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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
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Accepted 27th March 2025 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
of its development is illustrated. Finally, the future development direction of this field is prospected, which
rsc.li/methods provides a reference for promoting the research and application of multimodal biosensors based on SERS.
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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

Anal. Methods, 2025, 17, 3083-3110 | 3085
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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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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

Dewetting of Gold for Hotspot Engineering

Hydrophobic Paper
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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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identification of Salmonella and staphylococcal enterotoxins, Wu et al.*® and Duan et al.**® developed test strips and PDMS
respectively (Fig. 5A and B). Chattopadhyay et al.'® and Duan membrane substrates, utilizing aptamer competition principles
et al.*® further introduced magnetic nanoparticles (FPMNPs, or dual-probe sandwich structures to achieve on-site rapid
SiO,@Au) as capture substrates, combined with surface anti- detection of zearalenone (ZEN) and multiple pathogens, high-
body or aptamer modifications, to enrich target bacteria lighting the application potential of portable devices (Fig. 6A
through magnetic separation and reduce background interfer- and B). To address complex matrix interference, Sun et al.*”’

ence (Fig. 5C and D). constructed a nitrile-mediated competitive immunosensor,
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Fig. 5 (A) Schematic illustration of a SERS-based aptasensor for quantification of S. typhimurium *** (B) Schematic illustration of this proposed
SERS-based aptasensor for S. typhimurium.**? (C) (i) Modification of synthesized GNPs with MBA and DSNB:; (i) synthesis of FPMNPs and bio-
conjugation with CSA-1-Ab; (iii) magnetically assisted capture of S. typhimurium and its detection using the SERS signal probe.*** (D) Schematic
illustration of a SERS-based aptasensor for V. parahaemolyticus detection using SiO,@Au core/shell NPs as the substrate.**4
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while Xie et al'® enhanced aptamer loading capacity using
nitrogen-doped porous gold nanorods (Au-NC-NBs), improving
the anti-interference capability for pesticide and S. aureus
detection, respectively (Fig. 6C and D).

Weng et al.'® and Ma et al.'® designed fully functional
nanosensors integrating magnetic enrichment and ratiometric
SERS detection or gold/silver heterodimer probes, enabling
high-throughput analysis of E. coli and mixed pathogens
(Fig. 7A and B). Zhu et al.***'*? innovatively combined Fe;-
O0,@Au@Ag nanocomposites with gold foil paper, achieving
ultrasensitive detection of multiple pathogenic bacteria
through a negative correlation response induced by probe
dissociation (Fig. 7C and D).

From the above discussion, it is evident that these studies
widely employ core-shell structures, magnetic composites, or
heterointerfaces to enhance local electromagnetic fields and
chemical stability. Simultaneously, selectivity is improved
through aptamer/antibody directional modification, molecular
imprinting, or competitive binding mechanisms. Alternatively,
magnetic separation, test strips, or flexible substrates are used
to simplify pretreatment steps. Compared to label-free SERS,
labeled strategies offer advantages such as strong specificity,
outstanding anti-matrix interference capability, and improved
quantitative accuracy through signal amplification or ratio-
metric detection. However, their limitations include high probe
synthesis complexity, longer detection times in some systems,
and potential reproducibility issues due to photobleaching of
signal molecules. These challenges may be partially mitigated
or even complemented by the synergistic integration of SERS
with other technologies.

3092 | Anal. Methods, 2025, 17, 3083-3110

SERS-based multimodal biosensing
toward food safety testing
SERS-based chemometrics

The complexity of SERS data often necessitates the use of che-
mometric techniques for effective analysis. Chemometrics
involves the application of statistical and mathematical
methods to extract meaningful information from complex
datasets.'” In the context of SERS, chemometric techniques can
enhance the interpretation of spectral data and facilitate the
identification of unknown compounds. Recent studies have
demonstrated the effectiveness of various chemometric
methods, such as Partial Least Squares (PLS), Principal
Component Analysis (PCA), and Competitive Adaptive
Reweighted Sampling (CARS), in the analysis of SERS spectra.
Data obtained from label-free SERS detection are sometimes
combined with certain chemometric models for analysis to
enhance the accuracy of detection. Guo et al.'** explored the
potential of combining chemometrics and multivariate analysis
with SERS, as well as the exploration of novel SERS substrate
platforms. Wang et al.'** pointed out that the combination of
SERS with chemometric algorithms is of significant importance
for ensuring food safety, emphasizing the role of multiple
regression models in food monitoring.

In recent years, the integration of SERS with chemometrics
has demonstrated significant advantages in food detection,
with researchers achieving precise analysis and classification of
target analytes through various strategies. These studies
generally adopt a framework of spectral preprocessing and
multivariate model optimization to address issues such as noise

This journal is © The Royal Society of Chemistry 2025
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interference, signal overlap, and complex matrix effects in SERS  derivatives, and mean centering (MC) to eliminate baseline
data. For example, Hassan et al.** and Zhu et al.'*® employed drift, combined with variable selection algorithms or projection
preprocessing methods such as wavenumber selection, second dimensionality reduction techniques, significantly enhancing
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the model's ability to identify low-concentration targets
(Fig. 8A). Among them, Li et al'” and Guo et al.'*® further
addressed the limitations of traditional linear methods in
complex nonlinear relationships by introducing nonlinear
models (e.g., CARS-ELM and BPANN), highlighting the impor-
tance of chemometric model adaptability (Fig. 8B and C).

Additionally, some studies emphasize the enabling role of
chemometrics in the practical application of SERS technology.
Firstly, through the process of preprocessing-feature extraction-
model optimization, raw spectral information is transformed
into interpretable chemical fingerprints. Secondly, Liu et al.™*
and Adade et al.**° leveraged the complementarity of supervised
and unsupervised learning to simultaneously achieve the dual
goals of quantitative detection and qualitative identification
(Fig. 8D). Finally, Jiang et al.*** and Guo et al."** enhanced model
robustness by algorithm-driven variable screening (e.g., Boot-
strap Soft Shrinkage, BOSS) to reduce dimensionality (Fig. 9A).

However, many current studies still primarily focus on
laboratory-simulated samples. For instance, the studies by Jiao
et al.,”*® Zeng et al.,”** and Guo et al.'* require further explora-
tion of the interference mechanisms of multi-component
coexistence in real food matrices (Fig. 9B-D). In the study by
Li et al.,"” the evaluation of the advantages and disadvantages
of CARS-ELM and siPLS-ACO lacks a unified algorithmic
assessment standard. Furthermore, the impact of nano-
substrate stability and spectral reproducibility on model
generalization capability has not been
quantified.

It is noteworthy that several studies have attempted to break
through traditional paradigms. For instance, Hassan et al.®*

systematically
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established a rapid screening model for mercury ions by
combining wavenumber selection with the signal response
mechanism of SERS probes, demonstrating the role of chemo-
metrics in optimizing signal utilization within specific wave-
length intervals. Guo et al.'* designed an aptamer-regulated
nanoparticle generation kinetics approach, converting target
concentration into quantifiable SERS signal generation rates.
This coupling of signal transduction mechanisms with che-
mometrics provides a novel strategy for complex matrix detec-
tion. Meanwhile, Guo et al.''® combined BPANN with PCA-LDA,
showcasing the synergistic innovation of deep learning and
traditional pattern recognition methods. Nevertheless, these
innovations have yet to address the fundamental challenge of
establishing a universal “SERS-chemometrics” collaborative
theoretical framework, rather than case-specific optimization
for single targets. Future efforts should focus on the model
transferability across different substances and matrices, as well
as the lightweight design of algorithms for real-time detection
scenarios.

SERS-based colorimetry

Colorimetry, as a classical analytical technique, is based on the
core mechanism of optical signal changes induced by specific
interactions between target analytes and chromogenic reagents,
typically manifested as observable changes in solution color or
absorbance. Its principles can be divided into two categories:
one is based on chemical reactions generating colored products
(e.g., metal ions forming characteristic absorption peaks
through complexation with organic ligands), and the other
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relies on the LSPR effect of nanomaterials. The latter is partic-
ularly important, as the LSPR wavelength of gold/silver nano-
particles undergoes significant shifts due to changes in particle
size, morphology, or aggregation state, and this color change
can be quantitatively correlated with target concentration
through visual observation or UV-vis spectroscopy. Its sensi-
tivity depends on the surface modification strategies and
aggregation kinetics of nanoparticles, but traditional colorim-
etry often faces insufficient sensitivity for low-concentration
analytes due to limitations in optical resolution.

The integration of colorimetry with SERS enables the
construction of dual-modal sensing platforms. This combina-
tion is typically realized by designing functional nanoprobes.
When the target analyte is present, it induces nanoparticle
aggregation or dispersion to generate colorimetric signals,
while simultaneously triggering strong SERS effects in the “hot
spots” formed by aggregation.

At present, user-friendly colorimetry is more preferred for
on-site monitoring due to the fact that color change is easy to
observe and capture.’***” SERS-based colorimetric technology,
as a novel optical detection technique, is increasingly popular in
the identification of chemical pollutants due to its advantages
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such as rapidity, readable absorption spectra, low cost, and on-
site testing.’*?®

For example, Song et al.**® designed Au@AgPt octahedral
core-shell nanoparticles, which achieved colorimetric detection
of Hg?* through the peroxidase-like activity of the Pt shell
catalyzing chromogenic reactions, while utilizing the SERS
activity of the Au core for ultrasensitive quantification,
demonstrating the unique advantages of heterostructured
nanomaterials in dual-modal sensing (Fig. 10A). Similarly, Dai
et al.™** developed MnO,@AuNPs@aptamer (Apt) probes, where
aptamer-mediated bacterial capture enhanced oxidase activity
to generate colorimetric signals, while nanoparticle aggregation
formed SERS “hot spots” for highly specific recognition. This
coupling of biological functionalization with nanozyme activity
is a typical paradigm for dual-modal integration (Fig. 10B).

Wu et al™' innovatively integrated magnetic Fe;O,@Au
nanoprobes into an immunochromatographic platform,
utilizing magnetic enrichment to enhance target capture effi-
ciency and triggering both colorimetric (LSPR color change) and
SERS (Raman tag signal amplification) responses through the
Au shell, achieving “one-step enrichment-dual-mode output”
for instant detection (Fig. 11A). Zhang et al,** through the
synergistic effect of EXPAR nucleic acid amplification and
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Fig. 10 (A) Schematic illustration of the preparation of Au@AgPt@MCH and the colorimetric/SERS sensing strategy for Hg?*.22° (B) Schematic
diagram of MnO,@AuUNP synthesis and the mechanism of specific S. aureus detection *3°

This journal is © The Royal Society of Chemistry 2025

Anal. Methods, 2025, 17, 3083-3110 | 3095


https://doi.org/10.1039/d5ay00292c

Published on 27 Méarz 2025. Downloaded on 12.06.2026 22:44:16.

Analytical Methods

|

|

| <& PB P+ Ao, Aptamer
|

|

|
— I
’/ \\ TEOS /4 R\ APTES 1
\ ) 4 ’ P ———
AuNSs AuNSs@PB AUNSs@PB@AR Ao 4 / 2. H,PtClg )
MNPs Ms Ms@Au-PtNzs |
|
P_g |
o
______________________________ STX ° 2290 ™ Imprinting 1
” > j o/ S EE—
7"“/\0 Polymerization |
7~

N I

MS@Au-Pt NZs Monomers/Crosslinkers £
U I
,JLM«.AAJL._ |
|
|
|

300

Fig. 11

/' > st ch i o vho i 2t |y oy oy sy -
Raman detection Ej Ej 8 8 8 W—
S = [l . 2. TMB/H,0,
N 600 900 1200 1500 1800 2100

View Article Online

Critical Review

s1 . R :_7“7“
s \\\ Amplicon DNA \”\ | >
¥ % & ‘,"’;
S ot 2 5
L EXRAR .- S eh
- TMB@DNANOF:
Vent(exo)DNAY ,#7 NeBstNBI o T™E@ s

Polymerase L g 7 Fey0@MOFs-GNS-CP
X

1. Au NPs 3 N7

High — MS@Au-Pt/MIP

(A) Schematic of (a) the synthesis process of Mag@Au/DTNB NPs, (b) the coupling process of Mag@Au/DTNB NPs with antibodies, and (c)

the detection principle based on dual-readout Mag@Au-ICA for the simultaneous detection of CLE and RAC.*** (B) Principle of the dual-mode
biosensor.**? (C) Schematic diagram of (a) AuNSs@PB@Ag-Apt, (b) the preparation process of F-MNPs-ConA, and (c) SERS/colorimetric dual-
mode intelligent biosensor for the detection of S. aureus.™* (D) Schematic presentation of the MIDM method for the detection of STX. Prep-

aration of magnetic nanozymes (MS@Au—-Pt NZs) and MS@Au-Pt/MIP
colorimetric assay and Raman method.***

bimetallic nanozymes (core-satellite structures), converted
single target molecules into multiple catalytic signals, thereby
constructing an ultrasensitive dual-modal sensing system with
a dynamic range spanning six orders of magnitude (Fig. 11B).

In terms of probe engineering, researchers have addressed
signal interference through multi-level structural optimization.
Zhao et al.'* constructed AuUNSs@PB@Ag-Apt probes, embed-
ding Prussian blue (PB) between the gold core and silver shell,
leveraging PB's zero-background signal characteristics in the
Raman silent region (2070 cm™ ") to effectively avoid spectral
overlap interference in complex matrices (Fig. 11C). Meanwhile,
Wu et al.®®* designed MS@Au-Pt/MIP magnetic nanozymes,
selectively capturing toxins through molecularly imprinted
(MIP) cavities and synchronously regulating TMB chromogenic
reactions and oxIMB Raman responses based on catalytic
activity inhibition mechanisms, achieving logic detection with
inversely correlated dual signals, providing a new approach for
anti-interference detection (Fig. 11D).

While current SERS-colorimetric dual-modal sensing tech-
nology has achieved significant progress in signal comple-
mentarity, functional integration, and environmental
adaptability, its further development still confronts critical
scientific challenges. Primarily, the synergistic interaction
between LSPR and EM field enhancement effects in nanoprobes
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for magnetic separation and dual-mode detection of STX using the

remains constrained by structural compatibility at material
interfaces. Secondly, optical interference across signal channels
during multi-target detection persists as an unresolved issue.
Furthermore, differential attenuation phenomena of dual-
modal signals under complex environmental conditions
substantially compromise detection reliability. To address these
challenges, future research should pursue collaborative inno-
vation between probe design and signal interpretation.

SERS-based fluorescence

Fluorescence analysis is based on the physical process in which
molecules or nanomaterials, upon excitation by light of
a specific wavelength, undergo electronic transitions from the
ground state to the excited state and emit light of characteristic
wavelengths upon returning to the ground state. Its mecha-
nisms can be divided into two categories: intrinsic fluorescence
(e.g., spontaneous fluorescence of aromatic compounds and
certain metal complexes) and extrinsic fluorescence (achieved
through labeling with fluorescent dyes or quantum dots).
Fluorescence intensity is positively correlated with target
concentration, and the Stokes shift property effectively sepa-
rates excitation and emission spectra, avoiding background
interference. However, traditional fluorescence methods are
susceptible to photobleaching, scattered light interference, and
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limitations from autofluorescence in complex matrices, espe-
cially facing sensitivity bottlenecks in low-concentration detec-
tion. In terms of detection sensitivity, fluorescence technology
itself possesses high sensitivity, capable of responding to low
concentrations of analytes. Fluorescent biosensors use fluores-
cent substances as sensing elements. They achieve quantitative
analysis of target substances via fluorescence intensity changes,
offering advantages like simple operation, high sensitivity,
speed, precision, and selectivity.'*

In recent years, scholars have optimized the detection
performance of traditional fluorescence methods using nano-
materials such as nano-labels. For example, Zhang et al.**®
innovatively combined microplate quantification with nitro-
cellulose membrane visual detection through quantum dot-
labeled antibody-based dual-mode fluorescence immunoassay
(FLISA), leveraging the high photostability of quantum dots to
overcome the photobleaching defects of traditional organic
dyes. Xue et al.**” developed a fluorescent biosensor based on
immunomagnetic nanoparticles and quantum dot probes,
rapidly enriching target bacteria through high-gradient
magnetic fields and significantly improving the capture effi-
ciency of low-concentration bacteria combined with large-
volume sample processing capabilities, providing a new
strategy for pathogen screening in complex food matrices. Duan
et al™® took a different approach by coupling Salmonella
typhimurium aptamers with the ¢ subunit of F,F;-ATPase, con-
verting bacterial binding into enzyme rotational kinetic
changes and achieving label-free detection through fluores-
cence signal attenuation induced by proton flux disturbance.
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mechanism breaks through the probe interference limitations
of traditional labeling methods.

Some scholars have combined fluorescence with SERS,
achieving signal complementarity and cross-validation through
synergistic design of nanoprobes. The core strategy lies in
utilizing the dual functions of plasmonic nanostructures. On
one hand, the LSPR effect of noble metal nanoparticles can
modulate the radiative decay rate of fluorescence signals, such
as achieving fluorescence enhancement (metal-enhanced fluo-
rescence, MEF) or quenching (fluorescence resonance energy
transfer, FRET) through distance regulation between the metal
and fluorophores. On the other hand, “hot spots” formed by
nanoparticle aggregation or surface roughening can signifi-
cantly enhance the Raman signals of adsorbed molecules.
Additionally, target-induced conformational changes in probes
can simultaneously alter fluorescence and SERS responses. For
example, aptamer-modified Ag nanoclusters exhibit fluores-
cence quenching due to structural rearrangement upon binding
specific antibiotics, while the exposed Ag surface adsorbs
Raman reporter molecules to generate specific SERS fingerprint
peaks. This “one rises, the other falls” dual-signal logic rela-
tionship significantly improves detection reliability.

For instance, Rong et al.** coupled upconversion nano-
particles (UCNPs) with AuNPs, leveraging the anti-Stokes
emission properties of UCNPs to avoid background fluores-
cence interference, while AuNPs served as SERS substrates to
enhance Raman signals after aptamer recognition. This heter-
ostructure design endowed the detection of phthalate esters
(PAEs) with both high sensitivity and anti-matrix interference
capabilities (Fig. 12A). Similarly, Gao et al'*® constructed
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(A) Schematic illustration of the fluorescence and SERS bimodal nanosensor for PAEs.**® (B) Schematic representation of the aptasensor

based on gold nanoparticles and magnetic nanoparticles for the detection of AFB,.24° (C) Analytical principle of the CdTe QD satellite FA-CdTe
material for dual-mode fluorescence-SERS determination of UO,2* %1 (D) Schematic illustration of the TC detection mechanism using the dual-

mode nanoprobes.*4?
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AuNPs-MNP composite probes, where the synergistic effect of
FRET and SERS effects simultaneously triggered fluorescence
quenching and Raman signal enhancement upon binding of
AFB, to aptamers. The inversely correlated dual signals signif-
icantly improved detection specificity (Fig. 12B).

In terms of probe engineering, researchers have achieved
spatial signal separation through hierarchical structural opti-
mization. Sun et al.™** developed Fe;0,@SiO,@Au-CdTe core—-
satellite structures, utilizing the specific quenching of CdTe
quantum dots' fluorescence response to uranyl ions (UO,*"),
while the Au shell enhanced the characteristic Raman peaks of
uranyl. This “fluorescence-SERS domain-separated response”
mechanism effectively avoided spectral crosstalk (Fig. 12C).
Meanwhile, Qi et al.*** designed Ag@NH,-MIL-101(Al) nanop-
robes, achieving fluorescence signal turn-off through the inner
filter effect of metal-organic frameworks (MOFs), while -7
interactions between tetracyclines (TCs) and the probes trig-
gered SERS signal turn-on, demonstrating chemically driven
dual-modal logic sensing (Fig. 12D).

From the above discussions, it is evident that these studies
have made progress in signal complementarity, multifunctional
probes, and anti-interference capabilities. However, the prac-
tical application of this technology still faces multiple chal-
lenges. Firstly, complex synthesis processes, such as core-shell
structures, MOF encapsulation, or magnetic composite probes,
limit the feasibility of mass production. Secondly, the intensity
of fluorescence and SERS signals is easily affected by environ-
mental factors (e.g., pH and ionic strength), potentially causing
dual-modal signal calibration deviations. Additionally,
competitive adsorption of multiple components in food
matrices may weaken the specificity of recognition elements on
the probe surface. Future efforts should focus on standardized
probe construction and deep learning-driven signal fusion
algorithms to overcome current technical bottlenecks and
promote the transition of this combined technology from the
laboratory to on-site detection.

SERS-based electrochemistry

EC detection is based on redox reactions initiated by target
analytes on the electrode surface, achieving quantitative anal-
ysis by measuring changes in electrical signals such as current,
potential, or conductivity. Its core mechanisms can be divided
into two categories: direct electrochemistry (where the target
itself participates in electron transfer) and indirect electro-
chemistry (where electron transfer is mediated by labels or
nanomaterials, such as enzyme-catalyzed reactions generating
electroactive substances). For example, in amperometry, the
oxidation or reduction current of the target under a constant
potential is linearly related to its concentration. EC impedance
spectroscopy (EIS) reflects biological recognition by analyzing
changes in charge transfer resistance at the electrode interface.

EC sensors are among the most used sensors, offering
advantages such as high sensitivity, ease of operation, and low
detection costs.”*® The main types include voltammetric
sensors,'** potentiometric sensors,*® and impedance-based
sensors.”® To enhance the sensitivity of the electrical signal
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response and reduce the detection limit, materials such as
metals, multi-walled carbon nanotubes, and other inorganic
materials, organic materials like MOFs,**'*” and various bio-
based materials are often used to modify the working elec-
trode, meeting the needs of contaminant detection in complex
food samples™*'* and acquiring information on plant growth
status in a timely manner.”*®* In recent years, flexible
substrates that are deformable and adaptable to different forms
and surfaces have received increasing attention in the field of
EC sensors.'?>'%?

The core strategies for synergistic design of electrode surface
functionalization and biological recognition elements can be
summarized into three categories: nanomaterial engineering,
biomolecular recognition, and diversification of signal ampli-
fication mechanisms.

In nanomaterial engineering, researchers optimize electrode
interface performance by introducing nanostructures with high
conductivity and catalytic activity. For example, Zahirifar et al.*>*
used carbon nanotube-modified carbon paste electrodes to
enhance the adsorption capacity of diazinon through their high
specific surface area. Wang et al.**® developed UiO-66-NH,®@-
MWCNT composites, synergistically improving cadmium ion
detection efficiency through the porous properties of MOFs and
the conductivity of carbon nanotubes. Qin et al**® modified
electrodes with Eu®*'-doped Zn-MOF ultrathin nanosheets,
leveraging the enrichment effect of MOFs and the fluorescence
properties of rare earth ions to enhance the electron transfer
efficiency of 2,6-dichloro-4-nitroaniline. Prabhu et al*” con-
structed a highly sensitive EC sensing interface for a-naph-
thaleneacetic acid through the synergistic conductive-catalytic
effects of multi-walled carbon nanotubes and Ca-ZnO
composites. Meanwhile, Li et al.**® designed a ternary nano-
composite of Au@Pt/CNHs@RGO, enhancing the oxidation
response of carbendazim through the synergistic catalytic
effects of noble metals and carbon-based materials. Although
such nanocomposite modification strategies effectively improve
sensor sensitivity, the complexity of their preparation processes
and batch-to-batch material stability remain bottlenecks for
practical applications (Table 4).

In the field of biomolecular recognition, researchers have
significantly improved sensor selectivity by integrating specific
elements such as DNAzymes, aptamers, and antibodies. Zhang
et al.™ achieved specific recognition of trace lead in leafy
vegetables by combining lead ion-dependent DNAzymes with
porphyrin-functionalized MOFs. Zhang et al.** developed an
aptamer sensor based on Hg”"-induced DNA conformational
changes, regulating electron transfer at the electrode interface
through mercury ion-mediated DNA hairpin structural changes.
Liu et al.*** accelerated the binding kinetics of mercury ions to
DNA probes through an electric field-induced pre-enrichment
strategy, reducing detection time while improving sensitivity.
Zhu et al.*® constructed a label-free ratiometric EC aptamer
sensor based on hybridization chain reactions, reducing matrix
interference in aflatoxin B; detection through a self-calibration
mechanism. The innovation in such biological recognition
strategies lies in the coupling design of molecular recognition
and signal transduction. For example, Huang et al.*® combined
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Table 4 Application summary of EC sensors modified with various materials for the detection of food hazards

Modified materials Analyte

Detection matrix Detection limit Reference

Diazinon
Cadmium ions

Carbon nanotubes
Ui0-66-NH,@MWCNTSs
Eu**@Zn-MOF-NS ultrathin nanosheets
MWNTs and Ca-ZnO composite materials
Au@Pt/CNHs@RGO

a-Naphthylacetic acid
Carbendazim

DNA conformational changes with the biomimetic catalysis of
PorMOF, controlling signal amplification by regulating the
distance between catalytic active sites and the electrode through
silver ion-induced DNA folding. However, the environmental
stability of biological recognition elements and non-specific
adsorption in complex food matrices still need further
resolution.

The diversification of signal amplification mechanisms is
another notable trend. Liu et al.*** developed an EC-PEC dual-
modal ratiometric sensor, improving the reliability of patulin
detection through mutual verification of photoelectrochemical
(PEC) and EC signals. Li et al.*** combined conductive hydrogels
with LSPR, enhancing the oxidation current of methylene blue
through photoexcitation for ultrasensitive detection of aflatoxin
B,. Murasova et al.**® converted bacterial capture events into EC
release signals of metal ions through cascade signal amplifi-
cation using quantum dot-labeled antibodies and dendritic
polymers. Zhu et al.**” prepared highly specific monoclonal
antibodies through cell fusion technology, constructing an EC
immunosensor using a competitive immunoassay strategy, with
a wide dynamic range and low detection limit suitable for
precise monitoring of trace contaminants in complex food
matrices. These strategies break through the dynamic range
limitations of traditional EC detection through physico-
chemical synergistic amplification mechanisms, but the inte-
gration of multiple components also increases the complexity of
sensor design and operation.

The combination of electrochemistry with SERS offers
significant advantages in the field of analytical detection. On
one hand, it enhances detection sensitivity: SERS can greatly
amplify Raman signals, and the EC process can modulate the
surface properties of the substrate by altering the electrode
potential, synergistically further amplifying the signal with
SERS. Additionally, controlling the potential can enrich target
analytes on the electrode surface, thereby increasing the
intensity of the SERS signal. On the other hand, it improves
detection selectivity: EC-induced specific reactions screen for
the target substances, and potential control can modulate the
adsorption of different substances. Moreover, it enables in situ
and real-time monitoring, dynamically tracking the EC reaction
for dynamic analysis. This combined technology also expands
the detection range, activating inherently difficult-to-detect
inert molecules, and adapts to various special systems. It also
simplifies the detection process, eliminating the need for
complex pretreatment of some samples.

For example, Han et al.'® combined EC self-assembly with
diazo reactions, optimizing the distribution density of AuNPs

This journal is © The Royal Society of Chemistry 2025

2,6-Dichloro-4-nitroaniline

Fruits and vegetables 4.5 x10 " mol L* 154
Meat 02pgL* 155
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Fruits and vegetables 2.5 x 10 " mol L™* 157
Fruit and vegetable juices 1.64 x 107" mol L* 158

on the electrode surface to simultaneously enhance the SERS
signal and EC response of nitrite, constructing an integrated
sensing interface for “in situ reaction-dual-mode detection”
(Fig. 13A). Tang et al.'® enhanced the van der Waals forces
between acetamiprid (AAP) and AgNPs by applying a potential of
—0.7 V, increasing the SERS signal by 5-fold, and revealed the
regulatory mechanism of the electric field on molecular
adsorption behavior using density functional theory (DFT)
(Fig. 13B). Similarly, Wu et al.’’® utilized electrodeposition to
grow AuNPs in situ on indium tin oxide (ITO) electrodes,
applying a potential of +0.3 V to increase the SERS intensity of
AAP by 4-fold, while verifying the influence of molecular
adsorption orientation on Raman signals under an electric field
through DFT simulations (Fig. 13C). Tang et al.'* further
designed Ag@sSiO, core-shell nanospheres as SERS substrates,
enhancing the characteristic peak intensity by 4.3-fold through
strengthened intermolecular forces at a potential of —0.5 V,
while improving substrate stability by protecting the nano-
structured silver with a SiO, dielectric layer (Fig. 13D).

These studies break through the sensitivity limitations of
traditional SERS detection by precisely controlling electrode
potential to enhance target adsorption or alter molecule-
substrate interactions. Integrating the EC cell with Raman
detection enables real-time monitoring of signal evolution
under potential regulation, simplifying the operational process.
Simultaneously, DFT calculations provide theoretical support
for the signal enhancement mechanism by analyzing the
influence of the electric field on molecular adsorption config-
urations. Additionally, the reliability of detection is validated
through HPLC-MS comparisons. However, these strategies may
face new challenges: potential application may cause structural
reconstruction of nano-substrates (e.g., oxidation of AgNPs),
leading to decreased SERS signal stability.

SERS-based molecularly imprinted polymers

Molecular imprinting technology (MIT) is a chemical synthesis
method based on the principle of biomimetic recognition, with
its core being the synthesis of polymer materials (MIPs) with
specific recognition sites under the guidance of template
molecules. Its principle is like the “lock and key” specific
recognition mechanism between enzymes and substrates or
antibodies and antigens in nature. Initially, template molecules
form complexes with functional monomers through non-
covalent or covalent interactions. Subsequently, polymeriza-
tion occurs in the presence of cross-linkers and initiators,
forming a highly cross-linked polymer network.'”> The template
molecules are then eluted from the polymer, leaving cavities

Anal. Methods, 2025, 17, 3083-3110 | 3099
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Fig. 13 (A) Schematic representation of the developed SERS sensing strategy for nitrite detection.**® (B) The schematic presentation of the
strategy for EC-SERS detection of AAP using SPE modified with AgNPs (SERS enhancement at —0.7 V and DFT model).**® (C) Schematic
presentation of the preparation of the AuUNPs/ITO SERS substrate and EC-SERS detection of AAP with an applied potential at +0.3 V.*”° (D)
Schematic presentation of EC-SERS involved in the preparation of Ag@SiO,NPs, the incubation of AAP with the substrate and the enhanced

detection of AAP at —0.5 V.**

complementary to the template molecules in shape, size, and
chemical groups. These cavities selectively recognize template
molecules and their analogs, enabling specific binding with
target molecules.””>"* The performance of MIPs is synergisti-
cally regulated by the structure of the template molecule, the
ratio of functional monomers, the type of cross-linker, and the
solvent environment. Their selectivity and binding capacity
essentially stem from the stereo-complementarity of molecular
recognition cavities and the specific interactions between
functional groups and target molecules. Due to its high selec-
tivity, stability, and reproducibility, molecular imprinting
technology has been widely applied in various fields such as
food detection, drug analysis, environmental monitoring, and
biomedicine."”>'7

Research on the application of molecular imprinting tech-
nology in food detection has demonstrated its potential to
address the detection of target analytes in complex matrices
through multidimensional innovations. For example, the
virtual template strategy proposed by Zhang et al.'”® effectively
avoids interference from template molecule residues, but the
universality of its conformational simulation of template
molecules and its selectivity in more complex food systems still
require further validation (Fig. 14A). The imprinted membrane
constructed by Dong et al.*”” through synergistic modification of
functional materials and click chemistry achieves high
adsorption capacity while improving anti-fouling properties,
but the long-term stability of the membrane material and the
feasibility of large-scale preparation have not been

3100 | Anal. Methodss, 2025, 17, 3083-3110

systematically studied, potentially limiting its practical indus-
trial application (Fig. 14B). Su et al."’® and Yang et al."”® signif-
icantly improved detection sensitivity using radiometric
sensing (Fig. 14C) and nanocomposite probe strategies
(Fig. 14D), respectively. However, the former relies on an indi-
rect detection mechanism based on metal ion redox reactions,
which may be interfered with by coexisting oxidizing
substances, while the latter's sensor preparation process based
on the sol-gel method is relatively complex, both posing chal-
lenges to method standardization.

Some scholars have attempted to integrate MIT with EC and
fluorescence techniques. For example, when MIT is combined
with electrochemistry (e.g., GO/AgNPs-MIPs by Qin et al.*** and
Au@MIP membranes by Han et al.'®), sensing interfaces are
constructed using nanocomposite materials, significantly
enhancing detection sensitivity through EC signal amplification
while leveraging the selective enrichment of MIT to reduce non-
specific adsorption in electrochemistry. However, insufficient
research on the stability and long-term reusability of the
imprinted layer on the electrode surface may affect persistent
detection performance in practical 180181 T
fluorescence-MIT integration direction (e.g., carbon dot-MIP
composite probes by Liu et al.'® and ratiometric fluorescence
sensors by Li et al.'®¥), “switch-type” signal responses or dual-
channel self-calibration strategies retain the high selectivity of
MIT while avoiding background interference in fluorescence
detection, even enabling rapid visual screening.*****” (Fig. 15A-
F). However, the long-term effects of the photostability of

scenarios.
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GLY complex is well formed.*”® (D) Schematic diagram of the MIP preparation process.'”®

fluorescent probes and endogenous fluorescence interference precise detection of target analytes in complex matrices through
in complex matrices have not been systematically validated. the synergistic effects of selective enrichment and signal

Compared to electrochemistry and fluorescence, the inte- amplification. The high sensitivity and fingerprint recognition
gration of MIT with SERS provides a new approach for the characteristics of SERS effectively compensate for the
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Fig. 15 (A) Illustration of the preparation of MIP-coated CDs.*®? (B) Schematic illustration for the preparation of SiO,-MPTMS@FMIPs.*# (C)
Schematic procedure for the preparation of SiO,@QDs@MIPs.*# (D) Flow chart of the preparation of N-CDs@mMIPs.*%¢ (E) Schematic illustration
of the preparation of turn-on MIFS and detection of HRP based on boronate affinity sandwich assay and nanoparticle signal amplification.*®” (F)
Schematic illustration for the one-pot preparation process of a nanoscale core—shell structured FA imprinted ratiometric fluorescence sensor
(namely FL-MIPs) and possible detection principle.*®®
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limitations of MIT in trace detection, while the selective
enrichment of MIT can suppress non-specific adsorption
interference in SERS. For example, when SERS-active substrates
are integrated with MIT layers, MIT can directionally capture
target molecules and enrich them in SERS “hot spots,”
achieving ultrasensitive detection through Raman signal
amplification (e.g, Li et al.**® rapidly detected pesticide residues
in apples using magnetic MMIP-SERS) (Fig. 16A). Ju et al.'®
prepared imprinted polymers using precipitation polymeriza-
tion (Fig. 16B), Guo et al."° designed flexible A u@AgNCs/PDMS-
MIP arrays (Fig. 16C), and Hui et al.*** proposed a magnetic
solid-phase extraction-SERS integration strategy, further
expanding the application potential of this technology in on-site
food screening (Fig. 16D).

The core of such integrated technologies lies in the inte-
gration strategies of MIT and SERS substrates, mainly including
surface modification, in situ synthesis, template methods,
magnetic nanoparticle methods, and flexible substrate
methods. For example, Kim et al**> synthesized MIT-SERS
composite substrates in situ on flexible cellulose nanofibers
using polymer micelle EC deposition, while Xie et al.'®® con-
structed 3D Au@PDMS substrates through self-assembly and
modified them with MIT layers. These methods balance selec-
tivity and signal intensity by optimizing interface structures
(e.g., controlling MIT layer thickness and SERS-active site
distribution), significantly improving detection sensitivity and
anti-interference capabilities.

Nevertheless, the integration of MIT-SERS still faces chal-
lenges. Firstly, MIT layers may obscure SERS-active sites,
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requiring precise control of material micro-nano structures.
Secondly, most current studies focus on single targets, lacking
validation for simultaneous detection of multiple contami-
nants. Finally, the batch stability of substrates, suppression of
complex matrix interference, and cost control in practical
applications still require systematic optimization. Future
research should focus on precise control of material micro-
nano structures, multi-template imprinting strategies, and
standardized signal calibration methods to promote the
substantial transition of MIT-SERS from laboratory innovation
to industrial applications.

Notably, MIP-based SERS sensors not only excel in food
detection but also provide potential solutions for biomedical
applications due to their high sensitivity and anti-interference
properties. Arabi et al.'”® achieved absolute recognition of
chiral molecules using an “inspector” recognition mechanism
(IRM) based on the permeability changes of polydopamine
(PDA) imprinted layers, eliminating the reliance on molecular
structures in traditional methods. Chen et al.*** focused on
large-size protein detection, achieving precise quantification by
dynamically monitoring the state of imprinted cavities to
suppress non-specific adsorption. Arabi et al'®* developed
a label-free universal sensor, where target proteins block signal
pathways, resulting in a negative correlation between SERS
signals and concentration, achieving ultrasensitive detection in
complex biological samples. These strategies, through dynamic
signal regulation and multi-level structural innovation, provide
highly sensitive and specific detection platforms for disease
marker analysis and drug chiral recognition.
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SERS-based microfluidic chip

Microfluidic technology is based on the precise manipulation of
fluids within micro-scale channels, with its core principles
involving laminar flow effects, capillary actions dominated by
surface tension, and enhanced diffusive mass transfer. At the
microscale, the Reynolds number of fluids is extremely low
(typically Re < 1), where viscous forces dominate inertial forces,
resulting in stable laminar flow. This ensures that the mixing of
samples and reagents primarily relies on diffusion rather than
turbulence, enabling controlled mass transfer processes.
Microfluidic chips are fabricated using techniques such as
photolithography, soft lithography, or 3D printing, integrating
microvalves, micropumps, and detection units to achieve
automated sample injections, separation, reaction, and detec-
tion. Its mechanism can be summarized as “miniaturization,
integration, and automation.” The advantages of this tech-
nology include high-throughput analysis, low reagent
consumption (nanoliter to microliter scale), and rapid reaction
kinetics, but it faces challenges such as channel clogging,
surface  contamination, and
processes.®

Compared to label-free SERS detection, label-dependent
SERS biosensors can offer a very low LOD, but they still
require relatively complex operational procedures at the
expense of smaller equipment, which has been gradually
improved by microfluidic chips.®* The combination of SERS and
microfluidic technology can address multiple issues. First, in
terms of sample handling and analysis efficiency, microfluidic
technology can precisely manipulate microsamples, combined
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with the high sensitivity of SERS, improving sample utilization
and accelerating the mixing reaction of samples and reagents in
microchannels for rapid analysis. Second, in terms of detection
sensitivity and stability, microfluidic systems can precisely
control environmental conditions, enhancing the stability and
repeatability of SERS signals, and can precisely mix nano-
materials with samples to optimize “hot spot” formation,
thereby improving detection sensitivity. Third, for multiplex
detection and high-throughput analysis, the multi-channel
structure of microfluidic chips can perform SERS detection on
different target substances simultaneously, combined with
automated operations and the rapid detection capability of
SERS, to achieve high-throughput analysis. Finally, in terms of
portability and on-site detection capability, microfluidic tech-
nology contributes to the miniaturization of equipment and can
be combined with SERS to develop portable devices, meeting
the needs for rapid and real-time on-site detection and saving
time costs.

The core mechanism of integrating SERS with microfluidic
technology lies in the in situ construction of SERS-active
substrates and the enhancement of dynamic regulation capa-
bilities for target analytes by microfluidics. For example, Yan
et al.*” generated silver nanostructures in situ through a one-
step replacement reaction within microfluidic channels,
utilizing the reaction time gradient controlled by laminar flow
to regulate the size distribution of nanoparticles. This resulted
in the formation of optimal SERS hotspots 2 mm from the
channel inlet, enabling rapid and highly sensitive detection of
mercury ions. This strategy significantly simplifies the prepa-
ration process of traditional SERS substrates (Fig. 17A).
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Fig. 17 (A) A schematic of a microfluidics-assisted SERS sensor.*” (B) Schematic diagram of a microfluidic system combining SERS with
a microfluidic system for the determination of glyphosate in tap water.**® (C) Diagram of the SERS nanosensor integrated with a microfluidic chip
based on Au@Ag HNSs for GSM detection.’*® (D) The preparation of gold nanostar@4-mercaptobenzoic acid@goldnanoshell structures
(AUNS@4-MBA@AU) and their utility in combination with CRISPR/Casl2a for SERS-based bacterial detection for both in-tube and pPAD
detection. DNA1 and DNA2 were colored in blue and red, respectively, and linker ssDNA in green.*
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Similarly, Gong et al.*® designed a herringbone-shaped micro-
fluidic channel to optimize the contact efficiency between
Au@Ag hollow nanoshells (Au@Ag HNSs) and geosmin (GSM)
by adjusting the flow rate and channel length. The high surface
charge density and cavity structure synergistically enhanced the
Raman signal. Meanwhile, the fluid shear force in microfluidics
prevented nanoparticle aggregation, ensuring detection repro-
ducibility (Fig. 17B).

In terms of complex sample processing, Emonds-Alt et al.*®
integrated the synthesis of SERS substrates for glyphosate
detection and the detection process into a single microfluidic
system. By optimizing reaction parameters (e.g., mixing time
and pH) using experimental design methods, the diffusion-
dominated mass transfer characteristics of microchannels
enhanced the binding efficiency between target analytes and
substrates (Fig. 17C).

The rapidly evolving clustered regularly interspaced short
palindromic repeat (CRISPR)-associated (CRISPR/Cas) system
has become an efficient toolbox to address the need for on-site
and time-effective detection.>® Zhuang et al.*** developed an
RPA-Cas12a-pPAD paper-based microfluidic chip, converting
nucleic acid signals of Salmonella into detectable SERS signals
through RPA isothermal amplification and the specific cleavage
activity of CRISPR/Cas12a (Fig. 17D). The porous cellulose fibers
not only served as fluid-driven carriers but also enriched
CRISPR-activated Raman reporter molecules through capillary
action, achieving ultrasensitive detection within 45 minutes.

These studies regulate the morphology and distribution of
nanostructures through channel geometry design and fluid
parameter control. Additionally, they leverage microscale effects
(e.g. enhanced diffusion and shear force-induced orientation) to
improve the interaction efficiency between target analytes and
hotspots. Efforts are also made to integrate nucleic acid
amplification, chemical reactions, and optical detection into
a single chip, reducing external operational interference.
However, the mechanical strength and long-term storage
stability of paper-based microfluidics are insufficient, poten-
tially affecting SERS signal consistency. The in situ synthesis of
metal nanostructures is susceptible to fluctuations in ionic
strength within the fluid, leading to uneven hotspot distribu-
tion. Furthermore, most studies are still limited to single-target
detection, lacking the capability for multi-component parallel
analysis. Future work should focus on developing program-
mable microfluidic-SERS platforms, combining deep learning
algorithms for multi-channel signal analysis to expand their
applicability in complex food matrices.

Others

Current technological innovations in the field of food safety
detection exhibit a significant trend toward multi-modal
sensing  integration and functional = material-driven
approaches, with commonalities reflected in the synergistic
design of nanomaterial engineering, biological recognition
elements, and intelligent response mechanisms to overcome
the limitations of traditional detection methods.>*> For
example, EIS technology enhances detection accuracy through
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characteristic frequency screening and data fusion: Li et al.”*
established a predictive model based on the strong correlation
between plant impedance spectral characteristic frequencies
and phosphorus content, while Sun et al.*** proposed a fish
freshness grading method based on the fusion of EIS parame-
ters and physicochemical indicators. Their multi-dimensional
data fusion strategy improved classification accuracy by 9.2-
15%.

Such studies highlight the potential of EIS in non-destructive
evaluation of food quality, but its practical application is still
limited by the universality of complex electrical models and the
influence of environmental temperature and humidity
fluctuations.

In the field of intelligent packaging, researchers have ach-
ieved visual monitoring of food spoilage through the combi-
nation of edible functional films and EC writing technology.
Zhai et al.>® developed a gelatin-gellan gum-RRA composite
film that indicates spoilage in milk and fish through pH-
responsive color changes, with EC writing functionality
enabling patterned information encoding on the packaging.
Yang et al****” integrated ammonia sensing, photostability,
and antibacterial functions through the synergistic design of
GN-ZnO nanoparticles and agar bilayer films, while enhancing
barrier properties using TiO,. These studies embody the inte-
grated design concept of “sensing-preservation-information
interaction,” but the mechanical strength and long-term
stability of edible films still require optimization, especially as
they are prone to material degradation under high temperature
and humidity conditions.

PEC sensors achieve ultrasensitive detection through pho-
togenerated carrier regulation and signal amplification strate-
gies.?®®?* Luo et al*'® constructed a ZnO-NGQD composite
material that enhanced PEC signals by 8.8 times for the trace
detection of ZEN. Du et al.*** developed an AgBr/Ti;C, Schottky
interface sensor that achieved picogram-level detection of
chlorpyrifos (0.33 pg L™") by improving light absorption and
charge separation efficiency. The ratiometric PEC immuno-
sensor of Meng et al.>*> and the photothermal-EC dual-modal
chip of Wang et al.®® further improved reliability through
signal self-calibration and multi-physical field responses.
However, PEC technology generally faces challenges such as
poor stability of photoelectrode materials (e.g., ZnO photo-
corrosion) and background interference in complex food
matrices. Lai et al.*** pioneered a zero-gate-voltage organic PEC
transistor aptasensor utilizing ZnO nanorod arrays, where
nanostructured interface engineering coupled with transistor
signal amplification enabled ultrasensitive detection of T-2
toxin. This approach demonstrated superior performance to
conventional PEC methods, validated by high recovery rates and
stability in complex milk matrices, offering a new bias-free
sensing platform for food safety monitoring.

In terms of innovative technological exploration, Zhang
et al.**®* developed a MOF-loaded antibacterial vanillin formu-
lation that achieves controlled release of phytochemicals
through humidity-triggered hydrogen bond breaking. Its
molecular implantation mechanism precisely disrupts bacterial
membrane structures and virulent gene transcription,
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providing a new approach for active packaging. The TiO,
nanopore membrane sensor of Huang et al.>*®, combined with
PCA and PLS models, achieved visual quantification of trime-
thylamine (TMA) in lamb, offering a non-invasive solution for
gas detection through a multi-color response strategy. Park
et al*" innovatively integrated acoustofluidics with SERS, using
acoustic radiation forces to directly enrich and arrange bacteria
in microchannels. By specifically labeling bacterial surface
biomarkers with antibody-conjugated SERS nanotags and
measuring population-averaged Raman signals under flow
conditions, they achieved rapid and highly reproducible quan-
titative detection of sepsis pathogens without the need for lysis
or culture, addressing the signal fluctuations caused by laser
focus volume limitations in traditional SERS detection.

Challenges and prospects

Based on the principles introduced and case analyses above, it
is necessary to combine SERS with fluorescence, colorimetry,
electrochemistry, microfluidics, MIPS, and other technologies.
This integration can enhance detection performance by
increasing sensitivity through different principles, accurately
detecting trace substances through complementary signal
enhancement mechanisms, and improving specificity by
leveraging the wunique recognition advantages of each
technology.

Despite the significant potential of SERS-integrated tech-
nologies in food safety detection, their practical application still
faces multiple challenges. Firstly, non-specific adsorption in
complex food matrices limits selectivity. For example, in
colorimetric-SERS dual-modal detection, surface modifications
of nanoprobes are easily interfered with by lipids or proteins,
leading to false-positive signals. Secondly, batch variability in
SERS substrates and the complexity of microfluidic chip
manufacturing processes make it difficult to standardize
detection results. Additionally, most existing technologies rely
on laboratory equipment, making it challenging to meet the
portability requirements for on-site rapid testing. To address
these bottlenecks, the emergence of many new technologies
offers potential breakthroughs.

For instance, using the recently developed CRISPR-Cas-
based nucleic acid detection system is a promising method.
In cancer diagnostics, CRISPR-Cas shows potential for highly
sensitive tumor marker detection, enabling early screening to
enhance cure rates and patient survival. CRISPR is a prokaryotic
immune system that provides adaptive immunity against
foreign nucleic acids, including phages and plasmids.**® It is
a complex system involving multiple genes, including Cas genes
and CRISPR arrays, which consist of repeats separated by
unique sequences called spacers. These spacers are derived
from viral or plasmid DNA encountered by bacteria and are
integrated into their genomes as a defense mechanism against
future invasions.?** Studies have shown that the combination of
CRISPR-Cas systems with SERS can significantly enhance
detection performance. For example, Kim et al>** achieved
simultaneous detection of multidrug-resistant bacteria (e.g.,
Staphylococcus aureus and Acinetobacter baumannii) without
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nucleic acid purification or amplification steps by integrating
the gene-specific recognition capability of CRISPR-Cas systems
with magnetic nanoparticle-targeted enrichment and SERS
signal amplification. They also utilized a three-dimensional
nanopillar array swab for on-site rapid capture and diagnosis.

The integration of microfluidic technology further promotes
detection automation. For instance, Xiong et al.**' integrated
bio-conjugated magnetic nanochains with dual functions of
active mixing and target capture into a planar microfluidic chip.
By using magnetic fields to drive the nanochains, they achieved
rapid liquid-phase mixing and specific biological separation
simultaneously, breaking through the limitations of traditional
solid-liquid interface diffusion and significantly enhancing
detection specificity.

The introduction of artificial intelligence technology further
optimizes data analysis. For example, Kim et al.?** designed
specifically functionalized SERS substrates (antibody-targeted
capture of amyloid-f and dipole interaction separation of
metabolites) to capture different biomarkers directionally. They
utilized deep learning to automatically extract key features from
complex spectra to eliminate biological fluid interference,
significantly improving detection specificity through feature
generalization and interpretability verification. In clinical
medicine, this contributes to enhanced diagnostic accuracy and
efficiency while reducing human errors. Furthermore, by
analyzing large-scale patient data, Al-assisted SERS detection
can identify novel biomarkers and disease association patterns,
offering insights into disease pathogenesis and informing the
development of innovative treatment strategies.

The development of flexible substrates is crucial for
advancing materials and biosensing fields. For instance, gra-
phene coated with nanoparticles has been used to fabricate
wearable optical sensors that measure human pulse and blood
oxygen levels through ambient light penetrating tissues,
providing a potential platform for healthcare monitoring.>*
Microneedle (MN) patches, composed of needle-like structures
and substrates, can penetrate the stratum corneum of plants®*
or humans*® in a minimally invasive manner. This technology
has been integrated with various detection methods such as
surface-enhanced Raman spectroscopy, EC sensing, and color-
imetric analysis to achieve in situ capture and precise analysis of
biochemical signals in complex environments.?* Yi et al.*
designed a stepped microneedle patch that integrates needle
tips penetrating the stratum corneum to detect internal pesti-
cide residues in agricultural products and a substrate contact-
ing the surface to capture external residues. Combined with the
rapid adsorption and SERS signal enhancement properties of
silver nanoparticles/hydrogels, they achieved simultaneous
minimally invasive detection of surface and internal pesticide
residues in agricultural products using a single device, over-
coming the limitations of traditional methods such as complex
operations and contamination risks during separate detection.
If microneedle structures can be directly formed on flexible
substrates, the difficulties of transferring microneedle struc-
tures to flexible substrates in traditional 3D printing can be
reduced, making the microneedle structures more integrated
and improving the stability and reliability of the process.
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In terms of performance enhancement, the development of
new SERS substrate materials, optimization of nanostructures,
combination with advanced molecular recognition technologies
such as aptamers and molecular imprinting, and the develop-
ment of effective signal amplification strategies are necessary to
achieve higher sensitivity and specificity for the precise detec-
tion of trace targets. In data analysis, the introduction of arti-
ficial intelligence algorithms and machine learning®® is
essential for real-time data analysis and interpretation and for
constructing automated detection processes, reducing human
operational errors and enabling on-site rapid detection. In the
future, breakthroughs in SERS-integrated technologies will rely
on ternary synergistic innovation involving nanotechnology,
biotechnology, and information technology. For example, MOF
materials loaded with CRISPR-Cas systems as “smart probes”
can simultaneously achieve target recognition and signal
amplification, while quantum computing-assisted spectral
analysis algorithms are expected to enhance detection
throughput. The integration of these technologies will not only
reshape food safety monitoring systems but also generate
profound social value in fields such as environmental gover-
nance and precision medicine.
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