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1. Introduction

Suitability study of Ag nanosheet SERS substrates
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QuEChERS extractiont
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With the current food demand, pesticides have become some of the most important compounds
to maintain food quality; however, this requires the development of methodologies that allow fast,
sensitive, and low-cost screening for these contaminants. Surface-enhanced Raman spectroscopy is an
emerging solution since the interaction between the analyte and metallic nanostructures increases the
Raman signals, enabling trace detection and a chemical-specific measurement. In this way, the fast
detection of contaminants is possible, and further advances may enable portable assays. In this work,
SERS substrates with silver nanosheets (AgNSs) on a copper surface were synthesized, producing a
strong SERS effect and a reproducible signal intensity from methylene blue probe molecules at an
optimal reaction time of 1 min. A quantitative analysis of the pesticide imidacloprid was then performed
by applying a PLSR chemometric model, revealing a high linear correlation between the reference values
and the predicted values of the pesticide (Rey? = 0.9732 and RMSECV = 0.1239). AgNS substrates were
used to determine the feasibility of using this methodology for screening imidacloprid in real bee honey
samples obtained through QUEChERS extraction, and an average recovery of 755% + 0.08 was
obtained. In addition, density functional theory simulations were carried out to elucidate the possible
molecular interaction with the SERS surface and to assign the observed vibrational modes of
imidacloprid. SERS is thus demonstrated to be an alternative to conventional pesticide detection
techniques.

pesticides, compounds derived from nicotine, have become
some of the most widely used insecticides worldwide due

Pesticides are widely used to produce and maintain food
quality, and it is estimated that their use will increase to
3.5 million tons per year."> Since the 1990’s, neonicotinoid
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to their systemic action, ease of use, and broad spectrum of
action.’” Imidacloprid is the pesticide that has experienced
the most significant growth, positioning itself among the
most used pesticides in the world.® These pesticides act as
agonists of the nicotine acetylcholine receptors (nAChRs),
located in the central nervous system of insects, preventing
them from carrying out neuronal synapses.”’

One of the problems associated with these pesticides is the
contamination of the environment, which has various reper-
cussions for the ecosystem since non-target organisms are also
affected.® For example, due to their systemic action, these
pesticides can translocate throughout plants, even reaching
pollen and nectar, thus affecting pollinators such as bees.
Several studies have associated these neurotoxic pesticides
with colony collapse disorder (CCD) that has decimated bee
populations globally, significantly affecting hives.”* The
loss of bee colonies in the last twenty years has generated
increased interest in monitoring pesticides within the research
community."®
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Currently, different analytical techniques are used for
the detection of neonicotinoids, including electrochemical
methods,®™® immunoassays,'**! fluorescence,>*>* HPLC, or
GC coupled to mass detectors.?*° These methods exhibit high
selectivity and sensitivity for detecting these analytes. Still, they
have a downside because most of the time, the treatment of the
sample is very complex, the analysis times are long, and trained
personnel are required to detect these analytes. Also, the
associated high cost and low portability limit in situ analysis.

In the last 20 years, surface-enhanced Raman scattering (SERS)
has emerged as a promising technique for detecting and identify-
ing various trace contaminants through their unique spectro-
scopic fingerprints. In addition, it is a non-destructive technique
with a high-speed analysis response and high sensitivity.*'
SERS involves Raman signal amplification due to the analyte
adsorption on a metallic nanostructure. This technique involves
two enhancement mechanisms; the first corresponds to an
electromagnetic mechanism (EM) produced by the excitation of
localized surface plasmon resonance (LSPR) in the interstices of
plasmonic materials. The second corresponds to the chemical
mechanism (CM) produced by the interaction between the analyte
and the metal substrate,’>3*?>

The development of high-performance SERS substrates is
crucial for detecting analytes. Over the years, several methodo-
logies have been used, such as self-assembly,*® thermal eva-
poration,®” electrodeposition,*® lithography,®® and the use of
semiconductors.**™** Satisfactory SERS performances have
been achieved from these substrates when used with probe
molecules. However, these methodologies are quite time-
consuming and have a high cost. The galvanic displacement
reaction solves these problems since it is a simple, fast, low-cost
technique.”” In this technique, Ag ions in a solution are
reduced, forming isolated nanostructures, which act as seeds
for continuous accumulation through deposition on the copper
surface, which allows control of the composition and morpho-
logy of the nanoparticles, in addition to providing the possibi-
lity of generating a porous network to have a more significant
number of hotspots.** Due to the incredible versatility of this
technique, it has been used in various studies to increase the
sensitivity of SERS; Hu et al. synthesized silver nanoparticles on
copper substrates with excellent sensitivity to detect rhodamine
6G in low concentrations.”> One of the difficulties associated
with galvanic displacement is the low uniformity of the
obtained substrates; to overcome this, capping agents have
been used, given that these agents control the growth rate
relationship between the (111) and (100) planes of silver, thus
retarding the growth of the nanostructures;'® for example,
Wu et al. used polyvinylpyrrolidone (PVP) as a capping agent
to control the growth rate of the (100) facet of silver and thus,
the uniformity of the obtained substrate was controlled. In this
way, it was possible to obtain a substrate that improves SERS
performance for detecting pesticides in water samples.*’

In this work, easy-to-manufacture and low-cost silver nano-
sheets (AgNSs) were prepared through a galvanic displacement
reaction, using sodium citrate as a capping agent to control the
uniformity of the substrate. The SERS effect of this platform is
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tested using a probe molecule such as methylene blue. The
SERS substrate was used to detect trace levels of the pesticide
imidacloprid using the PLSR chemometric model and its
feasibility was tested to evaluate imidacloprid at the screening
level in honey samples. Additionally, density functional theory
(DFT) calculations were performed to assign the characteristic
vibrational modes of the molecule.

2. Materials and methods

2.1. Reagents and standard preparation

Aqueous solutions were prepared using ultrapure water
(18.2 MQ cm) purified using a Simplicity™ system (Merck Milli-
pore, Darmstadt, Germany). Imidacloprid (CHEM SERVICE,
West Chester, PA, USA), copper foil of about 0.1 mm thickness,
methylene blue, silver nitrate, sodium citrate tribasic dihydrate,
ethanol, acetone, nitric acid, polyethylene glycol M, 1000,
sodium carbonate anhydrous, hydrogen peroxide, and metha-
nol (Merck Millipore, Darmstadt, Germany) were purchased
from the indicated vendor.

A stock solution of 1000 pg mL~" methylene blue in methanol
was prepared. A stock solution of 1000 pg mL ™" in a mixture of
methanol and ultrapure water at a 1:1 (v/v) ratio was prepared for
imidacloprid. From there, the working solutions were prepared
for each analysis performed. Stock and working solutions were
stored at 4 °C.

2.2. Preparation of the SERS substrate

Silver nanosheets (AgNS) were synthesized by a process des-
cribed by Li et al.*® using silver nitrate (AgNO3, 20 mM), sodium
citrate (7 mM), and different reaction times (0.5, 1, 2, 5, and
10 min). The UV-vis absorption spectra were recorded using a
spectrophotometer (UV-2450, Shimadzu), and the substrates
were morphologically characterized by scanning electron
microscopy (SEM, FEI Quanta 250), energy dispersive spectro-
scopy (EDS) and X-ray diffraction (XRD, Bruker D8 Advance
X-ray diffractometer).

2.3. DFT frequency computations

A conformational search on the structure of Imidacloprid was
performed at the B3LYP/6-31G(d,p) level of theory to provide an
appropriate description of dihedral angles between pyridinium
and imidazolium rings. Next, a full geometry optimization in
the gas phase was performed at the B3LYP/6-31 + G(d,p) level of
theory. Anharmonic vibrational frequencies were obtained with
the optimized geometry of imidacloprid at the same level of
theory. All calculations were performed with Gaussian 16.%°

2.4. Raman measurements

To achieve an efficient adsorption process for the analytes on the
surface of the AgNS substrates, the platform is immersed in an
analyte solution with different concentrations for 3 h, and then
washed with water and air-dried before being measured by SERS.

SERS spectra were obtained using an AFM-Raman confocal
microscope (Witec Alpha 300 RA, Germany) equipped with a
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532 nm laser. The microscope objective was 50x (0.8 NA). The
spectra were obtained from the average of 3 measurements
between 300 and 1800 cm ™", with an integration time of 10 s
and 5 accumulations. Spectral data were analyzed using Witec
Control FOUR software to facilitate analysis.

2.5. Statistical analysis

Partial least squares regression (PLSR) is used to quantitatively
relate spectral data (variable X) to concentrations of imidacloprid
in solution (variable Y). A complete cross-validation proce-
dure determines the optimal number of factors to use within
the PLSR regression. The model is evaluated using the coefficient
of determination (R*) and the root mean square error (RMSE).

2.6. QuEChERS extraction

5.0 g of honey was weighed into a 50 mL polypropylene tube.
The extraction began by adding 7.5 mL of water and 10.0 mL
of acetonitrile, shaking until complete homogenization. Then,
1.0 g of sodium chloride and 6.0 g of anhydrous magnesium
sulfate were added and agitated vigorously. The tube was
centrifuged for 5 minutes at 500 rpm, and 2.0 mL of super-
natant was taken with a micropipette into a 15.0 mL polypro-
pylene tube containing 50 mg of C18, 50 mg of PSA, and 150 mg
of anhydrous magnesium sulfate, vortexed, and then centri-
fuged for 5 minutes at 3000 rpm. Finally, the supernatant was
filtered through a 0.22 um PVDF membrane.

3. Results and discussion

3.1. SERS substrate characterization

The morphological characterization of the surfaces was carried
out by scanning electron microscopy (SEM). Fig. 1 presents
typical SEM images of the substrates prepared with different
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reaction times. Fig. 1(a) shows the morphology of the sub-
strates with a reaction time of 0.5 minutes, indicating a rapid
deposition rate; the formation of small isolated units corres-
ponding to silver nanostructures was observed, which will serve
as seeds during the process.

Fig. 1(b) shows that when the reaction time increases to
1 min, it is observed that these nanostructures begin to accu-
mulate on the copper surface, increasing the density of the
nanosheets, which causes the separation in the AgNS to
become smaller, thus generating a more significant number
of hotspots. As the reaction time increases, it is observed that
the deposition of these nanostructures becomes increasingly
more prominent and much denser, as evident in the cases of
the times of 2 and 5 minutes shown in Fig. 1(c) and (d). When
the time reaches 10 minutes, much larger and thicker units are
formed than the previous ones, as shown in Fig. 1(e).

Fig. 1(f) shows the atomic composition of the synthesized
AgNS substrates at 0.5, 1, 2, 5, and 10 min through EDS analysis
in SEM. Here, you can see that the ratio of Ag/Cu atoms on
the surface of the platform changes with the course of the
reaction since the amount of Cu decreases, and Ag increases as
the reaction time increases, which suggests that the galvanic
displacement reaction develops correctly.

To evaluate the optical properties of the substrates, they
were analyzed by UV-visible spectroscopy (Fig. S1, ESIT), where
it can be observed that on the AgNS platform, unlike the initial
copper substrate, there is an absorption peak at 320 nm.

In relation to the composition of the substrates, XRD
analysis was carried out to investigate the crystallinity of the
surfaces. Fig. S2 (ESIt) shows the different patterns of each
evaluated substrate, where the XRD spectrum of the copper foil
(red) shows three diffraction peaks at 20 of 43.6° 50.7°, and
74.3°%, corresponding to its network planes (111), (200) and
(320), respectively. In the AgNS substrate (green), the three

Ag Composition
Time % Cu % Ag
0.5min  99.88 112
1min 96.88 3.12
2 min 92.40 7.60
5 min 85.26 14.08
10 min  48.54 51.46
Ag
Ag Cu
Ag
2 4 6 8 10

Fig.1 SEM images of silver nanosheets (AgNSs) at different reaction times: (a) 0.5 min, (b) 1 min, (c) 2 min, (d) 5 min, and (e) 10 min and (f) elemental

composition by EDS in SEM.
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peaks associated with copper are observed and a discernible peak
appears at a 20 of 38.2°, which corresponds to the diffraction peak
of the lattice plane (111) of silver, indicating that the preferential
orientation of Ag was along the (111) plane and its low intensity
is associated with the use of sodium citrate as a capping agent,
controlling the rate of galvanic displacement, since it binds
strongly to the (111) facets, making the growth much slower.

In SERS experiments, dye molecules play a crucial role
because these compounds exhibit considerable Raman reso-
nance effects. This is why a probe molecule, such as methylene
blue dye, which shows a characteristic SERS signal, is used to
study the performance of optimally synthesized substrates.”®

Fig. 2(a) shows the SERS spectra of methylene blue (1 ug mL ™)
on the AgNS platforms at 0.5, 1, 2, 5, and 10 minutes of reaction
time. Herein, the characteristic signals of this molecule are
observed, such as the C-N-C skeletal deformations (455 cm ™ %),
the C-S-C skeletal deformations (615 cm™'), C-H in-plane
bending (896 and 1033 cm™ '), C-H in-plane ring deformation
(1310 em ™), the C-N symmetric stretching (1414 cm™ '), and
the C-C ring stretching (1610 cm™*).>*** The behavior of the
different SERS substrates used shows that as the reaction time
increases, the intensity of the signal first increases and then
decreases. During the initial times, there is little presence of the
nanostructures on the surface, which reduces the presence of
hotspots and the enhanced Raman signal; as the reaction time
increases, an optimum structure is realized balancing the size
and density of the nanostructures. Further reaction beyond this

455 615 896 1033

a) 25,0k 13101‘]1.14 1§10
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optimum point reduces the observed Raman enhancement.
As a result, the optimum Raman signal enhancement is
achieved with a reaction time of 1 min.

The reproducibility of the substrates plays a fundamental
role in the SERS measurements, and this directly depends on
the morphological and surface properties of the metallic
nanostructures used. An area is delimited in the center of the
AgNS platform at the optimal reaction time of 1 min to study
reproducibility, and methylene blue spectra (1 ug mL™") are
collected at different points within this area. The SERS spectra
of methylene blue in the region of the AgNS platform are shown
in Fig. 2(b), where the characteristic signals of the molecule are
observed. The intensity distribution histograms of the charac-
teristic peaks of methylene blue at 1414 cm™* and 1610 cm™*
are shown in Fig. 2(c) and (d). The relative standard deviation
(RSD) is calculated for the spectra obtained at ten different
points on the AgNS platform to quantify the point-to-point
reproducibility. The resulting statistical evaluations showed
an RSD value of 6.66% for the signal found at 1414 cm ' and
3.58% for the sign at 1610 cm ', which suggests that the
platform has good performance and homogeneity given that
the RSD value is below 15.00%, a value that is indicative of good
reproducibility of the substrates as indicated by other
studies,”** for example, Li determines the reproducibility of
the substrate with %RSD values of 12.96 and 11.69%. The
authors point out that the reproducibility is reasonable to
guarantee the practical application of the substrate.””

b)

T T T T T T T
400 600 800 1000 1200 1400 1600

Raman Shift (cm“‘)

DER =3,85% I 1610 cm™

Intensity (a.u)

1 2 3 4 5 6 7 8 9 10
Random Spot

Fig. 2 Raman spectra of methylene blue (1 ug mL™) were collected (a) on AgNS substrates at different times, (b) on ten random spots of AgNS substrates
with a reaction time of 1 min, and histogram results of peak intensities at (c) 1414 cm™* and (d) 1610 cm™.
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A stability study of the AgNS platforms is carried out to
observe if they oxidize over time. To achieve this, the SERS
spectrum on the optimal AgNS substrate is determined in a
certain area every 2 days without modifying the laser intensity.
The results of the analysis are shown in Fig. S3 (ESIt), where
when monitoring the characteristic signal of methylene blue at
1610 cm ™' in the AgNS substrate over time, it is observed that
this signal gradually decreases during storage and no changes
in observed sign are noted. Furthermore, there are no signals
associated with oxides on the surface of the platforms, indicating
good stability of the substrates.

The enhancement factor (EF) is a parameter that allows us
to quantify the magnitude of the improvement that a SERS
substrate presents; this is calculated from the following

equation:*”*%>°
= ()" ()
Inrs Cskrs

where Iggrs corresponds to the intensity of the signal obtained
from the SERS substrate, Iygs is the intensity of the normal
Raman signal (NRS) obtained without the SERS substrate, Csggs
is the concentration of the analyte in the SERS measurement
(3.1 x 107° M), and Cygs is the concentration of the analyte in
the normal Raman measurement (3.1 x 10~* M). Following the
characteristic methylene blue signal at 1610 cm ™, the EF is
3.6 x 10°. This value depends on the surface affinity of the
probe molecule and is consistent with what has been reported
in the literature for the AgNS platform.*®

3.2. Vibrational assignment of imidacloprid

Based on the results obtained for the AgNS platforms with the
methylene blue probe molecule, we now seek to study the
detection of the pesticide imidacloprid. To have a better under-
standing of the phenomena associated with the detection and
monitoring of analytes at low concentrations, it is essential to
combine SERS information with theoretical calculations such
as DFT since this allows us to connect theoretical and experi-
mental research, obtaining all the spectroscopic information
relevant to the analytes. Initially, a DFT analysis was performed
on the gas phase, and the optimized structure with a number-
ing scheme for imidacloprid is shown in Fig. 3(a). The molecule
consists of a chloropyridine ring linked to an N-nitroimidazo-
lidine ring. The experimental, theoretical unscaled, and SERS
Raman spectrum of imidacloprid is shown in Fig. 3(b), where
the characteristic peaks of the molecule can be seen. The
assignment of these peaks and their corresponding vibrational
modes are recorded in Table S1 (ESIt).

3.2.1. C-H vibrational modes. The C-H stretching will not
be considered in this work, but in heteroaromatic structures,
they occur between 3000-3100 cm ™ *.°° In-plane CH bending is
expected from 1000-1400 cm™ '.°°® From the DFT analysis, it is
determined that these modes vibrational frequencies are found
at 1390, 1237, 1165, and 1057 cm™'; in the case of the
experimental frequencies, they were observed at 1370, 1243,
1139 and 1050 cm %, while for SERS, these were found at 1363,
1238, 1161 and 1046 cm ™ *. Out-of-plane CH bending modes are

3928 | New J. Chem., 2024, 48, 3924-3932
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Fig. 3 (a) Structure of the imidacloprid molecule. (b) Raman spectrum for
imidacloprid from 300 to 1800 cm™}; the experimental spectrum is shown
at the top of the figure, followed by the DFT spectrum and finally the SERS
spectrum.

T
400

expected at 600-1000 cm ™ ".°® According to DFT calculations,
these are located at 958, 841, and 814 cm™'; experimentally,
they are located at 958, 831, and 815 cm ™ *; while for SERS, they
are located at 932 and 820 cm ™. Finally, according to the DFT
analysis, the vibrational modes of movement of CH, are found
at 1471, 1390, 1327, 1309, 985, and 958 cm ' and experi-
mentally they are found at 1449, 1370, 1298, 1276, 995, and
958 cm™'; in the case of SERS, these are found at 1422, 1363,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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1321, 1283, 994 and 932 cm ™. These values align with what is
indicated in the literature regarding signals of pyridine®” and
other neonicotinoids.”® ®*

3.2.2. Ring vibrational modes. The DFT analysis deter-
mines the presence of five stretching modes of ring 1 (pyridine
ring) located at 1642, 1498, 1309, 1129, and 985 cm™'; experi-
mentally, these modes are found at 1567, 1481, 1276, 1107, and
995 cm™ ' and in SERS, they are found at 1560, 1494, 1283 and
994 em™". According to theoretical calculations, the bending of
the ring in the plane is predicted to be at 697, 670, and
643 cm™'; experimentally, they were observed at 690, 658, and
631 cm ™, while in SERS, they were observed at 694, 665, and
616 cm . The stretching associated with ring 2 (imidazolidine)
is predicted to be at 1237 and 1102 cm " according to DFT
analysis; experimentally it was observed at 1243 and 1096 cm ™ *,
and in SERS, it was found at 1238 cm™'. The bending mode of
the ring is located at 886 cm™ " both in the DFT analysis and
experimentally. The C-N stretching associated with the imida-
zolidine ring is found to be at 1471 and 1057 cm ™~ by theoretical
calculations; experimentally, it is found at 1449 and 1050 cm™*
and in SERS, it is found at 1422 and 1046 cm ™. The C-N bending
modes, which according to DFT are found at 958, 697, and
643 cm ™, are experimentally located at 958, 690, and 631 cm ™"
and in SERS, they are located at 932, 694, and 616 cm™ Finally,
in the region below 500 cm™", vibrational modes associated
with the skeletal deformations of rings 1 and 2 are mainly
found. These values are consistent with what has been indi-
cated in the literature regarding imidazole®*®* and pyridine,”
and other neonicotinoids.”®®!

3.2.3. C-Clvibrational modes. The DFT calculation assigns
the following Raman bands to the C-Cl stretching vibrational
modes at 409, 481, 697, and 1129 cm ™ '; the experimental values
correspond to 418, 494, 690, and 1107 cm™ ', while for SERS, they
are at 307, 506, and 694 cm™'. Furthermore, from DFT analysis,
a C-Cl vibrational bending mode is observed at 670 cm ", which
is experimentally observed at 658 cm ™, and through SERS, it is
observed at 665 cm™'. These vibrational modes are consistent
with what the literature provides for 2-chloropyridine.®*

a) b)

) 1 1 1 1 I 1 1
400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)
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3.2.4. NO, vibrational modes. The asymmetric and sym-
metric N-O stretching vibrations occur near 1550 cm™ "' and
1365 cm ', respectively.”® The asymmetric N-O stretching
vibration appears at 1705 cm ™" and the symmetric one appears
at 1390 cm™ ' according to DFT calculation, while experi-
mentally, they are observed at 1582 cm ' and 1370 cm !,
respectively. The greatest enhancement in the SERS signals
occurs in this spectral region since the asymmetric N-O
stretching appears at 1600 cm™ ' and the symmetric one
appears at 1363 cm™ . From DFT calculation, the out-of-plane
NO motion mode appears at about 778 cm™'; experimentally, it
is observed at 750 ecm™*, while in SERS, it is 759 cm ™ *. These
data are consistent with what has been reported in the litera-

ture for other neonicotinoids.>® ¢!

3.3. Imidacloprid SERS detection

A quantitative analysis is performed by modifying the concen-
tration of imidacloprid and applying the PLSR chemometric
algorithm to see the relationship between the spectra and the
concentration of the analyte. Fig. 4(a) shows the SERS spectra of
the imidacloprid standard solution at different concentrations.
The characteristic signals of the molecule are present and in
accordance with the Raman spectrum. The intensity of the SERS
spectrum decreases as the analyte concentration decreases,
keeping the spectrum profile unchanged. Based on the charac-
teristic bands of the SERS spectra, imidacloprid can be identi-
fied at levels as low as 0.02 umol L™'. The SERS spectral
information of imidacloprid was determined at different concen-
trations adsorbed on the platform surface (1.96-0.02 umol L)
For the construction of the model, an analysis was carried out in
triplicate; the spectral data obtained were pretreated by applying
the second derivative using the Savitzky-Golay algorithm with a
second-order polynomial to reduce the deviations caused by
dispersion effects, and cross-validation was employed to evaluate
the quality of the model. Fig. 4b shows the concentration values
predicted by the PLSR model as a function of the reference
concentration of imidacloprid. The value of R* for the calibration
process corresponds to 0.9770, and for the cross-validation

— Y
T, 2.0
5 y = 0.954x + 0,026
£ RZ= 0.9732 a
=
c
S
g
T
[
Q
c
<]
o
T
2
[3}
2
e
o
T 1 T T 1
0.0 0.5 1.0 1.5 2.0

Reference Concentration (umol L)

Fig. 4 (a) Raman spectra of imidacloprid with different concentrations from 1.96 to 0.02 umol L™ for the AgNS substrate with a reaction time of 1 min.
(b) PLSR model of the imidacloprid spectrum as a function of concentration (1.96 to 0.02 pmol L™%).
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Table 1 Comparison of different methods for the detection of
imidacloprid

LOD
Method (umol L™")  Ref.
High-performance liquid chromatography ~ 0.0101 65
(HPLC) 0.1291 66
Enzyme-linked immunosorbent 0.0978 67
assays (ELISA)
Electrochemical methods 0.1799 68
0.5101 69
0.8214 70
Surface enhanced Raman 0.0782 71
spectroscopy (SERS) 0.0782 72
0.0200 This work

process, it is 0.9732. The RMSE is 0.1091, while the RMSECV
corresponds to 0.1239. The results show high R* values and low
calibration errors; therefore, the model can perform a quantitative
analysis for the pesticide imidacloprid.

This methodology allows us to detect imidacloprid in con-
centrations as low as 0.02 pumol L', which is below the
maximum residue limit (MRL) allowed by the Codex Alimentar-
ius for the presence of pesticides in various foods (0.039-
195.6 umol L™ ). The observed detection limit for imidacloprid
with the AgNS platforms is compared with other studies in
Table 1. The SERS methodology is an excellent alternative to
classical analytical techniques with a lower associated cost and
the potential for in situ detection.

Finally, the feasibility of using this methodology for screening
analysis in a real sample will be studied. Honey will be used as a
real sample since neonicotinoid pesticides have been detected to
affect non-target organisms such as bees and have been consid-
ered one of the factors contributing to colony collapse disorder
(CCD), leading to the disappearance of bees worldwide. Once the
AgNS parameters in the solution have been optimized, a test is
performed on extracts of honey samples intentionally enriched
with imidacloprid at three concentration levels obtained by the
QUuUEChERS method. Fig. 5 shows the comparison between the

—— IMD QUEChERS extraction
—— IMD in aqueous solution

Intensity (a.u)

600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Fig. 5 SERS performance of the AgNS platform for imidacloprid in aqu-
eous solution and QUEChERS extract of honey.

T
400

3930 | New J. Chem., 2024, 48, 3924-3932

View Article Online

Paper

spectrum of imidacloprid in an aqueous solution and one of the
honey extracts, where it is observed that the most important
signal of imidacloprid presents a slight reduction compared to
the aqueous solutions. This is mainly due to hotspot competi-
tion between the target molecule and honey components such
as waxes, sugars, and pigments.”® The average recovery of the
extracts is 75.5% =+ 0.08, which is slightly lower than that obtained
in previous tests using HPLC-MS./MS as a quantification method,”
demonstrating that AgNS substrates could detect contaminants in
real samples at a screening level faster than chromatographic
techniques.

4. Conclusions

In the present work, easily fabricated and low-cost SERS AgNS
platforms were synthesized. They exhibit good reproducibility
and enhance Raman signals. These platforms enabled the
spectroscopic characterization of the pesticide imidacloprid
and the assignment of the experimental Raman and SERS
bands to the corresponding vibrational modes through a DFT
analysis. Finally, SERS successfully identified imidacloprid in
solution at low concentrations with a LOD of 0.02 pmol L™ " and
the applied chemometric model PLSR exhibited good linearity
and sensitivity (R.,” = 0.9732 and RMSECV = 0.1239). Detecting
this analyte as a screening method in complex matrices, such
as honey after QUEChERS extraction, was proved to be feasible
with an average percentage recovery of 75.5% =+ 0.08.
This methodology has been proven to be an alternative to
conventional pesticide follow-up techniques.
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