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ARTICLE INFO ABSTRACT

Keywords: Surface-enhanced Raman spectroscopy (SERS) has evolved from a laboratory technique to a practical tool for
SERS ultra-sensitive detection, particularly in the biomedical field, where precise molecular identification is crucial.
SERS substrates ) Despite significant advancements, a gap remains in the literature, as no comprehensive review systematically
ngh_prec}?lm construction addresses the high-precision construction of SERS substrates for ultrasensitive biomedical detection. This review
Ultrasensitive blo—meqlcal sensors fills that gap by exploring recent progress in fabricating high-precision SERS substrates, emphasizing their role in
Enhancement mechanism 4
enabling ultrasensitive bio-medical sensors. We carefully examine the key to these advancements is the precision
engineering of substrates, including noble metals, semiconductors, carbon-based materials, and two-dimensional
materials, which is essential for achieving the high sensitivity required for ultrasensitive detection. Applications in
biomedical diagnostics and molecular analysis are highlighted. Finally, we address the challenges in SERS sub-
strate preparation and outline future directions, focusing on improvement strategies, design concepts, and
expanding applications for these advanced materials.

chemical molecule detection, as well as non-destructive biomolecule
detection [7].

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a Raman scattering
effect that amplifies the signal intensity of molecules adsorbed on specific
substrates [1]. It overcomes the low sensitivity of conventional Raman
testing, enabling single-molecule detection [2]. Since its first discovery in
1974 and following the refinements of the mechanism by Van Duyne
et al. and Albrecht et al., along with decades of continuous efforts and
exploration by researchers, SERS has developed into a spectroscopic
analysis technique that boasts advantages such as non-destructiveness,
speed, convenience, efficiency, and high sensitivity-qualities that other
techniques like infrared [3-6]. Thanks to these attractive merits, the
SERS technique has been widely utilized in fields of trace and ultra-trace

* Corresponding authors.
** Corresponding author.
**% Corresponding authors.
*#*% Corresponding author.

High-quality substrate materials are essential for SERS technology. In
recent years, significant progress has been achieved in precisely con-
structing nanostructured substrates, involving feature-structured noble
metal substrates, noble-free metal substrates, and noble metal composite
substrates [8,9]. Notably, the feature-structured noble metal substrates
achieved through nanostructure design, including nanorings (NRs),
nanoframes (NFs), and nanoaggregates, generally exhibit an enhance-
ment factor (EF) of 10'°~10'% [10-14]. This can be attributed to the
exceptional physical characteristics of noble metals. For example, the
negative fundamental dielectric constant is believed to significantly
stimulate localized surface plasmon resonance (LSPR). Simultaneously,
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the novel noble-free metal substrates (e.g., metal oxide substrates,
carbon-based material substrates, transition metal dichalcogenides
(TMDs) substrates, layered double hydroxides (LDHs) substrates) pre-
cisely engineered via elements doping and bandgap regulation, can
regulate the molecular polarization rate of the substrate material, thereby
enhancing charge transfer (CT) and leading to a high EF of 10°~108
[15-18]. Moreover, the composite substrates consist of noble metal
particles and matrix materials, which involve carbon, metal-organic
frameworks (MOFs), two-dimensional (2D) materials, and organic ma-
terials composite substrates, etc. [19-22]. In these substrates, the noble
metal particles can offer strong electromagnetic enhancement (EM),
while the shape control of the matrix material can manipulate the spacing
of the noble metal particles, further enhancing the EM [23]. Nanoscale
energy level regulation of some matrix materials, such as black phos-
phorus (BP), transition metal nitrides (TMNs), MXene, etc., can interact
with probe molecules to provide CM. Consequently, the noble metal
composite material attains excellent SERS performance due to the syn-
ergistic effect of EM and chemical enhancement (CM).

Benefiting from significant advancements in high-precision SERS
substrates, SERS technology has been extensively utilized thus far in
molecule detection and ultra-sensitive biological sensors [24-26]. Such
as cancer analysis and monitoring, human health monitoring, small
molecule analysis in plants, pesticide residue detection, and explosive
molecule detection [27-32]. By carefully creating nanostructured sub-
strates, it is feasible to significantly and reliably amplify the Raman
signals of probe molecules and to identify specific compounds reliably
[33,34].

In view of the current vigorous development of high-precision sub-
strate preparation and application, it is necessary to conduct a systematic
review of the progress in this field. Previous reviews have discussed the
applications of various materials in the preparation of SERS substrates
and their performance in specific application scenarios. However, the
focus has mainly been on the performance of particular types of materials
and their applications under conventional conditions. For instance, the
advantages and disadvantages of MXene materials as SERS substrates and
their performance in analytical chemistry, the preparation methods of
semiconductor material SERS substrates and their improvements, the
advantages of using MOFs materials in the preparation of SERS substrates
and some applications in small molecule analysis, among others [35-37].
Up to date, little effort has been devoted to providing a comprehensive
and systematic summary of the construction of various new materials for
ultra-sensitive nano-structured SERS substrates and their applications in
environments requiring ultra-sensitivity.
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Herein, we aim to comprehensively review the latest advances in
high-precision nanostructured SERS substrates and applications in ultra-
sensitive environmental monitoring (Fig. 1). We briefly introduce two
SERS enhancement mechanisms (EM and CM). Then, we summarized the
current research status on the preparation of high-precision SERS sub-
strates, categorizing them into electromagnetic-enhanced substrates
(characteristic structure noble metal substrate, noble metal composite
substrate), chemical-enhanced substrates, and co-enhanced substrates
(electromagnetic co-chemically enhanced substrate, electromagnetic co-
enrichment strategy substrate) based on the enhancement mechanism.
We focus on exploring how various substrates can be strengthened
through nanostructure design, specifically examining the relationship
between their nanostructure construction and the reinforcement effect.
Furthermore, we discuss the application of high-precision substrates in
various ultra-sensitive environments, including ultra-sensitive biomed-
ical sensors, micro, trace small molecule analysis and detection. Finally,
based on our summary and understanding of the field, we provide in-
sights into the challenges and development prospects of high-precision
SERS substrates, focusing on the improvement strategies, design ideas,
and application expansion of various high-precision substrates. We
indeed hope this work will provide a fundamental understanding of the
design, construction, and application of high-precision SERS substrates.

2. Raman enhancement mechanism

The intensity of Raman scattered light (I) is proportional to the square
of the induced electric dipole moment of the molecule, where P=a-E, a is
the molecular polarizability tensor, and E is the electric field strength
[38,39]. Therefore, the intensity of Raman scattering may be enhanced
by increasing the molecular polarizability tensor or the strength of the
electric field around the molecule. The EM and CM models can reason-
ably explain the enhancement of Raman signals through changes in
electric field strength and molecular polarizability tensor within a spe-
cific range.

2.1. Electromagnetic enhancement mechanism

Electromagnetic enhancement is a phenomenon that occurs on the
surfaces of unique nanostructures, where the local electromagnetic field
significantly amplifies the Raman signal intensity of molecules within its
range. Specifically, when an electromagnetic wave impinges upon a
metal surface, the distribution of free electrons on the metal surface
becomes non-uniform. The positive (negative) electrons shift towards the
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Fig. 1. High-precision classification and application overview of SERS substrates, including electromagnetic enhanced substrate, chemical enhanced substrate, co-

ordinated enhanced substrate, and application [38-44].



H. Liu et al.

remaining negative (positive) charge region under the effect of Coulomb
force and acquire momentum, thereby enriching the positive (negative)
electrons in this region. The enriched charged particles will cause the
charge to depart from this region due to the repulsion among the same
type of charges, thus forming a positive (negative) charge shock wave
that vibrates up and down around the negative (positive) region (Fig. 2a).
Surface plasmon plasmons (SPPs) are formed. Additionally, the free
electrons on the metal surface oscillating up and down within the fixed
positive charge region have their fixed frequency. When the frequency of
the incident electromagnetic wave is equivalent to this frequency, the
free electrons will undergo a collective resonance, known as surface
plasma resonance (SPR). The field strength of the surface plasmon
resonance reaches its maximum at the metal surface and then decreases
exponentially in the direction perpendicular to the interface. Because the
electron concentration of the continuous metal film is exceptionally high,
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the frequency of the plasma oscillation wave is also very high, approxi-
mately 10 THz [40]. Metal nanoparticles (NPs) possess far fewer free
electrons than metal films, so their oscillation frequency can be reduced
to the visible region. The wavelength at the resonance frequency gen-
erates intense light absorption, that is, LSPR. Noble metal NPs such as Au,
Ag, and Cu have stronger LSPR, enabling them to obtain a stronger SERS
signal. The size, morphology, and spacing of metal nanomaterials
significantly influence LSPR.

In general, when a single molecule is placed in the LSPR region, its
Raman scattering cross section is enhanced from 103! to 1072° to 10*
~10'2 times the original. Its specific enhancement principle is shown in
Fig. 2b: When the incident photon beam with wavelength 1y interacts
with the nanostructure, the incident field E is locally enhanced so that
the molecules in the range of the NPs feel the enhanced electric field
intensity Eyos (ELos=Mioc(40) Eo, Mioc(4o) is the local electric field EF).
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Fig. 2. Diagram of the enhanced mechanism of SERS. (a) Local electric field distribution of metal NPs. The near-field intensity decays exponentially with the increase
of distance normal to the surface. (b) The schematic diagram of SERS electromagnetic enhancement. (c¢) CM mechanism between substrate and molecular. (d) The
schematic diagram of SERS chemical enhancement. (e) Collaborative electromagnetic and chemical enhancement mechanisms. Schematic diagram and enhanced
principle of detecting small biomedical molecules (4-methyl ephedrone, D-Kynurenine, Carbaryl, Thiram) on SERS substrate composite with precious metal particles

[42,44].
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Then, when these molecules are excited by the Ejpg electric field, they
scatter Raman signals (wavelength Ag, Ar#40), and the scattering field
Escat (Esca=aEroc=aMioc(do) Eo) at wavelength Ar is also enhanced
compared with the molecules without nanostructures. This scattering
field will interact with the NPs and get enhanced again, and this field that
gets enhanced again by radiation can be expressed as Esgrs=Miad(4r)
Escat=Mrad(AR)@ELoc=0Mioc(20)Mad(AR)Eo. Thus, the SERS signal in-
tensity of the molecule near the NPs was enhanced as
ISERS°‘|ESERS‘2:‘aMloc(/‘LO) Mrad(/lR)le%- In general, M;aq and Mo values
are close, so the SERS signal strength can be expressed as Isprsxa?Mih E3.
The field enhancement could occur twice in succession for a specific
incident wavelength. At each stage, the electric field was enhanced by
M2, and the total electric field sensed by the molecule was enhanced to
Mit. so that the SERS effect would be pronounced [41].

2.2. Chemical enhancement mechanism

Researchers discovered that several events could not be explained by
mechanisms involving increased electromagnetic fields during the
Raman experiment. For instance, altering the voltage of the Ag electrode
would alter the Raman signal strength linked to the absorption molecule
on the electrode surface, and some non-plasma metal surfaces would
exhibit an amplification of the Raman signal, etc. These observations
imply the existence of at least one additional mechanism, namely CM
(Fig. 2c and d), which differs from electromagnetic field enhancement.

The differences in the current CM methods can be attributed to
chemical reinforcement caused by CT. Stated differently, the CT process
between the absorbent molecule and the metal surface is attributed to
another mechanism distinct from EM [42]. Typically, the CT effect is
obtained by raising the absorption target's polarization rate (a), which
enlarges the Raman signal [43]. The presence of the CT effect leads to a
higher Raman interval of the molecule, indicating a higher polarization
rate of the absorption molecular tension. Various types of CT processes
have used appropriate laser stimulation to amplify Ramana signals,
mainly through optical-induced charge transfer (PICT) and base-state
load transfer (GSCT) [44]. The Raman signal is enhanced by the
Raman resonance effect, which involves laser jumping (uyc) between the
conductive bands (CB) and underlying price bands (VB) and jumping
between the molecule's maximum occupying molecular orbit (HOMO)
and the least unoccupied molecular orbit (LUMO) (k) [45]. Conven-
tional CT methods produce CT intermediates with longer Raman in-
tervals by interacting between the molecule's HOMO or LUMO energy
level and the underlying Fermi energy level [46,47]. Conversely, the
PICT process takes place between HOMO and CB (y;c) CK or LUMO and
VB (uyk), and the Herzberg-Teller logic (hy; and hck) may even exploit
this process to harness the energy of Germanic leaping or self-sonic
jumping [48]. Furthermore, the GSCT effect may also be produced by
molecules interacting with the conductive substrate, which raises the
molecular polarization rate tension (hy;) and produces a Raman ampli-
fication [49]. Strong electromagnets often cover chemical reinforcement
because the impact of CM is restricted, and the EF is typically between
0.3 and 100, which is significantly lower than that of electromagnetic
field enhancement [50].

2.3. Synergistic enhancement mechanism

Noble metal composite substrates consistently demonstrate superior
SERS performance due to the synergistic interaction between noble metal
particles and matrix materials, which enhances SERS through two distinct
mechanisms. The noble metal composite substrate shown in Fig. 2e allows
for combining noble metal particles with various shapes and matrix ma-
terials through structural design strategies. When a probe molecule is
positioned on the substrate surface, the LSPR excited by noble metal
particles generates a strong EM, while CT between the matrix material and
the probe molecule contributes to the CM. The SERS signal of the probe
molecule results from the combined enhancements of EM and CM.
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3. Preparation of SERS substrates
3.1. SERS substrate of electromagnetic enhancement mechanisms

3.1.1. Characteristics of the structure of the noble metal substrate

Noble metal NPs (Au, Ag, and Cu) possess unique physical properties,
such as a negative dielectric constant, which leads to significant LSPR
and strong EM amplification [51]. This makes them ideal materials for
constructing high EFs with low detection limits on advanced substrates.
Moreover, because LSPR is highly sensitive to nanoparticle size, shape,
and environment, researchers have developed complex plasmonic
nanostructures to focus and enhance LSPR in confined spaces. Re-
searchers have designed various plasmonic nanostructures, including
NRs (Fig. 3a), NFs (Fig. 3b), chiral triangular NRs (Fig. 3c), and nano-
sphere heptamers (Fig. 3d), which significantly enhance the SERS
properties of the substrate.

NRs are used as SERS substrates due to their large surface-to-volume
ratio, enhanced electric field within the cavity, and symmetrical struc-
ture, which responds to light regardless of polarization direction. Each
nanoring contains multiple smaller NRs within its interior, forming sur-
face plasmon pairs that significantly amplify near-field focus. To enhance
near-field focusing, Yoo et al. created Au nanoring structures (ANITs)
using a multistep synthesis approach [52]. As shown in Fig. 3a, three
rings are interleaved within a single structure. The near-field focusing
ability of ANIT was studied by comparing it with an Au double nanoring
sample. Two samples were compared: one resembling an ANIT without
the middle NRs, and the other similar to an ANIT without the outer NRs.
The simulated near-field focusing maps of a typical single particle for
ANIT and Au double NRs are shown in Fig. 3e (i), (ii), and (iii), using
2-Naphthalenethiol (2-NTT) as a probe molecule. A comparison of
Fig. 3e, f shows that the outer ring plays a crucial role in absorbing light
and enhancing near-field focusing. ANITs with two circular nanogaps can
efficiently focus the incident electromagnetic field onto a single nano-
structure. The electric near field is significantly enhanced within the
circular nanogap of the outer ring, leading to a substantial Raman
enhancement of the absorbed analyte with EF=10°. Yoo et al. also
created Ag double NRs, with a circular nanocap sandwiched between two
NRs of different diameters [53]. With EF of 7x108 and detection limit
(LOD) of 1077 M, it features a circular hot region due to strong surface
plasmon coupling between the inner and outer NRs. Using a multistep
reaction, Lee et al. fabricated heterometallic (Au-Pt-Au) NRs consisting of
three intertwined rings [54]. The small circular nanogap between the
inner and outer rings greatly enhances the electromagnetic near field
through intraparticle coupling, boosting localized SERS at the
single-particle level.

Nanoframes (NFs) feature internal open spaces and thin metallic
ridges, enabling efficient light-matter interaction and the formation of
various nano-gaps within a single structure, making them promising
SERS substrates. Haddadnezhad et al. prepared an Au double-walled
nanoframe (Au DWFs), with a single-walled truncated octahedral nano-
frame nested in a core-shell configuration (Fig. 3b) [55]. Electromagnetic
near-field focusing is enhanced as the gap between the inner and outer
flat-walled frames narrows. When excited at 785 nm under different
polarized light conditions, the surface charge density distribution and the
electromagnetic near-field enhancement map of the double-walled
nanoframe are shown in Fig. 3f (i) (ii). Oscillation of the electric field
along the x-axis generates only weak hot spots between the inner and
outer open frames. In contrast, excitation along the y-axis strongly en-
hances the near-field from the inner flat terrace to the outer terrace and
from edge to edge. The combination of these two plasmon couplings
leads to a significantly enhanced EF with a detection limit of 0.5 ppm.
Similarly, Hila et al. fabricated an elongated pseudo-hollow nanoframe,
consisting of four rectangular plates enclosing the sides and two
open-frame ends, referred to as an Au dodecahedral wall nanoframe [56].
It exhibits an atomic-level molar detection limit for benzenethiol (BT)
with LOD=10"'® M and EF=1.1x10° Zhao et al. prepare an Au
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Fig. 3. (a) Schematic and SEM image of ANITs. Copyright 2021, American Chemical Society. (b) Schematic and SEM image of Au DWFs. Copyright 2023, American
Chemical Society. (¢) Schematic and SEM image of TNRs. Copyright 2021, Willey. (d) Schematic and SEM image of Au NHTs. Copyright 2024, American Chemical
Society. (e) Contour maps of (i) ANITs, (ii) Au double NRs with middle and core rings, and (iii) Au double NRs with outer and core rings, respectively, enhanced by
electric fields. Copyright 2021, American Chemical Society. (f) Au DWFs surface charge and field distribution pictures under 785 nm excitation with (i) x-axis and (ii)
y-axis light polarization orientations. Copyright 2023, American Chemical Society. (g) Distribution of surface charge and electric field for (i) Au NSs, (ii) Au NHXs, and
(iii) Au NHTs excited at 633 nm. Copyright 2024, American Chemical Society. (h) Electric-field simulation for (i) ;-Pt@Au TNRs and (ii) p-Pt@Au TNRs. Copyright

2021, Willey.

truncated octahedral double-edge nanoframe with two functional sur-
faces [57]. It includes (1) eight thermally formed nanocaps from hex-
agonal nanoframes, with the hexagonal nanoframe containing core
circular NRs for near-field focusing, and (2) six flat squares, enabling the
formation of an ordered nanoframe array through self-assembly. Using
2-NTT as a probe, the SERS performance showed EF=10’ and
LOD=10""" M.

Chiral plasmonic nanostructures are highly effective for studying
protein structure and dynamics due to their unique SERS-chiral anisot-
ropy (SERS-ChA) effect [58]. They enable efficient and versatile enan-
tioselective discrimination of enantiomers in various chiral molecules
[59]. Wang et al. used a wet chemical process to fabricate chiral trian-
gular Au NRs (1,p-Pt@Au TNRs) with a Pt frame (Fig. 3c) [60]. The
Pt@Au TNRs exhibit a hollow triangular morphology. Fig. 3h (i) and (ii)
present the electric field simulations of -Pt@Au TNRs and p-Pt@Au
TNRs, respectively. The 1,p-Pt@Au TNRs exhibit strong optical activity.
Due to the selective resonant coupling between the induced electric and
magnetic dipoles of the enantiomers and the chiral plasmonic TNRs—an
effect known as SERS-ChA—they can effectively distinguish between
enantiomers. The chiral p-Pt@Au TNRs serve as a label-free SERS plat-
form. Ap monomer, a marker for the detection of Alzheimer's Disease
(AD), specifically Amyloid-p (Af42) with 42 residues, shows a LOD of
4.5%x107!® M. Due to the unique SERS-ChA effect, chiral plasmonic
nanostructures allow for efficient and versatile enantioselective

discrimination of enantiomers from various chiral molecules.

Using Au nanospheres (Au NSs) as building blocks to construct spatial
components is an effective strategy to endow nano-systems with unique
optical properties. Fig. 3c shows how Zhao et al. created Au nano-
heptamers (Au NHX) with an open structural layout [61]. The structure
consists of six Au NSs arranged around a central Au sphere, connected by
thin metal bridges in an octahedral pattern. A strong electromagnetic
near-field is generated by the multiple hot spots formed between the
nanospheres in the Au NHX. The surface charge, electric field distribu-
tion, and spectra of Au NSs, Au NHX, and Au nanoheptons (Au NHTSs) are
shown in Fig. 3g (i), (ii), and (iii). Under 633 nm excitation, simulations
of the electric field distribution were performed, followed by bulk SERS
measurements, showing electromagnetic near-field enhancements of
3.39 for Au NSs and 5.6 for Au NHX. A substantial near-field amplifica-
tion is produced in the nanogap between the inner core Au and the six
outer Au NSs when an additional inner core Au sphere is inserted. The
increase in SERS is due to the Au NSs embedded in the Au NHT core,
resulting in the highest EF of 22.2. The Au NHTs exhibit an extremely low
detection limit (10’15 M) and a wide detectable range (10~ to 10715 M).
Examples of such assemblies include one-dimensional (1D) chain struc-
tures, 2D trimer structures, and three-dimensional (3D) hexamer struc-
tures [62]. Kim et al. prepared plasmonic ring-shaped Au nanosphere
hexamers (PCHs), resulting in highly uniform, repeatable, and
polarization-independent single-particle SERS signals, with EF=3.8x10”
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and LOD=10"" M [63]. In terms of performance and application, other
Au nanosphere assemblies fall short of the heptamer.

The noble metal substrate exhibits an excellent EF, high SERS sensi-
tivity, and the capability to detect trace quantities. However, repeat-
ability remains a major challenge for the practical application of well-
defined noble metal substrates due to the localized nature of LSPR.
Additionally, noble metal substrates require extensive modification due
to the high cost of precursor materials and the complex procedures
needed to fabricate the fine features necessary for significant SERS
enhancement. Moreover, the active surface of plasmonic metal NPs is
unstable and can undergo chemical changes when stored for extended
periods. As a result, plasmonic metal-based SERS may lose sensitivity and
reproducibility, increasing overall operational costs.

3.1.2. Noble metal composite structure substrate

Noble metal NPs leverage their strong LSPR effect to achieve enhanced
SERS performance. However, the localized nature of LSPR and the stability
of the active surface of plasmonic metal NPs pose challenges to repro-
ducibility, which limits their application in many areas. Material engi-
neering, advanced manufacturing, and operational safeguards can all help
to improve the stability of noble metal SERS substrates. These techniques
strike a balance between plasmonic performance and durability, allowing
for reliable, reproducible sensing in practical applications. For example,
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noble metal composite substrates formed by embedding noble metal
particles into other materials can address the issues of stability and
reproducibility. In noble metal composite substrates, noble metal particles
provide strong LSPR, ensuring significant EM, while the matrix materials
offer active sites for particle attachment and control particle spacing to
ensure stability. Various materials have been developed for the prepara-
tion of noble metal composite substrates, including carbon materials,
semiconductor oxides, TMDs, MOFs, organic materials, and MXenes.
Carbon-based materials possess several outstanding properties,
including low toxicity, chemical inertness, and biocompatibility.
Notably, they are easy to prepare, feature a larger specific surface area,
and offer more active sites. They hold significant potential in the devel-
opment of noble metal composite substrates [64]. For instance, Nong
et al. developed SERS substrates by modifying graphene nanoribbons
(GNRs) with Ag NPs (Fig. 4a) [65]. The arrangement from top to bottom
includes a spacer dielectric, an Au reflector, a bilayer GNR, and Ag NPs.
Fig. 4b illustrates the substrate production process. Simultaneous mod-
ulation of the local plasmon resonance of GNRs in the mid-infrared re-
gion and Ag NPs in the visible region allows for effective SERS. Fig. 4c
shows the equivalent spatial distributions of the electric fields of gra-
phene and metal plasmons. The hot spot of the graphene plasmon mode
is confined to the edge of the GNR. The substrate's SERS performance,
with an EF of 10° and an LOD of 10~° M for Rhodamine 6G (R6G), also
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Fig. 4. (a) Experimental schematic of the Ag NPs modified GNRs SERS substrates, (b) procedures for fabricating the Ag NPs-modified GNRs SERS substrate, (c) Ag NPs'
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modal ultrastrong coupling, (k) cross-sectional near-field distributions. Copyright 2024, American Chemical Society.
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demonstrates excellent uniformity and reproducibility. Similarly, Wang
et al. developed modified Ag nanorods (Ag NR@Graphene@Ag NR) as
SERS substrates with graphene as the interlayer to enhance the sensitivity
of SERS detection for hydrophobic contaminants [66]. The graphene is
layered with Ag NRs on both sides. The embedded graphene, with a
significant electric field enhancement effect, supports the oblique
V-shaped Ag NR structure in increasing the sensitivity of SERS detection
(Fig. 4d). Numerous “hot spots” are created at the folds due to the
annealing treatment, which shortens the nanogap between graphene and
Ag NR. Finite-difference time-domain (FDTD) simulations confirm this
(Fig. 4e). The Ag NR/Graphene/Ag NR substrate demonstrates excellent
repeatability, with an EF of 1.6x 108, Additionally, the substrate exhibits
excellent sensitivity in detecting 4-chlorobiphenyl (PCB-3) and 3,3',4,
4’-tetrachlorobiphenyl (PCB-77). The detection limits were 1.72x10710
M and 2.11x108 M, respectively. Principal component analysis (PCA)
successfully identified the PCB mixture. This suggests that the Ag
NR/Graphene/Ag NR substrate could play a crucial role in identifying
and evaluating environmental mixtures of hydrophobic pollutants.

Compared to noble metals, semiconductor oxides offer low cost,
advanced synthesis technology, rich diversity, and high chemical sta-
bility and biocompatibility, making them promising materials for SERS
substrates. Han et al. developed a label-free chemo-resistive/SERS
multimode sensor based on a system-assembled 3D cross-point multi-
functional nanostructure (3D-CMA) (Fig. 4f) [67]. The substrate consists
of two key components: optically and chemically active Au NPs and
electroactive SnO, nanowires. SnO, nanowires decorated with an Au
catalyst were fabricated using an advanced Solvent-Assisted Nano
Transfer Printing (S-nTP) technique, forming a 3D nanostructure. The
next phase in the process involves layer-by-layer deposition (Fig. 4g). The
substrate can successfully selectively and quantitatively estimate the
mixture gas composition below 100 ppm, with remarkable results even
for mixtures of gaseous aromatic compounds (nitrobenzene and toluene)
with very similar molecular structures. That is explained by the
double-sided Au-NP/SnO,/Au-NP nanogap hot spot that forms between
the top and lower layers of the cross-point nanostructure (Fig. 4h). For
gaseous analytes, the substrate exhibits a significant increase in the SERS
signal under the influence of the EM mechanism. There is great potential
for the benefits of multi-modal sensors in various gas detection applica-
tions, including biological diagnostics, environmental sensing, explosive
detection, and food quality and safety monitoring. Similarly, Suganami
et al. prepared a film comprising densely packed Au NPs (d-Au
NPs)/TiOy/Au film (d-ATA). An excellent SERS substrate with high
sensitivity and spatial uniformity is achieved (Fig. 4i and j) [68]. The
D-ATA substrate demonstrates the ultra-strong coupling of modes be-
tween the AuNPs and the LSPRs of the Fabry-Pérot nanocavity. Even
without precise control over the form and arrangement of nano-AuNPs,
the d-ATA substrate achieves higher sensitivity and more consistent
signal intensity compared to the d-AuNP/TiO, substrate (Fig. 4k).
Furthermore, 5.3x1072! M R6G SERS experiments on this substrate
showed a 3% spatial variation in signal intensity. These results suggest
that the SERS signal originates from multiple quantum coherent plasmon
particles under ultra-strong mode coupling.

MOFs are supramolecular structures formed via coordination bonds
between metal ions or clusters and organic ligands. They exhibit
remarkable functionalizability, a high specific surface area, active metal
sites, a porous architecture, and tunable properties. [69]. MOFs, with
their large specific surface area, are stabilized by n-r interactions, elec-
trostatic forces, and hydrogen bonding. Metal NPs can be stabilized and
supported within MOF structures. The MOFs' pores and interaction sites
allow the SERS substrate to trap target molecules near the metal's EM
zone [70]. However, the difficulty in controlling MOF nucleation and
growth makes its site-selective deposition on metal nanocrystals chal-
lenging. Yang et al. developed a simple wet chemistry method for
selectively depositing zeolitic imidazolate framework-8 (ZIF-8) on
anisotropic Au nanobipyramids (NBPs) and nanorods [71]. ZIF-8 is
selectively applied across the surface, including the ends and waist of the
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elongated Au nanocrystals (Fig. 5a). The Au NBPs were prepared through
seed-mediated growth together with purification. Initially, CTAB (1 mM,
144 pL) was added to an aqueous solution of Hmim (1.32 M, 1 mL),
followed by stirring for 10 min. Aqueous solutions of Zn(NO3), (24 mM,
1 mL), Au NBPs or NRs (longitudinal plasmon peak extinction adjusted to
5.0 at 0.5 cm optical path length, 1 mL), and CTAB (5 mM, 100 pL) were
added progressively to the reaction solution. After stirring for 5 mis, the
reaction solution was kept undisturbed at room temperature for 60 min.
The resulting nanostructures were centrifuged twice and re-dispersed in
methanol. The steric hindrance at the ends of the Au NBPs is smaller,
which makes the ends effective nucleation sites for ZIF-8. ZIF-8 therefore
prefers to grow at the ends of the Au NBPs. Using 4-ATP as a probe, the
LOD of NBP-based nanostructures with end-deposited ZIF-8 is 10~ M.
This indicates that ZIF-8 can concentrate molecules in high-energy re-
gions. FDTD simulations (Fig. 5b) were used to compare the local field
intensity enhancement profiles of Au NBPs and similar nanostructures at
their longitudinal plasmonic wavelengths. In conclusion, the electric
field enhancement reaches its maximum. The electric field enhancement
at both ends slightly increases with the deposition of ZIF-8. The
NBP/End-ZIF nanostructure exhibits the highest electric field enhance-
ment at both ends.

Due to their variety, well-established preparation methods, and low
cost, organic polymers have been chosen as substrate materials for SERS
systems [72-75]. Wang et al. developed a novel photoreduction poly-
merization technique to create conductive metal-polymer designs [76].
The Ag/polyaniline (PANI) nanocomposite was synthesized using
maskless optical projection lithography (MOPL), which leverages
multi-photon absorption and the LSPR effect (Fig. 5¢). The SERS activity
of R6G on an Ag/PANI nanocomposite square labyrinth achieved an LOD
of 1078 M. This is attributed to the EM produced by the strong LSPR effect
of Ag NPs. As shown in Fig. 5d, the local electromagnetic field around the
Ag NPs is enhanced due to the LSPR effect. At higher laser power, more
“hot spots” are generated between the Ag NPs. Strong electromagnetic
fields promote electron transport from the monomer to the plasma Ag
NPs and enhance charge separation within the monomer. Similarly,
Gullace et al. achieved layer-by-layer growth mediated by poly-
electrolytes [77]. A reliable and label-free SERS substrate for electrostatic
layer-by-layer assembly was created using metal NPs and poly-
electrolytes. To optimize plasmonic properties, an intermediate layer of
poly dimethyl diallyl ammonium chloride (PDDA) was used. Finally, the
sensitivity of the best SERS platform was analyzed for the label-free
detection of the antineoplastic drug tamoxifen (TAM) in tap water,
realize the LOD of 3x10? mg mL ! and EF of 10°.

In addition to the substrates mentioned above, there are reports of
SERS substrates that do not fall into any specific category. Liu et al.
developed a SERS substrate chip featuring a superhydrophobic surface
[78]. The chip combines superhydrophobic surface treatment on a nano-
porous substrate with 3D-assembled Au NPs for analyte enrichment in
strong local fields (Fig. 5e). Notably, using a 1,2-bis(4-pyridyl)-ethylene
molecule (BPE) and condensing the droplet into a 40 pL container, the
LOD=10"° M. FDTD simulations model the local field distribution of the
substrate at a wavelength of 785 nm. Three distinct 3D-assembled sub-
strates with pore sizes of 300 nm, 200 nm, and 90 nm were fabricated. The
NP diameters and gap sizes were chosen to be in the ranges of 10-30 nm
and 5-10 nm, respectively, based on the NP distribution and gap size
analysis. Fig. 5f shows the electric field distribution for NPs with a 10 nm
diameter and a 5 nm gap. The substrate with a 300 nm aperture exhibits a
significantly stronger modeled local field near the edges of the Au NPs
compared to the other two samples, indicating its excellent potential for
enhanced SERS sensing. It is worth noting that the top Au layer enhances
the coupling, thereby improving the sensing performance. Additionally,
this chip can detect fentanyl at a concentration of 1 pg mL™!. The 2.2%
relative standard deviation (RSD) in inter-chip reproducibility highlights
its potential for quantitative sensing of chemicals and drugs.

The crucial LSPR properties of noble metal particles enable the noble
metal composite substrate to achieve exceptionally high EF. These
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Fig. 5. (a) Diagram showing the paths for ZIF-8 selective deposition on Au NBPs, (b) FDTD simulation of the Au NBP and its derived nanostructures. (i) Au NBP, (ii)
NBP/end-ZIF, (iii) NBP/waist-ZIF, (iv) NBP@ZIF. Copyright 2021, American Chemical Society. (c) Diagrammatic representation of the Ag/PANI nanocomposite
production process, (d) diagram showing how the LSPR effect at varying laser intensities enhances the local electromagnetic field between Ag NPs. Copyright 2022,
American Chemical Society. (e) Diagrammatic representation of the analyte enrichment approach and production process, (f) electric field distributions at 785 nm for
samples with different pore sizes, 300 nm (top panel), 200 nm (middle panel), and 90 nm (bottom panel). Copyright 2022, Willey.

substrates are widely used across various industries, including biomedi-
cine. Noble metal composite substrates are more cost-effective than
conventional noble metal structured substrates, while still maintaining
strong electromagnetic fields, thus broadening their potential applica-
tions. However, noble metal composite substrates still face several
challenges, such as long storage times, low specificity, and high costs.

3.2. SERS substrate of chemical enhancement mechanism

Owing to its high LSPR, noble metal-based SERS substrates exhibit
low LOD and strong EF. However, a key challenge in the practical use of
noble metal-based substrates is their high fabrication cost, mainly due to
expensive raw materials. Researchers have been focusing on developing
noble metal-free substrates to lower the cost of SERS substrate fabrica-
tion. For instance, Tian et al. explored the development of SERS sub-
strates incorporating various transition metals, such as cobalt, iron,
nickel, platinum, and lead. The enhancement effect was marginal and has
not attracted significant attention [79,80]. This is mainly because noble

metals demonstrate strong SERS performance, while most other mate-
rials exhibit weak LSPR. The enhancement mechanism of many noble
metal-free substrates is often based on CT effects through CM. To date,
many noble metal-free SERS substrates have been developed, including
metal oxides, carbon-based materials, semi-metallic 2D materials, TMDs,
transition metal nitrides, and MXenes. Unlike noble metal substrates,
noble metal-free substrates offer greater chemical stability, making them
suitable for applications such as chemical analysis, biological imaging,
diagnostics, and catalytic process monitoring [81,82]. Additionally,
noble metal-free substrates provide significant cost advantages during
production. Therefore, developing advanced noble metal-free SERS
substrates can effectively address challenges such as cost and stability,
making them more suitable for practical applications.

Carbon-based materials have been used to prepare SERS substrates
[83]. Typically, they serve as a supporting matrix to load traditional
noble metals (Au or Ag), enhancing Raman signals primarily via the EM
effect [84]. Additionally, pure carbon materials can also serve as SERS
substrates by leveraging the CM induced by CT between the carbon
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materials and surface molecules. For example, Zhang et al. used a
surfactant-free liquid-liquid interface-induced growth method to syn-
thesize graphdiyne (GDY) hierarchical hollow microspheres (HHMSs) as
SERS substrates, forming a self-supporting structure with an ultra-high
specific surface area (Fig. 6a) [85]. GDY, a 2D carbon allotrope, pos-
sesses a direct band gap, excellent charge carrier mobility, and uniformly
distributed pores. The graphitic acetylene hollow microspheres exhibited
strong SERS properties, with an EF of 3.7x10” for R6G and a LOD of
107'2 M. Experimental measurements and first-principles density func-
tional theory (DFT) simulations confirmed that the substrate's SERS ac-
tivity can be attributed to effective interfacial charge transfer (ICT)
within the graphene-molecule system. The interactions between R6G
molecules and GDY were carefully analyzed through first-principles
simulations. The interaction between the R6G molecule and GDY was
thoroughly assessed using first-principles simulations. First, the orbitals
of GDY's sp-hybridized carbon atoms are more localized and exhibit more
peaks in the projected density of states (PDOS) than the sp>-hybridized
carbon atoms in graphene, making the frontier PZ orbitals in GDY's
co-adsorption system more similar to those in graphene. In the PDOS of
GDY and R6G, the first peaks above the Fermi level are at 0.41 eV and
0.36 eV, respectively, while the initial peaks below the Fermi level are at
—1.48 eV and —1.38 eV, respectively. In contrast to the graphene
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co-adsorption system, where the orbital level difference is > 0.71 eV, the
difference in GDY is less than 0.10 eV. Second, first-principles calcula-
tions show that the adsorption energy of R6G on GDY is 2.24 eV, with
1.06 e of Bader charge transferred from the R6G molecule to GDY. The
injected electrons are spread across the entire GDY surface, with charge
buildup (highlighted in yellow) visible on the surface (Fig. 6b (i)). This
leads to a stronger ICT effect between R6G and GDY. In the case of
graphene, with an adsorption energy of 2.09 eV, 0.72 e is transferred
from R6G to graphene, but most of the charge buildup and depletion
occurs within R6G itself. There is minimal charge buildup on the gra-
phene surface (Fig. 6b (ii)), leading to a significantly weaker SERS effect
in graphene compared to GDY. Graphene exhibits a significantly lower
SERS effect than GDY, despite its superior fluorescence quenching
properties. Ultimately, the PDOS shows that the magnetic moment of the
R6G molecule vanishes from 1.0 uB/molecule upon adsorption by GDY.
In contrast, the magnetic moment of R6G remains unchanged when
adsorbed on graphene. Significantly, R6G's unpaired electrons transfer to
GDY, generating a pronounced ICT effect crucial for SERS. The multiple
peaks in the PDOS indicate that GDY's sp-hybridized carbon atoms are
key for enhancing the ICT effect between GDY and R6G. The fully
sp>-hybridized PZ orbitals in graphene are delocalized, making it difficult
to generate an ICT effect with R6G, whereas the sp-hybridized carbon
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Fig. 6. (a) Diagrammatic representation of GDY HHMS synthesis, (b) charge density difference of R6G adsorbing on (i) GDY and (ii) graphene, where the yellow and
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atoms in GDY provide localized flatness that better matches R6G's mo-
lecular orbitals. As a result, GDY demonstrates a much stronger SERS
effect compared to graphene. The charge density difference of R6G
adsorbed on graphene and GDY is shown in Fig. 6b (i) and (ii), with
charge buildup and depletion represented by yellow and cyan,
respectively.

SERS substrates have been fabricated using transition metal dichal-
cogenides (TMDCs) due to their tunable electronic structure, high
chemical stability, and atomically flat surfaces [86]. Owing to their
unique electronic and physicochemical properties, 2D TMDCs are com-
bined with other nanostructures to form mixed-dimensional hetero-
structures, such as 2D-1D, which can further enhance SERS performance
[87]. Moreover, the interaction between these hybrid materials and
analytes remains largely unclear and requires time-resolved spectroscopy
to be elucidated for ultrasensitive molecular sensing. Lv et al. achieved a
facile synthesis of mixed-dimensional heterostructures through oxygen
plasma treatment of 2D materials, fabricating a 1D/2D WO3_,/WSey
heterostructure with good controllability and reproducibility (Fig. 6c¢)
[88]. The 1D WO3_, nanowire pattern is laterally aligned along the
threefold symmetry direction of the 2D WSes. The WO3_,/WSe; heter-
ostructure exhibits high molecular sensitivity even in mixed solutions,
with a LOD of 5x10 ' M and an EF of 5x 108 for methylene blue (MB).
Fig. 6d (i) (ii) shows that the adsorption energy of MB molecules on the
WOs3_, substrate is —4.82 eV, significantly stronger than the adsorption
energy on the WSe, substrate (—1.63 eV). Additionally, an efficient CT of
0.39 e between the MB molecule and the WO3_, substrate induces a
stronger interface dipole for MB/WO3_, compared to MB/WSe; (0.11 e).
Thus, the ultrasensitive SERS capability of the heterostructure is attrib-
uted to the efficient CT enabled by the unique structure of the WOs3_,
nanowires and the heterostructure itself.

Due to their strong interaction with analytes, atomically flat surface,
and high density of states (DOS) near the Fermi level, half-metallic 2D
materials with zero bandgap are ideal candidates for SERS substrates
[89]. As a typical semimetallic 2D material, TaSe; exhibits charge density
waves (CDW), superconductivity, and a tunable electronic structure,
making it a promising candidate for SERS substrates and Raman bio-
sensors [90-92]. Ge et al. prepared atomically thin TaSe, samples using
the method shown in Fig. 6e [93]. The sample consists of two to three
layers of TaSe, nanosheets with a diameter of 2.5 cm, used as a SERS
substrate for various analyses. The TaSey substrate exhibits excellent
SERS performance, with a LOD of 10719 M for R6G. Spectral analysis and
DFT revealed the underlying mechanism behind the excellent SERS
performance of TaSe;. The high adsorption energy and large number of
filled electrons near the Fermi level play a crucial role in the CM mech-
anism. Experimental results and DFT calculations reveal a strong inter-
action between TaSe; nanosheets and Raman probes. Additionally, the
higher Fermi level of TaSe; accelerates electron migration to the HOMO
of the SERS probe, increasing the probability of electron transfer. The
DFT calculation results are shown in Fig. 6f (i) and (ii). The adsorption
energy (EAD) of R6G molecules on 1T and 2H phase TaSe; layers was
calculated for both parallel and perpendicular configurations. The par-
allel configuration is the most stable, with adsorption energies of 1.93
and 2.17 eV for the 2H and 1T phases of TaSey, respectively. In contrast,
Eads values of —1.08 and —1.21 eV for the perpendicular configuration
are less favorable than those for the parallel configuration, indicating a
less stable state.

SERS substrates based on 2D metallic/half-metal TMDCs have been
investigated due to their chemically active surfaces and high DOS at the
Fermi level, which enhance Raman scattering cross-sections [94]. How-
ever, 2D metallic and semimetallic TMDCs are generally environmentally
unstable. Therefore, using an in-situ replacement doping method, Lv
et al. synthesized heavily doped WSe; (Re-WSey) substrates with varying
doping levels [95]. As shown in Fig. 6g, the 1T” phase of the ReSe; lattice
is inherited by the Re-WSe, alloy when the rare earth concentration
reaches approximately 50%. Nb atoms are added to further modify the
electronic structure of the 1T” Re-WSey alloy. The synthesized 1T” Nb,
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Re-WSe; substrate exhibits exceptional SERS performance, with a LOD of
5x1071° M and an EF of 2x10°. Notably, the substrate also exhibits
excellent stability and specific detection capabilities in mixed molecular
solutions, making it suitable for practical applications. DFT calculations
were performed for WSey, Re-WSe,, and Nb, Re-WSe, (Fig. 6h (i) (ii)
(iii)). The R6G/WSe;, R6G/Re-WSe,, and R6G/Nb/Re-WSe; systems had
adsorption energies of —1.94, —1.98, and —2.10 eV, respectively. This
indicates that the R6G/Nb and Re-WSe, systems exhibit stronger in-
teractions compared to other systems. Additionally, charge density dif-
ference and CT studies show that approximately 0.09, 0.20, and 0.37 e
were transferred from R6G molecules to WSe;, Re-WSep, and Nb,
Re-WSey, respectively. The interface dipole generated between R6G and
Nb in Re-WSe; is the strongest. Nb, Re-WSe, exhibits better SERS per-
formance than WSe, and Re-WSe; due to its higher adsorption energy
and more efficient CT of the probe molecules. WSe, has a valence band
maximum (VBM) of —5.10 eV and a conduction band minimum (CBM) of
—3.56 eV. After the addition of Re and Nb atoms to WSe,, the band gaps
of Re-WSey and Nb, Re-WSe, disappear. Re-WSe; has Fermi levels of
—4.73 and —5.02 eV, respectively. The varying electronic structures of
the substrates influence their DOS at the Fermi level. Nb and Re-WSe,
show higher DOS than pristine WSe; and Re-WSe,, as illustrated by the
DOS at the Fermi level in Fig. 6h (iv). This is beneficial for enhancing
SERS performance. Overall, 1T” Nb, Re-WSe, demonstrates more sensi-
tive SERS performance compared to WSe; and Re-WSes, based on its
adsorption energy, CT, and DOS at the Fermi level.

Borocarbonitride (BCN), a 2D conjugated compound composed of
boron, carbon, and nitrogen, has garnered significant attention for its
potential in energy storage and conversion applications [96]. Moreover,
the composition of BCN can be easily modified to effectively tune its band
structure. This property suggests that BCN could serve as an excellent
substrate for SERS. Liang et al. developed a 2D BCN substrate with
outstanding SERS performance through a structural engineering
approach (Fig. 7a) [97]. In the absence of PEG, the final sample achieved
a LOD of 10°® M for crystal violet (CV). Additionally, BCN exhibits
excellent thermal and chemical stability, which is crucial for its practical
applications in industrial environments. Specifically, the CB energy level
of BCN is aligned with the LUMO of the R6G molecule. The energy from
vibrational coupling resonance is extracted through the Herzberg-Teller
coupling mechanism. (Fig. 6b).

Molybdenum disulfide (MoS,) has emerged as a promising non-
precious material for SERS substrates. However, the CT rate is limited
due to the catalytic inactivity of many MoS, basal planes. Its performance
is further hindered by the high overpotential in hydrogen evolution re-
actions (HER) and the scarcity of active sites [98]. Therefore, increasing
the number of active sites and modifying the surface electronic structure
of MoS; are crucial for enhancing the efficiency of MoSy-based photo-
electrodes. Zhang et al. utilized a one-step hydrothermal process to
incorporate ruthenium (Ru), accelerating CT and generating additional
active sites [99]. They synthesized O-co-doped MoS; substrate material,
labeled as MSOR,. MoS,; forms uniform nanoflowers (NFs) with a
diameter of approximately 1 pm, as shown in Fig. 7c(i) and (iii). MSOR;
NFs measure approximately 0.8 pm in diameter and consist of stacked
sheets with high edge site exposure. The Ru and O co-doping induces
more defects, weakening the interlayer connections and resulting in
smaller MoS; NFs with thinner petals. TEM images of MoS; and MSOR;
after 10 min of sonication are depicted in Fig. 7c(ii) and (iv). The
flower-like nanosphere morphology is preserved. Conversely, the
intrinsic structure of MoS; remains unchanged despite Ru and O
co-doping. Notably, MSOR; exhibits the most vertically aligned and
well-distributed structure. This unique structure exposes more active
sites, enhancing the efficiency of both SERS and HER. Fig. 7d(i)(ii) il-
lustrates the calculated electronic structures of Ru sites with and without
OH* adsorption. It was found that the electronic structure around the Ru
site was reconstructed due to the newly established interaction between
Ru and O atoms. As a result, MSOR; demonstrates remarkable SERS
performance, with an EF of 1.7x10° and a LOD of 1071° M for bilirubin.
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The addition of Ru and O resulted in excellent HER and SERS activity,
broad pH range universality, and long-term stability.

MXenes are 2D transition metal carbides/nitrides utilized in the
fabrication of SERS substrates. MXenes exhibit excellent conductivity,
hydrophilicity, biocompatibility, tunable electronic structure, and other
desirable properties [100]. Another advantage of MXenes is their low
manufacturing cost. He et al. reported that chemical etching can be
performed in a single step [101]. Fig. 7e illustrates the large-scale pro-
duction of highly crystalline TiVC nanosheet layers. The flexible TiVC
film developed as a SERS substrate demonstrated excellent SERS per-
formance. The detection limit for R6G reached the femtomole level, with
an EF of 3.27x10'2 TiVC and the analyte separate more readily in the
complex due to the high density of states near TiVC's Fermi level and the
strong interaction between them. A significant enhancement in Raman
signal is observed due to intermolecular CT resonance. Additionally, the
enhanced CM-based selectivity of TiVC substrates was confirmed using
various additional probe molecules in SERS detection. Fig. 7f shows the
energy level distribution and possible PICT pathways in the TiVC-R6G
complex. These include CT transitions from the molecular HOMO to
the TiVC Fermi level (pI-CT, 1.48 eV), from the Fermi level to the mo-
lecular LUMO (uK-CT, 0.82 eV), and the molecular transition within R6G
from HOMO to LUMO (umol, 2.3 eV). Consequently, the polarization
tensor of the R6G molecule is significantly enhanced by molecular and
charge-transfer resonances induced by PICT, in accordance with the
Herzberg-Teller vibrational coupling theory.

11

When comparing noble metal-based substrates, where the EM is the
primary enhancement, with noble metal-free substrates, it is evident that
the CM predominantly contributes to the latter's enhancement. The
practical application of noble metal-free substrates in trace analysis is
constrained by their relatively modest enhancement. Additionally, unlike
noble metal-based substrates, there is no unified enhancement theory for
noble metal-free substrates. As discussed in Section 2.2, the CT effect in
the substrate-molecule complex can follow multiple possible pathways.
Several noble metal-free SERS substrates can engage in one or more
pathways simultaneously. Therefore, fabricating and utilizing noble
metal-free substrates will become more straightforward if the primary
role of the CT pathway in SERS amplification is identified and a unified
understanding of it is developed as soon as possible.

3.3. SERS substrate of synchronous enhancement

3.3.1. EM and CM synergy enhancement

Because noble metal particles exhibit strong LSPR characteristics, EM
is typically the primary mechanism used in noble metal composite sub-
strates to achieve outstanding SERS performance. The matrix material
often serves as a carrier for noble metal particles, providing active sites
and regulating the distance between them, which significantly enhances
the substrate's SERS performance. Additionally, when specific materials
are used as the matrix, probe molecules can induce CT, leading to CM.
This synergistic effect results in excellent SERS performance [102].
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Section 2.2 covers the preparation of substrates without noble metals.
These materials can also be combined with noble metal particles to
synergistically enhance both EM and CM effects. This section discusses
the fabrication of substrates with partial cooperative enhancement and
the corresponding enhancement process.

TMNs are a promising class of materials for applications in opto-
electronic sensing, energy storage, catalysis, and superconductors. The
nitride anion (N°7) provides unique electrical and bonding characteris-
tics, which contribute to TMNs' exceptional physical and chemical
properties [103]. However, TMNSs, especially ultrafine tungsten nitride
(WN) nanostructures in ambient conditions, exhibit low thermodynamic
stability and require an extraordinarily high reaction barrier during
synthesis [104]. As a result, ultrafine tungsten nitride nanostructures
have been synthesized using traditional methods such as chemical solu-
tion growth and mixed solvent thermal implantation, although these
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methods result in limited production. Liu et al. synthesized highly crys-
talline tungsten nitride (WoN, WN, W3N4, W3N3) nanocrystals, as shown
in Fig. 8a [105]. These nanocrystals were immobilized in a fragile carbon
layer, forming a hybrid nanoribbon structure. The hybrid WN/C nano-
ribbon demonstrates substantial LSPR and SERS effects, with an EF of
6.5x10% and a 1LOD of 10~'2 M for Bisphenol-A (BPA). Moreover, the
substrate exhibits exceptional resistance to radiation, oxidation, and
corrosion—qualities not typically found in traditional noble metal sub-
strates. The significant SERS performance of the substrate can be
attributed to the synergistic effects of CM and EM. Due to their structural
roughness, these carbon-coated nanoribbons are more likely to generate
strong electromagnetic “hot spots” between closely spaced protrusions.
As shown in Fig. 8b (i), the hot spot intensity near the nanoparticle gap is
significantly stronger, with E/Eq reaching a maximum value of 29.5. The
FDTD data demonstrate the EM of densely arranged WN NPs.
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Fig. 8. (a) Diagrammatic representation of the WN/C hybrid nanobelt synthesis, (b) SERS properties and enhanced mechanism of the WN/C nanobelts. (i) Hot spots
simulated by FDTD. (ii) Side views of the electron density differences BPA adsorbed on N-doped carbon nanobelts. Copyright 2022, American Chemical Society. (c)
Schematic diagram of the synthesis and application of Ag/BP-NS SERS sensor. Copyright 2022, Springer Nature. (d) Fabrication of MoS,-based aptasensor for exosome
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charge density difference of MB adsorbed on TiS; single layer. Copyright 2023, Willey.
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Simultaneously, the CT effect induces a CM effect in porous carbon
nanowires [52]. DFT simulations show that the adsorption EAD between
the N-doped carbon shell and the bisphenol A (BPA) molecule is as high
as 0.903 eV, indicating a strong interfacial interaction (Fig. 6b (ii)).
Additionally, 0.382 eV was transferred from the N-doped carbon shell to
the BPA molecule, according to the molecular charge analysis using
Bader atom methods. The BPA/N-doped carbon shell exhibits a stronger
coupling effect, as evidenced by the high adsorption energy and signifi-
cant CT. As a result, the vibrational behavior of analyte molecules may be
significantly enhanced. When EM and CM work synergistically, the
substrate demonstrates high SERS performance.

BP nanosheets are 2D materials with high carrier mobility, strong
photoelectric activity, a large specific surface area, good near-infrared
absorption, and excellent photothermal conversion [106]. Research
shows that the inherent SERS EF of BP is minimal. Kundu et al. used
low-power laser irradiation to construct nanocavity arrays on BP nano-
sheets, achieving a LOD of 10 nM for R6G [107]. Therefore, to further
enhance the SERS sensitivity of BP and its hybrid nanomaterials, novel
nanostructures that synergistically combine EM and CM enhancements
are needed. Lin et al. used a novel photoreduction technique to create a
nanojunction with Ag NPs embedded in multilayer black phosphorus
nanosheets (Ag/BP-NS), forming a SERS substrate (see Fig. 8c) [108].
Numerous ultra-small Ag NPs (3-5 nm) are firmly adhered to the BP
surface and embedded within it, along with larger aggregated Ag NPs
(~50 nm) that act as “hot spots” for EM. This structure facilitates a strong
CM effect and opens a PICT channel between Ag, BP, and R6G. The
substrate demonstrates outstanding SERS performance for R6G, with a
LOD of 1072° M. Due to the synergistic enhancement of EM and CM, the
substrate shows exceptional SERS performance with an EF of 10*. When
exposed to excitation light, BP nanosheets generate a large number of
photogenerated electrons, enhancing the efficiency of Ag nanoparticle
reduction. Multiple Ag NPs produce strong electromagnetic fields, which
can enhance the signal by approximately. Additionally, the hetero-
structure's high carrier mobility facilitates both CM and photoactivity.

Due to their large surface area, ease of functionalization, and high
loading capacity for (bio) compounds, MoS; nanosheets are used as
SERS-active substrates [109]. Strong SERS performance is achieved when
noble metal particles attach to the large specific surface area of MoS,. For
example, Pan et al. developed a SERS substrate based on MoS; nano-
composites modified with Au nanostars (MoSz-Au NSs) (Fig. 8d) [110].
ROX-labeled aptamers (ROX-Apt) were assembled on the surface of
MoS,-Au NSs to serve as recognition probes for specific binding. The
substrate exhibits remarkable SERS performance due to the synergistic
enhancement of EM effects from Au NSs and CM effects from MoS,
nanosheets. The substrate has a LOD of 17 particles-uL. ! and can detect
particles in the range of 55 to 5.5x10° particles-pL~".

TaSe;, has shown outstanding SERS performance as a 2D semimetallic
material, owing to its higher DOS compared to graphene and MoSs. The
CT probability depends linearly on the DOS near the Fermi level, ac-
cording to the Fermi golden rule. The CT process relies primarily on fast
electron transfer from the semimetallic 2D material to the analyte, which
significantly enhances SERS performance. Ge et al. used a 2D TiSy
nanosheet-coated concave Au array to fabricate a SERS substrate (Fig. 8e)
[111]. This setup combines CT resonance with LSPR. The substrate ex-
hibits exceptional SERS performance, with an EF of 2.1x10° and a LOD
of 1073 M for MB. The exfoliated 2D TiS, nanosheets, with semimetallic
properties, accelerate CT to the test analyte, resulting in significant CM
enhancement. Additionally, the concave Au array beneath the thin TiS,
nanosheet, combined with the LSPR effect, provides substantial electro-
magnetic amplification (Fig. 8f). Silicon nanospheres were assembled on
top of larger polystyrene nanospheres, etched, and coated with an Au
layer to create the concave Au arrays.

MXene nanosheets have a highly anisotropic, sheet-like geometry.
The monolayer nanosheets are conformally deposited onto noble metal
nanoparticle SERS substrates and easily deform to match the underlying
surface texture. Due to their flexibility compared to other 2D materials,

13

Advanced Powder Materials 4 (2025) 100300

monolayer MXene nanosheets can conform more easily and flexibly to
the underlying SERS substrate [112]. This allows the target analyte to
bind sufficiently close to the hot spot core (i.e., within <5 nm). MXene
nanosheets significantly EM effects when in contact with Au NPs,
improving LSPR on the substrate. Additionally, the abundant surface
functional groups on MXene nanosheets allow for further cation modi-
fication in chemical bonding, enabling various on-demand sensing ap-
plications [113]. Consequently, MXene is frequently used as a deposited
layer for tuning the Fermi level of SERS substrates. Yoo et al. developed a
technique using this information to assemble ultrasensitive SERS NPs on
a 2D surface, where Au was conformally coated with a few atomic layers
of MXene (Fig. 9a) [114]. The MXene layer effectively promotes CT by
positioning the substrate's Fermi level between the analyte's HOMO and
LUMO levels. Additionally, the wrinkled surface structure formed by the
conformal coverage of the MXene layer on the Au NP assembly helps trap
the analyte within the hot spot between NPs, boosting the EM effect
(Fig. 9b and ¢). With an analytical EF of up to 1.6x10'° for Rhodamine B
(RhB) the proposed SERS platform demonstrates an innovative structural
design using MXene layer deposition. Furthermore, Cr (VI) was detected
at a low limit of 13 ng L™!. This SERS platform can be expanded and
generalized for the quantitative detection of a wide range of analytes,
including biologically and environmentally significant compounds.

GaN has been utilized to create CM-based SERS substrates, which
offer improved chemical stability and consistent SERS signals [115].
However, Substrates with CM processes are often not significantly
enhanced. Although GaN and Ag have been used to create hybrid SERS
substrates, this has only resulted in a restricted EF of 10° for
semiconductor-based SERS [116]. In addition, compared to the SEF of
metals, most hybrid SERS substrates show somewhat greater or even
lower EF values. That severely restricts the extensive use of hybrid sys-
tems in SERS analysis. This indicates that adding a plasmonic metal
coating to a semiconductor does not dramatically increase its SERS per-
formance, necessitating more intricate design guidelines. Based on this, a
hybrid SERS substrate with Ag serving as the plasmonic structure and
GaN serving as the CT enhancement center was proposed by Lee et al.
[117]. Ag nanowires may be conformally printed onto GaN nanopillars
(AoG) to provide a very homogeneous and sensitive SERS substrate
(Fig. 9d). Therefore, considerable SERS performance with a substrate EF
of 1.4x10'! at 10 fM may be achieved for the R6G molecule with the
slightest spot variation. A schematic performance-level diagram of R6G
on an AoG substrate is shown in Fig. 9e. R6G has the LUMO level of 3.4
eV and the HOMO level of 5.7 eV. The excitation of electrons from the
HOMO to the LUMO level of R6G by the Raman excitation laser initiates
the CT process. Moreover, the photon energy can activate the trapped
electrons in the GaN defect states. These electrons are subsequently
injected into Ag's Fermi level after being moved to the conduction band
of GaN. Thus, the CT process modifies the polarizability of the R6G
molecule and increases the Raman intensity [118]. Thus, the GaN-Ag
hybrid structure would be a sound system for EM and CM constructive
interaction to maximize the SERS signal, where the CT process may
borrow the strength of the EM-enhanced Raman scattering process.
Furthermore, identifying dangerous antibiotics in aqueous solutions
showed the ability to quantify and multiplex without surface treatment.
By building intricate metal-semiconductor frameworks, this study paves
the door for fabricating susceptible SERS substrates.

LDHs are a novel category of materials with two dimensions. Re-
searchers have been interested in these materials' physical and chemical
features because of their easy synthesis, variety of structures, plenty of
adsorption sites, chemical composition, tunable morphological structure,
high specific surface area, and distinctive physical characteristics [119,
120]. The sharp tip of its 3D hierarchical structure offers a practical CT
pathway for CM [121]. Additionally, they can synthesize well-dispersed,
dense Ag NPs that can provide rich hot spots for EM. Based on this,
Kokulnathan et al. created and manufactured semiconductor cobalt-iron
layered double hydroxides (CoFe-LDHs) and noble metal Ag nanospheres
(Ag NSs) based on plasma for the detection of 4-nitrophenol (4-NP)
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of Chemistry.

(Fig. 9f) [122]. The hydrothermal process, physical mixing, and chemical
reduction were used to create Ag-NSs/CoFe-LDH nanocomposites. For
4-NP detection, the Ag-NSs/CoFe-LDHs nanocomposite exhibits a supe-
rior SERS response. Its high EF is 5.65x 10!}, and its LOD is 2.36x1071*
M. The combined action of the CT mechanism from CoFe-LDHs and the
electromagnetic process from Ag NSs is responsible for the enormous
Raman signal increase (Fig. 9g). The Ag-NSs/CoFe-LDHs SERS substrate
has excellent long-term stability, high repeatability, and homogeneity.
Furthermore, with an anticipated recovery rate of 93%-95%, the
Ag-NSs/CoFe-LDHs SERS substrate exhibits strong detection capability
for actual environmental samples. This work will aid in developing S with
plasmonic action and interfacial CT in metal/semiconductor
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nanocomposites. The ERS platform creates an additional path.

The Herzberg-Teller coupling theory states that linking the EM and
CT effects may further enhance SERS performance, provided that
plasmon-free substrates are reasonably combined. Generally speaking,
the loading of noble metal particles and the selection of matrix materials
determine how well the synergistic enhancing processes of CM and EM
are realized. The noble metal particles' shape, loading, and spacing may
be adjusted to enhance the substrate's EM efficiency. By choosing the
suitable matrix material, excitation wavelength, and other factors, as well
as the right doping plan, the CM of the substrate may be efficiently
increased. The substrate's detection sensitivity, accuracy, enhancement
effect, and similar properties may be successfully increased under the two
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methods' synergistic influence. Its superior SERS performance can in-
crease the use of SERS in various industries, including food safety,
environmental monitoring, and biomedicine.

3.3.2. EM and enrichment strategy synergy enhancement

SERS substrate using evenly distributed, densely packed, ultrasensi-
tive SERS sites ("hot spots™) as the enhancing mechanism. The probe
molecule's Raman signal will be significantly amplified when it is situ-
ated near the “hot spot.” Because of the long-range nature of electro-
magnetic field enhancement, molecules can produce stronger Raman
signals even without direct adsorption onto a metal surface. However,
the intensity decreases rapidly as one gets farther away from the hot area.
Different enrichment procedures may enrich the probe molecules in the
“hot spot area to effectively increase the enhancing impact of the sub-
strate.” Furthermore, the enrichment technique may accomplish SERS
detection of several tiny cross-sections or weakly adsorbed molecules.
Weakly adsorbed molecules typically do not adsorb well to “hot spots”
during fast aggregation. They are unable to show any discernible sensi-
tivity as a result. Consequently, the issue of the enhancing impact of
particular compounds may be successfully resolved by the synergistic
enhancement of the enrichment approach and EM.

The molecules to be identified are enhanced by making an adsorbent
and adding it to the liquid to be detected. This is an excellent method for
finding compounds that are poorly adsorbed. Zhang et al., for instance,
provided an enrichment approach demonstration. Mesoporous nano-
sponge, a porous p-CD polymer (MN-PCDP) immobilized by magnetic
NPs, was synthesized (Fig. 10a) [123]. Add it to a solution of molecules
that has to be identified as an adsorbent. The liquid to be detected was
then put over a smooth, hydrophobic SERS substrate containing Au NPs
of around 55 nm [124]. The SERS performance significantly improves
under the combined influence of the enrichment technique and the
substrate's EM. For instance, without a2n enrichment procedure, the
substrate's detection limit for thiram (TMTD) is around 1 pM. Never-
theless, upon enrichment with MN-PCDP adsorbent, this value increases
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102~10° times to around 5 M. A complex matrix's influence in the actual
sample environment was also eliminated by the MN-PCDP adsorbent's
outstanding selective adsorption and enrichment capacity for a range of
contaminants (BPA, carbendazim, diquat, etc.). Additionally, by immo-
bilizing magnetic NPs, the steps of MN-PCDP adsorption, separation, and
enrichment may be finished in two to 3 min. Therefore, a more extensive
range of sensing devices are thought to be compatible with the robust
sensing methodologies that are now in use, thanks to their ultra-fast,
selective, and efficient molecular enrichment capabilities, providing
easy, quick, flexible, and portable detection that is also affordable.

Furthermore, treating the liquid to be tested to enrich the molecules
to be tested is also a successful enrichment approach. For instance, Song
et al. created a technique (Fig. 10b) for ultrasensitive SERS detection of
low analyte concentrations in water droplets on hierarchical plasma
micro- and nanostructures using partial Leidenfrost evaporation assis-
tance [125]. Initially, plasma micro/nano was created by combining Si
micropillar arrays modified by carbon nanotubes (CNTs) with
nano-layered metal nanoantennas as a SERS substrate. Then, thanks to
the complementary effects of the enrichment approach and the sub-
strate's EM, the SERS performance significantly improves. The substrate
is enabled for SERS detection of nanomolar analytes (10’9 M) in aqueous
solution with EF=10. When compared to natural evaporation, partial
Leidenfrost-assisted droplet evaporation can efficiently shorten the ana-
lyte concentration process from hours to minutes, decrease the final
analyte deposition footprint to a mere few hundred pm?, and conse-
quently increase the analyte density on the hot spot by three to four
orders of magnitude. Accordingly, without further chemical treatment of
the designed SERS surface, partial Leiden-Frost-assisted SERS on hier-
archical plasmonic micro/nanostructures offers a versatile and simple
method to bypass the diffusion limit for quick and ultrasensitive detec-
tion of low-concentration analyte droplets.

Another enrichment method involves adding noble metal particles as
an enhancer by using the droplets' buoyancy, condensing the liquid drop,
and enriching the molecules found in the liquid drop to improve the
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Fig. 10. (a) Diagram of the porous -CD polymer-based current enrichment and detection process. Incorporate the processes of adsorption and desorption utilizing
magnetic NPs immobilized porous p-CD polymer (MN-PCDP) with an enrichment of around 1000 times. Copyright 2021, Springer Nature. (b) Diagram demonstrating
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particle surface and increase the enhancement performance. For
instance, utilizing a droplet suspension enrichment (DLE) platform, Chen
et al. showed non-destructive analyte enrichment at any step (Fig. 10c)
[126]. AuNPs were added as SERS enhancers into the suspended analyte
solution droplets to achieve ultra-sensitive SERS detection and enrich the
analyte. The platform shows exceptional SERS performance with a LOD
of 10718 M under the synergistic influence of the strong EM given by the
Au NPs and the enrichment approach. The Au NPs may be concurrently
concentrated with analytes in various phases. Precisely, the sound pres-
sure of the sound wave generated by the piezoelectric transducer com-
pensates for the gravity of the droplet, thus achieving droplet suspension
[127]. The aqueous solution is then introduced into an organic phase
(such as toluene) through the pipette suction to achieve multiphase an-
alyte enrichment. Similarly, Zhang et al. presented a buoyant plasma
particle-based plasmonic sensing technique for so-called few--
to-single-particle nanosensors (Fig. 10d) [128]. The first step in creating
large-sized (30-100 pm.), lightweight, floatable particles was to use a
seed-mediated growth method. Specifically, Au NPs were coated on
hollow SiOy large-sized floating particles, which prevented the
coffee-ring effect and improved the analyte's ability to be spatially
enriched at plasma-sensitive sites by aggregation and elevation effects.
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With a LOD of 1078 M for CV, dimer and single-particle nanosensors
demonstrate robust SERS performance when the enrichment approach
and substrate EM work together. Many plasmon-enhanced sensing ap-
plications can benefit from employing current buoyant particle tech-
niques, which provide easy, quick, adaptable, affordable, and portable
detection.

The synergistic impact of the EM-enhanced substrate and the
enrichment approach demonstrates the excellent SERS performance. It
successfully resolves the issue of weakly adsorbed compounds with low
enhancing effects and raises the SERS analysis's sensitivity, accuracy, and
dependability. It offers a valuable method for trace material analysis and
detection. This set of technologies is anticipated to become increasingly
significant in the disciplines of environmental monitoring, biomedicine,
and other related areas in the future. Encourage the advancement of
technical innovation and scientific research.

4. Applications of SERS substrates
Currently, several practical applications of these substrates have been

successfully implemented, driven by the indispensable advantages of
SERS technology and extensive research on substrate fabrication in
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related fields. The following sections provide a comprehensive overview
of the key applications of SERS substrates in analytical chemistry,
biomedicine, wearable sensors, and small-molecule analysis.

4.1. Wearable sensor applications

Wearable sensor technology is poised to play a pivotal role in the
future of personalized medicine. These sensors must overcome the
mismatch between conventional rigid silicone-based sensors and soft,
elastic biological tissues, allowing soft layers to conform to biological
interfaces like the epidermis, eyes, and nerves [129-131]. In parallel,
SERS technology offers exceptional specificity, ultra-high detection
sensitivity, and non-invasive properties, making it ideal for use in
wearable sensors for health monitoring.

Wearable sweat sensors primarily rely on enzymes and antibodies as
biological recognition components to detect metabolites and stress in-
dicators in sweat. While they enable precise measurement, enzymes and
antibodies can degrade over time, affecting sensor performance. Mogera
et al. developed a wearable paper-based microfluidic plasma device for
continuous and simultaneous quantitative monitoring of sweat rate,
metabolites, and sweat loss (Fig. 11a) [132]. Label-free SERS-based
plasma sensors provide chemical “fingerprint” information for analyte
identification. The device demonstrated sensitive detection and quanti-
fication of uric acid in sweat at both physiological and pathological
concentrations (Fig. 11b). Additionally, the well-defined flow charac-
teristics of the paper microfluidic device allow for accurate quantification
of sweat volume and rate. The wearable plasmonic device is soft, flexible,
and stretchable, allowing firm contact with the skin without causing
chemical or physical irritation.

Contact lenses, which provide direct contact with the eye, have
emerged as a popular wearable device for health monitoring. Biosensors
can be integrated into contact lenses to enable real-time, non-invasive
disease diagnosis. Ye et al. developed a biocompatible, dual-function
intelligent contact lens sensor used to measure matrix
metalloproteinase-9 (MMP-9) and monitor intraocular pressure (IOP)
(Fig. 11c) [133]. The uniform nanobowl single-layer structure of the Au
NBs SERS substrate is achieved through a metal film-coated nanosphere
structure. The quantitative analysis of MMP-9 in tears yielded a result of
1.29 ng mL™}, outperforming previous studies on MMP-9 detection or
IOP monitoring (Fig. 11d). High-performance dual detection of MMP-9
and IOP can be achieved. The continuous, direct contact of the contact
lens with tear fluid effectively resolves the issue of low tear fluid sam-
pling for MMP-9 detection. The smart contact lens provides a convenient,
non-invasive, and versatile tool for tracking health-related biomarkers in
human tears.

Wearable sensors must withstand mechanical stresses and de-
formations associated with bodily movement, making durability a key
requirement. Wang et al. proposed a wearable plasmonic electronic
sensor with “universal” molecular identification capabilities (Fig. 11e)
[134]. Individual drug metabolic profiles were produced, and trace drug
changes in vivo were effectively observed as a proof-of-concept example.
For example, the sensor was calibrated with artificial sweat containing
varying nicotine concentrations to measure nicotine. Nicotine concen-
trations as low as 100 nM were detected. As shown in Fig. 11f, a
volunteer had a nicotine patch (10 mg) applied to their forearm for 2 h
before removal. One sensor (sensor A) was placed directly on the patch
area after cleaning. The other sensor (sensor B) was placed about 2 cm
away from the patch area. Nicotine levels in perspiration were monitored
over the next 48 h. Nicotine levels at both sites showed an exponential
decline, characteristic of drug metabolism. The results demonstrate that
the biosensor can effectively monitor nicotine metabolism. Additionally,
it illustrates how wearable sensors can track dynamic pharmacokinetics
to assess an individual's drug metabolism. Furthermore, nicotine levels in
the patch region (sensor A) were higher than in the area 2 cm away
(sensor B). Most nicotine molecules absorbed quickly diffuse into the
bloodstream, as they are stored under the surface epidermis beneath the

17

Advanced Powder Materials 4 (2025) 100300

patch. This leads to a proportional spatial decrease in nicotine levels
along the arm. After patch removal, multiple sensors were positioned
along the arm at regular intervals to verify this. As expected, nicotine
concentrations in the extracted sweat samples progressively decreased
with distance. This finding suggests that the integrated sensor has limi-
tations in detecting targets stored under superficial skin layers. In future
applications, the sensor should be positioned to maximize sensitivity.
Further research is required to determine the relationship between sub-
epidermal drug concentrations and levels in blood or interstitial fluid.

Inspired by the omnidirectional light collection in insect compound
eyes, Zhu et al. developed a wearable SERS sensor featuring an omnidi-
rectional plasmonic nanovoid array (OPNA) [135]. An artificial plas-
monic compound eye (APC) was created by assembling a monolayer of
metal NPs to form the array (Fig. 11g). The APC features a networked
structure with omnidirectional “pockets” that act as “armor” to preserve
the integrity of “hot spots” under mechanical deformation, while also
providing broadband and omnidirectional enhancement in fragile
nanoparticle arrays. The hydrophobic OPNA was designed with an
asymmetric super-hydrophilic pattern on its surface, enabling it to
naturally collect and concentrate analytes from sweat. The wearable and
in situ analysis of SERS sensors offers high sensitivity (10’16 M) and
stability, presenting excellent potential for point-of-care applications. As
proof-of-concept, the dynamic variations in sweat dopamine (DA) con-
centration during different physical activities were monitored. Fig. 11h
illustrates the significant potential of the OPNA sensor for wearable
health monitoring applications. A flexible OPNA sensor was affixed to a
participant's forehead to measure DA levels in sweat during various
physical activities, such as walking, jogging, and sitting. In the “sitting”
condition, no SERS signal for DA was detected, and within 30 min, 2 pL of
sweat accumulated in each test region at 33-35 °C and approximately
65% humidity.

Although significant advancements have been made in integrating
SERS technology with flexible electronics for wearable sensor design,
challenges remain. Despite these advancements, several challenges
remain. For example, wearable sensors must endure mechanical stresses
and deformations from regular use. However, maintaining the integrity
of delicate nanostructures in plasmonic metasurfaces is challenging
during frequent body movement and daily activities. This implies that in
real-world applications, the durability of the SERS substrate structure is a
primary concern.

4.2. Biomedical applications

Biomedicine is a key field where SERS technology is extensively
applied. The development of novel materials and tools has advanced
significantly in recent years. These novel materials and devices enable
SERS to be applied in bio-related systems [136,137]. The main ad-
vancements here are SERS bioassays conducted directly in cells and
bioassays conducted in bodily fluids [138,139]. These applications
include drug administration and detection, cancer diagnosis and treat-
ment, and various emergency tests, such as stroke, abortion, and
inflammation.

Preventing mortality from acute myocardial infarction (AMI) relies on
accurate and timely diagnosis. Furthermore, the complementary roles of
cardiac biomarkers, cardiac troponin I (cTnl) and creatine kinase
myoencephalon (CK-MB), are crucial in both the early and late phases of
AMI. Simultaneously detecting these biomarkers using traditional fluo-
rescence and electrochemical methods is challenging. Lee et al. described
a one-stop immunological SERS detection tool based on nanotechnology
for progressive tracking of AMI episodes and rapid, accurate screening of
various cardiac biomarkers (Fig. 12a) [140]. Anisotropic plasmonic Au
nanocubes were used for optimal SERS, providing high yield, optimized
excitation wavelength, and favorable optical properties. The addition of
immobilized antibodies maximized the immunoassay reaction efficiency.
The SERS platform enables rapid identification of AMI using a portable
Raman spectrometer, thanks to its accurate estimation of AMI onset and
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Fig. 12. (a) Diagram of a plasmonic nanocube-excited SERS readout technique for quick and accurate AMI screening and tracing based on an optical sensing chip for
multiple cTnl and CK-MB biomarker detections, (b) concepts and calibration curves of multipurpose SERS immunoassay platform to detect (i) single CK-MB and (ii) a
mixture of CK-MB and cTnl, respectively, along with their corresponding SERS response characteristics at bands 1575 cm™!. Copyright 2024, Willey. (c) Diagram of
the high-throughput and super-hydrophobic SERS platform for BC, M5, HBV, and N screening, (d) (i) normalized averaged SERS spectra comparison of the 321 BC, 94
HBV, 77 M5, and 203 N serum samples, (ii) the corresponding histograms of the average intensities and standard deviations of the SERS peaks of the BC, HBV, M5, and
N groups. Copyright 2021, Willey. (e) Diagrammatic representation of the multiplex vertical flow assay (VFA) using nanoporous AAO for the identification of four
inflammatory biomarkers using core-shell SERS nanotags encoded with raman dyes, (f) averaged raman spectra of the test array with different concentrations of CRP,
IL-6, SAA, and PCT, (g) (i-iv) dose-responsive curves of CRP, IL-6, SAA, and PCT, respectively. Copyright 2020, Willey. (h) Diagrammatic representation of a SERS
diagnostic platform based on metabolomics for stratifying miscarriage risk in pregnant women exhibiting signs of an impending miscarriage, (i) pregnane% from urine
samples from 20 spontaneous miscarriages and 20 continuing pregnancies (i), urine sample SERS spectra from continuing pregnancy patient number 3(ii) and
miscarriage patient number 30 are shown. Copyright 2020, American Chemical Society.

progression in human serum. This integrated platform, offering prompt et al. developed the sensing membrane of a vertical flow analysis device
treatment and monitoring, has had a significant impact on forensic and using functionalized nanoporous anodic Al oxide (AAO) [142]. Encoded
emergency medicine. CK-MB and cTnl were detected at concentrations as core-shell SERS nanotags were used to label several inflammatory
low as 6.56 FG-mL ™! and 11.81 FG-mL ™2, respectively (Fig. 12b). biomarker tests (Fig. 12e). Multiple capture antibodies were applied to

Blood analysis is crucial for improving patient survival and enabling modify a 2x2 test array on porous AAO, enabling the extraction of in-
early cancer screening. However, developing efficient strategies for high- flammatory biomarkers from samples. The high surface area-to-volume
throughput blood analysis-based early cancer diagnosis remains chal- ratio of the AAO film, along with its impact on plasmonic coupling, en-
lenging. Lin et al. designed a unique automated superhydrophobic plat- hances the electromagnetic field of the encoded core-shell SERS nano-

form paired with SERS and a label-free serum analysis system based on tags. The detection limits for CRP, IL-6, SAA, and PCT were 53.4, 4.72,
deep learning [141]. In addition, an efficient point-of-care diagnostic 48.3, and 7.53 FG-mL™}, respectively. Consequently, high-throughput

system and an automated high-throughput Raman spectrometer were biomarker detection using porous AAO-based SERS VFA shows consid-
developed (Fig. 12c). This system was designed to detect leukemia M5 erable potential. This approach holds potential for clinical diagnostics in
(M5), hepatitis B virus (HBV), and breast cancer (BC). The grooves on the resource-limited settings.
superhydrophobic terrace surface help localize and bring the target In the first trimester, 15%-20% of pregnancies result in threatened
closer for analysis. Adding Ag NPs enhances sensitivity, achieving a LOD miscarriage, typically characterized by vaginal bleeding or abdominal
of approximately 1072 M. Additionally, combining SERS with deep discomfort. In 25% of these cases, the pregnancy results in spontaneous
learning (DL) resulted in excellent diagnostic accuracy (98.6%) in the miscarriage [143]. To assess the risk of miscarriage in patients presenting
external holdover test set, suggesting that this method could lead to with symptoms of threatened miscarriage, practitioners require a
rapid, high-throughput, label-free disease screening tools. noninvasive point-of-care diagnostic tool. Kao et al. described a “limit--
There is an urgent need for the development of ultrasensitive and capture” technique for multiplex detection of two urine metabolite
high-throughput detection tests to identify inflammatory diseases. Chen families associated with miscarriage risk [144]. Tetrahydrocortisone,
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20a-diol-3a-glucuronide, and 5f-pregnan-3a could fill the gap in iden-
tifying impending miscarriage (Fig. 12h). This technique utilizes nano-
scale surface chemistries to extract target compounds from a complex
urine matrix. These compounds were then confined to a super-
hydrophobic SERS platform, delivering excellent performance with an EF
of 10'2 and a LOD of 1072 M. The 30-min screening process includes
urine preparation, sample drying on the SERS platform, SERS measure-
ment, and stoichiometric analysis. A case-control study was conducted in
40 pregnant women presenting with symptoms of threatened miscarriage
to quantify tetrahydrocortisone and pregnancy-related metabolites.
These measurements closely corresponded with pregnancy outcomes.
Compared to existing analytical platforms, the combination of SERS and
metabonomics offers several advantages. Key features include label-free
multiplexing, ultra-low subnanomolar detection limits (10_12 M), low
sample volume requirements, simple sample handling, precise molecular
fingerprints for accurate metabolite identification, and rapid noninvasive
quantification. This method is particularly useful in scenarios with
limited sample quantities, such as screening with tears or sputum. It can
be applied for the detection of multiple diseases in diverse clinical
settings.

Cancer is one of the most significant threats to human health, and the
chances of curing advanced-stage cancer are very low. Therefore,
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improving cancer survival rates relies heavily on early detection and
appropriate treatment [145]. Due to its high sensitivity, unique “finger-
print” properties, low phototoxicity, resistance to photobleaching, and in
situ detection capabilities, SERS has proven to be an effective approach.
Analytical diagnostic techniques play a crucial role in early cancer
detection and treatment.

Lung cancer is one of the most common primary malignant tumors,
and the survival rate of patients with it is extremely low [146]. However,
most people with early-stage lung cancer exhibit no noticeable symptoms
or pain, often missing the critical window for clinical intervention [147].
Gaseous aldehydes in human breath, associated with inflammation and
oxidative stress, have been identified as traditional indicators of early
lung cancer. Gao et al. first developed a large-scale (4-inch) commercial
SERS wafer with an Ag/Si/Ag PMPD micro-nano porous structure [148].
Gaseous aldehydes serve as biomarkers for the diagnosis of early-stage
lung cancer. Its unique particle structure is designed to fit within the
micro-nano porous structure (Fig. 13a). The substrate exhibits strong
SERS performance on gaseous aldehydes due to its dual capture of light
and gaseous molecules. Gaseous aldehydes in exhaled breath are
considered one of the most representative indicators of early lung cancer.
For gaseous 4-ethylbenzaldehyde (EBA), the substrate has a LOD of 0.1
ppb and an RSD of approximately 16.5 %. The production of commercial
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Fig. 13. (a) Direct preparation of the Ag/Si/Ag PMPD diagram on a 4-inch Si wafer, (b) (i) normalized raman spectra of 4-ATP before and after reacting with EBA, (ii)
raman spectra of 4-ATP + EBA with different concentrations of 4-EBA. Copyright 2023, Willey. (c) Principle of target-induced CS nanostructures assembly strategy for
simultaneous imaging and quantification of intracellular miR-21 and fluorescence-guided PTT. Copyright 2020, Willey. (d) Design of the fTDN-assisted DNA walking
nanomachine for simultaneous ratiometric SERS-FL assay of miRNA-21 and illustration of the developed nanodevice for miRNA detection and imaging in live cells and
ACSPs-mediated multimodal synergistic therapy. Copyright 2021, American Chemical Society. (e) Diagram of a SERS sensor for VOC detection and digital photos of
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SERS sensors can be significantly increased by dividing this large-scale
sensor into smaller units (1 cm?). Over 65 chips can be produced from
a single 4-inch wafer. Additionally, a medical breathing bag incorpo-
rating this small chip was meticulously designed and studied. An early
warning system was developed and implemented based on the findings of
the breathing bag test. An early warning system was developed and
implemented based on the findings of the breathing bag test. Compared
to previous samples, the sensor demonstrates superior SERS performance
and greater potential for large-scale production. It provides a new
perspective and approach for the commercial application of SERS.

Integrating biological therapy and detection into a single system is an
innovative therapeutic strategy for effective cancer treatment. Li et al.
developed a targeted activation system using Au nanoparticle probes
(AuNP probes) and Au nano bipyramidal motors (Au NBPs) [149]. A
heart-satellite nanostructure (CS) assembly enables the quantification of
intracellular microRNA-21 (miR-21), dual-signal imaging, and cancer
treatment via photothermal therapy (PTT) (Fig. 13c). MiR-21 triggers the
interaction between AuNP probes and Au NBPs upon entering cells,
leading to the formation of CS nanostructures. This system enables suc-
cessful scanning and quantification of miR-21 in individual cells, allow-
ing differentiation between tumor and normal cells. Additionally, the
assembly employs PTT to inhibit tumor growth and destroy tumor cells,
guided by fluorescent signals. The in vitro and in vivo results demon-
strate the promising potential of this method for cancer detection and
therapy. Furthermore, the system exhibits high sensitivity and a low
LOD.

MicroRNA (miRNA) serves as a critical biomarker for regulating
genes associated with tumors [150]. Therefore, accurate miRNA analysis
is essential for targeted therapy, clinical diagnosis, and prognosis moni-
toring. Detecting miRNAs within single live cells has been used to clarify
miRNA distribution and track the progression of cancer treatment.
However, reliable intracellular miRNA detection remains a significant
challenge due to the complex tumor environment and the low abundance
of miRNAs in tumor cells [151]. Based on this, He et al. constructed an
integrated smart nanodevice composed of Au@CuyS@polydopamine
NPs (ACSPs) and tetrahedral DNA nanostructures conjugated with fuel
DNA (fTDNs) [152]. ACSP nanoprobes play a critical role in anti-tumor
therapy and in situ monitoring of microRNAs (miRNAs) in cancer cells
(Fig. 13d). By combining ACSPs as an efficient detection substrate with
fTDNs, a SERS-high fluorescence (FL) dual-spectral biosensor was
developed, achieving ultra-low background signals and excellent sensi-
tivity. The detection limits of FL and SERS were 0.11 pM and 4.95 aM,
respectively. The dual-signal ratio approach enabled accurate SERS
quantification of miRNA in cancer cells and rapid FL imaging, improving
diagnostic accuracy. In therapeutic applications, ASCs can function as
integrative nanoscale agents for multimodal synergistic tumor treatment
due to their high oxygen-generating capacity and excellent photothermal
conversion efficiency. Notably, in vitro and in vivo studies have
demonstrated potent anti-cancer properties and good biological safety,
indicating potential applications in diagnosis and treatment.

Li et al. proposed using hollow ZIF-8 wrapped around Au super-
particles with a yolk-shell structure as a SERS substrate to accurately
identify biomarkers in complex exhaled breath and eliminate interfer-
ence from other components [153]. Similar to the solid ZIF layer, the
hollow ZIF-8 layer is enriched with gas molecules that interact with
functional molecules on the surface of the superparticles, generating a
strong reaction signal. The hollow ZIF layer has a detection limit five
times lower than that of the core-shell structured material and can effi-
ciently filter out interfering molecules not coupled with the target mol-
ecules. Additionally, a mask-type sensor was developed, and PC-LDA was
applied to model the spectra, estimating the likelihood of illness in a
natural population. To complete the breathing test conveniently and
comfortably, the SERS substrate was filtered onto filter paper and placed
at the breathing valve of the mask, forming a mask-type detector
(Fig. 13e). The morning exhalations of ten lung cancer patients and
fifteen healthy individuals were examined. The chemometric model was
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supervised using principal component-linear discriminant analysis
(PC-LDA) to differentiate lung cancer patients from healthy individuals.
Positive and negative results for lung cancer biomarkers can be identified
by combining a machine learning-based classification algorithm with the
SERS sensor based on GSPs and H-ZIF-8. This fast, simple, and affordable
diagnostic technique offers numerous benefits and has the potential for
lung cancer screening.

Despite the promise of SERS technology in biomedical applications
like cancer diagnosis and disease monitoring, several hurdles remain that
hinder its widespread practical use. For instance, diagnostics necessitate
substrates that provide reliable, quantifiable outcomes across batches-a
challenge for several SERS platforms, since nanoscale discrepancies in
plasmonic hotspots result in erratic signal variances. It is believed that
there will be applications in the high-end pharmaceutical industry in the
future, but their practical use on a broad scale remains limited. Moreover,
the available pertinent research relies on a limited array of real or
simulated samples, and the impact of SERS substrates across a broad
spectrum of practical applications, along with the associated challenges,
remains inadequately addressed in the literature. Consequently, the
practical utilization of SERS substrates in biomedicine remains a signif-
icant area for research.

4.3. Micromolecular detection applications

Due to its low detection limit, SERS has numerous applications in
analytical chemistry. Additionally, SERS technology operates under
gentle conditions, allowing sample analysis in less demanding environ-
ments. It avoids extreme temperatures or pressures required by some
other analytical techniques. This feature makes SERS technology more
suitable for analyzing delicate materials, such as biological samples. The
ability to perform in-situ detection is a major advantage of SERS tech-
nology. This allows samples to be analyzed without altering or damaging
their original condition. This is beneficial for studying a sample's char-
acteristics and behavior in its natural state. Owing to these advantages,
SERS has been applied in a wide range of fields. For example, SERS is
used for detecting pesticide residues, monitoring plant health, and
identifying explosives, drugs, and VOCs.

Gas sensors are highly sought after in industries such as environ-
mental research and medicine. However, maintaining high sensitivity
during multiple tests on complex gas samples remains a challenge for
experts. Yang et al. incorporated Ti3CoTx MXene into a microfluidic gas
sensor with a 3D transferable SERS substrate [154]. This resulted in the
creation of a high-sensitivity, multiplex-detection microfluidic gas sensor
(Fig. 14a). The use of MXene significantly enhances the sensor's
adsorption efficiency for various gases. Sensitivity is improved by the
in-situ gas vortex generated within the intricate nano-micron structure,
which extends the time molecules remain in the SERS active zone. A
proof-of-concept experiment based on the intrinsic SERS signal of the gas
molecules demonstrates that the LOD for three common VOCs ranges
from 10 to 50 ppb. Classical least squares (CLS) analysis reveals the
precise composition of the gas mixture with an average accuracy of
90.6%. A color barcode was also generated based on CLS results to
visually represent the sample's complex composition. Similarly, Yang
et al. developed an intelligent microcontroller by integrating SERS
spectroscopy with microfluidic chips [155]. This system combines mul-
tiple detection units to study physisorption and chemisorption mecha-
nisms for the simultaneous detection of VOCs (Fig. 14c). Integrating
microfluidics with various nanostructures on a single chip enables a
customizable configuration for detecting diverse volatile substances. It
has been shown that nine distinct aromatic gases, including aldehydes,
ketones, and sulfides, can be simultaneously detected, achieving on-chip
signal amplification with enhanced repeatability, excellent robustness
(8% error), remarkable selectivity, and high sensitivity (ppb level).
Ongoing research explores the use of universal gas sensors for diagnosing
exhalation diseases and monitoring indoor air pollution.

The analysis and identification of specific small molecules in plants
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Fig. 14. (a) Schematic diagram of multiplex VOCs gas detection, (b) (i) the SERS spectrum of the example ternary gas mixture, (ii) the spectrum of each vaporized
compound was calculated from the CLS results, (iii) the chromatic barcodes of each composition, the concentration was converted from the calculated intensity
according to the standard detection curves. Copyright 2021, American Chemical Society. (c) Schematic diagram of the overall universal gas sensor and the principle of
three different detection units, (d) SERS spectra of all 35 samples with different concentrations measured by (i) UB and (ii) UC. Copyright 2022, American Chemical
Society. (e) Schematic of Ag NS@PDDA infiltration through stomatal pores and its distribution in the cross-section of the plant's leaf, (f) SERS spectra of various plant
signaling molecules, namely, 10 pM SA, 10 pM FA, 100 pM IAA, 100 pM ATP, their mixture, and the SERS spectrum of Ag NS@PDDA alone. Copyright 2023, Springer
Nature. (g) Raman spectra of DTTC on different platforms and corresponding platform statuses, (h) SEM images of (i) SERSCIP containing a D-asparagine template, (ii)
SERS-CIP without a D-asparagine template, and (iii) SERS-NIP. Copyright 2022, Springer Nature.

can help determine their growth status. For example, plants release
chemicals to trigger their defense mechanisms under stress. Identifying
these stress-related molecules offers an opportunity to manage stress and
prevent the onset of diseases. However, locating endogenous signaling
molecules in living plants remains challenging due to their low concen-
tration and interference from other substances. Using SERS, Son et al.
developed a non-destructive nanoprobe for real-time identification of
multiple stress-related endogenous chemicals in live plants (Fig. 14e)
[156]. The probe consists of a silicon nanosphere encased in a corrugated
Ag shell, modified with diallyl dimethyl ammonium chloride, a
water-soluble cationic polymer. This structure enables interaction with
multiple signaling molecules found in plants. The probe's outstanding
SERS performance is demonstrated by an acquisition time of approxi-
mately 100 ms, with a signal-to-noise ratio of 64 and an EF of 2.9x107.
The probes effectively measure stress-related chemicals indicating the
early onset of plant disease, such as glutathione, crucifer alexins, extra-
cellular adenosine triphosphate, and salicylic acid, under both biotic and
abiotic stress. This demonstrates that the probe can detect stress at an
early stage, enabling timely intervention to help plants manage diseases.

Discrimination between different molecules is crucial in environ-
mental and biological sciences. Detecting chiral molecules can be diffi-
cult due to their intrinsic lack of optical activity or unavoidable non-
specific binding of the incorrect enantiomer. Arabi et al. presented an
“inspector” identification mechanism (IRM), which is implemented on a
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polydopamine (PDA) layer coated with a SERS tag layer containing chiral
imprints (Fig. 14g) [157]. The IRM operates based on an imprinted PDA
that detects changes in permeability after molecular chiral recognition
and permeability analysis. The correct enantiomer can precisely recog-
nize and fill the chiral imprint, while the incorrect one cannot. Subse-
quently, the linear form of the aminothiol molecule is added as a detector
to assess the state. It can only pass through empty spaces and loosely
populated cavities, leading to a reduction in the SERS signal. Non-specific
recognition of the incorrect enantiomer is prevented, and chiral infor-
mation is acquired only through strong enantiospecific binding. Due to its
sensitivity and adaptability, the IRM can effectively discriminate be-
tween chiral compounds.

SERS-based biomolecule detection is a rapidly advancing field, but
detecting sugars in bodily fluids in an unlabeled and sensitive manner
remains challenging. Zhang et al. created a new SERS substrate
(AgNSgpp) by mechanically scratching a smooth Ag sheet, forming a
multi-dimensional “hot spot” area that captures glucose molecules
through nanoscale grooves on the substrate's surface [158]. Enhanced
SERS fingerprinting was successfully achieved (Fig. 15a). The platform
demonstrated a detection limit as low as 0.5x107'® M in deionized
water, highlighting its speed, reliability, and reproducibility. The plat-
form's adaptability and specificity were further demonstrated by
detecting various monosaccharides, polysaccharides, and mixed samples,
distinguished using machine learning and heat mapping. Importantly,
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Fig. 15. (a) Through LDA classification, the SERS spectra of 4 monosaccharides and 4 polysaccharides were intelligently distinguished. And wearable and portable
SERS substrates are used to detect bodily fluids in several positions and anticipate possible metabolic illnesses linked to glycemics. Copyright 2023, Willey. (b)
Diagrammatic illustration of a quick paper-based SERS detection platform for determining PQ and CPF poisoning in patient serum in order to select the best emergency
therapy, (c) SERS spectra of (i) PQ and (ii) CPF in human blood at doses ranging from 100 to 0.01 ppm and 100 to 0.1 ppm, respectively, (d) demonstration diagram of
glove-based SERS sensor collecting liquid samples. Copyright 2023, Willey. (e) (i) Oncentration-dependent SERS spectra of tramadol in serum, (ii) function of the peak
intensity at 995 cm™! with the spiked sample concentration. Copyright 2023, Elsevier. (f) Screenshot for detection of explosive molecules, (g) raman spectra of the
explosive compounds octogen-HMX, tetryl, 1,3,5-trinitrobenzene-TNB, and 2,4,6-trinitrotoluene-TNT. Copyright 2024, Elsevier.

real samples were tested, and results showed that the platform can detect
and identify glucose-related SERS signals in blood, urine, tears, and
sweat. Moreover, signal intensity analysis of multiple distinctive peaks
can be used to non-invasively predict diabetes.

The label-free detection, ultra-high sensitivity, and unique chemical
fingerprints of SERS-based biosensors have attracted significant interest.
Lin et al. developed a wafer-scale, highly uniform, ultrasensitive, portable
paper-based SERS detection apparatus [159]. The platform features rich
and dense Au nanobeads with tight gap distances, directly deposited onto
ultra-low surface energy fluorosilane-modified cellulose fibers by precisely
controlling atomic diffusion through simple heat evaporation. With an EF
0f 3.9x10' and a sub-femtomolar detection limit (single-molecule level),
the paper-based SERS substrate demonstrates exceptional performance.
This technique recognizes twelve distinct analytes, including clinical
drugs, pesticides (thiram, paraquat, carbaryl, chlorpyrifos), environmental
carcinogens (benzopyrene), and illegal narcotics (methamphetamine,
mephedrone), through their chemical fingerprints. Therefore, this scal-
able, portable, ultra-sensitive fiber-based SERS substrate is a valuable tool
for biofluid analysis, point-of-care diagnostics, and precision medicine. It
is also suitable for clinical applications, such as therapeutic drug moni-
toring for personalized medication adjustment and ultra-early diagnosis of
pesticide poisoning (Fig. 15b). The exploration of these fields opens up
new possibilities.

SERS technology relies on non-destructive analysis of sample mole-
cules and their unique fingerprint features, offering significant potential
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for restricted substance identification and detection. Zhang et al. devel-
oped a flexible glove-based SERS sensor for portable detection and
identification of restricted substances (Fig. 15d) [160]. The glove-based
SERS sensor is constructed by attaching a flexible tape substrate to the
glove's fingertip for analyte extraction, followed by the adhesion of an
opal photonic crystal made of polystyrene spheres (PS) to enhance the
Raman signal. Au trioctahedra (Au TOH) were consistently assembled
onto the adhesive tape using an interfacial self-assembly method,
enhancing signal repeatability. Additionally, the adhesive tape substrate
improves sampling efficiency, offers high flexibility, and facilitates
conformal contact with uneven surfaces. The glove-based SERS sensor,
with an RSD of less than 6%, is unaffected by different degrees of bending
and stretching. The sensor can detect trace amounts of tramadol (69.19
ng mL™!) and midazolam (35.03 ng mL™Y) in serum, demonstrating low
detection limits. It offers substantial advantages in portable analysis and
efficient sample extraction. Additionally, the sensor can accurately detect
methamphetamine in complex binary mixtures. The glove-type SERS
sensor, with its simple sampling and high sensitivity, provides a foun-
dation for developing user-friendly wearable SERS sensors.

Security standards, forensic investigations, and contamination studies
rely on the accurate and timely identification of explosives and their
harmful effects. Shvalya et al. developed an enhanced substrate design
for detecting various explosives by precisely controlling the oxidation of
the tungsten surface and depositing an Au layer [161]. This resulted in an
excellent SERS substrate for detecting molecules (Fig. 15f). The junction
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of the tungsten Wulff facets forms a trench-like morphology, enhancing
the SERS response by over 300% and increasing nano-roughness
compared to the untreated surface. Following ultrafast Ar/O5 plasma
cleaning, the substrate demonstrates excellent repeatability, with a RSD
of less than 15%. The signal recovery rate exceeds 95%. With a 10-s
collection time and motion scan mode, the detection limit of the “sur-
face dry” measurement is better than 108 M. These substrates success-
fully classified the chemical fingerprints of HMX, Tetryl, TNB, and TNT,
with a LOD of 107 M in the “water droplet on the surface” scenario, two
orders of magnitude better than the UV-Vis spectroscopy method. This
demonstrates the effectiveness of the label-free SERS screening sensor in
monitoring trace explosives in aqueous media.

SERS technology offers several benefits, including high sensitivity,
speed, accuracy, and non-invasive, non-destructive analysis. It has
numerous potential applications in analysis and detection. However, the
choice of substrate plays a critical role in detection and analysis, as the
effectiveness of SERS technology heavily depends on the substrate ma-
terial. This reliance can lead to unpredictable outcomes. Consequently,
ongoing research is needed to design and develop superior SERS sub-
strates to meet the growing range of analytical and detection demands.
Additionally, the applicability of many substrate materials is significantly
limited by their cost. Further efforts are needed to address this issue.

5. Summary and perspectives

In conclusion, this work reviews the recent research progress of SERS,
focusing on the preparation and application of substrates. Research on
substrate preparation can be broadly categorized into noble metal and
composite substrates, as well as noble-free metal substrates, based on EM
and CM mechanisms. Noble metal substrates primarily rely on EM as the
enhancement mechanism, largely due to the superior LSPR performance
of noble metals. This generates a strong local electric field. By controlling
the nanostructure or the gap between noble metal particles, the
enhancement effect of the substrate can be significantly improved.
Therefore, research on high-quality, customized nanostructures is a key
driving force in the ongoing development of these substrates. In noble
metal composite substrates, unlike pure noble metal substrates, the
substrate material significantly influences the performance, alongside the
noble metal's nanostructure. The matrix material typically acts as a
support for noble metal particles, and the number of active sites directly
affects the loading of these particles, which in turn influences substrate
performance. Therefore, matrix materials are typically chosen for their
chemical activity and large specific surface area. Additionally, when
certain unique materials are used as matrix materials, they may generate
a CT effect with probe molecules. This contributes to CM, where the
substrate often demonstrates superior performance when combined with
EM. Thus, advancements in material preparation methods are also a key
driving force in the development of noble metal composites. Finally,
reducing the high cost of noble metal-based substrates is crucial for the
widespread application of SERS. The high cost of noble metal substrates
arises from the expensive precursor materials and the complex proced-
ures needed to fabricate their intricate structures. Replacing noble metals
(Au, Ag, etc.) with cheaper alternatives (Cu, Al, etc.) is a potential so-
lution. The challenge lies in maintaining high EFs and chemical stability,
and current progress in this area remains limited. However, advance-
ments in preparation techniques, including those for noble metals, can
help mitigate the cost issue to some extent.

Noble metal-free substrates primarily rely on CM as the enhancement
mechanism. However, unlike noble metal NPs and their composites, no
unified enhancement theory exists for noble metal-free substrates. As
discussed in Section 2.2, the CT effect in substrate-molecule complexes
can follow multiple potential pathways. Different noble metal-free SERS
substrates may participate in multiple or alternative pathways simulta-
neously. Therefore, identifying the primary contribution of the CT
pathway to SERS enhancement and establishing a unified understanding
of it is crucial for the development of noble metal-free SERS substrates.
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Noble metal-free substrates offer advantages such as enhanced activity,
inherent chemical stability, and high specificity for target molecules
[162,163]. Additionally, compared to the high costs of precursor mate-
rials and preparation technologies for noble metal-based substrates,
noble metal-free substrates offer an unmatched cost advantage. However,
noble metal-free substrates often suffer from poor SERS performance, a
drawback of the CM mechanism. Thus, enhancing the performance of
noble metal-free substrates is crucial for future development. The specific
performance of various substrates is listed in Table 1. Future efforts
should focus on two aspects: first, since the CT effect drives CM,
improving the CT efficiency of substrate materials is essential. This can
be achieved through experimental methods, such as band gap tuning,
element doping, and similar approaches. In addition to overall material
design, noble metal-free substrates are being developed. Materials with
LSPR, such as nitrides and metal semiconductors, may also be developed.
Notably, noble metal-free SERS substrates can generate strong synergistic
enhancements, significantly improving SERS performance.

Researchers have developed wearable sensors, SERS nanolabels,
chemical sensors, hand-selective systems, and specialized platforms for a
wide range of sensing strategies across various fields. In human testing,
many SERS-based wearable sensors can monitor physiological states
through tears, sweat, and other secretions, reflecting both physiological
and pathological information. In biomedicine, SERS labels and platforms
are used for various applications, including emergency screenings (e.g.,
stroke, miscarriage, inflammation), early cancer diagnosis, drug delivery,
and testing. However, since SERS technology depends on enhancing
substrates, producing high-quality substrates remains a major challenge
in SERS applications. Although large-scale industrial production of

Table 1
Comparison of the properties of the typical SERS substrates.
Substrates Probe LOD (mol/ EF Refs.
L)
ANITs 2-NTT 10° [52]
Au double NRs 2-NTT 107 7 x 108 [53]
Au DWFs 2-NTT 5x1078 6.52 x [55]
107
Elongated pseudo-hollow NFs BT 10718 1.1 x 10° [56]
Au truncated octahedral double- 2-NTT 1077 107 [571
edge NFs
L/b-Pt@Au TNRs APaz 45 x [60]
10—15
Au NHX BT 10°1% [61]
PCHs 2-NTT 107 3.8x107  [63]
Ag NPs modified GNRs R6G 10 10° [65]
Ag NR@Graphene@Ag NR PCB-3 1.72 x 1.6 x 108 [66]
10710
Au-NP/SnO,/Au-NP R6G 1071 4.6 x10°  [67]
Au NBP/End-ZIF 4-ATP 108 7.36 x [71]
107
Ag/PANI R6G 10°® 10° [76]
3D-Assembled Metallic NPs BPE 10° 1.14 x [78]
10°
GDY HHMSs R6G 1012 3.7 x 107 [85]
WOs_,/WSe;, MB 5x10°"  5x10®  [88]
TaSe, nanosheets R6G 1010 [93]
Nb, Re-WSe, R6G 5x10°®  2x10° [95]
2D BCN cv 1077 [971
MSOR; Bilirubin  1071° 1.7 x10°  [99]
TiVC MXene R6G 107 3.27 x [101]
1012
Hybrid WN/C nanobelts BPA 10712 6.5 x 10°  [105]
Ag/BP-NS R6G 1072 1.01 x [108]
101 1
TiS,/CGA MB 1013 21 x10°  [111]
MXene-blanketed Au NP RhB 1.6 x [114]
1010
Ag NWs on GaN NPs R6G 101 1.4 x [117]
1011
Ag-NSs/CoFe-LDHs 4-NP 2.36 x 5.65 x [122]
10714 1011
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substrates differs from laboratory preparation, significant improvements
are still needed in the production process. Furthermore, as society ad-
vances, artificial intelligence (AI) technologies, including machine
learning and deep learning, may offer valuable insights for designing
high-efficiency SERS substrates and improving analytical performance.
Al has made breakthroughs in drug discovery, material design, and
organic synthesis [164-166]. New computational methodologies, such as
molecular design algorithms, can explore vast chemical spaces and sup-
port fields like molecular property prediction, molecule design, reverse
synthesis, reaction prediction, and result forecasting [167-171]. Thus,
applying supervised and unsupervised learning modes, along with algo-
rithms like K-nearest neighbors, support vector machines, random forest,
boosting, and neural networks, can greatly enhance SERS analytical
performance [172]. Integrating AI with SERS technology will be a
powerful tool for designing novel substrate materials with superior SERS
performance, optimizing architecture, studying enhancement mecha-
nisms, and improving analytical capabilities. It is believed that over-
coming these challenges will enable SERS technology to play a crucial
role across diverse application areas.
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