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Abstract

Surface-Enhanced Raman Scattering (SERS) integrated with optical waveguide sensing offers a transformative
approach to overcoming the limitations of conventional SERS techniques, such as complex alignment requirements
and limited signal collection efficiency. By leveraging the unique properties of optical waveguides, this integration
significantly enhances detection sensitivity, simplifies sensor design, and enables the analysis of ultra-low
concentration analytes in trace-volume samples. This review explores the latest advancements in combining diverse
optical waveguide architectures with SERS technology, focusing on strategies to optimize the sensing interface and
SERS substrate design for maximal Raman signal enhancement. By enabling efficient analyte excitation and enhanced
scattered signal collection through waveguide-mediated light-matter interactions, this approach unlocks new
possibilities for high-sensitivity Raman detection. Furthermore, we discuss the potential of this integration to drive
breakthroughs in fields such as biomedical diagnostics, environmental monitoring, and chemical sensing, paving the

way for next-generation, portable and ultra-sensitive sensing platforms.

Introduction

In recent years, the demand for highly sensitive, por-
table, and label-free sensing technologies has grown sig-
nificantly across various fields, including biomedical
diagnostics, environmental monitoring, and chemical
analysis. Surface-enhanced Raman scattering (SERS) has
emerged as a powerful analytical tool due to its excep-
tional sensitivity and ability to provide molecular finger-
print information without labeling'~°. SERS, discovered in
the 1970s, relies primarily on the localized surface plas-
mon resonance (LSPR) effect’™*°. This effect occurs at the
interface of noble metal nanostructures (e.g., gold, silver,
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and copper) and enhances Raman signals by several
orders of magnitude. These metal-based SERS substrates
have been widely employed in the detection of trace
analytes, offering unparalleled sensitivity in molecular
identification.

However, conventional SERS techniques face several
inherent limitations that hinder their widespread adoption.
Traditional SERS requires coating a substrate with metal
nanoparticles, depositing samples, and analyzing them
using bulky Raman instruments for extended periods. This
approach suffers from complex operational procedures,
limited sample handling capabilities, and challenges in
aligning the excitation interface with the signal collection
area. Furthermore, limited spatial collection efficiency of
Raman signals is often constrained, leading to suboptimal
detection sensitivity, particularly for ultra-trace analytes in
complex matrices''™'?. These drawbacks, coupled with
rising demand for portable and rapid sensing, have driven
innovations to address these challenges.

Optical waveguides, particularly advanced optical fiber
architectures, have garnered significant research interest
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in photonic sensing applications due to their unique
combination of mechanical flexibility, compact geometry,
and exceptional immunity to electromagnetic inter-
ference'*™'”. The engineering of specialized waveguide
geometries enables tailored solutions for diverse detection
scenarios, while strategic integration with complementary
photonic technologies expands the operational versatility
of optical sensing platforms'® ™', This technological
synergy has catalyzed innovative approaches in surface-
enhanced Raman spectroscopy (SERS), where waveguide-
mediated excitation and signal collection mechanisms
overcome traditional limitations in conventional SERS
configurations. Precisely engineered evanescent coupling
allows waveguides to simultaneously deliver excitation
and collect signals with high efficiency. This optimizes
electromagnetic confinement and boosts sensitivity via
spatially controlled plasmonics*.

Notably, microstructured waveguide platforms including
photonic crystal fibers (PCFs) and lab-on-fiber devices
demonstrate unprecedented analytical capabilities through
monolithic integration of microfluidic functionalities™.
These hybrid architectures enable continuous-flow, label-
free analysis of attoliter-scale liquid specimens with sub-
second temporal resolution, representing a paradigm shift in
real-time molecular sensing applications. As Table 1 shows,
waveguide-enhanced SERS outperforms conventional con-
figurations in detection limits, multiplexing, and stability.
Current technological implementations range from fiber-
endface-integrated SERS probes for remote measurements
to optofluidic systems with transverse microchannels that
maximize analyte-waveguide interactions.

This review explores the developmental history (shown
in Fig. 1) and the latest advancements in combining optical
waveguide architectures with SERS technology, high-
lighting interface optimization and substrate design for
maximum Raman enhancement. We categorize these
advancements into two main approaches: (1) remote sen-
sing probes based on SERS-functionalized optical fiber tips,
and (2) microfluidic SERS sensing platforms utilizing the

Table 1
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internal structures of microstructured optical fibers. These
integrated systems harness waveguide-SERS synergies to
enable ultrasensitive detection, offering transformative
potential for next-generation portable sensors.

Beyond summarizing existing technologies, this review
identifies the limitations of current approaches and pro-
poses future research directions. Emerging technologies,
such as the integration of two-dimensional materials (e.g.,
graphene, MXenes) and advanced machine learning
algorithms for signal processing, are discussed as pro-
mising avenues for further enhancing SERS performance.
We further examine applications in optical waveguide-
integrated SERS in biomedical diagnostics, environmental
monitoring, and chemical industrial process control,
emphasizing the need for scalable fabrication techniques
and robust, reproducible sensing platforms

This review addresses key challenges in conventional
SERS methods and outlines emerging technological
solutions, providing researchers with a comprehensive
resource for Raman sensing and optical waveguide-based
detection.

Advancements in optical waveguide-integrated SERS
sensing platforms

The integration of SERS technology with optical wave-
guides addresses critical limitations of conventional SERS
methods, such as alignment complexity, limited spatial
signal collection, and bulky instrumentation. Waveguide-
enabled approaches have yielded transformative approa-
ches to SERS-functionalized fiber optic probes for remote
sensing. Below, we analyze these strategies, emphasizing
their design principles, performance metrics, and unre-
solved challenges.

Remote SERS sensing probes: from fiber tips to advanced
geometries
Fiber tip-modified SERS probes

The earliest efforts to integrate SERS with optical fibers
focused on functionalizing fiber tips with plasmonic

Summary of advantages and disadvantages of Raman sensors based optical fiber and conventional SERS

Type Advantage

Disadvantage

Conventional SERS detection

Raman detection of the sample solution directly Samples can be assayed in vitro and in vivo;

by the fiber optic tip
production

SERS substrate coated on the tip of the optical
fiber for Raman detection of the sample solution

Collection of Raman signals from liquids or
gases inside photonic crystal fibers

demonstrates flexibility of probes for easy

Increased detection limits for detectors

High detection limit; trace detection of samples

Enhancement of the Raman signal of the sample In a large Raman instrument for long-term Raman

detection analysis

Small area sensing limits progress to high
detection limits

Longer scanning time required; higher laser
power; large sample requirements

Unable to construct a microfluidic circulation feed
structure for optical fiber aperture treatment
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Fig. 1 A timeline picture of the development of optical fiber sensing technology combined with Raman spectroscopy technology

The leap from laboratory testing to
portable real-time monitoring

devices has been realized

nanostructures. In 1991, Bello et al. pioneered this
approach by employing a single-mode fiber to excite and
collect SERS signals from analytes mixed with colloidal
nanoparticles in a cuvette, as shown in Fig. 2b***°,

A typical system for non-contact excitation and recep-
tion of Raman signals between an optical fiber and a SERS
substrate is shown in Fig. 2a. In this system, an aluminum
layer was grown as a SERS substrate on a glass support
and placed in a container containing the analysis solution.
The single optical fiber strand was used to deliver the
laser beam into the sampling system, and another fiber
was used to collect the scattered radiation. This method
uses optical fibers to excite and receive scattered light
after the interaction between the SERS substrate and the
sample. It can already detect liquid samples with lower
concentrations, and the detection limit for (4-Amino-
benzoic acid, PABA) and terephthalic acid can reach
10~" mol/L.

Although both methods enabled in situ detection, their
sensitivity remained limited by poor excitation-SERS
region overlap®®”’. This spatial mismatch reduces
Raman signal generation and necessitates scattered light
collection through free-space optics, ultimately restricting
detectable sample concentrations. Overcoming this con-
centration barrier remains a key research priority, as
lower detection limits would significantly expand Raman
spectroscopy’s applications.

Subsequently, to improve the detection sensitivity of
optical fiber-based SERS sensing, a SERS substrate was
chemically grown on the tip of the optical fiber to con-
struct a highly sensitive Raman detection probe for

biological and chemical molecule detection®®™’. Viets
and Hill’s seminal work in 2000 introduced silver-coated
fiber tips with tilted end faces (40° inclination), optimizing
plasmonic coupling through controlled Ag/Al,O3
morphologies®*”. During the experiment, they also dis-
cussed the effects of the tilt angle of the fiber end face, the
morphology of the SERS substrate grown on the optical
fiber end-face, and the length of the sensing fiber on the
Raman detection effect of the sample. Three distinct SERS
architectures were compared: continuous silver films,
silver nanoparticles, and aluminum-supported silver
nanoparticles, as shown in Fig. 3. The 40° Ag/Al,O3
configuration yielded maximal enhancement, enabling
remote detection over 95 meters.

Further innovations, such as Pisco et al’s nanosphere
lithography technique (Fig. 4a)*, enabled the fabrication
of reproducible, large-area SERS substrates (e.g., close-
packed polystyrene arrays) on fiber facets. In a common
dye (crystal violet, CV) detection validation, these sub-
strates generated dense “plasmonic hot spots,” reducing
the detection limit for CV to sub-nanomolar levels.

On the other hand, the Taguenang J. M.s group
detected SERS on the tip of a 3 mm-core diameter (poly
methyl methacrylate, PMMA) plastic optical fiber. The
technique involves deposition of 30 nm gold nanoparticles
followed by deposition of sample of interest to be ana-
lyzed**. The group used a focused 633 nm laser to simplify
the SERS detection by connecting the other end of the
optical fiber directly to the spectrometer. the interference
spectrum of PMMA can be phase-subtracted to obtain
the SERS spectrum of the target molecule, and finally
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Fig. 4 Construction of densely arranged SERS nanoparticles on the optical fiber end-face. a Tip of the optical fiber, coated with 30 nm gold
and with the sample to be studied® © 2017 SPIE b Schematic representing the fabrication procedure for creating different fiber tip nanoprobes and
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succeeded in detecting the very low concentration of the
sample solutions (rhodamine 6 G, glycerin, Streptavidin,
(poly-L-lysine, PLL), concentrated acetaminophen and
salicylic acid, etc.) at the end of the optical fiber, with the
detection sensitivity of 0.1 pg.

Recent innovations, such as the gold nanocavity arrays
decorated with silver nanoparticles by Meng et al
(Fig. 4b)*, further enhanced sensitivity through multi-
reflective light trapping and hybrid LSPR effects. This
(nanocavity ordered array, COA) structure has a strong
light trapping capability and improves light utilization
through multiple reflections. In addition, the COA has a
large specific surface area, which can provide a large
number of SERS “hot spots” and also absorb more probe
molecules. In addition, the secondary deposition of silver
leads to strong coupling between gold nanocavities and
silver nanoparticles. Therefore, the nanocavity arrays can
further enhance the localized surface plasmon resonance
(LSPR) effect, thereby improving the sensitivity of the
SERS electrodes. This platform achieved 0.1 pg detection

limits for acetaminophen, demonstrating exceptional
pharmaceutical analysis capabilities.

Tapered and D-shaped fiber probes

To overcome the limited evanescent field interactions in
flat-tip designs, researchers have developed tapered and
D-shaped fiber probes. Optical fibers with these structures
enhance evanescent field exposure, increase the interac-
tion with the sample, and obtain stronger Raman scat-
tering signals.

Vo-Dinh et al. demonstrated a breakthrough with sub-
10 nm tapered fiber tips coated with Ag islands (Fig. 5)*°. In
the experiment, a 20 cm long section of 600 um-core was
clamped in a 10 W CO, laser based system and subjected to
conical stretching. The small scale of the tip may be
amenable to localized, nondestructive SERS-based analyses
of surfaces with high spatial selectivity. Furthermore, an
oscillating mirror defines the length of fiber heated by the
laser. The pulling process involves a computer-controlled
solenoid, which provides a velocity-of-pull feed-back signal

Light Sci Appl | 2025 | Vol 14 | Issue 12 | 3879 LSA
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to the computer. This technique offers a high degree of
control over both the diameter of the tip and the length
(and hence the angle) of the taper.

The contact probe’s intrinsic SERS activity enables
direct, label-free analysis of surface analytes with sub-
micrometer spatial resolution. This approach achieved
25% signal variation across five probe tips, demonstrating
applicability to diverse surfaces without sample
pretreatment.

The nanoscale tip enabled localized SERS measurements
on dry surfaces, showcasing applications in in situ chemical
mapping and intracellular analysis. This growth of SERS
substrates at the tip of the optical fiber as Raman probes
lays the foundation for the subsequent field of combining
optical fiber sensing and SERS technologies®**.

The sparse distribution of SERS-active particles necessi-
tates prolonged scanning with high laser power. To address
this, researchers developed two complementary strategies:
(1) optical fiber probes enhancing local fields, and (2)
active-area expansion via D-shaped fibers (Fig. 6)*°. Side-
polished to expose the core, these D-shaped fibers provide a
1.6 x 10°-fold larger SERS area than conventional tips.
Their unique geometry enables perpendicular excitation
and intensified light-analyte interactions, yielding three-
order-of-magnitude Raman signal enhancement.

Challenge and solution

Despite their potential, current remote sensing probes
face scalability challenges in medical, environmental, and
chemical testing applications where trace liquid analysis
demands ultrahigh sensitivity. The high consumption of
liquid samples by this remote sensing probe structure, the
need for precision machining, the susceptibility to
mechanical damage, and the limited contact area of the
optical waveguide probe with the liquid, limiting its
detection sensitivity, are all challenges for scalable
deployment™.

Optical fiber evolution has produced specialized archi-
tectures for trace analyte detection, such as photonic crystal
fiber**™**, has gradually appeared, through its internal
porous structure to realize the detection of gas in the

3880 | Light Sci Appl | 2025 | Vol 14 | Issue 12
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fiber*’; Hollow optical fiber, using the air-channel inside
the optical fiber can realize highly sensitive detection of gas
and liquid44_46; Ring core fiber, Suspended core fiber, etc.
In order to meet the need for highly sensitive detection of
trace liquid and gas samples, the shape of the optical fiber
has gradually developed into various forms, and the opto-
fluidic Raman sensing probe is constructed by combining
with SERS to facilitate the best results®’.

Hollow-core PCFs for enhanced sensitivity

Since their 1990s debut, photonic crystal fibers
(PCFs) have emerged as a groundbreaking class of optical
waveguides, characterized by their unique micro-
structured cladding and hollow-core designs (Fig. 7).
Their hallmark ultra-low propagation loss (<0.1 dB/km in
specific bandgap-guided configurations), which enables
centimeter-scale light-matter interaction lengths™,

This extended interaction enhances analytical signals
through coherent accumulation effects, particularly in
evanescent-field-based ~ sensing modalities”.  PCFs
have been extensively exploited for multiparameter sen-
sing applications, including (i) refractive index (RI)
metrology with sensitivity up to 10,000 nm/RIU",
(ii) broadband absorbance spectroscopy spanning UV-vis-
NIR wavelengthsm’sz, (iii)surface plasmon resonance
(SPR) detection at attomolar concentrations®°*, and
(iv) fiber-enhanced Raman scattering (FERS) with signal
amplification exceeding 10° fold”>~>’(Fig. 8).

In Raman applications, PCF exploits bandgap effects
to confine light in hollow cores, enabling centimeter-
scale interaction paths with analytes®®””. Shi et al. pio-
neered this approach by coating hollow-core fibers with
Ag nanoparticles (AgNPs), creating a “sandwich” SERS
enhancement (Fig. 9)°°. Their system demonstrated

LSA
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Fig. 7 Photonic crystal optical fiber*®. a Microscopic image of the cross-section of a solid silica optical fiber. b Scanning electron microscope (SEM)
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that after growing a SERS substrate on the surface of the
optical fiber and placing the optical fiber probe into a
cuvette with a mixture of SERS and sample solutions,
the SERS nanoparticles with the samples would bind to

signal by more than 10 times compared to a planar
substrate.

Tapered opto-fluidic photonic crystal fiber with SERS

The Amine Benazza group developed tapered
suspended-core photonic crystal fiber (Tapered-SuC-
PCFs) using a stack-and-draw technique, assembling
three silica capillaries in a silicone tube preform under
controlled pressure gradients (Fig. 10a)°”. Its mode field
diameter (MFD) is about 2 um, the emission wavelength is
785nm, and the laser is linear polarization maintained
through stress-induced birefringence. Based on these
parameters, the overlap integrals of the SuC-PCF funda-
mental mode EMF distribution with the Gaussian beam of
the excitation laser were calculated using the finite ele-
ment method to generate a two-dimensional matrix of the
components of the EMF distribution of the incident beam
(linearly polarized). In order to simulate possible devia-
tions during the measurement process, the center of the
incident beam was randomly positioned at 200 points
within a disk with a radius of 1 um (Fig. 10b).

The normalized coupling coefficient (C) is derived
according to Eq. (1) based on the continuity of the
transverse field components between the incident beam
and the fiber modes across the fiber cross-section:

C

1 J(E wa(x,y)x H (x,9) + E (x,))dxdy

ok

AT R(E ()% Hyy 5, 3)disdyx \/3 [ Re(E (x,3) < H (3,))dixdy

the SERS substrate on the surface of the probe, resulting
in a chemotaxis effect and increasing the Raman
sensing effect of the optical fiber probe®’. Rhodamine
6 G (R6G) was used as the analyte molecule to achieve
highly sensitive detection of trace amounts of R6G at a
concentration of 107® Mol/L in an effective liquid
volume of 1.41x 10~* L. This design amplifies the R6G

With E,,, and Hy,, are the x and y components of the
electric and magnetic fields of the fundamental mode fluid
inside the fiber. E,,(x, y) and Hy,(x, y) are the x and y
components of the electric and magnetic fields of the laser
Gaussian beam.

Figure 10c represents the normalized coupling coeffi-
cient between the incident Gaussian beam and the

Light Sci Appl | 2025 | Vol 14 | Issue 12 | 3881 LSA
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fundamental mode of SuC-PCFs with different core dia-
meters. Finite element simulations revealed a normalized
coupling coefficient of 0.93 (maximal) and 0.64 (average)
with the Tapered-SuC-PCF with a core diameter of 6 um,
ensuring efficient laser-to-fiber mode matching. Functio-
nalized with AuNPs and 4-aminothiophenol (ATP), the
Tapered-SuC-PCF fiber was able to detect 100 nM of
ATP, a 12-fold SERS enhancement compared to con-
ventional cuvette systems.

The above verifies that photonic crystal fibers (PCFs) in
combination with SERS can be used as highly sensitive
Raman sensing probes, therefor, broadening their applica-
tions in the detection field, mostly being used in bio-
chemical trace sample detection®®>~°°, shown in the Fig, 11.

Altaf Khetani et al. developed a portable, antibody-free
leukemia detection platform using silver nanoparticle-
functionalized HC-PCFs®”. Dinish et al. created a SERS
sensor based on a suspended-core photonic crystal fiber
(PCF) with high reproducibility and repeatability,
demonstrating the use of such a sensor for the detection
of ovarian cancer biomarkers (haptoglobin) in cyst fluid,
which can help to differentiate the stage of the cancer®® In
2020, this group investigated the properties of SERS and

3882 | Light Sci Appl | 2025 | Vol 14 | Issue 12

their interaction with PCE probe core size®. They fabri-
cated several standard PCF design samples with different
core sizes and performed SERS measurements on stan-
dard Raman-active molecules under the same conditions,
allowing a direct comparison of the SERS intensity and
measurement reliability for each conformation and pro-
viding a clear direction for optimizing SERS-active PCF
probes.

This platform is expected to provide a unique oppor-
tunity to address several significant challenges in the
development of an optofluidic liquid biopsy needle sensor
capable of one-step integration of sample collection and
disease diagnostic testing. However, due to the bandgap
structure inside the PCFs, there are problems such as the
inability to open holes to construct a fast liquid flow
channel in the SERS optofluidic liquid detection probe,
which can only rely on the capillary effect leading to a
longer detection time; the optical mode coupling between
the narrower aperture and the modes in the glass ring
around the hollow core may degrade the performance”®.
These challenges highlight opportunities for developing
next-generation optofluidic sensors with enhanced sen-
sitivity and real-time monitoring capabilities.
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Hollow-core anti-resonant fibers (HcARFs): breaking
sensitivity barriers

Hollow-core microstructured fibers (HC-MOF) offer
an alternative to PCFs by confining light in air
channels, simultaneously expanding plasmonic illumina-
tion area’'~’* and reducing the background Raman signal
from the fibrous material (glass)”>~"”. In 2022, Merdali-
mova et al. utilized HcARFs for nanoliter-scale SERS of
R6G, resolving concentration fluctuations in drying dro-
plets’®. The fiber’s hollow core (240 pm diameter) con-
fined samples within a 2cm length, reducing reagent
consumption to <5 pL. This approach is scalable for liquid
biopsy and exhaled air analysis, addressing clinical needs
for rapid, low-volume diagnostics.

Among the various forms of microstructured optical
fibers (MOF), a new hollow resonant fiber (HcARF) has
recently emerged””™®' that utilizes anti-resonance gui-
dance to minimize silica background signals while max-
imizing interaction with analytes. The light-conducting
properties of this kind of fibers break through bottlenecks
in the fields of high-power transmission and efficient
optical waveguides and have become indispensable for
biochemical, gas, strain and temperature sensing. Wang
et al. demonstrated a three-order-of-magnitude Raman

enhancement using HcARFs coated with Ag/ZnO nano-
composites (Fig. 12)*>. The hybrid plasmonic-photonic
coupling mechanism enabled single exosome detection,
with multiplexed protein profiling on exosome surfaces.
This platform achieved an enhancement factor (EF) >10°,
critical for early cancer diagnostics.

Suspended-core fibers (SCFs): precision sensing at the
nanoscale

Microstructured optical fibers (MOFs) have advanced
rapidly through innovative fabrication techniques,
expanding light-matter interaction frontiers. This sig-
nificant advancement in MOF is essentially due to its
high degree of design flexibility, whereby fiber properties
can be manipulated by simply changing the fiber
geometry83.

A special example of solid core (SC) MOF is the sus-
pended core fiber (SCF). This type of fiber consists of a
silicon rod (=1 pm) with a diameter comparable to the
wavelength of light, suspended on three thin (~100 nm)
struts attached to the solid cladding of the fiber. Since
the pillars are much longer than the core diameter, the
core is surrounded by large air holes. Due to the large
refractive index contrast between the solid core and the

Light Sci Appl | 2025 | Vol 14 | Issue 12 | 3883 LSA
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air holes, light is confined to the core, and typically a few
per cent of the total power penetrates the air holes in the
form of evanescent extinction waves. Independently of
the strong confinement of light, the application of
optical fibers as chemical sensors is demonstrated®*®”.
L. B. Yuan’s group at Harbin Engineering University
proposed a special suspended-core fiber (SCF)®®, shown
in Fig. 13, where the fiber core is suspended in the air
holes near the inner surface of the capillary. It consists
of three parts: a central circular hole with a diameter of
~43 pm, a suspended core of 8 pm, a ring silica cladding
with a thickness of 41.5 pm, and a silicon cladding with a
diameter of 125 um. The refractive indices of the clad-
ding, core and hole are represented by g, n. and ny,
respectively, and #n.>ns>nq=1. This type of optical
fiber, leveraging its unique internal structure, holds great
potential for the fabrication of evanescent field-based
biosensors and gas sensors®’ 7,

Combining Raman scattering theory with optical
waveguide principles, we establish the structural
dependence of Raman signals in fibers. The Stokes
Raman signal intensity at propagation distance z is
given by:

1 holeC/(/1 k(A ( //‘ )1/2|aE‘

x fholeﬁ""’“Re[(eExh )2] exp(—y%)ds

Pole) = @
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Internal gas Among them, C is the concentration of the test sample,

A is the operating wavelength of the laser excitation, j(A) is
the Raman scattering cross-section area, k(1) is the exci-
tation beam spectral intensity, e and /. are the corre-
sponding electric and magnetic fields, yg is the fiber
transmission loss, €y and g are the electric and magnetic
field vectors, and Z is the fiber length. The Raman scat-
tering intensity is expressed by Eq. (4):

z 22
dRp(z) = % ler] pD( )dz
ﬂnéole%eo/uo)“ﬂm 595 (4601 (@)
S(A)Rpt nhaleskRNR /14
x exp(—ygz) exp(—ygz)dz
% [ potes €r | Re[(ex x 1) 2]ds
Here, n"'®® is the refractive index of the liquid sample to

be measured in the air hole, and Ny, is the Poynting vector.
Due to the small Raman frequency shift, it can be
assumed that nz™ = 1" yp=yp, kp=kp=21/\,
wg = 2mnc/\, N = NEg. Integrate the Raman signal over the
entire length of the fiber, and the Raman signal strength
obtained from the fiber end face is shown in Eq. 5, which
can be written as the ratio of the normalized mode field
area of the light field to the effective mode field area:

P A*NOI
R—_-R _ (5)
Agr

The normalized overlap intensity can be expressed as
where the mode field area A of the optical field modes is
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Fig. 14 Schematic diagram of the evanescent field of the suspended
core of M-SCF

. J

given by Eq. 6.

A= GKO) 1 )y ©

The normalized overlap strength NOI can be expressed
as Eq. 7:

NOI = (S_O> v ftotal|e‘2ds fholes'e|2Re[(e>< h*)i]ds
Ho fholes(ex hx)ids ftgm[‘Re[(eX h*)‘%} ‘zds

(7)

The effective mode field area of light field modeAy is
shown in Eq. 8:

_ (ftota[Re[(eX h*)éds])z

- 8
oratlRe[(ex 1*)2)*dis (8)

€

In summary, the intensity of the Raman signal is pro-
portional to the normalized overlap and inversely pro-
portional to the effective mode field area. The above
formula is applicable to gas and liquid Raman detection
environments”> "’ Suspended-core fiber (SCF) based
sensing platforms are of particular interest for small-
volume chemical and biological sensing because the sig-
nals generated by the analytes are integrated along the
length of the fibers, resulting in low detection limits, while
their fill volume is typically in the 10 s of nanoliters range,
SCF Raman sensors have been proposed to improve
Raman detection in trace liquid samples”®™'%', Mean-
while, gradually SERS techniques have been used to
combine with this structure optical fiber to improve the
Raman detection sensitivity'*>~'%%,

In 2019, the author’s group proposed the used of
microstructured suspended core optical fibers (M-SCF) in
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combination with SERS technology, where the fiber core
is pre-treated and SERS nanoparticles are grown on the
surface of the suspended core through chemical bonding
connections'’”. The microscopic view of the end face of
the M-SCF is shown in Fig. 14, where the sample flows
inside the air holes and interacts with the SERS substrate
grown on the surface of the core.

Using the special internal structure of the special optical
fiber, the surface of the optical fiber is treated with open
holes, and the liquid sample flows through the air holes to
contact with the SERS substrate on the surface of the fiber
core, which excites the sample and collects the Raman
signals through the evanescent field of the fiber core, as
shown in the enlarged inset in Fig. 15. In the preliminary
validation, using (rhodamine 6 G, R6G) as the beacon
molecule, the detection limit can reach 10~ '*mol/L, and
the calculated enhancement factor can reach 10°. These
results imply that the Raman sensing probe constructed
by combining the suspended-core optical fiber and SERS
has the ability of Raman detection of trace samples with
high sensitivity, which can provide a truly meaningful
optofluidic Raman sensing platform for the detection of
the trace chemical and biological samples in the future.

According to the comparison of the enhancement factors
of several typical optical fiber structures in Raman detection,
as shown in Table 2, the comparison shows that the Raman
sensor with SERS substrate integrated inside this M-SCF has
a high enhancement factor, which can be applied in the
biological samples that are more difficult to detect.

This optofluidic SERS probe based on M-SCF can
achieve label-free and specific binding of trace targets
through the modification of SERS nanoparticles, making it
widely applicable in biological and chemical high-
sensitivity detection'””™'". Based on the above Raman
probe, we designed structured SERS nanoparticles by
incorporating (graphene oxide, GO) into silver nano-
particles systems, preventing aggregation while boosting
Raman enhancement.

Functionalizing the SERS substrate with
4-mercaptophenylboronic acid, the connection of ester
bond with glucose molecules was formed, and the highly
sensitive detection of glucose was achieved in the cere-
brospinal fluid of SD rats to exclude the interference of
other impurities. In the experiment, the concentration of
glucose solutions selected was detected in the range of
0.5-10 mmol/L. In addition, the detection time was 25s
for all the different concentrations of glucose solutions.
Figure 16 demonstrates the characterization of composite
SERS substrate electron microscopy, atomic force
microscopy, etc'®,

As a fundamental DNA nucleobase, adenine is involved
in the storage of genetic information and signaling in cells.
If abnormal changes in the concentration of DNA bases
occur, it may indicate the presence of HIV infection,
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Table 2 Enhancement factors of devices combining different types of optical fibers with SERS technology

Type

Detection limit for R6G Enhanced factor

Raman detection of sample solution directly from the fiber optic tip

Raman detection of sample solution with SERS substrate coated on fiber tip

Collection of Raman signals from liquids or gases inside the PCFs

Raman detection of a sample solution by growing a SERS substrate inside a M-SCF

~10""mol/L 10*-10°
1078210 mol/L 10°-12x 10°
1071°-107"" mol/L ~108

10~ mol/L 13x10°

hematologic disorders, or cancer in the body. Therefore,
in this sense, using nano-biosensing technology to detect
adenine faster and more efficiently is of great significance
in clinical diagnosis. The author’s group added PDDA to
the Ag NPs/ (graphene oxide, GO) solution and grew a
composite SERS substrate inside the M-SCF'*°. By
forming an ester bond with adenine molecules, the group
achieved precise capture of adenine in crude DNA pur-
ification solutions while excluding interference from other
impurities. In the experiments, the detection limit for
adenine aqueous solutions reached 10" mol/L, with a
detection time of only 30s, as shown in Fig. 17.
Bilirubin is normally excreted by the body in the form of
bile; prior to this, bilirubin molecules bind to albumin to
form a water-soluble complex that is present in the blood.

3886 | Light Sci Appl | 2025 | Vol 14 | Issue 12

Free bilirubin in human serum is not normally secreted and
is toxic to the body. High concentrations of free bilirubin
can cause a range of disorders, particularly jaundice, which
is one of the leading causes of neonatal mortality. The free
bilirubin level in the blood of a healthy person is less than
25 pmol/L. However, when a person suffers from jaundice,
the free bilirubin level can be higher than 50 pmol/L.
Therefore, the monitoring of free bilirubin concentration in
the serum of a person is urgently needed for the diagnosis
of a series of diseases such as jaundice. In recent years,
SERS has received increasing attention due to its high
sensitivity, simplicity and flexibility. In this study, this rapid,
sensitive and unlabeled in-fiber free bilirubin in blood
serum on-line SERS sensor can successfully detect the
content of bilirubin in the actual blood environment of the
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human body, which provides a broad scope for accurate
clinical diagnosis of jaundice and related diseases pro-
spects. Also, due to these advantages, it has been applied in
the improvement of biomedical (point-of-care testing,
POCT) techniques. In the author’s group, a self-assembled
GO/Ag NPs SERS sensor based on a novel photo-fluidic
MHEF is proposed as a POCT device.

On the other hand, there exists electrostatic force in this
kind of composite SERS (GO/PDDA/Ag NPs) substrate,
and in the research, it is found that this electrostatic force
can bind with bilirubin molecules and make them
detached from hemoglobin. In the experiments, the
bilirubin concentration ranged from 10-100 pmol/L, and
the response time was bit 25s. So that is realizes highly

sensitive and rapid bilirubin detection in blood environ-
ment, and provides a research basis for the detection of
diseases such as jaundice, detection of jaundice and other
diseases to provide a research basis, as shown in Fig. 18197,

Researchers are increasingly developing specialty optical
fibers integrated with composite SERS nanoparticles to
enable label-free, rapid, and ultrasensitive detection. In
2023, Zhang’s group proposed that the SERS platform
based on a M-SCF decorated with Ag/ZnO nanocompo-
sites on its inner surface for direct, ultrasensitive and
reusable analyte detection'*®. This unique configuration
not only delivers the core-located field to the liquid
interface, which greatly enhances the light-analyte inter-
action, but also facilitates charge transfer, further

Light Sci Appl | 2025 | Vol 14 | Issue 12 | 3887 LSA
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improving the SERS detection sensitivity and degradation
efficiency. The detection limit of the crystal violet solution
was 10713 mol/L with an enhancement factor of 10!, as
shown in Fig. 19. The relative standard deviation (RSD)
was as low as 5.4%, which ensured the reproducibility of
the SERS assay. The probe exhibits dual functionality,

3888 | Light Sci Appl | 2025 | Vol 14 | Issue 12

combining photocatalytic molecule degradation (20 min
under UV irradiation) with ultrasensitive SERS detection.
This ultra-sensitive, reusable SERS probe has great
potential for rapid in situ liquid detection.

Introduction of emerging technologies to promote
practicality

In the research field of optical waveguide-SERS integra-
tion, it is essential to design specialized optical waveguide
structures integrated with novel SERS nanoparticles. This
approach aims to develop probes with higher Raman
enhancement effect, thereby expanding their applications
in trace detection, high-sensitivity, and rapid monitoring.
The ultimate goal is to advance optofluidic SERS waveguide
sensing technology toward practical implementation.
Current challenges include optimizing the fabrication
processes of SERS-active nanostructured substrates,
improving the efficiency of scattered signal collection, and
enhancing spectral processing precision for complex data.
By incorporating cutting-edge technologies, these
improvements could yield probes with superior sensitivity
for Raman enhancement, transforming them into fast,
efficient, in-situ detection tools for clinical diagnostics,
environmental monitoring, and related fields.
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Fig. 19 Novel sensing device with Ag/ZnO nanocomposites
constructed inside M-SCF. a Schematic illustration of the SERS probe
based on Ag/Zn Onanocomposite (AZO)-decorated M-SCF. The
Raman signal was collected in a backscattering configuration. b SEM
image of the end face of pristine M-SCF. ¢ SEM image of the end face
of SCF decorated with ZnO nanorods. d, @ SEM images of the end face
of M-SCF decorated with AZO at different magnifications'®. © ACS
Publications

Femtosecond laser processing technology: enabling
customized preparation of SERS substrates

Due to the small size of the MOF, the preparation
process is more difficult for deposition as a method, and
most of the researchers choose to chemically pre-treat the
fibers and in-situ grow the SERS substrate inside the MOF
by means of a chemical bonding connection; however, in
order to ensure the homogeneity of the SERS integration
in the MOF, the After a large number of experimental
conclusions the growth time is strictly controlled to
ensure the uniformity of the grown SERS.

Structural uniformity constitutes a paramount criterion
in the systematic evaluation of surface-enhanced Raman
scattering (SERS) substrates, particularly when deployed
for quantitative analyte detection and hyperspectral ima-
ging applications. The reliability of spectroscopic readouts
fundamentally depends on the signal reproducibility
inherent to substrate architectures. This dependence
arises from the intrinsically surface-sensitive nature of
SERS phenomena, which exhibit acute reliance on both
localized electromagnetic field enhancement and

Fig. 20 Schematic for the fabrication of the Si microfluidic SERS
chips'?. a Ultraviolet-ozone cleaning system. b Silicon wafers
immersed in n-hexane. ¢ Femtosecond laser fabrication of micro-nano
structured square regions. d Silver (Ag) film deposition on square
regions. © RSC Publishing

chemical environment characteristics. For colloidal
nanoparticle-derived substrates, achieving morphological
homogeneity in nanoparticle dimensions, geometric
configurations, and interparticle spacing is critical for
ensuring electromagnetic hotspot uniformity. For engi-
neered assembly-based substrates and periodic plasmonic
arrays, precise control over interparticle gap dimensions
(<5 nm) and their statistical distribution is required to
optimize hotspot density and electromagnetic coupling
efficiency. State-of-the-art nanofabrication methodolo-
gies, including photolithographic  patterning'®''°,
electron-beam lithography (EBL)"''~"'*, and focused ion
beam (FIB)''°~'** milling, have been rigorously explored
to address these nanoarchitectural requirements. Never-
theless, challenges persist in simultaneously optimizing
spatial uniformity, fabrication throughput, nanoscale
precision, process reproducibility, and technical com-
plexity within scalable manufacturing paradigms.

Femtosecond laser direct writing is one of the surface
patterning techniques employed as a promising approach
for creating three-dimensional nanostructures'*'~'**, The
resolution of femtosecond laser-induced forward transfer
formed plasmonic particles is as high as 40 nm and the
fabrication scale can reach several millimeters, enough to
meet large-scale SERS detection applications, showing
great potential to be a substitute for other-technique
built-in Raman active substrates for microfluidic SERS
application after transferring into soft polymers'**'*”,
Guo’s group presented a novel self-driven microfluidic
surface-enhanced Raman scattering (SERS) device for
rapid detection of Hg™. The device is fabricated by fem-
tosecond laser direct writing, and does not rely on
external driving sources (as shown in Fig. 20). Instead, it
uses capillary action to drive the flow of the sample, with
the flow speed being tunable. The SERS active detection
sites are created by femtosecond laser-induced periodic
surface structures (LIPSS), followed by the deposition of a
30 nm silver layer to enhance the Raman signal. The chip
is used for the quantitative analysis of Hg™, achieving a
detection limit as low as 10~° M'*°,

Hu’s group introduced a superhydrophobic/-philic
surface-enhanced Raman scattering (SERS) platform based

Light Sci Appl | 2025 | Vol 14 | Issue 12 | 3889 LSA
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on femtosecond laser-induced periodic surface structures
(LIPSS) and silver nanoparticles (AgNPs) for trace detec-
tion of molecules'*”, as shown in Fig. 21. The platform was
used for trace detection of crystal violet mixed with silver
nanoparticles, achieving a limit of detection (LOD) of
1.22 x 10*> M and an enhancement factor of 3.69 x 10'°.
Furthermore, by integrating COF@Ag composites, the
detection efficiency was significantly improved, enabling
the successful detection of the antibiotic amoxicillin
(AMX) with an LOD of 1.01x10 "' M. This study
demonstrates the practical application potential of the
superhydrophobic/-philic SERS platform in biosensing and
quantitative analysis.

Researchers have used femtosecond laser technology to
fabricate nanostructures with periodic patterns on different
material surfaces, thereby enhancing the SERS signal
enhancement factor and achieving high-sensitivity mole-
cular detection, shown in Fig. 22. Sugioka’s group induced
nanostripes and nanopillar arrays on ZnO surfaces using
femtosecond laser'*®, combined with defect regulation and
silver nanoparticle deposition, achieving a SERS enhance-
ment factor of 2.28 x 10”. Venkatakrishnan’s group pio-
neered femtosecond laser-induced isotope enrichment at

3890 | Light Sci Appl | 2025 | Vol 14 | Issue 12

Ag nanopatrticles

Fig. 22 Schematic diagram of Raman scattering enhancement
generated by nanopillar arrays'®'. © Elsevier

. J

the nanoscale (LIIEN), combined with the plasma cen-
trifugal effect, to achieve a 5000-fold enrichment of '*>C in
carbon nanostructures, providing a new method for
isotope-labeled SERS detection'”. Zhou’s group precisely
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controlled the femtosecond laser-induced plasma-assisted
ablation (LIPAA) to fabricate silicon nanoparticles, sub-
sequent silver coating formed a homogeneous SERS sub-
strate with a detection limit of 1 ppm for malachite green,
outperforming traditional chemical synthesis'*’. Further
optimization of these substrates will expand SERS appli-
cations more widespread in the medical, environmental,
and food fields, offering higher detection accuracy and real-
time capabilities'*' %%,

Cavity enhancement technology: enhancing light-matter
interactions

The interaction area between light and matter determines
the enhancement of sample excitation signals by integrated
SERS sensing structures. To increase the interaction area
between light and matter, the developmental trajectory of
combining optical waveguides with SERS technology has
been summarized, culminating in the construction of
optofluidic sensing probes with SERS substrates integrated
within specially structured optical waveguides. By leveraging
the synergistic relationship between photonics and micro-
fluidics in optofluidic technology, the interaction between
light and the SERS substrate is enhanced, thereby further
improving detection sensitivity and stability. However, at the
current stage, the primary challenge in the research of
optofluidic SERS probes revolves around enhancing the
utilization of the optical field. Specifically, it is crucial to
develop approaches that simultaneously increase light-
matter interaction while improving SERS signal collection
efficiency. To overcome traditional limitations, advancing
beyond one-dimensional signal collection to achieve multi-
angle sample excitation and efficient multi-perspective sig-
nal detection is essential.

Notably, the integration of optical cavities with Raman
spectroscopy demonstrates advantageous characteristics in
optimizing the collection efficiency of Raman scatter-
ing'*>~'**_ On one hand, optical microcavities can enhance
the local electric field energy through multiple reflections,
enhancing electromagnetic hot spots on the substrate. On
the other hand, they improve the optical matching between
the probe and the scattered light field, enabling highly sen-
sitive detection of target analytes. Crozier et al. fabricated a
high-Q (Q = 1500) photonic crystal cavity and waveguide on
an SOI wafer, integrated with a PDMS microfluidic channel
to form an on-chip sensing platform, as illustrated in Fig. 23.
By leveraging the strong evanescent field of the TM mode to
enhance optical forces, they achieved directional trapping
and aggregation of silver nanoparticles. Combining the dual
enhancement effects of localized surface plasmon resonance
(LSPR) and cavity resonance, an average enhancement factor
(EF) of 5 x 10° was obtained. The platform addressed the
issue of non-reusability in traditional SERS substrates by
toggling the trapping laser to release nanoparticles and
subsequently capture new ones, enabling sequential detec-
tion of multiple-analytes (e.g, pMA and 2-NT)"*,

As a prominent example, ultra-high quality factor (Q)
whispering-gallery-mode (WGM) microresonators'*’, as a
type of optical microcavity, are ideal candidates for sen-
sors' "2 microlasers'*>'**, and nonlinear optical sys-
tems'*”. In WGM microsensors, the long photon lifetime
and strong spatial confinement of light, characterized by
high Q factors and small mode volumes V, respectively,
enhance the interaction between light and analytes, thereby
achieving high sensitivity. To further improve the detection
limit, plasmonic nanostructures, such as gold nanorods,
have been introduced to enhance the light-matter
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Fig. 24 The microsphere WGM resonator is mounted on a 3D nano-translation stage through a supporting fiber stem for scanning a
. a Schematic of a scanning whispering gallery mode (WGM) microprobe for ultrahigh-sensitivity molecular detection and
imaging. b Numerical simulation diagram of the optoplasmonic hybrid mode. ¢ Different configurations for exciting Raman scattering. d Raman
spectra corresponding to the three configurations in c. © Springer Nature

interaction on the

have demonstrated single-molecule/atomic ion detection

surface of WGM microsensors. Studies  application of microcavities (WGMs) and optofluidic

technology in Raman detection can significantly enhance

in 'WGM-nanoplasmonic hybrid systems'**~'*®, The  the sensitivity of Raman signals, enabling applications in
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protein detection and trace volume analysis
(e.g., pesticide residue detection). As shown in Fig. 24, Yang
et al. proposed a novel scanning WGM microprobe that
addresses the challenge of simultaneously achieving ultra-
high sensitivity and large detection areas in traditional
microsensors by leveraging the synergistic enhancement
mechanism of high-Q WGM microcavities and nano-
plasmonics. Through the coupling of the localized resonant
optical field of WGMs and the electromagnetic field
enhancement of nanoplasmonics, the sensitivity of Raman
signals was improved by two orders of magnitude com-
pared to traditional surface-enhanced Raman spectroscopy
(SERS) substrates (with a total enhancement factor of 10°),
while reducing the optical power requirements. This
approach is suitable for ultrasensitive detection of proteins
(e.g, BSA, CRP) and small molecules (e.g., pNTP). By
fabricating periodic nanostructures using semiconductor
processes, the system can be customized to enhance signals
in specific wavelength bands, providing a new platform for
nonlinear optics and quantum sensing'”*.

Beyond WGM systems, researchers have explored alter-
native optical microcavities for Raman enhancement. One
approach involves designing SERS substrates to induce
cavity-like oscillations between metal nanoparticles, gen-
erating enhanced “hot spots” and thereby amplifying the
Raman signal'>>'°, Another approach involves constructing
Fabry-Pérot (FP) cavity structures, which offer unique
advantages in light-matter interactions. FP resonances can
create wavelength-matching structures for both excitation
and scattered light, offering significant potential for shaping
optomechanical interactions between light and molecular
vibrations'*”'*®, Koenderink et al. proposed a novel hybrid
cavity-antenna architecture by coupling a metal nanocube-
on-mirror (NCoM) plasmonic antenna with a tunable
Fabry-Pérot (FP) microcavity, achieving highly selective
sideband-enhanced molecular Raman scattering'”. The
plasmonic antenna (NCoM) provides ultra-strong electro-
magnetic field localization through a nanogap (~6 nm) with
a local density of states (LDOS) reaching 2.4 x 10% while the
FP microcavity (Q ~300) offers spectral selectivity through
its high-Q, narrow linewidth (=1 nm). Modal field coupling
creates a hybrid mode synergizing plasmonic enhancement
with cavity spectral purity (mode volume 10™*\*). In the
experimental design, by tuning the FP cavity length (free
spectral range FSR ~ 110 nm) to match molecular vibrational
frequencies (e.g, 1079, 1281, and 1586cm ' of BPT),
selective enhancement of specific Raman spectral lines was
achieved (shown in Fig. 25). The team, by designing an
optimized cavity structure and integrating it with the SERS
substrate, established a cooperative enhancement mechan-
ism, ultimately achieving an enhancement factor of up to
10", effectively suppressing background noise while resol-
ving vibrational spectra with precision-establishing a versa-
tile molecular optomechanics platform.
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Fig. 25 The nanocube in an FP hybrid resonator'>®, © American
Association for the Advancement of Science
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Cavity-enhanced technology offers the potential to
improve the detection sensitivity of optofluidic waveguide
SERS probes. In 2021, Zhang et al. proposed a Raman sensor
based on a cavity-enhanced, Ag-nanoparticle-decorated
tapered fiber. The Raman enhancement is primarily attrib-
uted to the localized surface plasmon resonance (LSPR)
effect of the AgNPs decorated on the surface of the tapered
fiber and the additional reflection of laser excitation induced
by the capillary-based reflective cavity. The enhancement
factor can reach up to 5.51 x 10% establishing a robust fra-
mework to quantify the full coupling efficiency of the
tapered fiber SERS probe and the cavity enhancement factor
of the cavity-enhanced Raman sensor'*’.

Extending this team’s foundational work, the integration
of cavity structures with full-length optofluidic SERS
probes becomes feasible. Researchers can design appro-
priate cavity structures based on the wavelengths of the
excitation light and scattered photons. The synergistic
combination of cavity enhancement and optofluidic tech-
nology enables efficient sample excitation and multi-
dimensional scattered-photon collection, significantly
boosting Raman enhancement effects. This significantly
enhances the Raman enhancement effect, enabling the
development of cavity-based optofluidic Raman sensing
probes with higher detection limits. The approach not only
facilitates high-sensitivity detection at the single-molecule
level but also paves the way for practical applications.

Machine learning: assisting manual analysis of spectra

In Raman spectral analysis, the complexity of Raman
spectral features of biological macromolecules exhibiting
multiplexed spectral signatures in complex matrices and
the complexity of the composition of biological samples
pose a great challenge to accurately extract meaningful
information. Multivariate analysis and machine learning
(ML) methods have been employed to analyze these
spectral datasets'®".

Deep learning methods using complex artificial
neuron structures enable advanced feature and pattern
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recognition. Among them, Convolutional Neural Net- sample size is not sufficient to form a large test set, cross-
works (CNNs) show higher specificity and sensitivity by  validation can be used to evaluate model performance by
using shared weight filters and pooling layers in their = omitting a validation set during training and constructing
architecture’®>'®>, When evaluating a model, where the  multiple permutations of the training and validation sets,
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Fig. 26 Establishing and validating the SARS-CoV-2 virus identification standard based on machine-learning method'®’. a Surface-
enhanced Raman spectroscopy (SERS) spectra of inactivated SARS-CoV-2, virus VS, and virus VN (with a viral load of 2200 copies/mL) in phosphate-
buffered saline (PBS) and urine from an 8-year-old healthy girl. b Schematic diagram showing the localization of the SARS-CoV-2 spike protein

(S protein) within the 10 nm electromagnetic (EM) enhancement region, and the calculated electric field intensity distribution (|E|2) at a wavelength
of 785 nm at the tip of an oblique gold nanoneedle. ¢ Key features of SERS patterns for distinguishing VS virus-infected urine samples (simulated
water samples contaminated with SARS-CoV-2 virus), VN virus-infected urine samples, and urine samples from healthy individuals via principal
component analysis (PCA). d Discriminant analysis (DA) results for identifying urine samples from patients with chronic nephritis and urine samples
from patients with chronic nephritis containing virus VS. The green, red, and blue spheres represent the negative urine standard, VS virus-positive
urine standard, and VN virus-positive urine standard, respectively. Discriminant analysis (DA) results for identifying virus VS and virus VN mixed in adult
urine (with a viral load of 2200 copies mL™"). SERS mapping image (40 x 30 um?) of a urine sample covering 300 measurement points, among which
42 dot-measurement areas can be identified as VS virus-positive. © Springer
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e.g, K-fold multiple cross-validation, leave-one-out
method, etc'®* %, The use of cross-validation must be
handled carefully by selecting representative features
(variables) or adding a large sample size based on the
complexity of the features otherwise, it will be easy to
generate overfitted models, i.e., high performance on the
training set but poor performance on the test or validation
set. Luo’s group developed a surface-enhanced Raman
scattering (SERS) biosensor based on human ACE2-
functionalized gold nanostructures for highly sensitive
and rapid detection of SARS-CoV-2. By modifying ACE2
receptors onto obliquely aligned gold nanoneedle arrays
(GNAs), the sensor utilizes the specific high-affinity
binding between ACE2 and the viral spike (S) protein
(10-20 times stronger than SARS-CoV), in conjunction
with the “virus-trap” nanoforest structure of GNAs and
plasmonic effects (enhancement factor up to 10°),
achieving single-molecule-level viral capture and detec-
tion. Additionally, machine learning algorithms (Principal
Component Analysis, PCA, and Discriminant Analysis,
DA) were employed to further optimize the virus signal
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methodology. This approach provides a paradigm for the
rapid detection of future unknown coronaviruses, as
illustrated in Fig. 26.

Raman spectral analysis requires systematic preproces-
sing involving baseline correction, spectral smoothing,
and intensity normalization. In raw Raman spectra, dif-
ferent types of noise sources such as offsets, bending and
autofluorescence contributions are easily generated.
Baseline correction and smoothing remove these noises,
while the normalization operation converts all the spectral
data into numbers lying between 0 and 1 or —1 and 1,
which eliminates the intensity-dependent variations.
High-accuracy cancer classification can be achieved in
medical diagnosis, especially in research based on the
combination of spectral analysis techniques and machine
learning techniques'®’~'">,

As shown in Fig. 27, in the latest study by Goodarzi’s
team, a liquid biopsy approach based on a generative Al
model (Orion) was proposed to enable the detection of
early-stage non-small cell lung cancer (NSCLC) through
the analysis of circulating orphan non-coding RNAs
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autoencoder (VAE) to perform multi-task learning on
serum samples from 1050 NSCLC patients and matched
controls, integrating contrastive learning to eliminate
technical confounders (e.g., sequencing depth, sample
source variability). Additionally, zero-inflated negative
binomial distribution was employed to model the sparse
oncRNA expression data. The model achieved an overall
sensitivity of 94% and specificity of 87%, with a particu-
larly notable sensitivity of 90% in early-stage detection,
significantly outperforming other existing methods.

The integration of machine learning and spectroscopic
techniques not only holds promising applications in the
field of medical diagnostics but also demonstrates exten-
sive potential in complex multi-component analyses for
environmental pollution177’l78, chemical engineering179,
and related areas'®’"'®’. The incorporation of synergy
technology effectively mitigates human-induced errors
inherent in manual analysis. Through extensive training
on large databases, the analytical accuracy can be elevated
to over 98%, achieving high-precision analysis in detection
domains. Researchers, in addition to developing highly
sensitive optofluidic SERS sensing probes, can leverage
emerging machine learning technologies to progressively
advance SERS spectroscopy into a practical stage char-
acterized by ultra-sensitivity and high precision in
detection.

Conclusion and discussion
Raman spectroscopy has emerged as a cornerstone
technique for molecular fingerprinting, yet conventional
SERS methods remain constrained by alignment com-
plexity, limited signal collection efficiency, and opera-
tional inflexibility'®*. The integration of SERS with optical
waveguide architectures, particularly microstructured
optical fibers (MOFs)'®*, has revolutionized Raman sen-
sing by addressing these limitations through evanescent
field amplification, microfluidic integration, and portable
device design. This review systematically categorizes two
transformative strategies: (1) SERS-functionalized fiber
probes for remote sensing and (2) optofluidic SERS plat-
forms leveraging PCFs. Despite achieving attomolar sen-
sitivity and real-time monitoring, key challenges remain:
Tapered Optical Fibers
Preparation Complexity: Fabricating tapered fibers and
integrating SERS nanoparticles requires precise and
intricate processes, making large-scale production and
standardization difficult.
Sample Handling: Tapered fibers often demand a larger
volume of sample solution for effective interaction,
which may not be practical for trace-level sample
analysis.
Inconsistent Performance: Variability in the tapering
process can lead to non-uniform optical and sensing
properties across different fibers.

3896 | Light Sci Appl | 2025 | Vol 14 | Issue 12
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D-type Optical Fibers

1. Limited Durability: The structural modifications to
expose larger evanescent fields may compromise the
mechanical robustness of the fiber, affecting long-
term reliability.

2. Complex Fabrication: Achieving precise structural
designs to optimize the evanescent field exposure
remains challenging and resource-intensive.

3. Signal Noise and Sensitivity: While D-type fibers
provide greater evanescent field interaction, they
may suffer from noise interference, reducing the
clarity of Raman signals.

Photonic Crystal Optical Fibers (PCFs)

1. Internal Bandgap Constraints: The internal structure
of PCFs limits the ability to construct a fully
integrated optofluidic Raman sensor. The inability
to open the fiber for direct sample interaction
hinders practical application in real-time fluidic
systems.

2. Sample Compatibility: PCFs often require pre-mixed
solutions or specific configurations, which may not
align with standard biological or chemical
workflows.

These limitations highlight the need for further inno-
vation in optical fiber design to balance sensitivity,
robustness, and ease of fabrication while addressing
practical requirements for high-throughput and trace-
level detection. Recent advancements include the use of
microstructured optical fibers (MOFs) and other specialty
fibers. In contrast to PCFs, MOFs feature open-channel
architectures with integrated microfluidics, enabling real-
time interaction between trace samples and SERS sub-
strates within suspended cores. This design prolongs the
light-matter interaction length, vyielding significantly
enhanced detection sensitivity.

The fusion of optical waveguides and SERS has transi-
tioned Raman sensing from a laboratory technique to a
transformative tool for precision medicine, environmental
stewardship, and industrial automation. While challenges
in scalability and reproducibility persist, innovations in
novel fabrication techniques for ordered nanomaterials,
cavity-enhanced quantum optics, and Al-driven design
are poised to unlock single-molecule sensitivity and dis-
posable point-of-care diagnostic platforms. To accelerate
translation, future research should focus on:

1. Integrating advanced femtosecond laser lithography
to optimize SERS substrates enables the fabrication
of uniformly structured and tightly spaced, specially
shaped nanoparticles on waveguide surfaces,
generating intense “hot spots” that significantly
enhance the Raman scattering effect.

2. Innovations in fabrication techniques, such as 3D
printing and nanolithography, can reduce the cost of
producing optical waveguides and SERS substrates,
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making the technology accessible for widespread
adoption.

3. Combining multi-modal platforms: integrating optical
waveguide SERS technology with cavity-enhanced
techniques, designing the internal cavity structure to
establish a stable standing wave mode for both
excitation light and scattered photon signals, thereby
enhancing the interaction strength between excitation
light and the material and improving light utilization
efficiency. Simultaneously, this approach transcends
the traditional one-dimensional signal collection mode
of optical waveguide SERS probes, enhancing signal
collection efficiency. Based on cavity quantum optics
theory, this strategy holds the potential to elevate
cavity-structured optical waveguide SERS probes into a
practical quantitative analysis stage, positioning SERS-
based innovations as leaders in the international
market.

4. Pairing SERS-integrated optical waveguides with
machine learning algorithms can enhance data
analysis, enabling real-time identification of complex
spectral patterns for accurate diagnostics. Al-driven
tools can also improve signal-to-noise ratios by filtering
out background interference and standardizing results
across different devices.

5. Miniaturizing SERS-integrated optical waveguide
systems can lead to highly portable Raman
spectrometers suitable for point-of-care testing and
field applications.

SERS-integrated optical waveguide systems are poised
for widespread adoption, driven by advancements in
materials science, nanotechnology, and Al These tech-
nologies hold transformative potential for ultra-sensitive
and portable trace liquid analysis across a range of
applications. In medical diagnostics, they can facilitate the
early detection of diseases like cancer, diabetes, and
infectious diseases by analyzing biomarkers in blood,
saliva, or urine'®'®”. In environmental monitoring,
portable SERS devices can precisely detect pollutants and
toxins in water, soil, and air'®**'®°, For food safety, they
enable trace-level detection of contaminants, pathogens,
and pesticides'”™'">. In the chemical industry, they
enhance real-time monitoring of industrial processes. By
addressing key challenges in these areas, SERS-integrated
systems are poised to provide transformative solutions for
ultra-sensitive and portable trace liquid analysis, solidify-
ing their role as indispensable tools in 21st-century ana-
lytical science.
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