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Abstract: Surface-enhanced Raman scattering 
(SERS) is a powerful analytical technique for label-
free, ultrasensitive biochemical detection, offering 
broad potential for biomedical, environmental 
monitoring, and defense applications. However, 
conventional noble-metal SERS substrates remain 
limited by chemical instability, insufficient 
enhancement reproducibility, and slow analyte detection in dilute aqueous solutions. Recently, hybrid SERS 
platforms that integrate plasmonic nanostructures with functional material systems—such as semiconductors, two-
dimensional materials, photonic crystals, and active robotic modules—have emerged as promising strategies to 
overcome these limitations. In this review, we examine recent advances in hybrid SERS platforms from the 
perspective of material systems. Their working principles can be broadly categorized into two types: functional 
materials that regulate interfacial electromagnetic and chemical enhancement, and robotized systems that promote 
targeted analyte access or active enrichment at sensing hotspots. By linking material properties, working 
mechanisms, and sensing performance, this review provides a materials-based perspective to guide the rational 
design of high-performance, application-oriented SERS platforms. 

Keywords: surface-enhanced Raman scattering; hybrid nanomaterials; charge transfer; photonic crystals; 
nanomotors; analyte enrichment 
 

1. Introduction 

Surface-enhanced Raman scattering (SERS) amplifies weak Raman fingerprints of molecules near 
nanostructured plasmonic surfaces [1–5]. In conventional SERS substrates, noble metals such as Au, Ag, and Cu 
dominate because their localized surface plasmon resonances in the visible and near-infrared regions produce 
intense near-field enhancement with relatively low optical losses [5–7]. This plasmonic amplification has enabled 
chemical, environmental, and catalytic analysis [8–15], biological and biomedical sensing [2,16–25], and 
emerging active or multifunctional SERS formats [26–30]. 

Despite their great potential, conventional noble-metal SERS substrates face several persistent limitations for 
practical applications [31]. Hotspot heterogeneity complicates quantitative comparison and substrate-to-substrate 
reproducibility. These challenges are further compounded by the limited stability of many noble-metal 
nanostructures, which can undergo oxidation, contamination, or nonspecific fouling in complex media [31–38]. In 
addition, the enhancement mechanism of metallic SERS substrates relies primarily on localized surface plasmon 
resonance, which is governed by the optoelectronic properties, geometry, and dimensions of the metal 
nanostructures [16,39]. This reliance on plasmonic enhancement alone motivates the exploration of 
complementary material strategies to further improve sensing performance. To address these practical sensing 
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challenges, recent literature has reported various strategies aimed at significantly improving the signal-to-noise 
ratio and overall reliability of SERS measurements through optical interface engineering, background noise 
modulation, and advanced hybrid plasmonic coupling [40–42]. Beyond sensitivity and stability, passive noble-
metal nanostructures also suffer from low detection throughput in dilute aqueous samples, where analyte capture 
is often limited by slow diffusion to nanoscale hotspots [43]. 

Hybrid SERS platforms are SERS-active architectures that integrate plasmonic nanostructures with 
functional materials or active components that can modify the local optical field, interfacial electronic structure, 
analyte adsorption, or molecular transport. Material hybridization can address several limitations of conventional 
SERS: semiconductors and two-dimensional materials introduce tunable charge transfer (CT) channels, photonic 
crystals redistribute optical fields and local concentration, and active or robotic components enable targeted analyte 
detection or their enrichment at nanoscale hotspots. Therefore, hybrid SERS platforms can not only introduce new 
routes for signal amplification but also actively control analyte transport kinetics for improved throughput. 

Although prior reviews have examined various aspects of SERS and its applications [18,33–36,44–51], this 
review provides a distinct view of SERS progress through the lens of mechanistically driven hybrid material 
platforms. The working mechanisms of these platforms are broadly categorized into two types: functional materials 
that regulate interfacial electromagnetic and chemical enhancement, and robotized systems that promote targeted 
analyte detection or active enrichment at sensing hotspots. Figure 1 summarizes the different hybrid platforms 
reported in the literature. Semiconductor-, two-dimensional-material-, and photonic-crystal-based hybrids fall into 
the first category. These interface-regulated platforms enhance SERS performance by tuning charge transfer, 
electromagnetic–chemical mechanism coupling, and optical-field localization. In contrast, micro/nanomotor and 
magnetic hybrid systems are discussed as robotic platforms that directly target analytes or accelerate their 
enrichment at sensing hotspots. Finally, because both interface-regulated enhancement and active enrichment can 
generate localized signal variations, this review briefly discusses how digital counting and data-driven spectral 
analysis may improve quantitative SERS measurements. 

 

Figure 1. Mechanistic framework for hybrid SERS platforms. Hybrid SERS architectures improve sensing by 
regulating the SERS interface or by improving analyte access to SERS-active regions. (A) Optical-field 
localization, as in Mie-resonant ZnO superstructures [52], photonic-crystal-assisted plasmonic substrates [53,54], 
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and bio-photonic-crystal platforms [55,56]. (B) Interfacial adsorption and orientation, referring to analyte 
localization, binding geometry, and molecule–hotspot contact without necessarily requiring charge transfer; 
examples include graphene-spaced plasmonic junctions [11], RGO/Au breath-analyzer substrates [57], and 
carbonyl-functionalized organic-SERS interfaces [58]. (C) Charge-transfer accessibility, referring to whether band 
alignment, defect states, excitation energy, or adsorption geometry enables a charge-transfer pathway; examples 
include TiO2–Ag–MPY–FePc interfaces [59], oxygen-vacancy-mediated TiO2/PIERS systems [60], Ag/Ag-doped 
TiO2 hybrids [61], and PIHET/PICTT metal–semiconductor systems such as Au–ZnO and Au–CdSe [62,63]. (D) 
Electronic/surface-chemical states, including surface terminations, vacancies, phase structures, oxidation states, 
conductivity, and active sites; examples include TiVC MXene [64,65], Ti2N MXene [66], phase-engineered TMDs [67], 
and gas- or UV-modulated RGO/Ag hybrids [68]. (E) Motion-enhanced hotspot sampling, as in magnetic nanorobot 
SERS probes [69,70], light-powered nanomotor sensors [71], magnetic-film-actuated diatom frustules [26], and 
electric-field-driven rotary SERS nanomotors [72]. (F) Field-guided mobile hotspot positioning, in which optical 
or electric fields position, orient, or assemble SERS-active components at defined locations to form controllable 
nanogaps or localized sensing interfaces; examples include optical-tweezer-controlled Ag nanoparticle-coated 
silica beads [73,74], and 3D electrokinetic tweezer manipulation of SERS-active nanowire probes [75]. (G) 
Magnetic capture and separation, in which magnetic–plasmonic probes or magnetic enrichment substrates capture, 
isolate, and concentrate target species from complex matrices before Raman readout; examples include magnetic 
mesoporous nanosponges for pollutant enrichment [76], antibody-functionalized Mag-SERS strips for respiratory 
virus detection [77], and magnetic nanochain microfluidic biochips for rapid bioseparation and SERS detection [20]. 

2. Interface-Regulated Enhancement at Hybrid Interfaces 

The electromagnetic and chemical contributions to SERS have been extensively reviewed [31,34,78] and are 
therefore discussed only briefly here to provide the necessary background. Building on this established 
understanding, this review focuses on what hybrid architectures contribute beyond conventional plasmonic 
enhancement. The approaches include regulation of optical fields, interfacial electronic structure, charge-transfer 
accessibility, surface chemistry, and analyte enrichment near SERS-active interfaces [3,6,39,43,79–81]. This 
emphasis provides the basis for comparing semiconductor, 2D material, photonic-crystal, and active-enrichment 
platforms without reducing their performance to EF or LOD alone. Therefore, EF and LOD are reported together 
with mechanistic studies, such as wavelength-dependent measurements, optical-field simulations, band alignment, 
defect-state control, adsorption tuning, and charge-transfer signatures. 

2.1. Electromagnetic Enhancement Mechanism 

Electromagnetic enhancement refers to the optical-field localization and antenna-mediated amplification of 
both Raman excitation and emission [82]. In noble-metal SERS, this contribution is commonly associated with 
localized surface plasmon resonance (LSPR), nanoscale junctions, sharp features, and spectral overlap between 
the excitation/Raman wavelengths and the plasmonic response. In hybrid platforms, however, optical-field 
localization can also be shaped by Mie-like resonances in semiconductor structures, guided-mode or slow-light 
effects in photonic crystals, and plasmonic gap engineering across atomically thin spacers such as graphene. This 
broader interpretation of EM enhancement facilitates a systematic comparison of plasmonic, dielectric, and 
photonic contributions within hybrid material architectures. 

2.2. Chemical Enhancement Mechanism 

Chemical enhancement is used here to describe interfacial electronic effects that alter molecular 
polarizability, directly modulating Raman emission, particularly through adsorption-mediated coupling and 
ground-state or photoinduced charge transfer (CT) [83–85]. In hybrid systems, this interfacial contribution often 
becomes a primary design target. Semiconductors, transition metal dichalcogenides (TMDs), MXenes, graphene, 
and molecular semiconductors can tune the energetic and chemical conditions for charge transfer through band 
alignment, density of states, defect levels, surface terminations, Fermi-level positions, and adsorption geometries. 
Together, these features can help hybrid interfaces support more selective electronic coupling between the 
substrate and the analyte, extending beyond simple molecular adsorption alone. 

Photoinduced charge transfer, in addition, is particularly important in hybrid SERS because it connects 
optical excitation with interfacial electronic coupling. In metal-semiconductor hybrids, for example, this coupling 
can occur through several related but distinct pathways [79,85,86]. Plasmon-induced hot-electron transfer (PIHET) 
describes the injection of plasmon-generated hot carriers from a metal into an adjacent semiconductor before 
carrier relaxation. Direct interfacial charge-transfer transition (DICTT) refers to direct optical excitation across the 
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metal-semiconductor interface, whereas plasmon-induced interfacial charge-transfer transition (PICTT) describes 
plasmon-assisted interfacial transitions in strongly coupled heterostructures. These detailed pathways provide 
useful mechanistic distinctions for discussing hybrid interfaces, especially when correlated to wavelength-
dependent measurements, band alignment, defect-state analysis, charge-transfer signatures, adsorption controls, 
and electromagnetic simulations. 

While the transfer of plasmon-generated hot carriers facilitates chemical enhancement in SERS, these 
energetic carriers concurrently drive unintended plasmon-mediated photochemical reactions at the molecular 
interface [87,88]. Such processes have been reported to convert the molecules of interest into different chemical 
species during continuous laser excitation [89]. In these circumstances, the acquired Raman spectra reflect the 
newly formed photochemical products rather than the original analytes. This structural transformation can 
compromise the noninvasive nature of Raman spectroscopy, thereby limiting its reliability as an accurate 
molecular fingerprinting tool for quantitative sensing. Addressing this critical limitation is essential for the design 
of practical SERS sensors [90–93]. Within hybrid SERS platforms, structural and electronic engineering may offer 
viable strategies to preserve molecular integrity. For instance, it has been reported that introducing an ultrathin, 
inert dielectric spacer between the plasmonic surface and the target analyte can effectively block direct interfacial 
hot-carrier injection while maintaining the long-range electromagnetic field enhancement [91–94]. Furthermore, 
engineering the interfacial band alignment in metal-semiconductor heterostructures is reported to regulate hot 
carrier relaxation pathways, which may reduce the probability of analyte degradation [31,34,35,78,95]. These 
material-driven strategies illustrate how hybrid architectures can be designed to balance signal enhancement with 
molecular stability. 

2.3. Coupled Contributions and Design Boundaries 

The experimentally observed total enhancement (𝑀total) has often been discussed using the approximate relation ሺ𝑀total ≈ 𝑀EM ×𝑀CMሻ, where MEM and MCM denote the electromagnetic and chemical contributions, respectively; 
this relation is useful for conceptual comparison. In hybrid interfaces, however, optical-field localization and 
interfacial charge redistribution can mutually reinforce one another: local electromagnetic fields can increase the 
probability of charge-transfer transitions, while electronic redistribution can alter the dielectric environment 
experienced by the optical mode. The relative contribution of each process therefore depends on material architecture, 
excitation wavelength, interfacial electronic structure, and analyte adsorption geometry. 

Analyte enrichment is another important factor influencing SERS sensing performance. Active motion, 
magnetic capture, optical trapping, field-guided assembly, and related enrichment strategies can increase 
molecular delivery to hotspots, improve encounter probability, and shorten detection time. These processes are 
essential for practical sensing performance in addition to interfacial enhancement. They are discussed separately. 

Collectively, this review is framed into the following sections. Section 3 discusses semiconductor, two-
dimensional-material, and photonic-crystal hybrids as platforms that regulate optical fields, interfacial electronic 
structure, or charge-transfer accessibility. Section 4 then considers active and field-guided architectures that 
improve molecular delivery, enrichment, separation, and hotspot encounter. Together, these two sections connect 
hybrid-material design with both intrinsic enhancement and practical sensing performance. 

3. Hybrid SERS Platforms for Interface-Regulated Enhancement 

Semiconductors, two-dimensional materials, and photonic crystals can modify SERS performance by tuning 
charge-transfer pathways, interfacial electronic structure, surface chemistry, and optical-field localization [34,58,96]. 
These effects do not replace electromagnetic enhancement from plasmonic nanostructures, but reshape how 
electromagnetic and chemical contributions are coupled at hybrid interfaces. The various platforms provide a 
useful basis for understanding how material composition, band structure, surface states, and photonic architecture 
influence SERS sensitivity, reproducibility, and selectivity. 

The section is organized according to the main interfacial role enabled by each material class. Semiconductor 
hybrids are discussed first because they provide clear examples of band alignment, defect-state regulation, and 
plasmon-mediated charge-transfer processes, including PIHET and PICTT. Two-dimensional-material hybrids are 
then considered as atomically thin interfaces in which phase structure, conductivity, surface terminations, and 
spacer effects regulate adsorption, charge transfer, and plasmonic coupling. Finally, photonic-crystal hybrids are 
discussed as architectures that redistribute optical fields through guided-mode, slow-light, or Mie-like effects. 
Table 1 summarizes representative platforms, enhancement factors, detection limits, and operating features, while 
the discussion focuses on the mechanistic role played by each hybrid component in the SERS measurement. 
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Table 1. Comparative summary of interface-regulated hybrid SERS architectures. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

Au triangular 
nanoarrays/n-

layer 
graphene/Au 

NPs 

Graphene-
noble metal 

hybrid 

Sandwich w/subnm 
hotspots gated by 
graphene spacer 

532 nm 
(Renishaw 

inVia, 100×, 0.5 
mW, 10 s) 

Hg2+ (TAMRA-
DNA probe) LOD 8.3 × 10−9 M NR EM (LSPR) + CM 

Indirect 
detection 
via DNA 
probe; EF 

method NR 

[11] 

Ti2N MXene MXene 
(pristine) 

2D paper-based 
substrate 

532 nm (50× 
objective, NA = 
0.55, 0.54 mW, 
10 spectra × 5 s) 

R6G (for the 
1012 EF 

measurement) 
NR ≈1012 CM (ground-state 

CT)  [66] 

1T′-WTe2 
atomic layers 

TMD 
(plasmon-

free) 

Monolayer/few-layer 
atomically thin 

532 nm (~1 µm 
spot, 1 mW, 40 

s) 
R6G LOD 40 fM 1.8 × 109 CM (CT, high DOS 

at EF) 

Plasmon-
free 

baseline 
[97] 

4H-Au@1T′-
WS2 core-shell 

nanowires 

TMD-noble 
metal hybrid 

4H-Au NW core 
(~few-nm) + ~0.6 

nm 1T′-WS2 
monolayer shell 

532 nm (R6G, 
100× objective, 
NA = 0.85, 0.1 
mW, 40 s); 633 

nm (SARS-
CoV-2 spike, 1 

mW, 10 s) 

R6G; SARS-
CoV-2 spike 

protein 

LOD 1 × 10−18 M 
(attomolar) NR 

EM (4H-Au LSPR) 
+ CM (1T′-WS2 

semi-metallic CT) 

LOD 
reported 
for R6G 
dye and 
SARS-
CoV-2 
spike-
protein 

[98] 

TiVC 
bimetallic 

solid-solution 
MXene 

MXene 
(bimetallic) 2D MXene flakes 

532 nm primary 
(100× objective, 
NA = 0.90, 0.2 
mW, 20 spectra 
× 10 s); 785 nm 

tested 

R6G (main); 
CV, MG, MB fM detection 3.27 × 1012 CM (PICT)  [64] 

C8-BTBT, 
D(C7CO)-

BTBT organic 
semiconductor 

films 

Organic 
semiconducto

r 

3D porous 
architecture 
(carbonyl-

functionalized) 

785 nm (Jasco 
NRS-4500, 20×, 

30 mW, 10 s) 

Methylene blue 
(selective) NR 

CT 
efficiency 
via anti-

Stokes/Stok
es ratio 

(D(C7CO)-
BTBT >> 
C8-BTBT) 

CM (analyte-
specific resonance: 

HOMO/LUMO 
match only for MB) 

Demonstrat
es 

molecular 
selectivity 

[58] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

CoFe2O4/Ag 
hybrid 

nanotubes 

Magnetic 
spinel 

oxide/metal 
hybrid 

Electrospun 
magnetic nanotubes 
decorated with Ag 

NPs 

532 nm 
(Renishaw-

1000) 

PATP 
(sensitivity to 
10−9 M); MB 

(catalytic 
monitoring) 

PATP LOD = 10−9 
M  

≈109 (vs. 106 
for Pd 

nanosphere, 
108 for 

nanoporous 
Ag) 

EM + CT (CoFe2O4 
→ Ag) 

Dual SERS 
+ catalytic 
platform 

[15] 

TiO2-Ag-MPY-
FePc 

Semiconduct
or-metal 
hybrid 

TiO2 NPs with Ag 
and molecular MPY-

FePc bridge 

633 nm primary 
(also 473, 514, 

785 nm) 

MPY (Raman 
reporter); FePc 

(CT-active 
layer) 

NR NR 

EM (Ag SPR) + 
CM (interfacial CT, 

direction-
controlled) 

 [59] 

(Ag)x(ZnS)y co-
sputtered films 

Semiconduct
or-metal 
hybrid 

Co-sputtered Ag-
ZnS thin films 633 nm primary 4-MBA NR 

uses 
Lombardi 
b2/a1 ratio 
(I1012/I1586) 
vs. carrier 

density 

EM (Ag LSPR) + 
CM (CT, carrier-

density modulated; 
CTR + Herzberg-

Teller) 

Used to 
probe 

carrier-
density/EF 
correlation, 
no absolute 

EF 

[99] 

Ag/Ag-doped 
TiO2 hybrid 

Semiconduct
or-metal 

hybrid (Ag-
doped) 

Molecule-linked Ag 
NPs on Ag-doped 

TiO2 

785 nm NIR (40 
mW, 2 s) 4-MBA NR 1.68×106 

EM (Ag LSPR) + 
CM (TiO2 → 
molecule CT, 

oxygen-vacancy-
mediated) 

Irreversibly 
accumulate
d SERS—

EF 
measured 

under 
prolonged 

NIR 
Raman 

excitation 

[61] 

TiO2 + 
plasmonic NPs 

(PIERS) 

Semiconduct
or-metal 
hybrid 

(PIERS) 

Pre-irradiated TiO2 
supporting 

plasmonic NPs 

633 nm Raman; 
UVC pre-
irradiation 

(Figure 2D) 

Explosives (e.g., 
dinitrotoluene), 

pollutants, 
biomolecules 

R6G LOD 10−7 M; 
DNT LOD 10−9 M; 

glucose 10−9 M; 
PETN/RDX 10−5 M; 

saturated TNT 
vapor calc 3.1 × 

10−8 M 

≈10× SERS 
→ PIERS 

enhancemen
t (1 order of 
magnitude); 
some bands 
up to 20× 

Photo-induced 
enhancement 

(PIERS); UVC-
generated O-

vacancies → CT 

EF decays 
over 30–60 

min; 
regenerable 

by UVC 

[60] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

Cu2O 
nanoarrays 

Semiconduct
or (PIHET-

driven) 

Periodic Cu2O 
nanoarrays 

633 nm primary 
(also 532 nm) 

PTCDA 
(primary); BCP, 
4-MBA; SARS-

CoV-2 RNA 
application 

SARS-CoV-2 RNA 
LOD = 60 

copies/mL in <5 
min 

3.19 × 1010  

PIHET: Cu2O 
LSPR + LICT + 

hot-electron 
transfer 

EF method 
NR [100] 

Amorphous 
MoO3 (a-

MoO3) 
monolayers 

Semiconduct
or 

(amorphous 
oxide) 

Amorphous oxide 
monolayers 

633 nm main; 
514 nm tested 

MO (primary); 
R6G, MB, o-
AAT (target 
carcinogen) 

MO LOD 10−8 M; 
o-AAT LOD 10−9 M 2.5 × 106  

EM-PIHET 
synergistic 

mechanism; 
amorphous defect 

DOS 

Amorphous 
structure 
→ defect-
rich states 

[101] 

Au-ZnO 
heterogeneous 

nanorods 

Semiconduct
or-metal 
hybrid 

Au-tipped ZnO 
nanorods 

532 nm primary 
(Au plasmon 
match); 633, 

785 nm tested 

Dopamine NR 
>1.2 × 104 
(DA at 10−5 

M) 
PHET (Au → ZnO) 

Recyclable 
via visible-

light 
cleaning; 

quantitative 
EF NR 

[62] 

Cu-doped 
SnO2-NiO p-n 
heterojunction 

Semiconduct
or 

heterojunctio
n 

p-n hetero NPs 

785 nm primary 
(5 mW, 0.5 s, 
50×); 532, 633 

nm tested 

CuPc (reporter); 
pyrene, 2-

naphthalenethiol
, EBZA (VOC 

targets) 

CuPc 10−9 M; PYR 
≈ 7.6 ppb; 2-NT ≈ 
5.3 ppb; EBZA ≈ 

4.1 ppb 

1.46 × 1010 
(CuPc on 

SnO2-
NiOx/Cu) 

CM (~92%, p-n 
junction CT 

resonance) + EM 
(~8%, NIR LSPR) 

Bandgap & 
p-n 

alignment 
driven; 

absolute 
EF NR 

[102] 

ZnO 
submicron-

sized spheres 
(superstructure) 

Semiconduct
or (Mie-
resonant) 

Submicron spherical 
superstructures 

532 nm 
(synergy demo); 

633, 785 nm 
tested 

4-MPy (non-
resonant probe) NR 

≈105 (Mie + 
CT synergy 
at 532 nm; 

estimated as 
EFtotal ≈ 
EFMie × 

EFCT ≈ 102 
× 103 ≈ 105) 

Mie resonance + 
ground-state CT 

(GSCT); 
synergistic 

Mie size-
dependent [52] 

DFP-4T 
organic 

semiconductor 
films 

Organic 
semiconducto

r 

π-conjugated DFP-
4T thin films 

785 nm (20× 
obj, 3 µm spot, 
150 mW, 30 s) 

MB (non-
resonant at 785 
nm by design) 

LOD 10−9 M 2.7 × 105 
Resonance CT 

(organic semi → 
analyte) 

Metal-free 
organic 

semicondu
ctor 

[103] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

DFH-4T films 
(alone) and 

DFH-4T + Au 
coating 

Organic 
semiconducto

r/organic-
metal hybrid 

Nanostructured 
DFH-4T; Au-coated 

for high EF 

785 nm (20× 
obj, 3 µm spot, 
150 mW, 30 s) 

MB (main); 
R6G 

<10−21 mol (sub-
zeptomole, Au-

coated) 

3.4 × 103 
(alone); 

≈1010 (Au-
coated) 

CT + EM (with Au) 

7-orders 
increase 
with Au 
coating 

[104] 

1T′@2H 
Mo1−xRexS2 

lateral 
heterostructures 

TMD alloy 

Lateral 2H–1T′ 
phase 

heterostructure 
(CVD) 

532 nm (Bruker 
Senterra II, 2.5 

mW, 15 s) 

R6G (main); 
RhB, CV, MB 10−15 M for R6G 

2.0 × 1011 
(alloy 

substrate) 

CT (1T′ phase → 
high DOS at EF) 

Phase-
tunable 

compositio
n control 

[67] 

1T′-ReS2 
nanosheets 

TMD 
(distorted 1T′ 

phase) 

Mono- and few-layer 
ReS2 nanosheets 

532 nm primary 
(R6G/RhB/CV); 

633 nm (MB) 

CuPc (~1 nm 
thermal 

deposition); 
R6G, RhB, CV, 
MB (solution 
adsorption) 

R6G & MB LOD ≈ 
10−9 M; RhB & CV 

≈ 10−8 M (on 
monolayer ReS2) 

REF ≈ 2.94 
(CuPc 1539 

cm−1 on 
monolayer 
ReS2 vs. 
SiO2/Si) 

PICT (layer-
dependent; 

monolayer optimal) 

Layer-
dependent 

SERS 
[105] 

MXene/graphe
ne oxide/Au 
nanoclusters 

fiber 

MXene + GO 
+ plasmonic 

Flexible plasmonic 
fiber 

532 nm (WiTec 
Alpha300R, 50× 
L, 0.1 mW, 5 s) 

R6G (main); 
TNT, Tetryl (via 

L-cysteine) 

R6G LOD 1 × 10−11 
M; TNT 0.1 µM 

2.01 × 109 
(R6G) 

EM (Au LSPR) + 
CM (PICT via 

MXene Ti3C2Tx); 
synergistic 

75% 
Raman 

intensity 
retained 

after 90 d 

[106] 

TiVC MXene 
flexible 

membrane 
(alkaline-
treated) 

MXene 
(active-site-
maximized) 

Flexible wearable 
membrane 

Not stated 
(handheld 
Raman) 

R6G (and 
physiological 
biomarkers) 

LOD 1 × 10−15 M 8.08 × 1010 
EM (Au LSPR) + 
CM (CT via TiVC 

DOS at Fermi) 

Wearable 
form factor [65] 

Ti3C2Tx MXene 
+ Au NP 
dimers 

MXene-noble 
metal 

aptasensor 

MXene loaded with 
Au NP dimer 

(aptamer-
functionalized) 

785 nm (Horiba 
LabRAM HR; 
100 mW, 10× 
obj, 20 s × 2 

accumulations) 

AFB1 via BPE 
Raman reporter 

(1,2-bis(4-
pyridyl)ethylene 
at AuNP dimer 

hotspot) 

LOD 0.6 pg/mL NR 

EM (Au dimer 
hotspot) + 

biorecognition 
(aptamer) 

Bioaffinity-
mediated [107] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

Self-assembled 
MXene-Au 

nanocomposite
s 

MXene-noble 
metal 

Au NPs on MXene 
flakes 

633 nm (4-
MBA, adenine); 

785 nm 
(bacteria); 
HORIBA 

LabRAM HR 
Evolution, 
100×, 10 s 

4-MBA, 
adenine, E. coli, 

B. subtilis 

4-MBA & adenine 
≈ 10−9 M; E. coli 

LOD 106 CFU/mL; 
B. subtilis LOD 3 × 

105 CFU/mL 

NR EM + CM; 
photothermal 

Multifuncti
onal (sense 
+ ≈100% 

germicidal 
in min); 
SERS 

EF/LOD 
not 

reported 

[108] 

Plasmonic 
MXene 

hydrogel 
microrobot 

MXene 
hydrogel + 
plasmonic 

Hydrogel-based 
microrobot NR 

R6G, MB 
(cationic); AR, 
AB (anionic) 

R6G LOD 3.76 aM; 
MB 1.98 fM; AR 

16.33 fM; AB 
381.07 pM 

5.5 × 106 
(AEF, R6G) 

EM (AuAgAu 
SPR) + MXene-
driven analyte 

enrichment 

Dual sense 
+ 

remediatio
n; EF NR 

[109] 

Graphene-Ag 
hybrids (theory 
+ experiment) 

Graphene-
noble metal 

hybrid 

Ag NPs (3–25 nm) 
on graphene layers 

514.5 nm (Ar+-
ion laser, 

LabRam Jobin-
Yvon T64000; 5 

mW, ~2 µm 
spot, 20 s) 

graphene’s own 
G-band (no 

external probe 
molecule) 

NR 

≈10× over 
pristine 

graphene 
(relative) 

EM + CT (Ag → 
graphene) 

Ag-size-
dependent; 

relative 
metric 

[110] 

rGO–PS@Ag 
substrate (UV-

modulated) 

Graphene-
noble metal 
photoactive 

RGO + Ag clusters; 
UV-modulated 

Fermi level under 
O2/Ar atmosphere 

532 nm Raman 
(7.8 W/cm2, 2 s) 

+ 365 nm UV 
modulation (135 

mW/cm2 
optimal) 

R6G primary; 
CV, 4-MBA, 4-
NTP; methyl-

parathion (MP) 
pesticide on 
fruit peels 

MP LOD 1.54 × 
10−6 → 8.31 × 10−7 
mg/mL (with UV) 

1.77 × 106 
→ 6.75 × 
106 in O2 
under UV 

(~4× 
modulation); 
4.07 × 106 in 
CO2; 1.7× in 

N2 

Tunable Fermi 
level via UV-driven 

O2 
adsorption/desorpti

on on RGO 

Photo-
actively 

modulated 
[68] 

RGO-coated 
Au film + Au 

NPs 

Graphene-
noble metal 

hybrid 

RGO/Au sandwich 
(no organic stabilizer 

on AuNPs) 

785 nm (~2 
mW; 0.1 s 

mapping/1 s 
spectra) 

R6G + 
naphthalene 

(calibration); 14 
VOC 

biomarkers 
(clinical breath 

analysis) 

NR 

6.34 × 108 
(R6G); 1.02 

× 106 
(naphthalene

) 

EM + selective π–π 
adsorption on RGO 

Diagnostic 
application 

(gastric 
cancer); 
EF/LOD 

NR 

[57] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

Au 
NPs/graphene 
heterojunction 

Graphene-
noble metal 

hybrid 
Au NPs on graphene 

532 nm (Horiba 
HR800, 10 mW, 
50× obj, 1 µm 

spot) 

Hg2+ 
Hg2+ LOD 0.1 nM 
(20 ppt); 0.1–6000 
nM dynamic range 

40× signal 
vs. blank 
substrate 
(before 

annealing) 

EM + CT  [111] 

Inkjet-printed 
diatom 

biosilica 
droplets + Ag 

NPs 
(Marangoni) 

PC-
plasmonic 

(bio-derived, 
evaporation-

driven) 

Diatomaceous 
biosilica with 

plasmonic NPs in 
evaporating droplet 

532 nm (Horiba 
LabRam 

HR800; 100× 
obj; 1.5 µm 
spot; spectra 

range 800–1800 
cm−1) 

R6G (model 
dye, single-

molecule regime 
via 

accumulation); 
TNT (label-free 

real target) 

TNT 4.5 × 10−17 g 
(label-free); R6G ≈ 

0.1 nM (single-
molecule regime); 
100 pL droplets, 

~17× higher 
concentration on 
diatom vs. glass 

106–107 
optofluidic-

SERS 
sensitivity 

improvemen
t vs. 

conventional 
pipette 
SERS 

PC field 
localization + 

Marangoni 
convective 

enrichment + LSPR 

 [112] 

Diatom 
biosilica + self-
assembled Ag 

NPs 

PC-
plasmonic 

(bio-derived) 

Natural diatom 
frustule with Ag NPs NR NR (mapping 

demonstration) NR 

NR 
(intensity 
mapped 
on/off 

frustule) 

PC slow-
light/guided-mode 
resonance + LSPR 

Demonstrat
es PC 

contributio
n by spatial 

SERS 
mapping; 

no absolute 
EF 

[56] 

PC-enhanced 
plasmonic 

mesocapsules + 
Ag NPs 

PC-
plasmonic 

(bio + meso) 

Submicron porous 
mesocapsules with 

Ag NPs in 
microfluidic channel 

532 nm (Horiba 
LabRam; 10× 

obj; 2.0 mW; 10 
s integration) 

R6G (model); 
benzene & 

chlorobenzene 
(real-water 

target) 

R6G LOD ~10−13 M 
(single-molecule, in 

microfluidic 
channel); 

benzene/chlorobenz
ene 1 × 10−9 M in 

tap water 

100× over 
ordinary Ag 

NPs 
(relative) 

EM (Ag) + PC field 
localization + 

microfluidic mixing 

Approache
s single-
molecule 

optofluidic-
SERS; 
relative 

metric only 

[113] 

Diatom 
biosilica + Ag 

NPs + anti-
mouse IgG 

PC-
plasmonic 

immunoassay 

Sandwiched 
immunoassay on 

functionalized 
diatom PC 

NR 
Mouse IgG 

(with Raman 
reporter) 

LOD 10 pg/mL NR 
EM + 

biorecognition + 
PC enhancement 

Bioaffinity-
mediated; 

immunoass
ay LOD 

[114] 
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Table 1. Cont. 

System Material Hotspot λex (nm) Probe Analyte LOD EF Dominant 
Mechanism Note Ref. 

Diatomaceous 
earth fluidic-
channel TLC-

SERS 

PC-
plasmonic 

TLC-SERS 

TLC stationary 
phase patterned with 

fluidic channels 
(lateral-diffusion 

suppressed) 

785 nm 
(BWS465-785S 

BW&TEK 
portable, 30 
mW, 5 s × 3 
averaged) 

Histamine in 
tuna (artificial-
spiked + real 

spoiled samples; 
0–48 h spoilage) 

10 ppm artificial-
spiked; quantified 
via PCA-SVR ML 

(FDA limit 50 ppm; 
EU 100 ppm) 

NR 

PC enhancement of 
plasmonic NPs + 
chromatographic 
preconcentration 

TLC-SERS 
application [115] 

Microfluidic 
diatomite 
analytical 

device 

PC-
plasmonic 

TLC-SERS 
(microfluidic) 

Diatomaceous earth 
in patterned 
microfluidic 

channels (suppresses 
lateral diffusion) 

785 nm (Horiba 
LabRam 

HR800, 50× 
Olympus, 2 µm 
spot, 200 µm 

pinhole) 

Pyrene + 4-
MBA (model 

mixture); 
cocaine in 

human plasma 

Pyrene LOD 1 ppb 
on µDADs (vs. 2 
ppm normal TLC, 

~1000× 
improvement); 

cocaine 10 ppb in 
plasma 

NR 

PC field 
enhancement + 

microfluidic 
preconcentration 

 [116] 

Abbreviations & notes: EF—enhancement factor. AEF/SSEF/SMEF—analytical EF/SERS substrate EF/single-molecule EF (Le Ru & Etchegoin convention). “NR” indicates not reported. 
CM/EM—chemical/electromagnetic mechanism. CT—charge transfer. PICT—photo-induced charge transfer. PIHET—plasmon-induced hot electron transfer. PICTT—plasmon-induced 
interfacial charge-transfer transition. PIERS—photo-induced enhanced Raman spectroscopy. LSPR—localized surface plasmon resonance. DOS—density of states; “DOS at EF” = density of 
states at the Fermi level. Resonant probe—analyte with electronic absorption near the laser excitation wavelength (e.g., R6G, crystal violet, rhodamine B, methylene blue at 532 nm). LOD—
limit of detection. Relative EF—value reported as a ratio against an internal reference (e.g., “100× over plain Ag NPs”). NR—not reported. 



Mater. Interfaces 2026, 3(3), 245–286 https://doi.org/10.53941/mi.2026.100018  

256 

3.1. Semiconductor Hybrids for Charge-Transfer and Optical-Field Regulation 

Semiconductor-mediated hybrid SERS platforms are not governed by a single enhancement mechanism; 
rather, they provide a versatile hybrid platform in which plasmonic field amplification can be coupled with tunable 
semiconductor electronic states. Semiconductors possess band gaps between those of conductors and insulators 
and offer adjustable electrical conductivity, Fermi-level position, intermediate electronic states, band-gap 
engineering, and high chemical stability [34,78,95]. At the same time, their lower free-carrier density relative to 
noble metals generally restricts visible-range localized surface plasmon resonance (LSPR), so standalone 
semiconductor-based SERS typically exhibits more modest enhancement, often on the order of ≈103. The central 
value of semiconductor-mediated hybrid architectures therefore lies not simply in increasing the enhancement 
factor (EF), but in making several enhancement pathways experimentally tunable, including interfacial charge-
transfer (CT) direction, carrier-density regulation, defect-assisted photoinduced charge transfer (PICT), plasmon-
mediated hot-electron transfer, Mie-assisted field localization, and analyte-selective resonance CT. 

One important route begins with interfacial CT and band-structure engineering. In these systems, the 
semiconductor component does not merely serve as a passive support for plasmonic nanoparticles, but actively 
modulates the direction, probability, or energetic feasibility of interfacial charge transfer. In a TiO2-Ag-MPY-FePc 
system (Figure 2A), TiO2 nanoparticles were shown to alter the direction and pathway of interfacial CT, 
contributing to CT-enhanced SERS and illustrating the usefulness of SERS for probing interfacial CT processes 
relevant to photovoltaic systems [59]. A related example is the (Ag)x(ZnS)y system, where controlled ZnS doping 
was used to regulate carrier density [99]. The observed linear correlation between the SERS intensity ratio of non-
totally symmetric to totally symmetric vibrational modes and carrier density indicates that carrier-density 
modulation can influence the CT contribution to SERS enhancement. Heterojunction engineering further extends 
this principle by introducing built-in electric fields and band alignment as additional handles for charge separation 
and resonant CT. For example, Cu-doped SnO2–NiO p–n heterostructures have been used to illustrate how 
heterojunction design and band alignment can facilitate CT-related Raman enhancement [102]. These examples 
are mechanistically useful because they attempt to control interfacial electronic structure, rather than only reporting 
overall EF improvement. 

Building on baseline CT control, defect and vacancy engineering provides a second route to semiconductor-
mediated enhancement by introducing intermediate electronic states that improve energetic matching between the 
substrate and adsorbed molecules. Improving the efficiency of PICT generally requires favorable alignment 
between molecular orbitals, semiconductor band states, and the excitation photon energy [117,118]. Ag/Ag-doped 
TiO2 hybrid systems, for instance, show an irreversible and accumulated SERS behavior under near-infrared (NIR) 
light irradiation, with the enhancement attributed to synergistic TiO2-to-molecule CT and electromagnetic (EM) 
amplification from Ag nanoparticles (Figure 2B) [61]. Similarly, PIERS-type systems based on pre-irradiated TiO2 
demonstrate that photo-generated oxygen vacancies can transiently enhance Raman signals at plasmonic 
nanoparticle sites (Figure 2D) [60]. More broadly, oxygen incorporation or extraction, ultrathin defective 
nanosheets, and other defect-state engineering strategies can tune band-edge density of states (DOS), carrier 
density, and bandgap structure, thereby facilitating PICT [96,117,119–121]. These observations support a defect-
assisted PICT interpretation, although strict separation from adsorption changes, conductivity variation, local-field 
redistribution, and stability effects remain challenging. Therefore, defect-mediated enhancement is most 
convincing when performance data are paired with controls that distinguish electronic-state modulation from other 
defect-induced changes in surface chemistry and morphology. 

Beyond defect mediation, plasmon-mediated charge-transfer mechanisms, particularly plasmon-induced hot-
electron transfer (PIHET) and plasmon-induced interfacial charge-transfer transition (PICTT), provide a more 
direct link between noble-metal plasmon decay and semiconductor electronic states. In PIHET, hot electrons 
generated by non-radiative plasmon decay in the metal component are injected into the coupled semiconductor 
before relaxation losses dominate [100,101,122]. Nanoarrays of Cu2O and amorphous MoO3 (a-MoO3) 
monolayers, for instance, reported EFs of 3.19 × 1010 and 2.5 × 106, respectively; the enhancement was attributed 
in the original studies mainly to PIHET-related processes [100,101]. Au-ZnO heterogeneous nanorods provide 
another representative metal-semiconductor system, in which plasmon-generated hot electrons in Au are 
transferred into ZnO; the same architecture also shows reproducibility after visible-light-assisted cleaning, 
suggesting potential for recyclable SERS platforms [62]. In contrast, PICTT represents a more direct interfacial 
excitation pathway, in which plasmon decay promotes electron transfer from the metal into the semiconductor 
conduction band without relying solely on thermalized hot-carrier injection [63,123]. The Au–CdSe nanorods 
system is often used as a conceptual model for this distinction, because CdSe, with its narrow bandgap and Au-
CdSe Schottky barrier, can facilitate electron-hole separation. However, direct assignment of PIHET or PICTT in 
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SERS systems generally requires careful control of excitation wavelength, band alignment, Schottky barrier 
energetics, hot-carrier dynamics, and competing EM contributions. The principal PIHET, PICTT, and DICTT 
pathways and their associated contact architectures are summarized in Table 2. 

 

Figure 2. Semiconductor-Metal Hybrid SERS Substrates: Enhancement Mechanisms and Charge Transfer 
Dynamics. (A) Normalized SERS spectra of (i) Ag-MPY, Ag-MPY-FePc, and TiO2-Ag-MPY-FePc systems in 
ethanol under 633 nm excitation. All spectra were normalized to the peak at 1008 cm−1. (ii) SEM image of the 
TiO2-Ag complex. Adapted with permission from Ref. [59]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. 
KGaA. (B) NIR light-induced irreversible and accumulated SERS response of the 4MBA/Ag/Ag-doped TiO2 
hybrid system. The enhancement is attributed to a combination of synergistic effects, including NIR-induced 
thermal effects that increase crystallinity and modify polarizability, NIR-assisted charge transfer (CT) between the 
substrate and 4MBA via oxygen vacancies (VO), and electrostatic attraction-driven molecular reorientation of 
4MBA. Adapted from Ref. [61] under the terms of the Creative Commons Attribution 4.0 License; (C) (i) Optical 
image of a vapor-deposited DFH-4T film (5 cm diameter) with the chemical structure shown in the inset. (ii) Top-
view SEM images of nanostructured DFH-4T films. Adapted with permission from Ref. [104]. Copyright 2017 
Springer Nature. (D) Schematic of photo-induced enhanced Raman spectroscopy (PIERS). (i) Ultraviolet C light 
(UVC) pre-irradiation generates oxygen vacancies (VO) in TiO2 below the conduction band. Subsequent deposition 
of the analyte (e.g., dinitrotoluene) followed by 633 nm laser excitation promotes charge transfer from TiO2 to the 
metal nanoparticles; the resulting increase in nanoparticle charge leads to PIERS enhancement. Furthermore, upon 
air exposure, oxygen fills the vacancies, reducing electron excitation and gradually diminishing the PIERS effect 
over 30 to 60 min, though the substrate can be subsequently regenerated by UVC exposure. (ii) SEM image of 
PIERS-active nanostructures. Adapted from Ref. [60] under the terms of the Creative Commons Attribution 4.0 
License; changes were made. 

Table 2. Representative Charge-Transfer Pathways in Molecule-Coupled Metal–Semiconductor Heterostructures. 

CT Pathway Schematic Diagram Mechanistic Description Contact Architecture 

Plasmon-Induced Hot-
Electron Transfer 
(PIHET) 

 

Plasmon decay generates 
hot electrons in metal, 
which are transferred to 
semiconductor and then to 
molecule 

Single and Multiple 
contact modes 
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Table 2. Cont. 

CT Pathway Schematic Diagram Mechanistic Description Contact Architecture 

Plasmon-Induced 
Interfacial Charge 
Transfer Transition 
(PICTT) 

 

Direct excitation of 
electrons from metal to 
molecule to semiconductor 
via plasmon decay 

Sandwich contact mode 

Direct Interfacial Charge 
Transfer Transition 
(DICTT) 

 

Direct CT from metal to 
semiconductor mediated by 
a molecule, independent of 
plasmon effects 

Sandwich contact mode 

The schematic diagrams are adapted from Ref. [34] with permission from The Royal Society of Chemistry. 

In parallel with electronic-state manipulation, semiconductor superstructures can also enhance SERS through 
optical-field localization. Besides LSPR, Mie scattering resonances in semiconductor structures, such as 
submicrometer-sized ZnO spheres, can generate strong local electromagnetic fields and thereby increase the 
probability of exciting charge-transfer states when spatial and energetic overlap is satisfied [52]. In this case, Mie 
resonance should be interpreted as an optical antenna effect rather than a direct CT mechanism: it enhances the 
local field and photon-matter coupling conditions, whereas CT and PICT modify molecular polarizability through 
electronic coupling. Mathematically, Mie scattering can be described by the scattering cross-section: 𝐶ୱୡୟ = 2π𝑘ଶ ෍ሺ2𝑛 + 1ሻሺ|𝑎௡|ଶ + |𝑏௡|ଶሻஶ

௡ୀଵ  (1)

Here, k = 2πnm/λ0 is the wavenumber in the surrounding medium, where nm is the medium refractive index and λ0 
is the free-space wavelength; n is the multipole order, and an and bn are the dimensionless electric and magnetic 
multipole scattering coefficients. Accordingly, Csca has dimensions of area. Although the exact analytical 
framework is derived for highly symmetric geometries, Mie-like resonances can also arise in non-spherical 
semiconductor morphologies and are commonly evaluated using numerical methods such as discrete dipole 
approximation (DDA) or finite-difference time-domain (FDTD) simulations. In the context of hybrid SERS, this 
expression is most useful not as a direct quantitative predictor of EF, but as a conceptual boundary: Mie resonance 
describes optical field localization, whereas CT and PICT describe electronic coupling that modifies molecular 
polarizability. Distinguishing these contributions is important when interpreting semiconductor superstructures 
whose enhanced Raman response may arise from both optical antenna effects and interfacial charge transfer. 

Organic semiconductors extend semiconductor-mediated SERS beyond inorganic heterostructures by 
demonstrating that charge-transfer enhancement can also be designed around molecular selectivity. Their 
advantages include structural versatility, solution-processable or vapor-deposited film fabrication, and tunable 
optoelectronic properties. For example, DFP-4T films with a fully π-conjugated structure exhibit an EF of 2.7 × 
105 and a detection limit of 10−9 M, attributed to resonance CT between the organic semiconductor and the probe 
molecule, enabled by tuned molecular orbitals, electronic structure, and solid-state packing [103]. Nanostructured 
DFH-4T films similarly exhibit SERS activity even without a plasmonic layer, with an EF up to 3.4 × 103; after 
Au coating, the EF can increase to approximately 1010, enabling sub-zeptomole-level detection (Figure 2C) [104]. 
More importantly, C8-BTBT and D(C7CO)-BTBT films demonstrate molecule-specific Raman enhancement only 
for methylene blue, the analyte with the lowest LUMO, suggesting an energy-feasible resonant transition from the 
organic semiconductor to the analyte frontier π orbitals [58]. These systems indicate that semiconductor-mediated 
SERS should not be evaluated solely by maximum EF, since orbital-level matching among the semiconductor, 
analyte, and excitation energy can introduce molecular selectivity into the enhancement pathway. 

Overall, semiconductor-mediated hybrid SERS platforms should be evaluated by which enhancement 
pathway they render experimentally tunable, not only by their EF and limit of detection (LOD). These pathways 
include interfacial CT direction, carrier density, p-n band alignment, defect-assisted PICT, plasmon-mediated hot-
electron transfer, Mie-assisted field localization, and analyte-selective resonance CT. EF and LOD remain key 
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performance metrics, but they do not by themselves identify the dominant enhancement pathway. Future studies 
would benefit from pairing performance evaluation with wavelength-dependent measurements, band-structure 
characterization, defect-state control, adsorption controls, and electromagnetic simulations, so that EM 
amplification, ground-state CT, PIHET/PICTT, Mie resonance, molecular adsorption, and analyte enrichment can 
be more clearly distinguished. Within the framework of this review, the systems discussed in this subsection 
correspond primarily to the synergistically coupled EM-CM, PIHET/PICTT-mediated, Mie-assisted, and analyte-
selective CT entries summarized in Table 1. 

3.2. Two-Dimensional Material Hybrids for Interface-Controlled Charge Transfer 

Two-dimensional (2D) materials provide atomically thin platforms with rich physical and chemical 
properties for light–matter interactions, charge transfer, and molecular adsorption [124]. They are discussed here 
not as a simple list of SERS substrates, but as interfacial design platforms that control different variables in hybrid 
SERS enhancement. TMDs primarily tune phase-dependent density of states (DOS), band alignment, and layer-
dependent charge-transfer (CT) efficiency; MXenes combine conductive carbide/nitride frameworks with 
termination-mediated adsorption and plasmonic assembly; and graphene regulates metal-molecule spacing, 
passivation, fluorescence quenching, adsorption, and externally induced CT modulation [125–129]. Table 1 
provides coverage of representative 2D-material hybrid systems and analytical metrics, whereas the discussion 
below focuses on mechanistic design rules instead of ranking platforms by reported enhancement factor (EF) or 
limit of detection (LOD). The mechanism discussions are therefore based on the reported combination of energy-
level alignment, phase/DOS analysis, wavelength dependence, molecular selectivity, CT or XPS evidence, 
electromagnetic/photonic simulations, and control experiments, rather than EF magnitude alone. 

3.2.1. Phase and Layer Coupling in TMD Hybrid Interfaces 

Two-dimensional TMDs have the general formula MX2, where M is a transition metal and X is a chalcogen. 
Their layer-dependent band gaps, tunable light absorption, and multiple crystalline phases, including 2H, 1T, and 
1T′, make them useful platforms for CT-mediated SERS [130,131]. In pristine semiconducting TMDs, the finite 
band gap and limited electronic coupling between substrate states and molecular frontier orbitals restrict the 
chemical mechanism (CM), even though the atomically flat surface can provide high spatial uniformity. Phase 
engineering therefore provides the first mechanistic handle: distorted 1T′ or quasi-metallic phases increase the 
DOS near the Fermi level, lower the energetic barrier for interfacial CT, and strengthen interfacial dipole 
formation. Lateral 1T′@2H Mo1−xRexS2 is best viewed as a phase-engineered model substrate, in which rhenium 
(Re) incorporation controls the coexistence of semiconducting and quasi-metallic domains and thereby tunes CT-
active DOS and adsorption sites within a continuous 2D lattice [29,67,132–136]. 

Layer number provides a second, material-dependent control variable. The comparison between PtSe2 and 
ReS2 indicates that layer-dependent SERS is not governed by thickness alone, but by whether interlayer coupling 
is strong enough to alter band alignment and charge distribution [137]. This distinction is important because 
weakly coupled layers may add surface area without substantially changing the CT pathway, whereas strong 
interlayer interactions can make stacking an electronic-structure tuning parameter. Distorted 1T′-ReS2 nanosheets 
further support a photo-induced charge-transfer (PICT) contribution rather than energy transfer, with monolayer 
structures showing the strongest response [97]. Plasmon-free 1T′-WTe2 and MoTe2 atomic layers extend this point 
by showing that high-DOS telluride surfaces can support strong CT-driven SERS without noble-metal hotspots 
when analyte energy levels and substrate states are favorably matched [105,137]. 

Once a CT-active TMD interface is established, optical structures can amplify it through different routes. In 4H-
Au@1T′-WS2 nanowires, the 4H-Au core provides plasmonic field enhancement, while the ultrathin semi-metallic 
1T′-WS2 shell supplies an electronically active interface for CM/CT contribution; this coupled EM-CM architecture 
underlies the attomolar SERS detection reported for R6G and SARS-CoV-2 spike proteins (Figure 3B) [98]. In 
contrast, DBR-integrated 1T′-WTe2 amplifies a plasmon-free CT platform through photonic field localization 
rather than through a noble-metal plasmonic junction [97]. These examples show why TMD hybrid SERS should 
be read through a sequence of linked variables: phase determines whether CT is electronically accessible, layer 
coupling determines whether it is tunable, and plasmonic or photonic architectures determine how effectively the 
CT-active interface is optically amplified. 
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Figure 3. 2D Material–Hybrid Architectures for Advanced SERS Sensing. (A) Schematic illustration of a TiVC–
OH–Au-based wearable SERS sensor for detecting drug molecules, such as nicotine, methotrexate, nikethamide 
and 6-acetylmorphine, from human sweat. Adapted with permission from Ref. [65]. Copyright 2024 American 
Chemical Society. (B) Synthesis and structural characterization of 4H-Au@1T′-WS2 nanowires. (i) Schematic of 
the quasi-epitaxial growth of four types of 1T′-phase transition metal dichalcogenide (TMD) monolayers (WS2, 
WSe2, MoS2, and MoSe2) on 4H-phase gold nanowires (4H-Au NWs), forming 4H-Au@1T′-TMD core–shell 
nanowires. (ii) STEM image of a representative 4H-Au@1T′-WS2 NW. (iii) HAADF-STEM image of the region 
marked in light blue in (ii). (iv) Corresponding FFT pattern obtained from the pink region in (iii). Adapted with 
permission from Ref. [98]. Copyright 2024 Springer Nature. (C) Schematic illustration of a SERS sensor integrated 
into a breath analysis platform, showing the overall sensing scheme. Adapted with permission from Ref. [57]. 
Copyright 2016 American Chemical Society. (D) Modulation of SERS signals in an O2 atmosphere. (i) Schematic 
of in situ, real-time Raman measurements from a rGO–PS@Ag substrate under UV irradiation in O2 (or Ar) 
atmosphere. The UV light is aligned with the Raman laser. (ii) SEM image of the rGO–PS@Ag substrate. Adapted 
with permission from Ref. [68]. Copyright 2022 American Chemical Society. 

3.2.2. Surface Termination and Plasmonic Coupling in MXene Hybrid Interfaces 

While TMDs primarily rely on phase and layer engineering to activate their semiconducting interfaces, 
MXenes introduce an alternative enhancement paradigm driven by their intrinsic metallic nature and rich surface 
chemistry. MXenes are transition-metal carbides and/or nitrides with the general formula Mn+1XnTx, derived from 
MAX phases by selective removal of the A element [66,138]. Their SERS behavior is distinguished from TMDs 
and graphene by the coexistence of metallic conductivity, high DOS, hydrophilicity, and chemically diverse 
surface terminations such as –O, –OH, and –F. These terminations are not merely structural labels: they determine 
adsorption geometry, localized dipole interactions, hydrophilicity, and the density of electronically active sites 
available for CT. Pristine or lightly modified MXenes therefore operate mainly through CM/CT pathways, while 
their limited intrinsic electromagnetic hotspots motivate integration with noble metals for coupled EM-CM 
enhancement [29,64,125,139]. 

Among intrinsic MXene examples, TiVC solid-solution MXene is a representative example because its high 
reported EF is linked to a bimetallic, high-DOS surface and a PICT-involved CM pathway [64]. Ti2N paper 
substrates similarly show that conductive MXene surfaces can generate strong Raman enhancement without 
conventional noble-metal hotspots. Cross-study mechanistic comparisons require caution because EF definitions, 
resonant probe molecules, excitation wavelengths, adsorption protocols, and substrate uniformity vary 
substantially across reports [66]. The more defensible design rule is that MXene composition and surface chemistry 
should be selected to maximize electronically active adsorption sites and CT coupling for the target analyte [66]. 
Post-treatment can further turn this electronic potential into a more accessible sensing interface. For example, 
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alkaline-treated TiVC membranes increase the density of active sites and translate MXene-mediated CT into a 
flexible sensing format for molecular-level monitoring (Figure 3A) [65]. 

Noble-metal integration moves MXenes from predominantly CT-mediated substrates toward coupled EM-
CM platforms. In MXene/graphene oxide/Au nanocluster fibers, Au nanoclusters provide plasmonic hotspots, 
while the MXene component contributes conductivity, CT participation, and mechanical flexibility; the reported 
retention of Raman intensity after long-term storage further highlights the translational value of stabilizing the 
MXene interface [106]. Ti3C2Tx/Au nanoparticle dimer aptasensors illustrate a complementary design: the MXene 
sheet acts as a conductive and functional scaffold that brings plasmonic nanogaps and biorecognition elements 
into the same interfacial region for target-selective detection [107]. Other MXene-Au nanocomposites and 
plasmonic MXene hydrogels add antibacterial, photothermal, pollutant-enrichment, or remediation functions. Yu 
et al. synthesized MXene-Au nanocomposites capable of both rapid bacterial detection and efficient photothermal 
sterilization, achieving nearly 100% germicidal rates within minutes [108]. For environmental remediation and 
sensing, Yang et al. introduced plasmonic MXene hydrogels that not only achieve over 90% dye removal but also 
identify organic dyes at femtomolar-to-attomolar concentrations [109]. These deployment advantages should be 
distinguished from the primary enhancement pathway, which arises from the coupling of MXene-mediated 
adsorption/CT with plasmonic field localization. 

3.2.3. Spacer Control and Charge Modulation in Graphene Hybrid Interfaces 

Moving beyond the highly active charge-transfer interfaces provided by TMDs and MXenes, graphene 
highlights the critical role of structural and environmental regulation in hybrid systems. Graphene, a two-
dimensional atomically thin crystal composed of densely packed sp2-hybridized carbon atoms in a honeycomb 
lattice, has attracted significant attention owing to its exceptional electrical, optical, mechanical, and thermal 
properties [140]. Graphene-based hybrids should be interpreted with a different emphasis. Pristine graphene can 
support molecule-graphene CT, while its visible-frequency plasmonic response and intrinsic Raman enhancement 
are weak relative to noble-metal substrates [110,140–142]. Its main contribution in hybrid SERS is therefore 
interfacial regulation. Graphene suppresses fluorescence, dissipates heat from plasmonic hotspots, protects 
analytes from photodamage, and provides π–π adsorption sites for aromatic molecules. These functions improve 
spectral cleanliness, reproducibility, and analyte localization, even when graphene is not the dominant source of 
Raman enhancement [68,124,143–147]. 

A clearly studied graphene-regulated architecture is the metal/graphene/metal junction. In Au triangular 
nanoarray/n-layer graphene/Au nanoparticle sandwich substrates, graphene acts as an atomically thin spacer that 
creates dense sub-nanometer plasmonic gaps while limiting uncontrolled metal-molecule contact; this enables 
sensitive and uniform Hg2+ detection through a TAMRA-tagged DNA probe [11]. This case is best described as EM-
dominated hotspot engineering enabled by graphene-controlled spacing and passivation. Related Ag 
nanoparticle/graphene hybrids show that particle size and Ag-to-graphene CT can modulate the response, supporting 
a role for graphene-mediated interface control rather than a standalone high-EF graphene mechanism [110,111]. 

Graphene can also become an actively tunable CT medium when its Fermi level or surface electronic state is 
externally modulated. UV- and gas-atmosphere-controlled RGO/Ag hybrids demonstrate this behavior: exposure 
to O2, CO2, N2, or air under illumination changes the graphene-derived electronic environment and modulates CT 
at the plasmonic interface (Figure 3D) [68]. In real-sample sensing, RGO/Au breath-analyzer substrates highlight 
a more practical graphene function, namely selective adsorption and enrichment of volatile biomarkers at a 
plasmonic interface (Figure 3C) [57]. Together, these examples show that graphene hybrid SERS is strongest as a 
platform for controlling junction spacing, passivation, adsorption, and CT modulation, rather than as a direct 
analogue of high-DOS TMD or MXene substrates. 

Taken together, 2D-material-supported hybrids are most useful when compared by the interfacial variable 
they control. TMDs emphasize phase- and layer-engineered CT, MXenes combine conductive and termination-
rich surfaces with plasmonic assembly, and graphene regulates metal-molecule spacing, passivation, adsorption, 
and external CT modulation. This distinction allows Table 1 to serve for a mechanism-indexed comparison of 
representative architectures, with EF and LOD retained as context-dependent performance indicators rather than 
universal ranking metrics. 

3.3. Photonic-Crystal Hybrid Interfaces for Field Localization and Analyte Enrichment 

Photonic crystals (PCs) are a class of materials that provide novel capabilities in manipulating the flow of 
photons [148,149]. These materials consist of nanoscale periodic arrays of materials with different refractive indices, 
creating “photonic band gaps” in which photons cannot propagate through the material. PCs can be fabricated by 
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high-precision microfabrication, which offers substantial design control at higher cost. Naturally occurring structures 
offer low-cost alternatives but less design control. For the latter, materials such as diatoms [150] and opals [151] are 
two representative examples that display vivid colors due to their porous, periodic silica nanostructures. 

Integrating PCs with traditional plasmonic nanostructures can create a new class of hybrid SERS substrates 
with multiple functionalities. Since PCs can intensify optical fields by slow-light effects [152] and guided-mode 
resonances (GMRs) [153,154], they can be used to further amplify metallic-nanoparticle plasmonic resonances, 
creating high-intensity hotspots for optimized SERS sensing [53,54]. Alongside simulation results showing 
meaningful SERS improvement for both individual plasmonic NPs [55] and a collection of randomly distributed 
NPs [112], the enhancement has also been experimentally verified by mapping SERS signals around a diatom 
frustule (Figure 4a) [56]. 

 

Figure 4. Diverse SERS sensing applications enabled by diatom photonic crystals. (a) Comparison of the optical 
image of a diatom frustule and its SERS mapping data (Reproduced with permission from Ref. [56]. Copyright 
2014 IEEE.); (b) Schematic of diatom meso-capsule for optofluidic sensing with accelerated mass transport 
(Reproduced with permission from Ref. [113]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA.); (c) 
Illustration of diatom SERS immunoassay and experimental results showing the enhanced sensitivity to detect 
mouse IgG (Adapted with permission from Ref. [114]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.); 
(d) Schematic of TLC-SERS sensing using diatomaceous earth fluidic channels (Adapted with permission from 
Ref. [116]. Copyright 2017 Elsevier B.V.). 

Further improvements in SERS performance can be achieved by combining additional strategies such as (1) 
accelerating mass-transport to deliver trace analytes to the sensor surface in optofluidic sensing [112,155,156], or 
(2) subsequent functionalization of the PCs [157]. For the former, methods such as utilizing evaporation-based 
thermal Marangoni effects have shown that the resulting convection flow can combat the diffusive force, leading 
to label-free sensing of 4.5 × 10−17 g trinitrotoluene (TNT) at the diatom surface [112]. In another example, 
microfluidic channel-enabled mixing of PC-enhanced plasmonic meso-capsules and analytes, in conjunction with 
porous submicrometer mesocapsules decorated with Ag NPs, leads to an approximately 100-fold higher signal and 
a >1000-fold lower LOD, compared with ordinary Ag NPs (Figure 4b) [113]. For the latter, antibody 
functionalization of PCs has been explored for enhancing biosensing sensitivity and selectivity. One example 
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showcases a sandwiched SERS-active immunoassay substrate, functionalizing diatom PCs with anti-mouse IgG, 
showing the detection limit of mouse IgG down to 10 pg/mL (Figure 4c) [114]. Similar SERS immunoassays have 
also been applied to detect interleukins in blood plasma [158] and circulating cancer-specific protein biomarkers in 
serum [159]. 

PCs can also be used as the stationary phase of thin-layer chromatography (TLC). Compared with traditional 
analytical chemistry methods such as high-performance liquid chromatography (HPLC) and gas chromatography 
(GC), TLC is a rapid, cost-effective technique for separating and identifying mixed compounds [160]. The 
combination of TLC with SERS, or simply abbreviated as TLC-SERS, creates a lab-on-a-chip sensing platform 
that can simultaneously perform chemical separation and spectral sensing [161,162]. However, the biggest 
problem is that the TLC stationary phase is usually not a good SERS substrate, and the sensitivity of TLC-SERS 
is not sufficient for trace-level chemical sensing. Diatomaceous earth consisting of fossilized remains of ancient 
diatoms in geological deposits stands out as the TLC-SERS substrate because: (1) the porous hydrophilic feature 
makes it an excellent stationary phase for TLC separation, and (2) the photonic-crystal effect effectively enhances the 
plasmonic nanoparticles for SERS sensing. Diatomaceous TLC-SERS has been successfully applied to various real-
world sensing applications, including identifying Sudan I in cooking oil [163], detecting histamine in seafood [115], and 
label-free sensing of phenethylamine and miR21cDNA in human plasma [164]. One noticeable improvement to 
TLC-SERS sensing is replacing traditional thin-layer plate with patterned fluidic channels formed by 
diatomaceous earth as shown in Figure 4d, which can prevent lateral diffusion of analytes as they move along the 
stationary phase [115,116]. As a result, the analyte concentration at the detecting spot is significantly improved, 
resulting in unprecedented sensitivity down to the parts-per-billion (ppb) level. 

In summary, integrating PCs with SERS substrates can greatly improve SERS performance by utilizing their 
unique properties such as GMRs. Within the established mechanistic framework, bio-photonic-crystal–plasmonic 
platforms operate primarily in the electromagnetic (EM)-dominated regime, further augmented by photonic field 
localization. Notably, several of the systems surveyed in this subsection additionally result in localized mass-transport 
effects—such as Marangoni convection in evaporating diatomite droplets and chromatographic flow in TLC-SERS 
configurations. By dynamically concentrating analytes at the sensing interface, these transport phenomena effectively 
bridge passive architectures in Table 1 with the active platforms to be introduced in the following section and Table 3. 
Such mechanistically diverse PC-SERS platforms based on biological materials offer a framework for transitioning 
laboratory sensing into reliable, real-world biochemical applications. 
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Table 3. Comparative summary of active-enrichment and field-guided mobile SERS platforms. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Ni/Au-
decorated 

carbon helical 
nanorobots 

Magnetic 
Magnetic-field-
driven helical 

propulsion 

Carbon 
nanocoil with 

Ni/Au coating; 
helix length 
8.6 ± 0.8 µm 

Intracellular HeLa 
cytoplasm + 

nucleus 
(endogenous 
biomolecule 
fingerprints) 

Subcellular 
fingerprints; 

LOD not 
reported 

Real-time 
SERS at fixed 
cell location 
after entry 

Magnetic corkscrew, 
6.7 µm/s avg; B = 5 

mT, f = 6–8 Hz; 
mechanical 

penetration of cell 
membrane + nuclear 

envelope 

HeLa cells 
(intracellular); 
also DI water, 

FBS, PEG, 
intestinal fluid 

[69] 

MAuNS—
Fe3O4 core + 
gold nanostar 
(AuNS) shell 

Magnetic + 
Catalytic + 
Phototherm

al 

Magnetic 
steering + 
glucose-

oxidase-like 
nanozyme + 
photothermal 

Core-island 
MAuNS = 

Fe3O4 core + 
Au-nanostar 

(AuNS) 
islands 

CV + 4-MBA 
monolayer (model); 
intracellular HeLa 

contents 

NR 
Not stated; 

SERS 
integration 10 s 

Glucose-fueled 
enhanced diffusion 

Aqueous 
(glucose); 

intracellular 
HeLa 

[165] 

Ag-NP-coated 
diatom 

frustule + Ni 
magnetic film 

Magnetic 

Magnetic-field-
driven 

rotational 
actuation 

(asymmetric Ni 
patch) 

Bio-derived 
diatom 

photonic 
crystal frustule 

with self-
assembled Ag 

NPs and 
asymmetric Ni 

magnetic 
coating 

Salmon sperm 
DNA (large 

biomolecule, 724 & 
1319 cm−1 peaks) 

≈80 nM at S/N = 
5; range 80 nM–

4 µM 

Characteristic 
capture time, 
τcap, scaled with 
rotation rate as 
τcap ∝ ω−0.41 

over the 
reported 
operating 

range: ≈30 min 
at 1200 rpm vs. 

2 h passive 
(≥4× capture-
rate speedup); 
~3× detection-

speed 
improvement at 
80 nM at 630 

rpm 

Magnetic rotation up 
to 1200 rpm; 532 nm 
Raman, 500 µW, 25 

µm spot 

Aqueous 
solution [26] 
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Table 3. Cont. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Magnetic 
nanochain 
integrated 

microfluidic 
biochip 

Magnetic 

Magnetic 
mixing + 

bioseparation 
in microfluidic 

channel 

Magnetic 
nanochains in 
microfluidic 

biochip 

Cancer biomarkers 
(PSA, AFP, CEA—
clinical serum, n = 
20); bacteria (E. 
coli O157:H7, S. 
aureus); SERS 

reporters 
MATT/DCTP/DFT

P/TFTP 

LOD ≈ 10 pg/mL 
(proteins); 4/10/5 

ng/mL 
(PSA/AFP/CEA)
; bacteria 100–104 
CFU/µL range; 

EF > 105 

≈8 min from 1 
µL body fluid 

Magnetic nanochains 
as nanoscale stir bars; 

4 orthogonal 
electromagnetic coils; 
100× enrichment via 
volume difference 

(mixing vs. detection 
chamber); λex 633 + 

785 nm, 2–5 µm spot 

Body fluid (1 
µL)/clinical 
microfluidic 

chip 

[20] 

Photocatalytic 
matchstick-

like 
nanomotor 

(Ag-
NW/silica 

core-shell + 
AgCl tail) 

Optical 
(photocatal

ytic) 

Light-induced 
self-

diffusiophoresi
s (phototaxis) 

Silver 
nanowire/silica 
core-shell with 

AgCl 
photocatalytic 

tail 

Crystal violet (CV, 
10−4 M); MCF-7 

breast cancer cells 

10−4 M CV 
demonstrated; no 

LOD reported 

≈10 s of 
focused UV 
irradiation to 

form 
aggregates 

Light-powered self-
diffusiophoresis 

(AgNW@SiO2/AgCl 
matchlike, ~15 µm 

long); positive 
phototaxis 

aggregation; SHIERS 
via 5–10 nm SiO2 

shell 

Aqueous 
(water); fixed 
MCF-7 cells 

(cellular) 

[71] 

Optoelectric 
Si-

nanorod/Ag-
NP Raman 
nanosensor 

Electric + 
optical 

Light-gated 
optoelectric 

enrichment at 
the laser spot 

Si nanorod 
array with root 
electrodes and 
dense Ag NPs 

Adenine; vertebrate 
DNA 0.6 fM adenine 

≈15 min to 
reach ≈150-

fold 
enhancement at 

−0.8 V 

LOD improved by five 
orders of magnitude at 

−0.8 V 

Aqueous 
electrochemical 

cell 
[166] 

Magnetic 
micromotors 
with spiky 

gold 
nanoshells 

Magnetic 

Magnetic-field-
driven 

micromotor 
propulsion 

Spiky Au 
nanoshell on 

magnetic core 
→ high-
curvature 
plasmonic 
hotspots 

4-ATP (calibration 
reporter); thiram 

(target); E. coli, S. 
aureus (label-free) 

Thiram LOD 
10−8 M 

(Ag@Au); 4-
ATP linear 

10−11–10−8 M 

Bacterial 
capture from 
bulk: hours to 

overnight 

3D rotating B-field 
(Bxy = Bz = 4.5 mT; ωM 

= 40π rad s−1); on 
hydrogel 2–3× faster 

than glass; closed-loop 
trajectory; λex 785 nm, 

0.438 mW, 10 s 

DI water, lake 
water, salty 

culture 
medium; blood 

plasma 

[70] 

  



Mater. Interfaces 2026, 3(3), 245–286 https://doi.org/10.53941/mi.2026.100018  

266 

Table 3. Cont. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Optical-
tweezers-
controlled 

hotspot—Ag-
NP-coated 
silica beads 

Optical 
(trapping) 

Optical 
trapping → 
controllable 
plasmonic 
junction 

Two AgNP-
coated silica 

beads optically 
focused into a 

tunable 
plasmonic gap 

Native protein 
structures—
hemoglobin, 

lysozyme, BSA 

100 nM 
hemoglobin; 1 

µM 
lysozyme/BSA; 1 
µM α-synuclein; 
10−9 M and 10−11 

M RhB 

1 s acquisition; 
flow-through 
microfluidic 
continuous 
detection 

Dual-trap optical 
tweezers; sub-nm 
interbead distance 

control (10–900 nm 
gap); 1.26 µm AgNP-
coated silica beads; λex 
532 nm Raman + 1064 

nm trap 

Aqueous; 
native-

conformation 
conditions (no 

surface 
tethering) 

[73] 

Optical 
plasmonic 
tweezer + 

microfluidic 
flow chamber 

Optical 
(trapping) 

+ 
microfluidi

c 

Optical 
plasmonic 

tweezing in 
flow 

Plasmonic 
tweezer-
trapped 

hotspot in 
microfluidic 

channel 

Amylin (hIAPP)—
pH-dependent 

species; transient 
amyloid 

intermediates 

500 nM NBA 
proof-of-concept; 
10−7 M MB/10−8 

M NBA 
(BiASERS); 10 

µM hIAPP at pH 
5.5 & 7.4; 50 µM 

Tyr 

Continuous 
on/off 

switching in 
seconds; 24 h 
pH-incubation 

studies 

Optical plasmonic trap 
of single AgNP into 
bead-dimer junction 

(~20 nm gap via 
oligonucleotide 

tether); λex = 532 nm, 
P = 2.7 mW (Raman); 
λtrap = 1064 nm, Ptrap = 

8.0 mW (trapping) 

Aqueous; pH-
controlled; 

microfluidic 
[74] 

3D 
electrokinetic 
tweezers—
anisotropic 
nanowire 
bioprobe 

Electric 

Composite 
electrokinetic 

effects 
(electrophoresi

s, 
dielectrophores

is, 
electrorotation, 
electroalignme

nt) 

Anisotropic 
nanowire 

bioprobe in 
AC/DC 

electric field 

General-purpose 
nanowire 

bioprobing 
platform 

NR NR 

20 nm 2D position 
precision; 0.5° angular 
precision; rotation up 
to 18,000 rpm; 90 nm 
position accuracy at 

2.7 µm/s; PI feedback 
anti-Brownian; 4 in-

plane + 2 out-of-plane 
electrodes; λex 532 nm 
Raman, 360 µW after 

20× obj 

Aqueous 
solution (low 
ionic strength 

implied) 

[75] 

Plasmonically 
active Au–

Ni–Au rotary 
nanomotor 

Electric 
(rotary) 

Electric-field-
driven rotation; 
rotation speed 

modulates 
molecular 

release 

Au–Ni–Au 
three-layer 
nanowire 
core/silica 
shell/dense 

Ag-NP outer 
layer  

Nile Blue and R6G 
(single and 

multiplex release) 
NR 

Quasi-real-time 
Raman 

monitoring (0.5 
spectrum s−1); 
release tracked 

for up to 30 
min 

Release rate increases 
with rotation speed 
through convection-
induced diffusion-

layer thinning 

DI water; 
electrically 

actuated 
microelectrode 

platform 

[27] 
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Table 3. Cont. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Porous 
superstructura

l Au-
nanorod/Ag-
NP Raman 
nanosensor 

Electric 
(transport/r
otation and 

release 
control) 

Electric-field-
guided 

manipulation 
and AC-field-

tuned 
molecular 

release 

Au nanorod 
(~5 µm × 280 
nm) with ~850 

nm porous 
silica 

superstructure 
and dense Ag 

NPs in 
concentric 

nanocavities 

R6G; BPE; Nile 
Blue; adenine 

R6G LOD 10−15 
M (1 fM); BPE 

10−13 M 

Quasi-real-time 
Raman 

monitoring 

Dual-function 
ultrasensitive 

detection and tunable 
release; λex = 532 nm 

Aqueous 
suspension 

under external 
electric fields 

[167] 

Ring-like 
Fe3O4/Au 
nanozyme 

Magnetic + 
Catalytic 

Magnetic 
separation + 

peroxidase-like 
catalysis 

Reusable ring-
like Fe3O4/Au 

nanozyme 

TMB (probe via 
peroxidase 

oxidation); GSH 
and cholesterol 

(target 
biomolecules) 

GSH LOD 0.10 
µM (linear 1–150 
µM); cholesterol 
LOD 0.08 µM 
(linear 1–100 
µM); UV-vis 
comparison 

LODs 0.88/0.48 
µM 

30 min 
incubation at 

37 °C for 
catalysis; 11 
min reaction 

equilibrium for 
R-Fe3O4/Au 

Superparamagnetic 
ring-Fe3O4 (160/60/50 
nm OD/ID/thickness); 
magnetic recovery, 5 
reuse cycles; λex 785 
nm portable Raman 

Human serum 
(clinical, 

Xuzhou First 
People’s 

Hospital); 
HAc-NaAc 

buffer pH 4.0 

[168] 

Fe3O4@TiO2 
exosome 

accumulation 
+ target-
triggered 

SERS 

Magnetic 

Magnetic-
induced 
exosome 

accumulation 

Fe3O4@TiO2 
core-shell + 

target-
triggered 
Raman 
reporter 

Exosomal 
microRNA (in situ) 

0.21 fM 
exosomal 

miRNA-10b 
LOD; linear 0.33 

fM–1.65 pM; 
tested 107–

5×1010 
exosomes/mL; 4 

µL serum 

3–4 h SERS-
tag/exosome 

incubation + 10 
min 

Fe3O4@TiO2 
magnetic 

capture (no 
ultracentrifuge, 

no lysis, no 
PCR 

amplification) 

Fe3O4@TiO2 (~200 
nm) magnetic 

exosome capture via 
TiO2-phosphate 

affinity (96.5% in 10 
min); LNA-

Au@DTNB hotspot 
trigger inside intact 

exosome; λex 785 nm, 
10 mW, 50× objective, 

NA = 0.75, 1 s 

Serum from 
PDAC patients 

(n = 15) and 
healthy 

controls (n = 
15); clinical 

liquid-biopsy 

[169] 
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Table 3. Cont. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Magnetic-
induced 
mixing 

SERS—
ternary 
specific 
antigens 

Magnetic 

Magnetic-
induced mixing 
during SERS 

readout 

Magnetic 
SERS 

substrate with 
ternary 
antigen-

recognition 
labels 

Liver cancer—
simultaneous 

detection of three 
specific antigens 

AFP 0.15 pg/mL; 
CEA 20 pg/mL; 
FER 4 pg/mL 
(LOD); ranges 
0.5–500/50–
2000/10–200 

pg/mL 

≈1 h 
immunoreactio
n at 37 °C × 2 
(sandwich); 

plus magnetic 
separation 

Carboxyl-coated 
Dynabeads MyOne 

(1.05 µm) for 
magnetic 3D 

packing/aggregation 
under external 

magnet; alkyne/nitrile 
reporters in biosilent 
2105/2159/2227 cm−1 
window; λex 632.8 nm, 

40× obj, 10 s 

2% human 
serum; 39 

clinical 
samples; 86.7% 

liver-cancer 
diagnostic 
accuracy 

[170] 

Label-free 
magnetic 
SERS for 
exosomes 

Magnetic 

Integrated 
magnetic 

separation + 
label-free 

SERS 

Magnetic 
SERS platform 
with integrated 

separation 
chamber 

Exosomes (label-
free) NR 

5 h Fe3O4/Au 
internalization 

+ 1 min 
magnetic 
separation 

Magnetic separation in 
1 min (external 

magnet); 
superparamagnetic 

Fe3O4 (~12 nm core) + 
Au shell (~20 nm); 

aggregation in 
exosome enhances 

SERS; FDTD 
validates hotspots 

Cell culture 
supernatant 

(MCF-7, 
MDA-MB-231, 

MCF-10A, 
HepG2, Hep1-
6, L02); mouse 
serum (healthy 

vs. tumor-
bearing); PCA 
→ 100% 
sens/spec 

[171] 

CRISPR-Cas-
mediated 

SERS assay 

Biomolecul
ar 

(CRISPR) 
+ 

plasmonic 

dCas9/gRNA 
sequence-
specific 

binding to 
target genomic 
DNA, followed 

by MB 
intercalation 
and magnetic 

enrichment; no 
trans-cleavage 

or target 
amplification 

Au MNP–
dCas9/gRNA 
probes with 
MB as an 

intercalating 
Raman 
reporter 

Species-specific 
virulence-gene 
targets: spa (S. 
aureus), pgi (A. 
baumannii), and 

uge (K. 
pneumoniae) 

14.1 fM (S. 
aureus); 9.7 fM 
(A. baumannii); 

8.1 fM (K. 
pneumoniae)—

without 
amplification 

≈60.5 min for 
the listed assay 
steps (50 min 
target-binding 

incubation + 10 
min MB 

intercalation + 
30 s magnetic 
concentration), 

excluding 
washing and 

SERS readout; 
≥6 h for PCR. 

Au MNPs (Fe3O4 
~110 nm core + SiO2 
~95 nm shell + Au; 

total ~390 nm); 
superparamagnetic 

(Ms = 58.7 emu g−1 (= 
58.7 A m2 kg−1)); λex 
632.8 nm He-Ne, 50× 

obj, ~2.5 µm spot 

Mouse blood 
and tissue 

homogenates 
(in vivo–

derived); 3D 
nanopillar swab 

samples 
(skin/tail/foot/g

love) 

[172] 
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Table 3. Cont. 

System Actuation 
Mode Mechanism Active 

Component Target Analyte LOD Detection 
Time Note Operating 

Environment Ref. 

Magnetic 
mesoporous 
nanosponge 

(β-
cyclodextrin 
polymer + 
magnetic 

NPs) 

Magnetic 

Magnetic-
induced bulk 
enrichment + 

chromatographi
c-like 

adsorption 

Mesoporous β-
CD polymer 
nanosponge 

with 
embedded 

magnetic NPs 

Organic 
micropollutants 

Lowers LOD by 
2–3 orders vs. 
static SERS 

≈90% removal 
in <1 min 

≈1000× concentration 
factor 

Aqueous 
(environmental 

water) 
[76] 

Polydopamine
-enabled 

plasmonic 
nanogapped 
nanoparticles 

plasmonic 

Polydopamine-
mediated 
tailored 
nanogap 

engineering 

Plasmonic 
nanogap NPs 

with 
polydopamine 

spacer 

RhB and 4-NTP 
Raman reporters; E. 

coli O157:H7 
(food-borne 

pathogen); also 
MOF and AuNR 

cores 

Linear 10–108 
CFU/mL; 

sensitivity ~102 
CFU/mL 

10 min 
magnetic 
separation 

Magnetic separation 
enrichment via Fe3O4 
core; polydopamine-

templated 2 nm 
nanogap; λex 633 nm 

(RhB) + 785 nm 
(pathogen) 

Aqueous 
(general) [173] 

Fe3O4@Ag 
magnetic 

SERS nanotag 
+ lateral-flow 

strip 

Magnetic + 
immunoaffi

nity 

Magnetic 
enrichment + 
dual-Raman-

label sandwich 
on LFA strip 

Fe3O4@Ag 
NPs 

functionalized 
with dual 

Raman dyes + 
virus-specific 

capture 
antibodies 

Influenza A H1N1 
+ human 

adenovirus 
(HAdV)—

simultaneous 

H1N1: 50 
pfu/mL; HAdV: 

10 pfu/mL 

≈20 min total 
assay 

(incubation + 
lateral flow); 
λex 785 nm 
Renishaw 

inVia, 3 mW, 5 
s, 50 µm spot, 

20× obj 

≈2000× sensitivity 
improvement vs. 

traditional colloidal-
Au LFAs 

Real biological 
samples 
(human 

throat/nasophar
yngeal swabs); 
no pretreatment 

[77] 

Abbreviations & notes: LOD—limit of detection. Relative metric—performance reported as a fold-improvement against an internal reference (e.g., “2000× over colloidal-Au LFAs”). LFA—
lateral flow assay. MAuNS—magnetic gold-nanostar nanozyme. β-CD—β-cyclodextrin (used as polymer host in mesoporous nanosponge). CRISPR—Clustered Regularly Interspaced Short 
Palindromic Repeats (here: dCas9/gRNA target recognition coupled with MB-based SERS reporting and magnetic enrichment). hIAPP—human islet amyloid polypeptide (amylin); single-
molecule pH-dependent species used to probe amyloid intermediates. NR—not reported. 
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4. Hybrid SERS Platforms for Active Molecular Enrichment 

Ultrasensitive SERS sensors that rely solely on passive molecular diffusion face an intrinsic barrier: the ultrahigh 
sensitivity enabled by nanoscale hotspots for detecting ultra-low-concentration analytes inevitably results in slow 
detection kinetics. Conventional nanosensors can require hours to detect analytes in the 1 pM–1 fM range [166]. Such 
prolonged detection times increase susceptibility to noise and compromise sensing fidelity. 

To address this limitation, active and responsive SERS platforms improve analyte enrichment in three 
recurring ways. First, motion-enhanced platforms use mobile SERS-active probes or hotspots to increase 
molecular capture speed by a sensor’s surface, reducing diffusion-limited detection times. Second, field-guided 
platforms use optical or electric fields to position plasmonic components, assemble hotspots, or bring analytes into 
defined sensing regions. Third, capture- and separation-assisted magnetic platforms isolate and concentrate targets 
from complex matrices before Raman readout. Across these cases, the inherited SERS enhancement pathway is 
coupled to an analyte-enrichment strategy. The examples listed in Table 3 therefore emphasize detection time, 
operating environment, and enrichment or actuation mode rather than EF alone. 

4.1. Motion-Enhanced Hybrid SERS Platforms 

This subsection focuses on hybrid SERS systems in which SERS-active probes or hotspots are actively 
transported, rotated, or propelled through the sample. Their main contribution is to accelerate molecular capture 
by a sensor’s surface, while preserving the EM, CM, or coupled EM-CM enhancement mechanisms enabled by 
the sensing material. 

Micro/nanomotors are miniaturized machines capable of dynamic responses such as transport, rotation, and 
swarming under chemical, magnetic, optical, or electric stimuli [36,174]. When integrated with SERS-active 
plasmonic structures, these platforms create “motile hotspots” that actively sample analyte-rich regions or enhance 
analyte–substrate interaction in solution. This strategy directly addresses a major limitation of static SERS sensors: 
at ultralow analyte concentrations, passive diffusion alone can make molecular capture at nanoscale hotspots slow 
and inefficient [26,27,175,176]. However, translating this “motile hotspot” concept from idealized, low-viscosity 
laboratory solutions to complex biological fluids presents significant challenges. Viscous biological media 
inherently limit propulsion efficiency due to the dominant viscous drag forces operating at low Reynolds numbers. 
Concurrently, the abundance of biomacromolecules in these environments leads to nonspecific surface adsorption 
that can physically block SERS-active nanogaps, impede targeted molecular enrichment, and generate severe 
background spectral interference. The propulsion mechanisms, summarized in Table 4, have been detailed in 
several review articles [175,177,178]. 

Magnetic Nanomotor Sensors: Magnetic-field-driven nanorobots represent a particularly attractive class of 
active SERS platforms due to their precise spatiotemporal control, fuel-free actuation, high reconfigurability, and 
generally benign operation in biological environments. Compared with chemically powered systems, magnetic 
actuation avoids the introduction of reactive fuels and offers superior controllability, which is advantageous for in 
vivo or intracellular applications. For instance, Ni/Au-decorated carbon helical nanorobots have demonstrated the 
capability to mechanically penetrate single-cell membranes and nuclear envelopes, enabling intracellular SERS 
interrogation of both cytoplasmic and nuclear compartments [69]. While such demonstrations highlight the 
potential for precise cancer theranostics with minimal cytotoxicity, challenges remain in achieving in vivo 
precision control and long-term stability. 

Magnetic microrobots have also been explored for selective bacterial detection, including discrimination 
between E. coli and S. aureus, through active approach, contact formation, and localized SERS acquisition. Detection 
limits down to 10 nM for thiram have been reported, with operational stability maintained over weeks [70]. 

More recently, nanozymatic magnetic nanomotors (MAuNS), integrating a magnetic Fe3O4 core with gold 
nanostars, have combined magnetic propulsion with plasmonic and catalytic functionalities [165]. The Fe3O4 core 
enables remote magnetic steering, whereas the AuNS provide both strong SERS activity and glucose oxidase–like 
catalytic behavior, enhancing mass transport and cellular uptake for improved photothermal therapy. In addition, 
multimodal imaging, via magnetic resonance imaging of Fe3O4 and photoacoustic imaging of AuNS, facilitates 
real-time tracking. Despite these advances, integrating propulsion, hotspot uniformity, and quantitative SERS 
readout into a single robust platform remains an ongoing challenge. 

Another notable strategy involves the active actuation of magnetic-film-coated bioparticles to accelerate 
biomolecule enrichment and detection [26]. In this study, Ag-nanoparticle-coated diatom frustules were 
asymmetrically functionalized with a magnetic Ni film, enabling rotational actuation under an external magnetic 
field while providing abundant plasmonic hotspots for SERS detection. 
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Table 4. Propulsion mechanisms of typical nanomotors. 

Driven Type Schematic Components Propulsion Mechanism Advantage 

Chemical 

− Catalytic materials: 
Pt, Au, Ni, MnO2 

− Asymmetric 
structures: Janus 
microspheres, 
bimetallic 
nanowires 

− Self-electrophoresis 
− Bubble recoil 
− Self-diffusiophoresis 

− High-speed movement  
− Performance in high-

ionic-strength media 
depends strongly on the 
propulsion mechanism 
and surface chemistry 

− Requires specific fuels  

Magnetic 
Field 

 

− Ferromagnetic 
materials: Fe, Ni 

− Ferrimagnetic 
material: γ-Fe2O3 

− Helical or flexible 
structures 

− Magnetic field 
gradients  

− Rotating magnetic 
fields induce helical 
motion 

− Oscillating magnetic 
fields drive flexible 
chains 

− Fuel-free operation 
with remote 
controllability 

− Suitable for complex 
environments 

− Adjustable helix pitch 
for optimized 
propulsion efficiency 

Light-Driven 

 

− Photocatalysts: 
TiO2, ZnO, Fe2O3, 
Au 

− Semiconductor 
materials 

− Photochemical 
reactions 

− Photothermal 
interactions 

− Generation of 
electron-hole pairs 
leading to 
diffusiophoresis or 
bubble propulsion 

− Thermophoresis 
driven by local 
thermal gradients 

− High temporal and 
spatial resolution 
control 

− Enables smart 
behaviors such as 
phototaxis and 
swarming 

− Can operate without 
externally added fuel in 
suitable photochemical 
systems 

− Precise trajectory 
control via light 
parameters 

Ultrasound 

 

− Asymmetric 
metallic nanowires 

− Bimetallic rods: Au 
or Pt with Rh, Ru, 
Pd, Ag) 

− Acoustic radiation 
pressure generates net 
propulsion force 

− Structural density and 
shape influence 
propulsion  

− High biocompatibility 
− Suitable for biomedical 

applications 
− Optimization of 

propulsion efficiency 
through acoustic field 
parameters 

Electric Field 

 

− Electrochemically 
active conductive 
micro-
/nanoparticles 

− Asymmetric 
catalytic or bipolar-
electrode interfaces 

− Applied voltage 
drives electrochemical 
redox reactions 

− Ionic gradients and/or 
gas evolution generate 
self-electrophoretic or 
bubble-recoil 
propulsion 

− Remote electrical 
control with adjustable 
propulsion speed 

− Performance depends 
on electrolyte 
composition and 
interfacial reactions 

− Requires suitable 
electrolytes and applied 
electric fields 

Biohybrid 

 

− Natural biological 
robots: sperm, 
bacteria, algae 

− Synthetic 
microstructures: 
microtubes 

− Flagellar motion of 
biological robots 
combined with 
synthetic structures 

− Cell-driven self-
powered propulsion 

− Long-lasting and rapid 
movement 

− Enhanced 
biocompatibility 

− Supports chemotactic 
behavior and 
autofluorescence 
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In both cases, detection kinetics were rationally enhanced through active motion—specifically, increased 
rotational or translational speeds—which increased analyte flux toward the sensing surface. Numerical simulations 
and theoretical analyses revealed that such active propulsion effectively reduces the effective diffusion-boundary-
layer thickness, thereby accelerating molecular flux to the sensor interface. As a result, detection speed is 
substantially improved while preserving high sensitivity [26]. 

Light-Powered Nanomotor Sensors: Light represents another widely adopted energy source for remotely 
actuating nanomotors, offering high spatial and temporal precision without direct physical contact [179]. 
Photocatalytically powered, matchstick-like nanomotors, which are composed of a silver nanowire/silica core–
shell structure with a silver chloride tail, have been propelled via light-induced self-diffusiophoresis [71]. Their 
phototactic motion enhances local analyte concentration and signal intensity for biochemical sensing. Such 
systems have demonstrated light-controlled SERS detection of crystal violet as well as MCF-7 breast cancer cells, 
highlighting their potential for smart, on-demand sensing at the micro- and nanoscale. Nevertheless, challenges 
related to propulsion efficiency in complex media and long-term photostability remain to be addressed. In addition, 
optical scattering and inherent light absorption characteristics of complex biological tissues can significantly 
attenuate the penetration depth and intensity of driving optical fields, making in vivo applications challenging. 
Photocatalytic surfaces can be passivated by biological fluids, which directly suppresses light-induced 
diffusiophoresis, making it difficult to maintain sufficient propulsive force. 

Electric Nanomotor Sensors: Electric fields are highly versatile for precise manipulation of various 
nanostructures, including metals, semiconductors, insulators, and their hybrids. Strategically applied electric fields 
can realize multimodal manipulation, including translocation, alignment, and rotation. The rich working 
mechanisms, depending on AC frequency, include electrophoresis, dielectrophoresis, electroosmosis, 
electrorotation, and electroalignment [75]. In motion-enhanced SERS, these mechanisms are most relevant when 
they translate, rotate, or reorient SERS-active probes to improve molecular transport and diffusion near plasmonic 
sensing interfaces. Kim et al. reported the rotary NEMS architecture and its operation at more than 18,000 rpm for 
15 h [72]. In a related SERS-functionalized implementation, Ag-coated rotors were used to monitor rotation-
dependent molecular release by Raman spectroscopy [27]. 

Taken together, motion-enhanced hybrid SERS platforms improve sensing primarily by increasing the mass 
transport of analyte molecules to (or away from) a sensor. Their value is therefore best assessed not only by EF or 
LOD, but also by detection time, dynamics, operational efficiency and durability in complex media, hotspot 
stability, and compatibility with quantitative readout. 

4.2. Field-Guided Hotspot Positioning and Assembly 

Field-guided platforms differ from motion-enhanced nanomotors because the external field is used primarily 
to position SERS-active components, assemble plasmonic junctions, or bring analytes into defined sensing regions, 
rather than to propel probes continuously through the sample. This strategy is particularly useful when SERS 
performance depends on forming reproducible nanogaps, interrogating a specific molecular interface, or 
maintaining spatial control over transient analyte–hotspot interactions. 

Optical tweezers provide a representative field-guided strategy because highly focused laser beams can 
mechanically manipulate plasmonic components at defined locations [180]. When combined with plasmonic 
materials, such as Ag-nanoparticle-distributed silica beads, optical trapping enables the dynamic formation and 
control of plasmonic hotspots. By optically focusing and precisely positioning two AgNP-coated silica beads, a 
controllable plasmonic junction with single-molecule sensitivity has been achieved [73]. This dynamic detection 
configuration allows interrogation of protein structures, including hemoglobin, lysozyme, and bovine serum 
albumin, without perturbing their native conformations. 

Furthermore, integration with microfluidic flow chambers enables real-time detection of globular proteins 
and facilitates studies of pH-dependent structural evolution of amylin (hIAPP), successfully capturing low-
concentration, transient intermediates relevant to amyloid formation [74]. The capacity for continuous 
measurement at well-defined spatial locations makes optical tweezer-assisted SERS a powerful platform for 
probing molecular dynamics in complex biological environments. 

Electric-field-guided manipulation provides another approach to hotspot positioning and probe orientation. 
Depending on AC frequency and field geometry, electrokinetic forces can translate, rotate, align, or orient 
anisotropic nanostructures in solution. Li et al. developed a versatile 3D electrokinetic tweezers technique that 
enables simultaneous 2D positional and 3D orientational control of anisotropic nanoparticles, with precision of 20 
nm in position and 0.5° in angle (Figure 5B) [75]. Such control is valuable for SERS because the signal often 
depends strongly on probe orientation, molecule–surface contact geometry, and the precise placement of 
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plasmonic nanostructures near target interfaces. By growing dense Ag nanoparticles on the surface of Au 
nanowires, the electrically driven SERS-active motors enable probing of cellular surfaces at the subcellular level 
and direct detection of metabolite release [75]. When integrated into a magnetically anchored rotary micromotor, 
controlled probe rotation enhanced molecular release from the sensing surface while enabling simultaneous SERS 
monitoring [27]. Importantly, this strategy can be generalized to various electronic materials, whose electrical 
conductivity can be tuned by light or other stimuli, opening new opportunities for adaptive SERS sensing [181–183]. 
Meanwhile, extending electric-field-guided SERS manipulation to complex biological media will require careful 
control of ionic strength, medium composition, and electrode configuration. 

Taken together, field-guided SERS platforms improve analytical performance by controlling where and when 
hotspots are positioned for deterministic sensing or targeted detection. The techniques are mostly suitable for on-
chip in vitro applications. 

 

Figure 5. Stimuli-Responsive Nanostructures for SERS Bioanalysis and Molecular Sensing. (A) (i-ii) Low- and 
high-magnification SEM images of Ag/Ni/Ag-core, silica-shell nanocapsules decorated with Ag nanoparticles. 
Adapted with permission from Ref. [184]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA. (iii-v) Surface, 
cross-sectional, and close-up SEM images of Ag nanoparticles and nanocavities in an Au-core nanoporous Raman 
nanosensor. Adapted with permission from Ref. [167]. Copyright 2018 American Chemical Society. (B) Localized 
detection of metabolites from a single E. coli cell using SERS-active nanocapsule sensors. (i) SEM image and (ii) 
schematic of a vertically aligned, silica-encapsulated nanowire coated with high-density Ag nanoparticles, enabling 
direct contact SERS measurement from a bacterial cell. (iii) Raman spectra collected at three positions (20 μm 
away, in contact, and 15 μm away after contact), with insets showing the corresponding optical images. Adapted 
with permission from Ref. [75]. Copyright 2023 Springer Nature. (C) (i) Schematic of the MiChip assay for 
biomarker detection. A sample is mixed with antibody-conjugated magnetic nanochains (Magchains) and SERS-
encoded probes to form sandwich immunocomplexes, which are magnetically isolated and detected via Raman 
spectroscopy. Adapted from Ref. [20] under the terms of the Creative Commons Attribution 4.0 License; changes 
were made. (ii) Schematic of analyte enrichment and detection using magnetic nanoparticle-immobilized porous β-
cyclodextrin polymer (MN-PCDP): (a) adsorption of organic pollutants from aqueous solution followed by 
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magnetic separation of MN-PCDP; (b) optical photograph and TEM image of MN-PCDP; and (c) desorption of the 
captured pollutants into ethanol for subsequent spectroscopic detection. The adsorption–desorption process enables 
up to approximately 1000-fold enrichment. Adapted from Ref. [76] under the terms of the Creative Commons 
Attribution 4.0 License; changes were made. (D) Synthetic route for antibody-modified Fe3O4@Ag magnetic tags 
and schematic of a magnetic SERS strip for the simultaneous detection of two respiratory viruses. Adapted with 
permission from Ref. [77]. Copyright 2019 American Chemical Society. 

4.3. Magnetic Capture and Separation for Enrichment-Assisted SERS 

In contrast to motion-enhanced nanomotor platforms and field-guided hotspot positioning, magnetic 
enrichment-assisted SERS platforms mainly use magnetic components to capture, isolate, and concentrate target 
species from complex samples before Raman readout. Magnetic hybrid nanomaterials, often referred to as 
magnetic–plasmonic (MP) nanocomposites, represent a versatile class of substrates for SERS, particularly in 
bioanalysis [37,185]. These composites integrate the unique magnetic properties of materials such as iron oxides 
(Fe3O4 or Fe2O3) with the strong plasmonic capabilities of noble metals within a single particle system. In these 
systems, the magnetic component does not necessarily provide the primary electromagnetic or chemical Raman 
enhancement. Instead, it improves the probability that low-abundance analytes, target-bound probes, or pathogen-
containing complexes are collected at SERS-active regions while reducing interference from the surrounding 
matrix [186]. 

First, the magnetic component enables efficient and rapid separation of target analytes from complex 
biological or environmental matrices, greatly simplifying sample pretreatment and improving analytical precision 
by reducing matrix interference [168]. This function is particularly important for detecting low-concentration 
biomarkers, pathogens, or contaminants that coexist with abundant interfering species. 

Second, Mag-SERS platforms integrate enrichment functions, enabling ultrasensitive detection, even at the 
single-molecule level [169–172,187]. For example, Zhang et al. reported an enrichment-assisted sensing strategy 
based on a magnetic mesoporous nanosponge [76]. The nanosponges are made of porous β-cyclodextrin polymers 
combined with magnetic nanoparticles. When dispersed in solution, the nanosponges enabled rapid and efficient 
removal of organic micropollutants, achieving approximately 90% removal within 1 min and concentrating 
pollutants by up to ~1000-fold. This enrichment approach greatly enhances detection sensitivity for common organic 
pollutants, lowering detection limits by two to three orders of magnitude (Figure 5C(ii)). Here, the central contribution 
of the magnetic component is the physical concentration of target molecules before spectral acquisition. 

The magnetic properties also allow for controllable aggregation and manipulation of these SERS substrates, 
which can dynamically create “hotspots” (regions of highly concentrated electromagnetic fields) at interparticle 
junctions, further boosting signal intensity and reproducibility [186]. However, in enrichment-assisted magnetic 
SERS, such hotspot formation should be interpreted together with target concentration and probe collection rather 
than treated as the sole origin of improved performance. When functionalized with biorecognition molecules such 
as antibodies or aptamers, magnetic–plasmonic probes can combine target isolation, enrichment, and SERS 
detection within the same assay format [173]. Additionally, the reusability of these magnetic substrates may further 
improve their cost-effectiveness and environmental friendliness [37]. 

Finally, the modular design and tunable surface chemistry of Mag-SERS platforms allow integration into 
diagnostic formats such as clinical assays and automated detection systems. For example, combining SERS-active 
particles with lateral flow assays (LFAs) or microfluidic systems can yield rapid, sensitive, and user-friendly 
diagnostic solutions [77,188]. In one study, a Mag-SERS-based LFA strip employing Fe3O4@Ag nanoparticles was 
developed for simultaneous detection of influenza A H1N1 virus and human adenovirus (HAdV) (Figure 5D) [77]. 
The magnetic nanotags, functionalized with dual Raman dyes and virus-specific capture antibodies, enabled both 
magnetic enrichment and specific viral recognition. The detection limits for H1N1 and HAdV were 50 PFU mL−1 
and 10 PFU mL−1, respectively, representing a 2000-fold sensitivity improvement over traditional colloidal gold-
based LFAs. Microfluidic integration further enhances the potential of Mag-SERS platforms for clinical 
diagnostics. As shown in Figure 5C(i), Xiong et al. reported a microfluidic biochip featuring magnetic nanochains 
that enable rapid mixing, bioseparation, and detection [20]. This system eliminates the need for external mixers or 
sensors and achieves highly sensitive detection of cancer biomarkers and bacterial species from just 1 µL of body 
fluid within 8 min. These integrated formats are useful when the analytical challenge involves not only Raman signal 
generation, but also sample preparation, target recovery, and reproducible probe placement in complex matrices. 

Overall, active-enrichment hybrid SERS platforms improve sensing performance by addressing different 
stages of the detection process. Motion-enhanced platforms increase convective mass transport and analyte flux to 
(or away) from a sensing surface through probe propulsion or rotation. Field-guided platforms enable active 
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hotspot positioning and local interrogation. Magnetic capture-assisted systems improve target isolation, 
enrichment, and matrix removal. These strategies do not replace electromagnetic or chemical enhancement, but 
address a different aspect of nanosensing by improving analyte transport and capture, as well as targeted detection. 

5. Summary and Perspective 

First observed in 1974, SERS has transitioned from a fundamental spectroscopic phenomenon into a highly 
versatile analytical tool with single-molecule sensitivity over the last 50 years. As discussed throughout this 
review, hybrid SERS platforms can alleviate persistent limitations of conventional noble-metal substrates. By 
strategically integrating plasmonic nanostructures with semiconductors, two-dimensional materials, photonic 
crystals, and responsive nanomotor systems, these architectures combine localized electromagnetic field 
amplification and charge-transfer processes with dynamic hotspot manipulation and localized analyte enrichment 
for active sensing in complex biological media. 

Despite the remarkable advancements, the translation of SERS into a practical quantitative tool for ultralow 
concentration analytes remains a major obstacle. Even in a simple dilute molecular solution, different molecular 
orientations and uneven electromagnetic field distributions within nanostructured hotspots frequently lead to 
notable single-molecule intensity fluctuations (SIFs) [189,190]. Standard quantification methods, which rely on 
the integrated intensity of all single-molecule signals, often struggle to maintain reproducibility and accuracy under 
these highly fluctuating conditions. To overcome this bottleneck, recent developments in digital (nano)colloid-
enhanced Raman spectroscopy (d(n)CERS) present a promising solution [191,192]. By dispersing metallic 
colloidal nanoparticles in aqueous solutions to ensure uniform colloid-molecule interaction, this approach converts 
variable analog signals into discrete single-molecule counting events. Fundamentally, let λ = Nevents/Nvoxels denote 
the mean number of analyte–hotspot events per voxel. Under a Poisson occupancy model, the ratio of positive 
voxels (RPV) is RPV = 1 − e−λ, equivalently λ = −ln(1 − RPV). Consequently, the detection probability is directly 
dictated by the number and density of available hotspots. While an increase in hotspot density enhances molecular 
occupancy probability, excessive colloidal concentrations may increase background scattering and reduce the 
number of effective hotspots. Furthermore, the accuracy of digital counting relies heavily on establishing a 
rigorous signal threshold to define an “on” event. A higher threshold can reduce false-positive detections, but it 
inevitably increases the false negative rate by filtering out authentic weak signals arising from hotspot 
heterogeneity. To mitigate these statistical fluctuations, practical substrate design must prioritize the spatial and 
temporal uniformity of the hotspots. Governed by Poisson statistics, this digitization effectively circumvents the 
limitations imposed by SIFs, facilitating reproducible quantification that is ultimately limited by the intrinsic 
Poisson noise of the measurement process. 

Beyond solution-based colloidal dispersions, the spatial discretization of targets across solid-state arrays 
offers a complementary strategy for digital SERS by structurally enforcing the Poisson sampling requirements. 
For instance, the physical compartmentalization of molecular targets within uniform, plasmonically active 
microchamber arrays can facilitate the sensitive, molecular-selective, and multiplexed monitoring of single-
enzyme reactions [193]. Similarly, digital nanopillar platforms leverage spatially isolated nanostructures to anchor 
and detect individual analytes at discrete plasmonic hotspots. Such architectures have demonstrated the capacity 
for attomolar-level quantification of cytokine biomarkers, enabling the longitudinal tracking of immune toxicities 
in cancer patients [194]. However, the translation of these digital SERS platforms into field-deployable sensors 
introduces a critical trade-off between the acquisition time needed for statistical confidence and the practical 
demand for rapid detection. Under ideal Poisson counting, the relative standard deviation of the accumulated “on” 
event count scales as RSD ≈ 1/√Non, where Non denotes the accumulated number of “on” event. Achieving a 
statistically significant count at ultralow concentrations thus requires collecting a large number of discrete 
sampling events, which prolongs the data acquisition process and challenges the feasibility of rapid diagnostics. It 
has been reported that integrating wide-field illumination with wavelength-tunable narrow bandpass filters may 
offer a potential strategy to accelerate large-area imaging without compromising the extensive statistical sampling 
size [193]. Together, these array-based digitalization strategies illustrate the significant translational potential of 
converting highly variable spectroscopic phenomena into robust counting metrics for precision clinical diagnostics 
and dynamic disease monitoring [195,196]. 

However, as these solid-state digital platforms scale to accommodate multiplexed analysis across thousands 
of discrete spatial entities, they inherently generate massive, high-dimensional spectral datasets. The sheer volume 
and intricate complexity of these data—encompassing subtle spectral variations and spatially resolved molecular 
fingerprints—frequently surpass the processing efficiency and interpretive capacity of conventional analytical 
methods. Consequently, the successful translation and broad implementation of these high-throughput digital and 
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hybrid SERS methodologies will increasingly depend on the integration of artificial intelligence (AI) and machine 
learning (ML). Rather than operating as isolated analytical add-ons, AI frameworks can be intrinsically woven 
into both the design and data-processing phases of SERS development [197–199]. 

In the foundational design phase, deep learning algorithms, such as generative adversarial networks (GANs) 
and variational autoencoders (VAEs), may help map relationships among molecular structures, substrate 
properties, and topologies [200]. Such models could support data-driven optimization of hybrid substrates, 
although direct experimental validation of inverse-designed SERS substrates remains limited. 

During data processing, AI-assisted methods can improve spectral quality, feature extraction, and 
interpretation [201,202]. The cited tools serve distinct purposes: RADAR removes spectral artifacts [203], SSNet 
performs spectral unmixing [204], PyFasma and RamanSPy provide preprocessing and multivariate-analysis 
pipelines [205,206], and peak-sensitive logistic regression (PSE-LR) supports spectral classification and 
interpretation [207]. SRS-Net, by contrast, is a physics-informed framework for modeling stimulated Raman 
scattering rather than a general SERS preprocessing tool [208]. Deep-learning classification has also been 
demonstrated for Raman-based liver-cancer diagnosis [209]. Recent studies have applied deep learning to distinct 
SERS tasks, including colloidal digital SERS analysis, therapeutic-drug monitoring on plasmonic metasurfaces, 
and leukemia classification [210–212]. More broadly, AI-assisted SERS workflows can support spectral 
classification and quality control across diverse sensing platforms [213–215]; these studies do not by themselves 
establish direct integration with digital single-molecule counting. 

Looking ahead, a particularly promising direction is the development of broadly trained large Raman models 
built from expansive, multi-center spectral databases. However, the practical realization of these foundational 
models relies on overcoming significant data standardization challenges. SERS datasets frequently exhibit high 
variability across different instruments, substrate architectures, and analytical conditions. A major underlying 
issue, as previously noted, is the inherent non-reproducibility of SERS hotspots, which produces inconsistent 
absolute signal intensities and spectral profiles. To ensure that training datasets are sufficiently standardized and 
generalizable, researchers can adopt rigorous data curation protocols, including comprehensive metadata reporting 
and the utilization of universal calibration reference materials across different laboratories. Moreover, the 
integration of digital SERS methodologies can structurally mitigate this challenge; by converting highly variable 
analog signals into threshold-based binary molecular counts, the dependence of the final dataset on spatial 
heterogeneity among individual hotspots is partially reduced, thereby providing more reproducible inputs for 
model training. Although this field is still emerging, such models could provide a unifying foundation for the 
SERS workflow. When strengthened by transfer learning, these models could be efficiently adapted to new 
analytical tasks without requiring large task-specific datasets. At the same time, explainable AI could reveal which 
spectral features drive each prediction, improving transparency, scientific insight, and user confidence. 
Collectively, these advances could link rational nanomaterial design with automated, reliable practical diagnostics. 
More broadly, hybrid and digital SERS platforms with integrated AI could offer a potential route toward converting 
sensitive SERS analysis into standardized, rapid platforms for real-world applications. 
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