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Food is the main source of human energy and nutrition, but once it is contaminated with hazardous factors,
such as biotoxins, pesticide residues, etc., it will seriously damage health. This paper reviews the research
progress of biosensors based on surface-enhanced Raman scattering (SERS) in the detection of food hazard
factors. First, the basic principle, substrate and assay mode of SERS technology, as well as related design and
sensing strategy mechanisms, are introduced. Then, the design idea of multimodal biosensors combining
SERS with microfluidic, fluorescence, colorimetric, electrochemical (EC), molecular imprinting and other
technologies is expounded to improve the analysis accuracy and specificity. Then the application results of
multimodal biosensors based on SERS sensing toward food hazard factors are discussed, and the necessity
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rsc.li/methods provides a reference for promoting the research and application of multimodal biosensors based on SERS.

Introduction is essential to ensure food safety.' As the primary source of

energy and nutrition for sustaining life activities, food is of
The presence of various harmful factors in food poses a serious ~ particular concern from a public health perspective. When
threat to human health, and their rapid and accurate detection ~consumed under safe conditions, food provides the body with
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essential nutrients such as proteins, carbohydrates, fats, vita-
mins, and minerals for proper functioning.>® However,
contamination of food with harmful substances can have far-
reaching and serious consequences for human health.* Many
food-accumulating contaminants can transfer to humans via
the food chain, harming human health.’

Microbial contamination, for instance, has been identified
as a significant hazard. Food contaminated with pathogenic
Escherichia coli (E. coli), Listeria monocytogenes (L. mono-
cytogenes), Staphylococcus aureus (S. aureus), and Vibrio para-
haemolyticus (V.  parahaemolyticus) can cause acute
gastroenteritis, food poisoning, and even bacteremia and
meningitis.*® Chemical contaminants, such as pesticide resi-
dues,>'® veterinary drug residues, heavy metals,"** and illegal
additives™*** also pose a significant threat to public health. The
long-term ingestion of food containing pesticide residues has
been demonstrated to potentially disrupt the endocrine system,
nervous system, and immune system of the human body."®
Furthermore, the accumulation of heavy metals in the human
body has been shown to interfere with the body's normal
metabolism and physiological functions by impeding the body's
antioxidant defense mechanisms.”” Consequently, the estab-
lishment of an accurate and timely food hazard factor detection
system is imperative for the management and prevention of
foodborne diseases.

Conventional food hazard detection methodologies princi-
pally encompass chemical and instrumental analysis. Chemical
analysis methodologically involves the qualitative and quanti-
tative analysis of substances through chemical reactions, such
as the titration method, which is employed to ascertain the
content of acids, bases, salts, and other constituents in food.'®
The colorimetric method utilizes the comparison of the color
shade of the solution to determine the concentration of noxious
substances, such as nitrites." These methods are characterized
by simplicity in operation and cost-effectiveness. However, they
are limited in terms of sensitivity and selectivity and are
primarily applicable to the identification of macronutrients or
semi-micronutrients. Instruments are employed in instru-
mental analysis methods, which utilize a range of instruments
for the analysis of substances. Common spectral analysis
methods, such as atomic absorption spectrometry and atomic
fluorescence spectrometry, can detect the presence of heavy
metals in food. Chromatography, including gas chromatog-
raphy, liquid chromatography, and others, is extensively
employed in the realm of pesticide residue,”*** mycotoxin,*
and related compound detection. Mass spectrometry, boasting
high sensitivity and resolution, facilitates precise characteriza-
tion and quantification of trace hazardous substances within
complex samples. This method is well-suited for expeditious
analysis of a substantial number of samples and the determi-
nation of trace hazardous substances.>® However, note that
limitations remain due to complex sample pretreatment and
high associated costs.

In recent years, there has been a proliferation of bio-
analytical methods that have been developed to address the
need for rapid, on-site, and cost-effective diagnostics. These
methods, which are based on nucleic acid, immunology, and
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biosensor technologies, have been proposed as a means of
overcoming the limitations of conventional detection tech-
niques. The integration of nanotechnology with these bio-
analytical methods has the potential to enhance sensitivity and
specificity, while also reducing cost and facilitating more rapid
analysis.”” The underlying principle of bioanalytical methods is
the specific reaction of an organism to a substance, which can
be used to analyze the organism in question. For instance, the
enzyme-linked immunosorbent assay (ELISA) employs the
specific binding reaction of an antigen with an antibody to
expeditiously detect antibiotic residues, toxins, and the like in
food.>*** Conversely, biosensors integrate biometric compo-
nents with physical or chemical transducers to translate bio-
logical signals into quantifiable electrical or optical signals for
real-time monitoring of hazardous substances.**' Bio-
analytical methods are characterized by their high specificity
and sensitivity, rendering them particularly well-suited for the
discernment of trace quantities of hazardous substances in
complex samples. However, these methods are also accompa-
nied by significant financial costs and a limited discernment
range. Among the developed techniques, SERS has emerged as
a prominent research focus due to its distinctive
advantages.*** SERS boasts several notable benefits, including
ultra-high sensitivity, the capacity for fingerprinting informa-
tion, and the miniaturization of equipment.®>*~*” The exceptional
sensitivity of SERS enables the detection of individual mole-
cules, thereby making it an invaluable tool for food safety
applications where contaminants may be present at trace
levels.*® The capacity to acquire “fingerprint” spectra of diverse
substances enables the identification and quantification of
contaminants in intricate food matrices.*

However, the SERS technique itself still faces some chal-
lenges, such as the need for homogeneous and reproducible
substrate preparation, the sensitivity of data analysis to back-
ground interference, and the presence of false-positive results
due to nonspecific binding of analytes. In order to effectively
address these issues, a promising research direction is the
combination of SERS assays with other techniques to construct
multimodal biosensors.* In recent years, significant advance-
ments have been made in the field of food hazard monitoring
with SERS-based multimodal biosensors. Compared to tradi-
tional unimodal sensors, these multimodal sensors possess the
capability to utilize multiple independent response signals for
cross-validation, thereby enhancing the accuracy and reliability
of the analysis.****

In practical applications, SERS has been integrated with
colorimetric, fluorescence,*** and molecular blotting** tech-
niques to leverage the strengths of each method. This paper
provides a comprehensive summary of the research progress of
SERS-based multimodal biosensors for food hazard factors
(Scheme 1). It is important to emphasize that while this review
utilizes food safety as a representative application scenario, the
core objective lies in exploring universal strategies to enhance
the performance of SERS-based detection platforms. The
methodologies discussed here, which span substrate design,
signal amplification, and multimodal integration, are inher-
ently transferable to other domains requiring ultrasensitive

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 SERS-based detection mechanism and application of multimodal biosensing toward food safety.

molecular detection, such as biomedical diagnostics and envi-
ronmental monitoring.

SERS sensing principle toward food
safety testing
SERS sensing principle

The principle of Raman spectroscopy is based on the Raman
scattering effect. When a beam of monochromatic light, such as
a laser, strikes a substance, most of the photons are scattered at
the same frequency, which is Rayleigh scattering. However,
a small number of photons interact with the vibrational
patterns of molecules in the substance, causing the frequency of
the photons to change. When a molecule jumps from the
ground state to the vibrational energy level of the excited state,
the photons lose energy and the frequency decreases, resulting
in Stokes scattering. If the molecule is already in a vibrationally
excited state, the photons can absorb the vibrational energy,
increasing the frequency and causing anti-Stokes scattering.*’
SERS uses electromagnetic radiation and scattering between
materials to analyze the structural information of the target and
relies on a metal substrate with a rough surface to enhance the
Raman signal of the molecules. It is fast, simple, and non-
destructive and requires no sample pretreatment.*® Usually
gold, silver and copper are common SERS substrates for effec-
tively enhancing Raman signals. The widely recognized SERS
signal enhancement mechanism has two aspects. One is the
physical enhancement process, that is, the electromagnetic
enhancement effect caused by the excitation of local surface
plasma motifs.*”** The second is the chemical enhancement
process, that is, the charge transfer enhancement effect caused
by the change of the polarizability of molecules adsorbed on the
rough metal surface.*® These two signal enhancement models
are both related to the behavior of the tested molecules on the

This journal is © The Royal Society of Chemistry 2025

SESR substrate. Therefore, the SERS-based biosensor can
respond rapidly and extremely sensitively to molecular
adsorption, transformation, and interaction, greatly enhancing
detection sensitivity (Fig. 1).

SERS substrate design

SERS substrates are mainly divided into colloidal substrates and
solid substrates. Colloidal SERS substrates composed of Au or
Ag nanogels have negative or positive charges on their surfaces
due to the action of organic ligands.* However, the same elec-
trostatic force could prevent molecules with similar charges
from absorbing on the colloid surface, and the distance
between the molecules and the active surface of SERS increases,
resulting in the weakening of the SERS signal.*® Solid SERS
substrates fix metal nanoparticles on a solid surface.”* Although
it is difficult to design and manufacture, it is favored for its
stability and durability. When preparing high-performance
SERS substrates, the size, shape, composition, and particle
spacing of nanomaterials are key parameters that need to be
controlled and optimized.>® These factors affect the strength of
“hot spots”.**** With the development of nanotechnology,
different nanomaterials such as nanorods, nanowires, nano-
spheres, and nanosheets have emerged, each of which has
unique enhancement properties.*® Digital (nano)colloid-
enhanced Raman spectroscopy is likely to be the top choice
for reliably and ultra-sensitively detecting various analytes
(Table 1).%¢

Novel SERS substrates exhibit multifaceted advantages over
traditional substrates. In terms of enhancement performance,
porous nanosheets, core-shell nanocomposites, and similar
materials can generate stronger SERS enhancement effects by
designing and optimizing the size, morphology, and structure
of nanomaterials, thereby improving detection sensitivity.*”**
For example, modifying the morphology of gold to create sharp
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Fig. 1 (A) The energy level diagram for Raman scattering. (B) Schematic illustrations of the excitation of localized surface plasmon resonance
(LSPR). (C) Schematic illustration of electromagnetic (left) and chemical enhancement (right) of Raman scattering signals of a molecule adsorbed

on the surface of noble metal nanoparticles.®

tips and rough surfaces, or leveraging the “hotspot” effects from
nanogaps and tips of noble metals, can significantly enhance
Raman signals.” Simultaneously, combining electromagnetic
enhancement (EM) and chemical enhancement (CM) mecha-
nisms, such as utilizing strong interfacial coupling and efficient
charge carrier separation in semiconductor heterojunctions,
greatly improves the utilization efficiency of photoinduced
electrons in the substrate, enabling efficient charge transfer in
the substrate-molecule system and thus significantly
enhancing SERS performance.®**

In terms of uniformity and reproducibility, improving the
reproducibility of SERS substrates is one of the key challenges
in practical applications. This can generally be achieved by
optimizing nanoparticle synthesis and deposition methods,
refining substrate fabrication processes, and incorporating
internal standards (ISs). In terms of nanoparticle synthesis and
deposition, techniques such as photolithography, nano-
imprinting, or template-assisted self-assembly can be used to
fabricate ordered nanostructures (e.g., nanopore arrays) with
precise control over nanoparticle size, shape, and spacing,
thereby creating uniformly distributed hotspots.®** Studies
have shown that synthesizing Au/metal or non-metal oxide
heterostructured nanoparticles and then uniformly depositing
them onto a substrate can induce strong plasmonic coupling at
the Au/oxide interface, achieving high-sensitivity SERS analysis
with excellent signal reproducibility.®* In substrate fabrication
process improvement, Lafuente et al.®® employed Langmuir-
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Schaefer technology to prepare uniform SERS substrates in
a reproducible and straightforward manner. Celik et al.*® re-
ported a facile method for the non-lithographic fabrication of
plasmonic nanoparticle arrays by utilizing the barrier sides of
anodized aluminum oxide (AAO) membranes. Finally, incor-
porating internal standards into SERS substrates can effectively
enhance the reproducibility of Raman signals. For example,
based on a systematic evaluation of competitive adsorption
between ISs and target analytes, Lin et al.*” applied the proposed
pressure drop-coating (PDC) method to fabricate an IS-modified
gold nanobipyramids (Au NBPs)/anodic aluminum oxide (AAO)
SERS substrate within 1 minute, demonstrating high repro-
ducibility of Raman signals.

In terms of functionalization and multi-scenario applica-
bility, the development of magnetic and flexible substrates can
support rapid separation, enrichment, and detection of curved
surface samples.®®* Designing temperature-sensitive or pH-
sensitive polymer-modified substrates enables dynamic regu-
lation of SERS activity.” In recent years, researchers have con-
ducted extensive studies on flexible SERS substrates,
successfully preparing various high-performance flexible SERS
substrates using polydimethylsiloxane (PDMS), filter paper (FP),
biofilms, textiles, and metal meshes as supporting
materials.”*”> Although flexible SERS substrates exhibit excel-
lent performance in adapting to irregular surfaces and portable
detection, they still have certain limitations compared to rigid
substrates. Issues such as nanoparticle detachment, stress-

This journal is © The Royal Society of Chemistry 2025
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Substrate type Representative materials

Characteristics

Colloidal substrates Gold nanoparticles (AuNPs)

Silver nanoparticles (AgNPs)

Copper nanoparticles (CuNPs)

Composite noble metal nanomaterials
(such as Au@Ag, Ag@Au, and Au@Pt)

Magnetic nanomaterials (such as Fe;0,4/Ag,

Fe;0,@Au, Ni/Au, and Ni/Ag)

Semiconductor composite materials

(such as Ag/TiO,, Ag/ZnO, Ag/CuO, and Si/Au)

Graphene nanocomposites
(such as CNTs/Ag NPs and GO/Ag)

Noble metal nanomaterials
(such as Au, Ag, and Cu)

Solid substrates

Semiconductor nanocomposites
(such as TiO, substrates)

Magnetic nanocomposites
(such as Fe;0,/Ag and Fe;0,@Au)

induced deformation, polymer fluorescence interference, and
surface roughness significantly reduce the mechanical stability
and signal-to-noise ratio of flexible substrates.” In recent years,
many researchers have attempted to address these shortcom-
ings. For example, Hu et al”” proposed a novel process of
femtosecond laser nanoparticle array (NPA) implantation to
address the issue of nanoparticle stability on flexible substrates.
Additionally, the differences in thermal expansion coefficients
and insufficient chemical tolerance of flexible substrates limit
their application in extreme environments. Rigid substrates, on
the other hand, remain dominant due to their high mechanical
stability, corrosion resistance, relatively mature fabrication
processes, and lower technical difficulty. Therefore, although
flexible substrates have potential in specific scenarios, rigid
substrates remain the mainstream choice for high-sensitivity
and high-reproducibility requirements. Future research could
explore “rigid-flexible composite” strategies to balance stability
and deformation adaptability.

In terms of detection sensitivity and selectivity, leveraging
the m-m interactions of two-dimensional materials such as
graphene to adsorb aromatic molecules can enhance molecular
enrichment capabilities and lower detection limits.”® Substrate
modification with antibodies or aptamers enables targeted
molecular capture, such as for the specific recognition of cancer
biomarkers (Table 2).7%

This journal is © The Royal Society of Chemistry 2025

Simple to prepare and have a good SERS-enhancement effect,
but have poor selectivity, reproducibility and stability

Have good plasmonic activity in the entire visible to near-
infrared region and can provide a relatively strong SERS-
enhancement effect, but have relatively poor chemical
stability and are prone to oxidation in air

Have a certain SERS-enhancement ability, but have poor
chemical stability and may corrode in some application
environments

Good stability and excellent biocompatibility

The use of magnetism can realize the detection, separation
and enrichment of the analyte, improve the sensitivity of SERS
detection and simplify the pre-treatment of complex samples
SERS chemical enhancement and photoelectric catalytic
properties

Large surface area, good optical properties, easy to
functionalize, good electrical conductivity and low
fluorescence background signal

The preparation process is relatively mature, have high
stability and can provide a reliable enhancement signal, but
are not applicable to the detection of samples with irregular
shapes and surfaces

Have SERS chemical enhancement and photoelectric catalytic
properties, but the preparation process is relatively complex
and the stability is relatively poor

The use of magnetism can realize the detection, separation
and enrichment of the analyte, improve the sensitivity of SERS
detection and simplify the pre-treatment of complex samples,
but the preparation process is relatively complex and the
stability is relatively poor

From the above discussion, it is evident that significant
progress has been made in research, but substrate design
inherently requires trade-offs between performance metrics.
Colloidal substrates, although cost-effective and suitable for
solution environments, are limited by their random hotspot
distribution and finite shelf life due to nanoparticle aggregation
or oxidation. Solid-state ordered arrays exhibit high reproduc-
ibility but rely on expensive fabrication techniques and rigid
substrates, limiting their application in flexible environments.
Core-shell structures improve stability, but if the shell thick-
ness exceeds the optimal limit, it may weaken the electromag-
netic field, while complex synthesis processes affect batch
consistency. Flexible substrates enable conformal detection on
irregular surfaces but still face challenges such as nanoparticle
detachment and thermal/chemical instability. Magnetic
composites are recyclable but suffer from non-uniform hotspot
distribution due to magnetic aggregation and interfacial strain
caused by mismatched thermal expansion -coefficients.
However, studies have been dedicated to addressing these
issues. For example, Chen et al.®* developed a surfactant-free
method to stabilize colloidal cit-AuNPs based on alkali regula-
tion, and this method can prevent gold nanoparticle aggrega-
tion under different harsh treatments, including ligand
modification, centrifugation-based washing/enrichment, and
salt addition. Zhang et al.** developed a highly dispersible gold

Anal. Methods, 2025, 17, 3083-3110 | 3087
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Table 2 Types and specific examples of traditional and novel SERS substrates

Category Type

Specific examples

Traditional SERS Rough metal electrodes

substrates Metal colloidal nanoparticles
Metal films and island structures
Disordered nanostructures

New SERS Ordered nanostructure arrays

substrates

Composite structure materials

Two-dimensional material substrates

Flexible substrates

Single-particle/single-molecule substrates

nanorod (GNR) powder using an octadecyl trimethylammonium
bromide (C,4TAB)-assisted freeze-drying method to form
a sponge-like crystal structure. This method effectively inhibits
the aggregation of GNRs during the drying process, overcoming
the bottleneck of traditional colloidal storage instability.

Currently, high-performance ordered arrays remain
economically unfeasible for large-scale deployment, and
substrates that simultaneously optimize sensitivity, stability,
and stimulus responsiveness are rare. The lack of standardized
characterization protocols further hinders comparisons across
different studies. Future research must prioritize scalable
nanofabrication techniques and Al-driven design to address the
complex parameter space. By tackling these challenges, SERS
technology will transcend laboratory limitations and enable
transformative applications in biomedical diagnostics, envi-
ronmental monitoring, and industrial sensing.

Effects of different substrate preparation strategies on the
properties of SERS and application challenges in the food
industry

In the system of flexible substrates, plasmonic nanoparticles,
and analytes, different substrate preparation strategies signifi-
cantly influence the chemical interactions among the three,
thereby affecting SERS performance. Physical methods, due to
high temperature and energy, may cause oxidation or

3088 | Anal. Methods, 2025, 17, 3083-3110

Roughened silver (Ag), gold (Au), and copper (Cu) electrodes
Gold and silver nanoparticle colloids prepared by chemical
reduction, forming randomly aggregated “hot spots”

Rough metal films prepared by vacuum evaporation or
sputtering, forming nanoscale metal island structures
Etched metal surfaces or randomly distributed metal
nanoparticles, relying on statistical hot spot distribution
Nanorod/nanowire arrays (e.g., Au nanorods prepared using
AAO templates)

Nanopore arrays (e.g., anodic aluminum oxide templates
combined with metal deposition)

Periodic nanostructures fabricated by lithography or electron
beam etching (e.g., nanopillars and nanocube arrays)
Core-shell structures (e.g., Au@SiO, and Ag@TiO,,
combining stability and enhancement capabilities)
Metal-semiconductor heterojunctions (e.g., Au-TiO, and Ag-
ZnO, utilizing synergistic enhancement effects)

Magnetic composite materials (e.g., Fe;0,@Au, enabling easy
separation and recycling)

Graphene/graphene oxide (GO) combined with metal
nanoparticles, enhancing chemical adsorption and electron
transfer

Transition metal dichalcogenides (e.g., MoS, and WS,)
combined with metal nanostructures

Polymer-coated metal nanostructures (e.g., PDMS and PET)
Paper-based or textile substrates, suitable for irregular surface
detection

Tip-enhanced structures (e.g., atomic force microscopy tips
modified with metal nanoparticles)

Metasurfaces designed with plasmonic resonance structures

deformation of flexible substrates, reducing surface functional
groups and increasing hydrophobicity, leading to weak binding
between nanoparticles and substrates with low chemical
activity. Analytes primarily bind to nanoparticles through non-
specific adsorption. Cheng et al® deposited Au-Ag nano-
particle arrays on PDMS substrates treated with atmospheric
plasma via sputtering, finding that plasma treatment increases
active groups on the PDMS surface, thereby enhancing nano-
particle adhesion, improving the binding mode between the
substrate and nanoparticles, and boosting SERS detection
performance. Gao et al.** prepared silver nanoparticles on flex-
ible substrates using evaporation for ultrasensitive explosive
detection. The results showed that the high-temperature evap-
oration process may cause slight oxidation or deformation of
the substrate, affecting the binding strength between the
nanoparticles and the substrate, thereby influencing SERS
signal stability.

Chemical methods require pretreatment of flexible
substrates to introduce active groups, which may reduce flexi-
bility, but nanoparticles can firmly bind to the substrate via
chemical bonds, and their surfaces can be modified with
ligands. Analytes achieve specific binding through ligand
mediation, but steric hindrance may reduce adsorption effi-
ciency. Wang et al.®® prepared gold nanoparticle arrays on PDMS
substrates via chemical reduction and encapsulated them with

This journal is © The Royal Society of Chemistry 2025
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a ternary film, forming a stable, flexible, and high-performance
SERS chip. This preparation method enables specific capture of
analytes, significantly improving detection sensitivity and
selectivity.

Self-assembly methods require highly uniform surfaces on
flexible substrates, which may limit their applicability, but they
enable ordered nanoparticle arrangement, enhancing plas-
monic coupling effects. Additionally, high-density functional
groups can promote directional adsorption of analytes but may
hinder the diffusion of large molecules. Bian et al.*® coated
silver nanoparticles on cotton fabric using molecular self-
assembly technology, creating an ultrasensitive and flexible
SERS substrate. The ordered self-assembly of nanoparticles on
cotton fibers not only enhanced plasmonic effects but also
provided high-density active sites for analyte adsorption and
detection. These chemical interactions directly determine the
system's signal sensitivity, flexibility compatibility, detection
limits, and selectivity. For example, chemical bonding offers
higher long-term stability than physical adsorption, nano-
particle surface modification improves the specific capture
efficiency of analytes, substrate treatment requires balancing
functionalization and mechanical properties, non-specific
adsorption leads to high background noise, and directional
modification enhances the signal-to-noise ratio (Table 3).

Although SERS substrates demonstrate high sensitivity and
rapid detection advantages in laboratory settings, they still face
multiple challenges when applied in the food industry. For
example, various molecules in food matrices may compete for
the active sites on SERS substrates, reducing the adsorption
efficiency of target analytes. Additionally, some SERS substrates
(e.g., colloidal nanoparticles) are prone to aggregation or
oxidation in complex solutions, leading to signal fluctuations
and compromising detection reliability. From a cost perspec-
tive, high-performance SERS substrates rely on expensive tech-
nologies, making it difficult to meet the large-scale detection
demands of the food industry. While flexible substrates are
suitable for detecting irregular food surfaces, issues such as
nanoparticle detachment require additional optimization costs.
Practical food samples often require complex extraction and
purification steps to remove interferents, diminishing the rapid
screening advantage of SERS. Existing technologies, such as
immunochromatographic test strips, hold greater advantages
in rapid screening scenarios. Despite these challenges, the
potential of SERS substrates in the food industry remains
promising. In the future, functionalized designs, such as core-
shell structures to enhance stability and intelligent algorithm-
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assisted analysis, are expected to drive breakthroughs in the
application of SERS substrates in specific scenarios.

SERS assay modes toward food safety
testing

As illustrated in Fig. 2, the detection of SERS technology can be
divided into two categories: direct detection (label-free detec-
tion method) and indirect detection (labeled detection
method).*” The two detection methods have their own advan-
tages and disadvantages.

Label-free SERS assay

Label-free SERS assay is a simple analytical method, which
generally uses precious metal colloids and nanostructured
metal surfaces as substrates.***® The fundamental mechanism
is predicated on the direct interaction of precious metal nano-
structures with target molecules, thereby generating specific
fingerprint signals. This method takes advantage of the
inherent Raman scattering properties of molecules near plasma
active surfaces.*

Several research teams have optimized the local electro-
magnetic field enhancement and molecular adsorption effi-
ciency through substrate design in various dimensions. For
example, Lin et al®® developed a three-dimensional gold
nanobipyramid-anodic aluminum oxide (Au NBP-AAO)
composite substrate, where the ordered nanogaps form dense
“hotspots” that directly capture aflatoxin B; in peanut extracts
and generate characteristic peaks (Fig. 3A). Zheng et al.®* con-
structed a graphene oxide-gold nanofilm (GO@Au-Au),
leveraging the large specific surface area of two-dimensional
materials and the synergistic effect of gold nanostructures to
achieve simultaneous identification of multiple mycotoxins
(Fig. 3B). Chakraborty et al.** loaded silver nanoparticles onto
the surface of reduced graphene oxide, enhancing the capture
of Raman signals from pesticide residues through charge
transfer at the metal-carbon interface (Fig. 3C). Meanwhile,
Chen et al®® proposed a three-dimensional fiber filter paper
substrate, establishing a scalable three-dimensional hotspot
array by uniformly distributing a monolayer of gold nano-
particles within the cellulose network (Fig. 3D). The common-
ality among these studies lies in their use of noble metal
nanounits as the core for electromagnetic field enhancement.
By designing the macroscopic structure of the substrate, such as
three-dimensional porosity, two-dimensional films, and fiber

Table 3 Key differences in chemical interactions between different substrate preparation strategies

Preparation strategy Substrate—particle interaction

Particle-analyte interaction

Typical application scenarios

Physical methods Weak (physical adsorption)

Chemical methods Strong (covalent/coordination bonds)

Self-assembly methods Moderate (intermolecular forces)

This journal is © The Royal Society of Chemistry 2025

Primarily non-specific adsorption

High specificity

Low-cost rapid fabrication,
short-term detection
Biosensing, high-sensitivity

(requires functionalization) detection
High-density directional adsorption High-precision molecular
recognition
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Fig.2 Schematic representation of the direct and indirect approaches
for SERS-based detection.?”

networks, the density of active sites is increased. The intro-
duction of heterogeneous materials, such as AAO and GO,
improves the dispersion and stability of nanoparticles. This
synergistic structure-material innovation strategy provides
a universal design approach for label-free SERS detection.

However, label-free SERS detection in complex food matrices
is still challenging because other molecules with similar
chemical structures may interfere.**

Labeled SERS detection

Unlike the direct detection method, the indirect detection
method collects not the information of the test object itself, but
the molecular vibration information of the SERS tag® (Fig. 4). A
typical SERS tag used in the field of biological analysis includes
four parts: substrate, Raman probe molecule, protective shell
and identification molecule. Based on SERS, biometric
elements (such as antibodies, aptamers, molecularly imprinted

Ay

Thiram tagged %
in apple/tomato
peels
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polymers, etc.) are introduced. These biometric elements can
specifically identify target biomolecules (such as proteins,
nucleic acids, pathogens, etc.). When the target biomolecules
are bound to the biometric elements, they will be fixed on the
surface of metal nanostructures. Due to the surface-enhanced
Raman effect, the Raman signal of the target molecule is
significantly enhanced. By obtaining these characteristic
Raman signals, qualitative and quantitative analysis of the
target biomolecules can be realized. This technique is useful for
identifying and quantifying targets in complex sample
matrices.”

For example, Wu et al.*” utilized 1,2-bis(4-pyridyl) ethylene
molecules to bridge AuNPs into dimer probes, achieving indi-
rect detection through signal attenuation caused by the binding
of aptamers to aflatoxin B, (AFB,). She et al.*® modified AuNPs
with monoclonal antibodies and 4-mercaptobenzoic acid (MBA)
to construct an immunochromatographic-SERS dual-mode
probe for ultrasensitive detection of mercury ions in water.
Chen et al.*® and Li et al.** designed dual-functional magnetic
nanoprobes (Fe;0,@Au capture probe/Au@Ag reporter probe)
and molecularly imprinted-SERS composite substrates
(SiO,@TiO,@Ag@MIPs), respectively, enhancing detection
specificity through aptamer competition or selective adsorption
by imprinted cavities, with the latter also exhibiting self-
cleaning functionality.

In pathogen detection, Duan et al.'* and Li et al.'® employed
sandwich-type SERS probes (e.g., Au@Ag core-shell nano-
particle-aptamer complexes) or competitive signal amplifica-
tion strategies based on GNR aggregation, achieving rapid
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