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Zhiyang Pei, Chang Ji, Mingrui Shao, Yang Wu, Xiaofei Zhao,
Baoyuan Man, Zhen Li*, Jing Yu* and Chao Zhang*

Surface-enhanced Raman scattering (SERS) is a powerful molecular fingerprinting technique widely applied across
physical chemistry, environmental monitoring, and public safety. While hotspot engineering has driven significant ad-
vances, a critical limitation persists: the reliable detection of analytes lacking affinity for plasmonic surfaces remains chal-
lenging. Despite extensive reviews on SERS substrates and hotspots (>300 in recent years), none systematically ad-
dress analyte manipulation as a complementary paradigm for overcoming this universal detection barrier. This review
uniquely synthesizes the rapidly evolving field of analyte enrichment strategies—categorized as chemical, physical, and
macroscopic force field approaches—and demonstrates their integration with engineered hotspots as a multifaceted so-
lution. We highlight how this synergy achieves unprecedented sensitivity enhancements (104-10'® fold), unattainable
through hotspot engineering alone. Finally, we emphasize the current challenges in this research area and propose new
research directions aimed at developing efficient SERS designs that are critical for real-world applications.

Keywords: surface enhanced Raman scattering; analyte enrichment; chemical modification; physical concentration;
macroscopic force field restriction
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Introduction cantly amplifies the Raman signals by the noble metal

Surface enhanced Raman scattering (SERS) is a non-in- nanostructures. Chemical enhancement, on the other

vasive spectroscopic technique that utilizes unique hand, stems from a weaker response initiated by charge

molecular vibrational fingerprints to identify and quanti- transfer between the analyte and the substrate. Typically,

fy analytes down to ultra-trace levels'~'*. The dominant these two mechanisms do not operate independently but

mechanism underlying the enhancement in SERS can be
categorized into physical enhancement'>"'” and chemical
enhancement®!®. Physical enhancement arises from lo-

calized surface plasmon resonance (LSPR), which signifi-

are coupled, working synergistically to influence the
overall enhancement effect of Raman scattering'*->*. The-
oretically, the intensity of the Raman signal conforms to

the following formula’:
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here, A represents the collection efficiency of Raman sig-
nal, Iy stands for the intensity of the incident light, & in-
dicates the Raman scattering cross-section of the
molecule, and G denotes the enhancement factor. Veri-
fied by extensive experiments and calculations, the Ra-
man scattering process can be regarded as a complex in-
teraction between incident light, substrate and
molecules. Consequently, the enhancement of Raman
signals can be approached from three major perspectives:
1) Enhancing incident light intensity and signal collec-
tion efficiency: through the construction of micro-nano
hollow or porous structures, this method aims to im-
prove the utilization of incident light by the substrate.
For instance, in 2018, Professor Bin Ren's group intro-
duced a novel gapless three-dimensional SERS substrate
featuring a unique hybrid plasmonic optical cavity
(HPOC) structure, fabricated by using tunable holo-
graphic lithography combined with gold deposition tech-
niques. This HPOC structure can capture and match
specific wavelengths of excitation light by adjusting the
physical scale of the optical cavity, thereby significantly
enhancing the strength of the SERS signal®*. 2) Amplify-
ing local electromagnetic field intensity to improve en-
hancement factor: this strategy primarily leverages the
physical enhancement mechanism, which is predomi-
nant in SERS. The process entails the optimization of the
characteristics of hotspots within metallic nanostruc-
tures (known as "hotspot engineering"). Parameters such
as the surface morphology of noble metal nanoparticles,
adjacent gaps, and compositional methods are meticu-
lously adjusted to maximize the intensity of local electro-
magnetic field. For instance, in 2021, Barveen NR et al.
utilized photochemical methods to synthesize gold
nanostars on flexible PMMA substrates. The strong elec-
tric field excitation effect at the tips of these gold nanos-
tars led to the formation of numerous hotspots, result-
ing in exceptional detection sensitivity and signal repro-
ducibility”®. 3) Increasing the Raman scattering cross-
section: this approach targets molecules with low Raman
cross-sections that lack interaction with plasmonic sur-
faces. It generally involves coupling reactions to modify
the chemical structure, thereby expanding the molecular
Raman cross-section and generating resonance Raman
scattering (RRS). A notable study using a plasma liquid

https://doi.org/10.29026/0es.2025.250015

marble platform demonstrated this concept. Initially,
non-resonant environmental toxin Bisphenol A (BPA),
which possesses an electronic transition wavelength of
280 nm and no affinity for silver, did not exhibit signifi-
cant SERS features initially. However, after coupling BPA
with an aryl azo cation, the resultant-colored molecule
exhibited an absorption peak at 476 nm, achieving a
SERS limit of detection of 10 attomoles. This detection
limit is 50000 times lower than the safety limit for BPA
and 107 times more sensitive than UV-visible absorption
spectroscopy detection®.

Over the past five decades, SERS technology has made
significant strides and found applications in diverse
fields such as food safety”, atmospheric, environmental
monitoring® and early disease diagnosis®**. Despite
these advancements, the industrialization of SERS still
faces several challenges®. A primary obstacle is the insuf-
ficient coupling between hotspots and target molecules,
which include volatile organic compounds (VOCs)* 3,
foodborne pathogenic bacteria®-*!, heavy metal ions**,
and other analytes. These molecules often present diffi-
culties in obtaining clear and reproducible Raman sig-
nals, thereby limiting the practical utility of SERS in
practical scenarios. To address these challenges, re-
searchers have sought to modulate the distribution pat-
terns of hotspots to achieve more efficient and uniform
enhancement. Traditional static surface Raman spec-
troscopy structures typically feature narrow and non-
tunable plasmonic gaps, which limit their ability to de-
tect analytes of varying sizes. Consequently, efforts have
been directed toward developing more adaptable hotspot
configurations that can enhance detection sensitivity and
specificity for a broader range of molecular targets. Pro-
fessors YungDoug Suh and Dai-Sik Kim proposed an
adaptive gap-tunable SERS substrate, utilizing flexible
gold nano-gaps and adaptive optical control to selective-
ly enhance and modulate different plasmonic vibration
modes. By designing the gap width, the tunability of
plasmon resonance reaches up to 1200 cm™!, primarily
attributed to the excellent mechanical bending proper-
ties of the polyethylene terephthalate substrate. This fur-
ther confirms that tunable plasmon resonance can selec-
tively enhance different Raman spectral regions of
molecules*’. Furthermore, to achieve more uniformly
distributed hotspots, large-area, arrayed nanostructures
have been widely adopted. For instance: Shin-Hyun Kim
and colleagues utilized optical methods to create multi-
dimensional metallic structures with three different
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periodicities®, Ji and co-workers employed a thermal-as-
sisted method to synthesize micron-scale TiO, ink for
the large-scale fabrication of SERS-active semiconductor
microsphere arrays*, Kuniharu Ijiro's team arranged
gold nanotriangles (AuNTs) on the surface of thermore-
sponsive hydrogels, fabricating arrays of gold nanotrian-
gles on gel surfaces (AuTAGs)*. These designed arrayed
SERS substrates not only exhibit excellent optical re-
sponse properties but also enable the synergistic effects
of multiple resonance modes through the modulation of
parameters such as size, morphology, and periodicity.
This further enhances the uniformity and diversity of
hotspot distribution, leading to superior detection per-
formance and reliability.

In addition to modulating the distribution of hotspots,
developing innovative strategies to establish effective as-
sociations between hotspots and target molecules is key
to advancing SERS technology. Researchers have ob-
served that when trace analytes aggregate near hotspot
regions, the intensity and stability of their Raman signals
are significantly enhanced. This deliberate manipulation
to concentrate analytes within hotspot regions is known
as enrichment technology. In recent years, the integra-
tion of SERS detection with enrichment technologies has
revealed unique and complementary advantages. Firstly,
these combined approaches ensure that analytes are
more effectively exposed to hotspot regions, thereby en-
hancing detection stability and sensitivity, leading to
faster and more accurate detection outcomes. Secondly,
the integration broadens the application scope of SERS,
enabling it to meet a wider range of testing requirements.
It also opens new avenues for the development and opti-
mization of analytical platforms, ultimately advancing
the practical utility and versatility of SERS technology.

Currently reported SERS enrichment strategies can be
categorized into three types: chemical enrichment strate-
gies, physical enrichment strategies, and macroscopic
force field enrichment strategies. In chemical enrich-
ment strategies, the surfaces of SERS substrates are typi-
cally functionalized with a variety of specific functional
groups. These functional groups facilitate the integra-
tion of target molecules through chemical reactions, aid-
ing in their selective screening and enrichment within
complex liquid or gas phases, thereby achieving specific
molecular recognition. However, practical applications
reveal several challenges: 1) Non-specific binding: non-
target compounds may also adhere to the substrate due
to electrostatic interactions, hydrophobic effects, or other

intermolecular forces, leading to increased background
noise and potential false-positive results. 2) Functional
group instability: under certain conditions, the modified
functional groups may degrade or detach from the sub-
strate, particularly when exposed to extreme pH levels,
temperature fluctuations, or specific solvents. Such insta-
bility not only diminishes the efficiency of enrichment
but can also result in false-negative outcomes. Physical
enrichment strategies for SERS involve designing sub-
strates that possess intrinsic physical enrichment or
screening capabilities. These methods leverage the physi-
cal properties of the substrate, such as shape, size, charge,
and wettability, to confine target molecules within
hotspot regions. As a result, this approach is label-free
and exhibits minimal dependence on the chemical prop-
erties of the analytes. However, it generally suffers from
poor selectivity, low efficiency, a tendency to cause sam-
ple loss, and limited applicability across different types of
samples. Macroscopic force field enrichment strategies
involve utilizing principles of mechanical equilibrium to
separate and concentrate target analytes, which are sub-
sequently detected using SERS substrates. This approach
simplifies the preparation process for SERS substrates by
focusing on pre-treating the analytes to achieve lossless
enrichment under specific conditions. However, this
method primarily depends on the physical properties of
the analytes and faces several challenges due to its re-
liance on separation equipment: 1) Non-specific separa-
tion: when target substances share similar physical char-
acteristics with non-target substances, mechanical en-
richment methods may fail to effectively distinguish be-
tween them, leading to non-specific enrichment and
contamination. 2) Operational complexity and high
costs: techniques such as high-speed centrifugation and
high-pressure filtration require sophisticated equipment
and precise operation. This not only increases opera-
tional complexity but also drives up costs, making these
methods less accessible and more resource-intensive. 3)
Sample losses: during mechanical enrichment, samples
can be lost through adsorption on container walls, clog-
ging of filter media, or sedimentation at the bottom of
centrifuge tubes. Such losses reduce recovery rates and
compromise the accuracy of analytical results. 4) Limit-
ed processing capacity: the processing capacity of me-
chanical enrichment methods is often constrained by
equipment limitations and operational parameters. For
large-scale processing or continuous flow systems, addi-
tional design and optimization efforts may be necessary

250015-3


https://doi.org/10.29026/oes.2025.250015

Pei ZY et al. Opto-Electron Sci 4, 250015 (2025)

https://doi.org/10.29026/0es.2025.250015

to meet throughput requirements.

Over the past decade, enrichment techniques have ad-
vanced significantly, demonstrating substantial potential
across a wide array of applications. Despite this progress,
there remains a relative paucity of comprehensive re-
views dedicated specifically to enrichment strategies for
SERS detection. Consequently, there is an urgent need
for a new review that encapsulates these advancements
while exploring future directions. In this review, we sys-
tematically examine the design methodologies of enrich-
ment techniques developed for SERS over the past
decade, highlighting their strengths and limitations. We
delve into innovative strategies employed to enhance an-
alyte concentration and specificity, as well as the chal-
lenges faced in practical applications. Additionally, we
explore other promising enrichment methods that can be
synergistically combined with SERS to broaden its utility
and effectiveness. By providing a thorough analysis of
current practices and emerging trends, it is hoped that
this review will foster deeper research into enrichment
SERS technologies, stimulate interdisciplinary collabora-
tion, and offer multiple pathways for accelerating the de-
velopment and industrialization of SERS.

Why introduce enrichment in SERS

As discussed above, SERS exhibits tremendous potential
in practical applications due to its ultra-sensitive trace
analysis capabilities. Particularly, by employing micro
and nanotechnologies to engineer the shape, size, or gap
distance of metal nanostructures—referred to as "hotspot
engineering"*-*, which is possible to modulate the local
electromagnetic field strength associated with plasmons
more reliably. However, probe molecules that are gener-
ally employed to characterize the activity of SERS sub-
strates exhibit a particular affinity for hotspots. This pro-
nounced adsorption effect facilitates the collection of Ra-
man signals, thereby serving as an effective benchmark
for substrate performance. Nevertheless, this approach
evidently fails to represent the analytes encountered in
practical applications. Consequently, a critical question
arises: "how can these highly active SERS platforms be
made effective for detecting molecules that have no or
only weak affinity for plasmons?"

To address the challenge of detecting low-affinity
molecules with SERS, it is necessary to enhance their in-
teraction with SERS substrates. This can be achieved by
introducing functional materials during substrate prepa-
ration® " or via analyte enrichment during the detec-

tion process®. The former approach involves enhancing
or extending the substrate's performance during prepara-
tion by incorporating additional functional materials,
thereby improving the binding capability and detection
sensitivity for target molecules. For instance, combining
metal nanoparticles with specific functional nanomateri-
als (graphene®*06>%, carbon nanotubes®”7°, quantum
dots”-7, and emerging 2D plasmonic materials such as
TMDs, heterostructures etc.), can significantly improve
the substrate's specific surface area, conductivity, and
photoelectric response properties. These enhancements
lead to better adsorption of target analytes and more effi-
cient detection. Additionally, using self-assembled
monolayer technology to form ordered molecular layers
on metal surfaces can provide specific binding sites that
enhance interactions with target molecules, further
boosting detection sensitivity and specificity. However,
most material composite processes currently require
multi-step synthesis and strict control over parameters
such as temperature, pressure, pH, and reaction time
during preparation, therefore resulting in higher costs,
poorer reproducibility, and more complex operations.
Moreover, the functional tuning may lack flexibility,
making it challenging to meet the diverse needs of differ-
ent application scenarios.

Compared to introducing functional materials, ana-
lyte enrichment has garnered widespread attention due
to its operational simplicity and intuitive mechanism.
This strategy employs a variety of methods to confine or
localize analytes on SERS-active surfaces, thereby signifi-
cantly enhancing the sensitivity and reproducibility of
SERS signals. It is particularly effective for molecules that
lack specific affinity for plasmonic surfaces and possess
low Raman cross-sections. By concentrating these ana-
lytes, the enrichment process effectively removes most
non-target substances, reducing background noise and
improving detection selectivity. Notably, enrichment
techniques are not only diverse, well-established, and
highly adaptable across various application fields but al-
so have the potential to boost trace detection capabilities
and enable the precise capture of target molecules in
complex environments, thus broadening the practical
utility of SERS and paving the way for large-scale indus-
trial applications.

Reported SERS enrichment strategies

In this section, we will examine analyte enrichment tech-
niques in SERS, with the central objective of increasing
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the concentration of analytes in proximity to plasmonic
surfaces through various strategies. We will provide a
comprehensive overview of three mature SERS enrich-
ment strategies (illustrated in Fig. 1): 1) chemical enrich-
ment strategies’* 7, 2) physical enrichment strategies®*-*,
3) macro force field enrichment strategie®*~'*, and offer a
detailed analysis of the strengths, limitations, and appli-

cation scenarios for each strategy.

Chemical enrichment strategy

Chemical enrichment strategies leverage specific chemi-
cal or biochemical interactions —including covalent
bonding, coordination chemistry (e.g., metal-ligand
binding), hydrogen bonding, ionic interactions, bio

SERS signal

~
&

/ Térget

SERS signal

Label

Direct chemical capturing Indirect chemical capturing

https://doi.org/10.29026/0es.2025.250015

affinity binding (e.g., antibody-antigen, aptamer-target,
lectin-carbohydrate), molecular imprinting, and host-
guest chemistry —to selectively capture and concentrate
target analytes onto the SERS-active substrate!®1"”. This
approach is universally applicable across diverse analyte
classes, ranging from small molecules, ions, and gases to
proteins, nucleic acids, viruses, and whole bacterial cells.
The underlying principle hinges on the modification or
functionalization of the surface of SERS-active sub-
strates with functional groups that can specifically bind
to the target analytes. This approach ensures the provi-
sion of more reliable detection conditions for molecules
that exhibit stable chemical characteristics, weak adsorp-

tion capabilities, or poor interaction with hotspots.
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Fig. 1 | Overview of SERS enrichment strategies.
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Depending on the origin of the Raman signal, chemi-
cal enrichment strategies can be classified into two main
categories: direct chemical enrichment strategies’*’ 78
and indirect chemical enrichment strategies’’” 7, as il-
lustrated in Fig. 2.

Direct chemical enrichment strategies

Direct chemical enrichment strategies entail the specific
capture of target molecules on the surface of noble metal
nanoparticles via chemical reactions between functional
groups on the substrate and the analytes (Fig. 3(a)). This
detection method elucidates the fingerprint vibrational
information of the captured analytes' relevant chemical
bonds directly, and has been applied to detect pollutants
generated in industrial production, such as phthalate es-
ters (PAEs), which are widely used plasticizers that can
easily permeate into the natural environment under the
influence of pH and temperature changes, causing sud-
den pollution of water, soil, and even the atmosphere. In
the detection of PAEs, polydopamine (PDA) serves as a
linker to integrate molecularly imprinted polymers
(MIPs) with gold nanoparticles’. The resulting SERS-ac-
tive AuNPs/PDA-MIP coating serves as a modifier to
functionalize screen-printed electrodes, which are then
used for the selective enrichment and detection of PAEs
and relevant analogues (Fig. 3(b)).

Furthermore, direct chemical enrichment strategies
have been employed in the sensing of biomacro-
molecules, including multiplex analysis of microRNA. As
shown in Fig. 3(c), a microreactor utilizes individual mi-
crobeads coated with a protonated layer’””. On this proto-
nated layer, §9.6 antibodies serve as a universal module
for binding different sequences of DNA/miRNA duplex-
es. Concurrently, each set of gold nanoparticle signal am-
plifiers is labeled with Raman encoded molecules and
DNA probes to specifically capture target RNA on the
plasmonic layer, thereby significantly amplifying the
SERS signal. This method concentrates miRNA-induced
SERS signals within the tiny surface area of a single mi-
crobead, markedly enhancing the sensitivity of SERS-
based detection. Additionally, the SERS signal can be fur-
ther enhanced by a pre-coated plasmonic gold nanopar-
ticle layer.

In addition to the chemical capture and specific detec-
tion of single-category analytes, direct chemical enrich-
ment strategies have been employed in the development
of high-throughput SERS platforms. These platforms en-
able the rapid capture and identification of multiple ana-
lytes by functionalizing distinct regions of the substrate
surface with diverse functional groups. For instance,
Ling et al. developed a SERS taste sensor capable of high-
throughput, specific recognition of five wine flavor
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e ot chemical enrichme
)\

information

Vibration

analysis

U\
Hswiyoyys jeonweu? wolf

SERS
amplifier

Fig. 2 | Overview of SERS-chemical enrichment strategy.
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Fig. 3 | (a) Working schematics of SERS-direct chemical enrichment strategies. (b) Molecularly imprinted polymers linked to gold nanoparticles

using polydopamine as a linker for selective enrichment and detection of plasticizer PAEs. (¢) Schematic illustration of multiplexed miRNA assay

on a single plasmonic microbead. (d) Specific capture of different odor molecules by introducing four receptors for specific capture and high-
throughput SERS recognition. (e) Selective capture of VOCs such as bacterial metabolites, hydrogen sulfide, acetaldehyde, biogenic amines,

and other VOCs and generation of unique SERS spectral images by integrating the functionalized coating's on the surface of the array. Figure re-
produced with permission from: (b) ref.”4, Copyright 2020 Elsevier; (c) ref.”®>, Copyright 2021 American Chemical Society; (d) ref.”®, Copyright

2021 American Chemical Society; (e) ref.’%¢, Copyright 2024 Elsevier.

molecules: higher fatty alcohols like menthol, terpenes
such as linalool and limonene, and sulfur-containing
compounds including 3-mercaptohexyl acetate and 3-
mercaptohexanol” (Fig. 3(d)). These flavor molecules
typically exhibit weak Raman scattering cross-sections,
making them difficult to detect even with advanced
chromatographic techniques. By introducing four differ-
ent receptors, the prepared SERS substrate can specifical-
ly capture different odor molecules through chemical re-
actions. By strategically combining all receptor-flavor
SERS spectra, a comprehensive "SERS hyperspectrum”
was constructed for predictive analysis using chemomet-
rics. The same strategy has also been applied to multi-di-
mensional identification and quantification of various
foodborne VOCs. As illustrated in Fig. 3(e), by integrat-
ing functionalized coatings on array surfaces, the sub-
strates can selectively capture and generate unique SERS
spectral signatures for a variety of compounds, includ-
ing bacterial metabolites, hydrogen sulfide, acetaldehyde,
biogenic amines, and other VOCs!®. The multi-dimen-
sional signal output significantly enriches the complexi-

ty of VOC fingerprints, thereby markedly enhancing the

sensitivity, reliability, and accuracy of freshness
assessments and predictive analyses in real food odor

evaluations.

Indirect chemical enrichment strategies

Indirect chemical enrichment strategies are typically
used to detect molecules with weak vibrational finger-
prints or inactive Raman vibrations, such as gases,
biomolecules, and ions. Unlike direct detection, this ap-
proach involves modifying the substrate surface with
molecules that not only specifically bind to the target an-
alytes but also generate strong Raman signals, these
molecules are referred to as Raman tags. The success of
this strategy primarily relies on observable changes in
SERS vibration intensity or energy caused by alterations
in molecular configuration upon conjugation of the Ra-
man tags with the analytes. Therefore, in indirect SERS
detection, researchers exploit changes in the vibrational
modes of the Raman tags to detect the presence of ana-
lytes, rather than relying on the inherent molecular
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fingerprints of the analytes themselves (Fig. 4(a)). For ex-
ample, Tian et al. reported a novel SERS nanosensor, 4-
acetamidophenylsulfonyl  azide-functionalized  gold
nanoparticles (AuNPs/4-AA) for the detection of en-
dogenous H,S in live cells”. Detection is realized by
monitoring the SERS spectral changes of AuNPs/4-AA
upon the reaction of H,S with 4-AA on the gold
nanoparticle surface. The prepared AuNPs/4-AA exhibit
a rapid response to H,S within 1 min and demonstrate a
sensitivity of 0.1 mmol.

In the biological domain, to achieve highly sensitive
detection of pathogens, Gu et al. developed a biocompat-
ible platform for indirect chemical capture. As illustrat-
ed in Fig. 4(b), this biosensor uses wheat germ agglu-
tinin-modified raspberry-like Fe;O4@Au magnetic
nanoparticles as capturing agents to enrich target
Additionally, it
aptamer/5,5'-dithiobis-(2-nitrobenzoic acid)/gold nan-

pathogens. utilizes  co-freezing

oparticles tags as the signal source'’’. This method
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achieved successful detection of the IS6110 gene from
Mycobacterium tuberculosis, demonstrating a sensitivi-
ty lower than 500 fM, with a linear response ranging
from 1 pM to 10 nM. Additionally, the detection exhibit-
ed specificity towards the IS6110 gene.

Similarly, for the multiplex immunoassay diagnosis of
various bacteria, Wang et al. developed a multiplex
SERS-immunochromatographic platform. This platform
employs thin-film magnetic tags based on graphene ox-
ide, designated as GFe-DAu-D/M, which are capable of
efficiently capturing and detecting multiple bacterial
species from complex samples (Fig. 4(c))”. The two-di-
mensional GFe-DAu-D/M tag is fabricated by sequen-
tially assembling a layer of small Fe;O4 nanoparticles
(NPs) and two layers of 30 nm AuNPs (with an inner 0.5
nm nanogap) on a single-layer graphene oxide
nanosheet. The tag is further co-modified with 4-mer-
captophenylboronic acid (MPBA) and 5,5'-dithiobis.

This innovative design not only facilitates the rapid
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Fig. 4 | (a) Working schematics of SERS-indirect chemical enrichment strategies. (b) Schematic illustration of the principle for capturing endoge-

nous HsS in live cells using 4-acetamidobenzenesulfonyl azide-functionalized gold nanoparticles (AuNPs/4-AA) and achieving highly sensitive

sensing of HpS through changes in the Raman spectroscopic vibrations of 4-AA. (c) GFe-DAu-D/M-ICA SERS substrates used for multiplex de-

tection of Staphylococcus aureus, Salmonella typhi, and Pseudomonas aeruginosa. (d) A chloroion-sensitive organic fluorophore is grafted onto

a silver surface deposited on micrometer-sized silica beads. The - interaction between chloride ions and the fluorophore's aromatic ring caus-

es geometric and electronic changes in the latter, increasing the intensity ratio of ring stretching modes at 1497 and 1472 cm~" with rising CI- con-

centration, enabling picomolar-level detection of CI-. (e) A series of molecules containing different spacer lengths of ethylene derivatives were de-

signed and synthesized as Raman reporters, and alkyne-tagged SERS probes were created for highly selective and sensitive determination of

Cu* and Cu#, along with SERS imaging of both ions. Figure reproduced with permission from: (b) ref.””, Copyright 2015 John Welly and Sons; (c)
ref.”®, Copyright 2024 John Welly and Sons; (d) ref.'%®, Copyright 2011 American Chemical Society; (e) ref.”, Copyright 2024 Springer Nature.
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enrichment of multiple bacterial species via MPBA but
also integrates specific antibodies for the quantitative
analysis of target bacteria. By leveraging magnetic en-
richment and signal amplification from dense multilayer
hotspots, it significantly reduces background interfer-
ence in practical applications. More importantly, this
technology can simultaneously diagnose three signifi-
cant pathogens —Staphylococcus aureus, Pseudomonas
aeruginosa, and Salmonella typhimurium (detection lim-
it as low as 10 cells per milliliter). Furthermore, it has
demonstrated excellent performance in the detection of
real urinary tract infection samples, offering broad
prospects for highly sensitive monitoring of bacterial in-
fections or contamination.

Additionally, indirect chemical enrichment methods
are also employed for detecting Raman-invisible ions
such as chloride and copper ions. For instance, in the de-
tection of chloride ions (CI-), a CI- sensitive organic fluo-
rophore is attached to a silver surface deposited on silica
microbeads!'”. The interaction between Cl- and the aro-
matic ring of the fluorophore through n-nt stacking caus-
es geometric and electronic changes. As the concentra-
tion of Cl- increases, it enhances the intensity ratio of the
ring-stretching modes at 1497 and 1472 cm™! (Fig. 4(d)).
This non-destructive quantitative detection method
achieves picomolar sensitivity, which is 10° to 10° times
better than conventional destructive Cl- detection meth-
ods such as ion chromatography and atomic
absorption/emission spectroscopy. In a separation exam-
ple for the detection of copper ions, Liu et al. designed
and synthesized a series of molecules containing various
diacetylene derivatives as Raman reporters, creating
alkyne-labeled SERS probes with high selectivity and
sensitivity for detecting Cu* and Cu?". The developed
SERS probes generate well-separated, distinguishable Ra-
man fingerprint peaks in the cellular silent region and
possess an inherent correction function, allowing for ac-
curate quantification of Cu* and Cu?*. Due to the assem-
bly of the probes with the designed Au-C=C groups,
they exhibit long-term stability and demonstrate high
temporal-spatial resolution for real-time imaging and si-
multaneous quantification of mitochondrial Cu* and
Cu?*. Using this powerful tool, it is possible to observe
and monitor toxic stress responses caused by Cu* and
Cu?* in real time (Fig. 4(e))”.

In summary, both direct and indirect chemical enrich-
ment strategies enhance the molecular selectivity and en-
richment capability of SERS substrates by chemically

modifying the surface of noble metals. However, this ap-
proach also presents several challenges: 1) Chemical
modifications may introduce signal interference, poten-
tially compromising detection accuracy. 2) The interac-
tion between analytes and the modified substrate surface
may be time-consuming and necessitates stringent reac-
tion conditions. 3) Chemical reactions may generate by-
products that compete with target analytes for adsorp-
tion sites, thereby affecting enrichment efficiency. There-
fore, it is crucial to explore and develop more conve-
nient, accurate, and broadly applicable enrichment
strategies to overcome these limitations.

Physical enrichment strategies

In addition to modulating the chemical properties of the
substrate, physically confining target molecules by ex-
ploiting morphological diversity is also a promising ap-
proach. Compared to chemical enrichment strategy, this
strategy requires no labeling, less or not dependent on
the chemical characteristics of the analytes, thereby in-
troducing virtually no sources of signal interference,
which is crucial for molecular detection, especially in lig-
uid and gas phases.

Herein, we will examine two well-established physical
enrichment strategies, classified by their structural types
and application scenarios as illustrated in Fig. 5: 1) struc-
ture-based enrichment strategies®3#>8688-9L1LI-113 1 9) wet-
tability-related enrichment strategies®0-8281873,

Structure-based enrichment strategies

It has been demonstrated that SERS substrates with spe-
cialized morphologies enable precise control over the be-
havior of both gas-phase and liquid-phase analytes, facil-
itating their adsorption or confinement. These sub-
strates can often be integrated with SERS hotspot engi-
neering to concentrate target molecules within hotspot
regions, achieving dual focusing of both the analytes and
the electromagnetic fields. This approach significantly
enhances the sensitivity of trace SERS detection. To date,
two types of substrates have been extensively studied: 1)
cavity-structured substrates?*5620-9L114-116 - 9)  metal-or-
ganic framework (MOF) and porous nanocage sub-
strates’®8385.88-89.111-113.117 a5 j[lustrated in Fig. 6(a).

As a classic model, cavity structures are widely uti-
lized in the preparation of SERS substrates due to their
special resonant cavity effects and ability to confine ana-
lytes. Especially when modified with noble metal nanos-
tructures, these substrates exhibit a large specific surface
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Fig. 5 | Overview of SERS-physical enrichment strategies.

area and three-dimensionally distributed hotspots, which
effectively enhance the interaction between the SERS ac-
tive regions and analytes, promoting molecular enrich-
ment and signal amplification. Currently, the predomi-
nant cavity-structured enrichment can be primarily cate-
gorized into two types: passive enrichment and active en-
richment. For instance, Yu et al. developed a particle-
MoS; cavity of
AAO/MoS,/Ag, designed for the sensitive detection of

water pollutants ranging from angstrom to hundreds of

coated structure  composed

nanometers in size, including mercury ions (Hg?"), 4-
aminobenzenethiol, and polystyrene nanoplastics (100,
200, and 300 nm). As illustrated in Fig. 6(b), the invert-
ed conical cavities of AAQO act as ideal containers that
capture and confine particles within the cavity®. Owing
to the curvature of the cavity, the analytes inside are ful-
ly enveloped by Ag nanoislands on the side walls, en-
abling local hotspots to interact effectively with the plas-
tic contaminants. This design exemplifies a typical pas-

sive enrichment, which relies on the free diffusion of

Structural enrichment strategies
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Fig. 6 | (a) Overview of structural enrichment strategies. (b) Passive cavity structure enrichment. A particle-MoS,-coated cavity structure com-
posed of AAO/MoS,/Ag was designed for the enrichment and detection of mercury ions (Hg?*), 4-aminobenzenethiol, and polystyrene nanoplas-
tics, with simulations conducted on the electromagnetic field intensity. (¢) Process design intent for the preparation of uniformly patterned and
distributed arrays of zinc oxide nanostructures for active enrichment and detection of biomolecules using an acoustic fluidic device. (d) A capil-
lary-based flexible multiscale cavity structure developed and attached to gloves for actively enriching solutions and identifying residual contami-
nants. (e) By integrating a ZIF-8 gas absorption layer on an array of Ag nanocubes, inert gas-liquid reactions were driven under ambient condi-
tions, with SERS spectroscopy used to monitor the reaction process. (f) Hollow ZIF-8 coated on gold superparticles with a yolk-shell structure
served as SERS substrates, while solid ZIF-8 SERS substrates acted as controls, for comparative simulation of gas flow rates and Raman perfor-
mance tests. (g) A MOF-based SERS capillary column was developed for rapid, accurate, and reliable detection of MDA in tears. (h) Gas flow
rate simulations were performed on hollow Co-Ni layered double hydroxide (LDH) nanocages and their control groups, demonstrating the superi-
or gas-phase molecular capture ability of the former. Figure reproduced with permission from: (b) ref.?¢, Copyright 2022 American Chemical Soci-
ety; (c) ref.®!, Copyright 2020 American Chemical Society; (d) ref.?°, Copyright 2020 Elsevier; (e) ref.??, Copyright 2017 American Chemical Soci-
ety; (f) ref.%, Copyright 2022 John Welly and Sons; (g) ref.2>, Copyright 2024 American Chemical Society; (h) ref.?3, Copyright 2019 John Welly
and Sons.

analytes, restricting only when analytes fall within the
cavity structures. Furthermore, the approach endows the
platform with excellent versatility in liquid-phase detec-
tion but also presents drawbacks such as weaker enrich-
ment effects and lower efficiency.

To overcome these limitations, it is essential to design
substrates with active enrichment capabilities. The capil-
lary effect, a fascinating mechanical phenomenon, is
driven by the intricate interplay of surface tension, adhe-
sion, and cohesion. This process allows liquids to sponta-

neously flow into narrow spaces, effectively capturing

and concentrating analytes present within. From a sub-
strate preparation perspective, those designed to exploit
the capillary effect for active enrichment typically incor-
porate structures with different scales (collectively
known as multi-scale or cascaded structures). Concrete-
ly, these structures are often created by combining mi-
croscale structures (such as bowls, pits, or capillaries)
produced through physical imprinting or mold turning
techniques with nanoscale structures synthesized by
chemical methods!!8. To date, numerous studies have re-
ported and validated the feasibility of this approach. For
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instance, Huang et al. utilized an acoustofluidic device to
fabricate a uniformly patterned array of zinc oxide
nanostructures (Fig. 6(c)). Since this nanoarray coating is
located within a glass capillary, it exerts active forces that
can rapidly and effectively capture and enrich
biomolecules ranging in size from a few nanometers to
several hundred nanometers®’. To enable the detection of
these biomolecules, Ag nanoparticles were deposited on
the ZnO nanoarray, yielding a ZnO-Ag capillary device
that functions as a label-free plasmonic biosensing sys-
tem. This system was applied for SERS detection of exo-
somes, DNA oligonucleotides, and Escherichia coli, facil-
itating sensitive and label-free analysis. In a separate ex-
ample, Zhang et al. introduced an active enrichment
strategy based on capillary-driven multi-scale cavity
structures for detecting pollutants®. The preparation
process of the substrate is illustrated in Fig. 6(d). Initial-
ly, gold nano dendrites-decorated microholes were creat-
ed on a flexible conductive tape using a combination of
physical punching, magnetron sputtering, and electro-
chemical deposition. This structure can be attached to
wearable gloves, allowing for the rapid collection and im-
mobilization of analytes from the original solution into
SERS-active microholes through a simple "dip-pull” pro-
cedure, thereby enabling on-site identification of residu-
al pollutants. Both aforementioned active physical en-
richment strategies offer significant advantages in ma-
nipulating the behavior of liquid-phase molecules,
demonstrating notably higher detection efficiency com-
pared to passive physical enrichment strategies.

However, active enrichment strategies also suffer from
two distinct drawbacks: 1) Limited detection sensitivity:
In the context of low-concentration analytical solutions,
the efficacy of these strategies is hindered in terms of the
localization and concentration of the target molecule
over a limited spatial domain. 2) Narrow scope of appli-
cation: this strategy is dedicated to the realization of liq-
uid-phase analyte enrichment, but suffers from serious
shortcomings in the detection of gases. The primary ra-
tionale underlying this phenomenon pertains to the in-
herent dynamic nature of the gas phase, a characteristic
that distinguishes it from both liquid and solid phases. In
the gas phase, molecules possess augmented kinetic ener-
gy, a property that enables them to surmount inter-
molecular van der Waals forces. This heightened molec-
ular mobility consequently renders the process of effec-
tively adhering these molecules to the detection area
more arduous.

https://doi.org/10.29026/0es.2025.250015

To broaden the application to the gas phase and en-
able more precise analyte concentration, it is essential to
develop SERS substrates featuring hollow structures and
secondary adsorption properties. Metal-organic frame-
works (MOFs), as porous crystalline structures formed
by the connection of metal nodes and organic linkers, of-
fer inherent advantages for the capture, sieving, and en-
richment of gas molecules due to the enormous specific
surface area (up to 7000 m?/g) and regularly distributed
lattice systems®*®$9211  Conventional MOF-SERS sub-
strates are created by depositing MOFs onto the surface
of predetermined SERS-active metal nanoparticles'?’. For
instance, Ling et al. facilitated inert gas-liquid reactions
under ambient conditions by incorporating a zeolitic im-
idazolate framework-8 (ZIF-8, a branch of MOFs!?!) gas
absorption layer onto an array of Ag nanocubes (as
shown in Fig. 6(e))*. The introduced ZIF structure, with
a pore size of 0.34 nm, selectively concentrates immisci-
ble gaseous and liquid reactants, thereby facilitating
molecular interactions at the solid-MOF interface. More-
over, the Ag component functions as a SERS-active layer,
allowing for in situ monitoring of gas-liquid reactions at
the molecular level. In a separate example, in order to ac-
curately detect biomarkers in complex exhaled gases and
to eliminate the interference of other components, Wang
et al. proposed hollow ZIF-8 wrapped around gold su-
perparticles with an egg yolk shell structure as a SERS
substrate®. Similar to solid ZIF layers, the hollow ZIF-8
layer possesses the capability to concentrate gas
molecules. These concentrated molecules subsequently
interact with the functionalized surface of the superparti-
cles, eliciting a robust response signal. However, unlike
solid ZIF layers, the hollow ZIF layer can effectively ex-
clude interfering molecules that are not bound to the
modifier molecules. This leads to a detection limit that is
5-fold lower than that of core-shell structures (Fig. 6(f)).

As research advances, the application scenarios have
expanded beyond the detection of gas-phase analytes.
Recently, MOF-SERS substrates have been applied to the
clinical diagnosis of disease biomarkers in tears (Fig.
6(g)). It is noticed that the limited volume of tear sam-
ples, the low concentration of biomarkers in tears, and
the complex composition of tear fluid present significant
challenges for precise testing. In response to these chal-
lenges, Feng et al. innovatively developed a novel MOF-
based SERS capillary column that integrates in-situ sepa-
ration and enrichment capabilities. This advancement
enables the rapid, accurate, and reliable detection of
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malondialdehyde (MDA) in tear samples. Concretely,
the SERS substrate consists of a capillary designed for
collecting tear fluid, filled with a mixture of nanoparti-
cles comprising ZIF-8-coated gold nanostars (AuNSs).
These components facilitate the enrichment, separation,
and in-situ SERS detection of analytes. Meanwhile, the
AuNSs are modified with 4-aminothiophenol, enabling
Schiff base reactions with MDA. This design allows for
the selective separation, enrichment, and in-situ detec-
tion of disease markers such as MDA in tear fluid,
achieving a detection limit of 9.38x10~ mol/L*. Howev-
er, due to the affinity between the guest and the
nanoporous material, several analytes are susceptible to
be adsorbed on the cross-sites of the MOF scaffolds'"”.
These adsorbed molecules will obstruct the fine chan-
nels, hindering the access of other target analytes to the
hotspots surface. Consequently, such obstruction may
lead to diminished detection sensitivity and compro-
mised repeatability. To avoid this issue, it is necessary to
develop other hollow framework structures with larger
pore sizes and higher porosity. Hollow nanocage struc-
tures, which exhibit excellent gas interaction properties
and are easy to prepare, have already been utilized in gas
sensing applications. For instance, Wang et al. designed a
hollow cobalt-nickel layered double hydroxide nanocage
on Ag nanowires (Ag@LDH) to enhance the ability to
adsorb gaseous molecules and reduce the probability of
blockage®. As the simulation results in Fig. 6(h), when
gaseous molecules moved through the LDH nanocages,
the motion was interfered with and the molecules fell in
whirlpool-like patterns of flow, moving back and forth
around the centered Ag nanowires. As long as the LDH
nanocages persist, the flow will continue to be irregular
and result in increased drag, and particularly pressure
drag, which is caused by the pressure differential be-
tween the front and rear surfaces of the object as gaseous
molecules are trapped in the LDH nanocages. Therefore,
the Ag@LDH demonstrated a significant improvement
in gas adsorption compared to Ag and zeolitic imidazo-
late framework on Ag nanowires. This research direc-
tion holds promise for providing a simple and effective
diagnostic strategy for the early detection of lung cancer.
In conclusion, integrating hollow or porous structures
with SERS substrates indeed effectively enhances the se-
lection and enrichment of target analytes, exhibiting
unique advantages in the detection of both liquid-phase
and gas-phase analytes. However, issues such as poor se-
lectivity, easy depletion of analytes, and low reusability of

https://doi.org/10.29026/0es.2025.250015

the substrate remain significant challenges that con-
strain the further development of physical structure en-
richment strategies.

It is worth noting that designing the substrate struc-
ture not only improves its ability to confine and screen
analytes, but also changes its surface energy. This affects
wettability, which is critical for the concentration and
detection of aqueous analytes, and will be highlighted in
the next section.

Wettability-related concentration strategies

Numerous studies have indicated that superhydropho-
bic surfaces (water contact angle greater than 150°) al-
low droplets to remain quasi-spherical during evapora-
tion, thereby effectively reducing the solid-liquid contact
area and allowing internal analytes to settle in a highly
restricted area of a few square micrometers, with a con-
centration increase of up to 10*fold”. Therefore, in or-
der to aggregate analytes and achieve efficient SERS de-
tection, substrate design combining hydrophobicity
properties with hotspot engineering is a feasible ap-
proach. However, conventional material surfaces are not
naturally superhydrophobic (water contact angle less
than 150°), which leads to solution dispersion on the sur-
face, inevitably diluting the analytes inside.

Inspired by the morphology of natural organisms, re-
searchers have discovered that surface morphology ex-
erts a significant influence on wetting properties. For ex-
ample, by mimicking the surface morphology of rose
petals, substrates with micro-indentations and nano-pro-
trusions were prepared. This strategy significantly en-
hanced hydrophobicity (water contact angle of 155°)%
and provided an effective approach to localize the ana-
lyte in a tiny sensing region, which correspondingly in-
creased the sensitivity of the SERS detection (down to a
concentration of 10 M). In addition, inspired by the
regularly arranged brush-like projections on the surface
of lotus leaves, the array structure is also expected to
yield excellent hydrophobic properties. As shown in Fig.
7(a), Zhou et al. prepared hierarchical plasmonic micro-
and nano-arrays to concentrate dilute analytes in water
droplets with the assistance of Leidenfrost evaporation
(the controlled evaporation process that occurs when a
liquid droplet interacts with a surface significantly hot-
ter than the liquid’s boiling point, inducing the Leiden-
frost effect. This phenomenon is characterized by the
formation of an insulating vapor layer beneath the
droplet, which alters the dynamics of heat transfer and
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Fig. 7 | (a) Schematic illustration of the principle for preparing hierarchical plasmonic micro/nanoarrays for SERS detection, utilizing Leidenfrost
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fabrication process for a superhydrophobic-oleophobic (SHP-OP) three-dimensional silver nanowire mesh SERS platform, including characteriza-
tion of the hydrophobic and oleophobic properties of the target substrate and control groups. (d) Schematic illustrating the principle of SLIPSERS
for enriching any analyte from common liquids, along with optical images showing the actual evaporation process of droplets on the SLIPSERS
substrate. Figure reproduced with permission from: (a) ref.?2, Copyright 2020 American Chemical Society; (b) ref.?”, Copyright 2018 John Welly
and Sons; (c) ref.84, Copyright 2014 American Chemical Society; (d) ref.'??, Copyright 2016 National Academy of Sciences.

evaporation compared to conventional boiling.) and SERS substrates with both hydrophobic and hydrophilic
achieved ultra-sensitive SERS detection®?. The natural properties have been increasingly investigated in recent
hydrophobicity angle of the substrate reaches 140° with- years. The combination of hydrophobic and hydrophilic
out any modification, which greatly reduces the area for properties not only allows for more effective control of
final deposition. Subsequently, the hydrophobic angle liquid flow and positioning, but also enhances the sensi-
was further increased to 170° at a heating environment of tivity and reliability of detection by optimizing the distri-
120 °C due to the unique nature of the array structure, bution of the pattern. By precisely regulating the hy-
which successfully realized the switching between the drophobic and hydrophilic regions of the substrate, it is
Wenzel and Cassie states. Specifically, by precisely con- possible to achieve efficient capture and concentration of
trolling the evaporation process, the central region of the analytes, thus improving the quality of SERS signals and
droplet was immobilized on the micro- and nano-struc- providing a more flexible and powerful solution for di-
tures, while the surrounding regions were suspended by verse, high-throughput detection requirements. For in-
vapor convection. In this case, the analytical droplet can stance, a SERS microchip of Au-areoles array, mimick-
continuously shrink towards the immobilized center ing the areole on the cactus, is facilely and controllably
point, thus minimizing the analyte deposition area and prepared through selectively electrochemical deposition
enabling ultra-fast and ultra-sensitive SERS detection on patterned superhydrophobic-superhydrophobic sub-
without any additional surface treatment. strates (Fig. 7(b))*”. The Au-areoles are full of SERS

In addition to utilizing a single hydrophobic property hotspots owing to the large amounts of sharp edges, tips,
for analyte concentration and SERS detection, patterned and coupled branches. Meanwhile, the superhydrophobic
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sites on the superhydrophobic substrate can collect the
target molecules into those hotspots. The combination of
the SERS enhancement of the nano structured-Au and
the collective effect of the superhydrophobic-superhy-
drophilic pattern endows the microchip with sample-ef-
fective, ultrasensitive, and efficient Raman detection ca-
pabilities, which are demonstrated by integrated detec-
tion of femtomole Rhodamine 6G and diverse bioanaly-
ses. The chip can also be used for mutually independent
multisample detection without interference.

The aforementioned hydrophobic concentration
strategies are only capable of enriching analytes in aque-
ous solutions and lack restrictions on substances dis-
persed in organic solvents with low surface tension, e.g.,
a substrate with superhydrophilicity alone is not capable
of effectively concentrating analytes dispersed in oil-
phase solvents, which are commonly found in the pro-
duction of living and natural environments. Therefore, it
is necessary to simultaneously investigate the oleophobic
properties of substrates to broaden the application sce-
narios. In recent years, a large amount of work has been
presented on the preparation of superhydrophobic-oleo-
phobic substrates and the integrated detection of multi-
phase analytes. For instance, Ling et al. prepared a super-
hydrophobic-oleophobic (SHP-OP) three-dimensional
silver nanowire mesh SERS substrate, which successfully
solved the random diffusion problem and realized ultra-
trace toxin detection in aqueous and organic liquids®. As
shown in Fig. 7(c), the substrate was first assembled lay-
er-by-layer with silver nanowires to form a highly rough-
ened and non-close-packed 3D mesh structure, and then
functionalized with perfluoro decanethiol to obtain the
non-wetting properties. The results indicated that the
contact angles reached 170° and 112° for water and
toluene (surface tension of 72.7 and 28.5 mN-m™, re-
spectively). These non-wetting phenomena resulted in a
100 fold and 10 fold enrichment of water- and toluene-
soluble analytes. Subsequently, with only 1 pL of analyte
solution, melamine and Sudan I were quantitatively and
ultra-trace detected down to 0.1 fmol in water and
toluene (10° fold lower than the specified detection
limit), clearly demonstrating the SHP-OP SERS plat-
form is an attractive and ultrasensitive toxin sensor. Al-
though this work enabled the preparation of oleophobic
SERS substrates, it is still challenging to experimentally
prepare SERS platforms that exhibit both superhy-
drophilicity and superoleophobicity.

In addition to superhydrophobic-oleophobic SERS

platforms, smooth liquid-injected porous surfaces
(SLIPS) are emerging strategies for SERS detection in
non-aqueous solvents and biological fluids. Unlike su-
perhydrophobic/oleophobic surfaces with solid-vapor-
liquid three-phase contact, a smooth and homogeneous
liquid-liquid interface can be formed by injecting a liq-
uid into a layered structure. SLIPS was first proposed by
Wong et al. in 2011%. Subsequently, a large number of
papers on SLIPS have emerged. Although the water con-
tact angle, which is related to the hydrophobicity of the
surface, is much less than 150° on SLIPS, it indeed pos-
sesses excellent liquid repulsion, which is related to the
contact angle hysteresis or sliding angle. As a result, this
approach offers significant advancements in various
fields such as drag reduction, anti-icing, anti-fouling,
and anti-corrosion. In conjunction with SERS
(SLIPSERS), it manifests distinctive benefits in the en-
richment and sensing of liquid-phase analytes.

As shown in Fig. 7(d), in SLIPSERS'?%, a perfluoro lig-
uid is first infiltrated into the nano-extruded Teflon
membrane. This perfluoro liquid acts as a lubricant and
possesses the property of being insoluble in a wide range
of aqueous and organic solvents. Next, droplets contain-
ing analytes and plasma nanoparticles are introduced on
the surface of this membrane, where solvent pinning will
not occur due to the special properties of the Teflon
membrane. As a result, these droplets will gradually
evaporate in a stable contact angle pattern until com-
pletely dry. This process results in the formation of a
three-dimensional structure containing approximately
2,000 gold nanoparticles intertwined with analyte
molecules and containing this combination of structures
in every square millimeter. At the same time, the
SLIPSERS platform demonstrates excellent detection ca-
pabilities, the limit of detection for R6G (Rhodamine 6G)
in ethanol solution can reach as low as 1 amolar, which
corresponds to approximately 30 R6G molecules per 50
mL of solution. In addition, the platform is capable of
quantifying a wide range of soluble analytes in the sub-
molar concentration range, including biological species
(bovine serum albumin) and environmental contami-
nants (bis (2-ethyl-hexyl) phthalate).

While innovative, the key concerns in this strategy lie
in the need to select suitable lubricating liquids that ful-
fil several criteria, including good adherence within the
porous support, immiscibility with sample droplets,
sufficient non-volatility for efficient concentration of
analytes/particles and most importantly, without the
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generation of interfering SERS signals. Moreover, this
platform only works for liquid-soluble analytes and is
unsuitable for the direct enrichment of gaseous and/or
volatile chemical species for SERS sensing.

In summary, the establishment of non-wetting SERS
strategies aims to provide specialized treatment methods
for the enrichment and concentration of liquid-phase
analytes. However, this approach lacks the capability to
detect gas-phase and solid-phase analytes, making its ad-
vantages and limitations equally evident.

Macroscopic force field enrichment strategies

Thus far, our discussion of various SERS enrichment
strategies has primarily focused on chemical strategies
involving the functional groups modification or physical
strategies centered on structural design. Both approach-
es emphasize substrate preparation and rely heavily on
the interactions between the substrate and analytes.
However, it is important to note that these processes in-
variably result in analyte depletion, making it challeng-
ing to concentrate all target molecules from both the lig-
uid and gas phases. Furthermore, the presence of false-
negative results becomes a concern when the analyte
concentration is exceedingly low. Consequently, to en-
hance detection accuracy and reduce costs, reliance on
substrate design and preparation alone is inadequate.

Macroscopic force field assisted enrichment

In recent years, a number of studies have centered on the
subject of assisting and regulating the enrichment state
of analytes on the surface of SERS substrates through
macroscopic forces or fields (magnetic/acoustic). The as-
sistance and induction of the macroscopic force field has
been demonstrated to allow for a more stable contact
process between the analyte and the SERS substrate. This
approach will be explored in detail with three concrete
examples of work that follows.

1) External magnetic field-assisted active enrichment
strategy’®: conventional enrichment methods usually re-
ly on passive molecular adsorption, which leads to low
capture probability and long capture duration. To ad-
dress this issue, controlling the movement of hotspots
and thus actively capturing analytes is a feasible ap-
proach. Therefore, the concept of "moving hotspot" has
been proposed to realize ultrasensitive SERS sensing by
combining the strengths of hotspot engineering and ac-
tive molecular enrichment. For example, the outer wall
of a micromotor is modified with a high density of

https://doi.org/10.29026/0es.2025.250015

equipartitioned excitonic nanostructures as a way to
stimulate the generation of hotspots through nanoim-
printing and rolling origami techniques (Fig. 8(al)).
Such micromotors with nanostructured outer walls are
called hierarchical structured micromotors (HSMs). At
the same time, a layer of iron elements is added to the
wall of the HSM to realize controlled motion in an exter-
nal magnetic field. Its surface dense hotspots can active-
ly enrich molecules in the fluid by magnetic force (Fig.
8(a2)). It was found that the active enrichment approach
of HSM could effectively accelerate the molecular ad-
sorption process, and the increase in the number of
molecules near the hotspot led to a significant enhance-
ment of the SERS intensity (Fig. 8(a3)). This "motional
hotspot" strategy provides a viable approach for design-
ing high-performance SERS substrates. In addition, this
idea enables the customization of the tube length, tube
diameter, and the surface pattern of the outer wall of
HSMs, which facilitates the construction and customiza-
tion of micromotors for different application scenarios.

2) External magnetic field-assisted chemical enrich-
ment strategy'*% typically, magnetic materials polymer-
ize in the presence of an external magnetic field. Utiliz-
ing this property, combining noble metal nanoparticles
with paramagnetic nanomaterials and chemically modi-
fying their surfaces can enhance the enrichment ability of
the substrate and facilitate detection. For example, a nov-
el SERS-based magnetic immunosensor was designed to
detect intact but inactivated H3N, influenza viruses by
constructing a sandwich composite structure consisting
of a SERS marker, a target influenza virus, and a highly
SERS-active magnetic support substrate (Fig. 8(b1)). The
magnetic support substrate greatly simplifies the process
of sample pretreatment as it allows for the enrichment
and isolation of viruses from complex matrices. Utiliz-
ing a portable Raman spectrometer and assisted by an
external magnetic field, the detection performance of this
immunosensor was significantly enhanced (Fig. 8(b2)),
which could detect H3N, viruses as low as 102
TCID50/mL (TCID50 refers to the infectious dose in tis-
sue culture at the 50% endpoint), with a good linearity
between 10% and 5x10° TCID50/mL. Considering its time
efficiency, portability, and sensitivity, this SERS-based
magnetic immunoassay is highly promising as a point-
of-care assay in clinical and diagnostic practice.

3) Ultrasound-assisted self-assembly enrichment strat-
egy”®: Due to the difficulty for target molecules to enter
the hotspot regions of traditional noble metal nanoparti-
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Fig. 8 | (a1) Schematic illustration of the procedure for fabricating HSMs (Hierarchical structures with magnetics) using rolling origami. (a2) Left:

schematic diagrams illustrating the principles of passive and active enrichment by HSMs. Right: optical images of magnetic force-driven HSM

during active molecular enrichment. (a3) SERS spectra obtained from inactive and active HSMs after molecular enrichment (concentration of

R6G is 5x10-8 M), along with a histogram of SERS intensity for characteristic Raman peaks of R6G. (b1) The Raman signal can be enhanced by
reducing the vertical gap distance between DTNB/DNA4-AuNPs and AuNPs on the AuNP-rGO-SW through downward magnetic attraction. Re-
moving the magnetic modulation can reverse the formation of hotspots and restore the original Raman signal, thereby constructing a reversible

platform. (b2) SERS spectra under +Mag or -Mag conditions when detecting 1 nM N-cDNA. (c1) Schematic illustration of a fully integrated ac-

tive enrichment platform. (c2) Active enrichment of gold nanorods in a nanoliter (10-7 L) sample. (c3) Schematic showing the aggregation of gold

nanorods at assembly positions for SERS detection. Figure reproduced with permission from: (a) ref.6, Copyright 2020 American Chemical Soci-

ety; (b) ref.’%?, Copyright 2022 American Chemical Society; (c) ref.?¢, Copyright 2023 American Chemical Society.

cles, ultrasound is chosen to manipulate nanoparticles,
thereby actively enriching and encapsulating analytes
without damaging them. This active enrichment can de-
tect ultra-low concentrations of nucleic acids without the
need for the relatively time-consuming polymerase chain
reaction (PCR), representing a significant direction for
the future of rapid nucleic acid detection. This method
has been applied to the detection of COVID-19. Zhang et
al. reported an integrated active enrichment platform ca-
pable of directly detecting COVID-19 nucleic acids in
nanoliter samples without PCR using a handheld device.
The platform consists of a capillary-assisted liquid sam-
pling system, an ultrasonic output integrated circuit sys-
tem, and a mobile phone-based SERS system (Fig. 8(c1)).
Considering acoustic responsiveness and SERS enhance-
ment performance, gold nanorods were selected for
biomedical applications. Functionalized gold nanorods
effectively capture and enrich biomarkers under ultra-

sound-induced aggregation (Fig. 8(c2)). This method can
actively aggregate gold nanorods within 1-2 seconds and
achieve highly sensitive SERS detection of COVID-19
biomarkers in nanoliter (10~ L) samples within 5 minutes,
with a sensitivity of 6.15x107* M (Fig. 8(c3)). Addition-
ally, it holds potential for detecting throat swab samples.
The three aforementioned studies utilize macroscopic
force fields to assist and regulate the binding process be-
tween SERS substrates and analytes, resulting in plat-
forms that integrate enrichment and detection. Com-
pared to conventional physical and chemical enrichment
strategies, these approaches offer higher detection effi-

ciency, accuracy, and applicability.

Macroscopic force field direct enrichment —
magnetic/acoustic levitation system

With further research on macroscopic force fields, a
large number of works have revealed and confirmed that

250015-17


https://doi.org/10.29026/oes.2025.250015

Pei ZY et al. Opto-Electron Sci 4, 250015 (2025)

https://doi.org/10.29026/0es.2025.250015

macroscopic force fields (acoustic or magnetic) possess
the ability to directly manipulate analytes, allowing ana-
lytes with the same physical properties (density, mass,
size, etc.) to reach a stable state of mechanical equilibri-
um (levitation) and to aggregate at the equilibrium posi-
tion. These strategies of enrichment do not introduce an
interference term, requires the construction of a stable
force-field environment, and enables lossless enrich-
ment of analytes under certain circumstances.

Acoustic levitation, as one of the most typical mechan-
ical lossless enrichment methods, has been successfully
combined with Raman spectroscopy. Acoustic levitation
utilizes the force of acoustic radiation to levitate objects
in a variety of media (e.g., air, soil, solution). Solidifica-
tion of metals, non-contact transport of substances,
droplet dynamics and analytical chemistry have been
studied for decades, and in 2003, Prof. Lendl's group and
Prof. Nilsson's group used SERS to monitor chemical re-
actions and crystallization processes within suspended
droplets, respectively'?*-12. In 2022, Yang et al. reported
the lossless enrichment of analyte molecules dissolved in
any volatile liquid, attached to solid objects, or dispersed
in air using an acoustic levitation platform (Fig.
9(al-a4))”. The results indicate that Au nanoparticles
can be concentrated concurrently with analytes in differ-
ent phases to achieve sensitive SERS detection, even at
attomole (10'® mol/L) concentration levels. This is a
breakthrough that bypasses the complex platform prepa-
ration process and avoids analyte depletion while en-
abling reproducible detection with higher sensitivity. In
addition, the construction of the acoustic levitation plat-
form breaks the selectivity and limitation of traditional
enrichment platforms for analyzed species, and the high-
ly generalized detection equipment is obviously more
valuable and promising for application. More important-
ly, the acoustic levitation platform is compatible with
most microsensing  technologies. For instance,
acoustofluidics, which is the integration of acoustics and
microfluidics, has recently received increasing research
attention across multiple disciplines, partly due to its ca-
pabilities for non-contact, biocompatible, and precise
manipulation of micro- and nano-objects'?* 1. Leverag-
ing this capability, Tony Jun Huang and colleagues de-
veloped an acoustofluidic-assisted dual-mode sensing
platform capable of performing both immuno-fluores-
cence and SERS-based dual-mode detection (Fig.
9(b1))'?. In this platform, acoustofluidics is used to con-
centrate silica nanoparticles coated with relevant target

molecules at different positions within a square glass
capillary, achieving signal amplification (Fig. 9(b2)). By
concentrating fluorescent analytes and functionalized
nanoparticles towards the center of the glass capillary,
the output fluorescence signal is significantly enhanced,
thereby boosting the performance of the immunoassay.
Simply by adjusting the input frequency, analytes conju-
gated with silica nanoparticles can also be focused on the
edges of the capillary microchannel, allowing them to in-
teract with the surface's plasmonic zinc oxide-silver
nanorod arrays. This dual functionality can be applied to
a variety of biological samples using mechanisms similar
to those based on immuno-fluorescence or SERS detec-
tion. Based on these two sensing modes, the platform
successfully detects the presence of biomarkers even at
extremely low concentrations (as low as tens of exo-
somes per pL), as shown in Fig. 9(b3).

Through acoustic levitation, lossless enrichment of an-
alytes in different phases can be realized, and effective
detection is possible even at extremely low concentra-
tions. In addition, the construction of the acoustic levita-
tion platform breaks the limitations of traditional enrich-
ment platforms and boasts a high degree of versatility
and applicability. The incorporation of acoustic fluidic
technology further expands the application scope of this
platform, enabling dual-mode detection based on im-
munofluorescence and SERS through precise manipula-
tion of micro/nano objects. This technology exhibits
great potential in various fields, including biomedicine,
environmental monitoring and chemical analysis, and
hold great promise for future scientific research and
practical applications.

Similar to acoustic levitation, magnetic levitation (Ma-
glev) technology, which relies on competing gravitation-
al and magnetic forces and a paramagnetic solution pos-
sessing a continuously varying density gradient in a mag-
netic field, is also expected to enable the lossless enrich-
ment of analytes”. In particular, Maglev allows for the
separation of magnetic particles suspended in a medium
based on their density, which is difficult to achieve with
acoustic levitation. Currently, magnetic levitation tech-
nology has been demonstrated and applied in food anal-
ysis, detection of banned substances, protein-ligand in-
teractions, monitoring of chemical reactions, and as a de-
tection step in immunoassays.

The most common magnetic levitation system, re-
ferred to as the "standard" system, employs two solid per-
manent magnets with like poles facing each other (either
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platform followed by subsequent multiplex and multi-phase SERS detection. (a2) Process of enriching CV molecules from a 10 yL ethanol solu-
tion using acoustic levitation. (a3) Aggregates concentrated from a 10 pL dispersion containing 500 nm polystyrene spheres, 300 nm ZIF-8 octa-
hedra, UIO-66 dodecahedra, 50 nm gold nanospheres, CuSO4 and R6G aqueous solutions, and HPC ethanol solution. (a4) Left: Schematic for
capturing, enriching, and performing SERS detection of airborne molecules using the DLE platform; Right: SERS spectra of MATT molecules
captured and enriched from air by an ethanol droplet composed of gold nanospheres. The MATT molecules in the air were generated by heating
MATT liquid 10 cm away from the suspended ethanol droplet. (b1) Schematic illustration of the working mechanism of an acoustofluidic biosen-
sor. The dual-mode platform functions to concentrate target analytes at the center or periphery of a glass capillary using surface acoustic waves.
(b2) FDTD simulations showing electromagnetic field distributions for different nanoarray structures: i) Original nanorods with a spacing of 200
nm, exhibiting limited electromagnetic field enhancement; ii) ZnO-Ag nanorods with a spacing of 200 nm, showing stronger electromagnetic field
enhancement; iii) ZnO-Ag nanorods with a spacing of 100 nm, further amplifying electromagnetic field enhancement; iv) Tilted proton nanorods
aggregated at both ends, demonstrating significant electromagnetic field enhancement. (b3) Left: SERS spectra of exosomes using a ZnO-Ag
capillary without silica particle assistance, ranging from 104 to 108 pyL™' in concentration; Right: SERS spectra of exosomes detected using
nanoparticle-assisted acoustofluidics method at concentrations of 102 to 10* pL-". Figure reproduced with permission from: (a) ref.®>. Copyright
2022 Springer Nature; (b) ref.'?*, Copyright 2020 John Welly and Sons.

N/N or S/S, with no difference in outcome) (Fig. 10(al, F,+F, = (p,—p,)Vg+(x.— X, )1, V(B-V)B =0, (2)
a2)). This setup is similar to a spike trap or anti-
Helmbholtz configuration, which uses a pair of coaxially po=0ch+B, (3)
here, F,

aligned identical electromagnetic coils with like poles
facing each other, and the coil spacing equal to the coil
radius. In experiments, two identical neodymium-iron-
boron (NdFeB) permanent magnets (typically dimen-
sions: 50 mm x 50 mm X 25 mm) are placed coaxially
(with faces aligned and parallel), with like poles facing
each other, at a distance of d=45 millimeters apart. Then,
the center axis of the magnet is usually aligned so that it
is parallel to the gravity vector. In this configuration, the
forces acting on a particle suspended within the system

can be described by the following equation'?®:

'm is the magnetic force exerted on the levitated
object due to its interaction with the magnetic field and
the surrounding paramagnetic medium. p; is the density
of the object; pp, is the density of the paramagnetic medi-
um; V is the volume of the object; g is the gravitational
acceleration (with ||g]| being 9.80665 ms™ on Earth); y; is
the magnetic susceptibility of the object; ym is the mag-
netic susceptibility of the paramagnetic medium; yo is
the permeability of free space; B is the magnetic field; V
is the del operator; o (noted twice in the original text,

likely a typographical error) represents coefficients

250015-19


https://doi.org/10.29026/oes.2025.250015

Pei ZY et al. Opto-Electron Sci 4, 250015 (2025) https://doi.org/10.29026/0es.2025.2500

n IMlcropIastlc m|xture> ZLewtatlon >230|Idlflcatlon >t Retrieval >Z Melting >

Paramagnetic
medium
Standard
cuvette

# ,0.001N
14

“ON

X
Magnetic force

i0T

X
Magpnetic field

u i) Human plasma — ii) Maglev system — . :

PPMS  Healthy

- " e
X%' “Axial” MagLev MagLev for “high-throughput”
Fot measurement

.
.

] L]
H Bl EE EE Bm
Y ) Y ]

Microsphere Density Size Density Size
loading separation 1 separation 1 separation 2 separation 2
Increase Increase ‘

E! — *  offlow of flow velocity of flow velocity
Injection  Separation Collection Exhaust
system device system l

e M
U(let
Top magnet /”/et
Bottom magnet

Fig. 10 | (a1) From left to right: schematic of a standard magnetic levitation system. Magnetic field distribution between two magnets, with a verti-
cal dashed line indicating the central axis for object levitation. Simulation of the magnetic force experienced by a 5 mm glass bead suspended in
a standard magnetic levitation system. (a2) From left to right: force analysis diagram of target particles suspended in a magnetic field. approxi-
mate linear magnetic field along the central axis of a standard magnetic levitation system used to suspend objects in paramagnetic media. gravi-
tational potential energy and magnetic energy of levitated diamagnetic objects in a standard Maglev system, AUy represents the change in gravi-
tational potential energy (with zero energy defined at an infinite distance), and AU, represents the change in magnetic potential energy (with ze-
ro energy defined at the midpoint between the magnets). (a3) From left to right: tilted magnetic levitation device. Axial magnetic levitation device.
high-throughput magnetic levitation screening device. (b) In a standard magnetic levitation system, different density microplastic particles are se-
quentially floated by moving the tube position, and various types of microplastics are separated and captured using biphasic media. (c) Time-
lapse photographs showing the separation of human plasma using a standard magnetic levitation system. (d1) Fluid flow perpendicular to the
magnetic field gradient. A bead suspension (containing 250 mM GdCI3) flows into a V-shaped channel fabricated within a PDMS-based microflu-
idic device. (d2, d3) Beads are divided into four sections based on density and exit through outlet channels. (e1) Schematic illustration and work-
ing principle of a prepared two-dimensional magnetic levitation separation device. (e2) Photographs of the components of this two-dimensional
magnetic levitation separation device. Figure reproduced with permission from: (a) ref.?”, Copyright 2020 John Welly and Sons; (b) ref.®°, Copy-
right 2022 American Chemical Society; (c) ref.'?, Copyright 2023 Elsevier; (d) ref.'°, Copyright 2007 American Chemical Society.
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describing linear functions; h is the levitation height of
the object. As understanding of this equation deepens, a
wider variety of magnetic levitation devices have been
developed and put into use (Fig. 10(a3)), which will not
be described in detail here.

Recently, magnetic levitation has been applied to the
separation of mixed waste plastics. By combining the lin-
ear density gradient provided by magnetic levitation with
the step gradient offered by aqueous multiphase systems,
additional functionalities for plastic enrichment and sep-
aration can be achieved. In experiments, simply adjust-
ing the height of the container between the two magnets
allows the aqueous multiphase system to selectively cap-
ture different plastics at the formed interfaces (Fig.
10(b))*. In another example, magnetic levitation tech-
nology has also been utilized for the separation and de-
tection of human plasma components, facilitating early
disease screening. As shown in Fig. 10(c), within a stan-
dard magnetic levitation system, human plasma is sepa-
rated into multiple ellipsoidal bands in a solution of ap-
propriately concentrated superparamagnetic iron oxide
nanoparticles (SPIONs)?. To investigate whether the
biomolecular composition of suspension elliptic bands is
related to the health status of plasma donors, researchers
used plasma from people with various types of multiple
sclerosis (MS) as a model disease of clinical importance.
The study results indicated that while there was little
variation in protein composition, there were significant
differences in the lipidomic and metabolomic profiles of
each magnetically levitated ellipsoidal band. By compar-
ing the lipidomic and metabolomic compositions across
various plasma samples, it became evident that the levi-
tated biomolecular ellipsoidal bands indeed contain in-
formation about the health status of the plasma donors.
More specifically, each layer within a specific plasma pat-
tern contained particular lipids and metabolites that
played a significant role in distinguishing different sub-
types of multiple sclerosis, namely relapsing-remitting
MS, secondary progressive MS, and primary progressive
MS. These findings pave the way for utilizing Maglev-
based recognition of biomolecules in the discovery of
biomarkers to identify and differentiate diseases.

Since the enrichment process occurs in solution, mag-
netic levitation enrichment methods are also compatible
with most fluidic technologies. It has been reported that
magnetic levitation systems can form stable density gra-
dients in flowing fluids, thereby possessing unique sepa-
ration characteristics that cannot be achieved using

https://doi.org/10.29026/0es.2025.250015

acoustic levitation methods. Here, we will discuss two
spatial arrangement modes of fluid flow relative to the
magnetic field gradient: 1) fluid flow perpendicular to
the magnetic field gradient, and 2) fluid flow parallel to
the magnetic field gradient. When the fluid flow is per-
pendicular to the magnetic field gradient, the viscous
drag force on objects in the fluid (generated by fluid
shear stress) is orthogonal to the physical forces (mag-
netic force, buoyancy, and gravity). Therefore, the lateral
flow has minimal impact on the longitudinal gradient
distribution of particles. This flow pattern, which resem-
bles laminar flow, tends to cause lateral displacement of
particles with negligible effect on their levitation height.
As shown in Fig. 10(d1), the fluid flow direction is per-
pendicular to the magnetic field gradient, and four mag-
netic response beads of different densities are injected in-
to a V-shaped tube fabricated from PDMS and reach
equilibrium states within a standard magnetic levitation
system. Since the perpendicular flow does not affect the
particles' levitation height, the beads are pushed toward
different outlets by viscous drag forces (Fig. 10(d2,
da))to,

When the fluid flow is parallel to the magnetic field
gradient, suspended objects experience viscous drag
forces in the same direction as the magnetic field. This
additional force disrupts the equilibrium that objects
have in a static environment and moves them to a new
position. At this new position, the strength of the mag-
netic force increases to counterbalance the viscous drag.
In laminar flow, the magnitude of the viscous drag force
on a standard sphere follows the formula'®:

Notably, the magnitude of the viscous drag force on a
particle is proportional to its radius. Therefore, for a flow
system parallel to the magnetic field, the levitation char-
acteristics of objects are influenced by both their density
and size. In other words, as long as an appropriate flow
rate is maintained, the system can simultaneously sepa-
rate substances of different densities and sizes. For in-
stance, integrating a standard magnetic levitation system
constructed with two ring magnets with a separation
chamber nested within and connected to a pro-
grammable pump (Fig. 10(e2)) enables two-dimensional
separation of microplastics. The first dimension of sepa-
ration is based on the continuous increase in the concen-
tration of paramagnetic salt (MnCly), which achieves
magnetic levitation of microplastics with specific densi-
ties. The second dimension is based on increasing the
flow rate gradient while maintaining a constant MnCl,
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concentration, thereby classifying the magnetically levi-
tated microplastics according to their different particle
sizes (Fig. 10(el)). Thus, microplastics are collected
through their progressively increasing density, and parti-
cles corresponding to each density are then classified
from smaller to larger sizes.

In summary, magnetic levitation integrates enrich-
ment and separation with inherent advantages in specif-
ic selection. The integration of magnetic levitation en-
richment with Raman detection may be a novel and fea-
sible strategy. On the one hand, this simultaneous sepa-
ration and enrichment process serves to avoid the inter-
ference of complex environmental impurities with the
analytes; on the other hand, this nearly lossless enrich-
ment process provides the foundation for Raman quanti-
tative detection. However, to date, this technique has not
been combined with Raman detection, primarily due to
its own limitations: 1) Size limitations: theoretical analy-
sis and experimental studies have determined that the
standard Maglev system can stably levitate particles
down to a minimum size (with a radius of approximate-
ly 2 um). Particles with a radius smaller than ~2 um tend
to remain as a dispersed cloud in a standard magnetic
levitation system due to Brownian motion. For example,
Demirci used millimeter-sized Maglev systems to cap-
ture or levitate cells (such as bacterial and yeast cells).
However, stably suspending individual bacterial cells in
an aqueous paramagnetic medium requires a significant
amount of time (several hours). Thus, under ambient
conditions, it is challenging to rapidly levitate small par-
ticles (less than 1 pm) using simple magnetic levitation
systems unless the spacing between magnets is reduced
or the magnetic field strength is increased, both of which
enhance the magnitude of the magnetic field gradient. 2)
High detection difficulty: since the enrichment of ana-
lytes occurs within the solution, conventional SERS de-
tection methods cannot be directly applied. This necessi-
tates optimization of the magnetic levitation setup or the
use of fiber-optic SERS probes for detection.

In addition to the two aforementioned syrategies, in
recent years, optical tweezers technology has emerged as
a significant contender in the domain of SERS enrich-
ment'*"1%2, owing to its capacity to manipulate analytes
and hotspots in a simultaneous manner. Notably, a sin-
gle-beam enrichment system has been increasingly em-
ployed in SERS detection. This system employs a single-
beam optical trap to concentrate free silver nanoparti-
cles within a photofluidic chip, thereby substantially en-

hancing SERS performance. Experimental results
demonstrate that the intensity of the Raman signal in the
optically trapped state is markedly higher than that in the
non-trapped state, confirming the effectiveness of the
single-beam optical trap in improving the SERS detec-
tion capability of the photofluidic system'*. Further-
more, the Raman spectra of crystal violet and the pesti-
cide thiram were successfully detected at concentrations
as low as 10~ mol/L and 10~° mol/L, respectively, further
validating the role of the single-beam optical trap in en-
hancing the molecular fingerprinting capability of SERS-
based photofluidic chips. This integration is expected to
advance highly integrated technologies and significantly
enhance the overall performance and portability of opto-
electronic sensing systems.

In conclusion, the integration of enrichment strate-
gies with SERS fundamentally transforms detection ca-
pabilities by addressing the core limitation of analyte-
substrate affinity. Chemical, physical, and macroscopic
force field techniques synergistically enhance sensitivity
through: 1) Spatial co-localization: concentrating target
molecules within plasmonic hotspots, maximizing elec-
tromagnetic field interactions. 2) Signal amplification:
increasing local analyte density by orders of magnitude
(up to 10*fold), enabling attomolar detection. 3) Noise
reduction: selectively isolating analytes from complex
matrices (e.g., biological fluids, environmental samples),
reducing background interference. 4) Versatility expan-
sion: facilitating detection of non-adsorptive molecules
(gases, ions, volatile organics) previously inaccessible to
conventional SERS. This synergy transcends the limita-
tions of hotspot engineering alone, transforming SERS
from a passive substrate-dependent technique into an ac-
tive sensing platform where analyte manipulation is as
critical as plasmonic design. The combined approach un-
locks unprecedented sensitivity, reproducibility, and re-
al-world applicability across diverse fields.

Finally, a thorough comparison and generalization of
the enrichment methods previously mentioned is pre-
sented (Table 1). This synthesis encompasses three pri-
mary strategies: chemical enrichment, which leverages
specific interactions like covalent bonding or bioaffinity
for selective analyte capture; physical enrichment, utiliz-
ing substrate morphology (cavities, porous structures) or
wettability properties to passively or actively concentrate
analytes near hotspots; and macroscopic force field en-
richment, employing external fields (magnetic, acoustic,
optical) to actively manipulate analytes or hotspots for
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efficient localization. The comparison in Table 1 is done
to assist readers and researchers in identifying the most
suitable strategy for their specific applications —consid-
ering factors like analyte type, sample matrix, required
sensitivity, and operational complexity, ultimately facili-
tating informed and efficient decision-making in method
implementation. Collectively, these strategies significant-
ly enhance SERS sensitivity and broaden its applicability
by overcoming the core limitation of analyte-substrate
affinity.

Summary and outlook
In this review, we start by addressing the general issues
that have persisted in the development of SERS to date,
focusing on solutions beyond hotspot engineering,
specifically enrichment strategy. We examine the feasi-
bility of this strategy and categorize current enrichment
methods into three types based on their principles: 1)
Chemical enrichment strategies. 2) Physical enrichment
strategies. 3) Macroscopic force field enrichment strate-
gies. Alongside relevant work, we discuss the advantages
and disadvantages of these three categories of enrich-
ment methods and propose optimization approaches.
Looking forward, the development and promotion of
SERS enrichment platforms still face several challenges:
1) Most existing enrichment platforms fail to achieve
lossless enrichment, leading to insufficient detection ca-
pabilities and sample wastage. Improving current strate-
gies or creating new lossless enrichment platforms will
be a long-term research topic. 2) Nearly all SERS enrich-
ment strategies suffer from inadequate quantitative de-
tection capabilities, primarily due to uneven distribution
of hotspot intensities within the analyte enrichment area
(less than 1% of molecules located in the strongest
hotspots contribute about 70% of the entire SERS inten-
sity). Therefore, balancing hotspot strength with the en-
richment working area is a necessary step toward achiev-
ing quantitative SERS detection'*. 3) Introducing these
enrichment platforms into real-world applications re-
mains challenging, as they need to overcome complex
sources of interference such as temperature, humidity,
pH levels, and media. Additionally, combining micro-
and nano-fabrication processes to produce stable sen-
sors and integrating SERS enrichment platforms into
practical application processes require substantial fur-
ther work.

Fortunately, facing up with the intertwining influen-
tial factors and explosive data size, artificial intelligence

(AI) has provided viable solutions to the above problems
at SERS, presenting elite efficiency in accelerating sys-
tematic optimization and deepening understanding
about the fundamental physics and spectral data, which
far transcends human labors and conventional computa-
tions'*>~1*%, For instance, Al could aid in preparation of
nanostructures: Pre-trained AI models can quantita tive-
ly establish complex high-dimensional correlations be-
tween these components. This enables inverse design
methods of the desired plasmonic response to avoid the
trial-and-error approach of conventional workflows, re-
ducing both the time and cost associated with SERS
nanostructure preparation. Additionally, Al-assisted
guiding can predict novel SERS nanostructures that
would not have been otherwise explored. The consisten-
cy of SERS nanostructures can also be improved by uti-
lizing Al-guided automated manufacturing, such as
robotic Al-chemist systems'**!“. For quantification, by
incorporating Raman signal intensity, coffee ring diame-
ter, and POD as combined features, a machine learning-
based mapping between nanoplastic concentration and
coffee ring characteristics has been established!*!, allow-
ing precise predictions of dispersion concentration. The
mean squared error of these predictions is remarkably
low, ranging from 0.21 to 0.54, representing a 19 fold im-
provement in accuracy compared to traditional linear re-
gression-based methods. This strategy effectively inte-
grates SERS with wettability modification techniques, en-
suring high sensitivity and fingerprinting capabilities,
while addressing the limitations of Raman signal intensi-
ty in accurately reflecting concentration changes at ultra-
low levels. To combat environmental interference, Al is
further used to assist and optimize the signal acquisition
process, it includes instrument adjustment, acquisition
parameters and enhanced signals or images. For in-
stance, combining image recognition algorithms with
automated instrument control and feedback can effi-
ciently locate nanostructures of interest, perform data
acquisition, and obtain high-throughput standardized
experimental data'®, thereby reducing fluctuations in
SERS spectra. In summary, Al has been demonstrated to
revolutionise SERS workflows by enabling rapid, cost-ef-
fective nanostructure design, significantly improving
quantification accuracy, and automating signal acquisi-
tion. However, the effectiveness of this technology re-
mains inherently tied to the quality of the training data
and the computational resources available.

In conclusion, introducing the concept of enrichment
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into SERS detection not only significantly enhances de-
tection sensitivity but also broadens its functionality,

making it an extremely attractive and promising strategy.

Table 1 | A comparative table for enrichment strategies in SERS.

By integrating the latest advancements and advantages
from various disciplines, we have reason to believe that

this diverse research approach will experience rapid de-

Enrichment strategy ~ Subtype/specific

. Detection limit Application scenario  Core requirements Advantages Disadvantages
category technique
Liquid pollutants . .
. High selectivity; L
PAEs: fmol level™; (PAEs), biomolecules Nonspecific binding

miRNA: fmol level”;
L-cysteine: 0.01 uM;
2,4-
dichlorophenoxyacetic

(miRNA), multiplex

Direct chemical analysis (flavor

Chemical enrichment .
molecules), Pesticide

enrichment
residues (2,4-
acid: 0.01 ng/ml

acid)

Gases (H2S), ions
(CI-/Cu?), pathogens
(bacteria/viruses)

H2S: 0.1 mmol/L";
Cl=: pM level®®

Indirect chemical
enrichment

Hg?/nanoplastics: nM o
Liquid pollutants

. . Structure-based- level®® . .
Physical enrichment . L (ions/nanoplastics/Ha
cavity HoS (liquid): 1070 M; )
. Sithiram)
thiram: 10-"" M

MDA 9.38x10°¢ M Gas molecules

Structure-based- .
(VOCs), biomarkers
VOCs: N/A%8

MOF/porous cages

(tear MDA)
Wettability-
: R6G: 10~ M#2 Aqueous analytes
superhydrophobic
Wettability- .
. R6G: 1 aM'?%; Sudan  Aqueous/organic
superoleophobic/SLI -
. I: 0.1 fmol®* phase toxins

Macroscopic force Field-assisted- H3Ny virus: 10? Pathogens,
fields magnetic TCIDso/mL 02 biomolecules
Field-assisted- COVID-19 DNA: Nucleic acids,

acoustic 6.15x10713 M biomarkers

Direct enrichment-

acoustic levitation 1078 M analytes

250015-24

dichlorophenoxyacetic

Requires raman tags

General molecules: Gas/liquid/solid phase Acoustic radiation

Suitable for complex
Target molecules .
matrices; Enables

must bind specifically

. high-throughput
to functional groups .
platforms; Direct
on substrate
molecular

fingerprinting

Detects raman-
inactive molecules;

with signal response  Significant signal
to analyte binding changes; Ideal for
biosensing

Passive: Relies on .
. . Label-free; Uniform
diffusion; Active: o
. hotspot distribution;
Requires . .
. Wearable integration;
capillary/acousto-

e Large surface area
fluidic drive

. High adsorption
High surface area L
. capacity; Size-
materials (ZIF-

8/LDH); Cavity
structures for gas

selective sieving; In-
situ reaction
monitoring

High enrichment

Contact angle >150°; .
(104x); Simple

Controlled .
. operation; Ultra-trace
evaporation o .
liquid analysis
Anti-solvent
Fluorinated surfaces; spreading;
Matching lubricant for Multiphasic

SLIPS compatibility; Anti-
fouling
. Rapid enrichment
Magnetic . o
. (minutes); Simplified
nanocomposites;

sample prep;
External magnetic POl

field
hotspots"

PCR-free; <5 min
detection; Nanoliter

Ultrasound-induced
nanoparticle

aggregation sample volume

Non-destructive and
lossless enrichment;

. Universal for
field; Volatile solvents

multiphase detection;

Substrate-free

(false positives);
Functional group
instability; Byproduct
interference; Complex
modification process

Tag detachment risk;
Complex labeling steps;
Reporter signals may
mask analyte information

Low passive efficiency;
Limited to liquids; Poor
gas detection;
Reproducibility issues

Pore blockage; Complex
synthesis; Poor
reusability; High cost

Water-phase only;
Organic solvents
incompatible; Coffee-ring
effect affects
quantification

Lubricant interference;
Ineffective for gases;
Complex fabrication

Equipment-dependent;
Low small-molecule
capture; Magnetic

Customizable "moving materials may affect

SERS signals
Specialized
acoustofluidic chips;
Sample complexity
affects aggregation;
Potential biomolecular
damage
Bulky equipment;
Aerosol instability;
Quantification
challenges; Skilled
operation required
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Table 1 (Continued)

Enrichment strategy ~ Subtype/specific

. Detection limit Application scenario  Core requirements Advantages Disadvantages
category technique
Non-destructive Size limit (>2 pm);
. . . . . . . Paramagnetic media sorting; Density/size ~ Requires fiber-optic
Direct enrichment-  Microplastics: Density Microplastics, plasma .
. L . (GdCl3/MnCly); Strong separation; SERS probes; Low
magnetic levitation separation® components . . - L
gradient field Microfluidics- sensitivity; Time-
compatible consuming (hours)
. . Single-molecule Expensive equipment;
. . Single Laser trapping of . .
Emerging CV: 10° M; Thiram: sensitivity; Real-time Low throughput;

Optical tweezers

technologies 1075 M3

molecules/nanoparticl

es in liquids

Al-optimized Inverse Nanoplastics: MSE

0.21-0.54'+

Universal

strategies design/automation

hotspots and . . ) .
manipulation; High  Transparent media only;

molecules ) . .
spatial resolution Thermal damage risk
Eliminates trial-and-
error; Enhanced .
. . o Data quality-dependent;
Big data training; quantification; . .
. ) . High computational load;
Robotic automation Environmental T
. High initial development
systems interference

. cost
suppression; Full-

process optimization

velopment, leading to significant breakthroughs in de-
signing the next-generation hybrid SERS enrichment
platforms. Achieving multifunctional SERS sensors is not
only crucial for fundamental research at the molecular
level but will also greatly promote practical applications
in fields such as synthetic chemistry, disease diagnosis,

environmental protection, and life sciences.
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