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Ensuring plant health and crop quality is vital for sustainable modern agriculture. Conventional detection
methods for stress markers, contaminants, and pathogens are often constrained by labor-intensive
procedures, bulky equipment, and reliance on centralized facilities, limiting real-time field monitoring.
Surface-enhanced Raman scattering (SERS) has emerged as a promising solution, providing rapid,
ultrasensitive, and non-destructive analysis across plant, soil, and water matrices. This review outlines the
fundamental SERS mechanisms and strategies that boost sensing performance, and surveys recent
advances in monitoring throughout the cultivation cycle, covering plant stress markers, metabolites,
contaminants, and plant pathogens under realistic agricultural conditions. Emphasis is placed on
substrate architecture (hot-spot control, composites/heterostructures, functionalization, flexible
formats), enhancement mechanisms, and analytical performance (typical enhancement factor (EF), limit
of detection (LOD), limit of quantitation (LOQ), and relative standard deviation (RSD) ranges). Persistent
challenges, including substrate reproducibility, matrix interference, quantitative calibration, and scalable

fabrication for field deployment, are evaluated alongside emerging solutions, including matrix-aware
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platforms. We close with practical considerations for durability and cost and with future perspectives
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1. Introduction

Agriculture in general, and cultivation in particular, have played
a vital role throughout human history. Cultivation is the back-
bone of global food production, providing grains, fruits, vege-
tables and livestock feed. Therefore, as the population grows,
development in cultivation is essential to ensure food security
and meet the increasing food demands. Besides, crops such as
cotton, rubber and sugar canes are key materials for industries
and food processing. Medicinal plants are essential for phar-
maceutical and cosmetic production. Moreover, in many
countries, farmers cultivate crops such as tea, coffee, cocoa, and
palm oil for exportation, which is a great contribution into the
overall economy of the countries. Thus, cultivation has provided
employment and livelihoods for a significant portion of the
population. Therefore, plant health and crop quality have been
well-concerned for years. In the past, farmers tried to protect
their crops from pests and weeds using pesticides and herbi-
cides. However, pesticides have been reported to cause stress on
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toward next-generation, field-ready SERS tools for proactive plant-health management and crop-quality

plant health and enhance crop resistance." Moreover, overusing
pesticides and herbicides reduces the quality of the crops and
leads to a risk in food safety. Consuming grains, fruit and
vegetables containing those residues might lead to accumula-
tion of these contaminants in human bodies and cause
diseases.”> On the other hand, to provide more nutrients for
plants, farmers have utilized fertilizers for their crops. Never-
theless, the use of fertilizers may lead to soil salinization and
acidification, resulting in water stress and ion antagonism.?
Therefore, modern agriculture recommends using technology
and data analysis to observe, measure and respond to variability
in crops to adjust agricultural inputs such as water, fertilizer
and pesticides to optimized yield, minimize waste and enhance
sustainability. It is called precision agriculture,* in which plant
health and crop quality monitoring is required to provide data
for farmers to optimize those inputs.

Plant health has been assessed using several methods,
including visual, biochemical, and molecular techniques. In the
field, farmers have been using traditional methods based on
their experiences. They usually observe plant leaves to find
chlorosis (yellow leaves), necrosis (dead tissue) and wilting,
which can indicate as signs of drought, nutrient deficiency or
even infections. However, these symptoms are not specific. The
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overlapping symptoms could easily lead to misdiagnosis,
resulting in inappropriate treatment.” In addition, the symp-
toms could only be observed at late stages, reducing the effec-
tiveness of intervention.® Instead, biochemical and molecular
methods have been developed for more specific detection of
plant conditions of stress. Plant stress can be divided into biotic
stress or infection, which are caused by pathogenic fungi,
bacteria or viruses, and abiotic stress, which is the result of
drought, severe temperature and salinity. Both biotic and
abiotic stresses on plants lead to changes in quantities of
different molecules inside or released from plants, including
phytohormone, reactive oxygen species (ROS), volatile organic
compounds (VOCs), etc. Therefore, to monitor plant health,
researchers have developed various methods to detect pathogen
and stress-related molecules.® To detect pathogenic microor-
ganisms, pathogen isolation” and enzyme-linked immunosor-
bent assay (ELISA)® are specific. However, pathogen isolation is
time-consuming while ELISA is not sensitive at early stages of
infection. Molecular techniques such as polymerase chain
reaction (PCR) and quantitative PCR could be overcome that
disadvantage as they allow deoxyribonucleic or ribonucleic acid
(DNA/RNA) of the pathogens to be amplified to be detected at
low levels.® However, they require expensive equipment and
reagents, and complicated prior processing of DNA/RNA
extraction. For stress-related molecules, molecules in plants
can be detected using chromatography,'® gas chromatography-
mass spectrometry (GC-MS),""**> spectrophotometry®® and
tissue staining.'* In spite of accuracy, they are time-consuming
and need extensive sample preparation. Precious agriculture,
however, requires fast and accurate measurements to update
plant health, allowing farmers to determine the stress of plants
and the reason for those stress conditions to adjust the inputs.

In addition to in-season monitoring, ensuring optimal crop
quality requires attention at both the earliest and latest stages of
production. Pre-cultivation assessment of agricultural soils and
irrigation water is essential for identifying potential hazards,
such as heavy metal ions, pesticide residues and other
contaminants, that can compromise plant growth and enter the
food chain. Likewise, pre-harvest monitoring serves as a critical
final safeguard, enabling detection of residual agrochemicals
and pathogenic infections in leaves, fruits, and flowers. Tradi-
tional analytical techniques, such as chromatography coupled
with mass spectrometry and enzyme-linked immunoassays,
offer high accuracy and multiplexed detection capabilities. For
example, GC-MS-based metabolomics has been widely
employed to profile plant metabolites, identifying hundreds of
compounds including sugars, amino acids, and organic acids.*
Liquid chromatography (LC)- and GC-MS untargeted meta-
bolomics have also revealed shifts in soil metabolites under
continuous cultivation stress in ramie crops.'® Multi-residue
pesticide quantification methods using “Quick, Easy, Cheap,
Effective, Rugged and Safe” (QUEChERS) extraction and LC-MS/
MS have been validated for soil analysis, achieving sub-
nanogram-per-gram sensitivity in field samples.’®* However,
these methods frequently require labor-intensive sample prep-
aration, bulky instrumentation, and centralized laboratory
infrastructure, which limit their suitability for real-time, in-field
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applications. Integrating sensitive, rapid, and non-destructive
analytical approaches at both pre-cultivation and pre-harvest
stages, along with cultivation period, is therefore central to
achieving safe, high-quality, and sustainable agricultural
production.

Surface-enhanced Raman Spectroscopy (SERS) is a powerful
analytical technique that significantly amplifies the Raman
signal of the analytes adsorbed on nanostructure metallic
surfaces, allowing detection of chemical and biological mole-
cules at trace levels."””** Raman scattering is an inelastic light-
matter interaction, in which incident photons interact with
molecular vibrations, resulting in the shift in energy of the
photons. Therefore, the Raman shifts refer to unique vibration
frequencies of the molecules. As each chemical bond and
functional group has characteristic vibrational energies, the
resulting Raman spectrum serves as a molecular “fingerprint”
which identifies the molecule.”*** Despite excellent specificity,
the Raman scattering effect is weak, which limits its applica-
tion.>* As an extension of conventional Raman spectroscopy,
SERS retains the specificity of Raman scattering while over-
coming its weakness thanks to plasmon-mediated enhance-
ment. By adsorbing analyte molecules onto or near the surface
of noble metal nanostructures such as silver (Ag), gold (Au), or
copper (Cu) nanoparticles (NPs), the Raman signal of the
molecules is enhanced via two main mechanisms: electromag-
netic and chemical enhancements. On one hand, localized
surface plasmon resonance (LSPR) occurs on the surface of the
NPs due to the oscillation of free electrons under laser excita-
tion. This results in local field enhancement, which amplifies
the Raman signal through the electromagnetic mechanism
(EM).** On the other hand, the Raman enhancement observed
in SERS phenomenon is also attributed to the chemical mech-
anism (CM), which involves charge transfer (CT) between the
substrate and the analytes. This process alters the electron
density distribution within the molecules, increasing their
polarizability and thereby enhancing the Raman scattering
signal.*® Hence, SERS excels in delivering both rapid and highly
accurate molecular detection, making it particularly advanta-
geous for plant health and crop quality monitoring.

Among plantrelated analytes, pesticides are the most
common target for SERS thanks to their structures with various
functional groups, allowing them to be adsorbed directly onto
metallic structures to experience SERS effects. Several reviews
have been established about those SERS sensors, focusing on
agri-food safety.>*® However, the scope of SERS analytes in
plant health and crop quality monitoring has been broadening
beyond pesticide residues. Many SERS sensors have been
developed to detect various compounds in plants, vegetables,
and fruits, including plant stress markers (e.g., phytohormones,
secondary metabolites, ROS, VOCs), other metabolites, pesti-
cides, etc. as well as in agricultural water and soil matrices such
as metal ions, nanoparticles, micro-nanoplastics, etc. These
analytes provide valuable insights into crop growth stages,
abiotic stress, or pathogen infection, enabling precision agri-
culture practices such as targeted irrigation or nutrient
supplementation.
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This review shifts the emphasis from cataloging surface-
enhanced Raman scattering (SERS) examples to quantitative
performance in realistic agricultural matrices. We bring
together recent work (with greater weight on studies since 2020)
across mechanisms and substrate engineering (i.e., hot-spot
control, composites, functionalization, flexible formats) and
anchor it to applications in residue screening, volatile organic
compound (VOC) phenotyping, and pathogen detection. Rather
than isolated demonstrations, we extract design rules linking
geometry, composition, and surface chemistry to measurable
precision, and conclude topic blocks with concise enhancement
factor (EF)/relative standard deviation (RSD)/limit of detection
(LOD) summaries to guide method selection. We also synthe-
size practical remedies for recurrent failure modes
(fluorescence/daylight background, hot-spot stochasticity,
stability, matrix interference) and outline field-deployment
practices, including matrix-matched or standard-addition cali-
bration with ratiometry and reported baselining; external
checks at decision levels and against regulatory comparators
(e.g.,, maximum residue limits (MRLs), World Health
Organization/Food and Agriculture Organization (WHO/FAO)
water limits); and durability/sustainability elements (stabilized
surfaces, shelf-life reporting, indicative cost-per-test, biobased
supports). We also trace how SERS aligns with agricultural
stages, from pre-season water/soil screening, through in-season
plant-stress and pathogen surveillance, to harvest-time residue
checks and post-harvest quality/authenticity control, so labo-
ratory sensitivity can translate into reliable, comparable
evidence for agricultural decisions.

Enhanced
electromagnetic
field
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2. SERS mechanisms and keys to
optimize SERS sensing performance

Since its discovery, Raman spectroscopy (RS) has proven its
ability to generate molecular fingerprint spectra, in which
distinct peaks correspond to specific vibrational modes.
However, the applications of RS are limited by the intrinsic low
efficiency of Raman scattering. Compared to the efficiency of
other processes such as fluorescence emission (~10~"® ecm?® per
cr) and infrared absorption (~10"2° cm? per cr), this value of
Raman scattering is only 107*° ecm® per cr,” thus, it requires
long acquisition times or high laser powers achieve acceptable
signal-to-noise ratio. This excitation can damage the analytes.
Besides, many organic compounds emit fluorescence under
light excitation, which can overwhelm the Raman signal, so it
can be difficult to interpret their Raman spectra. Therefore, RS
is not such a powerful analytical tool. However, with the assis-
tance of metallic nanostructures on which analyte molecules
are adsorbed, Raman signal can be enhanced by 10'*-10" fold
in SERS effect,?® allowing it to overcome the main drawback of
RS to become a great tool for analytical applications. In this
section, the mechanism of SERS will be discussed to clarify the
strategies to optimize the performance of SERS sensors.

2.1. SERS mechanisms

To understand the mechanisms of SERS, it would be better to
start with Raman scattering. In Raman scattering process,
a molecule exposed to an oscillating electric field from incident
light undergoes an induced polarizability with the dipole
moment P, and emits scattered light at a frequency shifted by
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Fig. 1 Schematic illustration of (a) localized surface plasmon resonance and SERS effect via electromagnetic mechanism; (b) hot spots within

small interparticle distance; (c) chemical enhancements in SERS.
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its vibrational modes (Raman shift) with a frequency of wg.2**°
The magnitude of P, depends on the change in polarizability
(a§) of electron during molecular vibration and the intensity of
the incident electromagnetic radiation (E,) with a frequency of
wo. This can be described as equation below:

Po(wo) = gy (wo, wr) X Eo(wo) &Y

In simple terms, the Raman scattering process requires the
interaction of two main elements to occur: a molecule and an
incident radiation. For that molecule to experience SERS effect,
another element must be involved: a metal nanostructure,
usually noble metal. Noble metals are rich in free electrons.
Thus, when excited by an incident light, its conductive electrons
undergo collective oscillations, generating an electromagnetic
field around the dielectric and metal interface (Fig. 1b). If the
frequency of the incident light w, is resonant with that of the
electron oscillation, surface plasmon resonance (SPR) is trig-
gered. Thanks to the nanoscale dimensions of the metallic
particles, the oscillation is confined, which is referred as
localized surface plasmon resonance (LSPR).*' Ding et al
described the enhancement of electromagnetic field as a two-
step process.*” First, thanks to the LSPR, the local electromag-
netic field (Eyoc) around the metallic NPs is enhanced at the
incident frequency (w,). The SERS enhancement factor is
proportional to the square of Ej,. at w, as follows:

G1(wo) = [ELoc(@o)l Eo(wo)]* (2)

Second, at the scattered frequency (wg), strong mutual
coupling occurs between the induced dipole of the molecule
and the oscillating dipoles of the plasmonic nanoparticles
(NPs), further enhancing the scattered Raman signal. It is
resonant Raman scattering. Similar to the first step, the SERS
enhancement factor in the second step is proportional to the
square of Ep . at wg (eqn (3)).

Go(wR) = [Epocdwr) Eo(wr)]* (3)

For analytes with low vibrational frequencies, the enhance-
ment factors of the two steps can be considered as comparable
(G1(wo) = Gy(wy)). Thus, the SERS enhancement factor is about
proportional to the fourth power of Ej .

G = G (wg) Go(wp) = [Epoc(wo) Eo(wo)]* (4)

Importantly, the electromagnetic field is not distributed
uniformly around metallic nanostructures. As mentioned
above, the confinement of electron oscillation triggers LSPR.
Thus, narrow regions on those nanostructures such as edges,
tips, corners, etc. are highly localized. Besides, interparticle
nanogaps are convenient for resonant Raman scattering,
leading to local field enhancement (Fig. 1a). Regions where the
electromagnetic field is intensely amplified due to strong LSPR
are called SERS hot spots. Scaling with the fourth power (eqn
(4)), a small enhancement in the local field could lead to an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enormous change in SERS enhancement. It is the main prin-
ciple of electromagnetic mechanism (EM) in SERS.

While EM is responsible for the change of the value E; in eqn
(1), chemical mechanism (CM) can lead to the modification of
the value a§. The change in polarizability of the analytes in SERS
effect requires the adsorptions of those molecules onto the
surface of the metallic nanostructures. The changes in af could
be due to either chemical complexation or charge transfer
(CT).**7*¢ Chemical complexation is the formation of a complex
between an analyte and a nanostructure via chemisorption.
This interaction alters the polarizability, orientation and
symmetry of the molecule relative to its unbound state, thereby
activating certain vibrational modes. However, Moskovits
claimed that complex formation could not contribute signifi-
cant enhancements to «f unless the metal-ligand bond intro-
duced CT transitions.*® These processes can alter electron
density distribution within organic molecules, resulting in
increased polarizability and subsequently enhancing the
Raman scattering response. CT can occur in either non-
resonant or resonant pathways but they all involve the elec-
tronic coupling between the analyte molecules and the metallic
nanostructures (Fig. 1c).>**® The non-resonant one does not
require any excitation. It arises when chemical bonds are
created between the analytes and the SERS substrate, which is
called interfacial ground-state charge transfer (GSCT). In
contrast, photo-induced charge transfer (PICT) involves photo-
excitation, which generates energetic (“hot”) electrons to be
exchanged between the Fermi level of metals and the highest
occupied orbital (HOMO) or the lowest unoccupied molecular
orbital (LUMO) levels of the analytes. Besides, CT resonance or
resonance Raman scattering (RRS) occurs when the frequency
of the excitation laser is close to the electronic transition of the
analyte molecules, leading to electronic excitation within those
molecules, resulting in resonance Raman effect, which
enhances Raman scattering. Fluorescent molecules are more
prone to undergoing this CT pathway.

The explanation of eqn (1) shows that both EM and CM
contribute to SERS enhancements. Thus, the Raman dipole
moment in SERS effect can be defined as:

P(wR) = aR(w07 wR) X ELoc(wO) (5)

in which o® is the altered Raman polarization under SERS
condition and Ep,. is the enhanced electromagnetic field
around the metallic nanostructures. However, the contributions
of two mechanisms are not comparable. While EM has been
reported to contribute up to 10'' to SERS enhancements, the

contribution of CM is less than 10°.3”

2.2. Key factors to improve SERS sensing performance

Understanding about the mechanisms of SERS allows
researchers to optimize the performance of SERS sensing
systems. In this section, we discuss the key factors to boost SERS
sensing performance including sensitivity, selectivity, unifor-
mity and practicability and briefly highlight several strategies
that have been developed to address each of these aspects. In

RSC Adv, 2025, 15, 49320-49352 | 49323
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the following section, selected strategies will be discussed in
detail (Fig. 2).

2.2.1. Sensitivity. In general, SERS sensing performance
highly depends on EM and CM as these enhancements signif-
icantly amplify the Raman signal, enabling the detection of
analytes at extremely low concentrations and thereby deter-
mining the overall sensitivity of the sensor. Both CM and EM
enhancement requires the adsorption of analytes onto metallic
nanostructures. In CM enhancement, the interaction between
substrate and the adsorbed molecules is necessary for the CT
processes, which lead to changes in polarizability of the mole-
cules. In EM enhancement, the analyte molecules could only
experience the local magnetic field if they are located near the
surface of the metallic nanostructures. Many analytes can be
adsorbed directly into the surface of the metallic nano-
structures. Molecules containing functional groups such as -
SH, -NH, and -COOH can bind to the metallic surface and
replace capping agents.”®* However, not all analytes possess
such functional groups, which limits their ability to adsorb
effectively onto the metallic surface of the SERS substrates.
Thus, several strategies have been developed to improve the
adsorption rate. For example, nanostructures surfaces can be
functionalized with a layer of chemical compound that can
immobilize the desired analytes via electrostatic repulsion,*
hydrogen bond,** or covalent bond® to enhance the binding

SERS SENSING

PERFORMANCE

Fig. 2 Several main factors and strategies to improve SERS sensing
performance. lIllustration reproduced from ref. 38 with permission
from the PCCP owner societies, copyright 2015; ref. 39 with permis-
sion from Springer Nature, copyright 2017; ref. 40 with permission
from MPDI, copyright 2023; ref. 41 with permission from MPDI,
copyright 2022; ref. 42 with permission from Elsevier, copyright 2019;
ref. 43 with permission from MPDI, copyright 2021; ref. 44 with
permission from The Royal Society of Chemistry copyright 2023; ref.
45 with permission from MPDI, copyright 2022; ref. 46 with permission
Springer Nature, copyright 2017; ref. 47 with permission from The
American Chemical Society, copyright 2015.
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affinity. Another approach is modifying the SERS substrate for
better adsorption capacity. Instead of using only metallic NPs,
researchers designed and developed nanocomposite materials
by incorporating metallic NPs with other components, such as
graphene oxide (GO)**** and metal-organic frameworks
(MOFs).>>*® The adsorption of analytes onto those non-metallic
components in the nanocomposite not only positions the
molecules near the LSPR-active metallic sites to benefit from
EM enhancement, but also improves CT processes in the cases
the analytes are adsorbed onto the semiconductor in metal-
semiconductor nanocomposites, leading to better SERS
enhancements.>”

Regarding the enormous contribution of EM to total SERS
enhancements, creating hot spots for SERS enhancements is
another key factor to improve SERS signal. Metallic nano-
structures with sharp tips, corners, edges have been designed
and developed as SERS active substrates.*** In another
approach, SERS enhancements could also originate from the
plasmon formed at the small gaps between NPs (usually <10
nm), with an enhancement factor up to 10'>.%* Thus, other
groups fabricated dimer or trimer nanostructures to trap the
analytes in the hot spots between NPs for significant enhance-
ments in SERS signal.®*** Besides, metallic nanoparticles could
also be grafted onto 3-dimensional (3D) scaffold to create
numerous interparticle nanogaps around the scaffold.®>®
Although smaller interparticle gaps could lead to more
intensely amplified electromagnetic field, it is worth
mentioning that once the gap size reaches sub-nanometre scale,
quantum effects would be introduced between the NPs and
suppress SERS effects.*?

2.2.2. Selectivity. SERS has the ability to identify analytes
through their “fingerprint” spectra, however, in complex
mixtures, multiple compounds can be adsorbed onto or near
the SERS-active surface and experience the SERS effects, leading
to interference. Moreover, biological samples usually contain
various molecules, which could be similar in structure. For
example, in plants, salicylic acid and methylbenzoate are two
members of benzenoid class with similar structural features. As
a result, their vibration spectra can have overlapping peaks,
which makes it difficult to distinguish them. Thus, the intrinsic
selectivity of SERS is not sufficient in complex samples. To
improve the selectivity of the SERS sensors, it is necessary to
functionalize with specific molecules to capture the desired
analytes. This strategy also helps improve the CT processes as
discussed in the last section. However, it requires more specific
interactions, such as biological recognition®*® and chemical
derivatization,*””® for the best selectivity.

2.2.3. Uniformity. Since the electromagnetic field is
unevenly distributed around metallic nanostructures, unifor-
mity has been always a challenge for SERS sensors. The elec-
tromagnetic field is amplified at the hot spots, such as edges,
tips, corners, etc. of the NPs as well as the interparticle nano-
gaps. Therefore, the SERS signal of a sample is mainly
contributed by the molecules located on/into those hot spots. If
the interaction between the NPs and the analytes is weak, they
can move around or diffuse into and out of the interparticle
gaps (between the NPs), leading to the fluctuation of SERS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signals. Once again, it emphasizes the importance of NP func-
tionalization. Besides, well-controlled nanostructured materials
could be fabricated to improve the uniformity of SERS
substrates. Researchers have prepared colloids with well-
defined morphologies, size distribution and good dispersity
thanks to the assistance of coating agents such as citrate,”™
cetyltrimethylammonium bromide (CTAB),”> and poly-
vinylpyrrolidone (PVP)” and employed them as building blocks
to fabricate SERS substrates. NPs were reported to self-assemble
on solid supports, leading to relatively uniform SERS
substrates.” In another approach, the assembly of NPs can be
directed by polymers, allowing the control of NP spacing.””®
However, researchers could take it to another level by preparing
NPs by lithography method, resulting in highly uniform
substrates.”””®

2.2.4. Practicability. Despite being a powerful analytical
tool, most SERS measurements have been performed in the
laboratory. Translating SERS into practical applications with
real samples is still challenging because of its scalability,
production cost and ease of use. To improve the practicability of
SERS, researchers need to overcome those barriers, allowing the
applications of SERS to be widespread, especially in plant
health monitoring. With the use of noble metal nanoparticles,
SERS substrates were expected to be expensive, especially when
fabricated using sophisticated techniques such as electron
beam lithography. However, there are other methods of
synthesizing which are more cost-effective such as chemical,
and especially electrochemical synthesis, allowing gold and
silver colloids to be produced at large volumes and low cost.
More economic approaches such as self-assembly and inkjet
printing can be employed to create SERS-active surfaces with
reduced production costs. Additionally, the integration of
polymers as flexible supports or structural scaffolds has shown
promise in improving both the uniformity and scalability of
SERS substrates. For example, incorporating nanoparticles into
polymer films,”*® tapes,** or paper-based materials®*** allows
for affordable sensing platforms. The use of these flexible
substrates also simplifies sample collection and preparation,
which is suitable for field-based or point-of-care applications.
Besides, nanocomposites in which metallic NPs are embedded
in matrices such as GO,** MOFs,* or semiconductors® are
promising options for scalable and cost-effective production
while simultaneously enhancing SERS efficiency.

Furthermore, functionalization of SERS substrates with
specific binding agents allows the sensors to detect the desired
analytes even in complex real samples. It reduces complex
sample processing, allowing untrained people to perform the
measurements in field-based conditions.

Reviewing several key factors boosting SERS sensing
performance and some strategies employed to enhance them
reveals that certain approaches can simultaneously improve
multiple aspects. For example, the functionalization of nano-
particles not only enhances signal intensity but also contributes
to greater selectivity and practical applicability. Meanwhile,
some strategies come with the trade-offs. For instance, while
sophisticated fabrication techniques such as lithography offer
superior uniformity in SERS substrates, they also significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase production costs, potentially limiting scalability.
Therefore, researchers must carefully weigh these consider-
ations and tailor their strategies to suit the specific require-
ments of each application.

In the next section, we focus on several main strategies
which are suitable to elevate the multiple factors and contribute
to significant improvement in overall SERS sensing perfor-
mance with examples of recent established reports. These
include: (i) generating hot spots to amplify EM enhancements;
(ii) designing and developing nanocomposites to improve
adsorption of analytes, therefore, elevating CT processes; (iii)
functionalizing NPs to boost selectivity, molecular adsorption
and practicability; (iv) fabricating flexible SERS substrates
suitable for real-life applications while controlling NP assembly
to achieve improved uniformity (Fig. 2). While the examples
reviewed may not be directly related to plant health monitoring,
all demonstrate the application of SERS sensors in plant-based
matrices.

3. Strategies to enhance SERS sensing
performance

3.1. Hot spots formation via material designing

3.1.1. Shape controlled NPs. EM enhancement in SERS is
strongly influenced by shape, size and compositions of nano-
particles. The “lightning rod effect” refers to the strong locali-
zation and amplification of electromagnetic field at sharp tips
or edges of metallic nanostructures, which is similar to how
lightning is attracted to the tip of a metal rod. As a result,
anisotropic NPs such as nanorods, nanostars, nanoprisms and
nanocubes, exhibits significant EM enhancements compared to
nanospheres. Haes et al. employed discrete dipole approxima-
tion numerical method to estimate the maximized values of
local electric field at the surface of three different shapes of NPs
(i.e., a sphere, a cube and a pyramid) to be on the order of ~10%,
~10°, and ~10", respectively, based on the LSPR peak of each.®®

While nanopheres usually exhibit a single, symmetrical SPR
corresponding to uniform electron oscillations in all directions,
anisotropic NPs show multiple SPR modes, such as transverse
and longitudinal modes in nanorods and tip-localized modes in
nanostars.?”*® Thus, selecting the wavelength of excitation light
for SERS using spherical NPs is simpler. Once the excitation
wavelength closely matches the SPR band of the NPs, localized
surface plasmons are resonantly excited, leading to the best
SERS enhancement.** Meanwhile, anisotropic shapes drive it
more complicated. For example, nanorods have two SPR bands,
i.e., transverse and longitudinal. The longitudinal mode (along
the long axis of the nanorods), which is usually detected at the
longer wavelengths, is more polarization-sensitive.®® Thus, the
longitudinal one is more relevant for SERS excitation. Moreover,
it is highly tunable. Orendorff et al. reported that adjusting the
length and width of the nanorods could allow the longitudinal
SPR mode of Au nanorods to tune from about 650 nm to more
than 1200 nm when the aspect ratio (length/width) increased
from 2 to 16. The author also observed similar trends in silver
nanorods. When the aspect ratio increased from 3.5 to 10, the
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longitudinal SPR mode was shifted from about 535 nm to about
615 nm.”* Therefore, the aspect ratio can be adjusted to achieve
suitable SPR bands for maximal SERS enhancements.

In designing SERS nanoprobes, precision in the placement
of Raman reporter molecules is paramount, particularly given
the greater heterogeneity in EM field distributions. It is crucial
to ensure that these reporter molecules are strategically posi-
tioned within the zones of amplified EM fields to optimize the
SERS effect. Orendorff et al. compared SERS enhancements of
Au and Ag nanorods with different aspects of ratio and Au and
Ag spheres (aspect ratio = 1). Under the excitation at 633 nm, Ag
nanorod with aspect ratio of 10 and Au nanorod with aspect
ratio of 1.7 exhibited 10-10> greater SERS enhancements than
others using 4-mecartopyridine (4-MTP), 4-aminothophenol (4-
ATP) and 2,2"-bipyridine as analytes.”

NPs with more sharp tips such as nanostars were fabricated
to concentrate intense electromagnetic fields around their tips,
leading to significant enhancements in SERS signal. A well-
known method to prepare Au nanostar is using Ag' as
a shape-directing agent. Ag" can selectively adsorb on certain
facet of preformed Au seeds, suppressing the growth at those
sites and promoting the formation of anisotropic Au nano-
structures.” Besides, many other methods can be used to
synthesis Au and Ag nanostars. For example, Au nanostars have
also been fabricated thanks to the assistance of Good's buffer as
well as PVP in DMF solvent.”® Ag nanostars were reported to be
prepared using microwave heating of AgNO; and trisodium
citrate.®* The outstanding SERS enhancements of nanostars
were also proved in experimental studies. For instance, Oliveira
et al. compared the enhancement factors (EFs) of Ag nano-
spheres and nanostars and reported EFs ranging of 10°-107
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using Ag nanostars while Ag nanospheres showed one order of
magnitude lower in EF under identical conditions.*

However, the fact that the electromagnetic field concentrates
at the tips of the material also emphasizes the heterogeneity of
its distribution in the surface of anisotropic NPs, which is
obviously the main drawback of this approach. The advantages
and disadvantages of each approach are listed in Table 1.

3.1.2. Intergap nanoparticles. Nanogaps created between
two or more NPs act as highly efficient hot spots, offering much
stronger SERS signal enhancement than a single, isolated one.
Dimeric, trimeric and even tetrameric nanostructures have
been designed and developed and employed as active SERS
substrates. Schuknecht et al. designed tip-to-tip Au nanorods
using DNA origami scaffold with controlled gaps of around
8 nm, which could accommodate proteins like streptavidin and
thrombin.*”® The sensing systems exhibited impressive sensi-
tivity of single-protein detection within sub-second integration
time. However, the fabrication of this sensor required complex
DNA-origami designing, which is costly and potentially
unstable in biological environments. In a recent study, Ignatane
et al. developed another method to synthesize dimeric AuNPs.
AuNPs with a diameter of around 60 nm were placed within
dumbbell-shaped pits etched via focused ion beam lithography
on glass substrates via capillary force-assisted dip-coating,
ensuring precise dimer positioning and controlled spacing.
The gap of 12 nm led to an enhancement factor of 2.9 x 10°
when detecting Rhodamine B.°® Obviously, this approach
allowed reliable control over interparticle spacing thanks to the
geometry of the pits. However, some pits only partially filled
with NPs, affecting the uniformity. Moreover, focused ion beam
lithography is slow and expensive for large area patterning.

Table 1 Advantages and disadvantages of several common strategies to create SER hot spots

Disadvantages

Relatively low SERS enhancement

- Relatively high structural uniformity

Strategies Advantages
Nanoparticle shapes Isotropic - Simple preparation
- Cost-effective
Anisotropic - High tunability

- High EM enhancement

(i.e., size, density, material of satellites)

Internanogap DNA assisted assembly - High EM enhancement
Lithography assisted - High EM enhancement
assembly
Self-assembly - High EM enhancement

- Simple preparation
- Cost-effective
Core-shell configuration - High EM enhancement
- High tunability
Intrananogap - High EM enhancement

- Highly robust SERS signal
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- Complex preparation

- Low signal uniformity

- Complex preparation

- Low synthetic yield

- Light orientation angle dependence
- Expensive

- Unstable in biological environment
- Complex preparation

- Low synthetic yield

-Light orientation angle dependence
-Expensive

- Low synthetic yield

- Light orientation angle dependence
- Low uniformity due to gap variation
- Complexed EM enhancement mechanism
among the core and the satellites

- Low uniformity (but better than other
intragap creating approaches)

- Complex preparation

- Low synthetic yield

- Expensive
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Compared to those approaches, self-assembly of NPs is simpler.
Arbuz et al. controlled the formation of AuNP dimers and
trimers via mixed self-assembled monolayers (mixed SAMs) of
mercaptocarboxylic acids on 100-nm AuNPs, achieving nano-
gaps from 0.8 nm to 2.3 nm.” When using the dimeric struc-
tures with the gap of around 1.0 nm to detect R6G, the EF value
was 4-5 folds higher than that obtained with the use of
monomers. However, it was difficult to control gap sizes,
therefore, the gap variation could lead to variation in EF. In case
using anisotropic NPs as monomers, random orientation of the
dimers when on substrates might reduce the uniformity of the
sensor.

Using similar approaches, trimeric and tetrameric NPs have
been fabricated and employed as SERS substrates.””** It has
been reported that trimers outperformed dimers and tetramers
outperformed trimers due to multiple gap junctions and Fano-
like plasmon modes, leading to stronger plasmonic coupling.*®

Another approach, which could be considered as a branch of
intergap nanoparticle configuration, is core-satellite arrange-
ment. This configuration involves multiple satellite nano-
particles arranged around a central core, greatly enhancing the
local electromagnetic field, particularly at the junctions
between the core and satellites or between adjacent satel-
lites.**** Unlike dimers and trimers, which have a specific
orientation in space, core-satellite structures are more
symmetric and uniform in all directions, ensuring that
a consistent electromagnetic field can be created. Thus, it is
expected to generate reproducible SERS signal. Tang et al. re-
ported on the fabrication of Au core-satellite nanostructures
consisting of an Au core (120-140 nm in diameter) decorated
with smaller Au satellite NPs (20-40 nm) via 1,8-octanedithiol
(C8DT) linkers. The assembly can be performed rapidly in
around 30 min with controlled ionic strength to regulate
satellite coverage and gap width (2-3 nm). Analytes such as p-
ATP can be adsorbed into the gaps and detected via SERS
measurements.'® Although the fabrication of this core-satellite
configuration was simple, the assembly of satellites around the
core could not be well-controlled. Thus, variability in gap size
and satellite coverage can lead to EF heterogeneity.

3.1.3. Intragap nanoparticles. In addition to intergap NP
creation, researchers also engineered nanogaps within a single
NP, forming what is known as an intra-nanogap structures.
These structures offer superior mechanical stability and struc-
tural integrity, resulting in strong, consistent, and quantifiable
SERS signals that are less sensitive to external variations. For
example, Nam's group invented Au-nanogapped nanoparticle
(Au-NNP) structures.’® Gold cores with diameter of 12-20 nm
are coated with thiolated DNA or polymer spacer. Subsequently,
a secondary Au shell was grown around this layer, forming
a well-defined nanogap of 1 nm, resulting in an EF of about 1 x
10° to 5 x10°, allowing single molecule detection. However, the
functionalization of NPs with DNA or polymer spacer must be
precise and growth of the shell must be well-controlled. Once
the gap is too thin, it may induce quantum tunneling and
reduce EF. Moreover, it is not flexible for capturing analytes
externally. In another approach, Kim et al. prepared dealloyed
intra-nanogap particles using Au/Ag alloy NPs are etched so that
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only Ag dissolved, forming a hollow porous Au shell around
a core with internal gaps between the core and the cell, allowing
analyte to be adsorbed into the gap. When used as DNA detec-
tion probes, these structures enable ultra-sensitive detection
down to 10aM with EF of 1.1 x 10%.'% However, the fabrication
requires complex dealloying process, and controlling precise
gap dimensions is technically challenging. Cheng et al. fabri-
cated gap-enhanced Au nanodumbbells. Starting with an Au
nanorod with a length of around 10 nm, the authors selectively
grow a gold shell at each tip in the presence of CTAB, forming
tip-coated shells separated by a 1-nm nanogap containing
a monolayer of 4-nitrobenzenethiol (4-NBT) as a Raman
reporter. Compared to the initial Au nanorod, SERS intensity of
4-NBT increased by 100 times. EF was calculated to be 107-
10%.1° However, this anisotropic shape introduce polarization
sensitivity to the sensing systems. Moreover, it is complex to
control the growth of the tip-shell.

Shape, gap, and how you control both are the levers that set
the electromagnetic game. Anisotropic particles (rods, stars,
prisms, cubes) concentrate fields at tips/edges (“lightning-
rod” effect) and add tunable plasmon modes, so matching the
excitation to the dominant mode (often the longitudinal
resonance) delivers large EM gains, but also spatial heteroge-
neity across a single particle. Interparticle gaps push
enhancement further: dimers/trimers and core-satellite
assemblies create junction hot spots whose strength scales as
the gap narrows into the 1-3 nm regime, yet reproducibility
hinges on how precisely those gaps and orientations are set
(DNA/origami, templated pits, or controlled self-assembly beat
stochastic clustering). Intragap designs build the junction
inside one particle (gap-shells, nanodumbbells, dealloyed
hollow shells), stabilizing the hot spot against handling and
drift and enabling quantifiable signals; the trade-offs are
synthetic complexity, shell-growth control, and the tunneling
ceiling as gaps approach ~1 nm. Across these families, the
same rules dominate: tune resonance to the measurement
band, confine and standardize the gap architecture, and pair
the geometry with disciplined readout (internal-standard
ratios, fixed sampling optics). The result is the practical
sweet spot, apparent EF in the 10°-10° band with single- to
low-tens-percent precision when geometry is patterned or
internally template.'®"'*® The main remaining limit of hotspot
stochasticity which increase variance unless geometry are
controlled, which would be discussed in Section 5.

3.2. Nanocomposites fabrication

While EM dominates most noble metal-based SERS substrates,
boosting CT is essential for improving sensitivity toward ana-
Iytes with low Raman cross-sections or weak binding affinities.
This has driven the development of nanocomposites that inte-
grate plasmonic metals with semiconductors, metal-organic
frameworks (MOFSs) or graphene oxide (GO) which offer tailored
interfaces and electronic structures conducive to CT-driven
SERS enhancement.

3.2.1. Metal-semiconductor nanocomposites. While noble
metals, such as Au, Ag, offer intense LSPR that amplified
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electromagnetic field, they usually exhibit limited interaction
with adsorbed molecules in the ground state. In general, most
adsorbate molecules are held to the metallic surface via phys-
isorption. Only molecules containing specific functional
groups, such as thiol, carboxyl and primary amine, could be
adsorbed onto the metallic surface via chemical interactions. It
constrains their ability to enhance Raman signal of analytes via
CT processes. In contrast, semiconductors promote the
adsorption of analytes onto SERS substrate as they are richer
surface chemistry with possible presence of hydroxyl groups as
well as metal-oxide bonds. As a result, their surface charge and
polarity are adjustable, which is beneficial for the adsorption of
various analytes.'*® Moreover, abundant surface defects on the
surface of semiconductors can improve analyte adsorption on
vacancy-rich surfaces."*™** Furthermore, some semiconductors
were reported to provide specific binding sites for analytes."** In
addition, they introduce new energy levels and interfacial
pathways that promote efficient electron exchange with the
analyte, thereby significantly boosting SERS signals via
CM."*>1%¢ The fact that more analyte molecules are adsorbed
onto the surface of semiconductors in nanocomposite materials
also allow them to experience EM enhancement from the
plasmonic materials.

In metal-semiconductor nanocomposite-based SERS
sensing systems, CT processes follow two principal pathways: (i)
semiconductor-to-metal-to-analyte ~ and  (ii)  metal-to-
semiconductor-to-analyte. These routes arise from the
complex band alignment and interfacial energetics between the
metals, the semiconductors, and the analytes.

In the semiconductor-to-metal-to-analyte pathway, photoex-
citation of the semiconductor generates electron-hole pairs.
Under ultraviolet, certain semiconductors, such as TiO,, WO3,
WS,, etc., undergo photoinduced defect engineering, in which
UV excitation can cause cooperative oxygen removal, leading to
the formation of surface oxygen vacancies of line defects.’*
These vacancies introduce new donor states within the
bandgap, typically just below the conduction band (CB) of the
semiconductor. These defect states act as electron reservoirs for
CT process to send hot electrons to adsorbed analytes. Only UV
sources with sufficient photon energy could generate the elec-
tron-hole pairs. Almohammed et al. proposed that the energy of
the incident photons had to be greater than or equal to the
bandgap energy of the semiconductor. This band gap is varied
among semiconductors. For example, the band gap of anatase
TiO, is around 3.2 eV while this value of WO; is approximately
2.6 eV."” Once the oxygen vacancy states are formed, the
photoexcited electrons can be trapped in these mid-gap defect
states. These trapped electrons are then available to be injected
to the Fermi level of the metal.""” As a result, the density of hot
electrons on the surface of the metal increases, allowing more
electrons to go into CT processes, leading to CM enhancement
in SERS effect. It is called photo-induced enhanced Raman
spectroscopy (PIERS). This mechanism in oxygen-deficient
TiO,/Ag has helped enhance SERS signal of urea, a low
Raman cross-section molecule. SERS intensity of urea on TiO,/
Ag was up to 7.45 times higher than that on AgNPs."*® In another
study, Glass et al. compared PIERS effects of three types of oxide
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thin films, including TiO,, WO; and ZnO coated with AuNPs
using a reporter molecule (4-mercaptobenzoic acid - 4-MBA).
The results showed that all three metal-semiconductor nano-
composite expressed PIERS effect. WO; films exhibited stron-
gest enhancement rates and slower vacancy healing than TiO,
or ZnO. ZnO formed oxygen vacancies under UV, but these
vacancies are less stable in air and recombine quickly, thus,
ZnO/Ag composite showed the worst SERS performance
compared to the other two."™ Similar enhancements were also
achieved in other metal-semiconductor nanocomposites such
as Au@WS, (ref. 120) and AuNPs-diphenylalanine peptide
nanotubes.**

On the other hand, the metal-to-semiconductor-to-analyte
pathway originates from the excitation of surface plasmons in
noble metal nanoparticles, which produce hot electrons. These
hot electrons can be injected to coupled semiconductor via
Schottky barrier.>***>*>* Then, these excited electrons would be
transferred to analytes via the chemical bonding between them
and the semiconductor.””'** As mentioned above, in compar-
ison to TiO, and WOQ;, ZnO is less effective for PIERS-based
SERS applications. Nevertheless, ZnO remains widely studied
as a component of metal-semiconductor SERS nano-
composites, not for its PIERS activity, but because of its
performance in this CT pathway. Zhou et al. fabricated Au-ZnO
nanorods as SERS substrates for dopamine detection. Plasmon-
induced charge transfer (PICT) occurred, allowing hot electrons
to be transferred from Au to ZnO after the excitation by a laser
source, followed by ground-state charge transfer (GSCT) from
ZnO to dopamine via chemical bond between them. As a result,
the SERS signal of dopamine on Au-ZnO nanorods were double
that on AuNPs."** Similarly, the integration with MnO, nano-
sheet improved SERS signal of tricyclazole (TCZ), compared to
the use of AgNPs. This allowed the MnO,/Ag-based SERS
sensors to detect TCZ at concentrations down to 6.0 x 10~ > M
in standard solutions and 1.0 x 10~ "' M in rice samples.*

3.2.2. Metal-MOF nanocomposite materials. MOFs inte-
grated with plasmonic nano materials play a multifaceted role
in enhancing the performance of SERS substrates by enabling
selective analyte adsorption, facilitating interfacial CT and
improving substrate stability and uniformity. First, MOFs act as
molecular sieves and pre-concentrators thanks to their well-
defined pore structures and tunable surface chemistry.
Zeolitic Imidazolate Framework-8 (ZIF-8), a common-used MOF
have been employed to encapsulate AuNPs in a 2021 study to
detect volatile organic compound (VOCs) such as toluene and
ethylbenzene."* The porous structure helped ZIF-8 to selectively
allow small molecules to diffuse through and approach the Au
core, improving both selectivity and SERS signal. In a more
recent study, Ag/ZIP-8 also promoted selectivity of SERS-based
sensors in aqueous environments, in which urea could be
detected in the interferences of larger organic compounds.** In
both studies, the selective adsorption mechanism ensured that
the analytes were precisely positioned within the electromag-
netic (EM) hot spots, significantly boosting sensitivity. Second,
MOF can directly contribute to chemical CT process with ana-
lyte. For example, Shao et al. designed a SERS substrate con-
sisting of AgNPs embedded within a MIL-101(Cr) thin film.*** In
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this system, in addition to the EM enhancement from AgNPs,
CrO; metal clusters with the MOF structures generated CT
interaction with 4-ATP, resulting in an impressive limit of
detection (LOD) of 10~'" M for 4-ATP and 10~’ M for nitro-
furantoin while the RSD is only, representing high uniformity of
the sensors. Finally, MOFs improve physical stability of the
nanocomposite materials, prevent metallic materials from
aggregation. Tran et al. reported on integrating amino-
functionalized MOF-5 film with AgNPs to fabricate SERS
substrates, which maintained over 70% of initial signal inten-
sity even after 120 days of storage, with LOD of 1.78 x 10 '° M
and 1.26 x 10> M for methylene blue (MB) and RhB,
respectively.'*®

3.2.3. Other nanocomposite materials. Other materials
such as polymer and carbon-based nanomaterials could also be
integrated to produce nanocomposite SERS substrates. For
example, Pan et al. fabricated AgNPs coated with poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
using 4-MBA as the probe molecule. The increase in b,/a; band
intensity ratios of 4-MBA and calculation of degree of CT (p_CT)
exhibited that the polymer actively contributes to CM via CT
transitions. The author also optimized the thickness of the
polymer coat. At the concentration of 0.8% PEDOT:PSS, the
sensing system achieved the maximum SERS intensity and the
highest p_CT of 0.65."” In addition, carbon-based nano-
materials, particularly graphene oxide (GO) and reduced gra-
phene oxide (rGO), can also be integrated with metallic NPs to
improve SERS enhancement. In a study on Ag-GO nano-
composites, Kasztelan et al. claimed that CM enhancement
arises through CT between GO and analyte molecules adsorbed
on the substrate.”” In another study, AgNPs grown on rGO
sheets was utilized as SERS substrates to detect 4-amino-
thophenol and fenvalerate (a pesticide) at concentrations as low
as 107'° M and 1.69 x 10~° M, respectively. In this composite
material, rGO acted as a scaffold to capture and enrich analyte
via T-T interaction, bringing them nearer to AgNPs to experi-
ence EM enhancement. Moreover, it promoted CT between the
SERS substrates and the analytes.™

Integrating plasmonic metals with semiconductors, MOFs,
or conductive carbons systematically adds CT channels and
tailored adsorption to the baseline EM gain, which is exactly
what low-cross-section or weakly adsorbing analytes need. In
metal-semiconductor hybrids, CT arises either from vacancy-
mediated, UV-driven PIERS (semiconductor-to-metal-to-
analyte) or from plasmon-generated carriers injected across
the Schottky contact (metal-to-semiconductor-to-analyte), with
defect density, band alignment, and illumination wavelength
governing the payoff. Metal-MOF architectures contribute by
molecular sieving and pre-concentration at hot spots, orienta-
tion control at functional nodes/linkers, and, when redox-active
centers are present, direct CT with the analyte; MOF shells also
temper aggregation/aging if thickness is kept within the near-
field decay length. Polymer and carbon composites (e.g.,
PEDOT:PSS coats; GO/rGO scaffolds) supply 7— or electrostatic
capture and additional CT pathways while improving mechan-
ical robustness. Across these families, reports commonly land
in the apparent EF of about 10°~10® and LOD high-pM to low-
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nM bands when chemistry is matched to the target;*** preci-
sion improves on patterned/ordered supports. Recurrent limits
are batch variability in interfacial states (defects, linker thick-
ness), spectral overlap from organic shells, diffusion/kinetic
bottlenecks in thick MOF layers, and photo/chemical drift
(vacancy healing, polymer background). The practical fix is to
couple these materials choices to the operating discipline
detailed later, including stable reporter/interal standard
schemes, matrix-matched calibration, and explicit precision
tiers, so CT benefits translate into reproducible, decision-grade
sensing rather than one-off boosts.

3.3. Nanoparticle functionalization

SERS achieving high sensitivity and selectivity heavily depends
on the interaction between analyte molecules and the nano-
structured substrate surface. A key strategy to enhance the SERS
signal involves functionalizing the substrate with ligands that
can attract, retain, and orient analyte molecules precisely within
electromagnetic hot spots, allowing them to experience EM and
CM enhancements from the active substrates. Several surface
functionalization strategies have been developed to improve
molecular affinity, reduce signal fluctuation, and enhance the
signal-to-noise ratio in SERS based on different interaction
between functional groups of the ligands and the analytes.

3.3.1. Electrostatic functionalization. Electrostatic interac-
tion is a simple but effective strategy. NPs capped with coating
agents such as citrate (negatively charged) or CTAB (positively
charged) can selectively attract opposite charged analytes.'*"***
Ranishenka et al. reported on the functionalization of AgNPs
using both a negatively charged thiol, i.e., mercaptopropionic
acid, and  positively charged ones, e, 2-di-
methylaminoethanethiol, thiocholine to detect two porphyrins:
CuTMpyP, (cationic) and CuTSPP, (anionic). The result showed
that AgNPs capped with negative thiol exhibited strong SERS
enhancement for the cationic CuTMpyP, and no signal
enhancement for the anionic CuTSPP,. In contrast, SERS signal
of CuTSPP, could be observed on AgNPs capped with positive
thiol while CuTMpyP, could not.**?

3.3.2. Host-guest recognition. In host-guest chemistry,
NPs are functionalized with molecular host such as cyclodex-
trins, cucurbit[n]urils, and calix[n]arenes.’***** These molecules
have internal hydrophobic cavities that can accommodate guest
molecules through non-covalent interactions like hydrogen
bonding, hydrophobic forces, and - stacking. Functionalized
host molecules with thiol or other anchoring groups can attach
to the metal surface, positioning the analyte closely to the
metallic NPs. This approach provides high affinity and selec-
tivity for various small analytes, such as aromatic hydrocarbons
and pesticides, and can also assist in nanoparticle assembly.
For example, AuNPs were assembled on silica then functional-
ized with thiol linked B-CD dimers to achieve pB-CD
dimer@Ag@siO, core-shell nanostructures. Perylene, a poly-
cyclic aromatic hydrocarbon, is a planar aromatic compound,
which could form inclusion complexes with the hydrophobic
cavity of B-CD dimer. Therefore, functionalizing with B-CD
dimer allowed perylene to be close to Ag surface, experiencing
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SERS enhancement. As a result, the sensitivity of the B-CD
dimer@Ag@SiO, is 1000 times higher than Ag@SiO, without
functionalization, allowing perylene to be detected at concen-
trations as low as 10~% M.* Similarly, cucurbit[7]uril (CB[7])
was grafted onto AuNPs as a host for creatinine, resulting in an
LOD of 12.5 ng mL .3

3.3.3. Biological recognition. Biomolecules such as single-
stranded DNA, antibodies, aptamers offer high specificity to
the SERS sensors once they are employed to functionalize NPs.
These biorecognition elements can selectively bind analytes
ranging from small molecules to proteins and cells. For
example, Yang et al. functionalize both ends of Au nanorods
with capture and detection protein against prostate-specific
antigen (PSA), forming end-to-end assemblies via antigen-
mediated crosslinking.**® PSA binds to the antibodies on sepa-
rate Au nanorods causing a chain-like assembly with uniform
gaps of around 5.6 nm, generating SERS hot spots. As a result,
the intensity of SERS reporter malachite green isothiocyanate
(MGITC) was proportional to the concentration of PSA in
diluted human serum.

3.3.4. Molecular imprinting. Molecular imprinting poly-
mers (MIPs) are fabricated by polymerizing monomers in the
presence of a target molecule. This molecule is then removed to
create complementary binding sites. When NPs coated with
MIPs can adsorbed analytes with high selectivity. For example,
a MIP was synthesized using melamine, methacrylic acid as the
functional monomer, and ethylene glycol dimethacrylate as
cross-linker. It was used in conjugation with Ag dendrite
nanostructures to fabricate SERS substrate to detect melamine
in whole milk samples, resulting in an LOD of about 12 uM.*¥”
This steric recognition method mimics biological systems while
maintaining robustness. Besides, molecular imprinting layers
can enforce selectivity and resist nonspecific adsorption in
colored extracts; recent work introduced an “inspector” recog-
nition mechanism on imprinted polydopamine (PDA) over SERS
tags that achieves absolute enantiomeric discrimination.*

3.3.5. Chemical derivatization. In this strategy, NPs are
coated with reagents that chemically react with target analytes,
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forming SERS active products. This formation is reflected in
SERS spectra. For example, Ag nanostructures functionalized
with 4-ATP that contains amine group (-NH,) to form imine
(N=CH-) with aldehyde analytes, which is called Schiff-base
formation. The formation alters both molecular vibrational
modes and plasmonic CT behavior of the coating agents. The
SERS spectra of 4-ATP, especially b, vibration, change in
intensity and position upon the binding of aldehyde analytes.
Sinha et al. employed this principle to develop SERS sensors for
formaldehyde, acetaldehyde and benzaldehyde with LODs of
about 1 uM."™ Besides, boronate affinity is applied to detect
diol-containing molecules, such as dopamine and glucose. For
example, Choi et al. developed a dopamine SERS sensor using
AgNPs coated with 4-mercaptophenylboronic acid (4-MPBA).
The boronic acid selectively interacted with dopamine via bor-
onate ester formation with its diol groups. It led to the shift
from 1076 cm ' to 1084 cm ' in the SERS spectra in the
increase of dopamine concentration.™

Surface chemistry is the lever that turns adsorption into
analysis. Electrostatic capping (e.g., citrate, CTAB, charged
thiols) and host-guest receptors (cyclodextrins, cucurbiturils,
calixarenes) pre-concentrate small molecules at hot spots; bi-
orecognition (aptamers, antibodies, DNA probes) enforces lock-
and-key selectivity; molecular imprinting supplies shape-
complementary binding on robust polymer shells; and deriva-
tization (e.g., boronate esters, Schiff bases, reporter coupling)
converts weak or Raman-silent targets into SERS-active species.
Across recent methodological surveys, such reporter-/receptor-
assisted formats typically deliver apparent EF of about 10°-10°
with single- to low-tens-percent reproducibility when geometry
and preprocessing are controlled.™* Principal failure modes are
band overlap between reporter and analyte, competitive
adsorption in plant/water matrices, and fluorescence-sensitive
baselines; these are mitigated by ratiometric readout (stable
internal standard or label-free calibrant), minimal-chemistry
cleanup, and explicit reporting of preprocessing parameters.
Advantages and trade-offs for each route are summarized in
Table 2.

Table 2 Advantages and disadvantages of NP functionalization strategies

Strategy

Mechanism

Advantages

Disadvantages

Electrostatic interaction
Host-guest inclusion
complexes

Biological recognition
(aptamers/antibodies)

Molecular imprinting (MIP)

Chemical derivatization

Coulombic attraction between

charged ligand and analyte

Molecular encapsulation via
macrocyclic hosts

Specific molecular
recognition (lock-and-key)
Shape and functional group

complementarity

Covalent or reactive bonding
to analyte (e.g., Schiff base)

49330 | RSC Adv, 2025, 15, 49320-49352

- Simple to implement

- Fast adsorption

- Applicable to ionic analytes

- High specificity for hydrophobic/
aromatic targets

- Orientation control

- Extremely high specificity

- Ideal for biomolecules

- Low detection limits

- High selectivity

- Reusable

- Stable under harsh conditions

- Converts non-SERS-active targets
- Enhances selectivity and signal

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

- Limited selectivity

- Sensitive to pH and ionic strength

- Weak binding

- Limited to guest-compatible
molecules

- Possible steric hindrance

- Costly

- Sensitive to denaturation and
storage

- Limited to aqueous systems
- Complex synthesis

- Possible template leakage

- Slower binding kinetics

- Requires specific reactive groups

- May alter target structure or
activity


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08452k

Open Access Article. Published on 10 December 2025. Downloaded on 12/18/2025 3:43:59 PM.

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

(cc)

Review

3.4. Flexible substrates

Flexible SERS substrates have emerged as promising tools for
rapid, sensitive, and portable molecular detection, which is
promising to real-world applications. Unlike conventional rigid
substrates (glass or silicon), flexible platforms made of paper,
polymers, films, or textiles offer mechanical adaptability, cost-
effectiveness, and suitability for on-site applications. Flexible
SERS substrates rely on plasmonic nanostructures anchored to
bendable platforms such as paper, polydimethylsiloxane
(PDMS), poly(tetrafluoroethylene) (PTFE), adhesive tape, cotton,
or chitosan sponge. These materials are chosen for their flexi-
bility, availability, and compatibility —with low-cost
processing.****** Flexible SERS substrates can be fabricated
through several scalable and effective methods. One common
approach is in situ nanoparticle growth, where metal precursors
are chemically reduced directly onto the surface of a flexible
substrate such as cotton or chitosan, forming Ag or AuNPs for
immediate SERS activation.*>"*® Another widely used technique
is dip-coating or soaking, where the substrate is immersed in
a colloidal suspension of plasmonic nanoparticles, allowing
uniform adsorption across the surface. Paper and cellulose filter
are suitable for this fabrication as they are hydrophilic but not
dissolve in water.*” Other materials such as GO can be inte-
grated to improve the binding of NPs onto the paper
substrates.®* More advanced methods like printing and lithog-
raphy, including inkjet printing and nanoimprint techniques,
enable the creation of patterned or large-area SERS films with
high reproducibility and design control. In addition to paper
and PDMS, AgNPs have been printed onto polyethylene naph-
thalate (PEN), commercial overhead projector (OHP) and poly-
ethylene terephthalate (PET) film to fabricate flexible substrates
for trans-1,2-bis(4-pyridyl)ethylene (BPY), steric acid and
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melamine, respectively.**”*° Additionally, encapsulation tech-
niques involve sandwiching plasmonic nanostructures between
protective polymer layers, which enhances mechanical dura-
bility while preserving the flexibility of the sensor.’>**>* Table 3
shows the comparisons of the fabrication methods with their
advantages and limitations. These fabrication strategies
support the mass production of flexible, reproducible, and low-
cost SERS substrates suitable for disposable or wearable appli-
cations. These features make flexible SERS ideal for real-time, in
situ sensing in non-laboratory environments.

Flexible SERS platforms translate plasmonic enhancement
onto bendable, low-cost supports (paper, PDMS, PTFE, tapes,
textiles, chitosan), enabling on-site sampling and large-area
coverage with simple handling. Scalable routes, such as in situ
growth of Ag/Au on fibrous matrices, dip/soak loading of
colloids onto hydrophilic cellulose, and printing/nanoimprint
patterning on PEN/OHP/PET, provide tunable hotspot density
and meter-scale throughput while staying compatible with
disposable formats. Across recent studies, reported reproduc-
ibility for flexible substrates typically falls in the single- to low-
tens-percent RSD range, with lower values on patterned paper/
printed films and higher values on unconstrained foams;
when authors separate precision levels, spot/position RSDs are
commonly around 4-16%, device-to-device comparisons about

6-22%, and, where available, across-run values up to
~2.50%.81,146,152-154

4. Applications of SERS for plant
health and crop quality monitoring

Fig. 3 demonstrates the integration of the SERS technique
across all phases of precision agriculture, encompassing the

Table 3 Advantages and disadvantages of several SERS flexible substrate fabrication methods

Fabrication method Flexible substrate examples

Advantages

Disadvantages

In situ nanoparticle
growth

Cotton, chitosan sponge,
textile paper

- Strong NP-substrate bonding
enhances durability

- Less control over NP size/shape
and interparticle gap

- Uniform coating on fibrous/porous

surfaces

- Simple, low-cost chemical
reduction process

- Simple and scalable

- Compatible with various colloidal

Dip-coating/soaking Paper, cotton fabric,

cellulose filter,

- Hotspot density may vary
batch-to-batch

Weak NP adhesion unless further
modified, therefore lower mechanical
durability

- Substrate retains porosity and

- High reproducibility and design

- Requires advanced tools
(e.g., inkjet/screen printers or molds)

- Scalable for large-area or patterned

- Suitable for integrated or
multiplexed sensors

- More expensive than dip-coating
or in situ growth

textile fibers NP systems
flexibility
Printing and Paper, PDMS, PET film
lithography control
substrates
Encapsulation PDMS, PMMA, PU film,

adhesive film

- Excellent mechanical durability

- Signal attenuation if polymer
layer too thick

- Protects plasmonic surface from
oxidation, abrasion, or humidity

- Long-term signal retention

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

- More complex fabrication
(multi-step embedding or transfer)
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pre-cultivation stage (e.g., soil and water quality assessment),
the cultivation phase (e.g., monitoring of plant stress and
nutrient levels, detection of pathogen infection, etc.) and the
pre-harvest period (e.g., evaluation of crop maturity, detection
of pathogens and pesticide residue level). The figure also
outlines key target analytes for SERS based detection
throughout the three cultivation stages, including plant stress
biomarkers (e.g.,, VOCs, phytohormones, reactive oxygen
species, and plant metabolites), nutrients, environment
contaminants (e.g., heavy metal ions, pesticide residues, and
engineered NPs), as well as pathogens.

4.1. Plant stress biomarkers

Plants constantly interact with their surrounding environment,
and any changes, whether caused by drought, salinity, pathogen
invasion, or mechanical injury, can trigger the production of
specific chemical signatures known as stress markers. Among
them, volatile organic compounds (VOCs) serve as rapid
airborne signals for intra- and interplant communication,
phytohormones act as central regulators of stress signaling
pathways, ROS function as both damaging agents and key
secondary messengers, and secondary metabolites contribute to
defense and adaptation mechanisms. The timely detection of
these markers not only enables early stress diagnosis but also
offers valuable insights into the underlying physiological and
biochemical processes. In the following sections, we discuss
recent progress in SERS-based approaches for monitoring each

i SAMPLES:
- Soil
- Water

TARGETS:
- Metal ions
- Pesticides
- Other Contaminants

CM=domindted

\

sl [ PRE-CULTIVATION
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category of plant stress markers, highlighting unique sensing
strategies and their relevance to plant health monitoring, which
is also summarized in Table 4.

4.1.1. Volatile organic compounds. Volatile organic
compounds (VOCs) play a critical role in plant physiology,
acting as chemical signals for inter- and intra-species commu-
nication and as defense agents against biotic and abiotic stress.
These compounds, including alkanes, alkenes, alcohols, alde-
hydes, esters, and carboxylic acids, are emitted from nearly all
plant organs such as leaves, fruit, flowers and roots, primarily
through stomatal openings.'*>'®* For examples, leave usually
emit methanol and isoprenoids while fruit release aroma-
related alcohol and esters.'* In addition, at different develop-
mental stages, metabolic stages and when exposure to external
stimuli such as pathogens or environment stressors, plants
release distinct types of VOCs at various concentrations.'®*'**
Since VOCs profiles shift dynamically in response to physio-
logical changes, VOCs can be significant signals for noninvasive
assessment of plant health.**®

Conventional VOC detection techniques such as GC-MS and
proton transfer reaction mass spectrometry (PTR-MS) offer high
sensitivity and chemical specificity but are limited by their high
cost, lack of portability, and inability to perform real-time, on-
site measurements."” In this context, SERS has recently
gained attention as a powerful and ultrasensitive technique for
VOC detection. Its ability to generate distinct molecular
fingerprints with high sensitivity allows it to be suitable for in

/DURING CULTIVATION) PRE-HARVEST )

SAMPLES: SAMPLES:
- Plant leaves - Plant leaves
- Stem - Stem
- Flowers - Flowers
- Fruit - Fruit
TARGETS: TARGETS:
- VOCs - Nutrients
- - Phytohormones =) pesticides
- ROS - Plant metabolites
- Plant metabolites - Pathogens
- Pathogens o [ e

Fig. 3 SERS in difference stages of cultivation. Illustration reproduce from ref. 40 with permission from MDPI, copyright 2023; ref. 155 with
permission from The Royal Society of Chemistry, copyright 2014; ref. 156 with permission from Elsevier, copyright 2023; ref. 157 with permission
from Elsevier, copyright 2023; ref. 158 with permission from The American Chemistry Society, copyright 2023; ref. 159 with permission from
American Chemistry Society, copyright 2023; ref. 160 with permission from Nature Springer, copyright 2015; and ref. 161 with permission form

Nature Springer, copyright 2022.
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Fig. 4 Several SERS sensing systems to detect plant stress markers. (a) Capped AuNPs with 4-MPBA to detect MeSA, adapted from ref. 167 with
permission from The American Chemical Society, copyright 2022; (b) detection of IBA using PDAB to create hot spots among AuNPs, adapted
from ref. 69 with permission from The American Chemical Society, copyright 2017; (c) comparisons of IBA concentrations in root, stem,
hypocotyl and leaf of mungbean seedling, adapted from ref. 69 with permission from The American Chemical Society, copyright 2017; (d) and (e)
nanobionic plant sensors by infiltrating polymer-coated silver nanoshells (AgNS@PDDA/PVA/PAA) directly into leaf tissues, adapted from ref. 168
with permission from John Wiley & Son, Inc., copyright 2025.
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situ monitoring of plants VOCs under natural growth condi-
tions. The main challenge to detect VOCs in plants is the
adsorption of the analytes in their gas phase onto SERS
substrates. Several research groups have functionalized NPs to
effectively capture the desired VOCs. For example, Song et al.
capped AuNPs with 4-MPBA, which can form a reversible cyclic
boronate ester with the ortho-hydroxyl groups of methyl salic-
ylate (MeSA), a volatile biomarker released by plant under stress
(Fig. 4a)."*” As a result, MeSA could be detected at concentra-
tions down to 0.686 ppb. In a recent study, Choi et al. developed
a nanobionic plant sensor by infiltrating polymer-coated silver
nanoshells (AgNS@PDDA/PVA/PAA) directly into leaf tissues
(Fig. 4d), enabling in vivo SERS detection of VOCs at parts-per-
trillion levels. Each polymer provided distinct chemical
affinit: PDDA (poly(diallyldimethylammonium chloride),
cationic) targeted negatively charged or polar VOCs, PAA
(poly(acrylic acid), anionic) interacted with hydrogen bond
donors, and PVA (poly(vinyl alcohol), neutral, hydrophilic)
captured alcohols and esters (Fig. 4e). The embedded nano-
sensors localized near stomata, allowing spatially resolved, real-
time VOC mapping without harming plant physiology, and were
successfully applied for multiplex VOC monitoring and early
detection of pathogen-induced plant signals in the field.**®
Besides, high adsorptive SERS substrates were also designed
with the integration of MOF and polymer. Park et al. designed
a sensing substrate using adsorptive polymer to detect various
VOCs in cotton plants, which allowed the authors to differen-
tiate caterpillar-induced plants and healthy ones.*

4.1.2. Phytohormones. Phytohormones are vital chemical
messengers produced in specific plant tissues that orchestrate
a wide range of developmental and stress-related processes.
These include classical hormones such as indole-3-acetic acid
(IAA), cytokinins (CK), gibberellins (GA), abscisic acid (ABA),
and ethylene, as well as recently recognized regulators
including brassinosteroid (BRs), jasmonates (JA) and salicylic
acid (SA).** Each hormone serves distinct role: IAA governs cell
elongation and tissue differentiation, GA promotes stem
growth, ABA mediates responses to abiotic stress through
stomatal regulation, ethylene controls senescence and fruit
ripening, SA and JA are central to plant immune signaling.'*®®
Given their low endogenous concentration and critical func-
tional roles, sensitive and selective detection of phytohormones
is essential for plant heath monitoring. Thus, in many studies
on employing SERS to detect phytohormones, researchers
selected the strategies of NP functionalization. For example, the
phytohormone indole-3-butyric acid (IBA), itself, is Raman-
inactive and lacks resonance with typical Raman excitation
wavelengths. Wang et al. used the Ehrlich reaction, reacting IBA
with p-(dimethylamino)benzaldehyde (PDAB). This reaction
forms a cationic derivative (IBA-PDAB) featuring an extended -
conjugated system, which introduces a new absorption band at
around 626 nm, making it both Raman-active and resonant
with excitation light. The cationic IBA-PDAB readily causes
aggregation of negatively charged, citrate-stabilized gold nano-
particles (Au NPs). Aggregation clusters created SERS hotspots
to amplify the Raman signal (Fig. 4b). The system achieved
ultra-sensitive SERS detection with an LOD of about 2.0 nM. It

© 2025 The Author(s). Published by the Royal Society of Chemistry
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allowed them to compared IBA concentrations in different parts
of mungbean, including root, hypocotyl, stem and leaf
(Fig. 4c).* Nitric oxide could also be detected using a similar
strategy as o-phenylenediamine (OPD) on AuNPs surface reac-
ted with NO to produce a distinctive SERS fingerprint. It allowed
NO to be detected at concentrations down to 10~ M. Even
though, the real sample of the research is not plant-related, NO
is a plant signaling molecule with hormone-like effects and
sometimes referred to as a “gasotransmitter” in plant biology.'”®
Zhang et al. selected a more complicated strategy to sense ABA.
In their aptamer-based SERS sensor, capture probe comprised
Fe;0, magnetic NPs linked to aptamer complements while
SERS signal probes were Au@Ag nanospheres carrying 4-MBA
as an internal standard. ABA binding triggered probe release,
leading to a reproducible SERS signal decay. It resulted in an
LOD of 0.67 fM.®® Although highly sensitive and selective SERS
sensors for phytohormones have been designed and developed,
SERS-based sensing systems for many other phytohormones
such as cytokinins, gibberellins, jasmonates, and ethylene, have
not been fabricated. Thus, they are promising targets for future
development of SERS sensors for plant health monitoring.
4.1.3. Secondary metabolites. Plant metabolites play crit-
ical roles in maintaining physiological functions and respond-
ing to environmental challenges. These metabolites are
generally classified into primary metabolites, such as carbohy-
drates (e.g., glucose, sucrose, fructose), which are essential for
fundamental processes like growth and energy metabolism, and
secondary metabolites, which include organic acids, alkaloids,
phenolic compounds, and terpenoids. While primary metabo-
lites are vital for development, secondary metabolites are often
linked to the plant's defense mechanisms and are key indica-
tors of abiotic and biotic stress responses. In this context, we
only discuss SERS sensors developed to sense plant metabolites
as stress markers. The others will be highlighted in another
section about non-stress-related plant metabolites. Anthocya-
nins, pigments that accumulate in response to light stress,
drought or pathogen attack, have been targeted by SERS in
several studies with different substrates. In a 2015 study, Zaffino
et al. employed simple Ag colloid as SERS substrates to sense
anthocyanins in qualitative speciation.””* More recently, Sarto
et al. introduced an active substrate built from TiO, nanotube
film decorated with AgNPs to determine anthocyanin in grape
skin extracts. The authors selected the laser at the wavelength
matching anthocyanin absorption to promote resonance
Raman, one of CT pathways as discussed in Section 2.1, allow-
ing the amplification of SERS signal.'’> Also using semi-
conductors to integrate with plasmonic NPs in the effort of
improving SERS, Liu et al. fabricated Cu,O-Ag array via in situ
growth method to detect chlorogenic acid in plant extracts,
leading to an EF of 1.27 x 10> and uniformity RSD of 5.27%.17
4.1.4. Reactive oxygen species (ROS). Reactive oxygen
species (ROS) are essential signaling molecules that allow
plants to respond rapidly to environmental changes. They
participate in perceiving both abiotic and biotic stresses, inte-
grating external cues, and triggering stress-responsive signaling
networks that contribute to plant defense and resilience.'”*
Among the various ROS, hydrogen peroxide (H,0,) is
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particularly significant due to its relative stability, lower reac-
tivity, and electrical neutrality compared with more transient
species such as superoxide anion radicals (O, ") and hydroxyl
radicals ("OH).””* The detection of H,0, using SERS technique
has been studied for years. Many research groups have designed
and developed SERS sensors for H,O, in living cells and tissue.
However, most of them were carried out in mammal cells.
However, their principles could be translatable to plant cells
and plant tissues. The most used strategies to detect H,O, is
functionalization the SERS substrates with boronic acids, which
react selectively with H,0,, even in complex biological matrices.
This allowed the detection of this ROS at nM levels."”¢*7®
Similarly, Tian et al. fabricated Ag decahedral NPs (AgDeNPs) as
SERS substrates. The sharp corner of the NPs helped localize
electromagnetic field, allowing EM enhancements in Raman
signal of the analytes. AgDeNPs is coated with 4-MPBA. In the
presence of H,O,, it reacted with 4-MPBA to become 4-mer-
captophenol, which was reflected in the SERS bands (i.e., loss of
B-O vibration bands (around 1070 cm™') and appearance of
aromatic ring stretch bands (about 1580 cm™')). As a result,
H,0, was detected at concentrations of 0.5 puM. The SERS
substrates were infiltrated into tobacco leaves, which were
suffered from abiotic stress, such as wounding and salt stress,
to induce endogenous H,0O, generation. SERS spectra were
recorded in vivo directly from the leaf surface at various time
points to monitor dynamic H,0, changes.” In another strategy,
H,O0, can oxidize TMB, which is reflected in its SERS spectra,
allowing the detection of this ROS. Wang et al. designed
Fe;0,@Ag core-satellite NPs to sense TMB and oxidized TMB
(oxTMB). The SERS signal of oxTMB (on the Ag surface) tracks
intracellular H,0,, achieving a wide linear range of 1 fM-
1 mM."”®

SERS has matured from proof-of-concepts to targeted,
matrix-aware sensing across the major biomarker classes that
report plant stress in real time. For VOCs, capture-first designs
(boronic acids, polymer affinity shells, MOF/polymer adsorbers,
and in-leaf nanobionic probes) solve the gas-phase adsorption
bottleneck and enable on-plant, spatiotemporal readout at sub-
ppb to ppt levels while preserving physiology. For phytohor-
mones, chemical derivatization (to render Raman-active or
resonant), receptor-mediated capture (aptamers/antibodies),
and internal-standard ratiometry drive from nM to sub-nM
quantitation despite low basal abundance and structural simi-
larity. For secondary metabolites, semiconductor-plasmonic
heterostructures and resonance-matched excitation boost weak
or colored analytes (e.g., anthocyanins, phenolics) and support
uniform mapping in extracts and tissues. For ROS, reaction-
reporter schemes (boronic acids — phenols; TMB/oxTMB
pairs) translate short-lived oxidants into stable spectral signa-
tures, enabling in vivo tracking of H,O, dynamics in wounded or
salt-stressed leaves. Common limits, such as adsorption
competition, fluorescence, and device-to-device variance, are
addressed upstream by selective interfaces and downstream by
ratiometry and matrix-matched calibration. Standard operating
procedures and validation pathways are consolidated in
Sections 5 and 6.
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4.2. Non-stress-related plant metabolites

In addition to their roles as indicators of plant stress, metabo-
lites also occur in many forms that are unrelated to stress
responses yet remain highly relevant for agricultural, nutri-
tional, and industrial purposes. These include primary metab-
olites involved in fundamental metabolic pathways and
secondary metabolites contributing to traits such as flavor,
color, and nutritional value. Monitoring these metabolites can
provide farmers with valuable insights into whether crops are
developing properly and whether their quality meets desired
standards. In this section, we focus on SERS-based approaches
for detecting such non-stress-related metabolites in plants,
highlighting their potential in quality assessment, composi-
tional analysis, and value-added product development. Several
SERS sensors for these metabolites as well as their sensing
strategies are listed in Table 5.

Because the Raman spectra of organic compounds can serve
as unique molecular fingerprints, researchers have applied
a direct SERS approach using only Au nanoparticles deposited
on glass to detect fructose and pectin in fruit juice and pulp.***
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Although the method provided only qualitative identification, it
successfully demonstrated the capability of SERS to sense plant
metabolites within complex sample matrices. To improve
sensitivity of SERS sensing system, Radu et al. designed and
developed nanopatterned 2D gratings on fused silica with
40 nm Ag film to create hot spots on the SERS substrates to
detect two vitamins, riboflavin (B,) and cyanocobalamin (B;,).***
In another approach, Au nanorods were functionalized with 4-
ATP, which could react with amine group in capsaicin and form
SERS-active azo dyes anchored to Au surface (Fig. 5a). It kept
more capsaicin molecules close to the Au surface to experience
SERS effects, resulting in an impressive LOD of 3.24 X
10" M.™* Besides, dual-mode sensors were designed to detect
epigallocatechin gallate (EGCG)'®* and vitamin C,"®® in which
SERS substrates also acted as nanozymes in colorimetric reac-
tions. Moreover, thin-layer chromatography (TLC) has been
coupled with SERS as a hybrid approach where TLC separates
compound in the mixture and SERS detect them directly on the
TLC plate. This combination allowed Li et al. to determine 14
kinds of citrus flavonoids at concentrations down to 10-16.7 uM
for each compound.™”
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(a) SERS sensor for capsaicin: Au nanorods with 4-ATP diazo-coupling to form SERS-active azo dye anchored to Au, reflected on SERS

spectra, adapted from ref. 184 with permission from Nature Springer, copyright 2022; (b) combination of nanosphere lithography and adhesion
lithography to prepare ring-shaped nanogaps for detection of nanoplastics, adapted from ref. 208 with permission from Frontier, copyright 2023;
(c) schematic illustration of integrated recombinase polymerase amplification (RPA) with SERS nanotags for Botrytis cinerea, P. syringae and
Fusarium oxysporum, adapted from ref. 215 with permission from The American Chemical Society, copyright 2016.
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Beyond stress phenotyping, SERS is increasingly used for
quality and compositional readouts in plants and plant-derived
products. Three design logics recur. First, direct fingerprinting
on simple Au/Ag supports can identify abundant targets in
complex matrices (e.g., sugars, pectin), providing rapid screens
when absolute sensitivity is secondary. Second, signal-
engineering boosts weak analytes: nanopatterned films
concentrate hot spots for capture/
derivatization (e.g., 4-ATP to azo coupling with capsaicinoids)
converts poorly scattering species into SERS-active products and
drives LODs into the pM-to-fM regime; and dual-mode SERS-
nanozyme assays add a colorimetric channel that co-validates
SERS calls for polyphenols and antioxidants. Third, hybrid
separations such as TLC-SERS physically resolve mixtures
(flavonoids, phenolics) before readout, trading a minute of
workflow for major gains in selectivity. Typical failure modes,
including band overlap in polyphenol-rich extracts and matrix-
driven adsorption bias, re mitigated by a short separation or
derivatization step plus ratiometric readout and matrix-
matched calibration (Section 5&6).

vitamins; reactive

4.3. Contaminants

In precision agriculture, monitoring contaminants at different
cultivation stages is key to maintaining an optimal growing
environment. Pre-cultivation assessments of soil and irrigation
water can identify harmful levels of heavy metals, pesticide
residues, or engineered nanoparticles that may affect crop
performance. During cultivation, targeted screening of plants
for pesticides supports responsible use and integrated pest
management. In the pre-harvest stage, rapid analysis of leaves,
fruits, and flowers for pesticide residues, pathogens, and other
contaminants provides real-time feedback on crop conditions.
SERS offers a sensitive, rapid, and field-deployable tool for such
multi-stage  monitoring, enabling informed decisions
throughout the production cycle. Table 6 summarizes several
SERS-based sensors developed for detecting contaminants in
soils, irrigation water, and plant tissues across different culti-
vation stages, highlighting the analytes, sensing strategies,
substrates, and performance metrics.

4.3.1. Heavy metal ions. Monitoring heavy metal ions in soil
and water prior to cultivation is essential for ensuring a safe and
healthy growing environment, as excessive levels can hinder
plant growth, reduce crop yields, and pose long-term environ-
mental risks. Conventional Anal. Methods, such as inductively
coupled plasma mass spectrometry (ICP-MS), optical emission
spectroscopy (ICP-OES), atomic absorption spectroscopy (AAS),
and anodic stripping voltammetry (ASV), offer high accuracy and
trace-level quantification."®® For example, ICP-MS is widely used
for sensitive detection of metals in environmental samples due to
its precision and multi-element capability."®® However, these
techniques typically demand extensive sample preparation, such
as soil digestion or acidification, dedicated laboratory instru-
mentation, and skilled personnel, making them time-consuming
and less suitable for in situ or rapid screening. In contrast, ASV,
while offering portability and low-cost operation, involves elec-
trodeposition steps and specialized electrodes, which is
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traditionally mercury-based. This complicates field deployment
and requires careful optimization.'® SERS offers a powerful
alternative, enabling rapid, sensitive, and on-site detection of
heavy metal ions through their direct Raman signatures or via
functionalized probes that selectively bind target ions. By inte-
grating SERS into pre-cultivation soil and water management,
farmers and agricultural managers can make informed decisions
to prevent contamination-related losses and ensure sustainable
cultivation practices.

Recent developments in SERS-based detection of heavy
metal ions for pre-cultivation soil and water monitoring
demonstrate both exceptional sensitivity and strong compli-
ance with international regulatory thresholds, while high-
lighting clear differences between direct and indirect detection
strategies. Direct SERS is less common but can be highly
effective for certain species; for example, PVP-coated Ag nano-
crystal arrays enable the direct adsorption of arsenate and
arsenite oxyanions,"° producing intrinsic Raman bands with an
LOD of 1 pug L' in real groundwater, which is well below the
WHO drinking water limit (10 pg L™ ')*** and the FAO irrigation
threshold (100 pg L™").*2 However, as most metal ions are weak
Raman scatterers, indirect SERS is the predominant approach.
This involves using selective ligands, chromogenic reagents, or
biomolecular recognition elements that either form SERS-active
complexes with the ion or modulate the signal of a pre-adsorbed
Raman reporter. For example, Cr(vi) oxidation of di-
phenylcarbazide on MOF-Ag-TiO, substrates,'* Cd>" chelation
with alizarin and auxiliary ligands on AuNPs,** and Hg>"
binding to 4-mercaptopyridine-functionalized Fe;0,@SiO,@Au
magnetic NPs'* resulted in LODs of 0.26 pg L™, 0.01 ug L™ " and
1 ug L1, respectively. In another study, Pb>" quantification with
DNAzyme-activated polyA-Ag-AuNP chips achieves ultratrace
detection with an LOD of 1.84 ng L. For soil extracts, Zn>"*
detection via Zn-4-(2-pyridylazo) resorcinol (Zn-PAR) complex-
ation on Ag colloids allows qualitative speciation.”” Table 6 also
presents the linear range of each sensor as well as compares its
LOD and range with official regulatory thresholds.

4.3.2. Pesticides. The intensive application of pesticides
remains a common practice in agriculture to protect crops from
pests and diseases. However, excessive or improper use can lead
to residues that exceed maximum residue limits (MRLs), posing
risks not only to consumer health but also to environmental
sustainability and crop quality. Effective control of pesticide use
during cultivation requires timely and reliable detection
methods that can be deployed in the field to guide dosage
adjustments and determine the appropriate harvest time.
Traditional laboratory-based techniques, while accurate, are
often time-consuming and require complex sample prepara-
tion, making them less suitable for rapid, on-site decision-
making."*'° By enabling rapid pre-harvest testing, SERS-based
sensors can help farmers ensure that pesticide residues remain
within regulatory limits, reduce unnecessary chemical inputs,
and support precision agriculture practices. The following
section highlights recent advances in SERS-based detection of
pesticides during cultivation, focusing on systems designed for
in-field monitoring and early-stage intervention. Several SERS
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s- nsors for pesticides detection in plant and soil are listed in
e- Table 6.

Many pesticides possess functional groups such as -SH, -
COOH, or -NH;, which readily interact with metallic nano-
particle surfaces through chemisorption. This inherent affinity
often allows them to be sensed using direct SERS, without any
additional substrate functionalization, while still achieving
impressive sensitivity (Table 6). In addition to this sensitivity,
researchers have desired to boost selectivity of the sensors,
allowing them to detect multiple targets as in real-world
condition. For fruit surfaces, extraction combined with data-
assisted analysis, as in the citrateAuNP system coupled to
a multi-channel convolutional neural network (MC-CNN)
combined with a gated recurrent unit (GRU) (MC-CNN-GRU)
deep learning model, enables simultaneous detection and
quantification of multiple residues such as chlorpyrifos and
pyrimethanil, even in the presence of overlapping Raman
features.” Meanwhile, more advanced engineered nano-

o
53
~

202
207
209

208

4 ppt (US EPA) for both PFOA and

No official plant tissue limit
PFOS

No agricultural water MRL

Permissible limit*°**°*
No established MRL

structures, such as ordered Au nanorod arrays, enhance elec-
tromagnetic coupling for analytes like methyl parathion in lake
water and on plant surfaces,”* while chemometric-assisted
colloidal SERS platforms allow classification and quantifica-
tion of multiple pesticides in paddy water, addressing the reality
of multi-residue usage in crop protection.**> For more conve-
nient sample collection, stamp-like AgNPs hydrogels were
fabricated, achieving ultra-low detection limits for thiram
directly on produce peels without the need for destructive
sample preparation.””® Recent studies intend to detect pesti-
cides on the surface of fruit or leave in the effort of developing
invasive detection, however, their area-based LODs and linear
ranges were not directly comparable to established mg per kg
MRLs.>**** Using plant extracts as real samples, other studies
resulted in linear ranges covering the established MRLs (Table
6).2°*2% For soil, solvent extraction followed by AuNP colloidal
SERS has been applied to monitor deltamethrin and carbofuran
at ~0.05 mg kg™, a sensitivity level appropriate for guiding
application rates despite the absence of formal soil MRLs.>*®
Also, current assessments for water often default to the EU
Drinking Water Directive threshold for individual pesticides
(0.1 pg L"), which is designed for potable water rather than
irrigation or process water. As a result, many SERS studies on
agricultural water, despite achieving pug L™ "-level sensitivity and
clear utility for on-site screening, cannot be formally bench-
marked against a relevant regulatory value for cultivation-stage

Fonofos 0.5 mg L; linear 0.5-50
mg L; phosmet 0.25 mg L; linear
0.25-25 mg L; Sulfoxaflor 1 mg L;
linear 1-100 mg L™*

2 pg AgNPs per g wheat;

100 ng L™ in aqueous samples

1 ppt (PFOA); 4.28 ppt (PFOS)
50-nm PS: 1 pg mL ™"

PP & PET: Identified qualitatively

LOD/range

Wheat tissue extracts
Environmental water
Tap water, bottled water
wash

Paddy/agricultural
(wheat leaves)

Real sample
water

Direct SERS; chemometric
models (KNN, SVM, PLSR)
classify & quantify

Label-free detection based

on polymer Raman

chemometric detection via
fingerprints

Surface functionalization
SVM/SVR

with cysteine/6-MCH to

particle binding to create
promote adsorption;

hot spots, and SERS

surfactant ligand for
reporting

Triple-functional

Strategy

monitoring. This gap underscores the need for matrix-specific
guidance values to fully contextualize method performance in
pre-harvest pesticide control.

4.3.3. Other contaminants. In addition to pesticides and
heavy metal ions, a range of other contaminants in soil and
water can adversely impact crop productivity and environ-
mental health before cultivation. These include engineered NPs
from agricultural inputs and industrial runoff, pharmaceutical
residues from wastewater irrigation, microplastics, and persis-
tent organic pollutants (POPs) such as polychlorinated biphe-
nyls (PCBs) and polycyclic aromatic hydrocarbons (PAHS).
Detecting these contaminants at trace levels is essential for

Ag nanorod (AgNR) array
Ring-shaped Au nanogap

AgNPs in the sample
array

SERS substrate
AuNP colloid

(Contd.)

Table 6
Analytes
Fonofos,
phosmet,
sulfoxaflor
Other contanminants
Silver
nanoparticles
(AgNPs)

PFAS

(PFOA & PFOS)
Microplastics
(PS, PP, PET)

effective soil and water management, as their accumulation can
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alter soil microbiota, disrupt nutrient cycling, and cause long-
term ecological risks. SERS offers a rapid, sensitive, and mini-
mally invasive approach for monitoring such emerging pollut-
ants in complex matrices, enabling timely intervention to
ensure safe and sustainable agricultural practices from the
outset of the cultivation cycle.

Engineered nanoparticles, such as AgNPs, have been detec-
ted in wheat tissues through a triple-functional surfactant
ligand strategy that facilitates particle binding, achieving LODs
down to 2 pg g~ in plant tissue and 100 ng L™ in water.?*” For
other contaminants, to overcome weak adsorption and low
Raman cross-sections of target analytes, integration of selective
surface chemistries or/and nanostructure geometries have been
generated. For example, nanoplastic detection has advanced
using ring-shaped Au nanogap substrates using nanosphere
lithography and adhesion lithography as shown in Fig. 5b. The
20-nm nanogaps allowing polymer-specific fingerprinting of
polystyrene (PS), polypropylene (PP), and polyethylene tere-
phthalate (PET) in drinking water and bottle wash residues,
with sensitivity to 50-nm PS particles at 1 ug mL~" without the
assistance of any coating agents.””® For persistent organic
pollutants like per- and polyfluoroalkyl substances (PFAS), Ag
nanorod arrays-based sensors were fabricated. The authors co-
assembled cysteine and 6-mercapto-1-hexanol (6-MCH) to
create a surface with both charged functional groups (from
cysteine) and hydrophilic, less sterically hindered regions (from
6-MCH). This enhances adsorption of polar, amphiphilic PFAS
molecules like perfluorooctanoic acid (PFOA) and per-
fluorooctane sulfonate (PFOS) onto the Ag nanorod substrate,
which otherwise have weak affinity for bare metal surfaces. It
was then coupled with machine learning algorithms to achieve
an LOD down to 1 ppt for PFOA, which is even lower than the
maximum contaminant level requirements of United States
Environmental Protection Agency (U.S. EPA).2*® The LOD value
of PFOS, however, is 4.28 ppt, which is slightly higher than US.
EPA drinking water limits. Thus, the sensors should be further
improved for more effective results.

Across cultivation stages, SERS has moved from opportunistic
demos to targeted tools that can flag contamination at decision-
relevant levels, providing the chemistry matches the matrix. For
heavy metals, direct SERS is rare but feasible for oxyanions (e.g,
arsenate/arsenite on tailored Ag surfaces); most successes use
indirect schemes (chromogenic ligands, MOFs, DNAzymes,
magnetic capture) that convert weak scatterers into robust spec-
tral readouts and routinely reach sub-ug L™ to ng L™" in water,
often surpassing drinking-water or irrigation benchmarks. For
pesticides, many molecules adsorb strongly enough for direct
SERS, and field-lean formats (stamp/tape gels, ordered films)
push area-based detection on peels and leaves, while
chemometric/machine-learning pipelines deconvolve overlaps
for multi-residue calls; where studies report extract-based assays,
linear ranges around MRLs are achievable, but surface LODs still
need consistent unit mapping to regulatory metrics. A broader
class of emerging contaminants, such as engineered nano-
particles, microplastics, PFAS/POPs, benefits from affinity engi-
neering (polymer/thiol co-monolayers, nanogap architectures) to
overcome weak adsorption, delivering size/chemistry-specific
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fingerprints and, for some PFAS, ppt-level limits. Recurrent
constraints are matrix fluorescence, adsorption competition, and
cross-study comparability; the fixes echo elsewhere in the review:
selective interfaces up front, matrix-matched or standard-
addition calibration, ratiometric or internal-standard quantita-
tion, and explicit reporting of geometry and baseline parameters
so performance can be judged against relevant regulatory
thresholds rather than idealized lab conditions.

4.4. Pathogens

During cultivation and pre-harvest stages, timely detection of
plant pathogens is essential to prevent disease outbreaks, mini-
mize crop losses, and maintain product quality. Conventional
diagnostic techniques, such as culture-based assays, ELISA, and
polymerase chain reaction (PCR) are highly sensitive but often
require extensive sample preparation, skilled personnel, and
centralized laboratory facilities, resulting in delays that limit
their utility for rapid, in-field decision-making.****** SERS offers
a powerful alternative, enabling rapid, label-free, and ultrasen-
sitive detection of pathogen-specific biomarkers, including
nucleic acids, proteins, metabolites, and structural compo-
nents.>"” Integrating SERS-based sensing into cultivation and pre-
harvest monitoring supports precision agriculture by enabling
early interventions to contain disease spread and ensure crop
health prior to harvest. Various strategies have been developed to
improve analytical performance and practical deployment of
pathogen SERS sensors. First, to overcome matrix interference
from plant tissues, stemming from pigments, lignin, cellulose,
and secondary metabolites, Kim et al. mitigated spectral overlap
in Pseudomonas syringae pv. actinidiae (Psa) analysis by modifying
nanostructured Ag electrodes with iodide and Ca®*, which
enhanced bacterial cell adsorption and reduced nonspecific
plant-derived signals. Moreover, electrochemically assisted SERS
for Psa detection improved cell capture efficiency on the elec-
trode surface, thereby increasing the probability of pathogen
detection without nucleic acid amplification.**® In another study,
in Valsa mali detection from apple bark, Fang et al. employed
chemometric models based on SERS spectroscopy with PCA,
competitive adaptive reweighted sampling (CARS) and random
frog (RFrog) variable selection, together with back-propagation
artificial neural network (BP-ANN), extreme learning machine
(ELM), random forest (RForest) and least squares support
vector machine (LS-SVM) classification, to separate healthy,
early- and late-diseased spectra, enabling >90% -classification
accuracy despite strong plant backgrounds.”** Besides, the low
pathogen concentration during early infection stages is a chal-
lenge in the effort of improving SERS performance of the sensors
because the pathogen load may be below the detection threshold
for label-free SERS. This was addressed by Lau et al., who inte-
grated recombinase polymerase amplification (RPA) with SERS
nanotags for Botrytis cinerea, P. syringae and Fusarium oxysporum.
RPA enables rapid, isothermal amplification of pathogen DNA,
eliminating the need for thermal cycling and making the method
suitable for on-site use. The entire reaction is performed in one
tube, simplifying workflow and reducing contamination risk.
This platform demonstrated outstanding sensitivity, detecting as
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few as two DNA copies, within 30 minutes (Fig. 5¢).>** In addition
to sensitivity, selectivity has been concerned when detecting
pathogens in plant to avoid false positives. Yiiksel et al. demon-
strated species-specific detection of Phytophthora ramorum
directly from rhododendron leaves by coupling Linear-After-The-
Exponential PCR (LATE-PCR) amplification with adenine-free
DNA capture probes on a planar Ag SERS chip.**® In a recent
study, DNA probes were also employed to enhance selectivity of
a SERS sensor for tobacco mosaic virus. The measurements were
performed directly on tobacco leaves despite the interferences of
various organic compounds inside the leaves. The study allowed
identifying infected leaves at different stages and healthy ones.*"”
In another approach, Hickey & He functionalized AuNPs with 3-
MPBA to selectively bind bacterial cell wall diols, enabling SERS
imaging of bacteria within plant tissues.***

For plant pathogens, SERS has shifted from proof-of-concept
to deployable workflows that prioritize early, on-site decisions.
Two complementary routes dominate. Label-free SERS leverages
surface conditioning (iodide layers, divalent cations) and
capture geometries (nanostructured electrodes, electrochemi-
cally assisted loading) to suppress plant-matrix backgrounds
and increase cell adhesion, enabling direct spectral discrimi-
nation with chemometric models at field-relevant concentra-
tions. Tag-based SERS couples sequence-specific recognition
(aptamers/DNA probes) or rapid isothermal amplification
(RPA/LATE-PCR) with robust SERS reporters to push sensitivity
to ultralow copy numbers in closed-tube formats suited to the
field. Crucially, NIR acquisition and shifted-excitation Raman
difference spectroscopy (SERDS) (dual, closely spaced excita-
tions around 785 nm) further tame pigment fluorescence and
ambient light on intact tissues, improving separability of
pathogen signatures during daylight measurements and in
pigmented hosts. Practical gains come from three choices: (i)
front-end enrichment (magnetic capture, electrodeposition,
tissue-proximal sampling) to overcome low pathogen loads; (ii)
background management (iodide conditioning, SERDS/NIR,
transparent baseline preprocessing) to isolate pathogen bands
from lignocellulosic and pigment signals; and (iii) validation
with interpretable metrics (cross-validated accuracy, LOD in
CFU or copies, matrix-matched recovery) that map to pre-
harvest decisions. The result is a toolkit that can triage symp-
tomatic and presymptomatic tissues, guide targeted interven-
tions, and integrate with IPM without the turnaround of
centralized assays. Table 7 summarizes several SERS-based
sensors developed for detecting bateria and viruses in plants.

5. Operational bottlenecks and
remedies for field-deployable SERS
5.1. Recurrent bottlenecks

Field-deployable SERS in crops is capped by five recurrent
bottlenecks: optical background (fluorescence/daylight), hot-
spot stochasticity, substrate stability, matrix-limited quantita-
tion, and sampling/geometry variance. Leaf and fruit pigments
(chlorophylls, carotenoids, anthocyanins) and soil humics
generate broad, drifting fluorescence under visible excitation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that buries weak Raman bands, which are most severely below
700 nm. We address fluorescence/daylight backgrounds, hot-
spot variance, substrate aging, matrix effects, and geometry/
sampling variance with targeted remedies in Section 5.2.
Beyond background light, reproducibility is limited by hot-spot
stochasticity (nanogap scatter, clustering) and by focus/standoff
variation, which together inflate relative standard deviation at
three levels: within-map, chip-to-chip, and batch-to-batch.
Ordered, wafer-scale architectures consistently reduce spatial
variance across centimeter-scale areas compared with randomly
roughened films, and are therefore preferred when quantitative
performance is the goal. Once sensitivity and spatial uniformity
are addressed, substrate stability becomes the next bottleneck.
Silver provides high enhancement but is chemically fragile: in
realistic aqueous/ionic media similar to irrigation water, leaf
rinsates, and soil slurries, AgNPs readily oxidize/sulfidize to
Ag,S, degrading plasmonic response.** In agricultural SERS,
this chemical aging recurs as a dominant failure mode; prac-
tical mitigation (surface conditioning, bimetallic shelling, and
protective storage/handling) is detailed later. Ultimately,
quantitation is constrained by matrix effects. Leaf saps, rin-
sates, irrigation/runoff, and soil slurries differ in ionic strength
and pH and contain sugars, phenolics, proteins, and surfac-
tants that compete for adsorption and reshape the interfacial
double layer. Buffer-only calibration therefore overestimates
performance; best practice in crop-control analytics converges
on matrix-matched or standard-addition calibration near MRLs,
with recoveries and bias explicitly reported. Moreover, most
variance actually enters before illumination, such as sampling
footprint and dwell, elution volume and time, headspace
geometry, and ambient light. Accordingly, the next section
specifies fixed-geometry optics and daylight-robust acquisition,
and then formalizes matrix-aware calibration and reporting so
that performance metrics remain meaningful outside the lab.

5.2. Operational remedies and standard operating
procedures (SOPs)

5.2.1. Surface stabilization. Robust optical performance
begins with interfacial control. Many surface modification
approaches have been studied, allowing improvements in SERS
performance. For example, a short iodide conditioning of Ag
surface on the order of a millimolar KI dip for tens of seconds,
followed by a rinse and dry, acts like a quick “surface cleaning”
step. It strips weakly adsorbed contaminants, damps metal
photoluminescence, and leaves more uniform adsorption sites.
Multiple studies reported higher SERS signals and more stable
calibration after this step, including quantitative work on the
insecticide deltamethrin and broader tests showing the specific
activating effect of I” on Ag-based SERS.?* Because halides can
also reorganize interfacial adsorption, the recipe should be kept
constant across batches and applied before analyte exposure
when chemistry allows. This simple consistency step pays off as
lower variance downstream.?*!

For deployments that must survive humidity, rinsing, or
weeks in storage, bimetallic core-shells provide a sturdier
alternative. For example, coating silver with a nanometer-thin
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Au skin (Ag@Au) preserves the strong near-fields while greatly
improving chemical stability. Dendritic Ag@Au substrates have
maintained SERS activity for months with negligible loss,
whereas bare Ag analogues oxidized/sulfidized and faded.
Mechanistic and follow-up studies agreed: the Au overlayer
passivated the surface chemistry that killed enhancement while
leaving the electromagnetic hot spots essentially intact.”*

Conditioning layers (e.g., halides) and protective skins (e.g.,
ultrathin Au, silica) can slightly shift plasmon bands or trim raw
EF. For transferability, it is necessary to report the chemistry,
concentration, contact time, and when applied relative to ana-
Iyte exposure, and note any spectral/EF change. Long-horizon
durability and sustainability considerations are consolidated
in Section 6.5.

5.2.2. Precision engineering & ratiometry. Quantitative
precision comes from pattern-defined, wafer-scale substrates
that fix hot-spot architecture so centimeter-scale maps are
consistent. Once geometric uniformity is established, ratiome-
try (built-in internal standards) turns intensity into robust
ratios that ride out day-to-day/site-to-site drift. Large-area,
pattern-defined arrays that are identical across the surface
suppress spatial variance before any chemometric processing.
Once geometric uniformity is established, ratiometry provides
the next layer of robustness. Embedding a built-in internal
standard (IS) turns intensity into a ratio R = Iinaiye/I1s that rides
out day-to-day and site-to-site drift. In a pesticide-oriented
example, a large-scale self-assembled Au@4-MBA@Ag array
placed the reporter 4-MBA between gold and silver, so every
spectrum carried its own yardstick; the authors report point-to-
point RSD = 8.84% and batch-to-batch RSD = 14.97%, with
higher calibration accuracy for thiram and thiabendazole after
ratiometric correction than without it.”” Where 4-MBA would
overlap target bands, label-free IS choices exist, for example,
purine as an intrinsic, non-overlapping calibrant, so ratiometry
remains available even when pesticides or plant metabolites sit
near common reporter bands.?*® A practical caveat is that thiol-
rich exudates or aged Ag can displace surface reporters, biasing
R during extended field work; checking IS-band stability and
refreshing the reporter when drift appears minimizes this
effect.

Transferability beyond a single lab is strongest when preci-
sion is quantified at three distinct levels: RSDy;ein(map-level,
same chip), RSDpetween (Chip-to-chip within a batch), and
RSDyacen (across fabrication runs). Contemporary quantitation
practice follows the same scaffold: uniform substrate design to
curb spatial variance, ratiometry to stabilize calibration slopes,
and transparent figures of merit (R, LOD/LOQ definitions, bias/
recovery) so others can reproduce your calibration in real
matrices.”**

5.2.3. Background control (optics & cleanup). Under strong
pigment/humic backgrounds and daylight, optical control is the
primary lever. For intact leaves, an 830 nm leaf-clip fixes the
probe-leaf standoff, blocks stray light, and logs operating power
of about 130 mW, yielding stable on-leaf spectra in greenhouse/
field conditions.”” For soils in daylight, shifted-excitation
Raman difference spectroscopy (SERDS) with a dual-
wavelength source around 785 nm (e.g., 785.2 and 784.6 nm)

RSC Adv, 2025, 15, 49320-49352 | 49343
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removes shared fluorescence and ambient light while
preserving the Raman signal. As a result, field deployments
have resolved nine mineral classes and recovered soil organic
carbon under daylight.>*%**

Simplifying the chemistry that drives fluorescence often
yields the largest gains. In plant extracts and rinse solutions,
removing pigments upstream of measurement proves effective:
a QUEChERS-lite cleanup (salt-out followed by dispersive SPE
with PSA/C18 and graphitized carbon black) has been paired
with handheld SERS for crop-residue analysis and has pushed
LODs below regulatory MRLs in real rice matrices. In practice,
this single pass removes much of the chromophore and
surfactant load while preserving target analytes for rapid
readout.””® When color persists, a short TLC/HPTLC separation
followed by SERS on the isolated band physically decouples
analyte from the fluorescent streak. Carbendazim, for example,
has been cleanly detected from kale leaves and orange juice
using diatomite TLC plates as the separation stage prior to SERS
interrogation, illustrating a generally useful “separate-then-
enhance” workflow for leaf/fruit matrices.”® For non-
destructive plant phenotyping, headspace routes bypass
aqueous pigments entirely: adsorbent-SERS/headspace-capture
architectures collect leaf VOCs on a sorbent, then read by
SERS, a format demonstrated on living and dried plant material
and compatible with field deployments where GC-MS is
impractical.*®

Waters used in agriculture (irrigation, runoff) challenge
SERS twice: humic/fulvic substances both fluoresce and
compete for adsorption. A small-volume activated-carbon/SPE
pre-step is a pragmatic fix borrowed from water analytics;
decades of work show activated carbon efficiently removes di-
ssolved natural organic matter, including humic fractions that
dominate color and background, improving downstream
quantitation even when the detector is not SERS-specific.”*®
Recent reports likewise engineer carbons for pesticide removal
at trace levels, underscoring that carbon pretreatment is
compatible with analyte preservation when conditions are
tuned.”®* When soils are processed as slurries, a brief dilute-
settle—filter step can reduce humics and particulates and yield
manageable baselines. For in situ daylight measurements,
SERDS as outlined above is advisable.

Chemical cleanup and dilution curb fluorescence but can
also strip the surface-active fraction that drives SERS at low
doses, flattening calibration slopes near decision thresholds.

5.2.4. Sampling geometry & field quality assurance and
quality control (QA/QC). Most day-to-day variances are
geometric and temporal. For intact leaves, a fixed-standoff,
light-blocking leaf-clip geometry (as described above) stabi-
lizes acquisition. For surface residues on fruit or leaf cuticles,
documenting the sampled area (cm?®), contact pressure and
duration, and elution volume and time constrains variability.
Flexible paste-and-peel or tape-based SERS methods establish
a constant footprint and, when footprint and dwell are speci-
fied, yield reproducible recoveries on curved produce; swab-
extract workflows show similar consistency when swab area
and solvent volumes are fixed.**

49344 | RSC Adv, 2025, 15, 49320-49352
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For plant VOCs, the headspace functions as a small, well-
defined reactor: chamber volume, temperature, and equilibra-
tion time are specified before adsorption or SERS readout.
Headspace solid-phase microextraction papers and plant-
focused, adsorbent-based headspace capture followed by SERS
show that fixing these three parameters stabilizes intensity
ratios and classification.*®* For soils measured in situ, docu-
mentation of ambient-light control (a light shroud versus SERDS
as mentioned in the previous section) clarifies comparability.
Finally, field quality assurance and quality control (QA/QC)
should include regular blanks and duplicates (for example,
one QC sample per 10-20 samples) recorded with the same
geometry and timing as real samples to make precision
measurable rather than assumed.

5.2.5. Matrix-aware calibration & preprocessing. Quantita-
tive accuracy degrades when calibration is performed in
a matrix cleaner than the sample. In crops and waters, salts,
humic substances, sugars, phenolics, and surfactants alter
adsorption and band ratios; accordingly, calibration in the
intended measurement matrix is preferred. Official control
practice has converged on matrix-matched curves or standard
addition at or near the decision limit, with recoveries and bias
reported explicitly, because buffer-only calibration systemati-
cally overestimates performance in plant-derived matrices.”**
Ratiometric SERS complements this approach by converting
intensity to a ratio, R = Iynayye/I1s, which reduces day-to-day and
site-to-site drift (e.g., an Au@4-MBA®@Ag array that maintained
stable precision across positions and batches while preserving
accurate pesticide quantitation).”” A complementary route
embeds a stable Raman indicator within the MIP layer to
decouple weak intrinsic Raman from quantitation, which
demonstrated for protein biomarkers and conceptually appli-
cable to matrix-rich agricultural assays where intrinsic signals
are faint.>*® Extending this idea, a reporter-inspector architec-
ture (RRIM) on protein-PDA has been shown to reduce
nonspecific binding and support quantitative readout in
complex samples; while demonstrated in protein systems, the
selectivity mechanism is relevant to colored, interference-prone
agricultural matrices.'” Baseline handling merits the same
discipline: reproducibility improves when a documented,
fluorescence-robust algorithm is applied with reported param-
eters. Common choices include asymmetric least squares (AsLS)
and adaptive iteratively reweighted penalized least squares
(airPLS).>*¢2%

In field use, external calibration is often optimistic (slope
compression, intercept shifts). Matrix matching or standard
addition near the decision level is preferred, despite added time
on leaves. Isotopologue/analog reporters can diverge in
adsorption in high-salt extracts. Headspace SERS is constrained
by partitioning and capture time in humid air. Chemometric
models should report external-set error from day/site-separate
data to guard against leakage and domain shift. Even with
imprinting, template aging, site heterogeneity, and leachables
can bias calibration; these pitfalls are documented for
molecular-imprinting optical sensors and should be checked in
outdoor workflows.***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.2.6. Storage & shelf-life. Silver gives high enhancement
but ages in humid, sulfur-bearing environments. Thin Au skins
on Ag (Ag@Au) preserve near-field strength while improving
chemical stability; dendritic Ag@Au has maintained SERS
activity for roughly six months, whereas bare Ag analogues
degraded.”” Vacuum-sealed storage similarly limits oxidative
aging; flexible Ag-based films stored in sealed bags retained
performance and spatial uniformity. For field kits, store flexible
films and paper/tape substrates sealed against air, humidity,
and UV (with desiccant when feasible).”** Report shelf life at
defined checkpoints (0/30/60 days) with any LSPR shift and
enhancement-factor change; broader sustainability/
affordability guidance appears in Section 6.5.

6. Translation to agricultural
decisions, validation, and sustainability

Decision-relevant SERS in agriculture rests on three pillars:
clearly defined endpoints, disciplined validation, and sustain-
able substrates and workflows. Each is developed across crop
quality, plant health, and environmental monitoring.

6.1. Crop-quality control: safety and intrinsic quality

For safety, SERS is used as a rapid screen for pesticide residues
and other contaminants on leaves, peels, and whole produce,
with performance referenced to commodity-specific maximum
residue limits (MRLs). Sampling geometries are fixed and di-
sclosed, such as clip, tape/paste-and-peel, or swab, with area
(cm®), contact pressure/time, and elution volume/time specified
to constrain variance. Flexible, fieldable sampling formats
(paper/tape/films; swab-based SERS) are documented across
recent studies.”***'7 Optical control under field illumination is
addressed in portable/field SERS deployments.'®*2°>2%

Intrinsic quality is treated as compositional profiling and
authentication. Primary sugars and organic acids, pectin, and
secondary metabolites that govern flavor, color, and nutrition
(e.g., catechins, anthocyanins, capsaicinoids, vitamins) are
measured in matrices that reflect use, such asjuices, pulps, teas,
and minimally processed extracts. Representative imple-
mentations are summarized in the article's application tables
and case discussions. Calibration follows the same discipline as
above. Quantitation follows matrix-matched or standard-
addition calibration, with ratiometric internal standards and
a documented baseline algorithm with fixed parameters, as
detailed in Section 5.2.5; units are aligned to context (ng cm >
for surface residues; uM or mg L™" for extracts) and compari-
sons to regulatory MRLs (mg kg ') are made only when
a defensible area-to-mass conversion is stated, otherwise re-
ported as screening results.

6.2. Plant health: stress phenotyping and pathogen
surveillance

Targets include phytohormones (salicylic, jasmonic, abscisic
acids), phenolics, and volatile organic compounds as early
stress/disease indicators, and spores or cells on leaf and fruit
surfaces for pathogen surveillance. Phytohormone roles and
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representative SERS strategies are detailed in the article (e.g.,
derivatization-enabled detection of indole-3-butyric acid and
broader hormone context).*** VOC phenotyping uses head-
space capture with SERS-active or SERS-read substrates; exam-
ples include 4-MPBA-AuNP capture of methyl salicylate,
polymer-coated Ag nanoshells embedded in leaves for in vivo
VOC mapping under field conditions, and adsorptive polymer-
based collectors that discriminate caterpillar-induced plants
from controls.*”**”'*® Conventional diagnostics (culture, ELISA,
PCR) set the benchmark but face in-field constraints, which
SERS aims to mitigate.>'>*'* Pathogen-oriented implementa-
tions include recombinase polymerase amplification coupled to
SERS nanotags with copy-level sensitivity in about 30 min,
species-specific LATE-PCR on planar Au SERS chips, DNA-
probe-guided detection of tobacco mosaic virus directly on
leaves, and ligand-assisted SERS imaging of bacteria within
plant tissues.”**>'® For hormone/VOC and pathogen readouts,
calibration is matrix-matched or by standard addition and uses
ratiometry with fixed baseline parameters, as specified in
Section 5.2.5; results are reported in operational units (ng cm 2,
copies or CFU mL ') with method-appropriate benchmarks.

6.3. Water and soils: irrigation, runoff, and surface soils

In irrigation and runoff, SERS screening addresses pesticides
and nutrients with respect to irrigation or potable-water guid-
ance values.””***> For heavy metals, reported detection limits are
benchmarked directly against World Health Organization
(drinking water) and Food and Agriculture Organization (irri-
gation) thresholds.’*** For soils, two complementary modes
are used. In situ optics under daylight support mineral finger-
prints, soil-organic-carbon surrogates, and surface residues
when the local matrix permits; slurry or extract measurements
are used when extraction is unavoidable.”*®**%?*” Water/soil
assays use matrix-matched or standard-addition calibration
with ratiometry and documented baseline settings, per Section
5.2.5; when needed, unit conversions to regulatory thresholds
(e.g., ng L' for water, mg kg "' for soils) are stated with
assumptions.

6.4. Validation, comparability, and ruggedness

Transferability across farms, instruments, and seasons
improves when precision is documented at three distinct levels:
within-map repeatability on the same chip (RSDyj¢hin), chip-to-
chip precision within a fabrication batch (RSDpetween), and
across-batch precision over independent fabrication runs
(RSDpaten)- In practice, external validation on day- and site-
separate sets often provides a more realistic view of perfor-
mance (see Section 5.2.2).'°"2% Typical reporting includes the
root mean squared error of prediction (RMSEP), bias, and 0.5/
1x/2x recoveries for regression,** and sensitivity, specificity,
and the area under the receiver operating characteristic curve
(AUROC) for blinded -classification tests.”**?'* Ruggedness
studies introduce controlled variation in temperature,
humidity, illumination, operator, and storage age, with any
shifts in slope or in the limit of detection/quantitation recorded;
this framing aligns with the discussion of portability/
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standardization gaps and chemometrics/ratiometry in quanti-
tative SERS.”*>** Multi-site trials on representative commodi-
ties and watersheds should use shared reference materials,
harmonized preprocessing (baseline algorithm and parame-
ters), and common analyte/internal-standard bands; inter-site
precision and agreement with reference methods should be
reported to demonstrate model transfer. For disease diagnos-
tics, blinded sets spanning healthy, stressed, and infected states
quantify sensitivity/specificity and the stability of classification
across day/night and operator changes; nucleic-acid-assisted
SERS implementations provide concrete templates (RPA-SERS;
LATE-PCR on planar Au; DNA-probe virus detection; ligand-
assisted in-planta imaging).>'**® For nutrient and contami-
nant monitoring, recovery is characterized for the actual
sampling media (swab, tape, headspace sorbent) and as
a function of storage time between sampling and readout,
consistent with flexible/tape/swab workflows.>"” Field QA/QC,
regular field blanks and field duplicates at a stated cadence,
should be implemented and documented so precision is
measured rather than assumed.

6.5. Durability, sustainability, and affordability

Substrate choices should consider durability and environ-
mental footprint. Silver delivers high enhancement but ages in
humid, sulfur-bearing air; where practical, ultrathin Au skins or
inert oxide/silica overlayers plus sealed storage help preserve
near-fields. We encourage authors to report shelf-life at defined
checkpoints (e.g., 0/30/60 days) together with any resonance
shift or change in enhancement factor. Evidence for scalable,
precision fabrication that preserves uniformity (e.g., UV-
nanoimprint, roll-to-roll) is particularly helpful.>*® Flexible and
encapsulated formats (PDMS, PEN, tapes) and their durability
trade-offs are summarized in Table 3.

Affordability can be made transparent by summarizing:
precious-metal loading, yield to functional substrate (after
washing/ligand exchange), purification/solvent burden, process
throughput and reject fraction, reuse cycles under stated
packaging, and end-of-life recovery/recyclability. Where
feasible, provide the order-of-magnitude cost per test and the
mass of Au/Ag per test, together with support type and reuse
cycles. When possible, favor cellulose/chitosan/silk supports
and note end-of-life handling. A formal life-cycle assessment for
agricultural SERS remains a gap and could be pursued along-
side EF/RSD/LOD benchmarking. Practical field packaging
against dust, UV, and moisture is also useful to document.

6.6. Data assets and reuse

Re-use and meta-analysis are enabled by curated spectral sets
for each application class, including residues on commodity
leaves/peels, headspace phenotyping under defined stressors,
irrigation/runoff waters, and surface soils, with minimal meta-
data (excitation wavelength, power at the sample, integration
time, standoff, substrate batch and storage age, baseline
method and parameters, analyte and internal-standard bands)
and fixed train/test splits near decision thresholds. Large, open
spectral libraries collected under realistic agricultural
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conditions are encouraged to support adaptive models that
remain accurate beyond their original training domain. Fabri-
cation routes that support dataset comparability at scale (e.g.,
nanoimprint/roll-to-roll) should be discussed in tandem with
deployment considerations. For application anchors, Table 4
(stress markers), Table 5 (non-stress plant metabolites), and
Table 6 (water/soil contaminants with WHO/FAO comparators)
provide analyte-matrix pairs and LOD/range contexts relevant
to dataset design.

In summary, the combination of controlled geometry and
optics, stable surface chemistry, ratiometric quantitation, and
matrix-aware calibration should convert laboratory sensitivity
into decision-grade evidence for residue compliance, quality
grading, early stress and disease calls, and water-soil moni-
toring, while validation and sustainability frameworks should
keep conclusions comparable across instruments, sites, and
seasons and enable deployment at scale.

7. Conclusions

SERS has progressed from isolated demonstrations to a mate-
rials-guided approach for agriculture. Mechanistic under-
standing of electromagnetic and charge-transfer contributions,
together with control of hot-spot geometry and interfacial
chemistry, now informs substrates ranging from noble-metal
architectures to metal-semiconductor and metal-MOF
hybrids, selective layers, and flexible/patterned formats. When
aligned with the analyte and matrix, these designs support key
agricultural tasks, including tracking intrinsic quality markers,
phenotyping plant stress via hormones and VOCs, identifying
pathogens, and screening contaminants in water, soils, and
produce. Across these domains, we report the EF, LOD/LOQ,
and RSD ranges observed in the literature and document
common constraints including fluorescence/background, hot-
spot variability, stability, and matrix interference. Looking
ahead, progress hinges on tighter coupling between
mechanism-aware design, matrix-aware operation, and trans-
parent evaluation, alongside scalable, durable fabrication and
clearer reporting. With these elements, SERS is well placed to
deliver quantitative, comparable evidence for plant-health
management, residue control, and crop-quality assurance.
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