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Surface-enhanced Raman spectroscopy (SERS) has emerged as a powerful analytical tool for ultrasensitive
detection of environmental contaminants, particularly pesticides. Recent developments have focused on
nanomaterials engineering and SERS-active sensors to enhance signal intensity. Gold (AuNPs) and silver
nanoparticles (AgNPs) of various morphologies and sizes have been widely explored due to their
plasmonic properties, as well as hybrid or combined nanoparticle systems. Innovative approaches have
also been developed, such as embedding nanoparticles in gels to enhance stability and reproducibility or
using magnetic nanoparticles for sample interaction and preconcentration. Additionally, the integration
of graphene oxide has gained attention because of its ability to improve the chemical enhancement
mechanism via - interactions with analyte molecules. Despite these advances, SERS-based detection
remains challenging, particularly with regard to selectivity in complex matrices. To address this issue,
recent strategies have combined SERS substrates with biorecognition molecules such as antibodies,
aptamers, and enzymes, thereby improving specificity and facilitating the development of SERS-based
biosensors. This review highlights the current state-of-the-art SERS applications for pesticide detection
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in food and environmental samples, discussing the key technological advances, material innovations, and
analytical challenges. This paper also offers perspectives on future research directions to increase the

sensitivity, reproducibility, and field applicability of SERS-based detection platforms.

1. Introduction

Maintaining global food production and security has become
a significant issue in the current era. According to the State of
Food Security and Nutrition in the World 2023 report by the
Food and Agriculture Organization (FAO), an estimated 691
million to 783 million people worldwide faced hunger in 2022.
To put this into perspective, approximately 735 million indi-
viduals fell within the midrange estimate, representing an
alarming increase of 122 million people experiencing hunger in
2022 compared to the pre-pandemic year of 2019.* However, if
not well managed, large-scale food production could present
global public health risks, as evidenced by periodic zoonotic
foodborne disease outbreaks worldwide. These outbreaks have
diverse causes, including interactions between humans and
animals, inadequate infrastructure, and suboptimal post-
harvest practices, leading to food contamination by viruses,
bacteria, parasites, and prions. Another major problem is the
utilization of several chemicals, including toxins, industrial
compounds, heavy metals, persistent organic pollutants, and
pesticides, which lead to various health-related issues.>™
Concerns regarding pesticide use are complex and involve
environmental, health, and regulatory aspects.>” Pesticides are
extensively used in regions with intensive agriculture and have
elicited concerns regarding their potential ecological conse-
quences.” These chemicals linger in the environment, contam-
inate soil and water, and pose risks to nontarget organisms and
ecosystems.® Health concerns arise as pesticide residues enter
the food chain and threaten human health.® Most pesticides are
mainly grouped as organochlorines, carbamates, triazines, and
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organophosphates, like glyphosate, which is the most widely
used in current agriculture.®® Glyphosate can display endocrine-
disrupting activity, promote carcinogenicity in mouse skin, and
affect human erythrocytes. Triazines, such as atrazine, are
related to endocrine-disrupting effects and reproductive
toxicity, and are potentially related to breast cancer.* Balancing
high agricultural productivity while minimizing unintended
consequences is a significant challenge that requires ongoing
research, innovative approaches, and global cooperation to
obtain comprehensive solutions.** In addition, establishing and
adhering to maximum residue limits (MRLs) highlight the need
for strict regulatory frameworks. In addition, reliance on
advanced external laboratories for pesticide analysis introduces
challenges that affect market activities and decision-making
processes.>

The most traditional analytical methods for pesticide
detection involve gas chromatography (GC) and high-
performance liquid chromatography (HPLC) as separation
techniques and mass spectrometry (MS) as the detection tech-
nique.”* Several experimental protocols based on solvent
extraction, solid-phase extraction, and other methods have been
developed to improve pesticide detection.'*** However, these
traditional methods use several organic solvents, sample prep-
aration, time-consuming analysis, and a skilled operator.***

Surface-Enhanced Raman Spectroscopy (SERS) is emerging
as a novel approach to advancing pesticide detection in food
and environmental matrices.”” SERS can amplify the Raman
signal through local electric field enhancement (EM) by exciting
surface plasmon resonance (SPR) in plasmonic nanomaterials
like gold (AuNPs) and silver (AgNPs) nanoparticles.’*** Another
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enhancement mechanism that can increase the Raman signal is
the chemical enhancement mechanism (CM) due to the elec-
tronic coupling (charge transfer mechanisms) of molecules
adsorbed (or chemisorption) on roughened metal surfaces.**
Both mechanisms increase the intensity of the Raman signal
(enhancement factor, EF) by 10* to 10'°-fold, which enables the
quantification of target compounds at trace concentrations.

To successfully detect chemical analytes using SERS
measurements, some requirements need to be met: (i) a suit-
able substrate must have a roughened surface or controllable
particle size to provide good enhancements and reproducibility;
(ii) it must be robust with a long lifetime; (iii) the analyte must
adsorb or strongly interact with the substrate surface; (iv) for
accurate quantitative measurements, it is preferable to average
multiple events by regulating the number of active sites within
the interrogation volume and controlling the interrogation
duration; (v) to obtain reliable quantitative SERS measure-
ments, using a standard is ideal for tracking variations caused
by substrate changes.?*>*

Numerous review articles have demonstrated significant
advancements in this field, focusing on enhancing the SERS
signals to achieve lower detection limits.>»**** These studies
explored various shapes and sizes of plasmonic nanoparticles
and different combinations with non-plasmonic materials to
produce SERS sensors for pesticide analysis. However, most of
these reviews do not focus exclusively on pesticide detection
and typically center on a single type of substrate or nano-
material, limiting their scope in addressing the broader chal-
lenges specific to pesticide analysis.>*

One of the notable applications of SERS is to significantly
improve the effectiveness of other methods, such as lateral flow
immunochromatographic assays (LFA). LFAs are well-known for
their affordability, simplicity, and rapid detection ability, and
they are commonly applied in clinical testing.** Although the
trends and progress in LFA technology have been reviewed by
Jara et al. (2022) and Zhang et al. (2021), the use of SERS in these
assays still needs to be explored.**® The combination of LFA
with SERS (LFA-SERS) offers a simple yet powerful method that
provides both qualitative and quantitative information and
emphasizes the use of antibodies or aptamers to enhance the
method's selectivity.

In this context, this review presents an overview of the
current state of SERS applications for monitoring pesticides in
food and environmental matrices. This study provides a global
overview of pesticide usage, SERS principles and formats,
substrate types, and a detailed survey of existing SERS strategies
for pesticide detection. In addition, the review discusses the
significant advancements and challenges faced and outlines
future perspectives for the continued use of these devices in
monitoring pesticides in the environment. Despite these
advancements, more detailed reviews in the literature regarding
innovative approaches using SERS are still needed. This study
aims to fill this gap by reviewing the use and theory of SERS for
pesticide detection, highlighting the role of graphene and
semiconductor metals, and exploring the potential of LFA-SERS
for improved selectivity and quantification. In addition, new

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

approaches involving plasmonic materials, Raman labels,
magnetic particles, and biorecognition are discussed.

2. Mechanisms of SERS enhancement

SERS is a powerful analytical technique capable of detecting
molecular species at extremely low concentrations, including
the single-molecule level. First observed by Fleischmann et al.
in 1974 while studying the pyridine adsorption on a roughened
silver electrode,” SERS was later correctly interpreted by
Jeanmaire and Van Duyne,*® and by Albrecht and Creighton,*
who demonstrated that the enhancement of the Raman signal
was not merely due to increased surface area but resulted from
a significant amplification of the Raman scattering cross-
section. In 1978, Moskovits proposed that this effect origi-
nated from the excitation of surface plasmons on rough metal
surfaces, which led to a systematic understanding of
enhancement mechanisms and the prediction that metals like
silver, gold, and copper would be especially effective SERS
substrates. Nowadays, it is well established that the SERS effect
can be interpreted by two main mechanisms: electromagnetic
mechanism (EM) and chemical mechanism (CM).

2.1 Electromagnetic mechanism

The EM mechanism is widely recognized as a dominant
contributor to the SERS effect. This mechanism relies on the
amplification of the local electromagnetic field near metallic
nanostructures due to the excitation of LSPR.***** These plas-
monic excitations create intense local electromagnetic fields
near the metal surface. When light interacts with a metallic
nanoparticle much smaller than the incident wavelength, the
conduction electrons in the metal oscillate collectively, forming
a localized plasmon**** (Fig. 1).

At resonance, this induces a depolarization field that cancels
the external field, resulting in substantial local electric field
enhancement.”” This resonance condition is satisfied when the
real part (Re) of the nanoparticle’s complex dielectric function
(¢) is Re(¢) = —2¢p,, where ¢, is the dielectric constant of the
surrounding medium and the Im(e) is small, according to the
real part and imaginary parts for different metals (Fig. 2). It is
worth mentioning that the coinage metals (Au, Ag, and Cu)
exhibit this resonance condition at visible wavelengths, where
most of the Raman experiments are conducted.***°

The theoretical basis of the EM mechanism relies on the
classical treatment of Raman polarizability, which modulates
the strength of the induced Raman dipole moment in response
to the incident electromagnetic field.>** When a molecule is
adsorbed onto or located in the vicinity of a metallic nano-
structure, both the Raman polarizability and the local field can
be significantly altered by the metallic object. The emission of
any dipole near the surface is also modified, which affects the
SERS intensity, leading to an EF given by:**

_ Ee(wu)F [Beon)f

EF
|Eo|* |Eo|*

(1)
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Fig. 1 Plasmonic excitation and decay in plasmonic nanostructures: (a) plasmonic excitation by irradiation. (b) Decay through radiative photon
emission or non-radiative generation of hot carriers followed by relaxation through electron—electron and electron—phonon scattering, and
ending with heat dissipation through phonon scattering. This figure has been adapted/reproduced from ref. 46 with permission from Willey,

copyright 2025.
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(a) Real (Re) and (b) imaginary (Im) parts of the dielectric function of different bulk metals. This figure has been adapted/reproduced from

ref. 49 with permission from American Chemical Society, copyright 2025.

Here, Ejo.(wr) and Ejo.(wr) are the amplitudes of the local elec-
tric field at the excitation (w;) and Raman emission (wg)
frequencies, respectively, while E, is the amplitude of the inci-
dent electric field. Note that the ratio |E|/|E,| indicates that the
EF does not depend on the incident laser power.

|Eloc(wL)‘2 ~ |Eloc(wR)|2
|| |Eol®

(2)

In this sense, the EF could be expressed in terms of the fourth
power of the local electric field.*

7064 | Nanoscale Adv., 2025, 7, 7061-7085

EF = (M)4 (3)

|Eo]

Although this approximation slightly overestimates the
enhancement for isolated homogeneous particles, it remains
widely used due to its practicality.*** For low-frequency Raman
modes, the enhancement can scale approximately with the
fourth power of the local field strength, leading to signal
increases by factors of 10* to 10° or higher.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1.1. SERS enhancement factors. The previous definition
of SERS EF (eqn (3)) represents a theoretical approximation that
considers only a molecule located at a well-defined position on
a metallic surface. In practical SERS experiments, there are
many molecules located at different positions on the surface (or
nearby) where the field enhancement can differ significantly,
which is further magnified by the fourth power dependence.
Most SERS substrates present a wide distribution of EF, with the
maximum EF differing from the minimum EF by several orders
of magnitude. It is well established that the regions of
maximum EF, called hot spots, dominate the SERS signal. For
most SERS substrates, a pragmatic way to estimate the EF based
only on the concentration and SERS intensity of an analyte is to
define the analytical enhancement factor as:

ISERS / CSERS
AEF = ————— 4
IRaman/CRaman ( )

where Csgrs and Craman are the analyte concentrations used in
preparation, and Isgrs and Iraman are the respective analyte
intensities under SERS and Raman conditions. It is important
to mention that other enhancement factors could be esti-
mated;*> however, eqn (4) presents a practical and straightfor-
ward way to calculate the EF. Although the AEF strongly
depends on the type of analyte, the adsorption efficiency does
not consider the CM; it is widely used to estimate the EF for
SERS substrates and pesticides such as thiram,* diuron,*
atrazine® and others.>*’

2.1.2. Engineering electromagnetic enhancement. Engi-
neering electromagnetic enhancement in SERS relies on the
strategic design of metallic nanostructures to maximize LSPR,
which intensifies the Raman signal by concentrating the elec-
tromagnetic field in nanoscale regions called hot spots.*® These
hot spots are strongly influenced by the geometry, size,
composition, spatial arrangement, and dielectric environment
of the nanostructures.>**

Nanoparticles with sharp or anisotropic features, such as
nanostars, nanocubes, and nanoprisms, are especially effective
at producing high field intensities. The electric field tends to
concentrate at tips, edges, and corners, enhancing the Raman
signal of nearby molecules through the lightning rod effect.**
Core-shell structures and tightly coupled dimers also support
intense hot spots within nanogaps. These configurations
benefit from strong plasmonic coupling, which can be tuned by
controlling interparticle spacing or shell thickness using self-
assembly techniques, chemical linkers, or templated
synthesis.>”¢>%

Laser polarization and particle orientation also affect
enhancement. For example, in nanowire-nanoparticle junc-
tions, SERS intensity varies with the direction of polarization
relative to the wire axis.®® Remote excitation strategies using
metallic nanowires can deliver plasmons over long distances,
generating localized Raman signals at specific junctions.®>%
This approach reduces background noise and allows localized
detection with high sensitivity.>*

Fabrication methods play a crucial role in determining both
enhancement and reproducibility. Bottom-up approaches,
such as solvent evaporation, allow the formation of dense

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle aggregates with narrow nanogaps.” Top-down
techniques, including nanoimprint lithography, colloidal
lithography, and block copolymer templating, enable precise
control of nanostructure size and periodicity.*”*® These
substrates offer consistent enhancement across large areas and
are compatible with scalable manufacturing.

The size of the nanostructures is also a determining factor.
SERS activity is typically strongest for nanoparticles between 20
and 70 nanometers, where LSPR efficiently matches the exci-
tation wavelength while maintaining strong polarizability.*>%>7°
For elongated structures like nanorods, aspect ratio tuning
enables resonance splitting into longitudinal and transverse
modes. Shape also influences plasmon behavior. For instance,
nanoprisms and nanocrescents can support multiple plasmon
modes, while sharp structures improve enhancement through
better field localization.®*%7°

The selection of material further affects performance. Silver
provides the highest enhancement in the visible range but is
chemically unstable, whereas gold offers better biocompati-
bility and long-term stability.””> Hybrid nanostructures and
protective coatings such as silica or graphene can combine
stability with high enhancement, maintaining performance in
complex environments.””> Simulations have shown that
geometries like hemi-spheroids, nanocones, and nanoshells
can be tailored for specific wavelengths and enhancement levels
by adjusting parameters such as eccentricity and particle
separation.””*

In summary, electromagnetic enhancement in SERS can be
finely engineered through the rational design of nano-
structures, guided by both experimental fabrication and
computational modeling. Optimization of geometry, material,
and assembly techniques is essential for achieving high
enhancement factors, reproducible performance, and applica-
tion versatility.

2.2 Chemical enhancement mechanism

Despite the EM mechanism being dominant for the SERS effect,
it does not consider any aspects related to the tensorial nature
of the Raman polarizability, the orientation of the molecules,
and changes in molecular properties. The chemical enhance-
ment can be classified as resonance Raman enhancement,
photoinduced charge-transfer resonance from the substrate to
the molecule or vice versa, and adsorption-induced changes in
polarizability (mainly for non-resonant molecules).*

The fundamental steps of the CM are illustrated in Fig. 3A.
This mechanism proposes that adsorption of the molecule on
the metallic surface forms a surface complex that modifies the
polarizability tensor, compared to the free molecule. The
primary steps involve the Herzberg-Teller vibronic coupling
between the metal and the adsorbed molecule, with the
coupling terms, hpx and h;p (red arrows in Fig. 3A).”> As
a consequence, the gap between the HOMO and LUMO is
reduced and the resonance for the charge transfer moment
(ucr), borrowed from the molecular transition u; g, can be
activated at a lower energy than needed for a free molecule. A
photoinduced electron can be excited either from the HOMO to

Nanoscale Adv., 2025, 7, 7061-7085 | 7065
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Fig. 3 Charge transfer pathways: (a) metal-molecule and (b) semiconductor—molecule. This figure has been adapted/reproduced from ref. 49

with permission from American Chemical Society, copyright 2025.

the metal Fermi level via the molecule-to-metal transition
moment ugr through energy #g_;, or from the Fermi level to the
molecule LUMO via the metal-to-molecule transition moment
(up-r) through energy hyr (blue arrows in Fig. 3A). Finally, the
electrons relax back to the HOMO, emitting a Raman photon
that carries fingerprint information about the adsorbed
molecule.*>”*

As mentioned, CT enhancement can occur in both resonant
and non-resonant regimes. In the non-resonant case, the
enhancement is relatively modest (typically 10-100x), yet
significant even in the absence of electromagnetic hot-
spots.***>”® In contrast, CT resonance described through
vibronic coupling models can lead to much larger enhance-
ments. Importantly, recent advances in density functional
theory (DFT) have enabled quantitative prediction of these CT
interactions and their effect on Raman intensities.*>%*7%7%7¢

Recent DFT studies have reinforced the role of CM by
analyzing benzenethiol derivatives adsorbed onto silver clusters
(Ag10).® These studies demonstrate that variations in
enhancement factors are closely linked to the nature and
position of functional groups, particularly via inductive and
mesomeric effects that influence charge-transfer interactions
with the metal. Meta-substitution shows a smoother trend
aligned with halogen electronegativity, while para-substitution
engages more complex 7-electron interactions. These findings
support that CM is governed by molecular electronic structure
and its coupling to the metal surface. Additionally, solvation
was shown to increase the CM effect, indicating that solvent

polarity can enhance metal-molecule charge-transfer
efficiency.”*””
2.2.1. Charge transfer mechanism for semiconductors.

Plasmonic materials have plenty of free electrons capable of
supporting LSPR phenomena in the visible region; this is not
the case for semiconductor materials. The much lower free
charge carrier density makes it a difficult task to bring the LSPR
frequency into the visible light region. Even with several
modifications and tuning strategies, the LSPR frequency of
doped semiconductors can only be tuned to the near-infrared
light region, far from the common wavelength used in Raman
spectroscopy.”®®° In this sense, it is acceptable that the CM and
photoinduced charge transfer PICT process plays a crucial role
in SERS on semiconductor platforms.

7066 | Nanoscale Adv., 2025, 7, 7061-7085

To realize the CT process in a semiconductor SERS active
substrate it is essential to consider some aspects to simplify
understanding: (i) only the electrons of occupied orbitals can be
transferred to other energy levels; thus occupied orbitals like
the HOMO and the valence band (VB) of the semiconductor can
act as electron donors; (ii) only unoccupied orbitals like the
LUMO and the conduction band (CB) of the semiconductor can
act as electron acceptors; (iii) as a resonance-like process the CT
involves either molecular transition (resonance Raman) or
exciton transition (resonance of semiconductors); thus the CT
pathways are combinations or arrangements of the donors and
acceptors mentioned earlier, resulting in various CT transition
moments.*>’**! The VB and CB can function similarly to the
Fermi level in SERS enhancement, which stems from intensity
borrowing via the allowed molecular transition pyy (blue
arrows in Fig. 3b) with four representative CT Herzberg-Teller
coupling processes, as follows:”**

(1) HOMO to CB: photoinduced electron transfer from the
molecular HOMO to the semiconductor CB occurs through the
Herzberg-Teller coupling term A¢_p, with transition moment
MH-C5

(2) VB to LUMO: electrons transition from the semi-
conductor VB to the molecular LUMO via uy-1, enabled by HT
coupling Ay_g.

(3) HOMO to CB: another molecule-to-semiconductor
pathway where uy_g is coupled through Ay

(4) VB to LUMO: a semiconductor-to-molecule pathway
involving uy_r, and HT through /¢ ;.

In the first two pathways (1) and (2), the electrons eventually
return to the HOMO (yellow arrows in Fig. 3), releasing a Raman
photon and providing vibrational information on the adsorbed
molecule. In the case of (3) and (4) processes, the electron
transfer occurs from the HOMO to the CB or from the VB to the
LUMO, followed by relaxation to the VB (grey arrows in Fig. 3b).

Strategies to enhance CM in semiconductors include intro-
ducing surface defects via doping or nonstoichiometric
synthesis to facilitate CT pathways. For instance, transition-
metal-doped TiO, and ZnO nanoparticles exhibit higher
enhancement due to tailored defect levels that mediate CT
transitions. Similarly, nonstoichiometric W;30,49 nanowires
with abundant oxygen vacancies promote CT with analytes like
rhodamine 6G (R6G, a SERS probe molecule) through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strengthened vibronic coupling.* Another promising strategy is
the use of amorphous semiconductor nanostructures, which
possess a higher electronic density of states and localized
surface states, enhancing CT efficiency. Amorphous ZnO and
TiO, nanosheets have shown superior SERS performance due to
relaxed electronic constraints and strong adsorbate
coupling.®*-%¢

Graphene-based substrates, although lacking a bandgap,
provide a flat, delocalized m-system that enables strong orbital
hybridization with adsorbed molecules and supports both
ground- and excited-state CT mechanisms.*”*® Experimental
and DFT studies confirm that graphene's chemical enhance-
ment arises from -7 interactions and symmetry-dependent
charge redistribution, making it an ideal platform to probe
CM effects with high precision.”*°

Recently, pyroelectric semiconductors such as BaTiO; and
BiFeO;, combined with graphemic materials and plasmonic
materials, have been reported as excellent SERS platforms.
These composites significantly contribute to the CT process,
which promotes a remarkable SERS enhancement reaching
approximately 5.6 to 70-fold signal amplification of common
SERS probes such as R6G and MB.*»** Another advantage of
using these semiconductor materials lies in their catalytic
properties, which improves the use of the SERS technique.

Together, these insights demonstrate that chemical
enhancement in SERS originates from the modulation of the
molecular polarizability through CT interactions with substrate
electronic states. Whether involving metal Fermi levels or semi-
conductor band edges, the fundamental mechanism remains
rooted in orbital coupling and vibronic interactions and can be
precisely tuned via material design and theoretical modeling.
This understanding is essential for the rational design of
advanced SERS substrates tailored for pesticide detection,
enabling selective enhancement based on analyte-substrate
interactions.*>*%%* The practical implications of these mech-
anisms will be further illustrated in the following section through
representative studies on SERS-based pesticide sensing.

3. SERS substrates for pesticide
analysis

As already mentioned, the SERS effect relies on plasmonic
resonance, so researchers have used AgNPs, AuNPs, and copper
nanoparticles of various shapes and sizes to construct SERS
sensors for pesticide analysis. The choice between AgNPs and
AuNPs is driven by their chemical stability and plasmon reso-
nance properties suitable for Raman spectroscopy excitation
wavelengths. Typically, substrates are tailored for specific laser
wavelengths to optimize enhancement.” Tian et al (2014)
explored the SERS signal for R6G employing various AuNP
shapes, revealing an enhancement hierarchy: nanospheres <
nanosphere aggregates < nanotriangles < nanostars. This
underscores the importance of controlling the local field hot-
spots for optimal SERS efficiency. Additionally, the study high-
lighted that a 532 nm laser produced negligible SERS signals,
while a 785 nm laser significantly enhanced the signal.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Based on published papers, AgNPs perform better with
a 532-785 nm laser, whereas AuNPs are more effective at 614-
1084 nm. Another important topic is that a smaller laser
wavelength may increase the fluorescence, contributing to the
background signal and interference in the analysis, a challenge
addressed later in this study.*

Effective analyte-substrate contact is essential for successful
SERS measurements.”> Many pesticides, such as Thiram,
contain sulfur groups that strongly bind to metal surfaces,
facilitating direct detection. This direct binding leads to char-
acteristic Raman fingerprints that help in selective identifica-
tion.”” While direct detection is simpler for such analytes, it is
less straightforward for pesticides lacking strong affinity
groups, which may require surface functionalization to improve
selectivity and sensitivity.

Dowgiallo and Guenther (2019) demonstrated the broad
applicability of SERS using pre-aggregated ~45 nm colloidal
AuNPs to detect 21 pesticides, including fungicides and insec-
ticides such as neonicotinoids and organothiophosphates. They
reported LoDs ranging from 0.001 to 10 ppm and successfully
performed simultaneous detection of phosmet and thiram in
mixtures and on apple skin using principal component anal-
ysis. While the approach showcases the potential of label-free
SERS for food safety applications, the absence of surface func-
tionalization may limit sensitivity for analytes with weaker
affinity to gold surfaces, particularly in more complex sample
matrices.”® Furthermore, Wei et al (2025) developed an
annealed Ag film substrate for thiram detection, achieving an
LoD of 1.0 nmol L™'. The simplicity and stability of this
substrate are advantageous for practical deployment. However,
the LoD, while respectable, is moderate compared to more
complex nanostructures.®

In this sense, various strategies have been employed to
produce universal SERS sensors for pesticide detection, such as
a simple incubation time between nanoparticles and the target
molecule before preparing the substrate.'® Alternatively,
researchers have submerged the final substrate in a contami-
nant solution,'* allowed the target compound to dry on the
surface,’” or swabbed the substrate into the sample.'”
Furthermore, surface functionalization of plasmonic materials
can enhance direct interactions with the analyte, thereby
improving sensor selectivity.'* "% This review brings together
many papers that describe the use of SERS substrates to detect
and quantify pesticides in diverse samples.

3.1 Representative studies on SERS pesticide detection

3.1.1. Plasmonic materials. Numerous studies have
demonstrated the feasibility of SERS for trace-level detection of
pesticides across various sample matrices. This section high-
lights representative studies that showcase the diversity of SERS
substrate designs, detection strategies, and analytical perfor-
mances, illustrating how substrate composition, sample
pretreatment, and target-analyte interactions directly impact
detection limits and real-world applicability.

Satani et al. (2023) developed a simple swab-based SERS
sensor composed of cotton and fabric substrates decorated with
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gold nanostars for the detection of thiram residues on fruits
and vegetables. The reported LoDs ranged from 500 nmol L ™" to
100 pumol L™, which, while relatively high compared to other
approaches, reflect the simplicity and practicality of the
substrate design. Notably, the authors demonstrated the long-
term stability of the sensor by monitoring the SERS signal of
methylene blue over 15 weeks, during which no significant
signal degradation was observed, indicating its potential for
extended shelf-life and field deployment.**”

Jiang et al (2019) employed a core-shell AuNP@SiO,
substrate to detect phosmet, thiabendazole, and thiram in
apple samples, reporting LoDs of 0.1 mg kg™, 0.5 mg kg™, and
1.0 mg kg, respectively. These values fall below the maximum
residue limits (MRLs) established in regulatory guidelines,
suggesting adequate sensitivity for food safety applications. A
key distinction in this work was the use of the QUEChERS
method for sample pretreatment, which significantly reduced
matrix interferences and improved analyte recovery, as shown
in Fig. 4. The pretreated samples were analyzed using a portable
Raman spectrometer, highlighting the feasibility of in situ SERS-
based pesticide screening in complex food matrices.'®

Yu et al. (2023) reported the fabrication of a flexible, eco-
friendly SERS substrate based on cellulose diacetate (CDA)
integrated with AuNPs. This biosourced platform achieved an
LoD of 0.1 umol L™ * for thiram in residual water, demonstrating
a balance between analytical performance, environmental
sustainability, and production scalability.’” In another
approach, Xie et al. (2022) transferred AuNPs onto a poly-
dimethylsiloxane (PDMS) membrane to detect thiram on fruit
peels, obtaining a notably lower LoD of 9.3 nmol L™". Recovery
values from real samples ranged from 98.7% to 104.9%,
underscoring the accuracy and reliability of the substrate."*

Taken together, these studies illustrate the wide variation in
analytical performance for thiram detection based on differ-
ences in substrate composition, architecture, and analytical
context. The cotton-based substrate'®” prioritized simplicity and

View Article Online
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durability over sensitivity, whereas the PDMS-based design**’
leveraged enhanced hotspot generation to achieve superior
detection limits. The CDA-based platform'® represented an
environmentally conscious compromise, with moderate LoD
values and scalable fabrication. Meanwhile, Jiang et al. (2019)
demonstrated the value of integrating effective sample
pretreatment with nanostructured substrates to overcome
matrix complexity and enable multi-residue detection within
regulatory limits.'*® It is important to highlight that the lowest
LoD is not the only focus when developing a SERS substrate;
reusability, reproducibility, large-scale production, and many
other factors are also involved. In summary, the best substrate
is the one that fits the specific application demand.

Besides the use of thiram, some studies have explored the
SERS detection of pesticides from other chemical classes. Ly
et al. (2019) studied the correlation between SERS and DFT of
fipronil, a phenylpyrazole pesticide, adsorbed on AgNPs.
Because fipronil has low solubility in aqueous media, the
authors used a surfactant (cetyltrimethylammonium chloride)
in the prepared substrate, obtaining a LoD of 2.29 nmol L™ * ***,
By combining SERS with DFT calculations, the authors identi-
fied selective enhancement through the nitrile group, demon-
strating the method's potential for sensitive and cost-effective
pesticide monitoring.

It is possible to highlight the study of Chen et al. (2019), who
developed a stable substrate comprising nanocellulose (NC)
decorated with AgNPs with a stability of 60 days. This jelly-like
material was used as a substrate to quantify thiabendazole,
a benzimidazole fungicide, in apple and cabbage peels, as
depicted in Fig. 5. Using a portable self-developed Raman
spectrometer equipped with a 785 nm laser at 120 mW power,
the system demonstrated impressive efficiency with a LoD of 10
nmol L " for R6G and 5.0 ng cm ™ for thiabendazole. This study
illustrates the capability and innovation of SERS analysis in
addressing modern analytical challenges.”*> Another study
exploring benzimidazole detection was conducted by Oliveira
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Fig. 4 Scheme of the sample pretreatment with multi-walled carbon nanotubes, for the clean-up of the matrix, and detection with SERS using
a portable Raman instrument. This figure has been adapted/reproduced from ref. 108 with permission from Springer Nature, copyright 2025.
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Fig. 5 Scheme for SERS analysis of thiram and thiabendazole in apple peels using AQNP@NC as the substrate. This figure has been adapted/

reproduced from ref. 112 with permission from Elsevier, copyright 2025.

et al. (2024), which investigated the SERS detection of thia-
bendazole, a benzimidazole fungicide, using colloidal AgNPs
aggregated with NaCl. They achieved a LoD of 0.1 pmol L ™" and
demonstrated that controlled aggregation significantly influ-
enced signal intensity by modulating hotspot density. Impor-
tantly, their findings suggested that m-metal interactions
between the benzimidazole ring and the gold surface can
facilitate strong adsorption even in the absence of sulfur or thiol
groups. The method provided a linear response over a broad
concentration range, highlighting its potential for trace
analysis.'*®

Chen et al. (2024) demonstrated the label-free SERS detec-
tion of six triazole pesticides using gold decahedral nano-
particles, achieving remarkable sensitivity and the ability to
perform in situ measurements on the surfaces of fruits and
vegetables. The reported LoDs for each analyte were notably
low: triadimefon, approximately 2.84 nmol L™ *; triazophos, 0.47
nmol L™*; myclobutanil, 0.76 nmol L™'; difenoconazole, 0.50
nmol L™*; epoxiconazole, 0.58 nmol L™ *; and diniconazole, 0.55
nmol L™'. These values highlight the exceptional detection
capabilities of the system in the sub-nanomolar range. The use
of the nanostructured substrate allowed the acquisition of
distinct Raman fingerprints for each pesticide, which, when
analyzed with a multivariate approach such as principal
component analysis (PCA), enabled reliable identification and
quantification of multiple triazole residues simultaneously."**

Among the various pesticides analyzed by SERS, glyphosate
stands out due to its widespread agricultural use and analytical
complexity, serving as a benchmark for evaluating SERS
performance.” A significant contribution to this under-
standing was made by Mikac et al. (2022), who systematically
compared AgNPs and AuNPs combined with different excitation
wavelengths (532, 632, and 785 nm), as shown in Fig. 6. Their
results showed that AgNPs at 532 nm yielded the highest SERS

© 2025 The Author(s). Published by the Royal Society of Chemistry

intensities for glyphosate, with a detection limit of 1.0 mmol
L™, while AuNPs at 785 nm achieved a lower LoD of 100 pmol
L. Functionalizing AuNPs with cysteamine further improved
detection to 10 pmol L™, due to enhanced electrostatic inter-
actions between the amine-modified surface and the analyte.'®
More importantly, these findings reinforce the critical
importance of matching the nanoparticle LSPR with laser
excitation and tailoring the nanoparticle surface chemistry to
favor analyte adsorption. For instance, Murcia-Correa et al.
(2023) fabricated low-cost substrates using DVD-R poly-
carbonate disks coated with thin layers of silver. This approach
enabled detection of glyphosate down to 100 nmol L™ for pure
glyphosate and 1.0 pmol L™' in Roundup™ commercial
formulations, demonstrating how nanostructured surface
morphology and reproducibility directly affect analytical sensi-
tivity.*** Emonds-Alt et al. (2022) demonstrated a microfluidic
SERS platform using in situ synthesized silver nanoparticles for
rapid glyphosate detection in various water samples. By adding
borax buffer (pH 9) and sodium nitrate, they optimized condi-
tions to enhance glyphosate adsorption. Using a 647 nm laser in
a flow cell setup, they achieved a detection limit of 237 nmol
L™, highlighting the potential of integrating microfluidics and
SERS for sensitive, real-time environmental monitoring.""”
One limitation of plasmonic substrates lies in their inherent
susceptibility to degradation over time. Factors such as oxida-
tion, surface fouling, and damage from intense laser excitation
can lead to a gradual decline in signal enhancement and overall
performance. Additionally, many plasmonic substrates are
designed as single-use consumables, lacking the durability and
reusability desirable for cost-effective and sustainable applica-
tions. These challenges have motivated the exploration of
alternative materials and hybrid systems, particularly
semiconductor-based substrates, which offer enhanced
stability, photocatalytic properties, and the potential for self-
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Fig. 6 SERS spectra of different glyphosate concentrations: (A) with Ag NPs at 532 nm excitation; (B) with Au NPs at 632 nm excitation; (C) with
Au NPs at 785 nm excitation; (D) with Au NPs at 785 nm excitation (baseline corrected; portable Raman). This figure has been adapted/

reproduced from ref. 106 with permission from MDPI, copyright 2025.

cleaning and regeneration, thereby addressing some of the key
drawbacks of purely plasmonic platforms.**

3.1.2. Use of semiconductor materials combined with
a plasmonic SERS substrate. In response to the limitations of
plasmonic materials, semiconductor-based substrates have
emerged as a promising class of SERS platforms. These mate-
rials not only offer improved chemical stability and resistance to
photothermal damage, but also open avenues for exploiting
charge transfer mechanisms underlying CM. By tailoring band
structures, surface states, and defect engineering, semi-
conductors enable alternative enhancement routes beyond
purely electromagnetic effects, broadening the scope of SERS
applications in analytical chemistry.

For this, Jin et al. (2025) introduced a recyclable paper-based
SERS substrate integrating AgNPs and ZnO nanoparticles
(ZnONPs), which enabled sensitive detection and photocatalytic
degradation of deltamethrin and atrazine. With LoDs of around
87.1 nmol L™ for deltamethrin and 183.2 nmol L™ " for atrazine,
the platform met environmental standards for agricultural
water. The ZnO semiconductor component played a dual role:
enhancing charge-transfer-mediated SERS sensitivity and
enabling photocatalytic self-cleaning under UV light."*® Notably,
the system retained its detection capacity after multiple uses,
while theoretical studies using DFT clarified the hydrolysis

7070 | Nanoscale Adv., 2025, 7, 7061-7085

mechanisms and degradation sequence, showing that atrazine
degrades before deltamethrin. This work highlights the poten-
tial of semiconductor-assisted SERS substrates not only for
detection but also for mechanistic investigation and environ-
mental remediation.**?

Tu et al. (2025) developed a dual-ligand Cu-based MOF
nanoprobe with remarkably low background fluorescence for
fast screening and sensitive detection of glyphosate. The probe
operates via ligand-to-metal charge transfer (LMCT) and
photoinduced electron transfer (PET). It exhibited a linear
response from 0.1 to 80 umol L™ and a detection limit of 33
nmol L, well below the 4.1 pmol L™" safety threshold set by
the U.S. Environmental Protection Agency, demonstrating
strong analytical performance for environmental monitoring.**®

Ye et al. (2022) synthesized a dual-MOF material by modi-
fying ZnO@Co3;0, with AgNPs. This novel material forms
a heterojunction that enhances charge transfer, resulting in
a 6.6-fold signal increase compared with the ZnO@AgNP
material. The porous nature of this material, combined with
plasmonic AgNP, allows for achieving LoDs of 1.0 nmol L™,
10.0 nmol L™, and 100 nmol L™ for triazophos, fonofos, and
thiram, respectively. The authors demonstrated excellent
reproducibility of the substrate (RSD = 8.0%) and successfully
applied it to the analysis of tea and dendrobium leaves.™*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Lai et al. (2022) analyzed thiram, diquat, and paraquat using
core-shell AuNP@AgNP decorated on a 2D nickel metal-
organic framework (Ni-MOF) substrate, obtaining LoDs of 362,
549, and 34.6 nmol L, respectively. The presence of Ni-MOF
enhances the CM, increasing the charge transfer from the
substrate to the analyte through the HOMO-VB-LUMO pathway
when exposed to laser excitation during SERS analysis. The
authors reported that the substrate exhibited excellent stability
(5 weeks) and good reproducibility, with a relative standard
deviation (RSD) of 8.8% (n = 25)."*> Wang et al. (2023) developed
a reusable substrate based on silver nanoflowers (AgNFs) on
zinc oxide nanorods (ZnO NRs). According to the authors, the
synergic effect of AgNF@ZnO NRs enhances the EM and charge
transfer effect, leading to a LoD of 0.1 pmol L ™" for crystal violet
(SERS probe molecule). Moreover, the degradation rate reached
98.59% after 30 min of irradiation, with no detectable SERS
signal, and this performance was maintained for at least four
consecutive cycles. The strategy used by the authors to quantify
the pesticide thiram in apple peel and river water was to deposit
the AgNF@ZnO NRs on the surface of adhesive tape, as shown
in Fig. 7. This approach achieved detection at a concentration of
1.0 pmol L' in river water. The renewability of the SERS
substrate surface depends on the photocatalytic properties of
ZnO. Therefore, analytes can undergo degradation under light
irradiation."*

Extraction of pesticide
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Ji et al. (2019) developed a substrate in a two-step synthesis
by depositing a Cu,O nanoarray on the surface of indium tin
oxide (ITO) glass, followed by the reduction of AgNO; on the
substrate surface. Thus, the authors claimed that the surface
became reusable because this material has photocatalytic
properties and can degrade the analyte adsorbed on the surface.
In addition to not employing the substrate to analyze pesticides,
the author showed that the proposed SERS substrate was able to
quantify R6G at 1.0 pmol L™ *.12*

These discussions highlight the critical role of plasmonic
and semiconductor materials in enabling sensitive and effective
SERS-based detection. Their unique optical and electronic
properties contribute significantly to signal enhancement and
substrate performance. Table 1 summarizes additional studies
that employed these materials for the quantitative detection of
pesticides, illustrating the diversity of substrate designs and
analytical strategies in the field.

3.1.3. Graphenic materials. Graphene
considered zero-bandgap semiconductors and have emerged as
an alternative since they are particularly advantageous because
of their unique properties, such as high surface area and strong
adsorption capabilities. In graphene, the remaining 2p, orbital
of each sp>hybridized carbon atom forms an extensive delo-
calized m-bond network, which significantly enhances the
chemical interactions with the target molecule.’**'*® Recent

materials are
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(d)—(f) Schematic showing the SERS detection of pesticides in river water. (g) SERS spectra of thiram with different concentrations extracted from
the apple surface. (h) SERS spectra of thiram in river water. This figure has been adapted/reproduced from ref. 123 with permission from Springer

Nature, copyright 2025.
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Table 1 Comparative table of SERS substrates utilizing plasmonic and semiconductor materials for pesticide quantification

Plasmonic and semiconductor materials

Pesticide Samples Substrate Limit of detection References
Fipronil — AgNP 2.29 nmol L™* 111
Phosmet Apple Au@SiO,NP 0.5 mg kg ! 108
Paraquat Fruit peel AgNP colloidal 1.0 nmol L ™! 125
Tricyclazone Rice AgNP colloidal 0.002 mg L ! 126
Glyphosate — AgNPs 1.0 mmol L * 106
Glyphosate — AuNPs 100 pmol L™ 106
Parathion-methyl Fruit peel Tape-AuNPs 2.6 ng cm > 127
Thiram Fruit peel Tape-AuNPs 0.24 ng cm > 127
Chlorpyrifos Fruit peel Tape-AuNPs 3.51 ng cm 2 127
Glyphosate Drinking water- AgNPs 40.0 pg L* 117
Triadimefon Fruits and vegetables Au decahedral 2.84 nmol L " 114
Triazophos Fruits and vegetables Au decahedral 0.47 nmol L " 114
Myclobutanil Fruits and vegetables Au decahedral 0.76 nmol L * 114
Difenoconazole Fruit and vegetables Au decahedral 0.50 nmol L™ 114
Epoxiconazole Fruits and vegetables Au decahedral 0.58 nmol L™* 114
Diniconazole Fruits and vegetables Au decahedral 0.55 nmol L " 114
Thiram Fish scale and leaf surface AgNP@AgNW 0.1 nmol L™* 65
Malachite green Fish scale and leaf surface AgNP@AgNW 0.01 nmol L * 65
Methomyl Tea AgNPs 0.558 ng L" 128
Acetamiprid Tea AgNPs 0.188 ng L' 128
2,4-D Tea AgNPs 4.72ngL! 128
Thiram Fruits 3D-Au@PDMS 9.3 nmol L™* 110
12 pesticides — AuNPs 10 ppm 129
Thiram Tea and dendrobium leaves ZnO@C030,@AgNPs 0.1 pmol L™* 121
Fonofos Tea and dendrobium leaves ZnO@C030,@AgNPs 10 nmol L™* 121
Triazophos Tea and dendrobium leaves ZnO@Co030,@AgNPs 1.0 nmol L™* 121
Thiram Fruits and vegetables AgNP/nanocellulose substrate 0.5 ng cm™> 112
Thiabendazole Fruits and vegetables AgNP/nanocellulose substrate 5 ng cm™? 112
Chlorpyrifos Apple AgNP/glass bead 10 ng mL " 100
Thiabendazole — AgNP 0.1 pmol L™" 113
Imidacloprid Apple AgNP/glass bead 50 ng mL ™" 100
Chlorpyrifos Tea AgNP flowerlike 0.1 nmol L ™! 102
Thiram Water AuNP@CDA 0.1 pg L™ 109
Green malachite — PVA nanofiber@Au 10.0 nmol L™* 130
Crystal violet Apple peel and river water AgNF@ZnO NR 0.1 pmol L™" 123
Acephate Pear peel AuNF/CW-35 1.0 pg mL ™" 131
Hexachlorobenzene Soil Ag Fe-NP 3D 1.0 mmol L™ 132
Thiram — Au@Ag nanoplate-in-shell 12.29 nmol L™* 133
Chlorothalonil — Au@Ag nanoplate-in-shell 30.15 nmol L ™! 133
Thiram Fruits and vegetables 2D Ni-MOF-Au@AgNP 362 nmol L™* 122
Diquat Fruits and vegetables 2D Ni-MOF-Au@AgNP 549 nmol L™* 122
Paraquat Fruits and vegetables 2D Ni-MOF-Au@AgNP 34.6 nmol L " 122
Glyphosate Roundup™ DVD-R@AgNP 0.1 pmol ™" 116
Thiram — Annealed Ag 1.0 nmol L ™! 99
Lindane — AgNPs 0.1 nmol L ™! 134
Deltamethrin Ground water Paper-based AgNP@ZnONPs 87.1 nmol L " 119
Atrazine Ground water Paper-based AgNP@ZnONPs 183.2 nmol L™ 119
Thiram Apple juice Au@Ag 76 nmol L * 135
Acetamiprid Apple juice Au@Ag 1.22 pmol L™* 135
Fenthion Cowpeas and peppers Fe;0,~COOH@UiO-66/Au@Ag 12.1 pg kg " 136
Triazophos Cowpeas and peppers Fe;0,~-COOH®@UiO-66/Au@Ag 2.96 pg kg 136
Thiram Water sample CC/ZnO-Ag@ZIF-8 1.0 nmol L™* 137
Thiram Apple CNF-AgNPs 58.1 nmol L " 138
Thiabendazole Apple CNF-AgNPs 96.3 nmol L™ " 138
Thiram Fish and apple Fe;0,@AU@AZ@AU 0.18 ng cm 2 139
Methyl parathion Apple peel Au-core/Ag-shell nanocubes and AuNSs 0.38 nmol L " 140
Thiram — AuNPs 0.42 pmol L™* 141
Thiabendazole — AuNPs 4.96 pmol L™* 141
Thiram Apple surface Cellulose nanofiber — AgNPs 0.047 ng cm > 142
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studies have demonstrated the fabrication of graphene-based
hybrids as SERS substrates."*”'*® Graphene and its deriva-
tives—such as graphene oxide (GO) and reduced graphene
oxide (rGO)—are two-dimensional (2D) carbon nanosheets.
Graphene-based hybrids are attractive as SERS substrates not
only because the metal nanoparticles deposited on graphene
could enhance the SERS intensity via the EM mechanism and
facilitate the charge transfer between graphene and adsorbed
molecules, contributing to the CM mechanism, but also
because the 2-D planar structure of graphene provides a flat
surface for the uniform deposition of metal nanoparticles
which is helpful for the improvement in the uniformity of the
SERS signal.**®

Besides, incorporating graphene with semiconductor metals
such as TiO, and ZnO into plasmonic materials makes the
degradation of pollutants feasible.'**?412%15%151 Thjs allows the
reuse of substrates and enhances their durability and sustain-
ability. As described by Liu et al. (2022), one of the significant
obstacles to utilizing SERS substrates is their limited
reusability.”®

Using a recyclable substrate addresses several challenges in
SERS analysis, particularly by enhancing the accessibility for
mass production and rendering it a viable option for research
laboratories involved in large-scale analyses. However, another
problem is that fluorescence can significantly interfere with the
Raman signal. Based on this feature, Xie et al. (2009) observed
the ability of graphene to promote the quenching of R6G fluo-
rescence." Consequently, the use of graphene can be high-
lighted for its several beneficial properties in manufacturing
SERS substrates, which will then be discussed.'>****
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Sun et al. (2017) described an effective strategy for improving
the reusability of substrates by incorporating graphene into
their composition. Their substrate, composed of polymethyl
methacrylate (PMMA), AgNPs, and graphene, was used to
quantify thiram, achieving a good LoD of 1.0 umol L', To
assess the reusability of the substrate, the thiram-contaminated
material was immersed in an ethanol solution for four hours to
dissolve the pesticide, allowing its subsequent reuse. After
cleaning, the PMMA/AgNP/graphene substrate showed no
residual signals, confirming the method's effectiveness. The
researchers successfully reused the substrate thrice, demon-
strating remarkable signal repeatability. Thus, the exposed
graphene not only prevents contamination of samples and
makes SERS analysis environmentally friendly and non-invasive
but also shows efficient reusability through a rapid adsorption-
desorption process of pesticides in water.’® Another critical
aspect to highlight is the work by Atta, Sharaf, and Vo-Dinh
(2024), who developed a solution-based SERS platform using
graphene oxide-coated silver-gold nanostars (GO-SGNS) to
enable highly sensitive and reproducible detection of multiple
pesticides in water and directly on apple surfaces.'*® Integrating
graphene oxide into the plasmonic nanostar architecture
improved colloidal stability and enhanced SERS signals
through the combined effects of electromagnetic hotspots and
charge-transfer interactions. The platform achieved detection
limits as low as 10 pmol L ™" for ziram, 50 pmol L™ for phorate,
and 100 pmol L™ for triazophos and azinphos-methyl, values
below regulatory thresholds. Quantitative analysis followed
a one-site binding model, with AEFs reaching up to 3.2 x 10%.1%
These findings underscore the strong analytical capability of
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Fig.8 Scheme of (A) fabrication of the TiO, NTs/AgNPs-rGO SERS substrate and (B) optimization and real application of the SERS substrate. This
figure has been adapted/reproduced from ref. 151 with permission from Elsevier, copyright 2025.
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GO-SGNS for rapid, ultra-trace pesticide detection and reinforce
the value of graphenic-plasmonic hybrids in solution-based
SERS sensing.

Moreover, rGO can amplify SERS signals because of its
excellent adsorption capacity. It provides additional CM
enhancement by facilitating charge transfer between the
extensive -7 conjugated structure of rGO and the target
molecules. Butmee, Samphao, and Tumcharern (2022) devel-
oped a sensor employing a vertical heterostructure of rGO over
a double-layer of AgNPs on titania nanotubes (TiO, NTs), as
illustrated in Fig. 8. The authors described the excellent
performance of the TiO, NTs/AgNPs-rGO substrate in quanti-
fying glyphosate, achieving a LoD of 17.7 nmol L™, Further-
more, photocatalytic regeneration tests demonstrated complete
degradation of MB after each irradiation cycle, with the reg-
enerated substrate retaining 96.4% of its initial SERS intensity
after three reuse cycles before a marked decline in the fourth
cycle, attributable to silver nanoparticle rearrangement and
aggregation. In addition, the TiO, NTs/AgNPs-tGO substrate
exhibited excellent shelf-life stability, showing less than 6%
signal variation after 30 days of storage, and maintained over
91.9% of its initial SERS intensity after 180 days under ambient
conditions. This work highlights the powerful synergy between
graphene-based materials, semiconductor metal oxides, and
plasmonic nanoparticles in enhancing both EM and CM of
SERS, enabling one of the lowest detection limits reported
among plasmonic and semiconductor-based substrates in this
review. Moreover, the substrate was reusable because the pres-
ence of rGO and TiO, NTs enhanced the photodegradation of
the analyte on the surface.™*

GO has been shown to enhance the adsorption of pesticides
through w-7 stacking and electrostatic interactions. This was
explored and demonstrated by Ma et al. (2018), who utilized
AgNPs and GO to formulate ink for screen-printed SERS paper
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substrates, as illustrated in Fig. 9. Employing this innovative
disposable sensor, the researchers were able to effectively
monitor thiram, thiabendazole, and methyl parathion,
achieving limits of detection (LoD) of 0.26 ng cm ™, 28 ng cm ™2,
and 7.4 ng cm > respectively. To detect pesticides, the
researchers employed the sensor as a swab on the surfaces of
fruits and vegetables, successfully quantifying the three pesti-
cides simultaneously, with recovery values ranging between
96% and 98%.'” Moreover, Song et al. (2020) applied GO
composites combined with Au@Ag to investigate thiram using
a silanized quartz slide. First, they immersed the slide in
a solution of GO, washed it, and then immersed it in a colloidal
solution of Au@Ag. According to the study, the authors reported
a LoD of 26.2 umol L™! for thiram. In contrast, the LoDs for
apple and grape juice samples without pretreatment were 153
and 559 pmol L7, respectively.'s”

Wang et al. (2019) explored the use of graphene to enhance
the SERS signal and synthesized Ag nanoplates on graphene
sheets. The authors affirmed that Ag nanoplates held by gra-
phene created hotspots, leading to an EM effect. Moreover,
graphene sheets can serve as a CM because of their strong
absorption ability and m-7 interactions with pesticide mole-
cules. Ag-nanoplate@graphene was spin-coated on a silicon
wafer substrate and enabled the detection of thiram with an
LoD of 40 nmol L™ ".**® Daoudi et al. (2022) evaluated the Ag/GO/
silicon nanowire (SINW) substrate's potential for detecting
atrazine. The SERS substrate was produced by spin-coating GO
onto silicon nanowires and depositing AgNPs via drop casting.
The material showed excellent performance in quantifying
atrazine, achieving a picomolar-level LoD of 2.0 pmol L™". The
mechanism involves electron transfer from the conduction
band of the SiNW to GO, which allows electrons to flow to the
AgNP conduction band. GO is a zero-bandgap semiconductor
that enables free electron movement to the AgNP conduction

Cycle Printing Ag

o
in

two four six

one

Fig. 9 Scheme illustrating the fabrication process of the SERS paper by screen-printing and its use as a swab to quantify thiram, thiabendazole,
and methyl parathion in fruits and vegetables. This figure has been adapted/reproduced from ref. 103 with permission from Royal Society of

Chemistry, copyright 2025.
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band, followed by the flow of conduction band electrons to the
atrazine HOMO. The free electrons in GO can be directly
transferred to the HOMO of the analyte molecules, thereby
contributing to the SERS effect.®®

Although graphene is formally a semiconductor, its two-
dimensional structure, m-conjugation, and tunable surface
chemistry endow it with distinct physicochemical properties,
justifying its treatment as a separate class of SERS substrates, as
reflected in the studies summarized in Table 2.

3.1.4. Advantages of biorecognition in SERS. One drawback
of SERS detection is selectivity because the analyte signal can be
overlapped by interferents in complex matrices.>®** Thus, when
considering new approaches for pesticide detection, many
authors have described the use of biorecognition, such as
antibody-antigen interactions, aptamers, and MIPs, to enhance
the selectivity of the SERS method.'**'** Biorecognition is
advantageous due to its easy conjugation with plasmonic
materials, high specificity for the pesticide of interest, low cost,
and ease of production.

Kamkrua et al. (2023) developed a SERS-based aptasensor for
detecting paraquat, a bipyridylium herbicide, by functionaliz-
ing commercial Au nanoparticle substrates (59 &+ 17 nm) with
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a thiol-modified aptamer. The authors achieved a LoD of 0.10
pumol L ', which was not the lowest reported for paraquat;
however, the aptasensor exhibited remarkable selectivity. It
effectively distinguished paraquat from structurally similar
herbicides and insecticides and maintained strong perfor-
mance in real water samples. These results underscore the
advantage of integrating molecular recognition elements into
SERS platforms for improving selectivity in complex matrices.'”®
Zhao et al. (2024) developed a portable and selective SERS
platform for detecting fenthion pesticides by integrating gold
nanoparticle monolayers with molecularly imprinted polymers
(MIPs)."”* Using a sulfhydryl-assisted interfacial self-assembly
method, AuUNP monolayers were immobilized on mercapto-
silicon wafers, forming stable S-Au bonds that ensured struc-
tural integrity during surfactant removal. In situ UV-induced
polymerization of MIPs on the AuNP surface endowed the
substrate with specific recognition capabilities for fenthion.
The sensor achieved a detection limit as low as 1.0 nmol L™" in
standard solutions and 10 nmol L' in complex pesticide
mixtures, with excellent uniformity (RSD = 3.67%) and repro-
ducibility (RSD = 10.40%). Notably, the platform selectively
detected fenthion even in the presence of structurally related

Table 2 Overview of graphenic materials applied in SERS platforms for pesticide quantification

Graphenic materials

Pesticide Samples Substrate Limit of detection References
Thiram Apple and grape juice Au@AgNP/GO 26.2 pmol L™* 157
Azinphos-methyl — G/Au/AuNR 5.0 ppm 159
Carbaryl — G/Au/AuNR 5.0 ppm 159
Phosmet — G/Au/AuNR 9.0 ppm 159
Thiram Grape juice Au@AgNP/GO/Au@AgNP 0.1 pmol L™ 160
Glyphosate Water and soil TiO, NT/AgNP@rGO 17.7 nmol L™* 151
Thiram Fruits and vegetables AgNPs/GO 0.26 ng cm™> 103
Thiabendazole Fruits and vegetables AgNPs/GO 28 ng cm™? 103
Methyl parathion Fruits and vegetables AgNPs/GO 7.4 ng cm™> 103
Thiram — AgNC@rGO 44.0 nmol L™* 145
Ferbam — AgNC@rGO 38.0 nmol L™ 145
Thiram Drinking water AgNC@GO®@AUNP 0.37 ppb 161
Thiabendazole Drinking water AgNC@GO@AuUNP 8.3 ppb 161
Thiram Grape juice Au@Ag NPs/GO/Au@Ag NPs 0.1 pmol L™* 160
Thiram — AgNP@GH 40 nmol L ™! 158
Methyl parathion — AgNP@GH 600 nmol L™* 158
Thiram rGO-Au@AgNR 5.12 nmol L™* 162
Green malachite — Agnanocube/ GO 1.0 nmol L™* 163
Methylene blue — Ag\anocube/ GO 0.1 nmol L™* 163
Crystal violet — Ag1anocube/ GO 1.0 nmol L™* 163
Tetramethylthiuram disulfide — Agnanocube/ GO 10 nmol L™* 163
Diquat dibromide — Aganocube/ GO 10 nmol L™* 163
Thiram Apple juice PMMA/AgNP/Graphene 1.0 pmol L™ ! 155
Paraquat Fruit peel Gr/Au/RP PMMA 10 nmol L™" 164
2,4 D Fruit peel Gr/Au/RP PMMA 1.0 pmol L™ * 164
Thiram Fruit peel Fe;0,@GO0@Ag 0.48 ng cm 2 143
Thiabendazole Fruit peel Fe;0,@GO0@Ag 40 ng cm™? 143
Methyl parathion Apple G/AgNP/PI 68 ng cm > 146
Thiram Orange juice AgNP/Graphene paper 1.0 pmol L1 165
Atrazine — Agnanoprisme/ GO/SINW 2.0 pmol L™* 66
Thiram Orange peel AuNP/G/AuNP 0.24 ppm 166
Thiabendazole American Cherry Layered Au/Ag/G/PDMS 107®* mg mL™* 167
Fenvalerate — Ag/rGO 16.9 ng kg ' 168
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pesticides in seawater, highlighting the synergy between SERS
sensitivity and MIP-based molecular recognition for real-
sample analysis. Wan et al. (2022) reported a SERS sensor for
diazinon detection using Zr-based MOFs (UiO-67) coated with
molecularly imprinted polymers (MOFs-MIPs) as a selective
extraction phase.””> The actual SERS-active substrate was
a silver-coated copper sheet, while the MOFs-MIPs acted as
a clean-up and enrichment layer, reducing matrix effects and
concentrating the analyte. Although the LoD reached 3.6 nmol
L', which is not the lowest among reported systems, the sensor
exhibited excellent selectivity, even in the presence of struc-
turally similar pesticides. It also achieved high recovery rates
ranging from 92.7% to 108.2% in real water samples.'”” This
approach demonstrates how selective preconcentration can
enhance SERS performance in complex matrices.

3.1.4.1. SERS reporters associated with biorecognition.
However, the direct use of biorecognition results in a less
intense SERS signal. To overcome this, reporter molecules
conjugated with plasmonic materials can be used for indirect
measurement. These compounds typically consist of small
molecules with aromatic rings and SH groups, such as 4-
aminothiophenol (4-ATP), 4-mercaptobenzoic acid (4-MBA), 4-
mercaptobenzonitrile (4-MBN), and 4-nitrobenzenethiol (4-
NBT). The presence of SH groups improves the binding with
plasmonic nanoparticles (Au and Ag), and the aromatic ring is
responsible for a characteristic spectral fingerprint.'**'”* To
improve selectivity, highly selective target analyte-capture
technologies, such as aptamers and antibody recognition, can
be used. This approach is used not only for pesticides but also
for clinical analysis.?*%105173-176

Xu et al. (2020) quantified 2,4 D using a SERS-tag (4-MBA)
bound to Au@Ag nanoflowers and conjugated with the 2,4 D
antigen (Au@Ag@MBA-antigen). The authors used a competi-
tive strategy using a magnetic nanoparticle (MNP) conjugated

o MNPs
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with the 2,4 D antibody to recognize the analyte. The author's
approach is depicted in Fig. 10.***

The Au@Ag@MBA-antigen/antibody-MNPs complex
demonstrated a robust SERS signal in the absence of 2,4 D
pesticide due to the enhanced Au@Ag electromagnetic hot-spot
effect. However, in the presence of the pesticide, the antibody
bound to it instead of the Au@Ag@MBA-antigen, causing the
Au@Ag@MBA-antigen to separate from the antibody-MNPs,
which weakened the SERS signal. This weakened signal was
attributed to the competition between the 2,4 D pesticide and
antibody-MNPs for the Au@Ag@MBA-antigen. The authors
achieved a LoD of 498 umol L™ and recovery values between
89.73% and 100.27% for the tea and milk samples.* Similarly,
Sun et al. (2021) used the same strategy to quantify imidacloprid
using a cuboid particle with Au nanorods (AuNRs) as the core
and an Ag shell bound with 4-MBN as a SERS reporter conju-
gated with the imidacloprid antigen (AuNR@Ag-MBN-antigen).
Fe,0; MNPs were conjugated with the imidacloprid antibody.
As discussed, both interact and conjugate when the Fe,O;-
antibody is added to a solution containing the AuUNR@Ag-MBN-
antigen. The signal obtained from the MNP associated with the
SERS reporter was very distinct. However, in a matrix with
imidacloprid, the Fe,Ojz-antibody interacts with the analyte,
impeding the formation of Fe,0;-antibody@AuNR@Ag-MBN-
antigen. This strategy is known as competitive, and the
authors reported a LoD of 9.58 nmol L™" and recovery values of
96.8-100.5% for the apple juice and river water samples.'””

Another promising method for detecting pesticides involves
using aptamers conjugated to a SERS substrate as a recognition
strategy. Aptamers are short synthetic single-stranded oligonu-
cleotides that bind specifically to various molecular targets such
as small molecules, proteins, and nucleic acids. Sun et al. (2019)
developed an innovative approach for detecting and quantifying
acetamiprid using a SERS aptasensor. They first prepared an
AgNP@Si substrate and modified it with complementary DNA
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Fig. 10 Schematic illustration of the strategy used for 2,4-D analysis using an Au@Ag@MBA-antigen SERS-tag. (A) Functionalization of magnetic
nanoparticles (MNPs) with anti-2,4-D for selective recognition. (B) Preparation of Au@Ag nanoflowers labeled with 4-MBA and conjugated with
2,4-D-BSA. This figure has been adapted/reproduced from ref. 104 with permission from Elsevier, copyright 2025.
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Fig.11 Schematic of SERS aptasensor substrate fabrication and mechanism for acetamiprid detection. This figure has been adapted/reproduced

from ref. 178 with permission from Elsevier, copyright 2025.

(cDNA). They then modified a solution of AuNPs with the SERS
tag 4-(mercaptomethyl) benzonitrile (MMBN), which was bound
to the target aptamer. The key aspect of this methodology is that
acetamiprid molecules in the samples specifically bind to the
aptamer, preventing the formation of the
AuNPs@MMBN@aptamer-cDNA@AgNPs@Si hybrid through
DNA sequence linking. The Raman signal intensity of MMBN in
AuNPs@MMBN@aptamer-cDNA@AgNPs@Si decreased as the
concentration of acetamiprid increased, as illustrated in Fig. 11.
Using this approach, the authors achieved a LoD of 6.8 nmol
L' and successfully quantified acetamiprid in apple juice
samples, with recovery values ranging from 86.1% to 100.3%.'7®

Biorecognition elements such as antibodies, aptamers, and
molecularly imprinted polymers introduce high molecular
selectivity into SERS-based detection. Table 3 summarizes
representative studies that leverage these strategies to achieve
enhanced specificity in pesticide sensing.

3.1.5. Lateral flow immunochromatographic assay
combined with SERS. Another noteworthy method is lateral
flow immunochromatographic assays (LFAs or ICA), a cost-
effective and paper-based solution for rapidly detecting target
analytes in liquid samples. These assays rely on immunological
reactions (antibodies) and chromatographic separation and
have many applications, including pregnancy, virus, and
pesticide detection.*>'®>'*¢ However, they lack quantitative
detection capabilities because of their reliance on visual read-
outs." Researchers have proposed alternative methods, such as
fluorescence spectroscopy, electrochemistry, and chem-
iluminescence, but these face issues, such as photobleaching,
and require extensive washing after incubation.'®®

Thus, the SERS approach enables the quantification of ana-
Iytes in LFAs, overcoming the drawbacks mentioned earlier. In
this manner, Li et al. (2019) combined LFA with a SERS tag to

Table 3 Overview of biorecognition-enhanced SERS sensors for pesticide analysis

Biorecognition in SERS detection

Pesticide Samples Substrate Limit of detection References
2,4D Tea and milk Au@Ag@MBA-antigen 498 pmol L™* 104
Imidacloprid Apple juice and river water AuNR@Ag@MBA-antigen 9.58 nmol L™* 177
Glyphosate Soil COF@AuNP@aptamer-VBB 0.002 nmol L * 105
Paraquat Environmental water Au@aptamer 0.10 pmol L ~* 170
Thiram — Au@MBA@AENP 1.58 nmol L™* 63
Thiabendazole — Au@MBA@AgNP 1.26 nmol L™* 63
Fenthion Seawater AuNP@MIP 10 nmol L™* 171
Chlorpyrifos Cucumber, pear and river water AuNP@PB-aptamer 0.066 ng mL " 179
Isocarbophos Apple juice Ag@MH-aptamer 3.4 pmol L™! 180
Ornethoate Apple juice Ag@MH-aptamer 24 pmol L™* 180
Phorate Apple juice Ag@MH-aptamer 0.4 pmol L™ 180
Profenofos Apple juice Ag@MH-aptamer 14 pmol L1 180
Diazinon Environmental water UiO-67@MIP - Ag film 3.6 nmol L™* 172
Methyl parathion Apple peels Ag@Au@MBA-aptamer 1.7 nmol L™* 181
Acetamiprid AP @AgMPA 0.27 ng kg '

Carbendazim AUMPA @A, 1.71 ng kg™

Malathion Cereals Tb-MOF@Au@MIP 0.06 ng mL™* 182
Diazinon Wastewater and soil Ag@ICNPs-aptamer 0.53 nmol L™* 183
Kanamycin Milk Au@Ag@MBA-aptamer 142 pg mL " 184
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189 with permission from Elsevier, copyright 2025.

quantify cypermethrin and esfenvalerate. They used 4-ATP and
4-MBA as Raman reporters, immobilizing them on the test line
of the LFA strip to facilitate SERS measurements. The simulta-
neous dual detection method involved immobilizing the two
test lines using antibodies specifically designed to detect each
of the targeted pesticides. The LoDs of the LFA-SERS system
were 0.55 and 0.062 fmol L™" for cypermethrin and esfenvaler-
ate, respectively.’® A study by Sheng et al. (2021) presented
another LFA-SERS assay for the analysis of chlorothalonil, imi-
dacloprid, and oxyfluorfen pesticides. In this study, the authors
used 4-NTP as a reporter and Ag@Au nanoparticles conjugated
with antibodies specific to the analytes, as depicted in Fig. 12.
The developed LFA-SERS strip achieved LoDs of 0.564, 3.91, and
5.68 nmol L~ for chlorothalonil, imidacloprid, and oxyfluorfen,
respectively.'®

@Au for the multiplex strip. This figure has been adapted/reproduced from ref.

Dong et al. (2024) used LFA-SERS to quantify triadimefon
fungicides. The test line of the LFA-SERS strip consists of
Au@Ag with a 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)
Raman reporter embedded into the core-shell structure and
bound to the triadimefon antibody. This sensor achieved a LoD
of 14.9 umol L™ and recovery values of 88.53-117.13% for
cucumber and tobacco samples."* Moreover, Wang et al. (2024)
developed LFA-SERS for the dual detection of carbendazim and
imidacloprid. The first test line consisted of AuNPs modified
with Prussian blue and the carbendazim antibody, and the
second test line consisted of AuNPs conjugated with 4-MBA and
the imidacloprid antibody. The authors achieved a LoD of 105
and 78 nmol L™ for carbendazim and imidacloprid, respec-
tively, and successfully tested cucumber, apple, and lake water
samples, obtaining recovery values ranging from 85.83% to

Table 4 Recent applications of LFA-SERS platforms for pesticide detection

LFA-SERS

Pesticide Samples Substrate Limit of detection References
Cypermethrin Milk, tap water, and river water Au@MBA-antibody 0.55 fmol L ™! 188
Esfenvalerate Milk, tap water, and river water Au@ATP-antibody 0.062 fmol L™* 188
Chlorothalonil Soil and rice samples Ag@Au@NTP-antibody 0.564 nmol L™* 189
Imidacloprid Soil and rice samples Ag@Au@NTP-antibody 3.91 nmol L™* 189
Oxyfluorfen Soil and rice samples Ag@Au@NTP-antibody 5.68 nmol L " 189
Acetamiprid Apple and orange AuMP*@AgMPA-antibody 0.27 ug kg ! 194
Carbendazim Apple and orange AuMPr@AgMPA-antibody 1.71 pg kg 194
Triadimefon Cucumber and tobacco Au@Ag@DTNB-antibody 14.9 pmol L™* 190
Carbendazim Cucumber, apple, and lake water AuNP@PB-antibody 105 nmol L™* 191
Imidacloprid Cucumber, apple, and lake water AuNP@MBA-antibody 78 nmol L™* 191
Phorate Celery Fe;0,@AuNP@DTNB-antibody 1.0 ng mL " 192
Fipronil Cucumber and apple juice Bimetallic Au@Ag@Ag nanorods 256 fg mL ™" 195
Carbofuran Apple, cucumber and cabbage Au@Ag@DTNB-antibody 0.45 pmol " 193
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116.53%."" Li et al. (2024) developed a MNP covered with
AuNPs, labeled with DTNB and conjugated with the antibody for
phorate pesticide. This Fe;O,@AuNP@DTNB-antibody probe
was successfully used in LFA-SERS strips with a LoD of 1.0 ng
mL ", in accordance with the local legislation. The authors
validated the methodology of analyzing phorate in celery
samples with good recovery values (96.7-105.1%)."> Pei et al.
(2024) used a core-shell Au@Ag structure labeled with DTNB
and an antibody for carbofuran detection on the test line of an
LFA-SERS strip. The authors achieved a LoD of 0.45 pmol L™,
and quantified the carbofuran pesticide in apple, cucumber,
and cabbage samples with recovery values of 92.65-112.4%."%*

LFAs combined with SERS readout offer a powerful strategy
for rapid and on-site pesticide detection, integrating the
simplicity of immunochromatography with the sensitivity of
plasmonic enhancement. Table 4 presents recent applications
of LFA-SERS systems, highlighting their analytical capabilities
and suitability for field deployment.

The integration of LFA with SERS represents a pivotal
advancement in pesticide detection, effectively merging the
high selectivity of antibody-based recognition with the excep-
tional sensitivity of plasmon-enhanced Raman scattering. This
hybrid approach addresses the inherent limitations of conven-
tional LFA, enabling quantitative analysis at ultra-low concen-
trations. The use of well-defined SERS reporters, such as 4-MBA,
4-ATP, 4-NTP, and DTNB, combined with plasmonic nano-
structures (e.g., AuNPs, Au@Ag, and Fe;O,@AuNPs), ensures
the generation of intense and reproducible Raman signals at
the test line. As demonstrated in recent studies, this synergistic
combination consistently yields detection limits down to the
femtogram per milliliter range, establishing LFA-SERS as one of
the most sensitive and field-deployable platforms for rapid
pesticide screening.

4. What influences detection limits in
SERS for pesticides?

While the variety of substrates and approaches demonstrates
promising capabilities for pesticide detection, reported LoDs
vary significantly across studies for the same analytes. Under-
standing the sources of these discrepancies is crucial for
advancing the field, and some factors can influence this LoD
variability. These discrepancies, often spanning multiple orders
of magnitude, complicate direct comparison of sensor perfor-
mance and hinder the identification of optimal substrates and
protocols. To elucidate the reasons behind such variations, it is
crucial to understand the substrate fabrication techniques,
sample pretreatment, LoD calculation methodologies, and
analyte-substrate interactions.

The morphology, composition, and fabrication method of
SERS substrates profoundly impact the local electromagnetic
enhancement and hotspot distribution, which are crucial for
sensitivity, as discussed before. Advanced nanostructures, such
as core-shell hybrids, hierarchical assemblies, and metal-
semiconductor composites, generally yield higher enhance-
ment factors compared to simpler colloidal films or
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unstructured metal surfaces. For example, substrates employ-
ing Ag nanowires or nanostars often provide denser hotspots
than drop-cast nanoparticle aggregates, resulting in lower LoDs.
Variability in synthesis conditions (e.g., particle size, shape
uniformity, and surface chemistry) further affects reproduc-
ibility and signal strength, contributing to inconsistent LoDs
reported for the same pesticide.®*¢77"7>196-198

Sample preparation influences analyte availability and
matrix effects, which significantly affect SERS signal intensity
and reproducibility. Pretreatment methods such as QUEChERS
extraction, filtration, centrifugation, or swabbing help improve
analyte concentration and reduce interference from complex
sample matrices (e.g., food, biological fluids, or environmental
water).'®® These steps are especially crucial because, in real-
world samples, the Raman signal of the target pesticide are
often overlapped or masked by background signals from other
coexisting substances, hindering accurate detection. Inconsis-
tent or absent pretreatment can lead to poor analyte adsorption
on SERS-active sites, increased noise, and ultimately elevated
reported LoDs. Therefore, standardizing sample preparation
protocols is essential to ensure reproducibility and enable
meaningful comparison across studies. To further enhance
selectivity and minimize matrix interference, bio-recognition
strategies such as aptamer binding, antigen-antibody interac-
tions, and molecularly imprinted polymers (MIPs) are increas-
ingly integrated into SERS platforms.?***** These strategies
provide molecular specificity and will be discussed in more
detail below.

To obtain a sensitive substrate, it is essential to understand
the chemical affinity between pesticide molecules and the
substrate surface, since it plays a pivotal role in SERS sensitivity
by influencing both EM and CM.?*?*> Molecules containing
sulfur or thiol functional groups, such as thiram, exhibit strong
chemisorption with noble metals like Ag and Au, resulting in
robust signal enhancement and lower LoDs.*®** Conversely,
analytes lacking such direct binding groups may rely more on
weaker interactions such as w-7 stacking, electrostatic attrac-
tion, or charge transfer, particularly when adsorbed onto
graphene-based or semiconductor-modified substrates.”**

Overall, the use of thiram exemplifies how analyte-substrate
interactions directly govern SERS performance. It can be
considered a pesticide probe molecule, due to its strong inter-
actions with plasmonic metal surfaces. The wide range of re-
ported LoDs underscores the influence of substrate design,
surface  chemistry, functionalization strategies, and
recognition-driven selectivity. These findings highlight the
importance of tailoring substrates not only for enhancing effi-
ciency but also for target-specific interaction, particularly for
field applications requiring reproducibility and high sensitivity
in complex matrices.

5. Challenges associated with SERS

SERS application in pesticide detection faces numerous chal-
lenges. Achieving a LoD and a linear range that complies with
regulatory MRLs is a primary obstacle, with many studies failing
to meet these standards. The absence of detailed protocols for
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sample processing and pre-treatment, including grinding,
extraction solutions, filtration, centrifugation, and cleaning,
restricts effective in situ analysis. Moreover, validating SERS
accuracy and reliability in actual samples is crucial but often
neglected. Ensuring high reproducibility, repeatability, selec-
tivity, and scalability is vital for broader adoption, yet many
studies ignore these aspects. Moreover, it is crucial to consider
the stability and shelf life of SERS substrates for practical use.
However, there is often a lack of long-term performance and
storage data, which hinders comprehensive evaluation.

Additionally, reliance on costly bench-top Raman spectrome-
ters restricts SERS practicality for on-site and real-time analysis.
Developing methodologies with portable Raman spectrometers
would democratize SERS, making it more accessible for agricul-
tural, food safety, and environmental monitoring.** Addressing
these issues through improved detection limits, standardized
protocols, and portable equipment is critical for advancing SERS
as a robust pesticide detection method.

6. Economic viability

Beyond material innovations, economic feasibility governs real-
world deployment. In this sense, the financial feasibility of SERS
for pesticide detection is critical, yet many studies overlook
substrate and analysis costs, creating a gap in understanding its
practical implementation. The development and adoption of SERS
are hindered by the limited availability and high cost of
commercial substrates. For example, Metrohm® charges $425 for
25 paper-based substrates, Stellarnet® sells 25 units for $250,
Simelco® offers five Ag and Au silicon-based substrates for €350,
and Oceanoptics® provides five Ag and Au glass substrates for
$90.>2% These prices limit accessibility and practicality for
routine use, as substrates are often single-use. Additionally, the
high cost of Raman spectrometers further restricts the adoption of
SERS technology to well-funded labs. Addressing these challenges
requires extensive research into mass-producing SERS substrates
with cost-effective methods to ensure high quality and reproduc-
ibility. Lowering substrate costs would enhance SERS's afford-
ability and practicality, making this analytical technique suitable
for routine pesticide detection and accessible to a broader range of
applications.

7. Future directions

The future of SERS technology in pesticide detection is prom-
ising but requires advancements in several key areas to enhance
its applicability and effectiveness. Improving SERS selectivity
and sensitivity is essential and achievable through novel
substrates that offer higher enhancement and better repro-
ducibility. Additionally, conjugating antibodies or aptamers
with reporter molecules can significantly enhance selectivity,
enabling specific detection of target pesticides in complex
matrices. Another promising direction is multiplexed SERS for
detecting several agrochemicals simultaneously. Although
quantitative analysis in food samples is still challenging, the
LFA-SERS hybrid approach can provide qualitative and quanti-
tative information on multiple analytes, combining the low
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cost, simplicity, rapid detection, and selectivity of LFA with the
high sensitivity of SERS, making it ideal for comprehensive
pesticide analysis. Simplifying sample processing is also
crucial. Developing easy sample pre-treatment protocols will
make SERS more practical for real-world applications, particu-
larly in situ analysis, and reduce time and costs.

Addressing the trade-off between substrate reusability and
signal fidelity is essential for practical SERS applications. It is
necessary to develop strategies that minimize analyte degrada-
tion and substrate alteration caused by repeated laser exposure,
such as optimizing laser parameters and designing more robust
photocatalytic materials. These efforts will be critical for
achieving reliable and sustainable pesticide detection across
multiple reuse cycles.

Another transformative direction for advancing SERS-based
pesticide detection lies in the integration of artificial intelli-
gence (AI) across the entire analytical procedure.> Al has
demonstrated remarkable capability in extracting high-level
features from complex spectral datasets, identifying subtle
patterns that may be imperceptible to human analysts, and
significantly improving the accuracy and reliability of
detection.””" In the context of pesticide analysis, Al can
facilitate spectral preprocessing, noise reduction, baseline
correction, and multivariate classification, enabling robust
identification even in complex food and environmental
matrices. Furthermore, Al-driven models such as convolutional
neural networks and large Raman models trained on extensive
spectral databases can support multiplexed detection, enhance
reproducibility, and guide substrate optimization by predicting
structure-property relationships.*'* As such, the convergence of
AT and SERS opens new avenues for real-time, in situ monitoring
with minimal human intervention, paving the way for innova-
tive, adaptive sensing platforms. Nonetheless, advancing
toward Al-driven rather than merely Al-assisted SERS requires
careful attention to data quality, standardization, interpret-
ability, and ethical considerations to ensure transparency,
fairness, and broad acceptance in practical applications.”**->**
Moreover, integrating AI with SERS technology represents
a frontier for efficient result delivery."”>**> Addressing these
areas can make SERS a more robust, reliable, and widely
accessible tool for ensuring food and environmental safety.

8. Conclusions

In conclusion, this study discusses the use of SERS for pesticide
analysis, highlighting new approaches and the advantages and
disadvantages of the technique. The future of SERS technology
lies in making it more affordable, portable, and versatile. By
addressing the current limitations in substrate availability, cost,
and equipment portability, SERS can become a standard tool for
many applications, including clinical diagnostics, food analysis
and environmental monitoring.
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