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Dual-mode optical platforms based on surface-enhanced Raman scattering (SERS) and surface-enhanced fluo-
rescence (SEF) offer the combined advantages of intuitive and fast fluorescence imaging and the multiplexing
capability of SERS. They have demonstrated considerable potential in bio-detection and bio-imaging. Herein, two
key characteristics of the successful expansion of dual-mode SERS-SEF substrates are reviewed: the morphology
and structure of these substrates and the distance effect between molecules and nano-particles. This review
summarises the enhancement mechanism, structure, and properties of SERS-SEF substrates, structure and
properties of dual-mode SERS-SEF substrates, and their applications in molecular detection, bio-imaging and
immuno-assays are discussed. To solve the problem that SERS and SEF have conflicting requirements regarding
the distance between reporting molecules and the substrate, a strategy for optimisation of shell thickness to
control dual-mode SERS-SEF substrates is proposed. Finally, we expect the dual-mode SERS-SEF technology to
be a powerful tool for the analysis of extreme environments by virtue of the protection of their inert shells.

1. Introduction

When a molecule to be measured is placed on a rough metal surface,
especially near the gap or tip of metal nano-structures, the electro-
magnetic (EM) field enhancement due to local surface plasmonic reso-
nance (LSPR) considerably increases the scattering cross-section of the
molecule [1-3]. This phenomenon is referred to as surface-enhanced
Raman scattering (SERS). Similar to the SERS effect, when dye mole-
cules are placed near nano-metal structures, the intensity of fluorescence
emitted by molecules is sometimes enhanced to a certain extent. This
phenomenon is commonly known as surface-enhanced fluorescence
(SEF) or metal-enhanced fluorescence (MEF) [4,5]. Nearly 50 years have
passed since the discovery of SERS and SEF, and nearly 20 years, related
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research has been receiving increasing research attention (Fig. 1). The
enhancement mechanisms of SERS and SEF have been demonstrated
after extensive mechanism studies, as described in Section 2 [6-8].

In recent years, with the continuous development and innovation of
nano-detection technology, the dual-mode SERS-SEF technology,
combining SERS and SEF, has gradually become a promising method for
applications in bio-detection and bio-imaging, with fluorescence as a
fast indicator and SERS signals used to distinguish specific targets in
multiple interactions [9-14]. SERS can identify trace molecules or in-
termediates and obtain rich structural information. Meanwhile, the
quantitative-analysis capability of digital (nano) colloid—enhanced
Raman spectroscopy is considerably better than that of standard Raman
spectroscopy [15]. However, the requirement of a considerable amount
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Fig. 1. The number of publications related to SERS and SEF applications has
increased year by year since 2004 (Science Direct, available on April 28, 2025).

of acquisition time to obtain reliable data hinders its application in
high-speed analysis [6]. In contrast, fluorescence spectroscopy boasts
high sensitivity and is capable of swiftly revealing changes in analyte
concentrations. Therefore, the SERS and SEF technologies are comple-
mentary, and their dual-mode combination offers the advantages of both
technologies at once [16]. The integration of these two techniques may
serve as an appealing solution across various domains, such as molecular
detection, live-cell sensing, tissue diagnostics, protein targeting, drug
delivery and in vivo imaging [17-20].

The combination of SERS and SEF is very beneficial for improving
the accuracy and sensitivity of detection applications. The exploration of
the synergistic effects of SERS and SEF on a same nano-structure is
gradually becoming a research hotspot [21-24]. However, because of
the conflicting requirements between SERS and SEF in terms of the
distance between reporter molecules and the matrix, fluorescent probes
require a longer distance to obtain the highest fluorescence enhance-
ment but lose the highest SERS enhancement in doing so [20].
Shell-isolated nano-particles (SHINs) with SERS capabilities not only
amplify Raman intensity but also enhance fluorescence intensity,
simultaneously circumventing quenching [25]. Consequently, SHINs
offer inherent application advantages in SEF [26]. SHINs with thicker
coatings may be ideal substrates for SEF, while those with thinner
coatings may be more suitable for SERS. The possibility of achieving
both SEF and SERS can be achieved by adjusting the coating thickness of
SHINs. Therefore, reasonable control of the distance between the re-
porter molecule or analyte and the metal substrate may solve this
problem. With such a structure, nano-probes can generate strong SERS
and fluorescence signals. Numerous related studies have fully exploited
the synergistic effects of SERS and SEF, which showed remarkable
multiplexing detection capability [12,27,28].

In addition, the enhancement of SERS and SEF largely depends on
the properties of the nano-structured active substrate, including
composition, size, shape, structure, local environment, surface chemis-
try and interaction with the target molecule [29-32]. Hence, careful
design, in-depth exploration and successful fabrication of highly effi-
cient active nano-materials as support substrates is always the key to
facilitating the advancement of SERS and SEF technology and wide
application thereof. In past few decades, SERS and SEF active
nano-materials have undergone extensive development to create more
efficient substrates, beginning from the initial nano-sols to solid sub-
strates [5,33,34]. Numerous scholars have made a considerable number
of reviews on the materials, applications and mechanisms of SERS and
SEF technology, providing us with notable guidance and attracting an
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increasing number of colleagues to research on detection using SERS or
SEF [8,35-39]. However, these remarkable reviews and book chapters
were mainly focused on the introduction of either SERS or SEF as a single
detection technique. Therefore, with the vigorous development of the
dual-mode SERS-SEF detection technology, a complete summary of
these problems and latest dual-mode SERS-SEF substrates in this field
may be necessary, which can guide researchers of SERS and SEF.

Herein, these dual-mode SERS-SEF substrates are reviewed for better
understanding them and their future development (Fig. 2). First, the
mechanism of enhancement of SERS and SEF is introduced, and the
feasibility of designing dual-mode SERS-SEF substrates is confirmed.
Thereafter, the research progress of different types of dual-mode
SERS-SEF substrates is introduced, including the application of
different material morphologies, structures, sizes and preparation pro-
cesses. Finally, we discuss current challenges and future prospects with
respect to the advancement of SERS and SEF technology in broader
fields (such as deep sea, deep space and polar), aiming to reduce the cost
of detection in extreme environments. This review may provide valuable
reference for the development of dual-mode SERS-SEF substrates, pro-
vide guidance and strategy for the design of such substrates with high
sensitivity and considerably expand their potential application pros-
pects (e.g. industrial wastewater, deep sea and polar).

2. Outline of the SERS and SEF mechanisms
2.1. SERS mechanisms

After more than 40 years of tireless exploration spanning since the
proposal of SERS to now, scientists from various countries have provided
many explanations and models for its enhancement and have made
continuous amendments and improvements. However, because of the
numerous microscopic factors affecting SERS enhancement (such as
base configuration, size and material) and their inter-crossing (base-
—-molecule coupling reaction), a complete and reasonable theoretical
system has not been formed. Currently, two main enhancement mech-
anisms of SERS are generally recognised in the academic community:
the electro-magnetic enhancement mechanism (EM) and chemical
enhancement mechanism (CM) (since the CM is not related to the SEF
enhancement mechanism, we will not describe it in detail in this article.)
[42-44].

2.1.1. Electromagnetic mechanism

The EM field enhancement effect mainly originates from the inter-
action between the incident laser with an appropriate wavelength and
the local surface plasmon (LSP) on the metal substrate surface, which
leads to the sharp enhancement of the local EM field near the nano-metal
substrate. Thus, the Raman scattering signal of sample molecules can be
improved across a large frequency range, which is conducive to the
characterisation and recognition of molecules, even at very low detec-
tion limits or at the single-molecule level. Fig. 3a shows the excitation
principle of LSPR [40,45]. In addition, the enhanced effect is particu-
larly significant when the frequency of the incident laser matches that of
the LSP so as to generate LSPR [46,47]. Meanwhile, this process pro-
vides strong EM enhancement around the tip of the nano-structure and
also enhances weak light fields near mirrors [48].

The EM field enhancement is achieved by the dual processes of local
enhancement and radiation enhancement, including the incident field
enhancement factor (EF) provided by the LSPR coupling of incoming
radio field and the SERS substrate during excitation, and the emission
field EF provided by scattering photons and LSPR coupling during
emission [49,50]. In general, the Raman displacement is very small,
which leads to the incident enhancement and emission enhancement
being close in terms of the order of magnitude. Therefore, in most
research works, the Raman EF has been approximated as the fourth
square of incident local field enhancement [51]. Tamitake Itoh et al.
used cavity quantum electro-dynamics to introduce the EM mechanism
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Fig. 2. The type and enhancement mechanism of SERS-SEF dual-mode substrate.
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Fig. 3. (a) Schematic diagram for the LSPR of metallic NPs excited by visible light. Reproduced with permission [40]. Copyright 2021, John Wiley & Sons, Ltd. (b)
The simplified illustration of SEF. Reproduced with permission [41]. Copyright 2017, Elsevier.

and explained in detail the mechanism of electro-magnetic effects via
the method of electro-magnetism [52]. According to current literature
reports, the theoretical maximum value of EF of some highly active
substrates can reach 108-10'°, which meets the basic requirements of
single-molecule detection, and, thus, the SERS technology can be
applied to ultra-sensitive analysis and detection or single-molecule im-
aging [53,54].

2.1.2. Calculation of SERS enhancement factor (EFsggs)
EF is one of the indexes to measure the performance of a SERS

substrate. The SERS effect relies on the LSPR generated by metal nano-
structures in the near field, which significantly enhances the EM field
intensity of the metal surface, thus significantly enhancing the molec-
ular Raman signal. In Raman spectroscopy, after laser is applied to the
surface of a substance, the average intensity of the surface electric field
intensity can be expressed as |E|*> = 2E |g|2 Considering that molecular
dipole oscillation induced by an EM field during the Raman scattering
process may enhance the radiation of the dipole, the following expres-
sion can be obtained under approximate processing [55]:

EFgers = |E|*[E’|%/|Eo|* = 4 [g|* |8’
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where EFggrs denotes the EF of the EM field, E' the electric field that
evaluates the scattering frequency. If the Stokes frequency shift is small,
g and g’ will essentially be in the same wavelength range, following
which EF can be re-written as follows:

EFgers ~ 4 |g|* ~ |E|*/[Eo|%,

In other words, the theoretically calculated value of the SERS EF was
proportional to the fourth power of the electric field enhancement,
which provided a basis for calculating the EM EF of the SERS substrate
via the finite-difference time-domain method later. However, in prac-
tical applications, researchers usually express the enhancer EF [56] as
follows:

EF= USERS/ N, Raman)/ (IRaman/ N, SERS),

where Isgrs and Iraman denote the intensities of probe molecules in the
SERS spectrum and Raman spectrum, respectively. The ratio Isgrs/Iraman
can be experimentally measured. Nggrs and Ngraman denote the number
of analyte molecules in the region of excitation-light irradiation on the
SERS substrate and ordinary substrate, respectively. The value of N
(Nsgrs and Nraman) can be calculated as follows:

N = ((Np x M x Volution)/Ssub) X Slasers

where N denotes Avogadro’s constant, M the molar concentration of
the solution, Volution the volume of the probe molecular solution, Sg
the area of the probe molecular solution on the substrate and Sjaser the
area of the laser spot; the Nggrs/Nraman ratio is experimentally
measured. In summary, the EF of the basis is calculated.

2.2. SEF mechanisms

Upon positioning a fluorophore either on the surface of a conductive
metal or in proximity to its neighbouring particles, the quantum yield is
enhanced, concurrently reducing the fluorescence lifetime. This com-
bined outcome of elevated quantum yield and diminished fluorescence
lifetime is collectively denoted as MEF (or SEF) [57,58]. This effect was
first discovered by Drexhage in the late 1960s, when he was studying
fluorescence lifetime in the presence of metal films [59,60]. The
mechanism of the enhancement of the SEF effect is shown in Fig. 3b
[41]. When incident light is irradiated on the metal nano-structure, the
coupling of LSPR and incident field near the substrate results in massive
enhancement of local EM field, which can effectively improve the ab-
sorption of molecules. Therefore, the molecular radiation is consider-
ably enhanced compared with that in a vacuum, resulting in a
high-sensitivity SEF effect [61]. Different from SERS, the fluorescence
process is also affected by the quantum yield; therefore, in SEF, it is
usually required that a certain distance should be maintained between
molecules and the metal surface to avoid fluorescence quenching.

Similar to SERS, EF of the EM field is also a major factor to measure
the effect size of SEF [62]. The results reported by Guerrero’s group
demonstrated that the SEF effect is generally proportional to the square
of the field enhancement, wherein the enhancement is entirely caused
by the excitation enhancement brought about by the amplification of the
EM field [63]. With the gradual deepening of research, it has been
observed that both the excitation and radiation processes should be
considered to comprehend the SEF effect [64]. For the excitation
enhancement process, the incident light field was coupled with the base
LSPR to obtain the incident EF, which was similar to the excitation
mechanism of SERS and could considerably improve the excitation ef-
ficiency of fluorescence. Thus, based on the similarity of SERS and SEF in
EM, theoretical support for the construction of a dual-function platform
can be provided. Moreover, several studies have demonstrated that SEF
is predominantly governed by the energy transfer occurring between the
molecules and the silver surface. And the greater spatial fluctuations
observed in the SEF signal imply a more intricate behavior of the mol-
ecules in the vicinity of the silver surface [65,66].
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In addition, the enhancement mechanism of SEF is also partly caused
by non-radiative coupling. Simply speaking, the non-radiative coupling
between the dye molecule and the metal nano-structure can facilitate
more efficient transfer of the excited state energy of the dye molecule
into the plasma mode of the metal nano-structure [64,67]. This energy
transfer process can significantly enhance the fluorescence signal.
However, the emission enhancement process is also closely related to
the quantum yield of the emitted light field of the molecule, which de-
pends on the simultaneous influence of the radiative transition caused
by photon emission and the non-radiative transition caused by loss in the
surrounding environment. Theoretical and experimental studies have
shown that the material of the substrate, the geometric configuration
and the selection of incident light play a decisive role in the enhance-
ment or quenching of molecular fluorescence [62,68].

2.2.1. Calculation of SEF enhancement factor (EFsgr)
EF is also one of the indicators to measure SEF performance. The EF
of SEF is usually expressed in the [69] following simple formula:

EF= Isgr/INormal,

where Isgr denotes the fluorescence intensity of the molecule to be tested
on the SEF substrate and Inorma) that of the molecule to be tested on the
pure glass substrate.

3. Research status of SERS-SEF dual mode substrate

Because of the simplicity and low cost of preparation, a noble metal
nano-sol was the most used SERS substrate in the early stage. Under the
influence of excitation by visible light and near-infrared light, gold (Au),
silver (Ag) and copper (Cu) exhibited remarkable properties as SERS
substrates. Of these, Au and Ag NPs were more widely used in SERS
applications because of their high SERS enhancement properties. For Au
and Ag NPs, the LSP formant is usually located at ~520 and ~400 nm
[70]. Common spherical NPs can be prepared via chemical reduction
and laser ablation [71]. In the context of SEF sensing within a solution,
the dimensions of colloidal NPs play a crucial role [1]. For diminutive
metallic NPs, light absorption predominates over scattering, and the
quenching of fluorophore emission tends to overshadow its enhance-
ment. Consequently, there is a preference for larger NPs and geometries
that exhibit increased scattering cross-sectional areas [72]. In SERS and
SEF, the distances of both of molecules involved in SEF near the metal
surface and those involved in SERS from the metal surface affect their
spatial distribution and local viscosity and also the intensity of the
enhanced EM field [73]. In addition, the aggregation state of metal
particles and the spacing between the metal structure and the emitter
also exert a strong influence on the enhancement rate of each of SERS
and SEF properties [67]. Therefore, reasonable design of the shape and
structure of metal particles can result in a dual-functional SERS-SEF
substrate with remarkable properties. Table 1 includes the main
research progress since the development of SEF-SERS dual mode sub-
strate, including the performance and analytical figures of merit of this
method (see Table 2).

3.1. SERS-SEF sensors based on noble metal substrate

SERS and SEF provide important means for the detection and char-
acterisation of the structure of nano-scale samples, and a high-quality
active substrate is the basis and key to the realisation of these two
technologies [90]. Ever since the emergence of SERS and SEF, various
nano-structures made of precious metal nano-materials are still the most
favoured by scientists worldwide. For example, spherical NPs of Au, Ag
and Cu have been used as substrates with strong activity in the visible
light band [91,92] for a variety of practical detection applications
because of their high sensitivity, fast preparation, simple operation and
low cost. Simultaneously, more SERS hotspots have been added through



S. Wang et al.

Table 1

Trends in Analytical Chemistry 191 (2025) 118353

Composition of different types of SEF-SERS bimodal substrates, synthesis methods and their enhancement factor (EF) (The “/” does not mean there is no enhanced

performance, but the relevant data is not provided in the citation).

Type Substrates Synthesis method Molecules EFggrs EFsgr Ref.
Au/Ag NPs Au NPs Evaporation/sputtering techniques Rh B 10 (Evaporation/ 100 (Evaporation/ [74]
sputtering) sputtering)
Au NPs film DC sputtering Crystal violet (CV) 6.17 (in SiO5/Si 5.8 (in SiO,/Si [75]
Substrates) Substrates)
Ag Island membrane Z-deposition HPDR13 10* 50 [76]
Ag-LB azopolymer films Mixed LB film technique Bis(phenethylimido) 10* 100 [77]
perylene
Au/Ag dimer Ag NPs dimer Solution sol method R6G ~10* (Theoretical ~10* (Theoretical [78]
EM) EM)
Au NP dimers DNA-directed self-assembled ATTO647 N / 119 [79]
AuNP-chains DNA origami as the template induced 4-MBA 5.3 (AuNP-chains/ / [80]
dimers nanostructures Au NP dimers)
Ag/Au Ag fractals Electrochemical method MG and PATP 8.1 x 10° 6 [81]
Nanoarrays Au nanoprisms arrays Electron-beam lithography 4-NTP 10%2 10%6 [82]
Ag nanolayered structure LIPSS technology Ccv 7.85 x 10° 14.32 [73]
Ag nanolayered structure/Si LIPSS technology R6G 2.11 x 10° 24.83 [9]
SiO4 Shell Ag film/SiO (or SiO) Varying dielectric thickness P-PTCO / 10 [83]
Structure Au@SiO, dimers Theoretical model Analogue simulation 10° 10* [84]
Ag@SiOy Theoretical model Analogue simulation 10° 10* [85]
Ag@SiO; nanoparticle Solution sol method PATP and DMAB 10° 3.6 [11]
Other Shell Au@(PAH-PAA),-1@Ag Layer-by-layer assembly Toluidine Blue O 3.0 x 10° 25.6 [64]
Structure Ag NR@DTNB@PAH@PAA Solution sol method and Layer-by-layer DTNB and Alexa 5.76 x 10° 25.54 [12]
assembly Fluor 647
Au NR@MnO, Solution sol method Cyanine dye IR-820 6.7 34.5 [86]
Non-noble Monolayer MoSe,-coupled Annealing and ultrasonic method Monolayer MoSe; 107 6000 [87]
Metal plasmonic nanocavors
Silicon nanodimers Inductively coupled reactive ion etching- p-carotenal 1720 470 [88]
Chemical Etching-Electron beam
lithography-Cr etching
Silicon nitride Plasmonic-enhanced chemical vapour R6G and CV 10° 10° [89]
deposition
Table 2 treatment and confirmed the presence of the optimal shape and size of
able

Comparing the advantages vs. disadvantages of the dual detection mode vs.
traditional detection mode.

Comparison Dual Detection Mode Traditional Detection Mode
dimension
Sensitivity High, capable of detecting Lower, suitable for high-
low-concentration targets concentration detection
Selectivity Low, suitable for trace Higher, preconcentration may
analysis be required
Limit of High, good specificity General, may be subject to
detection interference
Operational Higher, requires specialized Lower, easy to operate
complexity equipment and training

Low, suitable for resource-
limited laboratories

Cost High, expensive equipment
and reagents

Portability Low, large equipment size High, suitable for field
detection
Scope of Biomedical, environmental Environmental monitoring,
application monitoring industrial detection
Data processing Complex, requires specialized ~ Simple, manual analysis is
software sufficient

various substrate configurations, such as nano-rods (NRs), nano-petals,
nano-cubes, nano-stars and other structures successively appearing in
recent years, which have considerably improved the detection sensi-
tivity of SERS [93,94].

3.1.1. SERS-SEF sensors based on Ag or Au NPs substrate

In both SERS and SEF, the EM enhancement originates from the LSPs
on the surface of metal NPs. Hence, the fabrication of metal nano-
structured substrates using chemical or physical approaches is indis-
pensable. Tang et al. prepared porous Au NPs films with different den-
sities and sizes by changing the deposition time and hot annealing

Au NPs corresponding to the maximum SERS and SEF effect [74].
Merlen et al. used evaporation and sputtering techniques to prepare
nano-structured Au surfaces on silicon and glass surfaces, respectively,
and observed that the fluorescence signal of Rhodamine 6G (R6G) was
super-imposed on the SERS signal, indicating that the observed
enhanced Raman signal and fluorescence signal may have had a com-
mon source [21]. Similarly, by studying the SEF and SERS of Au NP films
deposited on Si and SiO, substrates, Chai et al. proved that the fluo-
rescence peak intensity of different substrates similarly varied with
Raman intensity [75]. Therefore, the two processes of SEF and SERS
have similar enhancement and photo-bleaching mechanisms, the
contribution of the electron resonance effect to the enhanced signal
strength of certain dye molecules deposited on the rough Au surface. The
combination of EM enhancement and electron resonance effect produces
a stronger signal, because of which even a very small number of mole-
cules (such as monolayer molecules) can be detected.

The Langmuir-Blodgett (LB) technique provides an accurate method
for controlling film thickness and surface uniformity. An LB films exhibit
strong fluorescence because of the spatial limitations of its structure;
therefore, effective SERS and SEF effects can be obtained on the surface
of LB film—coated Ag NPs. Constantino et al. documented the localised
mapping and comprehensive imagery of SERRS spectra pertaining to a
bis(benzimidazole) perylene (AzoPTCD) LB monolayer situated on a Ag
island film. They noted the manifestation of SEF emanating from exci-
mer formations within LB film aggregates [95]. The emergence of SERRS
and SEF patterns could be clearly observed, indicating that the orien-
tation of the packaged AzoPTCD chromophore on the metal surface was
edged-opposite or right-opposite, rather than flat (Fig. 4a). They then
investigated the photo-isomerisation of a Ag island film coated with a
methacrylic acid homoperic LB film by means of SERS and SEF spectra.
According to the experimental results, the enhancement factor of SEF
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Fig. 4. (a) Features the SERRS and SEF characteristics of an Azo-PTCD LB monolayer. Reproduced with permission [95]. Copyright 2000, John Wiley & Sons, Ltd. (b)
RRS, SERRS and SEF spectra of HPDR13 on a Ag island monolayer. Reproduced with permission [76]. Copyright 2001, Elsevier. (c) Emission SERS and SEF (su-
perposition) spectra of different samples and their PQ complexes. Reproduced with permission [96]. Copyright 2011, Elsevier. (d) Schematic diagram of
protein-ligand SERRS/SEF dual-mode detection scheme. Reproduced with permission [97]. Copyright 2008, American Chemical Society.

was at least 99 and that of SERS was ~10* (Fig. 4b) [76]. Aroca et al.
prepared an LB monolayer of diphenyl ethyl amino perylene on a Ag
island membrane substrate; studied its SERS, SERS and SEF spectra; and
obtained the map of the SERS/SERRS signal and global Raman image at
a specific vibration wave number [77].

At low concentrations, SEF can significantly improve the sensitivity
and light stability of fluorescence-based detection. Moreover, because of
the elimination of self-quenching and photo-bleaching between chro-
mophores, SERS can compensate for the shortcomings of fluorescence in
terms of light stability; therefore, the combined technology of SERS and
SEF has a potential application value in ultra-sensitive analysis. Guo
et al. described a technique for improving SYBR Green I detection by
means of SERS and SEF using Ag NPs with an average size of ~70 nm
[10]. Roldan et al. used Ag NPs to conduct SERS and SEF detection on
paraquat and humic acid both extracted from soil improved for >30
years using crop straw, cow pulp and cow dung. They studied the
interaction mechanism between paraquat and humic acid and observed
the correlation between this interaction and the structural changes of
humic acid caused by different modifiers in the soil (Fig. 4c) [96]. Han
et al. assembled Ag NPs onto protein-ligand complexes through covalent
and non-covalent binding, thus forming Ag aggregates with SERS and
SEF double activity so as to reliably determine functional proteins
(Fig. 4d) [97].

3.1.2. SERS-SEF sensors based on Ag or Au Dimer substrate

Dimers of NPs are an effective tool to study the complex spectral
variation of plasmon resonance in SERRS and SEF processes. Itoh et al.
used Ag NP dimers to analyse the intensity and spectral instability of
R6G molecules under scintillation and EM mechanisms in SERRS and
SEF (Fig. 5a) [98]. Meanwhile, Itoh et al. experimentally observed the
spectral changes of SERRS and SEF for single dye molecules adsorbed on
a single Ag NP dimer under strong coupling conditions [78]. Considering
the shift from ultra-fast SEF to its conventional form, the calculated
enhancement and quenching coefficients effectively mirrored the
empirical spectra of SERRS and SEF.

In addition, the DNA nano-technology strategy is a promising
candidate material for SERS and SEF, which can pinpoint the gaps of NPs
towards achieving enhanced SERS or SEF [99]. In the early stage, Acuna
et al. commenced a seminal investigation featuring the attachment of
one or two Au NPs to DNA origami pillars, with individual fluorescent
dyes positioned in proximity to Au NP monomers and dimers varying in
size [79]. The researchers examined the manner in which the fluores-
cence intensity and lifetime of individual dyes varied for different
nano-assemblies, achieving a fluorescence enhancement of up to 117
times for Au NP dimers (Fig. 5b). The variation mechanism of electric
field intensity of the monomers and dimers of Au NPs with particle size
of 80 nm and particle spacing of 23 nm was investigated. It was
discovered that the enhancement in fluorescence brightness originated
from the significantly intensified local EM field generated by plasmonic
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nano-structures, and this enhancement was contingent upon excitation
conditions and the influence on the radiative and non-radiative decay
rates of the fluorescent dye. Zhao et al. employed supplementary DNA
splicing techniques to assemble DNA-guided Au NP dimers into
nano-ribbon structures, demonstrating a substantial amplification in
SERS signals both from Au NP dimers and chains [80]. However, the
applicability of NP dimers induced by DNA nano-technology in
SERS-SEF dual-mode-detection remains to be further investigated.

3.1.3. SERS-SEF sensors based on Ag or Au Nanoarrays substrate

The characteristics of plasmonically active nano-structures are
contingent upon variables including dimensions, morphology and sur-
rounding dielectric medium [100]. Nano-structures with particular
configurations in plasmonic materials are of significant interest across a
range of applications aimed at enhancing fluorescence through trans-
duction mechanisms. Periodic metal NP arrays can generate LSPRs. The
modulation of the NP spacing ratio or the diameter of the NP affects
LSPR, and metal nano-structures with anisotropic symmetry, such as
NRs, can produce LSPRs with high quality factors [101-104]. NRs can be
designed to control their particle characteristics, including shape,
length, width and inter-particle coupling. Analogous to the amplifica-
tion of molecular Raman scattering, the excitation of LSPRs on plas-
monic metal nano-structures can intensify the fluorescence signal
emanating from proximate fluorophores, a phenomenon termed SEF
[105]. SEF is effective when the fluorophore resides within an optimal
proximity to the metal surface, facilitating enhanced emission effi-
ciency, diminished photo-bleaching rates and bolstered photo-stability
of fluorophores. The concurrent study of SERS and SEF holds signifi-
cant promise for sensor development, rendering them particularly
appealing for such applications [81].

A significant challenge in the practical application of SERS and SEF
lies in fabricating a substrate capable of consistently enhancing signals
from the probe molecules uniformly across its surface and maintaining
this enhancement across different substrates. This problem originates
from the presence of hot spots, that is, small, randomly distributed re-
gions with significant electric field strengths, resulting in a significant
increase in SERS/SEF signals. Such hot spots usually occur when
solution-formed NPs are applied to the surface of nano-structures;
fabricating a substrate in this manner usually produces NPs in random
locations, resulting in hot spots. One way to address this issue involves
the fabrication of precisely arranged arrays of nano-scale metallic

constructs [106]. This method allows for the regulation of the emer-
gence and placement of hot spots on the substrate. Arrays of metal NRs
with consistent diameters and placements establish a foundation for
reliable SERS and SEF. Damm et al. investigated the SEF and SERS
characteristics of freestanding Au nano-rod arrays embedded within a
porous alumina template (AAO) [100,107,108]. An inverse correlation
between SEF and SERS was discerned by modulating the thickness of the
AAO matrix. Wang et al. took a cicada wing as a template, and the
nano-gap between adjacent conical protrudates could be effectively
controlled by adjusting the sputtering time [109]. Upon optimising the
substrate, it was observed that the Ag NP@Ag@cicada array signifi-
cantly enhanced the SERS signal and provided a certain SEF enhance-
ment effect. The Ag NP@Ag@cicada remarkable optical properties
indicated that it had considerable potential in label-free detection and
bio-analyte determination.

Fractal-like nano-structures have attracted increasing attention both
experimentally and theoretically. Typically, Dong et al. used an electro-
chemical reduction method to prepare an effective, reinforced substrate
with a fractal nano-structure using Ag NP clusters as raw materials [81].
The substrate prepared allowed for the concurrent detection of
surface-enhanced spectra of R6G molecules, encompassing both SERRS
and SEF. The findings indicated the generation of a potent EM field
within the Ag fractal nano-structure upon laser irradiation (Fig. 6a). This
demonstrated the efficacy of the fractal-like substrate in amplifying both
Raman and fluorescence signals, thereby affording the substrate with
dual capabilities for signal enhancement in these modalities. Wallace
et al. engineered a range of metallic configurations, which included
super-imposed arrays of Au nano-caprisms, demonstrating the potential
for SERS, SEF and surface-enhanced infrared absorption (SEIRA) [82].
The hexagonal lattice consisted of a smaller prism for SERS and SEF
applications (prism base length 0.25 pm) and a larger triangle for SEIRA
purposes (base size 1-2 pm). Fig. 6b shows the scattering images of
Fischer patterns of different sizes and their SEF images. The SEF images
of the superimposed patterns (G—H) demonstrate the effect of super-
imposing small and large triangles. It can be observed that the SEF signal
is not only present at the edges of the large triangles but also at the
intersections between the small and large triangles. This indicates that
the superimposed structures can create new enhanced regions, thereby
further increasing the fluorescence signal. Fig. 6¢ displays the SERS
images of Fischer patterns of different sizes. The SERS images of the
superimposed patterns also show significant SERS enhancement, with
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the signal primarily concentrated at the intersections between the small
and large triangles. This further confirms the advantage of superimposed
structures in enhancing the Raman signal. The super-imposed design
exhibited areas conducive to SEF, SERS and SEIRA, thereby presenting
auspicious prospects for the multi-spectral sensing of molecules (Fig. 6b
and c). Zhang et al. used the discrete dipole approximation method to
study the local electric field enhancement of overlapping Ag triangle
nano-sheets [110]. For double-layer Ag triangle nano-sheets, with in-
crease in thickness, the electric field enhancement gradually shifted
from the corner near the gap to the centre of the gap and the electric field
intensity gradually increased. The maximum ‘hot spot volume’ was
observed upon increasing the thickness to 20 nm. Their study confirmed
that overlapping Ag triangular nano-plates had considerable potential in
SERS and SEF detection.

The laser-induced periodic surface structure (LIPSS) technique is a
direct method for rapid, low-cost nano-structure formation. Quasi-
periodic nano-ripples can be formed on semi-conductor and metal sur-
faces by correctly selecting the repetition rate, the energy density of the
ultra-fast laser and the scanning speed [73]. The direction of beam
polarisation and the wavelength of the radiation affect the direction and
period of nano-structures formed. This configuration may mitigate the
aggregation of metallic NPs. Moreover, the amalgamation of SERS and
SEF within a singular bi-metallic substrate may enhance the acuity and
consistency of detection, which is particularly beneficial in bio-medical
research. In the production of LIPSS-based SERS substrates, the most
common method is to deposit via vacuum deposition a thin film of Au or
Ag on a rough surface. Tang et al. sputtered Ag nano-films on a
pre-strained flat polydimethylsiloxane (PDMS) substrate, and they
formed Ag folds and triangular cross-sectional structures with different

sizes and periodicity by releasing the PDMS substrate [34]. Utilising
these structures as ultra-sensitive bio-chemical sensing probes for SEF
and SERS analyses facilitated the detection of exceedingly low concen-
trations of crystal violet (CV) and R6G, reaching down to 1074 M. Lu
et al. developed a SERS-SEF dual-mode hierarchical structure on a
single biometrical substrate using LIPSS. The hierarchical structure
consisted of micro-grooves, NPs and nano-ripples (Fig. 7) [73]. Upon
employing CV as the indicator molecule, the intensities of both Raman
and fluorescence signals amplified owing to the dual-mode SERS-SEF
effect, with the EFs recorded at 7.85 x 10° for Raman and 14.32 for
fluorescence. Furthermore, Lu and colleagues accomplished swift
dual-mode-detection of glucose by fabricating controlled, hierarchical
LIPSS on silicon substrates, which were integrated with substrates
conducive to both SERS and SEF [9]. The enhancements achieved
through SERS and SEF were as high as 2.11 x 10° and 24.83, respec-
tively. Moreover, the results of clinical validation of dual-mode glucose
detection in human blood samples correlated well with established
clinical data, indicating promising application potential.

Notably, noble metal substrates (such as those of Au and Ag) are
associated with high preparation costs, mainly because of the expensive
materials and the complex equipment and processes required by some
preparation methods (such as electron beam lithography and chemical
vapour deposition). However, noble metals have good chemical stability
and are not easily oxidised or corroded, making them suitable for
various environmental conditions. Although the preparation process has
high requirements for experimental conditions, leading to moderate
reproducibility between different batches, their detection sensitivity is
high, capable of achieving single-molecule detection, with SERS EFs
reaching >10° and SEF EFs reaching >102. They are suitable for high-
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sensitivity detection and applications in complex environments.
3.2. SERS-SEF sensors based on core-shell structure substrate

The application of pure metal substrates also has inherent problems;
for example, the direct contact between metal NPs and analyte mole-
cules and environmental media leads to unnecessary CT, which affects
the detection result. Moreover, metal NPs are unstable and easily
aggregate, which is not conducive to repetitive detection and long-term
storage [110,111]. Their bio-compatibility and test effect under high
temperature conditions are also poor. In addition, in the SERS effect, the
enhancement effect monotonically decreased with increase in the dis-
tance between dye and metal NPs, while the emission of the fluorophore
was quenched when its distance from the surface of NPs was very low
(approximately <10 nm). Therefore, the maximum SEF effect can be
achieved via the ideal minimum distance between the fluorophore and
metal NPs. Aiming at overcoming these shortcomings, the outer layer of
metal NPs can be wrapped with a thin shell of a transition metal or an
insulating material with controllable thickness so as to avoid the direct
contact between the core and detection molecules or interference from
environmental impurities, following which the long-term EM field
enhancement from the metal core can be effectively transmitted to form
a stable core-shell nano-structure substrate for detection [112]. Mean-
while, researchers were able to adjust parameters such as material, size
and thickness of the kernel or shell, thus further improving the

enhancement effect and application range of SERS and SEF [113,114].
The versatility of core-shell nanostructured substrate greatly expands
the applicable research field of SERS and SEF technology, and is ex-
pected to play an important role in high-energy materials, pathological
diagnosis, biological analysis and environmental pollution detection.

SHIN-enhanced Raman spectroscopy (SHINERS), a technique
designed by Professor Tian’s team, replaces the tip of a Au probe with a
single layer of Au NPs coated with an ultra-thin shell of silica or alumina
so as to extend the substrate and improve SERS activity on the substrate
[112,115,116]. The main advantages of this shell isolation mode are its
higher detection sensitivity, and also it has a wide range of practical
applications for various morphologies of materials. For SHINERS, the
ultra-thin shell is essential to expose the adsorbent to the maximum EM
field emanating from the Au core. However, for a fluorophore located on
the enhanced nano-structure, increase in thickness would result in a
continuous transition from fluorescence quenching to fluorescence
enhancement [6].

3.2.1. SERS-SEF sensors based on SiO, shell structure substrate

The core-shell structure of Au and Ag NPs coated with SiO2 (such as
Au@SiO2 and Ag@SiO5) is a typical feature in the SHINERS approach
[112,117]. SiO2 shell have remarkable adjustability vis-a-vis size and
thickness, and these SHINs can be used to enhance both the Raman
signal and fluorescence signal by properly controlling the shell thickness
[63]. Initially, Initially, Tarcha et al. observed SEF and SERS on active
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6-, 10- and 14-nm Ag films coated with SiO, [83], and they obtained
similar results with 6-nm Ag films coated with 6-nm SiO. The SEF work
was performed on fluorescent molecules with different quantum yields,
and the typical EF of the fluorescence signal obtained was ~10. Both
SiO5 and SiO coatings provided a stable surface with clear hydrophi-
licity. This stable structure was suitable for the development of con-
ventional analytical techniques for SERS and SEF as biological and
chemical sensors. Pei et al. used the three-dimensional (3D) finite
element method (3D-FEM) to study and analyse EM enhancement,
quantum yield and Raman and fluorescence enhancements of Au@SiO,
dimers with different nuclear radii and shell thicknesses [84]. The re-
sults demonstrated that the SERS effect was closely related to EM
enhancement, while the SEF effect mainly depended on the competition
between EM enhancement and fluorescence quantum yield, both of
which could be modulated by nuclear radius, dimer distance and shell
thickness. Wei et al. also used three-dimensional finite element method
to confirm that SiO, shells can effectively transmit strong EM
enhancement of Ag nuclei, and the fluorescence enhancement effect is
better than that of uncoated Ag dimers [85].

With the continuous development of SHINERS applications in SEF,
many bifunctional particles have been developed to take advantage of
the advantages of SERS and SEF as detection tags [6,19]. The combined
signal of SERS and fluorescence spectra, instead of the separate optical
signal, can provide a wider spectral range, so as to achieve effective
coding [118]. Zhou et al. demonstrated a method for preparing
Au-core-Ag shell NPs that display both SERS and SEF activity by
embedding dye molecules between the core and shell [64]. A
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poly-electrolyte (PE) was used to adjust the spacing between the core
and shell and the dye position. Multi-layer PE deposition is an effective
and flexible method for introducing various types of dye molecules into
nano-structures. Chang et al. synthesised composite NPs with specific
morphologies, such as the Ag@SiO, core-shell structure or Ag@SiOy/Ag
satellite structure, through a well-controlled single-pot reaction in a
micro-emulsion medium [67], and they coded various dyes as reservoir
tracers into these composite NPs (Fig. 8a). Notably, this satellite struc-
ture can be used to obtain composite SERS-SEF NPs via hydro-
philic/hydrophobic modification of dye molecules and adsorption of dye
molecules at different distances in the core. Wang et al. proposed the
SERS-fluorescence joint spectral encoding method, a new optical coding
method, using organic metal-quantum dot mixed NPs (OMQ NPs) with
nano-layered structures [118]. By coupling different encoded antibodies
to different encoded OMQ NPs, the potential application of this coding
system in high-throughput detection was investigated by
multi-sandwich immunoassay (Fig. 8b).

The analysis technology using SERS fluorescence dual-mode
nanoprobes is expected to become a powerful tool for biological detec-
tion and biological imaging, and has a broad application prospect in the
biomedical field. The maximum strength of SEF was obtained by using a
silicon shell spacer of about 9 nm. Zhang et al. used a dual-function
nanostructured Ag@SiO2 NP modified with p-aminothiophene (PATP)
-coated quantum dots (QD) for simultaneous immunoassay of surface-
enhanced Raman scattering (SERS) and surface-enhanced fluorescence
(SEF) (Fig. 8c) [11]. Lee et al. used highly stable silica coated Au NPs to
design a simultaneous SERS fluorescence imaging technique for
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double-stranded co-expression markers on cancer cells (Fig. 8d) [119].
Combined with the advantages of fluorescence and SERS, these
dual-mode nanostructures can be used as powerful probes for novel
biomedical imaging.

3.2.2. SERS-SEF sensors based on other shell structure substrate

When fluorophores are situated at an optimal distance from the
substrate surface (exceeding 50 ;\), their emission intensity increases,
thereby triggering the SEF effect. This effect is notably pronounced
when the distance ranges from 70 to 100 A. Provided that the distance to
the surface remains relatively close, it is feasible to capture a composite
spectrum of SERS and SEF. This dual-spectrum approach offers a
comprehensive insight into the vibrational and electronic characteristics
of molecules anchored on metal NPs. To maintain an optimal separation
between the fluorophore and metal, the metal surface needs to be
modified using appropriate spacers. In the beginning, a common
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approach was to cover NPs with spacers such as fatty acids or proteins.
Accordingly, Lajos et al. studied the ionisation, aggregation and
adsorption of the anti-tumour drug hypericin (Hyp) on the metal surface
by using SERS and SEF technology [120], and they verified that the
aggregation-self-spacing effect would occur between the ionisation state
of Hyp and the surface of Ag NPs at different pHs, resulting in changes in
the SERS-SEF spectrum. Osorio-Roman et al. observed the SERS and SEF
effects of Rhodamine B (Rh B) molecules coated with Ag NPs with
D-glucose as an organic coating, indicating the distance dependence of
SERS and SEF on the coated Ag nano-structures [121]. In addition,
polymer coatings have been reported as isolation layers to enable
dual-mode SERS and SEF detection of metal NPs. Using poly-
vinylpyrrolidone (PVP) as a polymer coating of Au nano-star particles,
Tatar et al. tested the colour groups of Nile Blue A (NB) and Rhodamine
800 (Rh800) molecules under the influence of visible light (633 nm) and
near-infrared (785 nm) laser excitation [122]. The effectiveness of
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plasmonic membranes as dual-mode SEF and SERS substrates was
proved. Zong et al. used Ag NRs as a kernel to attach Raman reporter
molecules directly to the surface of Ag NRs to generate SERS signals
(Fig. 9a and b) [12]. PEs were then coated as an isolation layer on Ag
NRs, and the fluorophore was then connected to the PE layer as a
nano-scale metal structure to achieve SERS and SEF effects. By virtue of
the optimal structure, triple mode imaging of a breast cancer cell line
(SKBR3) was achieved. Nicolas et al. fabricated alginate polymer-
—stabilised Ag NPs (AgALG) as a substrate and encased them in calcium
alginate hydro-gel beads [123]. Alginate a-L-glutamyl uric acid (G)
monomers bind to di-valent metals, such as Ca®", via carboxyl and hy-
droxyl groups to form cross-linked hydro-gels. In addition, negatively
charged porous structures containing AgALG can interact with charged
dyes via electro-static forces, resulting in SERS effects or SEF effects as
spacers due to the short distance of AgALG from the dye.

Of the oxides used as shells, silica is undoubtedly the most studied,
but it suffers the limitation of being sensitive to the high pH environ-
ment of dissolved SiO; shells. Therefore, a variety of oxides, such as
aluminium oxide, manganese oxide and other metal oxide shells, have
been used to replace SiO; [112,124]. Studies have recognised the MnOy
oxide layer for its ideal property of maintaining a uniform and dense
shell at high pHs [124]. Accordingly, MnOs is highly stable in a strong
alkaline medium; therefore, it is an interesting research direction to
cover plasmonic NPs with MnO; and broaden the application field of
SERS and SEF. Marques et al. prepared a MnOj ultra-thin layer covered
with Au NRs (Au NR@MnO,) with different thicknesses [86], and they
characterised and evaluated the material obtained as an SERS and SEF
substrate (Fig. 9¢). The study showed that the fewer was the number of
layers, the more significant was the EF in the SERS effect, while the
opposite was true in the case of the SEF effect. This seemingly opposite
behaviour of both plasmonic effects seemed to be attributable to the
distance dependence of the EM field generated in Au NRs. In addition,
the SERS-SEF two -mode substrate with a core-shell structure seemed to
have a better anti-interference ability, which could overcome the in-
fluence of various extreme environmental factors, such as extreme pH,
high pressure or high temperature, and obtain more valuable
information.

Compared with that of noble metal substrates, the preparation cost of
core-shell structured substrates is moderate because an insulating ma-
terial (such as silica or alumina) needs to be coated on the surface of
noble metal NPs, which increases the preparation steps and material
costs. This structure has high stability, and the shell can effectively
protect noble metal NPs in the core from oxidation or aggregation, as
well as reduce the interference from environmental factors. The prepa-
ration process of the core-shell structure is relatively controllable, and
good reproducibility can be achieved by precisely controlling the
thickness and uniformity of the shell. The following points make this
structure suitable for a variety of detection scenarios: 1) its detection
sensitivity is high; 2) the enhancement effects of SERS and SEF can be
balanced by optimising the shell thickness to avoid fluorescence
quenching; 3) the SERS EF can reach 105 and the SEF EF 102,

3.3. SERS-SEF sensors based on non-noble metal substrate

While Au and Ag remain the predominant choices for SERS appli-
cations within the visible spectrum, Raman enhancement has also been
noted on certain dielectric materials [125]. Unfortunately, almost all
conventional semiconductors exhibit relatively low EF and millimole
limit of detection (LOD), which fall short of the requirements for highly
sensitive immunoassays [126]. Among the various approaches that have
been developed in recent years, a new three-dimensional (3D)
light-capture strategy has garnered attention [127]. Research has shown
that the multiple reflections and scattering of electromagnetic waves
within 3D nanostructures can elongate the optical path, enhance the
interaction and charge transfer (CT) between photons and the semi-
conductor materials, and consequently result in a substantial boost in
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SERS performance [128-131]. Transition metal disulphides (TMDs)
have received considerable attention because of their unique optical
properties and flexible-manufacturing properties [132,133]. As lumi-
nescent emitters with large transition dipole moments, TMDs can also be
combined with nano-cavities for plasmonic-exciton interactions when
excitons and plasmon resonances are spectrometrically matched. This
results in a massive fluorescence enhancement in the weakly coupled
state via double resonance in the plasmonic mode [134,135]. Zhang
et al. used this simultaneous SERS and SEF technique in monolayer
MoSes-coupled plasmonic nanocavors (Fig. 10a) [87]. After optimising
the spatial overlap and spectral overlap of excitons and plasmon reso-
nances, the EFs of SERS and SEF exceed 107 and 6000, respectively, on
the same nano-cube. Here, the gap provided by MoSe; and Al;Os is the
key to obtaining high EFs for both SERS and SEF.

Investigations of light-matter interactions to boost EM fields near
optical nano-antennas remains a vibrant and intriguing research
domain. Beyond the familiar electric-dipole resonance, dielectric nano-
antennas can amplify the near field through more intricate EM config-
urations [137,138]. Meanwhile, plasmonic nanoantennas have been
widely used in the fields of surface-enhanced Raman scattering [139,
140], fluorescence emission [141,142], and plasmonic-induced chem-
istry [143]. A properly designed dielectric material allows for the probe
to be positioned arbitrarily close to the antenna surface without
suffering photo-bleaching, thermal dissociation [144], or reduced
photon emission efficiency. Therefore, placing the probe near the
all-dielectric antenna helps to improve the excitation enhancement
required for surface-enhanced spectroscopy, while the risk of losing
photons to the lossy channel is negligible [88]. Based on this, Cambiasso
et al. prepared silicon nanodimers and coated them with a single layer of
beta-carotene to detect surface-enhanced Raman scattering and fluo-
rescence emission of the same probe [88]. The SERS factor and SEF
factor for C-C bond stretching of a polyene chain are 1720 + 300 and
470 + 90, respectively (Fig. 10b). It is worth noting that in SERS, metal
substrates typically provide stronger electric field enhancement than
dielectrics due to the significant local field enhancement from plasmonic
resonance. In contrast, SEF enhancement primarily relies on excitation
enhancement (proportional to the square of the local electric field) and
radiative efficiency (quantum yield). The low-loss nature of dielectric
materials, such as silicon, leads to higher radiative efficiency for fluo-
rescence emission, which can compensate for the weaker electric field
enhancement compared to metals. Therefore, by optimising the geom-
etry of the nanoantennas, the distance between the molecules and the
antenna, and the excitation wavelength, significant enhancement in
both SERS and SEF can be achieved, with comparable enhancement
factors. Romano et al. proposed a fully dielectric meta-surface made of
nano-structured transparent silicon nitride that supported a bound state
in the continuum (BIC) (Fig. 10c) [89], achieving a simultaneous
enhancement of fluorescence emission and far-field intensity of Raman
scattering of molecules dispersed on these metasurface by a factor of
10°. Aligning LSPR with the BIC field has been demonstrated to amplify
traditional SERS signals by more than an order of magnitude. These
findings hold significant potential for applications in enhanced sensing,
Raman imaging and non-linear processes. Wells et al. demonstrated that
coating the surface of silicon nano-wires (NWs) with a layer of zinc
phthalocyanine with a thickness of <30 atomic molecules could
generate a significant Raman spectrum with an EF better than two or-
ders of magnitude [136]. The cylindrical and elliptical silicon nano-
columns were labelled with different fluorophores and their SEF
capability was evaluated (Fig. 10d). EFs derived upon analysing the
fluorescence microscope images obtained showed that the silicon
nano-column structure could provide comparable or even stronger
enhancement than the plasmonic SEF structure, without the limitations
associated with a metal-based substrate, such as fluorescence quenching
and insufficient probe volume.

Graphene and carbon nitride materials have also been confirmed to
possess both SERS and enhanced fluorescence properties. The extensive
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potential applications of graphene and its derivatives in enhancing
fluorescence and Raman scattering, especially in the field of bio-medical
detection and imaging, have been demonstrated [145]. For instance,
Yang et al. fabricated a graphene-oxide-based SERS substrate by con-
trolling the degree of reduction of graphene oxide (GO), and this sub-
strate was then used to detect specific bio-markers of human neural stem
cells [146]. Weng et al. combined graphene with carbon dots to create a
fluorescent sensor for detecting vitamin B12, exhibiting high sensitivity
and selectivity [147]. Pandit et al. explored through experiments and
theoretical calculations the influence of GO on the fluorescence behav-
iour of fluorescent molecules (such as Oxazine-170 [OXO]) in various
solvents, systematically studying the application of GO in enhancing
fluorescence [148]. Their study demonstrated the complex role of GO in
fluorescence enhancement and prototropism, emphasising the effect of
GO on the behaviour of fluorescent molecules in different solvents and
provided new insights for the application of GO in fluorescent sensing
and imaging. Meanwhile, carbon nitride has also been reported to
exhibit similar properties. Wang et al. introduced a recyclable,
SERS-based immuno-assay for the tumour marker CA125, mediated by
1T-2H mixed-phase magnetic molybdenum di-sulphide (FesO04@MoS3)
probes and 2D graphitic carbon nitride (g-C3N4) nano-sheets [149]. In
this study, Fe304@MoS; composites and g-C3N4 nano-sheets were
rationally developed and combined to achieve recyclable SERS
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detection of CA125. The Fe3O4 core facilitated the reliable stacking of
MoS; nano-flakes into a flower-like shape with fully exposed active
surfaces. Particularly, the presence of the 1T phase enabled SERS ac-
tivity comparable with that of noble metals because of the highly effi-
cient CT process induced by high electron density. Moreover, bulk
g-C3N4 was converted into 2D nano-sheets via acid etching, and the
large surface area of these nano-sheets, rich in active electrons and
functional groups, triggered an EF of 7.8 x 10°. An LOD of 4.96 x 10™*
IU/mL was achieved for CA125 in a recyclable process based on a typical
sandwich immuno-structure. Finally, this immuno-sensor was employed
to analyse clinical samples, indicating its considerable potential in the
early recognition and monitoring of cancer. Chen et al. reported a
fluorescence enhancement phenomenon based on polymeric carbon
nitride nano-sheets (PCN NSs) for bio-sensing applications [150]. It was
observed that the fluorescence of tetramethylrhodamine (TMR)-labelled
single-stranded DNA (ssDNA) was not quenched but enhanced upon
adsorption on PCN NSs. This fluorescence enhancement was related to
the guanine (G) bases near TMR. In the presence of PCN NSs, the
photo-induced electron transfer quenching effect between TMR and G
bases was shielded by the steric hindrance effect, resulting in the fluo-
rescence enhancement of TMR-labelled ssDNA on PCN NSs. Based on
this fluorescence enhancement effect and the change in the affinity of
PCN NSs for ssDNA probes upon hybridisation with complementary
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ssDNA, a versatile, ratiometric bio-sensing platform was demonstrated
for the high-sensitivity fluorescence detection of ssDNA and microRNA.
However, research on dual-mode SERS-SEF substrates of these two
materials is still limited and can be an important focus area for future
researchers.

The substrates of these non-precious metals (TMD, Si, etc.) exhibit a
good dual-mode SERS-SEF function; moreover, the preparation cost of
non-noble metal substrates (such as those of transition metal sulphides
and silicon.) is low because these materials are inexpensive and some
preparation methods (such as chemical vapour deposition and sol-gel
method) are relatively simple. However, non-noble metal materials have
relatively poor chemical stability and are susceptible to environmental
factors (such as pH and temperature), but their stability can be improved
by optimisation of structural design (such as forming core-shell struc-
tures). The preparation process is sensitive to experimental conditions,
and there may be some differences between batches of products; how-
ever, the reproducibility can be improved by optimising the process.
SERS and SEF EFs obtained using non-noble metal materials are rela-
tively lower than those obtained using noble metals, but their detection
sensitivity can be significantly improved via structural design optimi-
sation (such as forming nano-arrays and core-shell structures), with
SERS EFs reaching 10* and SEF EFs reaching 10°, which are suitable for
routine detection. Therefore, core—shell noble metal substrates are still
our first choice, of which SERS and SEF substrates based on SHINs or
like-SHINs (such as metal oxide shells [124] or molecularly imprinted
shell [41]) exhibit better shell-thickness adjustability, which is more
conducive to the design of dual-mode SERS-SEF substrates with a high
EF.

4. Application of SERS-SEF dual-mode substrates

Dual-mode SERS-SEF substrates have a wide application prospect in
the detection of environmental pollutants and food, bio-medical analysis
and drug analysis among other applications [151]. This part mainly
focuses on the practical application of the dual-mode SERS-SEF detec-
tion platform and covers the application status of a small part of a typical
SERS-fluorescence dual-mode-detection platform and a
single-mode-detection platform in extreme environments.

4.1. Environmental pollutants and food analysis

The detection of dyes, pigments and other such substances is of
considerable significance in environmental protection, human health
security and quality control among other fields. Through detection, its
pollution in water bodies, soil and atmosphere can be detected and
controlled in a timely manner, reducing the potential harm to the
ecosystem and human health [7,152]. Cao et al. successfully achieved
ultra-low concentration detection of the toxic dye CV by preparing Ag
nano-islands on wheat leaves as substrates and using the SERS and SEF
techniques, with an LOD as low as 10710 M [153]. Tang et al. formed Ag
nano-structured gratings with triangular cross-sections by sputtering Ag
films on pre-stretched PDMS substrates and releasing stress [34]. These
structures exhibited extremely high SEF and SERS activities because of
the EM field enhancement effect at their sharp peaks and could be used
to detect crystal CV and R6G molecules at concentrations as low as
1074 M. This method was effective and low-cost for creating pleated
periodic singular patterns for various applications. Meanwhile, dyes
such as R6G and Rh B are also frequently used as probe molecules to
verify the performance research of dual-mode SERS-SEF substrates. In
addition, the dual-mode SERS-SEF technology is used to detect pesticide
residues, heavy metal ions, pathogenic bacteria, etc. in the environment
and organisms. Huang et al. fabricated a 3D random cross-over wire
stacking structure platform based on Ag NWs [154]. This structure forms
abundant hot spots through multi-layer stacking of Ag NWs, signifi-
cantly enhancing the local electromagnetic field, thereby achieving a
dual enhancement effect of SERS and SEF for four pesticides (including
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fluoxonil which is difficult to detect by traditional SERS methods). It can
achieve a detection limit of 5 pM-0.05 pM within a tiny analysis volume
of 20 pL. In addition, the SERS-SEF dual-modal detection platform is also
used for the detection of Hg?" in adulterated milk samples, the assess-
ment of mercury levels in chicken tissues and eggs with a high-mercury
diet, and the different interactions between pathogenic Escherichia coli
strains and AuNPs (especially the biochemical changes at the cellular
level) [155-157].

4.2. Biomedical and drug detection

SYBR Green I is a fluorescent dye widely employed in polymerase
chain reactions (PCRs) and bio-fluorescence imaging. Guo et al., through
SERS and SEF technology, utilised the enhancement effect of Ag NPs to
improve the detection sensitivity for SYBR Green I [10]. The SERS EF
measured in the experiment was 3.2 x 10°, indicating that SERS could
be used for the quantitative detection of SYBR Green I. Meanwhile, Ag
NPs increased the fluorescence signal intensity of SYBR Green I by
approximately two times. This technique was able to improve the
sensitivity for SYBR Green I in PCR, thereby improving the resolution of
biological imaging, and could be generalised to high-sensitivity detec-
tion of other materials as well. Han et al. prepared an active substrate via
Ag colloid staining, and they used tetramethylrhodamine isothiocyanate
(TRITC) and Atto610 as Raman and fluorescent probes to detect in-
teractions between human immunoglobulin G (IgG) and
TRITC-anti-human IgG and streptavidin and ATto610-biotin [97]. The
method used SERRS and SEF effects of Ag NPs to significantly improve
the sensitivity and light stability of protein detection, and it demon-
strated the potential of high sensitivity, high-throughput, chip-based
determination of protein function. Zhang et al. investigated the appli-
cation of QD-modified Ag@SiO, nano-structures in SERS and SEF.
Antibody-modified, QD-modified Ag@SiO5 nano-composites were used
to achieve efficient antigen immuno-assays through SERS and SEF [11].
This study demonstrated the potential to simultaneously achieve SERS
and SEF in biological detection and imaging through the rational design
and control of multi-functional nano-structures.

Diabetes is a severe health problem, and the detection of blood sugar
levels is crucial for the early diagnosis of diabetes. Traditional blood
glucose detection methods suffer problems of inconvenience and low
sensitivity; although the SERS technology offers high sensitivity and
selectivity, its practical application is limited by the complex
manufacturing process and low reproducibility. Lu et al. designed a two-
mode fluorescence —~SERS method for blood glucose detection with
respect to diabetes screening. Using 4-mercaptophenylboric acid and 4-
cyanophenylboric acid as sugar recognition molecules, different con-
centrations of glucose solutions were detected through SERS [73]. Real
human blood samples were used to confirm the detection capability of
the dual-mode platform, and the results were consistent with clinical
reports. This means that the dual-mode SERS-SEF platform had high
sensitivity and good reproducibility, was suitable for large-scale dia-
betes screening and had cost-effective and practical application poten-
tial. In addition, the testing of anti-tumour drugs not only helps ensure
the safety and effectiveness of treatment but also provides important
support for drug research and development and clinical trials. The
behaviour and mechanism of action of drugs can be deeply studied by
integrating modern detection technologies (such as SERS and SEF),
providing a scientific basis for the development of new drugs and the
optimisation of treatment plans. Through the SERS and SEF techniques,
Lajos et al. systematically investigated the behaviour of the anti-tumour
drug Hyp on the surface of Ag NPs and the mechanism of the
enhancement of the drug’s fluorescence [120]. The research results
demonstrated that SERS could provide information regarding the
structure and adsorption state of Hyp molecules on the surface of Ag
NPs. SEF could enhance the fluorescence signal of Hyp, and the
enhancement mechanism was verified through fluorescence lifetime
measurements. Thereafter, Sevilla et al. used the anti-tumour drug
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emodin as a research object; they combined the SERS and SEF tech-
niques to study the behaviour of emodin on the surface of Ag NPs and the
mechanism of the enhancement of emodin’s fluorescence under
different pH conditions [158]. Studies have shown that SERS and SEF
techniques can provide molecular behavior information of emodin
under different physiological conditions (such as aggregation state,
adsorption state, etc.), which is of great significance for understanding
the metabolic process and mechanism of action of drugs in the body.
Tatar et al. conducted SERS and SEF detections of Nile Blue A (NB) and
Rhodamine 800 (Rh800) using self-assembled PVP-Au nanofilm (GNSts)
films [122]. The results show that these molecules can be detected based
on SERS fingerprint bands even under fluorescence resonance excitation
conditions, even in the presence of strong fluorescence. To demonstrate
the extended application of substrates in the detection of biorelated
molecules, the authors tested the detection efficiency of GNStsPVP films
for metanephrine (a metabolite currently used in the biochemical
diagnosis of neuroendocrine tumors). Experiments demonstrated that
GNStPVP films could detect metanephrine at a concentration level
similar to that of catecholamine metabolites. Although the practical
application of this technology in the detection of neuro-transmitters is
still in its infancy, this research demonstrated its potential application
value.

4.3. Extreme environments

Acidic environments (such as those associated with gastric juice and
acidic mine wastewater) are harmful to many organisms, but certain
micro-organisms (such as Helicobacter pylori) can survive in these envi-
ronments. The development of probes capable of detecting bio-molecules
in acidic environments is of considerable significance for studying the
metabolic and adaptation mechanisms of these micro-organisms. Ag2S
QDs synthesised by Zhao et al. using the seed-mediated method could
detect bio-molecules in extremely acidic environments and serve as pH
sensors, exhibiting good linear relationships and reversibility [159]. A
coumarin-based fluorescent probe, namely CMM, prepared by Li et al.
could detect hydrazine and pH changes in extremely acidic environments
and exhibited good stability and selectivity [160]. A novel Th** fluo-
rescent probe, BH-TPE (N1', N2'-bis((3-hydroxytetrastyrene-2yl)methy-
lene)malonohydrazide), was designed and synthesised [161]. his probe
delivered remarkable performance in the detection of Th*' under
extremely acidic conditions. It not only exhibited high selectivity and
sensitivity but also enabled live cell imaging and real water sample
detection, providing new methods and tools for environmental moni-
toring and bio-medical research on Th*".

In addition, extreme environments also include the deep sea, the
polar regions and extraterrestrial stars, etc. Especially in the deep-sea
extreme environment (cold seeps and hydrothermal vents), there are
rich biological resources and unique chemical processes. Surface-
enhanced Raman scattering (SERS) and fluorescence techniques have
gradually become important analytical tools in extreme environments
due to their high sensitivity, non-destructibility and rapid detection
capabilities. Wang et al. were the first to design a deep-sea in situ SERS
probe and propose a protection strategy for SERS substrates [162].
Subsequently, they successfully employed it to an internal biological
community of cold-seep vents in the South China Sea, obtaining for the
first time the Raman signals of acetyl-CoA, carotene and various amino
acids in the deep sea in situ [163]. Subsequently, Wang et al. further
designed a variety of SERS substrates (metal sponge structure and
flexible fabric base) suitable for in situ deep-sea work, and they pro-
posed a deep-sea drop-type probe system [164]. These research works
provided new technical means for further expanding the application
fields of SERS and facilitating the detection of trace/ultra-trace key
substances in deep-sea extreme environments. Hu et al. developed a
micro-fluidic fluorescence sensing device based on paper and cloth; the
device utilised Au NPs and Rh B molecules fixed on the cloth substrate to
detect L-cysteine [165]. The practical application ability of the device

15

Trends in Analytical Chemistry 191 (2025) 118353

was verified by analysing deep-sea, cold-seep water samples from the
South China Sea, with the recovery rate being 98.07 %-102.62 %. Du
et al. developed an in situ detection instrument based on ultra-violet
laser (266 nm)-induced fluorescence for the detection of three natural
aromatic amino acids in seawater: tryptophan, tyrosine and phenylala-
nine. Their research offered a practical method for detecting deep-sea
aromatic amino acids, which not only offered enhanced detection effi-
ciency but also provided a new approach for the understanding of ma-
rine organic matter and the nitrogen cycle [166]. In addition, Eshelman
et al. presented a ‘deep ultra-violet’ fluorescence spectrometer called
WATSON (Wireline Analysis Tool for the Subsurface Observation of
Northern ice sheets) [167]. WATSON is a compact instrument used for
ice core analysis and mapping the spatial distribution of organic matter
and micro-organisms. It can detect organic matter and micro-organisms
in ice and can be used for the exploration of the earth’s glaciers and ice
caps, as well as the surfaces associated with celestial bodies such as those
of Mars’ poles, Europa (a moon of Jupiter) and Enceladus (a moon of
Saturn). Through non-destructive testing and highly sensitive fluores-
cence spectroscopy technology, WATSON can detect trace amounts of
organic matter and micro-organisms in complex ice environments,
which holds a significant scientific value for studying life activities in ice
layers and searching for extra-terrestrial life. Sunuwar et al. studied the
low-temperature fluorescence excitation and emission spectra of
chloro-benzene, benzoic acid, phthalic acid, mellitic acid and benzene in
water ice solution, with a temperature range of 78 K-273 K [168]. These
spectral data helped explain the origin of chloro-benzene on Mars and
provided a reference for the design of fluorescence experiments in future
Mars missions. Tang et al. proposed a spectral sensing technique based
on non-fluorescent SERS for detecting organic compounds at sub-ppm
levels in Mars-like soil [169]. This technology combines 1064-nm
laser excitation and nano-structure enhancement, significantly
improving the detection sensitivity for extremely low concentrations of
organic substances. By enhancement in detection sensitivity and
reduction in fluorescence interference, this technology can effectively
detect organic bio-markers that may exist in Martian soil, thereby
providing a powerful evidence for whether life exists on Mars or ever
existed. Marec kova et al. studied the photo-synthetic performance of
the Antarctic lichen Dermatocarpon polyphyllizum at various tempera-
tures [170]. Through chlorophyll fluorescence analysis, it was observed
that low temperature significantly affected the function of optical sys-
tem II. The key temperature was —12 °C, at which time the main process
of photo-synthesis was completely inhibited. By determining key tem-
perature points and sensitive fluorescence parameters, this study pro-
vided a scientific basis for the protection and research of polar
ecosystems in future. Moreover, these findings contributed to predicting
and assessing the effect of climate change on polar ecosystems.

In conclusion, the study of extreme environments, especially those
associated with the deep sea and exoplanets, is of extra-ordinary sig-
nificance. It holds an immeasurable value in many aspects, such as
exploring the mysteries of nature, expanding the boundaries of human
cognition and facilitating the development of science and technology.
However, in the face of the complexity and particularity of extreme
environments, a single technical means often seems inadequate and
experiences difficulty in achieving comprehensive, in-depth and precise
detection. Meanwhile, the content of relevant organic molecules in
extreme environments is usually extremely low, which further increases
the difficulty of detection. Hence, establishing a dual-mode SERS-SEF
(or multi-mode) detection platform is undoubtedly a highly forward-
looking and strategic measure. With its unique advantages and power-
ful functions, this platform may provide solid, reliable, highly innova-
tive technical support for achieving all-round, full-scale detection in
extreme environments in future, thereby helping humanity take more
solid and powerful steps in the exploration of extreme environments.
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5. Conclusions and perspectives

Dual-mode SERS-SEF tags offer the combined advantages of intui-
tive and fast fluorescence imaging and the multiplexing capability of
SERS, and they have considerable potential in bio-detection and bio-
imaging. In recent years, considerable efforts have been made in the
manufacturing of dual-mode SERS-SEF substrates, and the structural
morphology, preparation technology and potential applications of these
substrates have been studied in detail. As described herein, some
mechanisms and properties of these dual-mode substrates have been
proposed, which have considerably facilitated the development of dual-
mode SERS-SEF detection. However, in near future, we speculate that
the SHIN structure of noble metal NPs may be one of the most promising
technologies and the mainstream choice for dual-mode SERS-SEF sub-
strates. Most importantly, the distance between fluorescence and SERS
probe molecules can be easily controlled by regulating the shell thick-
ness, and the design of the distance should consider the signal strength
and the characteristics of the system. In addition, a number of issues
need to be addressed to achieve the practical applications of these
promising technologies:

1. The enhancement mechanism of the SERS-SEF dual-modal substrate
is still unclear and needs to be determined. Although several mech-
anisms have been proposed to explain SERS or SEF phenomena,
including the combined effect of LSPR on SERS and SEF. But so far,
none of these mechanisms can explain all the SERS-SEF phenomena.
Multi-physics coupling simulation can be introduced to simulate the
dynamic process of nanostructures under photoexcitation, such as
considering the photothermal effect, charge transfer and other multi-
physics coupling factors. This helps to understand how SPR affects
both SERS and SEF signals under real detection conditions.

2. Although some non-metallic plasmonic substrates have been devel-
oped and proved to have both SERS and SEF enhanced properties.
However, their application scenarios are very limited, and their
application potential and application prospect need to be further
developed. Applying it to more extreme environmental fields is an
effective means to broaden its application scenarios.

3. Because SERS and SEF have different requirements for reporting the
distance between molecules and the substrate, Raman needs to be
close to the substrate to obtain a higher enhancement factor, but it
will lead to fluorescence quenching. How to effectively solve the
defect that the enhancement effect of dual-function platform is not as
good as that of single-function platform, while obtaining the best
enhancement performance of SERS and SEF? Reasonable control of
the distance between molecules and nanostructures is one of the
effective solutions.

4. Improving the stability, repeatability and accuracy of the detection
performance of SERS-SEF dual-modal substrate is a major challenge
for product commercialization and practical application. For
example, standardizing preparation processes, testing conditions,
and data processing.

5. How to use various enhanced spectral techniques to probe the
boundaries of human cognition, such as deep space and deep sea and
other extreme fields. For example, reasonably design the protection
device of the substrate, or improve the anti-interference ability of the
substrate to cope with the complex conditions of the extreme
environment.

6. Comprehensive evaluation of waste substrate treatment measures
and environmental effects. For some metal substrates, chemical re-
agents can be used for dissolution recovery. For example, for Ag
substrates, an oxidizing acid such as nitric acid can be used for
dissolution. Nitric acid will chemically react with Ag to form soluble
salts such as silver nitrate.

7. This dual-modal platform is in environmental monitoring, food
safety, material science and so on. The application in such fields is
still in its infancy. We should conduct a more in-depth study of its
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coupling mechanism to enhance the application potential of the
SERS-SEF dual-modal platform.

8. One disadvantage of the intended approach is the requirements for
more equipment, that can hamper miniaturization. Therefore,
designing corresponding multispectral detection devices is also a
development trend in the future.

9. SERS-SEF substrates that preconcentrate/detect (combined with
nanomaterials) can be very competitive. This integrated SERS-SEF
substrate can offer higher sensitivity, lower detection limits, and a
simpler operating procedure, which endows it with broad applica-
tion prospects in the fields of biomedical detection, environmental
monitoring, and food safety.

We expect the dual-mode SERS-SEF analysis technology to become a
powerful tool that would not be merely limited to the detection of bio-
molecules, DNA and living cells and in vivo biological imaging, but
also would be successfully applied for analysing more extreme envi-
ronments (for example, deep sea, polar and other extreme environ-
ments) by virtue of the protective effect of the inert shell.
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