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Abstract: Food safety concerns are becoming increasingly critical, as trace
contaminants such as antibiotic and pesticide residues, illicit additives, synthetic
colorants, and heavy metal pollutants pose significant risks to human health.
Developing rapid, sensitive, and cost-effective strategies for detecting these
substances in complex food matrices has therefore become a pressing challenge in
food safety monitoring. This review specifically focuses on food contaminants,
including antibiotic and pesticide residues, illegal additives, synthetic colorants,
and heavy-metal pollutants—that directly threaten food safety. Surface-enhanced
Raman scattering (SERS), with its molecular fingerprinting capability and ultrahigh
sensitivity, is widely regarded as a promising technique for this purpose.
Nevertheless, the practical deployment of noble-metal substrates has been limited
by high cost, poor stability, and reproducibility issues. In response, non-noble-metal
SERS substrates have recently attracted substantial attention as viable alternatives.
Their enhancement is dominated by chemical mechanisms (CM), where charge
transfer (CT), defect-state modulation, and heterostructure coupling act
synergistically to achieve signal amplification. Representative materials, including
metal oxides, transition-metal chalcogenides, carbon-based systems, and emerging
two-dimensional or hybrid structures, have exhibited distinct advantages in the
trace detection of diverse food contaminants. This review systematically
summarizes enhancement mechanisms, material categories, performance-
optimization strategies, and recent advances in the field. It further highlights current
challenges related to quantitative mechanistic understanding, substrate stability,
matrix interference, and lack of standardized protocols. Finally, future directions
are outlined, focusing on theory-guided material design, innovations in multimodal
detection, and the development of portable sensing platforms, thereby offering
systematic reference and scientific guidance for both fundamental research and
practical translation.
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1. Introduction

Food safety has become one of the most pressing global public health challenges. With the continuous
expansion of the food industry, increasing complexity in processing chains, and the globalization of supply
networks, the types and sources of food contaminants have grown increasingly diverse [1-4]. Trace-level
pollutants, including pesticide residues, misuse of veterinary drugs and antibiotics, illicit additives, environmental
toxins, and heavy metal ions, are frequently detected in food and production environments, posing serious risks to
consumer health and public safety [5—8]. To clarify the focus of this review, it should be noted that our discussion
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is limited to contaminant-related food-safety concerns, including chemical residues and pollutants that directly
threaten human health. Harmful compounds generated during thermal or other food-processing procedures (e.g.,
acrylamide, polycyclic aromatic hydrocarbons, heterocyclic amines), as well as biological or nutritional safety
issues, are beyond the scope of this article. Conventional analytical methods, such as high-performance liquid
chromatography (HPLC), gas chromatography (GC), inductively coupled plasma (ICP) and mass spectrometry—
coupled techniques (HPLC-MS/MS, GC-MS), provide excellent sensitivity and precision. However, their broader
application in food safety monitoring is constrained by inherent drawbacks, including long analysis times,
complicated operation, high equipment costs, and limited suitability for on-site testing. These limitations restrict
their ability to meet the urgent demand for rapid, low-cost, and portable detection approaches.

Surface-enhanced Raman scattering (SERS), a spectroscopic technique based on the amplification of
molecular vibrational signals, has emerged as a promising alternative for food contaminant detection due to its
high sensitivity, rapid response, and unique molecular fingerprinting capability [9]. Under ideal conditions, SERS
can achieve detection limits down to the single-molecule level while enabling non-destructive, in situ analysis
without the need for complex sample pretreatment [10,11]. Despite these advantages, the practical deployment of
SERS is largely hindered by the choice and fabrication of substrate materials. For decades, high-performance
SERS substrates have predominantly relied on noble-metal nanostructures, particularly gold (Au) and silver (Ag).
These materials produce intense localized electromagnetic fields through localized surface plasmon resonance
(LSPR), thereby significantly amplifying Raman scattering signals [12,13]. Importantly, noble-metal substrates
provide exceptionally strong electromagnetic enhancement, often reaching factors of 10°-10!°. Thus, their
enhancement efficiency remains the benchmark for high-sensitivity SERS detection. Their limitations arise not
from insufficient enhancement capability but primarily from issues such as environmental degradation (e.g., Ag
oxidation), insufficient long-term stability, high cost, and batch-to-batch reproducibility challenges, particularly
under complex food-matrix conditions. These factors collectively impede their large-scale and routine application
in food safety monitoring.

To address these challenges, non-noble-metal materials have recently emerged as an attractive research
direction for SERS substrates. Examples include semiconductor metal oxides (e.g., TiO2, M0oOs, ZnO) [14-17],
transition-metal chalcogenides (e.g., MoS,, WS,) [18,19], carbon-based materials (e.g., graphene, graphene
quantum dots) [20-22], as well as rapidly developing novel or hybrid structures such as MXenes and metal—
organic frameworks (MOFs) [23,24]. Compared with noble metals, these materials offer the advantages of lower
cost, environmental compatibility, and higher chemical stability. More importantly, their tunable band structures,
abundant surface defects, and adjustable carrier dynamics confer unique SERS enhancement properties.
Specifically, the chemical mechanisms (CM) enable non-noble-metal substrates to amplify molecular signals
effectively via charge-transfer (CT) processes between analytes and substrates, even in the absence of strong
electromagnetic hotspots [25,26]. Furthermore, the surface chemistry and band structures of these materials are
more easily engineered, providing opportunities for selective molecular adsorption and enhancement of specific
vibrational modes.

In recent years, substantial progress has been achieved through strategies such as defect engineering, doping
modulation, heterostructure construction, and photonic design, which have markedly improved the enhancement
performance of non-noble-metal substrates. In some cases, their signal intensities approach those of noble-metal
systems [27-29]. At the same time, these substrates have demonstrated excellent capability in detecting food
safety—related targets, including antibiotics, pesticides, illicit additives, food dyes, and heavy metal contaminants.
Notably, beyond enabling trace-level detection, non-noble-metal substrates exhibit superior molecular selectivity
and environmental adaptability in complex sample matrices. These attributes underscore their significant potential
for advancing practical SERS applications in food safety monitoring.

Despite significant progress, the development of non-noble metal SERS substrates continues to face several
critical challenges. A unified theoretical framework for their enhancement mechanisms has yet to be established,
hindering the quantitative assessment of different enhancement pathways. Moreover, issues related to material
stability and reproducibility remain unresolved, while signal interference and matrix effects are still difficult to
mitigate in complex food systems. To address these challenges, it is necessary to systematically review recent
advances in non-noble metal SERS substrates from four perspectives: enhancement mechanisms, material design,
performance optimization strategies, and practical applications.

This review provides a comprehensive summary of the underlying enhancement mechanisms and
representative pathways, categorizes different classes of materials and their structural features, analyzes key
strategies for improving SERS performance, and highlights progress in food safety detection. Finally, future
development directions are discussed. The overarching goal is to establish intrinsic links between material
structures and electronic behaviors, elucidate structure—performance relationships governing enhancement
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efficiency and detection capability, and offer systematic theoretical guidance and research strategies to promote
the practical application of non-noble metal SERS substrates (Figure 1).

Non-Noble Metal
SERS Substrate:

Figure 1. Schematic diagram of the construction strategy and application of semiconductor-based SERS for
detecting food contaminants.

2. SERS Enhancement Mechanisms

Although certain defect-rich or doped semiconductors exhibit plasmon-like oscillations, these resonances
typically lie in the mid-infrared region because of their relatively low free-carrier densities. Since SERS
measurements generally employ visible or near-infrared excitation, the incident photons are far off-resonance with
these semiconductor plasmons, resulting in only minimal field enhancement. Therefore, EM plays at most a weak,
secondary role in non-noble metal substrates, and cannot account for the orders-of-magnitude enhancement
characteristic of noble metal. The essence of SERS lies in its signal amplification mechanisms, which are generally
explained by two widely accepted theories: the electromagnetic mechanism (EM) and the chemical mechanism
(CM). For noble metal substrates, EM usually dominates, whereas in non-noble metal systems CM plays the
primary role. A comprehensive understanding of these mechanisms and their potential synergy is crucial for the
rational design of non-noble metal substrates and the optimization of their SERS performance.

2.1. Electromagnetic Mechanism (EM)

EM arises from the amplification of localized electric fields induced by LSPR. In noble metal nanostructures
(Au, Ag), resonance occurs when the incident light frequency matches the plasmon oscillation frequency of the
nanostructure, leading to intense localized fields and the formation of “hot spots” in nanogaps or sharp tips. These
hot spots can amplify Raman signals by several orders of magnitude [13,30]. In contrast, most non-noble metals,
particularly wide-bandgap semiconductors and transition metal compounds, intrinsically possess low free carrier
concentrations, which limits their ability to sustain strong plasmonic resonances. In fact, numerous studies have
shown that even heavily doped or oxygen-deficient oxides exhibit LSPR features predominantly in the infrared
region rather than in the visible range, resulting in negligible EM enhancement under common SERS excitation
wavelengths. Consequently, EM should generally be considered a secondary or minor contributor in most non-
noble SERS systems [9,14]. Nonetheless, their EM contribution can be substantially enhanced through deliberate
material engineering. For instance, defect introduction (e.g., oxygen or sulfur vacancies) can generate localized
states that increase carrier density, whereas aliovalent doping and non-stoichiometric phase regulation facilitate
the formation of delocalized electrons, which may in some cases lead to weak and highly localized plasmon-like
responses; however, these features often remain off-resonant with visible/NIR excitation and therefore contribute
only marginally to EM enhancement [25]. In addition, rational nanostructure design, such as the construction of sharp
edges, nanopores, or ordered arrays, can further concentrate localized electric fields and promote the formation of hot
spots, even in systems lacking classical LSPR. collectively, these strategies endow non-noble metal substrates with
appreciable EM enhancement capabilities, thereby expanding their potential for SERS applications.
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2.2. Chemical Mechanism (CM) and Charge Transfer Pathways

CM represents the dominant pathway in non-noble metal SERS. It originates from charge transfer (CT)
between adsorbed molecules and the substrate, which modifies the molecular polarizability or introduces new
optical resonance channels [31,32]. Although CM typically provides enhancement factors of only 1-100, which is
far lower than EM in noble metals, it is still sufficient for trace detection in the absence of strong EM effects. The
efficiency of CM is governed by several parameters: energy-level alignment between molecular frontier orbitals
(HOMO/LUMO) and the substrate band edges, density of interfacial states (surface or defect states), strength of
electron—vibration coupling, and the resonance condition between photon energy and the relevant transitions [33,34].
Based on Han et al., the possible CT pathways include: from the molecular HOMO to the substrate conduction
band, from the CT complex to the conduction band, from the substrate valence band to the molecular LUMO, from
surface states to the LUMO, and from the substrate conduction band to the molecular HOMO [35,36]. These
processes rarely occur independently but typically result from the interplay of multiple mechanisms. Lombardi et
al. further proposed that SERS enhancement arises from the coupling of multiple resonances within the molecule—
substrate system rather than from isolated transitions [36,37]. On non-noble metal substrates, CM often exhibits
selective enhancement, where certain vibrational modes are preferentially amplified due to bond-specific CT
interactions. For example, nitrogen-doped carbon quantum dots (NGQDs) show pronounced enhancement with
aromatic molecules owing to strong n—n interactions and favorable band alignment [38]. The apparent universality
of SERS activity across many non-noble materials arises not from hidden plasmonic effects, but from CT processes
enabled by favorable band alignment, defect states, and interfacial coupling. Diverse material classes, including
oxides, TMDs, carbon systems, and MXenes, exhibit SERS activity because CT modifies molecular polarizability
and introduces resonance channels, establishing CM as the dominant enhancement mechanism.

2.3. Synergistic EM-CM Effects

In practical systems, EM and CM are not mutually exclusive. Through defect engineering or heterostructure
design, non-noble metal substrates can simultaneously promote charge transfer and induce plasmon-like responses,
leading to synergistic amplification. For instance, oxygen-vacancy-rich MoOs nanorods exhibit dual enhancement
arising from defect-induced plasmonic effects and interfacial charge separation, thereby achieving EM—-CM
synergy [26,39]. Such cooperative mechanisms significantly reduce detection limits and enhance signal stability
and selectivity in food safety applications. In non-noble metal systems, EM—CM synergy may occur when defect-
induced localized states slightly improve field concentration, but such effects remain modest and secondary. CM-
driven charge transfer is the primary origin of enhancement, while EM contributes only weakly within these off-
resonant systems.

Overall, the enhancement of non-noble metal SERS substrates primarily relies on CM, while EM
contributions can also be induced through defect regulation, doping, or heterojunction engineering. Establishing a
mechanistic understanding of EM—CM interactions and harnessing their synergy via rational material design are
essential for advancing the performance of non-noble metal SERS platforms.

3. Construction and Classification of Non-Noble SERS Substrates

Although a broad range of non-noble materials have been reported as SERS-active, their Raman enhancement
ability does not arise from the material category itself. Instead, these materials become effective SERS substrates
only after specific modulation or construction strategies, such as defect engineering, band-structure regulation, or
heterointerface formation, create favorable conditions for molecule—substrate CT. Thus, the materials discussed in
this section should not be regarded as isolated “hot materials”, but as tunable platforms whose SERS activity
originates from CT-enhancing structural or electronic modification.

Building upon this principle, the SERS enhancement of non-noble-metal substrates is predominantly
governed by chemical mechanisms, particularly CT processes at the molecule—substrate interface. Unlike noble
metals, whose enhancement mainly relies on intrinsic plasmonic behavior, non-noble materials offer a high degree
of tunability through their diverse band structures, defect chemistries, and surface functionalities. These
characteristics enable engineered CT pathways and selective molecular interactions, which form the foundation
for designing high-performance SERS substrates. Current studies therefore categorize non-noble SERS materials
according to their compositional and structural characteristics, including metal oxides, transition-metal
chalcogenides, carbon-based systems, and emerging hybrid or two-dimensional materials.
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3.1. Semiconductor Metal Oxides

Metal oxides, including TiO», ZnO, MoOs-, and W 3049, constitute the foundational class of non-noble metal
SERS substrates. Their wide bandgaps and tunable surface defects enable effective charge transfer through energy-
level matching with adsorbed molecules. Li et al. synthesized microscale TiO, by a flame-assisted route, enabling
large-scale fabrication of SERS-active semiconductor substrates. The resulting TiO, microsphere arrays (MSAs)
displayed an enhancement factor (EF) of 3.28 x 107 and enabled highly sensitive ratiometric SERS detection of
Hg?' [40]. Liu et al. designed double-shell ZnO (ZnO-DS) hollow microspheres with outstanding SERS activity.
They demonstrated LODs of 1 x 1077 M and EF = 1.2 x 104, attributed to Mie resonance within nanocavities and
structure-induced CT. (Figure 2) [41]. Liu et al. also developed amorphous HiMoO; quantum dots as SERS
substrates, which exhibited tunable plasmonic resonance in the visible and near-infrared regions. These quantum
dots achieved an ultra-high EF of 9.5 x 10° for methyl blue detection, with an LOD of 1 x 10° M [42]. Cong et
al. employed WO nanowires to enhance interactions, resulting in LODs as low as 10”7 M and a maximum EF
of 3.4 x 10° [27]. More recently, CuyO [9], V20s [43], and Ta,Os [44] have also been introduced as semiconductor
oxide SERS substrates with remarkable enhancement performance. These examples indicate that the SERS activity
of metal oxides stems not from the oxide composition itself but from defect-mediated band-structure tuning that
enables efficient molecule—substrate charge transfer.
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Figure 2. Schematic of the preparation of double-shelled ZnO hollow microspheres and their application in SERS
detection. Reproduced with permission from Ref. [41]. Copyright 2024 American Chemical Society.

3.2. Transition-Metal Chalcogenides (TMDs)

Two-dimensional TMDs, such as MoS,, WS,, MoSe,, possess layered structures and tunable band gaps,
facilitating superior CT dynamics [19,45]. Lv et al. synthesized Re-doped WSe,, Nb atoms incorporated into 1T”
Re-WSe; further modulated its electronic structure. The resulting 1T” Nb, Re-WSe; achieved femtomolar-level
detection with a LOD (5 x 10715 M) and EF = 2.0 x 10° (Figure 3A) [46]. Song et al. demonstrated that NbS; is an
outstanding SERS substrate, enabling sub-attomolar detection and high EF (Figure 3B) [47]. Heterojunction TMD
substrates have further enhanced photogenerated carrier separation and SERS performance. Peng et al. fabricated
a WSSe/WS, heterojunction, where the built-in electric field promoted surface CT and molecular interactions,
achieving a CV detection limit of 1 x 1073 M [48]. Importantly, TMDs often exhibit selective enhancement toward
specific molecules due to their unique band structure and surface chemistry, providing advantages for trace
detection in complex matrices. Overall, the high performance of TMD-based substrates arises primarily from
dopant- or heterojunction-induced modulation of electronic structures that optimizes charge-transfer interactions
with analyte molecules.
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Figure 3. (A) Schematic illustration of the fabrication of X-doped monolayer WSe2 (X represents Nb or Re) and
their application in SERS detection. (B) Schematic diagram of Raman detection of MeB molecules adsorbed on
NbS2, electron density difference contour surfaces, and density of states near the Fermi level for different materials.
(A) Reproduced with permission from Ref. [46]. Copyright 2022 Wiley-VCH. (B) Reproduced with permission
from Ref. [47]. Copyright 2019 American Chemical Society.

3.3. Carbon-Based Substrates

Carbon-based materials, such as graphene, reduced graphene oxide (rGO), graphene quantum dots (GQDs),
and carbon nanotubes, possess high conductivity, large surface area, and structural flexibility, offering abundant
adsorption sites and facilitating CT pathways [49]. Graphene and rGO can strongly adsorb aromatic molecules via
n-1 interactions, enhancing molecule—substrate CT. Zhang et al. observed improved Raman enhancement on Fermi
level-adjusted graphene [50]. Liu et al. built three-dimensional GO aerogels (GOAs), which delivered an EF of
3.1 x 10* and LOD of 1078 M in dye detection (Figure 4) [21]. Graphitic carbon nitride (g-C5N4), with a band gap
of ~2.7 eV and surface nitrogen coordination, has shown good sensitivity and selectivity for pesticide and antibiotic
detection. Su et al. prepared hollow g-Cs;N4, achieving an EF of 1.84 x 10° through energy level coupling and
efficient CT [20]. Moreover, carbon-based materials provide flexibility and integrability, enabling portable or
paper-based SERS platforms. Meng et al. prepared flexible SERS substrates via chemical oxidation of carbon
cloth, achieving an LOD below 107® M and three orders of magnitude enhancement in sensitivity [51]. Thus,
Raman enhancement in carbon-based substrates originates mainly from engineered electronic states and 7-
interaction-assisted charge transfer rather than from the carbon frameworks alone.
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Figure 4. Schematic illustration of constructing three-dimensional graphene oxide aerogels via hydrothermal self-
assembly and their application in SERS detection. Reproduced with permission from Ref. [21]. Copyright 2023 Elsevier.
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3.4. Emerging Two-Dimensional and Hybrid Materials

Emerging 2D materials and hybrid structures further expand the non-noble metal SERS landscape. MXenes
(e.g., TisC,Tx) provide highly conductive surfaces with abundant functional groups, acting as electronic bridges to
enhance CT between molecules and substrates. Qiu et al. designed a highly sensitive MXene SERS substrate via
two-dimensional downsizing and molecular enrichment, yielding an LOD of 5 x 107 M (Figure 5A) [52]. Metal—
organic frameworks (MOFs) and covalent organic frameworks (COFs) offer highly tunable pores and molecular
sieving, enabling selective adsorption and signal amplification [53-55]. Zhao et al. converted non-SERS-active
MOFs into SERS-active substrates (EF = 1.0 x 10°) by modulating metal centers, linkers, and framework topology
(Figure 5B) [24]. Perovskite materials, due to their superior optoelectronic properties, enhance interfacial CT, as
demonstrated by Guo et al. in MAPbCl;-based SERS substrate [56]. Hybrid composites such as Ti3Co/TiO; [57],
ZnO/MAPDI; [58], and BP@MoS; [59] leverage interfacial synergistic effects, promoting charge separation and
enabling sensitive detection of dyes and illegal additives. These emerging materials retain the low-cost and
environmentally friendly attributes of non-noble metals while enabling multifunctional integration for stable,
sensitive detection in complex matrices. These studies collectively show that emerging 2D and hybrid materials
function as effective SERS substrates only when interfacial engineering or structural modulation promotes
favorable charge-transfer pathways.
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Figure 5. (A) Schematic illustration of molecular SERS detection on flexible two-dimensional vanadium carbide
mxene-based membranes. (B) Schematic diagram of detection using different MOF SERS substrates. (A) Reproduced
with permission from Ref. [52]. Copyright 2022 American Chemical Society. (B) Reproduced with permission from
Ref. [24]. Copyright 2019 American Chemical Society.

Research on non-noble SERS substrates has expanded from early semiconductor oxides to TMDs, carbon-
based materials, emerging 2D materials, and hybrid systems. Their diverse band structures, surface defects, and
CT characteristics offer multiple pathways for SERS enhancement. These substrates facilitate trace detection of
typical pollutants while providing molecular selectivity and environmental adaptability. Nevertheless, challenges
such as limited signal intensity, poor reproducibility, and difficulties in large-scale fabrication remain. Therefore,
integrating defect engineering, doping, heterostructure design, and photonic optimization is crucial for advancing
non-noble metal SERS substrates.

4. Strategies for Enhancing the Performance of Non-Noble-Metal SERS Substrates

Although non-noble metal materials offer advantages such as low cost, environmental friendliness, and
tunable physicochemical properties, their intrinsic SERS enhancement remains generally weaker than that of noble
metals. Most non-noble systems rely predominantly on CM, typically providing EFs of only 1-100, far below the
EM dominant in noble metals. To achieve the sensitivity and stability required for food safety detection, various
strategies have been developed to optimize CT efficiency, enhance molecular adsorption, and improve substrate
reproducibility and practicality. The Effective improvement strategies can be summarized as the following five
types: defect engineering, doping regulation, heterostructure construction, photonic and nanostructure design, and
flexible/integrated platforms.

4.1. Defect Engineering

Defect engineering is a key approach to modulating the band structure and surface chemistry of non-noble
metals. Defects, including oxygen vacancies (Oy), sulfur vacancies (Sy), and nitrogen vacancies (Ny), as well as
edge states, introduce intermediate energy levels within the bandgap, providing additional CT pathways. By
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precisely controlling defect type, density, and distribution, the local density of states (DOS) can be optimized,
thereby enhancing CM efficiency.

O, are the most common defects in oxide semiconductors [60—62]. Liu et al. synthesized Oy-rich W3O
nanowires, achieving an EF of 2.8 x 107. The increased electron density strengthened LSPR coupling and created
abundant hot spots, while defect states enhanced CT and molecular polarizability (Figure 6A) [63]. Similarly, O,-
rich TiO» x crystal-facet heterojunctions enabled sensitive antibiotic detection with EF = 1.07 x 107 and excellent
spectral reproducibility [64]. Excessive defect densities, however, may promote carrier recombination and non-
radiative losses, highlighting the need for controlled generation and quantitative optimization. Methods such as
plasma treatment, hydrogen reduction, and ion bombardment allow precise defect regulation [65].

Hot spots

COUP""S |“ Enhanced coupllng
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=
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Figure 6. (A) Schematic illustration of the enhancement mechanism of W1sOs9 nanowires as SERS substrates. (B)
Schematic illustration of the preparation of MoS:z with abundant sulfur vacancies. (A) Reproduced with permission
from Ref. [63]. Copyright 2018 American Chemical Society. (B) Reproduced with permission from Ref. [66].
Copyright 2022 Wiley-VCH.

In chalcogenides, S, also play a key role. Quan et al. developed MoS, SERS substrates, by adjusting S,
density, internal carrier separation and molecular adsorption are improved, enabling ultrasensitive detection of
diclofenac at nanomolar levels (Figure 6B) [66]. These examples demonstrate the central role of defect engineering
in non-noble metal SERS enhancement.

4.2. Doping Regulation

Doping modifies the electronic structure, Fermi level, carrier concentration, and chemical reactivity of non-
noble metals, optimizing energy-level alignment with adsorbed molecules and CT efficiency.

Yang et al. prepared Ce-doped ZnO substrates, in which doping introduced surface defect levels that
suppressed electron—hole recombination and facilitated CT with probe molecules, resulting in an EF of 7.3 x 103
and rapid detection of bisphenol A (LOD < 0.0001 ppm within 1 min) (Figure 7A) [67]. Song et al. reported S-
doped MnCo0,04, where band-gap narrowing increased electronic transition probability, enabling sensitive
detection of crystal violet (LOD = 1.0 x 1078 M) (Figure 7B) [68]. Doping is advantageous due to its simplicity
and broad applicability, although excessive doping may induce lattice distortion or instability, necessitating a
balance between performance enhancement and material stability.
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Figure 7. (A) Schematic diagram of SERS detection of bisphenol A using Ce-doped ZnO. (B) Schematic diagram
of the SERS detection principle for sulfur-doped Co-Mn oxide nanotubes. (A) Reproduced with permission from
Ref. [67]. Copyright 2021 Elsevier. (B) Reproduced with permission from Ref. [68]. Copyright 2022 American
Chemical Society.

4.3. Heterostructure Construction

Heterostructures, including semiconductor—semiconductor, semiconductor—carbon, and semiconductor—2D
material, promote electron-hole separation, extend carrier lifetime, and enhance CT efficiency.

Xie et al. constructed TiO,/MoOx heterojunctions with staggered band alignment, facilitating electron transfer
to adsorbed molecules, achieving a detection limit of 10 M and EF of 1.445 x 10% (Figure 8A) [69]. Chen et al.
developed Z-type MoOs-/CuS heterojunctions, which not only catalyzed conversion of leucomalachite green to
the SERS-active malachite green but also amplified the Raman signal, demonstrating superior activity compared
to individual components (Figure 8B) [70]. Beyond electronic modulation, heterostructures offer additional
functionality; for example, TMD/carbon composites enhance adsorption via n-7t interactions [38,71,72], while
MOF/oxide composites combine molecular sieving with selective enhancement [73—75]. Such multifunctional
coupling has made heterostructure design a key focus in non-noble SERS research.
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Figure 8. (A) Schematic of SERS detection principle for TiO2/MoOx heterojunctions. (B) Schematic of SERS
detection with Z-type MoOs3—/CusS heterojunctions and its mechanism. (A) Reproduced with permission from Ref. [69].
Copyright 2022 Elsevier. (B) Reproduced with permission from Ref. [70]. Copyright 2024 American Chemical Society.

4.4. Photonic and Nanostructure Design

Manipulating light-matter interactions provide additional enhancement pathways. Photonic crystals, ordered
nanostructures, and hollow/cavity structures can amplify local fields and increase molecular enrichment [41,76,77].

Qi et al. fabricated TiO, inverse opal photonic crystals, where multiple scattering enhanced light-matter
interactions, boosting sensitivity [78]. Zhao et al. developed Co-doped TiO,/GO photonic crystals, achieving a
detection limit of 1072 M for 4-MBA (Figure 9) [79]. Feng et al. prepared self-assembled Cu,O nanoarrays, where
plasmon-induced hot-electron transfer (PIHET) facilitated highly sensitive and selective SERS detection, enabling
rapid on-site monitoring of emerging viral variants [9]. Hollow and multilayer structures similarly improve
molecular enrichment and local field intensity, as demonstrated by Ji et al. using hollow V,0s microspheres [43].
These strategies rely on geometric and optical manipulation rather than intrinsic material properties, broadening
substrate applicability.
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Figure 9. (A) Schematic of preparation for Co-doped TiO2/graphene oxide SERS substrates based on anti-
opalescent structured photonic crystals and (B) SERS spectra of 4-MBA at different concentration. Reproduced
with permission from Ref. [79]. Copyright 2021 Elsevier.

4.5. Flexible and Integrated Platforms

For practical applications, substrates must combine sensitivity with portability, low cost, and convenience.
Flexible carriers, including paper, cellulose, and polymer films, support on-site and point-of-care detection.

Liu et al. fabricated Ti3C,; MXene/ZnO quantum dot heterostructure films, combining high sensitivity
(LOD =1 x 1077 M for 4-MPY) with excellent flexibility, uniformity, and stability (RSD = 10.7% over 60 days)
(Figure 10A) [80]. Jiang et al. integrated Ca-doped TiO, with cotton fabrics, where dual defects (oxygen vacancies
and Ti*" states) promoted multi-channel CT and efficient carrier separation, enabling in situ detection of antibiotics
in fish surfaces and aquaculture water (Figure 10B) [81]. These platforms demonstrate that flexible SERS
substrates can meet both sensitivity and practical usability requirements. Integration with wearable or smart
devices may further enable real-time, dynamic monitoring for food safety regulation.

Aquatic ecosystem Cot/Ca-TiO, Aquatic ecosystem

Figure 10. (A) SERS Detection Process and Recyclability Principle of Flexible MXene/ZnO Films. (B) Cot/Ca-
TiOz Flexible SERS Substrates for In Situ Detection and Degradation of Quinolone Drug Residues on Fish Surfaces
and in Pond Water. (A) Reproduced with permission from Ref. [80]. Copyright 2025 Elsevier. (B) Reproduced
with permission from Ref. [81]. Copyright 2024 Elsevier.

In summary, the five complementary strategies—defect engineering, doping regulation, heterostructure
construction, photonic/nanostructure design, and flexible platforms—collectively enhance CT dynamics, optical
responsiveness, and practical applicability of non-noble metal SERS substrates, establishing a robust foundation
for their deployment in food safety detection.

To provide a clearer performance overview, the representative non-noble-metal SERS substrates discussed
in this section, including metal oxides, TMDs, carbon-based materials, and heterostructure systems, are
summarized in Table 1. The table lists enhancement factors, detection limits, structural features, and analyte
categories, enabling direct comparison of different material classes and optimization strategies.

Table 1. Representative non-noble-metal SERS substrates.

Materials Strategy Analyte EF LOD Ref.
Wis049 Oxygen vacancies R6G 2.8 x 107 100 nM [63]
TiO2« Oxygen vacancies Antibiotics 1.07 x 107 6.4 nM [64]
MoS> Sulfur vacancies Diclofenac 5.85x 103 1.0 nM [66]
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Table 1. Cont.

Materials Strategy Analyte EF LOD Ref.
Ce-doped ZnO Doping BPA 7.3 x10° 107* ppm [67]
Ti02/MoOy Heterostructure R6G 1.45 x 108 10 nM [69]
MoOs_/CuS Heterostructure LMG 1.75 x 107 0.47 pg/mL [70]
Graphene/MoS, Heterostructure R6G -- 1.0 ;M [71]
TiO» Photonic 4-MBA 2.0 x 10* 6.0 nM [78]
MXene/ZnO Flexible 4-MPY 4.6 x 104 100 nM [80]

5. Applications of Non-Noble Metal SERS Substrates in Food Safety Detection

Food safety monitoring represents a significant application of SERS technology. With increasing demands
for trace-level detection, non-noble metal SERS substrates have attracted growing attention due to their low cost,
chemical stability, and molecular selectivity. These substrates have been successfully applied for the detection of
antibiotics, pesticide residues, illegal additives, and heavy metals, demonstrating excellent sensitivity, selectivity,
and adaptability.

5.1. Detection of Antibiotic Residues

Antibiotics are widely used in livestock and aquaculture, and their residues can enter the human body through
the food chain, posing risks of antibiotic resistance and health hazards. Non-noble metal SERS substrates, with
tunable structures and molecular recognition capabilities, offer a promising approach for sensitive detection of
antibiotic residues.

We employed WO3/W ;3049 heterojunction substrates with an internal Raman standard to achieve high
sensitivity and stability for trace antibiotics. The abundant oxygen vacancies and built-in electric fields
synergistically promoted interfacial charge transfer, enhancing the SERS effect. In real milk samples, detection limits
(LODs) for doxycycline hydrochloride (DCH) and enrofloxacin (ENR) were 1.023 x 10 M and 1.014 x 107 M,
respectively, well below regulatory maximum residue limits (Figure 11A) [17]. Furthermore, nitrogen-doped
graphene quantum dots (NGQDs) combined with WO; nanosheets (WO;3; NSs) formed a heterostructured SERS
substrate, where enhanced CT and strong m-m interactions between NGQDs and target molecules resulted in
ultrasensitive detection of norfloxacin (NOR) in drinking water, with a LOD of 8.76 x 10~° M (Figure 11B) [38].
Zhang et al. fabricated TiO,/ZnO heterojunction substrates using interface engineering strategies. Efficient carrier
separation and strong interfacial coupling facilitated CT between substrate and analytes, enabling detection of
enrofloxacin in eggs with a LOD of only 13.1 pg/kg, outperforming both EU standards and conventional noble-
metal-based methods [82].
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Figure 11. (A) Schematic diagram of the preparation steps for the WO3/W 158049 heterojunction substrate and its
ratio-based detection of ENR and DCH using the internal standard method. (B) Schematic diagram of the detection
principle for molecules on NGQDs/WO3 nanostructures and the corresponding charge transfer mechanism. (A)
Reproduced with permission from Ref. [17]. Copyright 2025 American Chemical Society. (B) Reproduced with
permission from Ref. [38]. Copyright 2023 Royal Society of Chemistry.

These studies demonstrate that non-noble substrates can achieve high sensitivity while selectively enhancing
different classes of antibiotics, offering feasible solutions for monitoring residues in dairy, eggs, and aquatic
products. Notably, the LODs achieved by these non-noble substrates (10°-10"7 M) are comparable to or even
lower than many Au- or Ag-based SERS substrates reported for the same antibiotics (typically 108-107¢ M),
underscoring their potential as cost-effective alternatives.
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5.2. Detection of Pesticide Residues

Pesticide residues remain a major concern due to their structural diversity and potential health risks. Non-
noble metal substrates offer tunable bandgap properties and selective adsorption for efficient detection.

Zhang et al. synthesized MoO» nanospheres exhibiting strong surface plasmon resonance and chemical
stability, enabling detection of clenbuterol and methyl parathion with LODs of 1.0 x 1078 M (Figure 12A) [83]. Quan
et al. developed a MoS,/TiO; heterostructure (MTiy), achieving enhanced SERS sensitivity and stability for o-
endosulfan with LODs of 1.0 x 1078 M (Figure 12B) [84]. Liang et al. utilized CuO to detect paraquat in food with a
LOD 0f 0.3 mg L ™! [85]. These results confirm the feasibility of non-noble substrates for pesticide residue monitoring.
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Figure 12. (A) Schematic of SERS detection principle and SERS enhancement performance on MoO: substrates
(B) Schematic of enhancement mechanism for SERS detection on MTi2o and detection of different concentrations
of a-endosulfan. (A) Reproduced with permission from Ref. [83]. Copyright 2017 American Chemical Society. (B)
Reproduced with permission from Ref. [84]. Copyright 2021 Elsevier.

5.3. Detection of lllegal Additives and Food Dyes

Illegal additives and food dyes, such as aspartame, melamine, malachite green, and Sudan red, are strictly
regulated due to toxicity and carcinogenicity. SERS, with its molecular fingerprint specificity and rapid response,
offers an ideal detection approach.

Xu et al. employed Sc-doped 1T-MoS,, retaining the metallic conductivity while enhancing interactions,
reducing LODs for aspartame (APM) and thiabendazole (TBZ) to 5.3 x 107° M and 5.0 x 10~ M, respectively
(Figure 13A) [86]. Nisa et al. combined molecularly imprinted polymers (MIPs) with GO for melamine detection
in milk, achieving sensitive and selective analysis (Figure 13B) [87]. Recently, we designed a g-C3N4/W ;3049
heterostructure (WCN) on flexible membrane, integrating defect regulation and bandgap matching, and detected
malachite green in fish skin with an LOD of 1.9 x 107! M (Figure 13C) [29]. These examples illustrate the
effectiveness of heterojunction non-noble metal substrates in detecting illegal additives, even in complex matrices.
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Figure 13. (A) Schematic of Sc-doped 1T-MoS: for precise identification and detection of AMP and TBZ in fruit
juices. (B) Preparation of MIP-functionalized GO and its principle diagram for melamine detection. (C) Schematic
diagram of WCN SERS substrate preparation and its application in MG detection. (A) Reproduced with permission
from Ref. [86]. Copyright 2025 Elsevier. (B) Reproduced with permission from Ref. [87]. Copyright 2025 Elsevier.
(C) Reproduced with permission from Ref. [29]. Copyright 2023 Royal Society of Chemistry.

5.4. Detection of Heavy Metal Contaminants

Heavy metal ions (e.g., Hg?", Pb?") are usually Raman inactive, requiring indirect detection strategies using
functionalized molecular probes. Non-noble metal substrates enable signal modulation via on/off mechanisms or
product-enhanced SERS.

Zhang et al. employed ZnO submicron flower (ZnO SFs) for Pb**detection in drinking water. Calcined ZnO
SFs exhibited narrowed bandgaps and enhanced CT, achieving a LOD of 3.55 pM over a linear range of 10 pM—
100 uM (Figure 14) [88]. Kamal used Ag;PO4 microcubes modified with 4,4'-bipyridine for ultra-sensitive
detection of Hg?" and Pb?’, reaching an ultrasensitive LOD of 107> M, with reusability over four cycles [89].
Parveen et al. developed 3D ZnO@SWCNTs composites, enhancing plasmonic coverage and interparticle coupling,
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enabling sensitive Pb?" detection at 0.225 nM [90]. These approaches highlight the potential of non-noble metal SERS
substrates for heavy metal monitoring via chemical recognition and indirect signal amplification.
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Figure 14. Schematic diagram of SERS detection principle and signal changes for Pb?* on ZnO SFs. Reproduced with
permission from Ref. [88]. Copyright 2021 Elsevier.

5.5. Emerging Applications

Beyond conventional pollutants, non-noble SERS substrates show promise for emerging pollutants. Han et al.
fabricated Ti3;C,Tx/TiO2/W 3049 heterojunctions for rapid detection of micro/nanoplastics in environmental samples
(Figure 15) [91]. Quan et al. employed ZnO/MoS; to detect bisphenol A with a LOD of 1 nM [92]. Zhang et al.
demonstrated Mo43B, MBene as a stable, highly sensitive SERS substrate for portable detection of ricin in river
water, achieving a LOD of 0.01 pg/mL [93]. These studies extend the applicability of non-noble metal SERS
substrates to emerging contaminants, supporting food quality control, safety traceability, and comprehensive
monitoring across the food supply chain.

Ti,AIC, MAX Ti,C,T, MXene Ti,C,T,TiO, Ti,CoT,/TiO,/W 504

Figure 15. Schematic of the construction of a 3D TisCaTx/TiO2/W1sO49 SERS Substrate and Detection of
Micro/Nano Plastics. Reproduced with permission from Ref. [91]. Copyright 2025 Elsevier.

Non-noble SERS substrates exhibit excellent performance for detecting antibiotics, pesticides, illegal
additives, food dyes, and heavy metals, and are expanding into microplastics, endocrine disruptors, and toxins.
Their low cost, chemical stability, and molecular selectivity confer distinct advantages. Remaining challenges
include signal interference in complex matrices, lack of quantitative standards, and scalability of substrate
production. The next chapter addresses these challenges and future directions.

6. Conclusions and Outlook

In recent years, non-noble metal SERS substrates have emerged as an important direction in surface-enhanced
Raman scattering research, owing to their advantages of low cost, tunable structural features, and environmental
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friendliness. From the perspective of enhancement mechanisms, their core lies in chemical enhancement,
particularly CT processes between analyte molecules and substrates, which are further reinforced by synergistic
contributions from defect states, band structure engineering, and photonic effects. Systematic studies on metal
oxides, TMDs, carbon-based materials, emerging two-dimensional systems, and hybrid structures have not only
elucidated how band structures and surface chemical features influence SERS activity but also broadened their
applicability to complex food matrices. Performance optimization strategies such as defect engineering,
heterostructure construction, doping modulation, and flexible substrate design have significantly improved the
sensitivity, selectivity, and stability of non-noble metal SERS substrates, thereby expanding their prospects in food
safety detection.

On the application side, non-noble metal SERS substrates have been successfully employed for trace
detection of antibiotics, pesticides, illegal additives, food dyes, and heavy metals, and their scope has further
extended to emerging targets such as microplastics, biotoxins, nutrient adulteration, pathogenic microorganisms,
and contaminants from packaging materials. These studies have not only demonstrated their feasibility under
laboratory conditions but also provided new insights into constructing practical food safety monitoring platforms. In
particular, when integrated with flexible supports, molecular imprinting, ratiometric signal analysis, and multimodal
detection strategies, non-noble metal SERS substrates exhibit remarkable potential for practical deployment.

Nevertheless, significant challenges remain before their transition from laboratory prototypes to real-world
applications can be achieved. First, the contributions of CT, defect states, and localized photonic effects are often
entangled, making quantitative evaluation difficult and hindering the establishment of a unified theoretical
framework. Second, the structural stability and reproducibility of substrates remain insufficient, and their
performance is susceptible to interference from multicomponent food matrices. Third, most studies are still limited
to model molecules or spiked samples, leaving a gap with large-scale, standardized, and industrial applications.

Future research is expected to advance along the following directions:

(1) Mechanistic insights: Establishing a unified theoretical framework of chemical enhancement by combining
first-principles calculations with time-resolved spectroscopic techniques to unravel the synergistic effects of
CT, defect states, and photonic contributions.

(2) Material design: Achieving predictive and controllable performance optimization through multiscale defect
regulation, bandgap engineering, and multi-heterostructure coupling.

(3) Methodological expansion: Developing ratiometric analysis, internal standard strategies, and machine
learning-assisted spectral interpretation to enhance quantification accuracy and anti-interference capability.

(4) Practical applications: Designing low-cost, flexible, and scalable non-noble metal substrates in combination with
portable Raman devices to enable rapid screening, on-site detection, and intelligent supervision of food safety.

(5) Interdisciplinary integration: Coupling with electrochemistry, fluorescence, photothermal, and other
analytical techniques to construct multimodal detection platforms that overcome the limitations of single-
signal readouts and improve detection reliability.

(6) Extension to processing-derived toxicants: Although not covered in this review, compounds generated during
thermal or other food-processing procedures (e.g., acrylamide, polycyclic aromatic hydrocarbons,
heterocyclic amines) represent an important yet underexplored class of analytes. Future studies should
investigate SERS-active substrate designs, sample-pretreatment workflows, and chemometric strategies
tailored to these thermally induced toxicants and benchmark their detection performance against established
analytical methods.

In conclusion, while substantial progress has been made in both mechanistic understanding and application
exploration, further efforts are required to address theoretical unification, substrate standardization, and
translational feasibility. With the deep integration of materials science, spectroscopy, and food safety research,
non-noble metal SERS substrates are expected to bridge the gap from fundamental studies to real-world
applications, ultimately becoming a powerful tool for safeguarding food safety.
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