough gaps for the
analyte to absorb for a good SERS enhancement effect. For these
reasons, the Ag NPs-2 h coating has been improved for suitable
use as a substrate in SERS and as a coating in fiber optic
Sensors.

3.2 SERS sensor

Fig. 3 shows the SERS spectrum of RhB on Ag-SERS substrates of
Ag NPs with RhB concentrations from 10~* to 10~ '° M. The
Raman intensity was decreased proportionally with the
decrease in RhB concentrations. Obviously, the peaks at 621,
1192, 1280, 1357, 1508, and 1648 cm ' were assigned to ring

31356 | RSC Adv, 2022, 12, 31352-31362

(a) XRD patterns and (b) FESEM images of investigated Ag NP coatings over time of 1, 2, and 3 h with the inset image scale of 200 nm.

deformation. More specifically, the Raman peak at a wave
number of 638 cm ™" was assigned to the C-H in-plane bending
vibration, and peaks at 1192 and 1355 cm ™' were ascribed to the
aromatic C-C skeleton stretching vibration. The peaks at
wavenumbers of 1280 and 1507 cm ™! were assigned to the C-C
stretching of the ring. Finally, the vibration of the strong C-C
stretching band in the xanthene ring was recorded at 1648
cm 1.9 At a concentration of 10'° M, characteristic RhB
oscillations can still be observed, this demonstrates the ability
to detect the existence of RhB at this concentration. Among the
characteristic oscillations, the C-C tensile oscillation at 1648
ecm~ ! shows the most obvious signal intensity. Therefore, the
standard curve calibrated of peak intensities at 1648 cm ™" was
chosen to build from the logarithmic signal attenuation of the
RhB concentrations with the function y = —959x + 11 250 cor-
responding to the reliability R* = 0.9924 (Fig. 3). The analysis
enhancement factor (AEF) calculated* from the above spectrum
is 10'"-fold. The evidence about the specific SERS signal for
RhB, and R?, the proportion of the variance above, is the irre-
futable proof for the enhanced capacity of Ag NPs located on our
simply modified glass surfaces at an optimal incubation time of
2 h. The resulting substrates could be used to strengthen the
credible quantification not only for RhB but also for other
organic hybrids.

Another popular dye was also used to demonstrate the
excellent performance enhancement of Ag NP substrates up to
the concentration of 10°® M (Fig. 4a). Typical movements
include weak skeletal deformation of C-N-C vibration, weak
vibration of in-plane bending of C-H, in-plane ring deformation
of C-H, medium vibration of symmetrical stretching of C-N,
and strong vibration of ring stretching of C-C. These fluctua-
tions peaked at wavenumbers 448, 501, 770, 1154, 1390, and
1624 cm ™, respectively.® The tensile oscillation of C-C at 1624
em~ ! has the strongest intensity, and hence, it was selected to
plot out the standard curve correlation between the log-scale of
the RhB concentration and the Raman intensity (Fig. 4b). The
decrease in peak intensity by logarithmic concentration is
linearly represented by the function y = —159.5x + 1591. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reliability value (R*) was remarkably high at 0.9891, showing the
accuracy and reliability of the measurement. The analysis
enhancement factor of Ag NPs for MB was also calculated from
the under spectrum as 1.3 x 10° fold. This is also a promising
result in the research and development of substrates to enhance
SERS. The analytical enhancement factor calculated based on
the powder Raman spectra of RhB and MB is presented in
Fig. S6.t1

Except for the sensitivity, the homogeneity and reproduc-
ibility of the Ag NPs substrate are important factors in practical
applications as well, which is interesting in this study. Fig. 5a
shows the SERS spectrum of RhB (concentration is 107 M),
with randomly chosen separated 11 spots on the Ag NP
substrate, where the intensity of characteristic peaks is the
same from different locations. To further strengthen the reli-
ability, SERS mapping at 1648 cm ™' of RhB on glass/Ag NP
substrates was performed (Fig. 5b). From the SERS mapping, it
can be seen that the signal intensity is relatively uniform when
scanning the spectrum on the membrane surface. This means
that the surface coverage of the Ag NP coating on the film is

a)
1624
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L
> (448 0
= 1,501 770 1154 29
&
i
£
10° M

500 750 1000 1250 1500 1750 2000
Wavenumber (cm™)

Fig. 4
linear relationship between log C and peak intensity at 1624 cm ™.
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high. To directly compare the fluctuation of the peaks, the
intensity distributions of 1192, 1280, 1355, 1508, and 1648 cm ™'
peaks of the RhB molecule from these Raman spectra are shown
in Fig. 5c. The graph shows a clearer comparison of the inten-
sities of 1192, 1280, 1355, 1508, and 1648 cm ™ peaks of RhB at
11 randomly selected sites on the Ag-SERS substrates. This
result displays the intensity of the peaks almost on the same
horizontal line. The enhanced Raman peaks at 1192, 1280,
1355, 1508, and 1648 cm™ " have relative deviations (RSDs) of
11.18, 12.50, 5.70, 12.60, and 12.07%, respectively, which is
much lower than Natan's report on the scientific standard
(20%) of bound nanostructures.* Fig. 5d shows the magnitude
of the maximum resonance peak at 1648 cm ™" at 11 different
locations randomly selected on the membrane with error bars
showing that the deviation of these intensities from the mean
value calculated from the above graph is 2900 a.u., corre-
sponding to the mean standard deviation (RSD) of 12% from
that. This result proves that the Ag NP coating has uniformity
and reproducibility, increasing the reliability of the sensing
devices.

1050

® 1624 cm™
900}

Y¥=-159.5 X + 1591

750 R2=0.9891

600}

Intensity (a.u)

4501

300}

6 7 8
-LogC

(@) Raman spectra of MB adsorbed on Ag-SERS substrate thin films with different concentrations. (b) Standard curve calibrated by the
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To investigate the stability and the reproducibility of the
sample, the Ag NP thin film was used to adsorb RhB at 10 * M
after storing in the desiccator under the avoid-light condition
within 0, 15, 30, and 60 days after the fabrication. The same
preparation protocol was completed with those four surveyed
products, and their Raman spectra of 10~® M RhB solution are
plotted in Fig. 6a. For the long-term storage, the Raman inten-
sity of RhB gradually decreased. Fig. 6b illustrates the reduced
amount of Raman intensity of 10°® M RhB on Ag-SERS
substrates by different storage times at a wavenumber of 1648

a b)
Intensity of RhB

—_ ,\100 - at 1648 cm™
3 S [100%
& s
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8 860
£ £
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500 750 1000 1250 1500 1750 0 15 30 45 60

Wavenumber (cm™") Time (days)

Fig. 6 (a) Raman spectra of RhB (10—-8 M) adsorbed on the Ag NP thin
film. (b) Graph showing the Raman intensities after storing for 0, 15, 30,
and 60 days.
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em~ ', After storing for 15 days, the created film was almost
unchanged which was proved by 89% remaining peak intensity
compared with the fresh one. The remaining peak intensity
percentages underwent a cutting down to about 80 and 48% by
keeping in 30 and 60 days, respectively. As shown in Fig. 6b, the
intensity of RhB was left at approximately 50% after storing for
60 days. The silver nanoparticles were reported to react easily
with the surrounding environment to affect the SERS signal;
however, the obtained results showed that the Ag NPs coated on
the glass surface showed high stability still maintaining 80%
signal strength after 30 days of storage. This may be due to the
protection of PVP on the surface of silver nanoparticles and the
Ag NP coatings stored in an environment without the influence
of temperature or other oxidizing agents other than a small
amount of oxygen in the air. Based on this result, the lifetime is
long enough for SERS-active substrates and recommended for
a month of expiration for the best performance in this detection
technique.

An RhB detection test was also performed on chili powder at
a concentration of 2.4 x 10" gg~ ' (10 ml of RhB10 *Min 0.2 g
of chili powder) to check the method's feasibility. The RhB
sample was mixed into chili powder using the extraction
procedure referenced from the report of Yingying Sun et al.>*
The test results on chili powder are compared with the SERS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectrum of RhB in DI presented in Fig. S7. It can be observed
that characteristic spectral peaks of RhB are kept similar to
those of RhB in DI, but the intensity of the recorded spectrum is
weaker and has less separation. Table 1 summarizes the results
obtained from previous studies providing an overview of the
development of SERS substrates for the detection of rhodamine
B. As can be seen in this study, using a simple substrate with
optimized survey conditions to achieve the results can be seen
as an improvement compared to previous studies.

3.3 Optical fiber sensor

Glycerol diluted in water from 0 to 30% (v/v) was used to test the
sensitivity of the fiber modified with Ag NPs because glycerol is
a substance that is easily calibrated into a refractive index. Total
internal reflection (TIR) is the main principle of light trans-
mission in fibers. For conventional fibers, the cladding layer has
a larger extraction than the core of the fiber, so total reflection
occurs internally between the cladding layer and the core layer.
For modified fiber, the cladding layer has been removed,
because the air has a lower index of refraction than that of the
core (i = 1 < Neore = 1.457). The number of attenuated total
reflections (ATRs) was calculated using eqn (1):*®
1
R+ 1

) _n_% R 272
NA\(R,r, D) =ny |:1 n (R—r,cOS @):| g

As described in the experimental section, removing both the
protective and cladding layers of the modal fiber and then
replacing them with a plasmonic layer of material help to
increase the sensitivity of the sensor. At that time, the optical
intensity when transmitted through the sensing area will be
changed due to the interaction of the analytes and the plas-
monic material layer, which changes the dielectric conditions of
the medium.

In turn, low to high concentrations of glycerol are injected
into the microfluidic channel through a mechanical pump at
a constant rate. When the analyte solution fills the channel and
the sensing area is completely covered with the glycerol solu-
tion, signal acquisition begins. Factors such as the light inten-
sity of the fiber input, the flow rate through the channel, and the
amount of the solution passing through the channel are kept
constant throughout the measurement. The average value of 60
data points recorded continuously for 60 s of each concentra-
tion of glycerol varied from 0 to 30% (v/v). The results show

View Article Online
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a non-linear decline in energy output corresponding to the
increase in glycerol concentration (Fig. 7b). This difference in
light output power is caused by the difference in the refractive
index of the analyte solutions at different concentrations. The
refractive index is one of the strong factors that lead to
a significant change in the output signal. The first is to cause
a numerical aperture mismatch at the interface between the
liquid cladding waveguide and the solid cladding waveguide.
The connecting two waveguides of numerical aperture (NA) are
leading to an increase or partial loss of energy. However, the
change in solution refractive index also causes a shift in the
plasmon peak of the metal nanoparticles. The sensitivity of the
LSPR peaks to this refractive index enhances the sensitivity of
fiber-optic optical sensors. As the concentration of glycerol
injected through the flow cell increases, the number of glycerol
molecules absorbed into the surface of the fiber sensor-guided
light also increases.” This makes them easily accessible,
causing changes in the plasmon resonance conditions. The
higher the glycerol concentration, the more molecules are
adsorbed onto the sensor surface. This causes a strong variation
in the LSPR resonance condition. At the same time, the power
output energy loss is caused by the absorption of glycerol
molecules. Because the number of absorption oscillators per
unit volume increases, it causes a loss of light energy as it travels
through the fiber. Besides that, the number of absorption
vibrations is proportional to the concentration of molecules
attached to the sensor surface of the optical fiber. Therefore, the
power output is attenuated with the increase in the concentra-
tion of glycerol. In particular, when the glycerol concentration
increased from 0 to 30%, the output signal decreased by 88 pW
and the strongest signal reduction was 6 pyW corresponding to
the glycerol concentration increasing only 0.001%. It is the
plasmonic effect of energy dissipation, enhanced by multiple
reflections of light guided along the core of the Ag NP-coated
fiber sensor.®® Another important factor that could be respon-
sible for the decrease in the sensor's optical output for the
increase in glycerol concentration is the change in LSPR as the
glycerol concentration increases. As mentioned earlier, the
shape of the nanoparticles has a great influence on their LSPR
effect. In this case, increasing the concentration of glycerol
induced the formation of anisotropic silver nanoparticles,
leading to the formation of absorption peaks at the long wave-
length.®>% This is the main cause of the deep decrease in glyc-
erol concentration. The limit of detection (LOD) of glycerol
calculated from the results shown in Fig. 7b is 1.34 x 10~ %,

Table 1 Studies for the detection of RhB by the SERS method as reported previously

Substrate Synthesis/fabrication EF or AEF (fold) LOD Reproducibility Ref.

Ag NPs solutions Chemical reduction method 1.6 x 107 0.08 gL' — 53
Composite CNF-AgNPs Hydrothermal — 5x107°M — 54
Silver/gold alloy Chemical reduction method 10" 107" M 3.1% (RSD of 8 points at 1650 cm™ ') 55

AgNPs aggregates Spray-drying method 3.7 x 10° >107M — 56
B-Bi,0,/Bi,0,CO; substrate Hydrothermal — 1074 — 57

Ag NPs/cellulose paper Silver-mirror 6.59 x 107 107° 1.59% (RSD of 50 points at 1650 cm™") 28

Ag NPs/glass Chemical reduction method 10 1007°M 12.07% (RSD of 11 points at 1648 cm™")  This study

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) lllustration of the system for measuring signals using a fiber optic sensor. (b) Sensitivity of the sensor using a glycerol solution. (c) Time-

dependent optical power transmitted through the fiber sensor upon injection of serial b-glucose concentrations.

corresponding to 6.1 x 10~° RIU as a minimum resolvable
change in the bulk refractive index.® This result proves that the
sensitivity of the fiber optic sensor, when coated with Ag NPs,
has been shown to be 250 times higher than that reported
previously.®

The fiber after being modified with Ag NPs was been modi-
fied with MSA to form a -COOH group on the surface. This way,
the p-glucose molecules will be easily trapped on the surface of
the sensing area. Fig. 7c shows the graph of real-time normal-
ized output power when different p-glucose concentrations are
pumped over the microfluidic channel. At a given concentration
is the mean of 60 data points corresponding to a retention time
of 60 s. The results are normalized to the power value when
measured with the DI corresponding to a solution with zero
glucose concentration. It can be observed that when starting to
pump a very low concentration of p-glucose solution, there is
a sudden increase in the output signal compared to the signal
when only DI and this signal continue to increase to 1.5 mM.
When at too low a concentration less than 1.5 mM, glucose
molecules stick little or not on the surface of the fiber sensor
area. The changes in both the bulk refractive index and the
surface index are almost negligible,* leading to no change in
LSPR resonance conditions. Nevertheless, an increase in the
refractive index of the liquid reduces the NA difference between
the liquid-coated waveguide and the silica-coated waveguide.
The decrease in the NA dissimilarity between these two parts
leads to an increase in the output power of the fiber when the
solution containing glucose is really low. However, when the
glucose concentration is large enough, the fixation of glucose on

31360 | RSC Adv, 2022, 12, 31352-31362

the core surface of the fiber takes place, gradually increasing the
amount of glucose on the surface (nearly) and increasing the
surface enhancement index. When the concentration of p-
glucose injected into the sensing area increases, the greater
number of molecules attracted and absorbed down the fiber
surface creates more chemical interactions on the surface that
creates the LSPR condition change.® This proves that the more
molecules fill the sensor surface or the higher the index of each
liquid field, the closer these molecules will be to the metal
surface. This causes the effect of plasmonic resonance to
become stronger leading to significant attenuation of the
output power of fibers, which explains the strong attenuation of
intensity at 4 mM in the data. To increase the reliability of the
results, 4 recycles at a glucose concentration from 0 to 1.5 mM
were performed, and the results are presented in Fig. S8.1 This
result also proves the reusability of the fiber optic sensor and
the stability of the measurements, since no significant deviation
was observed over 4 recycles.

The baseline of the transmitted power was obtained via the
normalized transmitted power with p-glucose concentrations
presented in Fig. 7c. The measured standard deviation (SD) of
signals at each concentration was gained very small compared
to the change in the transmitted power, which led us to reach
a LOD of 4 uM corresponding to a sensitivity of 2.95 x 10~7 RIU.
The fiber optic LSPR sensor has a LOD 350 times better than
that of the fluorescent sensor when using conA as a recogni-
tion.” In addition, it is 116 times higher than that of the SPR
optical fiber sensor with a layer of glucose-sensitive membrane
reported by Yuan et al., where GO, was embedded in PAM gel

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modified with SiO, nanoparticles.*® This is a fast glucose
detection sensor without the use of GO, or other labels making
the system simple and less toxic. In comparison to the previous
studies for glucose detection, LSPR-based fiber provides label-
free sensors for point-of-care testing in real time, rapid detec-
tion, fabrication simplicity, and ultra-low quantitative analysis.
This plasmonic sensor can deliver promising sensing capa-
bility, revealing the capability of quantitating p-glucose.

4. Conclusion

In summary, Ag NPs with a plasmon peak at 424 nm have been
successfully synthesized with high stability by a simple reduc-
tion method with ethylene glycol. Ag NP coatings with high
storage and uniformity have been investigated and demon-
strated in increasing the sensitivity and detection limit of SERS
sensors and optical fiber sensors. SERS substrates using self-
assembled Ag NPs optimized for the spacing of the particles
have achieved excellent results and good selectivity, as evi-
denced by successfully detecting rhodamine B with detection
limits up to 10 '° M corresponding to an enhancement factor of
10"'-fold and for methylene blue 10~® M corresponds to a 1.6 x
10%-fold enhancement. The storage time for the coating to
maintain good SERS enhancement performance is about 30
days corresponding to the average signal intensity value
reaching 80%. Besides, surface homogeneity with a standard
deviation not exceeding 15% has been demonstrated. In the
optical fiber sensor, the sensitivity value with the addition of Ag
NP coating is 250 times higher than that without the coating, as
investigated with the glycerol solution. The limit of detection
measured with glucose is 4 uM, and this result is compared to
give a better signal than some other methods performed
previously.

These results show that the desirable ability to fabricate
a facile sensing system utilizing single-component nano-
particles with simple structures can still achieve such high
performance by optimizing the factors of size, shape, and
density of the coating to developing maximizes the enhanced
capacity of the material. Moreover, this study opens up the
direction for developing sensor devices with compact size, fast
response, and cost-effective application in health monitoring or
clinical testing. Optical sensors are proving to be outstanding
alternatives to cumbersome test systems with complex sample
preparation processes currently in use.
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