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ARTICLE INFO ABSTRACT

Keywords: This study investigates the behaviour of gold nanoparticles (AuNPs) when exposed to chlorpyrifos, an agricul-
SERS ) tural pesticide, and its application in detecting the pesticide via surface-enhanced Raman spectroscopy (SERS).
Chlorpyrifos Under synergistic addition of NaCl, AuNPs undergo agglomeration at lower chlorpyrifos concentrations but
Gold nanoparticle aggregation at higher concentrations, resulting in a distinctive nonlinear SERS response. A linear relationship is
Agglomeration &8 ,g s > g . o P . . P .

Aggregation obtained between 0.001 and 1 ppm with detection limit (LOD) of 0.009 ppm, while an inverse response is

Chemometric analysis

observed at higher concentrations (1-1000 ppm) with a LOD of 1 ppm. Combining the colorimetric response of

AuNP solutions, their absorbance spectra, and principal component analysis can improve detection reliability.
The assay, coupled with a simple recovery method using acetonitrile swabbing, achieves high reproducibility in
detecting chlorpyrifos in cucumber, even at concentrations as low as 0.11 ppm. This approach can be tailored for
various chlorpyrifos concentrations not only in cucumbers but also in different food matrices.

1. Introduction

In the past 50 years, global food production has tripled owing to the
Green Revolution in the 1960s, boosting agricultural productivity
through high-yielding crops in Latin America and Asia (Evenson &
Gollin, 2003). A significant contributor to this growth was through the
extensive use of pesticides, which act as a defence mechanism against
diseases and pests (Tabibi & Jafari, 2022). Each year, >4 million tonnes
of pesticides are used worldwide, with only a small portion (1-25%)
reaching their intended target. Excess residues enter the environment,
resulting in considerable contamination (Leskovac & Petrovic¢, 2023).
Additionally, there are significant global public health and environ-
mental challenges associated with the misuse and overuse of pesticides.

Over 50% of insecticides used worldwide are organophosphorus
(OPPs) compounds (Ore, Adeola, Bayode, Adedipe, & Nomngongo,
2023). Among the OPPs, chlorpyrifos (CPF) is of crucial importance in
agriculture, but it is also extremely harmful to human health. It has
adverse effects on cholinergic transmission in the nervous system

through inhibition of acetylcholinesterase enzyme activity (Weer-
athunge et al., 2019). Additionally, excess concentrations of CPF have
been linked to diseases such as cancer, neurotoxicity, mutagenicity, and
endocrine disruption in humans (Zhao et al., 2023).

Owing to health and safety concerns, CPF has been banned in the UK
(Parliament, 2021) and in the EU (EFSA, 2019) due to the adverse effects
on cognitive function and neurological development in children. How-
ever, it cannot be ruled out that it may still be imported from or used in
other countries. Therefore, devising a highly efficient, sensitive analyt-
ical method to detect even trace amounts and a wide range of CPF
concentrations in environmental and agricultural samples is essential.
Such a detection platform is vital for ensuring food safety and regulatory
adherence, given that there is the potential for residues to persist in the
environment and contaminate imported foods destined for countries
with restrictions on its use (Schreinemachers et al., 2015).

Surface-enhanced Raman spectroscopy (SERS) is a powerful analyt-
ical technique extensively used in research areas such as analytical
chemistry, food safety, and forensic science (Zhang et al., 2019). SERS is
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a vibrational spectroscopic technique that enhances Raman scattering
by molecules adsorbed on or near metallic nanostructures (e.g. gold,
silver, copper) (Malik et al., 2023). The enhancement is typically
attributed to electromagnetic and chemical enhancement mechanisms,
offering robust and specific molecular fingerprints with exceptional
sensitivity (Langer et al., 2020). For enhancing SERS detection capa-
bilities, gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs)
have been extensively investigated (Xiong et al., 2023; Zhu et al., 2018),
including application for the detection of thiol-containing pesticides
(Park et al., 2022). In addition, several studies have also reported on
SERS-based detection of CPF as summarised in Table S1.

However, there is often a compromise between SERS sensitivity and
the dynamic range of detection (Chang et al., 2016). For instance, tip-
enhanced Raman spectroscopy (TERS) excels in detecting single mole-
cules. It achieves this by sensing one or a few molecules in close prox-
imity to locally enhanced electromagnetic fields generated on sub-
nanometer nanostructures at the tips (Kang et al., 2022; Zrimsek
et al., 2017). However, as analyte concentration increases, TERS faces
challenges. This is primarily due to the saturation of the metallic
nanosurfaces, making it difficult to accommodate excess analyte mole-
cules. The saturation phenomenon means that higher concentrations do
not yield proportionally higher Raman signals. Consequently, this con-
strains the dynamic range of the analytical method. Additionally, in the
case of colloidal SERS substrates, such as colloidal AuNPs or AgNPs,
SERS effectiveness is in harmony with the particles' agglomeration and
aggregation. On the one hand, particle agglomeration and aggregation
can reduce the interparticle distance, leading to the formation of
stronger electromagnetic enhancement and increased hot spots (Chan,
Leng, & Vikesland, 2018). This way, aggregating agents (e.g. NaCl, KCI,
MgCl,, NaySO4, and MgSO4) have been widely exploited in SERS anal-
ysis to further amplify the Raman signal (Cholula-Diaz et al., 2018; Ye
et al.,, 2023). However, on the other hand, once the particles are
completely aggregated, the formation of hot spots will be disrupted,
leading to the diminishment of SERS intensity. This hinders the sensitive
and accurate quantification of analyte concentrations across a wide
range. Nanoparticles that aggregate unpredictably yield non-
reproducible signals in SERS, restricting their use in various applica-
tions (Lu et al., 2021; Wang et al., 2023). Gaining insights into the states
and behaviours of the agglomeration and aggregation is vital for
determining their trajectory and dispersal in complex systems, assisting
experimental optimisations to improve sensitivity and dynamic range of
the SERS testing.

Herein, we report an interesting finding in which the agglomeration
and aggregation of AuNPs were observed in response to CPF at different
concentration ranges, thereby enabling good sensitivity and allowing a
wide range of CPF concentrations to be detected. We observed that in
conjunction with mild salt induction, CPF adsorbs to the surface of
AuNPs at low concentrations, triggering them to further agglomerate,
thereby allowing a progressively proportional SERS signal to be
measured. However, at high CPF concentrations, an abundance of CPF
molecules adsorb and cross-link the AuNPs, eventually resulting in
complete and irreversible aggregation of the AuNPs. This process is
unfavourable for SERS measurement, leading to an inverse SERS in-
tensity at the higher pesticide concentration range. Subsequently, the
method was applied to the detection of CPF present on cucumber peels
to demonstrate the feasibility to real samples. Finally, the selectivity and
reliability of the method were assessed using principal component
analysis (PCA) modelling, which could successfully differentiate CPF
from three other OPPs with similar chemical structures (profenofos,
fenthion, and diazinon). Overall, the method reported herein shows
great potential for the sensitive and specific detection of CPF across a
wide range of concentrations.
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2. Material and methods
2.1. Materials and reagents

Gold (II) chloride trihydrate (HAuCly-3H50, 99.9%), sodium citrate

tribasic  dehydrate = (HOC(COONa)(CH2-COONa)s-aq), methanol
(CH30H) >99.9%, rhodamine 6G (R6G), chlorpyrifos (CPF,
CgH11CI3NO3PS), profenofos (C11H15BrClO3PS), fenthion

(C10H1503PS5), diazinon (C;3H21N2O3PS), sodium chloride (NaCl),
acetonitrile (ACN, CoH3N, >99.9%), magnesium sulphate (MgSOy), n-
propyl ethylenediamine (PSA), sodium acetate (CH3COONa), acetic acid
(CH3COOH), 96-well flat-bottom microtitre plates and polyester foam-
tipped sterile swabs were all purchased from Sigma Aldrich (UK).
Organic cucumbers were purchased from a local supermarket (Tesco,
UK).

2.2. Analysis instrumentation

Absorption spectroscopy measurements were performed using a Cary
60 UV-Vis spectrophotometer (Agilent Technologies, USA). Trans-
mission electron microscopy (TEM) measurements were performed
using a Joel JEM 1400 Plus model, operated at 200 kV (Thermo Fisher,
Scientific, UK). Raman measurements were carried out using a DXR2
Raman microscope (Thermo Fisher Scientific, UK), and measurements
were obtained using a 96-well microtitre plate, operated with an exci-
tation laser light 785 nm with an exposure time of 5 s. A laser power of
25 mW was used unless otherwise stated.

2.3. Synthesis of colloidal AuNPs substrates

Spherical colloidal AuNPs were synthesised according to the previ-
ous method with slight adjustments (Logan, Lou-Franco, Elliott, & Cao,
2021). Specifically, 500 pL of HAuCly (100 mM) was heated in 50 mL of
dH0 until boiling. Upon reaching reflux, 5 mL of sodium citrate (1%)
was introduced quickly. Then, the colour transition from yellow to red
wine marked the citrate-mediated reduction of gold ions. After 30 min of
stirring, the colloidal AuNPs were cooled naturally to room temperature
and stored at 4 °C for subsequent experiments. To obtain different
concentrations of AuNPs, the prepared AuNPs were centrifuged at 6000
RCF for 60 min to eliminate excess supernatant. The concentration of
AuNPs for subsequent experiments was calculated based on previous
literature (Behzadi et al., 2015).

2.4. Analysis of CPF standard solution using SERS

Prior to analysis, a stock solution of CPF was prepared at a concen-
tration of 1000 ppm in methanol and stored at 4 °C. Subsequent di-
lutions were prepared from the stock solution within the range 0.001
ppm (0.001 mg/kg) to 1000 ppm (1000 mg/kg) using 60% methanol
(60:40 MeOH: dH20 v/v). In a typical experiment, minor modifications
were applied to a previously reported method (Logan et al., 2022).
Firstly, the as-prepared AuNPs (275 pL) were mixed with CPF concen-
trations at 5 ppm and 50 ppm (55 pL). Thereafter, to observe the effect of
salt induced agglomeration and aggregation, 3 M NaCl (3 pL) was added
into the 5 ppm CPF and AuNP mixture, making a total volume of 333 pL
in the microtitre plate. Moreover, to improve the sensitivity in the
detection of CPF, optimization experiments were conducted with a fixed
CPF concentration of 1 ppm (55 pL). Concentrations of AuNPs and NaCl
were varied, maintaining consistent volumes, specified at 275 pL for
AuNPs and 3 pL for NaCl. AuNPs concentrations were adjusted to 1, 5,
10, 15, and 20 M, and NaCl concentrations ranged between 1 and 6 M.
Incubation times of 1, 2, 3, 5, 10, and 20 min were also optimized by
monitoring their respective SERS intensities. Optimal conditions,
determined by the highest SERS intensity for the detection of 1 ppm CPF,
were identified as 15 M AuNPs, 4 M NaCl, and a 5-min incubation
period. These parameters were subsequently utilized in further
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experiments to detect CPF at various concentrations. All experiments
were conducted in triplicates.

2.5. The analysis of CPF present in cucumber

Four extraction methods were examined in this study for the analysis
of CPF residues from cucumber peels: (E1) Quick-Easy-Cheap-Effective-
Rugged-Safe (QuEChERs) extraction (Mokhtari, Khosrowshahi, Far-
ajzadeh, Nemati, & Afshar Mogaddam, 2022); (E2) acetonitrile (ACN)-
sonication method; (E3) ACN-rinse method and (E4) a swabbing tech-
nique (detailed in Supplementary Information, Schematic 1 and Section
1). Prior to spiking with CPF, cucumber samples were cleaned thor-
oughly by rinsing in dH50, followed by air drying. Various concentra-
tions of CPF standard solutions, ranging from 0.1 to 5 ppm, were then
applied to approximately 1 cm? of the cucumber peel.

Confirmatory analysis of CPF was carried out using an Agilent 1290
Infinity II LC system coupled to a 6495B triple quadrupole mass spec-
trometer. Agilent MassHunter software was used for both data acquisi-
tion and processing. Chromatographic separation was performed using
an Agilent Poreshell column, 30 x 2.1 mm, 2.7 pm maintained at 30 °C.
The mobile phases comprised of methanol/water/acetic acid (10:89:1,
v/v/v) and methanol/water/acetic acid (97:2:1, v/v/v) for mobile
phases A and B, respectively, both containing 5 mM ammonium acetate.
The elution was carried out following a gradient elution program as
follows: 0 min 5% B, held for 0.5 min at 5% B, followed by 2.5 min 80%
B, 4.5 min 95% B, 5.5 min 95% B, 6.5 min 5% B. Mobile phase flow rate
was maintained at 0.4 mL/min, with sample injection volume set at 2.5
pL. The total runtime was 6.5 min. The mass spectrometry was operated
in positive electrospray ionisation mode. The data acquisition was

A 2.0
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carried out in multiple reaction monitoring (MRM) mode, using the
following transitions: 349.9 > 96.9 (Q) and 349.9 > 197.9 (q) with
collision energies of 32 and 16 respectively.

2.6. Raman spectroscopy acquisition and chemometric analysis

Initially, the Raman spectra were acquired from 300 to 1800 cm ™.
All samples, including each pesticide and their mixtures with CPF, were
prepared at a fixed concentration of 6 ppm to ensure uniform experi-
mental conditions across all tests. Each sample was scanned in tripli-
cates. The generated data was subsequently imported into SIMCA 14.1
chemometric software. After Pareto scaling, PCA was generated to
identify the CPF, together with a mixture of 3 other pesticides. PCA
compresses the original variables by projecting the data in a new space
called principal components (PCs) in order to extract the major sources
of variance. In this study, the performance of PCA model was evaluated
by R? and Q2 The R? was used to measure the fitting ability and the Q2
was applied to assess the prediction accuracy of the model. R? and Q?
equal to 1 indicate an effective model. This study analysed a total of 300
spectra from cucumber samples spiked with pesticides.

3. Results and discussion
3.1. Characterisation of AuNPs

Fig. 1 shows the characterisation of the synthesised AuNPs. The
absorption spectrum in Fig. 1A, exhibits a unique localised surface

plasmon resonance (LSPR) peak at 523 nm and the morphology of the
as-prepared AuNPs was demonstrated via TEM. The image in Fig. 1B
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Fig. 1. Characterisation of AuNPs. (A) Absorption spectra of AuNPs indicating a maximum absorption peak (Ayay) at 523 nm. (B) Representative TEM images of
AuNPs. (C) Histogram of diameter distribution indicating the average diameter of 13.8 + 0.3 nm (calculated from 136 particles using Image J software). (D) SERS
spectra of AuNPs (Ayax = 523 nm) with R6G (1075 M and 10°® M) and the Raman spectrum of R6G alone (107> M).
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illustrates their spherical shape and uniformity in size, highlighting the
average diameter of approximately 13.8 + 0.3 nm (Fig. 1C). Thereafter,
the SERS enhancement factor (EF) of the synthesised AuNPs was
assessed using rhodamine 6G (R6G) as a probe molecule (Li et al., 2022;
Li, Merkl, Sommertune, Thersleff, & Sotiriou, 2022). The main vibra-
tional bands of R6G were observed at 1312cm’1, 1361 cm’l, and
1510cm™, corresponding to N—H bending, G—H bending, and C—N
stretching, respectively (Fig. 1D and Table S2) (C. Zhang et al., 2021).
Remarkably, the distinctive vibrational band at 1361 cm™! was observed
for concentrations as low as 10"°M with an EF of 1.06 x 10* was
determined (see Supplementary Information Section 2 for the calcula-
tion of EF).

3.2. Synergistic effect of NaCl and CPF on the agglomeration and
aggregation of AuNPs

It was evident that CPF can adsorb onto and cross-link AuNPs, with
an increased concentration of CPF resulting in the agglomeration and
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aggregation of AuNPs. Fig. 2A illustrates the SERS spectrum of 10 ppm
CPF in AuNP solution (red line) and the normal Raman spectrum of CPF
powder (blue line). The spectra feature peaks corresponding to various
functional groups, such as -C-H, -C-C-, -C-Cl-, -C-O-C-, P-O-C, Cl-ring,
and -P=S-, with detailed assignments provided in Table S2 (Supple-
mentary Information). Notably, the CPF-AuNPs spectrum exhibits
obvious peak shift. For instance, the Cl-ring vibration shifted from 1239
cm ! in the pure CPF powder to 1208 cm ™! in the CPF-AuNPs complex,
and the P-O-C stretching is now observed at 412 em ™! (Ma et al., 2020;
Xu et al., 2017). This shift indicates the interaction between CPF mol-
ecules and AuNPs through either phosphate or chlorine groups rather
than the pyridine ring, which exhibits minimal peak shift. Consequently,
CPF is presumed to be oriented on the Au surface, with the antisym-
metric stretching vibration of C—=C being perpendicular to this surface
(Xu et al., 2017). Accordingly, the most prominent peak at 1333 cm ™7,
distinguished by its strong Raman signal, was identified for further
investigation.

Further analysis reveals that increasing the concentration of CPF has

AuNPs+3 M NaCl+5 ppm CPF 1400 Counts

NN, VU S VO

AuNPs+5 ppm CPF 1400 Counts

I\

AuNPs+50 ppm CPF 14()0 Counts

‘AMMMM

T
AuNPs+Methanol+3 M NaCl X I 400 Counts
|
|

\\_Jm//\..«vw'(*f\/w\_

1

CPF 1 ] 400 Counts
]
I

]

1400 Counts

Intensity (a.u.)

Methanol

1400 Counts

I
I
I
I
I
I
AuNPs :
I
I
I
|
I

600

800 1000 1200 1400 1600 1800
Raman Shift (cm'l)

(1) AuNPs

(2) AuNPs + 5 ppm CPF

(3) AuNPs +3 M NaCl

(4) AuNPs+ 5ppm CPF
+3 M NaCl

(5) AuNPs +50 ppm CPF

=

R =

Fig. 2. Stability of colloidal AuNPs (Ayax = 523 nm) and corresponding SERS spectra in the presence of pesticides and NaCl. (A) Raman spectra of CPF powder (blue),
a mixture of AuNPs with 10 ppm CPF (red) and the molecular structure of CPF. (B) SERS spectra for AuNPs, methanol, CPF in methanol, AuNPs with methanol and
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spectra and (D) colour images demonstrating the agglomeration/aggregation of AuNPs. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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a significant impact on the behaviour of AuNPs. This phenomenon is
primarily due to CPF's affinity for AuNPs, facilitated by specific phos-
phate and chlorine interactions that substantially disrupt the colloidal
stability (Ngo, Trinh, & An, 2020). As a bifunctional crosslinker, CPF
binds to adjacent nanoparticles, enhancing their agglomeration and
leading to pronounced aggregation at higher concentrations. Addition-
ally, CPF's partial positive charge counters the inherent negative charge
of the AuNPs (Chadha et al., 2022), reducing the electrostatic repulsion
between particles. This effect becomes more pronounced at CPF con-
centrations exceeding 5 ppm, leading to increased agglomeration and
eventual aggregation in the range of 10-1000 ppm, as per the experi-
mental conditions. The colorimetric changes and corresponding absor-
bance spectra post-agglomeration/aggregation with CPF are
demonstrated in Fig. S2.

Upon observing that CPF concentrations below 5 ppm were insuffi-
cient to induce notable agglomeration and aggregation of AuNPs, the
study extended to examine the combined effects of NaCl and CPF on
AuNPs aggregation. As shown in Fig. 2B, the SERS signal of CPF could
not be observed at 5 ppm of CPF (green line), and it was only obtained
when the concentration increased to 50 ppm (black line). Furthermore,
the addition of NaCl resulted in a notable red shift in absorbance, as
depicted in Fig. 2C (purple line), indicating enhanced nanoparticle ag-
gregation. This aggregation, stimulated by NaCl in conjunction with
CPF, effectively aligned the LSPR wavelength of the AuNPs closer to the
laser excitation wavelength of 785 nm (Logan et al., 2021). This align-
ment explains the observed increase in Raman enhancement, as the
closer proximity of the LSPR wavelength to 785 nm optimizes the
electromagnetic field enhancement, particularly demonstrated in
Fig. 2B (purple line).

In fact, we further examined particle agglomeration and aggregation,
as demonstrated in Fig. 2C and D, to observe the absorbance behaviour
and colorimetric changes under the influence of CPF and NaCl in AuNP
solutions, respectively. At a CPF concentration of 5 ppm, the addition of
NaCl could elicit a synergistic effect, significantly enhancing AuNPs'
agglomeration and aggregation, as indicated by the significant red shift
(Fig. 2C, purple line) and a colour change from wine red to dark blue
(Fig. 2D). This is attributed to NaCl in displacing the citrate ions on the
surface of AuNPs, decreasing the negative charge of the nanoparticles.
Subsequently, the addition of NaCl leads to an increase in the ionic
strength of the solution, which reduces the electrostatic repulsion be-
tween nanoparticles (Bickel et al., 2016; Khrushchev et al., 2022),
thereby achieving effective aggregation with fewer CPF molecules. A
microscopic view representing agglomeration and aggregation can be
seen through the TEM images (Fig. S3, Supplementary Information).
This effect is reflected by the absorbance ratio of A523/A680: as
agglomeration progresses to aggregation, the plasmon resonance un-
dergoes a red shift, resulting in the emergence of a second peak at 680
nm. This transition is indicative of the AuNPs moving from a loosely
clustered state (agglomeration) to a more structured and stable group
(aggregation) (Zook, Maccuspie, Locascio, Halter, & Elliott, 2011),
especially in the presence of NaCl, which facilitates the detection of CPF
using SERS (Fig. 2B, purple line). As shown in Table S3, for AuNPs, the
A523/A680 value was 16.00, representing the monodispersed AuNP
solution, which decreases gradually to 4.60, 3.06, 0.75, and 0.78 after
the addition of 5 ppm CPF, 3 M NaCl, 5 ppm CPF with 3 M NaCl, and 50
ppm CPF respectively. These results signify initial agglomeration even-
tually leading to aggregation with the emergence of another peak at 680
nm. These results unequivocally confirm the critical role of NaCl in
assisting the sensitive detection of CPF at trace levels using SERS.

3.3. Dynamic range of SERS-based detection of CPF

The optimized experimental parameters were utilized to assess the
capability of the SERS sensor for detecting CPF standard solutions. Based
on these results, a concentration of 15 M of AuNPs, 4 M of NaCl, and a 5-
min incubation period were found to provide the highest SERS signals
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and therefore were utilized to detect CPF at various concentrations
(Fig. S4, Supplementary Information). Fig. 3A schematically illustrates
the dispersion, agglomeration and aggregation influenced by increasing
CPF concentrations. Notably, the peak at 1333 cm ™! was identified as a
characteristic peak of CPF due to its significant SERS intensity variation
with different concentrations, as shown in Fig. 3B. At lower concentra-
tions (0.001 to 1 ppm, Fig. 3C), CPF adsorbs on the surface of AuNPs,
promoting a weaker form of agglomeration, which further strengthens
with the addition of NaCl, thereby allowing a proportional SERS signal
to be measured. As a result, a linear correlation with regression equation
asy = 206.19x -+ 24.229 with a correlation coefficient value for R? as
0.97 can be observed, indicating high precision when exploiting the
Raman signal intensity at 1333 cm ™' (Fig. 3D). The limit of detection
(LOD) and the limit of quantification (LOQ) are calculated using the
IUPAC definition and formulas 3S/M and 10S/M, respectively, were S is
the standard deviation of ten measurements of the blank solution, and M
is the slope of the calibration curve (Long & Winefordner, 1983). The
results confirmed a linear relationship with the LOD and LOQ value of
0.009 ppm and 0.031 ppm.

In contrast, at higher concentrations of CPF from 1 to 1000 ppm
(Fig. 3E), an abundance of CPF molecules continue to adsorb and cross-
link the AuNPs gradually, eventually resulting in their stronger form of
aggregation. This phenomenon leads to a disruption of the hotspot sites,
significantly diminishing the number of available sites for SERS
enhancement, thereby adversely affecting the SERS measurements. This
phenomenon results in inverse sensitivity with an exponential regres-
sion equation as y = 391.07x 7%, with R% = 0.95. Within this range,
an inverse linear response curve can be seen from 1 to 5 ppm (y =
—46.419x + 355.84, R? = 0.93), in which the inverse limit of detection
(iLOD) is defined as the lowest concentration at which the inverse
sensitivity response began to manifest (Pallares, Thanh, & Su, 2018), i.e.
1 ppm (Fig. 3E). It should be noted that the selection of the aggregation
agent, alongside the concentration of AuNPs and the duration of incu-
bation required for optimal signal generation, may exhibit considerable
variability due to differential rates of agglomeration and aggregation.
The experimental conditions in this experiment have been extensively
optimized to assure the consistency of experimental parameters. As a
result, the agglomeration and aggregation of AuNPs enable the detection
of CPF across a wide concentration range (10~ to 5 ppm) with two
distinct linear detection curves: (i) 0.001 to 1 ppm and (ii) an inverse
linear response curve from 1 to 5 ppm. This facilitates sensitive CPF
detection and highlights the correlation between CPF concentration and
AuNPs' agglomeration and aggregation states.

The non-linear, bell-shaped dynamic response witnessed when
studying the full dynamic range of CPF concentrations poses a challenge
in terms of quantification, as one Raman intensity value may represent
two concentrations, as depicted in Fig. 3C. However, this issue can be
addressed when combined with the colorimetric response of AuNPs
under different CPF concentrations. As demonstrated in Fig. 4A, the
solution progressively transitions in colour from red to dark purple,
subsequently to dark blue, and finally to lighter grey with increasing CPF
concentrations (0-1000 ppm), attributing to the gradual transition from
agglomeration to aggregation of AuNP solutions. Alternatively, this can
further be achieved by assessing the optical absorption behaviour based
on collective electronic oscillations of the nanoparticles. As shown in
Fig. 4B, with increasing CPF concentration, the peak around 523 nm
shifts to longer wavelengths, indicating the growth of particle clusters
and the broadening of the peak (Chadha, Das, Kapoor, & Maiti, 2021).
Notably, in Fig. S5 (Supplementary Information), the absorbance ratio
A523/A680 changes from 2.81 (for 0 ppm CPF) to 0.39 (for 100 ppm
CPF), implying the presence of larger aggregated clusters of nano-
particles. Therefore, by combining the colorimetric and plasmonic re-
sponses, this could provide valuable insights into the agglomeration and
aggregation phenomena, enhancing the accuracy of CPF quantification.

In addition, unsupervised PCA model could be used to effectively
differentiate various concentrations of the CPF in this case. PCA discerns
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Fig. 3. SERS-based detection of CPF. (A) A schematic representation of the stability states of AuNPs under the effect of increasing concentrations of CPF. (B) SERS
spectra of solutions containing 275 pL of 15 M AuNPs, 3 uL of 4 M NaCl, and 55 pL of CPF at various concentrations (0-1000 ppm). (C) Dynamic range analysis

demonstrating SERS intensity at the diagnostic peak of 1333 cm™!

versus CPF concentrations, exhibiting non-linear concentration responses. (D) At the lower

concentration range of CPF (i.e. 0.001 to 1 ppm), the SERS intensity was proportional to the CPF concentrations. However, at the higher concentration range (i.e. 1 to

1000 ppm), an inverse SERS signal to the concentration was observed (E).

the variations in the SERS spectra corresponding to CPF across a broad
concentration range. Based on the SERS measurements of the 70 sam-
ples, the PCA model was carried out and the corresponding score plot
has been shown in Fig. 4C. Specifically, the lower concentrations (0.01
ppm, 0.1 ppm, 1 ppm) situated on the left side and the higher concen-
trations (5 ppm, 10 ppm, 50 ppm, 100 ppm, 1000 ppm) located on the
right side of the PC1 axis, which accounted for 77% of the total variance.
The results not only effectively distinguish between low concentrations
(< 5 ppm) and high (5-1000 ppm), but also exhibit tight clustering and
distinct separation across various concentration groups. This approach
provides an efficient way for the sample detection of unknown
concentrations.

Overall, the developed method enables the detection of CPF across
various concentration ranges. In the low concentration range (0.001-1
ppm), the SERS detection signal shows a linear relationship with the
concentration of the target analyte, allowing CPF to be detected as low

as 0.009 ppm. Conversely, at higher concentrations (1-1000 ppm), an
inverse response occurs, with an inverse linear regression observed from
1 to 5 ppm and an iLOD of 1 ppm. When dealing with CPF samples of
uncertain concentrations, distinguishing between these phenomena is
possible based on employing a bell-shaped curve coupled with their
colorimetric response of AuNP solutions, absorbance spectra, and the
PCA as presented above. The combined dose response analyses with PCA
could allow the reliable detection of CPF in samples with unknown
concentrations.

3.4. The detection of CPF on cucumber surface

Cucumber (Cucumis sativus), belonging to the gourd family, is a
globally consumed vegetable (Feng et al., 2021). Its cultivation often
requires substantial pesticide use due to high demand and susceptibility
to insect attacks (Khoshnam, Ziaee, Daei, Mahdavi, & Mousavi
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Khaneghah, 2022). This study evaluated the effectiveness of SERS for sonication method, (E3) ACN-rinse method and (E4) a swabbing tech-

the analysis of cucumbers contaminated with pesticides, which often nique. A comparative analysis of recovery efficacy revealed that E1 and
reside on the surface. Four extraction methods for CPF recovery from E2 were ineffective in recovering CPF from cucumber peels for Raman
cucumber peels were assessed: (E1) QUEChERs extraction, (E2) ACN- analysis (Fig. S6 A). This is potentially attributable to the concurrence of
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corresponding SERS detection of pesticides released from swab. (B) The SERS spectra of CPF obtained after swabbing from spiked cucumbers. (C) Linear relationship
between increasing SERS intensity and CPF concentration swabbing from cucumbers.
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chlorophyll within the recovered CPF samples. Consequently, fluores-
cence from chlorophyll significantly interfered with the weak Raman
signal of CPF. However, E3 and E4 could successfully extract CPF, with
the swab method (E4) yielding stronger SERS signals (Fig. S6 A), which
may be due to enhanced CPF removal via frictional forces. Thereafter, to
optimize the swab method, four solvents (acetone, acetonitrile, meth-
anol, and ethanol) were employed and compared subsequently (Fig. S6
B), resulting in acetonitrile being most effective, aligning with prior
findings of CPF's high solubility in acetonitrile (Shabbir, Singh, Maiti, &
Saha, 2021). Consequently, the swab method with acetonitrile, coupled
with SERS, was selected for subsequent CPF analysis on cucumber
surfaces.

The schematic in Fig. 5A shows the residues of CPF on the surface of
the cucumber peels as detected using SERS combined with the modified
surface swab method. Cucumber peels were exposed to CPF concentra-
tions ranging from 0.1 to 5 ppm. The SERS spectra revealed distinct CPF
vibrational bands on the peels, which intensified with increasing CPF
levels (Fig. 5B). The characteristic peak at CPF at 1333 cm~! shows the
calibration curve represented by the fitted linear model, y = 17.57x +
12.705, and exhibits a high degree of accuracy (R = 0.96) as shown in
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Fig. 5C. Moreover, the LOD was calculated to be 0.11 ppm and LOQ as
0.37 ppm on the cucumber surface. To assess the reproducibility of the
method, the relative standard deviation (RSD) was evaluated at a low
concentration of 1 ppm. This was accomplished by recording Raman
intensities at 1333 cm™! for 20 cucumber peel samples, yielding an RSD
of 11.83% (Fig. S7, Supplementary Information). Furthermore, LC-MS/
MS analysis using an Agilent 6545B QqQ mass spectrometer was con-
ducted to further verify these results, as shown in Fig. S8. The cucumber
samples were first tested unspiked to confirm cucumbers were ‘negative’
for CPF. Subsequent LC-MS/MS analysis of cucumber samples spiked
with CPF at the LOD of 0.11 ppm for the analytical platform (SERS) and
carried out the same extraction protocol for CPF. The clean and spiked
cucumber samples were carried out in quadruplicate and analysed using
LC-MS/MS, with the chromatographic traces confirming the presence of
CPF. The ion ratio (q/Q) and retention time (RT) of CPF in the spiked
sample matched that of the CPF solvent standard, confirming its pres-
ence. Thus, the application of a swab technique for collecting CPF res-
idues from cucumber surfaces, followed by detection using SERS,
demonstrates good accuracy. This method is further validated by
confirmatory LC-MS/MS analyses, ensuring a comprehensive and
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Fig. 6. Identification of CPF in the presence of other OPPs on cucumber samples to assess the method's selectivity and reliability. (A) The chemical structures of
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reliable evaluation of pesticide residue detection on cucumbers.
3.5. Chemometric analysis for the identification of CPF

In agricultural production, the synergistic application of multiple
OPPs is common to control pests effectively, invariably leading to the
accumulation of OPPs residues in agricultural produce (Li, Wang, et al.,
2022). Fig. 6A demonstrates the chemical structure of chlorpyrifos,
profenofos, diazinon, and fenthion respectively, which are common
OPPs, and their structural similarities pose significant challenges in
spectral discrimination using SERS techniques. Additionally, Fig. S8
distinctly presents the SERS spectra for this set of OPPs and shows that
several bands are closely aligned, implying a degree of spectral simi-
larity which could potentially lead to analytical ambiguities, i.e. a false
positive response. Furthermore, adding to the complexity, Fig. 6B-E
showcases the Raman spectra of these pesticides, all at 6 ppm (including
their respective mixtures with CPF), captured using the swab method on
cucumber surfaces. Although Raman spectroscopy is known for its
ability to provide distinct spectral fingerprints for different pesticides,
any intense spectral features significantly hinder the precise identifica-
tion of the target pesticide. This may lead to analytical inaccuracies,
such as misinterpretations, or omissions (false negative). Therefore, it is
necessary to employ advanced analytical techniques, including
comprehensive chemometric analyses, to accurately differentiate and
quantify individual pesticide residues within complex agricultural
matrices.

To clearly identify CPF within a mixture, PCA was utilized further in
the selectivity study. PCA is an unsupervised pattern recognition tech-
nique, aims to visualize the natural clustering and variability within the
samples by using dimensionality reduction and linear feature extraction
approaches (Hong et al., 2023). The PCA score plot has been shown in
Fig. 6F, demonstrating a clear separation among profenofos, fenthion,
and diazinon, their mixture with CPF and CPF alone. The first three PCs
cumulatively explained 87.3% of the total variance, with PC1 at 47.3%,
PC2 at 23.2%, and PC3 at 16.8%. An R? value of 0.99 confirms the
model's robust fit, while a Q2 of 0.98 underscores its excellent predictive
quality. CPF exhibits distinct grouping and separation from profenofos,
fenthion, and diazinon, which are structurally similar OPPs, as indicated
by the red coloured cluster. Clear separation can also be observed when
CPF was mixed with profenofos, fenthion, and diazinon, respectively,
compared to these pesticides alone. In addition, the study demonstrated
the CPF can be distinctly recognized even when all three OPPs are co-
present together (Fig. 6G). The projection plot of the first two PCs
cumulatively accounted for 95.8% of the total variation with PC1
explaining 87.6% and PC2 explaining 8.2%. The R? and Q? values of the
PCA model were 0.99 and 0.98, respectively, highlighting the model's
robust predictive capability to detect CPF within a complex mixture.
Overall, the results indicate that Raman spectroscopy combined with
PCA showed strong potential for the accurate identification of CPF from
multiple pesticides.

4. Conclusions

This study presents a detailed insight into the agglomeration and
aggregation of AuNPs for the detection of CPF by means of SERS. Upon
combination with salt induction, the SERS signal was not always pro-
portional to the concentrations of the CPF target analyte. In fact, a linear
relationship was observed at low concentrations of CPF ranging from
0.001 to 1 ppm, with a LOD of 0.009 ppm. However, at CPF concen-
trations higher than 1 ppm, the SERS signal exhibited an inverse pro-
portionality to the concentration of the target analyte. For samples with
uncertain CPF levels, we found that the combined analysis of the
colorimetric response of AuNP solutions, their absorbance spectra, and
PCA could facilitate the reliable detection of CPF across a wide con-
centration range. In real sample testing, a straightforward technique for
CPF recovery from cucumbers through swabbing using ACN
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demonstrated high reproducibility, with an LOD of 0.11 ppm and an
RSD of 11.83%. This method could allow for a customized detection
approach, where desirable CPF concentrations to be detected can be
tuned. The application of chemometrics further enhances selectivity,
aiding in the accurate identification of CPF among similar pesticides not
only in cucumber samples but also in various other fruits and food
matrices.
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