Open Access Article. Published on 24 April 2026. Downloaded on 5/3/2026 11:23:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2026, 16, 21561

Received 8th February 2026
Accepted 15th April 2026

DOI: 10.1039/d6ra01129b

Application of bimetallic gold—platinum
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detection
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As chemical pesticides are widely applied to farming, rapid and ultrasensitive detection assays should be
further designed for food safety and ecological health. Herein, we present a novel localized surface
plasmon resonance (LSPR) optical fiber sensor using bimetallic Au@Pt core—shell nanoparticles for
simultaneous detection of Quinalphos and Thiram. Four individual Au@Pt nanostructures (Au@Pt 1-4)
were synthesized and a systematic change of the platinum precursor concentration was used to induce
controlled evolution of the nanostructure from smooth shells to very dendritic assemblies. Detailed
characterization via UV-Vis, FE-SEM, EDS, and HR-TEM revealed that the Au@Pt 3 sample, with
a dendritic shell 12.5 nm thick, exhibited the optimal balance of specific surface area and plasmonic “hot
spots”. When integrated into a PDMS microfluidic channel, the Au@Pt 3-functionalized fiber sensor
demonstrated high sensing performance. It could reach the ultralow detection limits (LOD) of 2.01 x
107 M for Quinalphos and LOD of 1.37 x 107 M for Thiram with a wide linear dynamic range. In
addition, the sensor showed good reproducibility (RSD = 1.67%) and short-term stability (CV < 0.1%).
These results also demonstrate the crucial influence of bimetallic morphology on LSPR activity and offer
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Introduction

The use of pesticides in modern agriculture has helped improve
crop yields, but it also causes food safety and environmental
and human health issues. Thiram is a fungicide that is used on
fruits and vegetables, and its approval status in the European
food-safety system is currently under review. This review is due
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a promising platform for ultrasensitive pesticide detection.

to the fact that the European Union has set the maximum
residue levels (MRLs) of Thiram to the detection limit value of
0.01 mg kg ' with unresolved consumer safety concerns.!
Quinalphos is an organophosphorus insecticide that continues
to be used in some countries, and it causes neurotoxic effects
and cholinesterase inhibition even at low doses.”? Thiram and
Quinalphos are trace residues that remain in agricultural
products and groundwater; therefore, the process must be
closely monitored. This is why we require pesticide residue
testing in the environment and food that is fast, reliable, and
highly sensitive.

Conventional analytical methods, including liquid chroma-
tography (LC) and gas chromatography (GC) coupled with mass
spectrometry (MS), represent the gold standard for pesticide
residue detection. These techniques are recognized for their
high separation efficiency and sensitivity.>* While these multi-
residue techniques can achieve low detection limits across
a wide range of pesticides, they typically require complex
equipment, sophisticated sample preparation, and specialized
personnel, thereby restricting their use to centralized laboratory
settings.* It is for this reason that optical fiber sensors are an
emerging solution to these constraints. Thanks to their
combination of fiber-optic platforms, remote sensing capabil-
ities, compact size, immunity to electromagnetic interference,
and optical transduction mechanisms, these sensors allow fast,
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in-field, and potentially real-time monitoring.> Optical sensors
based on evanescent-wave or plasmonic effects have been
demonstrated to be effective in the detection of pesticides in
environmental and food samples.® Sensors that are directly
integrated into optical fibers offer greater flexibility, less sample
volume, and the possibility of multiplexed detection. These
attributes render optical fiber sensors highly suitable for
monitoring residues of compounds such as Thiram and
Quinalphos.

Among the various optical fiber sensing modalities, localized
surface plasmon resonance (LSPR)-based sensors are recognized
as highly sensitive and versatile tools for detecting chemicals and
biomolecules. LSPR occurs when the collective oscillation of
conduction electrons in metallic nanoparticles, driven by inci-
dent light at specific wavelengths, generates a highly confined
electric field at the nanoparticle surface that extends only a short
distance into the surrounding medium.” When these nano-
particles are immobilized on an optical fiber, at the tip, side, or
within a tapered region, light propagating through the fiber
interacts with the metal. Changes in the surrounding environ-
ment alter the local refractive index near the nanoparticles,
inducing a measurable shift in the LSPR signal.®®

The LSPR response is intrinsically linked to the morphology
and composition of the nanostructures. While conventional
spherical gold (Au) nanoparticles typically exhibit a single
dipolar resonance mode, tailoring the shape and complexity -
such as through the development of anisotropic or bimetallic
nanostructures—enables the engineering of multiple hybrid-
ized modes and enhanced local field intensities.” As for fiber-
based LSPR sensors, the enhancement of local field intensity
due to the interaction of plasmonic nanoparticles with the
guided optical mode tends to decrease the detection limit,
which is usually in nanomolar or picomolar range of concen-
tration of chemical analytes.” Compared to conventional surface
plasmon resonance (SPR) sensors, which utilize continuous
metallic films, LSPR systems offer reduced sensing volumes,
sharper spectral features, and improved compatibility with
miniaturized optical fiber formats.”® These attributes render
LSPR-based optical fiber sensors highly effective for label-free,
real-time, and miniaturized detection in environmental and
biosensing contexts.

In LSPR-based fiber sensors, the selection of plasmonic
nanomaterials is a critical factor in determining sensitivity,
spectral tunability, and operational stability. Gold and silver
(Ag) monometallic nanoparticles are traditional choices for
LSPR applications. In contrast, bimetallic Au-Pt nanostructures
enable the simultaneous engineering of optical (plasmonic) and
chemical properties through controlled composition and
structural design, such as alloy, core-shell, or dendritic archi-
tectures.'*> The incorporation of platinum (Pt) alters the
dielectric properties of the nanoparticles, resulting in shifts in
the plasmon peak or changes in the spectral line shape
compared to pure gold, thereby facilitating spectral tuning for
optimal fiber interrogation and sensitivity."* Beyond optical
enhancements, Pt imparts catalytic (peroxidase-like) activity
and increased chemical robustness, resulting in a higher
density of active sites for analyte adsorption and enhanced
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stability against oxidation or aggregation in complex environ-
ments."»** Hybrid Au-Pt nanostructures can leverage plasmon-
mediated interfacial charge transfer and plasmonic antenna
effects to enhance analyte activation or reporter reactions. This
dual functionality enables both optical and catalytic/
colorimetric readouts, increasing detection reliability and
lowering detection limits."* Experimental evidence suggests
that well-designed Au@Pt and Au-Pt alloy nanoparticles retain
strong LSPR responses while exhibiting catalytic activity,
making them well-suited for compact fiber-optic LSPR probes
for trace pesticide detection.'®

In this work, we report the design and fabrication of a novel
LSPR optical fiber sensor for the sensitive detection of Thiram
and Quinalphos. We detail the synthesis of four distinct bime-
tallic Au@Pt core-shell nanostructures (designated Au@Pt 1-4)
by systematically varying the Pt precursor concentration. These
nanoparticles were extensively characterized by UV-Vis, EDS,
FE-SEM, and HR-TEM, revealing a controlled morphological
evolution from thin, smooth Pt shells to thick, highly dendritic
structures. After immobilizing the optimized nanostructures
onto the core of a multimode optical fiber via APTES silaniza-
tion, the sensor was integrated into a PDMS microfluidic
channel for performance evaluation. The sensing performance
was systematically evaluated, demonstrating that the sensor
functionalized with Au@Pt 3, which possesses an optimized
dendritic morphology, exhibits superior sensitivity for Quin-
alphos with an ultra-low limit of detection (LOD). This study
highlights the critical relationship between bimetallic nano-
structure morphology and LSPR sensing enhancement, offering
a promising platform for trace pesticide monitoring.

Experimental section

Materials and reagents

Gold(m) chloride trihydrate (HAuCly-3H,O, 99.9%), silver
nitrate  (AgNO;, 99.0%), hexadecyltrimethylammonium
bromide (CTAB, =99%), sodium borohydride (NaBH,, =98%),
L-ascorbic acid (AA, 99%), quinalphos (C;,H;5N,03PS), thiram
((CH3),NCSS,CSN(CH3),),  3-aminopropyl triethoxysilane
(APTES, 99%) was acquired from Sigma-Aldrich Co., MO, USA.
Sodium hydroxide (NaOH, 96%) was purchased by Guangdong
Guanghua Sci-Tech Co., Ltd (China). Sulfuric acid (H,SO,,
95%), ethanol (EtOH, C,HsOH, 99.8%) was provided by Fisher
Ltd (UK).

Synthesis of Au NPs

The Au NPs were prepared through a reduction method by two-
step procedures:

Preparation of gold nano seeds: A vial contained CTAB (7.5
mL, 0.1 M), HAuCl, (100 pL, 24 mM) and 1.8 mL of DI water under
magnetic stirring at room temperature was added with NaBH,
solution (0.6 mL, 0.01 M). The solution slowly turns from yellow
to brown in color, and there is a presence of good sprouting. The
sprouts are used within 2-5 hours (Scheme 1 and 2).

Then 240 pL Au seed was injected into the erlenmeyer flask
with CTAB (100 mL, 0.1 M), HAuCl, (2.04 mL, 0.024 M), H,S0,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation process for Au NPs and Au@Pt NPs solutions.

5=

293 pL [ ] "
\ - —
Au@Pt 1 Au@Pt 1
(RanoAA PtCI,”=5:1) . j
— 585 pL
[ [ j l Au@PtZ S 9 AU@PtZ

Watel Centrifuging,

i 2mM

PtCI

— 170 uL Au NPs
L

j (50 ec‘ 14 h) \ Au@Pt 3 12000 rpm, 5 min, \ Au@Pt 3
2700 pl ” .
Au@Pt 4 Au@Pt4

Scheme 2 Preparation process for Au@Pt NPs solutions.

(2.04 mL, 0.5 M), AgNO; (1 mL, 10 mM), and AA (800 pL, 0.1 M)
for 12 h at room temperature, the solution turned light pink.
The Au NPs were washed via centrifugation (12 000 rpm, 5 min),
followed by redispersing them in DI water and kept in 4 °C.
Throughout the material synthesis process, CTAB serves as an
effective surface stabilizer, providing assistance in controlling
AuNP formation and preventing aggregation. CTAB binds to
AuNPs, forming micelle structures with positively charged
(hydrophilic) tails pointing outwards. This creates electrostatic
repulsion, preventing AuNPs from aggregating and allowing
them to disperse effectively in aqueous environments. In addi-
tion, the rate of Au** reduction reaction is also slowed down due
to the interaction of CTAB with the Au precursor, which helps to
control and increase the uniformity of the AuNPs after
formation.

Synthesis of Au@Pt NPs

Volumes of 2 mM PtCl,>~ (293, 585, 1170, 2700 uL) were added
to the vial containing 1 mL of Au NPs, respectively. Then,
a certain amount of AA was rapidly added to the vial with a ratio
of AA: PtCl,>~ of 5: 1. The solution was diluted to 3 mL, shaken
vigorously, and kept in a well-conditioned bath for 14 h at 50 °C.
The color of the solution slowly changed from pink to gray with
intensity corresponding to the PtCl,> ratio. The final solution
was centrifuged at 12 000 rpm for 5 min, then redispersed in
3 mL of DI water before being stored in the dark at 4 °C.

Fabrication of an integrated device of microfluidics and fiber-
optic sensors

Multimode optical fibers were processed following the proce-
dure reported in our previous work." Briefly, 20 cm sections of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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multimode fiber were subjected to localized thermal treatment
using a welding machine (ATC-2450-1II, ARIM) at 350 °C to
remove a 1 cm segment of the outer jacket at the center of the
fiber. The exposed cladding layer was subsequently removed by
immersing the treated region in a 3:2 (v/v) acetone: ethanol
solution until the bare silica core was fully revealed.

Before surface silanization, the exposed silica region was
activated by oxygen plasma treatment using a CUTE plasma
system. The plasma activation step generated a high density of
surface -OH groups, improving the uniformity and stability of
the subsequent silane layer. Immediately after plasma activa-
tion, the fiber was immersed in an APTES solution in ethanol
for 2 hours to form an aminosilane functional layer on the silica
surface. The APTES-functionalized fiber segment was then
immersed in the Au@Pt NPs suspension for 8 hours to immo-
bilize the plasmonic nanostructures onto the activated surface.

Both ends of the fiber were stripped using a precision fiber
stripping tool (Thorlabs; cladding/coating range: 385-430 pm/
635-787 pum) and connected to fiber terminators (Thorlabs),
enabling straightforward integration with the optical system via
standard FC/PC multimode connectors.

In order to produce the microfluidic flow channel, PDMS was
molded over a clean glass substrate to create straight-channel
geometry with two access ports used as the inlet and outlet.™
The PDMS prepolymer was made following the manufacturer's
recommendations (Sylgard 184 kit, mixing elastomer base and
curing agent in a 10 : 1 (v/v) proportion). After being well mixed,
the solution was degassed under vacuum in a desiccator to
eliminate entrapped air bubbles and attain homogeneous mold
quality. Then the degassed mixture was poured into the channel
mold and left at room temperature for natural curing overnight.
Once fully crosslinked, the inlet and outlet holes were created
using a 1 mm circular metal punch to enable fluid injection and
flow through the microchannel.

Following the fabrication of the PDMS microfluidic layer, the
functionalized optical fiber was carefully aligned along the
straight channel region before sealing. The exposed sensing
area of the fiber was positioned centrally within the channel to
ensure uniform interaction with the flowing analyte solution.
To immobilize the fiber and reinforce the mechanical stability
of the microfluidic assembly, an additional amount of uncured
PDMS was applied to both ends of the channel to encapsulate
the fiber inlet and outlet regions. This PDMS coating served to
firmly fix the fiber in place while simultaneously providing leak-
free sealing around the fiber-PDMS interface. The entire struc-
ture was then left at room temperature to cure completely for
subsequent sensing measurements.

Optical setups for optical biosensing technologies and
measurements

The optical sensing experiments were performed using a 5 mW
He-Ne laser source (LASOS LGK 7628) operating at 632.8 nm as
the excitation wavelength. To ensure that only the guided light
propagating through the fiber core was detected, stray light
from the cladding was removed using an aperture-based colli-
mator positioned in front of the detector. The transmitted
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optical power was monitored with a handheld digital optical
power meter (PM100D, Thorlabs, Newton, NJ, USA), which was
interfaced with a computer for real-time acquisition and
recording of the fiber sensor's output intensity (Scheme 3).

For fluid delivery, the optical fiber probe was integrated into
a PDMS microfluidic chip, which was connected to a peristaltic
pump (Eleya SMP-21, Japan) using flexible plastic tubing (inner/
outer diameter: 1.15/3.2 mm). The pump provided controlled
flow through the sensing region, with the flow rate set to
complete each fluid exchange in approximately 1 minute,
ensuring stable, repeatable analyte introduction during
measurements. In this experiment, the output optical intensity
was recorded continuously for 60 seconds, starting 5 minutes
after the analyte solution was pumped into the channel,
yielding 60 data points per measurement. This process was
repeated 3 times at each analyte concentration.

Results and discussion

To explore the effect of Pt amount on the structural and optical
properties of bimetallic NPs, four groups of Au@Pt NPs were
synthesized by adjusting the volume of 2 mM PtCl,*>~ precursor
added to the growth solution. The samples were named as
Au@Pt 1, Au@Pt 2, Au@Pt 3, and Au@Pt 4, corresponding to Pt
precursor volumes of 293 pL, 585 pL, 1170 uL, and 2700 pL,
respectively. This systematic variation in PtCl,>~ loading offers
a means of precisely controlling the modification of the thick-
ness of the Pt shell on the Au core, resulting in significant
differences in morphology, surface coverage, and LSPR
phenomena. These four nanoparticle sets, therefore, provide
a basis for evaluating the Pt component's effect on the plas-
monic response and sensing performance of the Au@Pt-
functionalized optical fiber probes.

The UV-vis spectra of the Au NPs and Au@Pt NPs solutions
are displayed in Fig. 1. The UV-vis absorption spectra of the
prepared nanoparticles can provide clear evidence for the
evolution of the structure conformation for Au@Pt nano-
structures with different volumes of Pt precursor added. The
pristine Au NPs display a sharp LSPR band at 540 nm ascribed
to the spherical shape of Au NPs.” In contrast, all Au@Pt
samples exhibit highly broadened plasmon peaks with reso-
nance positions from approximately 515 to 631 nm depending
on the volume of Pt. This feature is consistent with the
commonly observed quenching of Au plasmons upon Pt depo-
sition, where Pt causes a stronger interband absorption and
introduces additional non-radiative decay channels, resulting
in decreased LSPR intensity and peak broadening.'*** The
experimentally observed spectral shifts reflect changes in the

Inlet Outlet

7' N—

Collimator

He-Ne laser Coupling system  Optical fiber sensor chip Power meter

Scheme 3 Illustration of the system for measuring signals using a fiber
optic sensor.
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Fig.1 UV-vis absorption spectra of the pristine Au NPs and Au@Pt NPs
(samples 1-4).

effective dielectric environment and particle morphology of the
bimetallic particles; as the Pt overlayer is added, there is
a modification of the optical response through plasmon-metal
coupling, different particle size, and possibly the formation of
Pt islands or partial shells, which may affect hybridization
between modes within Au core.'>*" The increasing trend of the
color change in the nanoparticle solutions, such as from pink
(Au NPs) to greyish and dark-grey appearance (with high Pt
content for Au@Pt), also implies more deposition of Pt because
highly loaded Pt-based surfaces are able to broadly absorb
across the visible width.?” Such different spectral fingerprints
also indicate the four Au@Pt samples have different Pt loadings
and surface morphologies, and these can directly influence
LSPR properties and sensing performance.

The EDS spectra of the four Au@Pt samples (Fig. 2) also
confirm that both Au and Pt are contained in each. Typical Au
lines are present in the low-energy (2 keV) as well as high-energy
(9-12 keV) part of the spectrum. Pt signals are observed at

a) b)
u Au@Pt 1 ;" Au@Pt 2
. Ay
l
Pt
Il Au Au Au p(w Pt i Au PtuAu Au p:u
VL"‘\ ) w o @ | W o B g
0 3 6 9 12 15 0 6 9 12 15
Energy (kV) Energy (kV)
9w I
Au@Pt 3 | Au@Pt 4
Pt
Au Au
N |
IPt A " A
A Pi Au_Au @i
i Pt Pt Pt ] Pt Pthu PttAu
0 3 6 9 12 15 0 3 6 9 12 15
Energy (kV) Energy (kV)

Fig. 2 EDS spectra of the synthesized Au@Pt NPs: (a) Au@Pt 1, (b)
Au@Pt 2, (c) Au@Pt 3, and (d) Au@Pt 4.
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expected energies (about 2 keV and between 9 and 11 keV)
which partially overlap with the Au peaks although they can still
be identified. The intensity of the Pt peaks increases with
greater Pt precursor volumes, directly indicating higher Pt
content in the respective samples. These EDS results confirm
the successful deposition of Pt onto the Au nanoparticles in all
samples.”® These EDS features are characteristic of Au-Pt
bimetallic nanostructures, where partial overlap of Au and Pt
lines occurs due to their similar atomic numbers and X-ray
energies.” Overall, the EDS results demonstrate that all
synthesized samples contain both Au and Pt, with peak patterns
consistent with those reported in the literature for core-shell or
surface-decorated Au-Pt nanoparticles.”

Fig. 3 shows FE-SEM images of four Au@Pt NPs samples with
different Pt precursors, which can show very obvious morpho-
logical differences along with Pt precursor increase. The Au@Pt
1 has the smaller and highly packed nanoparticles, with an
average size of 43 £ 3 nm, aggregating delicate clusters (Fig. 3a).
The surface texture is less defined, suggesting a more limited Pt
deposition than in samples synthesized with a higher Pt
precursor. In Au@Pt 2 (Fig. 3b), the nanoparticles are bigger
and less alloyed with an average size of 63 £ 8 nm. Higher
resolution of individual nanoparticles can be observed, which
suggest that Pt growth is enhanced and particle size relative to
Au@Pt 1 is also increased accordingly. The Au@Pt 3 sample
(Fig. 3c) includes discrete, densely distributed spherical parti-
cles with an average size of 74 = 9 nm. As compared to the
samples prepared with lower or higher Pt precursor volumes,
Au@Pt 3 presents better size uniformity and sharper particle
edges, which suggests that the reaction volume of intermediate
Pt precursor leads to increased Pt coverage. Au@Pt 4 (Fig. 3d)
features the biggest particles of an average size of 106 & 13 nm.
These particles seem more aggregated, to form clusters with
rougher surfaces probably because of the highest Pt loading.
The gradual growth of particle size from Au@Pt 1 to Au@Pt 4
can be related to the increased Pt content in their synthesis and
is consistent with those expected for Pt overgrowth on noble-
metal nanocores.

Fig. 3 FE-SEM micrographs of the Au@Pt NPs: (a) Au@Pt 1, (b) Au@Pt
2, (c) Au@Pt 3, and (d) Au@Pt 4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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HR-TEM images and HAADF-STEM elemental mapping were
used to elucidate detailed morphology and elemental distribu-
tion (Fig. 4). The images confirm that all samples have a distinct
core-shell architecture, with elemental maps showing a high-
density Au core (yellow) encapsulated by a Pt shell (red). With
exorbitant Pt precursor concentration, the Pt shell thickness
and morphology change step by step: Au@Pt 1 (Fig. 4a) has
a thin, smooth shell, and at just 3.5 £ 0.3 nm, it is the highest
quality of any of these particles; Au@Pt 2 (Fig. 4b) has a thicker
shell (6 £ 2 nm); Au@Pt 3 (Fig. 4c) exhibits a much thicker
layered electric field (12.5 + 1.5 nm) with dendritic texture on
top of that; and the shell of Au@Pt 4 (Fig. 4d) is the thickest
(29.4 £ 4.3 nm) and has the most highly developed dendritic
fibrous structure. This systematic shell thickening, confirmed
by HR-TEM, accounts for the overall increase in particle size
observed in FE-SEM analysis (Fig. 3). TEM images (Fig. 4c and d)
also clarify that the surface “roughness” seen in FE-SEM on
larger particles corresponds to this dendritic structure. This
progression matches EDS results (Fig. 2), where increased Pt
shell thickness and volume correspond to a higher Pt elemental
signal, confirming the direct relationship between precursor
concentration, shell volume, and elemental composition.*
FESEM and HRTEM images at different magnifications of the
Au@Pt samples (1, 2, 3, and 4) presented in Fig. S1 and S2
provide an overview and evidence of the morphology, unifor-
mity, and structure of the Au@Pt samples.

a)

100 nm

c)

50 nm

Fig. 4 HR-TEM images and HAADF-STEM elemental mapping of: (a)
Au@Pt 1, (b) Au@Pt 2, (c) Au@Pt 3, and (d) Au@Pt 4.
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The sensing properties of four different Au@Pt NPs func-
tionalized optical fiber probes were evaluated by monitoring the
response in the output power to various concentrations of
Quinalphos (Fig. 5a-d). For all sensor designs the dose-
dependent behavior could clearly be seen, comprised of
a rapid rise in output power for low concentrations and a slow
approach to saturation. This indicates that there is very strong
interaction and high affinity between the sensor surface and
Quinalphos analyte. To enable quantitative comparison, the
LOD was determined for each sensor. The calibration curves
constructed according to the Belehradek mode, shown in Fig. 5,
demonstrate the trend of light transmission intensity as
a function of Quinalphos concentration. The sensor sensitivity
is calculated using the data-fitting equation from the Belehra-
dek mode. Based on the power sensitivity value at a give Quin-
alphos concentration, the detection limit is determined by the
formula: LOD = 30/S (where, ¢ is the standard deviation of the
blank signal, and S is the sensor's sensitivity). Sensors func-
tionalized with Au@Pt 1 (Fig. 5a) and Au@Pt 2 (Fig. 5b)

a) 1480
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3 1440 x
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§. 1430 T y = 1475.2783 x (x + 6.1239x10°)0-0024
S
R?= 09365
1420
1410 <
1400 A A A A A A
0.0 0.1 0.2 0.3 0.4 0.5
Quinalphos concentrations (nM)
c)
9300
Y
9200 F
. E
g
9100
2
8. E 3
59000 &
e
8 y =9301.5604 x (x + 1.5708x10)°-0041
8900 F R? = 09438
8800 F =
L i i i L L
0.0 0.1 0.2 0.3 0.4 0.5

Quinalphos concentrations (nM)

View Article Online

Paper

demonstrated high sensitivity, with LODs of 1.78 x 10~ > M and
8.85 x 10~ M, corresponding to correlation coefficients R* of
0.9365 and 0.9608, respectively. By comparison, the Au@Pt 4
sensor (Fig. 5d) exhibited the lowest sensitivity, with an LOD of
7.09 x 10" M, and an R* of 0.9886. Surprisingly, the Au@Pt 3
sensor (Fig. 5¢) gave an ultralow LOD of 1.73 x 10~ '* M corre-
sponding to R*> = 0.9438. This improvement in sensitivity is
attributed to the special morphology of the Au@Pt 3 nano-
particle magnet as observed by HR-TEM (Fig. 4c). Unlike the
smoother, thinner shells of samples 1 and 2, the Au@Pt 3
sample features a well-developed dendritic structure with
a 12.5 nm shell thickness. This morphology offers significant
advantages for LSPR sensing by providing a substantially
increased effective surface area, thereby enriching the number
of available binding sites for Quinalphos molecules.*® Addi-
tionally, the numerous sharp tips act as plasmonic “hot spots”
that concentrate the local electromagnetic field, thereby
amplifying the optical response even when only a few molecules
bind to these sites.”” The reduced performance of Au@Pt 4,
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Fig. 5 Output power response of optical fiber probes functionalized with different Au@Pt NPs: (a) Au@Pt 1, (b) Au@Pt 2, (c) Au@Pt 3, and (d)

Au@Pt 4 upon exposure to increasing concentrations of Quinalphos.
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despite its dendritic structure, is likely due to its significantly
thicker Pt shell (29.4 nm), which causes excessive plasmon
damping of the Au core's resonance.”® This damping effect,
observed in the UV-vis spectra, likely reduces the sensor's
responsiveness to surface binding events. Table 1 presents LOD
statistics from recent Quinalphos detection studies, high-
lighting the superior performance of fiber-optic LSPR sensors
compared to other methods. Overall, the Au@Pt 3 nano-
structure achieves an optimal balance between high surface
area and substantial, accessible plasmonic field enhancement,
resulting in the observed ultra-low detection limit. Further-
more, the synergistic effect of combining the two metals Au and
Pt enhances dielectric sensitivity by many times compared to
conventional Au particles. Feng et al. demonstrated computa-
tionally that the LSPR wavelength shift in Au@Pt, due to the
refractive index, is increased by more than 22% compared to
AuNPs.” Structurally, the Quinalphos molecule contains an =S
group, which has a strong affinity for AuNPs, enabling Quin-
alphos to adsorb readily onto the surface of Au@Pt materials. At
this point, the Pt nano-branches come into contact with the
analyte molecules, leading to a change in surface charge that
causes a red shift in the LSPR peak of Au@Pt. Simultaneously,
Quinalphos is adsorbed onto the Au@Pt surface, forming
a coating that reduces the material's absorption intensity. This
is consistent with the increase in output power with Quinalphos
concentration recorded for all four Au@Pt samples.

After optimization with Quinalphos, the Au@Pt 3 sensor was
further evaluated for the detection of Thiram, a dithiocarba-
mate fungicide, to demonstrate its versatile sensing capabil-
ities. Dynamic response of the sensor as a function of the LOD is
shown to analyze performance between 10™° and 107" M
concentration (Fig. 6a) where different power levels are
observed for respective concentration values. Calibration curves
(Fig. 6b) demonstrated a good linear relationship (R*> = 0.987)
between output power and the negative logarithm of Thiram
concentration (—Log C). The linear regression equation, y =
2.00 x 10 °x +3.95 x 10~*, validated the quantitative reliability
in a broad dynamic range. The LOD obtained was 1.37 x
10~'* M, which is quite competitive for trace pesticide analysis.
This performance is ascribed to the high specific surface area
and numerous plasmonic “hot spots” of the dendritic Au@Pt 3
nanostructure, which can promote the process of analyte
absorption and then signal amplification.?* Similar to Quin-
alphos, Thiram also contains =S functional groups that have
a strong affinity for AuNPs, thus readily adsorbing onto the
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Fig. 6 Evaluation of the optimized Au@Pt 3 sensor for Thiram
detection: (a) real-time dynamic response to varying Thiram
concentrations (107> M to 10~ M); (b) standard curve of output power
versus the negative logarithm of concentration; (c) reproducibility test
across 11 independent measurements; and (d) short-term stability
analysis over 300 seconds.

surface of Au@Pt materials, causing a shift in the LSPR peak
and a sharp decrease in the material's adsorption capacity. This
is the main reason the output optical transmission power
increases proportionally with Thiram concentration. In order to
test robustness, the reproducibility of the measurements
(Fig. 6¢) was evaluated and an relative standard deviation (RSD)
of 1.67% was obtained from 11 separate measurements,
demonstrating a good repeatability of signals. Stability
measurement in the short term was conducted at 5 min (300 s)
intervals as shown in Fig. 6d, and a stable response with
a coefficient of variation (CV) of < 0.1% can be observed for the
sensor. Collectively, these results demonstrate that the Au@Pt 3
probe is a stable, reproducible, and highly sensitive platform for
detecting a wide range of pesticide residues.

To underscore the superior performance of the fabricated
sensors, particularly the Au@Pt 3 design, it is noteworthy to
compare these findings with state-of-the-art optical fiber
sensors recently developed for pesticide detection. For instance,
Moslemi et al. (2024) fabricated an LSPR-sensing fiber-optic
probe in reflective mode for the detection of Thiram, func-
tionalized with a gold nanoparticle via layer-by-layer assembly,
with a LOD of 6 x 10~® M.?* With the advantage of a compact
probe suitable for confined environments, and high accuracy

Table 1 A comparison between the recently reported and the sensor based on Au@Pt NPs in detecting Quinalphos

Material Method LOD (M) Ref.
2-Amino-4-thiazoleacetic acid anchored AuNPs Spectrophotometric probe 48 x 107° 33
Polyvinyl alcohol/gelatin-gold nanoparticles nanofiber membrane Electrochemical 17 x 1071 34
Cu()-Au@ONP Fluorescence 2.4 x107° 35

Grewia asiatica-carbon dots Fluorescence 1.46 x 10~° 36
OPCD@UiO-66-NH, Fluorescence 3x 101 37
Trypsin encapsulated Au-Ag nanoclusters Fluorescence 3.2 x 1078 38

Au@Pt LSPR optical fiber 1.73 x 107 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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due to less influence from the surrounding environment
compared to transmissive mode LSPR sensors. However,
sensitivity is often lower due to the limited sensing area. In
another study by Akavaram et al. (2021), trypsin-encapsulated
Au-Ag bimetallic nanoclusters are used to demonstrate
fluorescence-quenching-based detection of Quinalphos with
a LOD of 32 x 10~% M.* Their bimetallic approach improved
stability under environmental conditions and reduced signal
overlap from sample components; however, sensitivity remains
limited to the micromolar range. In stark contrast, our Au@Pt 3
dendritic sensor achieved an ultralow LOD of 1.73 x 10~ "* M for
Quinalphos and 1.37 x 10™'' M for Thiram. This dramatic
enhancement highlights the critical role of the dendritic
morphology and the specific synergistic effect of the Au core
and Pt shell in amplifying the LSPR signal, far exceeding the
performance of conventional bimetallic nanoclusters.

Conclusions

In conclusion, a simple and highly sensitive LSPR optical fiber
sensor has been successfully fabricated using bimetallic Au@Pt
core-shell NPs for trace detection of organophosphorus and
dithiocarbamate pesticides. Using a controllable seed-mediated
growth strategy, we have shown that the Pt shell morphology
can be systematically managed by tuning the precursor
concentration. Structural characterization confirmed a transi-
tion from thin, smooth shells to thick, dendritic structures, with
the Au@Pt 3 sample exhibiting a unique urchin-like
morphology that maximizes plasmonic field enhancements.
The sensing studies showed that this dendritic shape is of key
importance for applications, as the Au@Pt 3 probe outperforms
other material configurations. The sensor showed good sensi-
tivity with LODs of 1.73 x 10 '* M for Quinalphos and 1.37 x
10™'* M for Thiram. Furthermore, the device also exhibited
good reproducibility, stability and a broad linear-response
range. This work not only highlights the significance of
morphological design on bimetallic nanostructures but also
offers a potential development combining a low-cost, effective
and practical platform for the determination of hazardous
pesticide residues in agricultural and environmental samples in
real time.
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