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ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) is a powerful molecular spectroscopy technique
that combines Raman spectroscopy with nanostructured metallic surfaces to amplify the Raman
signals of target molecules by more than 10°. The high sensitivity of SERS poses a significant
opportunity for pesticide detection in complex matrices at ultralow concentrations. In this study,
we improved the SERS sensitivity for imidacloprid (IMD) by employing silver nanostars (AgNs)
coated with gold nanostars (AuNs) as the SERS-active substrate. The SERS response towards IMD
detection increased based on the combination of AuNs and AgNs on the substrate surface. The
intensity of the SERS signal of IMD using the AuNs/AgNs substrate increased compared to using
individual metal nanoparticle substrates. The excellent reproducibility of SERS intensity using the
AuNs/AgNs substrate was achieved with a low relative standard derivative (RSD) of 4.87% for 20
different spots on the same sample and 5.19% for 20 different samples. This detection system can
be used for multiple tests, which is crucial for the advancement of handheld sensors designed for
field use, where minimal or no high-level technical support is accessible.

Keywords: bimetallic nanostructures, gold nanostars, imidacloprid, neonicotinoid pesticides,

silver nanostars, surface plasmonic sensors, surface-enhanced Raman scattering, thin film.

Introduction

Global food insecurity is a significant concern when the estimated global yield loss for
crop production is ~20-40% annually due to crop pathogens and insect pests.’
Additionally, the impact of climate change and the outbreak of plant diseases has
increased the pressure in the agricultural sector to meet the demands of population
growth. Consequently, there has been a growing requirement for implementing fast and
efficient pest control in farming practices. Imidacloprid (IMD) is a new and modern
potent insecticide with high insecticidal efficiency against sucking insects and is com-
monly used in soil injection, seed treatments and foliar spray. The demand for IMD has
been rapidly increasing and it is applied globally in agricultural practice mainly to
control aphids, leafhoppers, thrips, whiteflies and termites on crop.> Unfortunately,
most chemical pesticides pose risks to humans and the environment due to their essential
toxicity to pests. They persist for long periods of time in the environment and can
accumulate and pass from one species to the next through the food chain. Owing to its
persistence and high solubility in water systems, IMD residue has been found in water
and soil in the United States of America, Canada, Australia, China and Europe.® The
highest IMD residue level in water samples has been recorded as 37% after collecting
from 48 streams across the USA.* Unfortunately, IMD has been found in food chain
systems with its residue having been detected in soil,” milk,® fruit and vegetables.”
Surface-enhanced Raman spectroscopy (SERS) is an accurate and sensitive analytical
tool for detecting and identifying trace amounts of various chemicals. This is a powerful
molecular spectroscopy technique that combines Raman spectroscopy with nanostruc-
tured metallic surfaces to amplify the Raman signals of target molecules. The SERS
intensity of the molecule detection can be enhanced by more than 10 depending on
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the metal nanoparticles’ materials and their geometries on
the substrate surfaces.®'* This enormous enhancement of
SERS intensity allows the detection of chemical hazards in
agricultural products at very low concentrations and in
complex matrices. The ability to monitor ultralow concen-
trations of agricultural products such as pesticides in the
environment and in food is critical, as governments have
regulated maximum residue limits for farmer use and ban-
ned dangerous pesticides. Conventional methods used for
pesticide detection include liquid chromatography-mass
spectroscopy (LC-MS),'> gas chromatography-mass spec-
troscopy (GC-MS),'® fluorescence,'” enzyme-linked immu-
noabsorbent assays'® and capillary electrophoresis.'®
However, these analytical techniques are costly, require
significant labor and time investment, rely on sophisticated
instruments and depend on skilled staff. Unfortunately,
many developing countries lack the financial resources to
afford such expensive instruments or have limited access to
adequate equipment for monitoring pesticide residue in
food or the environment. Nowadays, the SERS technique
has been established for the detection of pesticide residues
through numerous published articles due to its quick
response, facile use and high accuracy. Moreover, SERS-
active substrates are readily integrated into analytical sys-
tems for portable SERS analysis for use in the field and
outside research labs.

Metallic SERS substrates have been fabricated to create
powerful detectors for identifying tiny amounts of chemi-
cals, even in complicated matrices. The fabrication of
straightforward, reproducible, reusable devices plays a cru-
cial role for the Raman amplification of the analyte after
absorption on the metallic surface. The most common metal
nanoparticles used in SERS sensing are gold and silver nano-
particles. Gold has become a very popular metallic material
because it is easily stabilised due to its chemical, bio-
compatible and bioinert properties.’’ Silver has also been
extensively employed as a SERS substrate because it has a
sufficiently long shelf-life and is stable after deposition on a
solid surface and reported widely to have a large electro-
magnetic enhancement.?' The parameters are continuing to
be explored in SERS substrate fabrication by combining the
two most used plasmonic nanostructures in order to optimise
the enhancement of Raman scattering and produce stable
SERS-active substrates that are not susceptible to surface
oxidation.?? It also has been found that bimetallic nanopar-
ticles consistently exhibit very high SERS enhancement, and
improve the selectivity and enhance the capture of the ana-
lyte on the plasmonic surface.**

Inspired by this work, we introduced gold nanostars
(AuNs) on silver nanostar (AgNs) surfaces to increase the
SERS response towards IMD. To date there are no reports of
SERS detection of IMD using bimetallic AuNs/AgNs assem-
blies. This combination of two metal nanostars proved to be
an outstanding SERS substrate due to the very rough surface,
which led to a large electromagnetic field enhancement from

lots of hotspots. We also observed the monometallic AuNs
and AgNs systems towards IMD detection in order to deter-
mine the optimum SERS substrate for monitoring of the
pesticides. We believe this SERS result has opened the door
to future monitoring of food or environment contaminations
and could be readily integrated into analytical systems for
portable SERS analysis.

Results and discussion

We studied the formation of colloidal AgNs, AuNs and the
combination of AuNs/AgNs using optical and structure char-
acterisations. Transmission electron microscopy (TEM)
images showed the successful formation of AgNs (Fig. 1a)
and AuNs (Fig. 1b) in the colloidal phase. TEM images and
energy-dispersive X-ray spectroscopy (EDS) analysis demon-
strated that the AuNs particles surrounded the surface of the
AgNs particles (Fig. 1d—g) after both colloids were mixed in
a 1-to-1 volume ratio. The concentrations of the AuNs and
AgNis dispersions were found to be respectively 9.1 x 10~ °
and 5 X 10~ '?>M using the Beer-Lambert Law and reported
values of the extinction coefficients for the species.?**°
It was found that AuNs with an average diameter 30 nm
coated the bodies and arms of the AgNs’ surface as observed
in Fig. 1d. The image in Fig. le is an overlay of a scanning
transmission electron microscopy (STEM) image showing
that the two elements present in the AuNs/AgNs surface
are silver (Ag) and gold (Au). Fig. 1f is an elemental map
of Ag and Fig. 1g is an elemental map of Au. The EDS
analysis for gold and silver is available in Supplementary
Fig. S1. The structure of the hybrid is not surprising as the
higher concentration of the AuNs will provide more than
enough material to completely coat the much larger AgNs
nanoparticles. The remarkable changes in absorbance spec-
tra in Fig. 1c are in agreement with the TEM images and EDS
analysis, showing the plasmon resonance of AuNs/AgNs
arising in the range from 350 to 600 nm. The higher absorb-
ance feature closest to 380 nm is predominant, explaining
that the main combination to plasmon resonance comes
from the silver nanostar particles.

The morphology and optical absorbance of the AuNs,
AgNs and AuNs/AgNs film surfaces were characterised
using a JOEL JSM-7100F FESEM and UV-2600 Shimadzu.
Star-shaped AgNs with long tips were successfully deposited
on the surface (Fig. 2a) and agglomerated star-shaped gold
nanoparticles were deposited on the substrate surface
(Fig. 2b). Moreover, the AuNs/AgNs thin film surface dis-
played a good distribution of AuNs/AgNs particles on the
silicon surface (Fig. 2c). The majority of the tips and
branches of the AgNs can still be seen after the presence
of AuNs on the AgNs surface. As observed in Fig. 2d, EDS
analysis reports a good percentage of gold detected on the
AuNs/AgNs surface. The saturation coverage of the AgNs
did not require all the AuNs in the dispersion and hence the
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Fig. 1. Colloidal particles: (@) TEM image of AgNs and (b) TEM image of AuNs. (c) Absorbance of AgNs, AuNs and AuNs/AgNs.
(d—g) TEM image and STEM analysis of the AuNs/AgNs.
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Fig. 2. Thin films characterisations: (a) SEM image of AgNs, (b) SEM image of AuNs, (c) SEM image of the AuNs/AgNs, (d) atomic
percentage of the AuNs/AgNs substrate and (e) absorbance of AgNs, AuNs and AuNs/AgNs films.
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Fig. 3. SERS measurements of 1mg mL™
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IMD: (a) SERS signals on bare glass, AuNs, AgNs and AuNs/AgNs surfaces,

(b) SERS signals on AuNs for five different spots, (c) SERS signals on AgNs for five different spots and (d) SERS signals on

AuNs/AgNs for five different spots.

ratio of Ag to Au in the adsorbed hybrid is higher than the
ratio of the species in the component dispersions. The
absorbance spectra of the AuNs/AgNs thin film in Fig. 2e
confirmed the existence of the AuNs surrounding the AgNs.
The UV-Vis spectrum of the AuNs/AgNs combination is
essentially the addition of two individual spectra.

To evaluate the sensitivity of AgNs, AuNs and AuNs/
AgNs SERS substrates towards IMD detection, 1 mg mL™ of
IMD was dropped and dried on each SERS substrate and a
bare glass surface. The presence of IMD on the SERS-active
substrate surfaces was confirmed by the existence of charac-
teristic peaks of IMD that matched the corresponding bands
of IMD on the glass surface. The vibrational assignment for
the SERS signal of IMD is provided in Supplementary
Table S1. We observed that the intensity of the IMD peaks
clearly increased after the absorption of IMD on the AuNs,
AgNs and AuNs/AgNs surfaces, as shown in Fig. 3a. The
intensity of the SERS spectra of IMD on individual AgNs
and AuNs surfaces is very similar. However, the combination
of AgNs and AuNs on the substrate surface increased the
SERS sensitivity for IMD detection. The spectra for the AuNs
and the hybrid are very similar due to the structure of the
hybrid where the outermost component of the hybrid is
largely AuNs (see Fig. 1d) leading to adsorption of IMD on
AuNs in both cases. In order to further evaluate the

sensitivity performance of these SERS substrates towards
IMD detection, one of the highest peaks at 1486cm™?,
which was assigned to the C-H bending, was chosen to
calculate the enhancement factor (EF) value. The calculated
EF values for the AgNs, AuNs and AuNs/AgNs substrates are
4.34 x 10%, 4.32 x 10* and 1.36 x 10° respectively. This
result indicates the combination of these nanoparticles on
the substrate surface showed a higher SERS response towards
IMD detection by increasing the active SERS locations
around the bimetallic particles.

The detection reproducibility of 1mg mL™ IMD was
studied on AgNs, AuNs and AuNs/AgNs substrate surfaces
by taking SERS measurements on 20 different spots on the
same sample. The full SERS spectra are provided in
Supplementary Fig. S2. Fig. 3b-d shows five spectra from
different spots on each of the SERS substrate surfaces. We
observed the three highest intensity characteristic peaks at
811, 1486 and 1552 cm ™! for each substrate to calculate the
relative standard derivation (RSD) and analyse the uniformity
of the field enhancement of the SERS substrate. Based on the
RSD results in Supplementary Fig. S3, the AuNs and AuNs/
AgNs substrate surfaces show good local field enhancements
for SERS detection of IMD, with uniform enhancement. The
lowest and the highest RSD value for the AuNs surface were
~4.38 and 5.89%, whereas for the AuNs/AgNs substrate they
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are 4.87 and 6.59%. By contrast, the calculated RSD value
for the AgNs surface is higher than the AuNs and AuNs/AgNs
surfaces showing the lowest and highest RSD at 7.07
and 12.63%.

We also explored the reproducibility of IMD detection on
20 different samples of each SERS substrate; the 20 full
spectra are provided in Supplementary Fig. S4. Fig. 4 shows
five spectra from different SERS substrates. From these 20
spectra, we calculated the uniformity of field enhancement by
measuring the RSD value for each substrate. The three highest
intensity characteristic peaks at 811, 1486 and 1552cm !
were used for RSD calculation. The RSD graphs are provided
in Supplementary Fig. S5. For the AuNs substrate, the highest
and lowest RSD values were 14.31 and 8.05%. This is much
lower than the highest and lowest RSD values for AgNs, which
were ~18.23 and 8.66%. However, the AuNs/AgNs substrate
showed good local field enhancements for SERS detection of
IMD by exhibiting uniform inherent field enhancement, with
highest and lowest RSD values of 5.89 and 6.59%.

In order to further observe the sensitivity performance of
the AuNs/AgNs SERS substrate, seven IMD concentrations
were absorbed on the AgNs, AuNs and AuNs/AgNs surfaces.
Fig. 5 shows the corresponding SERS spectra of different
IMD concentrations ranging from 1 ng mL™" to 1 mgmL™. It
was found that IMD can be detected using AuNs, AgNs and

AuNs/AgNs substrates at a concentration as low as 1 ngmL™
by giving clear strong SERS features. The SERS intensity
significantly decreased with the decrease of the IMD concen-
trations on the SERS surface as expected. By comparison, IMD
signals on the bimetallic particle surface were much higher
than those signals on the individual AuNs and AgNs surfaces
for the seven IMD concentrations. However, the characteristic
peaks of the pesticide at its lowest concentration on the AuNs
and AgNs surfaces are still observable. We further studied the
limit of detection (LOD) of the SERS substrates based on the
three highest peaks of IMD by plotting the log relationship
between SERS intensity and concentrations of IMD. Fig. 6
shows the corresponding log relationship of SERS intensity
and seven IMD concentrations. We found that the log rela-
tionship for the bimettalic substrate has a good correlation as
high as 0.98 for the band at 1486 cm ~ ! compared to the AuNs
and AgNs surfaces. These good correlations for IMD pesticide
show that the SERS substrates could be used to estimate
residual pesticide levels in the environment and food prod-
ucts. Using a signal to noise ratio of 3 to 1, the LOD for IMD
were determined and found to be 2.4 X 10~ °mgmL™ on the
AuNs surface, 2.5 x 10”7 mgmL™ on the AgNs surface and
5.5 x 10 ®mgmL™ on the AuNs/AgNs surface.

We have also assessed the reusability of our substrates,
which involves utilising the same substrate multiple times.
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Fig. 4. SERS measurements of 1Tmg mL™ IMD: (a) SERS signals on the AuNs surface for five different samples, (b) SERS
signals on the AgNs surface for five different samples and (c) SERS signals on the AuNs/AgNs surface for five different

samples.
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An essential aspect of any detection system is its capability
to be used in multiple tests. This evaluation is crucial for the
development of a sensor intended for field use, typically
operated by staff with minimal training. To examine the
reusability performance of the SERS substrate, we recorded
the Raman spectrum of the bare metal nanostars films, the
SERS spectrum of IMD on metal nanostars films and the
Raman spectrum of the metal nanostars (bare again) after
the removal of IMD from the metal nanostars surface across
five cycles, as depicted in Fig. 7. The reusability procedure
involved using the SERS substrates as outlined and then
cleaning them by washing with ethanol to eliminate the
adsorbed pesticide. The removal of the pesticide was con-
firmed by recording the Raman signal of the bare film.
Subsequently, the same concentration of pesticide was
added to the film surface and a SERS spectrum of the pesti-
cide once again measured. Over five cycles, there is minimal
degradation in the observed SERS signal, confirming the
substrate’s robustness. SEM images of the substrates after
five cycles of detection and washing are provided in
Supplementary Fig. S6 and confirm minimal changes
throughout the cycling process. The thickness of the metal
nanostars coverage ensures that the available active compo-
nents undergo minimal changes, leading to consistent SERS
performance. In addition, the EDS analysis agrees with the

IMD signals of seven concentrations on (a) AuNs, (b) AgNs and (c) AuNs/AgNs surfaces.

SEM images confirming a slight reduction of ~3% in the
percentage of gold after five cycles of the washing process
for the AuNs/AgNs surface.

Following a storage period of 1 month in a small trans-
parent container with silica gel, the AuNs, AgNs and AuNs/
AgNs films exhibited the same SERS intensity as newly
prepared metal nanostars films. Fig. 8 illustrates the corre-
sponding SERS intensity of the three characteristic peaks of
IMD at 811, 1486 and 1552 cm ™ * for each substrate over a
month. The IMD signals appeared to decrease slightly over
time, however the decrease in the RSD value for the SERS
signals remains low. For the AuNs substrate, the highest and
lowest RSD values were 8.59 and 3.81%. By contrast, the
highest and lowest RSD values for the AgNs substrate were
~3.27 and 2.33%. Notably, the AuNs/AgNs surface exhib-
ited strong stability, with the highest and lowest calculated
RSD values being 3.73 and 2.16%. The stable SERS spectra
of IMD on the SERS substrates and the RSD for the three
characteristic peaks are provided in Supplementary Figs S7
and S8.

Early work to detect IMD with SERS was successful but
gave poor sensitivity.?>?” More recently, the utilisation of
Ag nanoparticles for IMD detection has been observed with
silver nanoflowers® or a gold coated silver nanoflower SERS
substrate.?? The work with silver nanoflowers gave a LOD of

6



www.publish.csiro.au/ch

Australian Journal of Chemistry 77 (2024) CH23189

2.2k 1k
(@) (b)
1486 cm™
R R%=0.95
=3
s
2 11k A
[%2]
C
2
£
0.0 : . : : . . 0 T . : : . . .
10 10° 10* 10° 102 107 10° 10° 10* 102 102 107" 10°
Concentrations (mg mL™") Concentrations (mg mL™")
6k
() A
1486 cm™
R?=0.98

El

S 1552 cm™!

> 3K R?=0.92

B

C

2

£

s
0 : : : : : : :
10° 10° 10* 102 102 107" 10°
Concentrations (mg mL™")
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4.55 x 10 > pugmL™, which is similar to the sensitivity
observed in this work using AuNs/AgNs in terms of the
LODs for IMD employing SERS substrates. The introduction
of gold to silver nanoflowers has been demonstrated to
enhance the sensitivity by a factor of ~100. This led
to observed LODs of 4.25 x 10~ '*mgmL™. Other recent
studies have utilised roughened silver®® and palladium
nanoparticles on mesoporous silicon®’ as SERS substrates,
demonstrating very similar LODs for IMD (LODs of
1x107° and 2.55 x 10" mgmL™). A combination of
gold and silver nanoparticles has been reported to detect
IMD with a LOD of 0.0128 mg mL™".> In our work, the LOD
of IMD on the AuNs surface is 2.4 X 10~ ®mgmL™", AgNs
surface is 2.5 X 10~ mgmL™" and AuNs/AgNs surface is
5.5 x 10" ®mgmL™, which is an improvement on most of
the sensitivities reported previously. Importantly, our work
is the first to demonstrate the potential to reuse the active
substrate many times, which will be critical for commercial
applications. Our project findings hold practical significance
for estimating IMD residue in food products, as the LOD is
notably lower than the current concentrations permissible
set by the Chinese government for fruit, ranging from
1.91 to 3.91 umol L' (equivalent to 4.89 x 10~ %-10.0 x
10" *mgmL™), as well as the limit set by the European
Union at 0.5mgkg™ (equivalent to 5 x 10~ *mgmL™).**

Conclusions

In summary, we have developed a new SERS substrate as a
straightforward detector for sensing the pesticide IMD at
low concentrations, achieved by combining two types of
metal nanostars on a substrate surface. The sensor effec-
tively assessed IMD concentrations with a LOD of less than
1ngmL™. The results indicate an enhancement in IMD
signal at low concentrations on the AuNs/AgNs surface
when compared to the signal on a surface composed of a
single type of metal nanostar. The SERS measurements con-
ducted for IMD detection demonstrated that the AuNs/AgNs
SERS substrates exhibited high sensitivity and good repro-
ducibility and stability and can be used multiple times for
pesticide detection. Therefore, we believe this combination
of AgNs and AuNs as a SERS substrate has promising future
applications in food and environment sensing.

Experimental

The preparation of gold nanostars using the one-pot synthesis
method was adapted from Batmunkh et al.>* The chemicals
used in the AuNs colloidal synthesis were gold(III)
chloride trihydrate (HAuCl-3H,0) (=99.9%, Sigma-Aldrich),
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Fig. 8. The stability SERS spectra of IMD signals at (a) 811cm™, (b) 1486 cm™ and (c) 1552 cm™ peaks.

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
(=99.5% (titration), Sigma—Aldrich) and sodium hydroxide
(NaOH) (=98.0%, Chem-Supply Pty Ltd). A typical AuNs
preparation started by preparing 10 mL of 100 mM HEPES
at pH 7 by adding 0.2 mL of 1 M NaOH. Subsequently, 2 mL
of the solution was mixed with 3mL of water. Finally,
0.05 mL of 20 mM HAuCIl-3H,0 was added to the solution.
After 30 min, the clear colourless solution changed to a blue
colour. The AuNs colloids were washed using ethanol by
centrifugation using an Allegra X-22 centrifuge (Beckman
Coulter) at 6000 rpm for 15 min at room temperature. The

pellet was collected, dissolved in water and further used for
AuNs and AuNs/AgNs thin film fabrication.

The preparation of AgNs colloids and the fabrication of a
AgNs thin film on glass and silicon surfaces using a self-
assembly technique have been reported in our previous arti-
cle.® The fabrication of AuNs thin films and AuNs/AgNs thin
films was performed using the same method for the AgNs
thin films. The AuNs/AgNs colloids were prepared by mixing
equal volumes of the AuNs and AgNs colloid dispersions.
This colloid mixture was further used to fabricate AuNs/
AgNs thin films using the self-assembly technique.
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Seven concentrations of IMD pesticide at 1 x 10°
1x107',1x107% 1x1073 1x107% 1 x107° and
1 x 10~ °®mg mL™ were prepared to study the performance
of AgNs, AuNs and AuNs/AgNs thin films as SERS sub-
strates. The SERS measurements for pesticide detection
were performed using a Renishaw model InVia micro
Raman spectrometer with a 785-nm wavelength diode laser
at 1% of a 167-mW power laser. The reference spectrum of
IMD on bare glass and SERS spectra were collected at 1% of a
167-mW power laser using a 50 X objective with five accu-
mulations. SERS sensor properties such as sensitivity, repro-
ducibility, reusability and stability towards the pesticide
detection using AgNs, AuNs and AuNs/AgNs SERS-active sub-
strates were observed in this study. OriginPro 8.5 software
was used for background subtraction of the Raman spectra.
Baseline correction was performed by plotting the graph in
OriginPro software (ver. 8.5, Shopee, Selangor, Malaysia) and
then using the peak analyser function to remove the back-
ground. Absorption spectra and the structure of colloidal
AuNs, AgNs and AuNs/AgNs were recorded using a UV-
2600 Shimadzu spectrometer and a Hitachi HT7700 120-kV
TEM. The combination of gold and silver elements in the
colloid phase was determined using EDS and STEM analysis
using a Hitachi HT7700 120-kV TEM. AuNs, AgNs and AuNs/
AgNs thin film surfaces were characterised using a UV-2600
Shimadzu spectrometer and a JEOL JSM-7100F FESEM.

Ethics

This works does not contain any studies involving human
participants or animals performed by the authors.

Supplementary material
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