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With the continuous advancement of research on life systems and disease mechanisms, analytical
technologies are now moving toward the resolution of single molecules and individual genes. Among
them, surface-enhanced Raman scattering (SERS) has garnered widespread interest because of its ultrahigh
sensitivity, allowing even single-molecule detection. When integrated with microfluidics, SERS-based
platforms combine the strengths of both techniques, offering complementary and synergistic effects. This
integration enables rapid, non-invasive, ultrasensitive, and high-throughput analysis of biological samples,
which is highly valuable for biomedical research and potential clinical applications. Consequently, this
interdisciplinary approach has emerged as a major focus of current investigations. In this review, we outline
recent developments and applications of microfluidic SERS systems in bioanalysis. The discussion first
introduces the basic concepts and classifications of SERS-microfluidic strategies, such as continuous-flow,
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microarray, droplet-based, lateral flow assay (LFA), and digital formats. We then highlight their applications
in biomolecular detection, cellular analysis, and disease diagnostics. Overall, the evidence suggests that
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1. Introduction: from molecular
fingerprinting to point-of-care
diagnostics

Life processes are characterized by dynamic fluctuations of
biomolecules and their surrounding microenvironments."?
Tracking and analyzing these biomolecules is essential for
understanding biological regulation and disease progression,
and it forms the foundation for the development of reliable and
ultrasensitive diagnostic as well as therapeutic approaches.’
With ongoing advances in molecular biology, analytical
techniques are steadily approaching single-molecule and single-
gene resolution,” making the pursuit of higher precision in
bioanalysis increasingly important. Conventional bioanalytical
methods, including fluorescence assays, colorimetry,
immunoassays, electrochemiluminescence  (ECL), and
polymerase chain reaction (PCR), are widely employed for
genetic and protein biomarker detection.”” However, these
approaches often fall short in spatial resolution, sensitivity,
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microfluidic SERS platforms represent a powerful and promising tool for advancing bioanalytical science.

multiplexing ability, and single-cell or molecule-level analysis.
Therefore, more advanced analytical strategies are urgently
required.

Raman spectroscopy offers unique molecular fingerprint
information and has been extensively applied across biomedical
sciences, surface chemistry, molecular recognition, and trace
detection.*"" The discovery of surface-enhanced Raman
scattering (SERS) revolutionized the field by significantly
increasing sensitivity and broadening the applicability of
Raman spectroscopy, enabling single-cell and single-molecule
level detection and addressing major drawbacks of traditional
bioanalytical methods.'>"* The SERS effect was first reported by
Fleischmann et al in the 1970s'* and later independently
validated by the groups of Van Duyne and Creighton in
1977.">'° These studies revealed that when molecules interact
with roughened noble metal surfaces, their Raman signals are
strongly amplified."” This breakthrough led to unprecedented
Raman signal enhancement and the realization of single-
molecule spectroscopy.'® Importantly, SERS retains the inherent
merits of Raman spectroscopy, such as fingerprint specificity,
narrow spectral features, photostability, and non-contact, non-
destructive in situ analysis, enabling wide application in
biosensing and biomedical research.®>*

Two general strategies are commonly applied in SERS
analysis: direct (label-free) and indirect detection.**** Direct
detection, one of the most distinctive advantages of SERS,
identifies biomolecules based on their inherent vibrational
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fingerprints, without the need for external labeling.*® Such
spectra provide structural and conformational information of
adsorbed  biomolecules.>® This approach has been
successfully used for amino acids, proteins, nucleobases,
nucleic acids, and cellular metabolites.?”*® In cases where
intrinsic signals are too weak or difficult to observe, indirect
detection becomes essential. This strategy employs reporter-
tagged SERS probes functionalized with recognition ligands,
allowing detection of the target species through strong
signals from the reporter.>® Indirect SERS has been applied
to analyze microenvironmental parameters such as pH, ROS,
and temperature, as well as membrane proteins and other
targets otherwise inaccessible to direct detection.**"?
Although it sacrifices molecular fingerprint information, it
provides high-intensity signals, rapid response, ultralow
detection limits, and excellent multiplexing capabilities due
to narrow spectral peaks.>® Consequently, indirect SERS is
widely used in protein/DNA analysis, live-cell imaging, cancer
diagnostics, and other clinical applications.** ¢

In recent years, integrating SERS with microfluidics has
emerged as a promising strategy to enhance analytical reliability
and functionality.®”** Microfluidic technology, often termed
“lab-on-a-chip” (LoC), enables the miniaturization of sample
pretreatment, detection, and data analysis into a single compact
device***'  Compared to  conventional  macroscale
instrumentation, microfluidics offers reduced reagent
consumption, improved efficiency, precise control, and
portability. The incorporation of SERS into microfluidic chips
provides several additional benefits: ultralow detection limits
inside microchannels,”” multiplexed detection through multi-
channel designs,” and improved reproducibility by mitigating
SERS signal fluctuations.** These fluctuations, typically arising
from substrate heterogeneity and inconsistent molecule-
substrate interactions,”> can be effectively minimized by
controlled microfluidic conditions. For instance, by tuning
nanoparticle flow rates and concentrations within channels,
uniform and stable SERS-active substrates can be generated in
situ.*® Similarly, well-designed channel geometries and mixing
modules regulate reaction times and substrate-analyte ratios,
thereby reducing peak variability and enhancing detection
stability."” Although several recent reviews have addressed
microfluidic SERS systems and optofluidic biosensing
technologies, most of them primarily focus on device
engineering, nanostructure design, or general analytical
performance. In contrast, the present review places a stronger
emphasis on the translational and clinical potential of
microfluidic SERS platforms, particularly in the context of
point-of-care testing (POCT). Specifically, this review highlights
three distinguishing aspects. First, it systematically discusses
how microfluidic SERS systems can be adapted for
decentralized and portable diagnostic applications, bridging the
gap between laboratory-based technologies and real-world
clinical deployment. Second, it provides an in-depth analysis of
machine learning-driven spectral interpretation, emphasizing
the role of artificial intelligence in improving diagnostic
accuracy, robustness, and scalability in complex biological
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environments. Third, rather than focusing solely on device
fabrication, this work integrates analytical strategies,
application scenarios, and clinical validation considerations,
offering a more comprehensive framework for understanding
how microfluidic SERS can be translated into practical disease
screening tools. Therefore, this review is positioned at the
intersection of microfluidics, SERS, and intelligent data
analysis, with a particular focus on point-of-care diagnostics
and real-world biomedical applications.

Recent advances in the broader SERS field further highlight
the rapid evolution of this area toward more integrated,
intelligent, and application-oriented analytical systems. In
particular, emerging substrate engineering strategies based on
semiconductor-assisted or hybrid nanostructures have
demonstrated new opportunities for improving sensitivity,
stability, and interfacial control in SERS detection. For example,
recent studies have explored advanced material platforms such
as amorphous semiconductor monolayers and noble metal-
semiconductor nanohybrids to enhance Raman signal
generation through synergistic electromagnetic and charge-
transfer effects, thereby expanding the analytical scope of SERS
in trace detection and biodiagnostics. At the same time, newly
published studies and reviews have increasingly emphasized
the convergence of high-performance SERS substrates with
intelligent data analysis, biomedical sensing, and translational
applications.*>*”*® These developments indicate that the field
is moving beyond isolated proof-of-concept sensing
demonstrations toward more robust, reproducible, and
clinically relevant analytical systems. Against this background,
integrating SERS with microfluidics is particularly attractive, as
it provides not only ultrasensitive molecular detection but also
controlled sample handling, automation, miniaturization, and
compatibility with point-of-care workflows. The fusion of SERS
and microfluidics thus creates a synergistic platform that not
only expands the capabilities of each technology but also
addresses their individual limitations. Although numerous
reviews have covered SERS and microfluidics independently,
systematic overviews specifically dedicated to SERS-based
microfluidic bioanalytical methods remain relatively scarce.'**
The present review aims to fill this gap by summarizing the
current progress and applications of SERS-microfluidic
strategies in bioanalysis. It begins with an introduction to the
fundamentals of SERS, microfluidics, and their integration,
followed by a classification of existing SERS-microfluidic
approaches.

Beyond their simple combination, microfluidics, SERS, and
machine learning can be understood as three functionally
complementary layers within an integrated analytical
framework. In such a framework, microfluidics serves as the
physical control layer, enabling precise manipulation of sample
transport, mixing, separation, and reaction conditions; SERS
functions as the molecular information layer, providing
ultrasensitive and information-rich vibrational fingerprints; and
machine learning acts as the computational decision layer,
transforming complex spectral outputs into robust analytical or
diagnostic conclusions. Importantly, the value of integrating
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these three technologies lies not merely in assembling them
into a single platform, but in the way each component
addresses a fundamental limitation of the others. Microfluidics
improves the reproducibility, automation, and throughput of
SERS measurements by regulating analyte-substrate
interactions under controlled conditions. SERS, in turn,
provides chemically specific and highly sensitive readouts that
are difficult to achieve with conventional microfluidic detection
modules alone. Machine learning becomes particularly
important because the spectral complexity, high dimensionality,
and biological heterogeneity of SERS datasets often exceed the
capacity of conventional manual or rule-based interpretation. As
such, ML is not only a downstream analytical add-on, but
increasingly a transformative component that enables the
practical extraction of clinically relevant information from
complex microfluidic-SERS workflows. From this perspective,
the convergence of microfluidics, SERS, and machine learning
should be viewed as the emergence of a closed-loop intelligent
bioanalytical system, rather than a simple technological
juxtaposition. This systems-level integration is especially
relevant for point-of-care diagnostics, where sensitivity,
automation, robustness, and decision support must all be
achieved simultaneously within compact and deployable
formats.

2. Microfluidic-SERS chips

Surface-enhanced Raman spectroscopy (SERS) leverages the
plasmonic properties of nanostructured metals to amplify
Raman scattering signals, greatly enhancing the vibrational
modes of molecules adsorbed on or near metallic surfaces.*’
Because of its high sensitivity, ability to deliver molecular
fingerprints, label-free detection, and minimal sample
consumption, SERS has become an attractive tool in medical
diagnostics and biological research.>*™>

Lab-on-a-chip (LoC) devices integrate fluidic control
elements such as inlets, outlets, channels, chambers, and valves
into a miniaturized platform.”* These systems allow rapid and
precise handling of microliter- or nanoliter-scale samples,
enabling efficient mixing, separation, and detection with
reduced reagent use and improved reproducibility.
Incorporating SERS substrates into LoC devices, coupled with
portable Raman readers, has accelerated the emergence of
compact sensing systems capable of detecting trace
biomolecules quickly, reproducibly, and with high sensitivity.>*
Depending on substrate type, fluidic configuration (continuous
or segmented), and mixing mechanism (active or passive),
diverse LoC-SERS systems have been reported.>*®

One representative example is the centrifugal microfluidic
(CM) device, which uses a compact disc (CD) with pre-patterned
channels where centrifugal force drives liquid motion. The
combination of CM and SERS referred to as CD-SERS offers
improvements in portability, automation, and
miniaturization.””*® Unlike pump-driven LoC systems, CD-
SERS minimizes dead volume, ensures reproducible fluid
control, and accommodates small sample sizes ranging from
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tens to hundreds of microliters.*”** Moreover, CM platforms
allow sample handling, pretreatment, and analysis to occur in
parallel,’° greatly streamlining analytical workflows. These
designs have already been applied for sensitive detection of
small molecules in analytical chemistry.®**

For label-free SERS detection, biological samples often
contain proteins and macromolecules that interfere with
target signal acquisition. Thus, pretreatment is necessary to
reach the required detection limits and improve
quantification accuracy.®*®* Common approaches include
protein precipitation (PP), ultrafiltration (UF), liquid-liquid
extraction, and solid-phase extraction (SPE).®> Among them,
SPE is widely used because it is rapid, efficient, and semi-
selective, allowing the effective isolation of compounds from
biological fluids, especially when combined with label-free
SERS for simultaneous detection of multiple analytes.®**®

2.1 Design principles of microfluidic-SERS chips

Coupling microfluidics with SERS provides a powerful
framework for optofluidic biosensing.’®> The high surface-to-
volume ratio of microchannels accelerates molecular
recognition events, such as antigen-antibody binding, thereby
increasing response speed. In addition, the continuous flow
within microchannels facilitates uniform mixing, efficient heat
transfer, and reduced nonspecific adsorption of probes, which
collectively improve detection reproducibility.” By controlling
nanoparticle aggregation, particle size, and analyte distribution,
microfluidic-SERS systems achieve higher sensitivity and
quantitative precision.®®*’

Strategies to reduce nonspecific
microfluidic-SERS chips include:

Substrate engineering. Nanostrctured SERS substrates can
be fabricated or modified in situ within microchannels using
electrochemical deposition, ion etching, or electron-beam
lithography. Surface modifications with passivating or
biocompatible layers further reduce background adsorption.

On-chip pretreatment. Filtration modules or ligand-based
screening units upstream of the detection zone selectively
remove impurities, enhancing specificity.

Flow regulation. Precise control of sample flow rate and
residence time in channels ensures specific interactions
between analytes and detection sites, minimizing nonspecific
binding.

adsorption in

2.2 Advantages of microfluidic-SERS chips

Integrating SERS into microfluidic systems offers multiple
benefits:

Improved sensitivity and specificity. Optimized channel and
substrate designs maximize analyte-substrate interactions,
essential for detecting trace targets in clinical and
environmental monitoring.

Automated sample processing. Pretreatment, mixing, and
detection can be seamlessly integrated on-chip, reducing
contamination risks and improving reproducibility.

This journal is © The Royal Society of Chemistry 2026
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High-throughput capability. Multiplexed or parallel
designs enable simultaneous analysis of multiple samples,
accelerating applications such as drug screening.

Real-time monitoring. Continuous sampling within
microchannels allows dynamic monitoring of molecular or
cellular processes with high temporal resolution.

Recent reports highlight the wide-ranging potential of SERS-
based microfluidic devices in biosensing, environmental assays,
and clinical diagnostics, including biomarker detection at
ultralow concentrations, opening avenues for early disease
detection and personalized medicine.

Reproducibility remains one of the most critical challenges
limiting the practical application and clinical translation of
SERS-based detection systems. Despite the ultrahigh sensitivity
of SERS, signal variability often arises from nanoscale
heterogeneity, stochastic hotspot distribution, and inconsistent
analyte-substrate interactions. These factors can lead to
significant spectral fluctuations, thereby reducing quantitative
reliability and inter-sample comparability. From a mechanistic
perspective, SERS reproducibility is primarily governed by four
key factors: (i) hotspot distribution and electromagnetic field
uniformity, (ii) nanoparticle size, morphology, and aggregation
state, (iii) substrate fabrication consistency, and (iv) signal
acquisition and data processing strategies. Addressing these
factors requires a combination of materials engineering,
microfluidic control, and computational approaches. Hotspot
engineering plays a central role in improving reproducibility.
The creation of uniformly distributed electromagnetic hotspots,
such as through ordered nanostructures, lithographically
defined arrays, or self-assembled nanogap architectures, can
significantly reduce signal variability. In microfluidic
environments, controlled flow conditions further help regulate
nanoparticle aggregation and hotspot formation in situ,
enabling more stable and reproducible SERS signals.
Nanoparticle uniformity is another critical determinant.
Variations in particle size, shape, and surface chemistry directly
affect plasmonic resonance and enhancement factors.
Microfluidic synthesis offers a powerful route to produce
nanoparticles with narrow size distributions and controlled
morphology, thereby improving batch-to-batch consistency
compared with conventional bulk synthesis methods. Substrate
fabrication control is equally important for ensuring
reproducibility across measurements. Advanced fabrication
techniques, including electron-beam lithography, nanoimprint
lithography, and template-assisted assembly, enable precise
control over nanostructure geometry and spacing. In addition,
surface modification strategies, such as antifouling coatings or
functional ligands, can reduce nonspecific adsorption and
improve signal stability in complex biological matrices. In
addition to material and device-level strategies, signal
normalization and data processing approaches are essential for
improving reproducibility at the analytical level. Internal
standards, ratiometric SERS probes, and spectral calibration
methods are widely used to compensate for signal fluctuations.
Furthermore, machine learning-based approaches, including
baseline correction, denoising, feature extraction, and
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multivariate calibration, can enhance robustness by extracting
reproducible spectral patterns from noisy datasets. Overall,
achieving high reproducibility in microfluidic-SERS systems
requires an integrated strategy that combines rational
nanostructure design, precise fluidic control, standardized
fabrication processes, and advanced data analysis. Continued
progress in these areas will be essential for translating SERS
technologies from proof-of-concept demonstrations to reliable
clinical diagnostic tools.

2.3 Types of microfluidic-SERS chips

Microfluidic-SERS systems can generally be grouped into five
categories: continuous-flow, droplet-based, microarray-based,
digital, and lateral flow assay (LFA)-based platforms.”®”*

2.3.1 Continuous-flow platforms. Reproducibility is a
major obstacle in SERS quantification due to challenges in
controlling nanoparticle aggregation and ensuring uniform
analyte distribution.””””* Continuous-flow microchannels
help overcome these issues by promoting efficient mixing of
analytes with metal nanoparticles, leading to improved
sensitivity and reproducibility.”> Early studies emphasized
micromixer designs that combine analytes and nanoparticles
effectively.”®”” As nanoparticles and analytes travel through
channels, averaging effects across nanogaps further enhance
reproducibility.”®

2.3.2 Droplet-based platforms. Microfluidics can operate in
continuous or segmented (droplet) modes. Continuous flow
enables uniform mixing but suffers from “memory effects”,
caused by nanoparticle deposition on channel walls, which
reduces sensitivity and reproducibility.””®" To address this,
segmented two-phase droplet systems were introduced.®>®
Droplet-based SERS avoids memory effects by confining
analytes within nanoliter droplets suspended in an immiscible
carrier fluid, with Raman signals measured in rapidly moving
droplets.**® Droplet manipulation (e.g;, merging, splitting,
sorting, incubation) supports precise biological assays with high
throughput.®**”

2.3.3  Microarray-based  platforms. Advances in
nanofabrication have enabled arrays with nanogaps below 10
nm, giving rise to microarray-based SERS devices.*®*° These
combine microarray technology, often used in DNA/protein
assays, with SERS to achieve multiplex, high-throughput
detection that is difficult with LFAs or conventional LoC
chips.®® > Multiplexed nanostructures within microarrays
allow simultaneous detection of multiple analytes.”* %

2.3.4 Digital platforms. Digital microfluidics (DMF)
manipulates microliter-to-nanoliter droplets on electrode
arrays using electrowetting-on-dielectric (EWOD). This allows
droplet merging, mixing, splitting, and dispensing without
pumps or valves.’® SERS-enabled DMF platforms have been
applied in bacterial detection, antibiotic resistance testing,
and real-time cellular monitoring, offering high flexibility
and minimal sample loss.

2.3.5 Lateral flow assay (LFA)-based platforms. Paper-based
LFAs provide simple, low-cost diagnostic tools. Integrating SERS
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into LFAs enables both visual colorimetric readouts and
quantitative Raman-based measurements at test and control
lines, significantly enhancing sensitivity. —Nevertheless,
challenges exist in achieving uniform biomarker distribution,
maintaining biological activity during immobilization, and
labor-intensive preparation of standard curves.” Automated
programmable  microfluidic ~ channels that  generate
concentration gradients may help overcome these limitations,
improving efficiency and assay accuracy.

2.4 Comparative overview of major microfluidic-SERS
platform types

Although microfluidic-SERS systems share the common goal
of improving analytical sensitivity, reproducibility, and
miniaturization, different platform architectures exhibit
distinct operational strengths and limitations. Therefore,
selecting an appropriate microfluidic-SERS format depends
not only on analytical sensitivity, but also on practical
considerations such as sample consumption, throughput,
response time, multiplexing capability, automation level, and
intended application scenario. In general, continuous-flow
platforms are advantageous for stable signal acquisition,
efficient mixing, and real-time monitoring, making them well
suited for dynamic analysis and on-chip reaction control.
Droplet-based systems, by contrast, offer ultralow sample
consumption and high-throughput compartmentalization,
which are particularly valuable for digital assays and single-
entity analysis. Microarray-based platforms provide strong
multiplexing capacity and are especially attractive for parallel
biomarker screening. Digital microfluidic systems offer
programmable droplet manipulation with high operational
flexibility and minimal reagent waste, while lateral flow assay
(LFA)-based SERS platforms remain highly promising for
point-of-care testing due to their simplicity, portability, and
low cost. To provide readers with a more practical framework
for evaluating these formats, a comparative summary of the
major microfluidic-SERS platform types is presented in
Table 1, including their typical analytical characteristics,
operational advantages, and representative biomedical
applications.

3. Machine learning-driven intelligent
spectral analysis

The integration of machine learning into SERS has
significantly advanced data interpretation and classification
accuracy. Traditional algorithms such as principal
component analysis (PCA), partial least squares (PLS), and
support vector machines (SVM) have been widely applied for
spectral feature extraction, dimensionality reduction, and
supervised classification, markedly enhancing the sensitivity
and reliability of analyte detection.”® ' In the context of
microfluidic-SERS systems, machine learning should not be
regarded solely as an auxiliary data-processing tool. Rather, it
increasingly functions as an enabling component that
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determines how spectral information is translated into
actionable analytical or diagnostic outputs, thereby
influencing the practical architecture and clinical utility of
the overall sensing platform.

Artificial intelligence (AI) broadly refers to computational
systems designed to emulate human cognitive processes,
including learning, recognition, and decision-making. In
spectroscopy particularly reflectance spectroscopy (RS) and
surface-enhanced Raman scattering (SERS) AI has become
indispensable for decoding complex spectral datasets.”®'%
These approaches are well-suited for handling large, high-
dimensional, and heterogeneous datasets, enabling adaptive
analysis, scalability, and improved interpretability. As such,
the convergence of Al and SERS marks a transformative step
in analytical and biomedical sciences.

Spectroscopic datasets typically contain thousands of
variables, with overlapping peaks, background noise, and
subtle biochemical variations. Manual interpretation is not
only time-consuming but also subject to bias. AI methods,
especially deep learning, overcome these limitations.
Convolutional neural networks (CNNs), for example, can
process one-dimensional spectral data as structured signals,
automatically learning hierarchical features and enabling
accurate classification, such as distinguishing malignant
from normal tissues.’®* SVMs, in contrast, are powerful tools
for high-dimensional supervised learning tasks, and have
been effectively used for tumor subtype discrimination.'®®

One key advantage of CNNs is their ability to extract multi-
level spectral features directly from raw input, avoiding the need
for  handcrafted  preprocessing or manual feature
engineering.’® "% For visualization and simplification of
complex datasets, dimensionality-reduction methods such as
PCA'*”'%® and t-distributed stochastic neighbor embedding (t-
SNE)'**'° are commonly applied to highlight the most
informative features while reducing computational complexity.

Partial least squares discriminant analysis (PLS-DA) has
also gained traction by linking spectral fingerprints to
biological or clinical outcomes, including prediction of
therapeutic responses. Ensemble-based methods such as
random forests (RF) are particularly robust for noisy or
heterogeneous datasets, offering reliable feature selection
and classification. In addition, unsupervised models like
autoencoders can compress and denoise spectral data,
retaining diagnostically relevant patterns while enhancing
interpretability.

Together, these Al-driven approaches mitigate long-standing
challenges in SERS analysis such as spectral overlap, noise
artifacts, and large-volume datasets thereby improving
precision, efficiency, and scalability. The integration of AI with
spectroscopy is reshaping biomedical analytics by delivering
higher accuracy in spectral interpretation and enabling novel
applications in disease monitoring, diagnosis, and personalized
treatment.""' "

Although machine learning (ML) has significantly
enhanced the analytical potential of SERS, its practical

implementation in spectroscopic workflows remains
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associated with several important challenges. In many cases,
model performance is not determined solely by algorithm
selection, but also by upstream spectral quality, dataset
structure, and the interpretability of learned features. One of
the most fundamental issues is spectral preprocessing. Raw
SERS spectra are often affected by baseline drift, fluorescence
background, shot noise, cosmic spikes, peak shifting, and
intensity variation caused by experimental or substrate-
related factors. Consequently, preprocessing steps such as
baseline correction, smoothing, denoising, normalization,
peak alignment, and outlier removal are often essential
before model training. However, these procedures are not
always standardized, and different preprocessing pipelines
may substantially alter downstream model performance. This
lack of harmonization remains a major obstacle to
reproducibility and cross-study comparability. A second
challenge is the limited size and heterogeneity of available
datasets. In many biomedical SERS studies, the number of
spectra or patient samples is relatively small, while the
spectral dimensionality remains high. This imbalance can
easily lead to model instability and poor generalization. In
addition, datasets are often collected under highly controlled
laboratory conditions, which may not adequately reflect real-
world  biological variability, instrument-to-instrument
differences, or batch effects. As a result, models that perform
well in proof-of-concept studies may fail to maintain accuracy
in external or clinical validation settings. Model overfitting is
therefore a particularly important concern in SERS-based
machine learning. Complex models, especially deep learning
architectures such as convolutional neural networks (CNNs),
can achieve high apparent accuracy even when trained on
limited or non-independent datasets. Without careful
validation strategies such as external test cohorts, patient-
level splitting, cross-platform validation, or prospective
studies, model performance may be overestimated. This issue
is especially relevant in SERS, where spectra collected from
the same substrate batch, sample preparation run, or patient
source may contain hidden correlations that artificially
inflate classification performance. Interpretability is another
critical consideration, particularly for biomedical and clinical
applications. While traditional methods such as PCA, PLS-
DA, and linear SVM often provide more transparent feature
structures, deep learning models are frequently treated as
“black boxes”, making it difficult to determine which spectral
regions or biochemical features drive classification decisions.
This lack of interpretability may hinder biological insight,
clinician trust, and regulatory acceptance. Therefore,
explainable AI strategies, including feature importance
analysis, saliency mapping, SHAP-based interpretation, and
peak-level attribution, are becoming increasingly important
for translating ML-assisted SERS systems into clinically
meaningful tools. Taken together, these considerations
suggest that the future development of ML-assisted SERS
should move beyond simply applying increasingly
sophisticated algorithms. Greater emphasis should instead
be placed on standardized preprocessing, rigorous validation,
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dataset quality, and interpretable modeling frameworks to
ensure  robustness, reproducibility, and real-world
translational value.

Importantly, the application of machine learning in SERS
analysis must be interpreted in the context of the intrinsic
physicochemical characteristics of SERS spectra. Unlike
idealized spectral data, real SERS signals are often affected by
baseline drift caused by fluorescence background, peak
overlap arising from complex molecular mixtures, stochastic
noise, and signal variability induced by heterogeneous
hotspot distributions and microfluidic flow conditions. These
factors significantly influence data quality and, consequently,
model performance. From this perspective, machine learning
does not operate independently of the underlying spectral
physics. Instead, its effectiveness is closely linked to how well
these physicochemical artifacts are addressed during
preprocessing and feature extraction. For example, baseline
correction and normalization are essential for compensating
intensity  variation, while  dimensionality  reduction
techniques such as PCA help mitigate peak overlap and high-
dimensional redundancy. In addition, advanced models such
as convolutional neural networks (CNNs) can learn local
spectral patterns and partially tolerate peak shifting or
distortion; however, their performance remains sensitive to
data quality and consistency. Therefore, understanding the
physicochemical origin of spectral variability is critical for
selecting appropriate machine learning strategies and
avoiding misinterpretation of model outputs. In addition to
spectral complexity, several methodological challenges must
be carefully considered. Dataset bias is a common issue in
SERS-based studies, where spectra are often collected under
controlled laboratory conditions with limited sample
diversity. As a result, trained models may capture
experimental artifacts rather than true biochemical
differences, leading to poor generalization in real-world
applications. Similarly, overfitting remains a significant
concern, particularly for deep learning models trained on
small datasets with high spectral dimensionality. Model
interpretability is another important limitation. While
traditional statistical models offer more transparent
relationships between spectral features and classification
outcomes, complex models such as deep neural networks are
often difficult to interpret in terms of underlying molecular
signatures. This limitation may hinder biological insight and
reduce confidence in clinical decision-making. Accordingly,
integrating explainable AI approaches and feature-level
analysis is increasingly important for ensuring reliable and
interpretable  SERS-based diagnostics. An important
consideration is the extent to which machine learning can
compensate for the inherent limitations of label-free SERS
detection. Label-free approaches provide rich molecular
fingerprint information but are often affected by spectral
overlap, weak signal intensity, and biological variability,
making direct interpretation challenging. In this context,
machine learning can enhance classification performance by
extracting subtle patterns from complex spectra; however, it

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6lc00202a

Published on 12 May 2026. Downloaded on 6/6/2026 7:26:30 AM.

Lab on a Chip

does not fundamentally eliminate the underlying signal
variability or ambiguity. In contrast, indirect (label-based)
SERS strategies generate stronger and more standardized
signals through reporter molecules, thereby improving
signal-to-noise ratio and analytical consistency. Consequently,
these approaches may require less complex data-driven
interpretation but sacrifice intrinsic molecular information.
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advanced machine learning frameworks, whereas indirect
SERS platforms may achieve robust performance with simpler
analytical models. Understanding this interplay between
signal generation and data interpretation is essential for
designing effective microfluidic-SERS diagnostic systems.

4. In-depth analysis of microfluidic-

Therefore, the choice between label-free and indirect SERS
should not be viewed solely as an experimental preference,
but also as a data-analysis consideration. Systems relying on
label-free detection often benefit more strongly from

SERS application scenarios

Before discussing specific application scenarios, it is
important to distinguish between different functional roles

@ ®

(b)
@ 0%

¢
(] o [ SERS nanotag-
3mm 3mm , ¢ e 3mm ® [ Cross section view ] [SERS nanotag]  [E. coli] labeled E. coli]
v , r Al 5 —_— —_— ‘
Antl Ecoli—4e ¥ X \
Valve S, > B - %

?zman«]’ye/ ) . -
MGITC
' ot

Hollow gold nanoparticle

o= ‘/ inlet ‘ ‘ cot’lnrtno" 77777 i —)AwuszicstreamingmM
outle
(c)
b) Individual outlet @ C @\
§ - ) & SR s S )
l ; _ & Acoustofiuidic channel

‘ﬁfmn KX)
\ Tape \*
(C)

a puma T

Vacuum Hot-pressing
Glass Slide  Treatment Treatment

@ [T

0

Fig. 1 (A). Experimental results showing the liquid manipulation in the microfluidic device. (a) Sequentially dispensing of blue-coloured water into
five microchambers. (b) Washing away the blue-coloured water and simultaneously replacing it with red-coloured water in all the microchamber
at a constant flow rate.!™® (B). (a) Acoustic field-induced separation of large and small particles in a microfluidic channel. (b) Tagged bacteria
generated by the reaction between SERS nanotags and bacteria in a microtube. (c) Behavior of bacteria and SERS nanotags after injecting tagged
bacteria into the microfluidic channel in (i) acoustic wave-off and (ii) acoustic wave-on.**’ (C). Fabrication and Characterization of BTMA-SERS
microfluidic chip.?® (a) The process of the vacuum self-assembly hot-pressing method. (b) The microscopic view of BTMA embedded in PMMA
layer. (c) The scanning electron microscope images of BTMA which shows the embedding depth of microspheres. (d) The structure of each part of
BTMA-SERS microfluidic chip, which the 2 mm BTMA is embedded in the top cover of the flow channel. (e) The modeling of BTMA for the light
focusing effect. (f) The light scattering mechanism of BTMA in the device: (i) photonic nano-jets of BTMA; (ii) directional antenna effects of BTMA;
(iii) the BTMA limits the Raman scattering emission angle to £4.5°. (D). (a) Schematic diagram of the digital SERS-microfluidic chip. (b) Operation
procedure of the sample discretization.'?* Reproduced from ref. 115, 117, 120 and 121 with permission from Royal Society of Chemistry, American
Chemical Society, Elsevier, and American Chemical Society, respectively; copyright 2024, 2025, 2024, and 2024.
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of microfluidic-SERS systems in practical bioanalysis. In
general, reported studies can be broadly categorized into two
types: (i) systems that rely primarily on the intrinsic analytical
capability of microfluidic-SERS platforms, and (ii) systems in
which machine learning plays a critical role in enabling
reliable interpretation of complex spectral data. In the first
category, microfluidic control combined with optimized SERS
substrates can provide sufficient signal intensity, specificity,
and reproducibility to enable direct detection and quantitative
analysis without advanced computational assistance. These
systems are typically based on label-based strategies or well-
defined target molecules with strong and distinguishable
spectral signatures. In contrast, the second category includes
applications where spectral complexity, biological variability,
or weak signal features limit direct interpretation. In such
cases, machine learning becomes essential for extracting
meaningful patterns, enabling classification, or improving
diagnostic accuracy. These systems are commonly associated
with label-free detection of complex biological samples, such
as cells, tissues, or biofluids. This distinction provides a
useful framework for understanding the relative contributions
of microfluidic design, SERS signal generation, and machine
learning in different application contexts.

4.1 Infectious diseases

4.1.1 Viral infections. Mostafa Kamal Masud and colleagues
designed a microfluidic device capable of simultaneously
detecting multiple SARS-CoV-2 antigens, including S1, RBD,
and NCD. Their system offered multiplex detection,
incorporated control groups, and simplified the experimental
workflow by integrating the full detection process onto a single
platform. The use of gold nanoparticle-based SERS nanotags
(mAuNPs) removed the requirement for enzymatic
amplification, while a portable Raman spectrometer enabled
on-site measurements without sophisticated instruments or
laboratory facilities'*® (Fig. 1A).

In another study, Jing Wang et al. developed a multivalent
probe (MVP) strategy in which nanobodies served as protein-
recognition ligands and gold-silver alloy nanocages were coated
with Raman reporters. Coupled with a nano-mixing enhanced
microfluidic chip, this MVP-based SERS immunoassay enabled
detection of SARS-CoV-2 spike proteins and viral particles in
clinical nasopharyngeal swabs. Testing across 39 infected
patients and 39 healthy individuals showed an 84.6%
agreement with RT-qPCR, underscoring the potential of MVP-
assisted microfluidic SERS systems for pandemic diagnostics.'*

4.1.2 Bacterial infections. Sohyun Park et al. reported an
acoustofluidic SERS system for rapid bacterial detection. In
their method, bacteria labeled with SERS nanotags were
passed through a silicon channel, where acoustic waves
generated by a piezoelectric transducer focused the labeled
bacteria in the channel center while separating free nanotags
toward the walls''” (Fig. 1B). Similarly, Hugo Cortes-Cano
et al. designed a polymer-based SERS microfluidic prototype
to monitor surface processes, capturing dynamic deposition
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of compounds on microchannel walls. This setup offered
real-time surface assessment with reduced reagents and
sample use, minimal environmental impact, and rapid
bacterial detection within one hour.""®

Hao Wang et al. compared conventional nanoparticle
synthesis ~ with  microfluidic ~ methods. Laminar-flow
microfluidics allowed precise control over reagent mixing,
producing nanoparticles with narrower size distributions,
which were then used in SERS studies involving horseradish
peroxidase (HRP) and Escherichia coli.'*® Zhenyong Dong
et al. introduced a SERS microfluidic chip embedded with a
barium titanate microsphere array (BTMA), fabricated
through vacuum-assisted thermal pressing. Bacterial
detection was achieved using immune magnetic enrichment
combined with immune SERS tags'*° (Fig. 1C).

Ping Wen et al. developed a digital SERS microfluidic chip
employing an inverted pyramid microcavity (IPM) array to
isolate and purify microbes, enabling rapid microbial
quantification. This approach demonstrated potential for
detecting a wide variety of pathogens, including bacteria and
viruses'?" (Fig. 1D). Yue Liu and collaborators created a ZnO/
Ag nanostructured SERS microfluidic array, where zinc oxide
nanoflowers decorated with silver nanoparticles enhanced
sensitivity for efficient bacterial capture and detection.'**

Lindong Shang et al. combined label-free SERS with optical
tweezers in a microfluidic environment to analyze six industrial
Lactobacillus strains. Machine learning models including
support vector machine (SVM) and XGBoost classified Raman
spectra with over 95% accuracy, highlighting the platform's
robustness'>* (Fig. 2A). Chi-Yao Ku et al. proposed an air-liquid
microfluidic SERS (ALM-SERS) system, using precise droplet
manipulation to control sequential molecular adsorption,
allowing selective analysis of bacterial secretions'** (Fig. 2B).

Mehdi Feizpour et al. introduced a framework combining
on-chip SERS with a two-dimensional convolutional neural
network (2D-CNN) for bacterial identification. Direct laser
writing was used to create SERS-active regions within the chip,
enabling customizable hotspots and efficient in situ
measurements'>® (Fig. 2C). Bingyang Huo et al. developed a co-
recognition, enrichment, and sensing (CES) strategy, integrated
with a modular microfluidic device and magnetically controlled
sliding unit, which allowed seamless switching between
magnetic loading and elution steps for high-specificity bacterial
detection'?® (Fig. 2D).

Finally, Heera Jayan et al. designed a Y-shaped serpentine
microfluidic SERS chip for the rapid, label-free detection of
E. coli in food samples. This device demonstrated strong
potential for food safety applications by providing sensitive,
real-time pathogen screening®’ (Table 2).

4.2 Liquid biopsy

4.2.1 Circulating tumor cells (CTCs). Renhao Ni et al
combined a single-cell trapping platform with tumor-targeted
silver nanoprobes and tapered multimode optical fibers
coupled to Raman spectroscopy. This approach enhanced
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are 60°, 2 mm, 1 mm, and 0.4 mm, respectively. (B) The series of SERS spectra at microwells #1 to #8 can be continuously acquired by integrating
the motorized stage and Raman microscope and analyzed using data categorization methods (PCA or SVM). Photograph of (C) the ALM-SERS
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coli O157:H7 in CES method based on the MNP@AMP (A), silent region Raman probe APPA and ANPA (B), and CES Strategy coupling with
integrated FM-MCS SERS platform (C).*?® Reproduced from ref. 123-126 with permission from American Chemical Society, Elsevier, Elsevier, and

Elsevier, respectively; copyright 2023, 2025, 2025, and 2024.

Raman scattering intensity, minimized optical loss, and
suppressed background interference. Their findings revealed
strong associations between single-cell Raman spectral features
and biological processes such as adhesion, migration, and
extracellular matrix remodeling, offering a rapid and precise
method for pancreatic cancer diagnosis and monitoring."*®
Yujiao Xie et al. reported a cancer cell enrichment and
identification system that integrated SERS-active bioprobes
with a microfluidic spiral inertial separation chip. Cancer
cells were effectively isolated from peripheral blood, and
subsequent machine learning-assisted linear discriminant

This journal is © The Royal Society of Chemistry 2026

analysis (LDA) differentiated three types of cancer cells from
white blood cells with >90% accuracy®® (Fig. 3A).

Ying Zhuo et al. presented a multifunctional microfluidic
device for parallel isolation and detection of CTCs and
prostate-specific antigen (PSA). A pagoda-like tiered chamber
enabled sequential separation of CTCs with 87% capture
efficiency, while functionalized magnetic beads were employed
for PSA enrichment via sandwich immunoassay'*® (Fig. 3B).

Inspired by the structural behavior of CTCs, Changbiao
Zhan et al. designed a coordinated microfluidic device (CMD)
incorporating a nanowire forest trapping substrate (NFTS).
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Table 2 Summary of representative microfluidic-SERS applications for infectious disease detection

Category Detection strategy System design/key technique Key performance/feature Ref.
Viral Label-based (SERS Multiplex microfluidic chip with AuNP nanotags Multiplex detection of SARS-CoV-2 antigens; 115
infection nanotags) + portable Raman POCT-compatible system

Viral Label-based MVP nanobody + Au-Ag nanocage reporters + Detection in clinical swabs; 84.6% agreement 116
infection (immunoassay) nano-mixing microfluidics with RT-qPCR

Bacterial Label-based Acoustofluidic SERS focusing system with Rapid bacterial separation and detection with 117
infection piezoelectric control improved specificity

Bacterial Label-free/surface Polymer-based microfluidic SERS chip Real-time surface process monitoring; 118
infection monitoring detection within ~1 h

Bacterial Label-based Microfluidic-controlled nanoparticle synthesis for Improved nanoparticle uniformity and 119
infection SERS probes detection reproducibility

Bacterial Label-based BTMA-based SERS chip + immune magnetic High-specificity bacterial detection 120
infection enrichment

Bacterial Label-based/digital Digital microfluidic chip with IPM array Rapid microbial quantification; broad 121
infection SERS pathogen applicability

Bacterial Label-based ZnO/Ag nanoflower SERS microfluidic array Enhanced bacterial capture and sensitivity 122
infection

Bacterial Label-free Optical tweezers + microfluidic SERS >95% classification accuracy for bacterial 123
infection strains

Bacterial Label-free (controlled  Air-liquid microfluidic SERS (ALM-SERS) system  Selective analysis of bacterial secretions 124
infection adsorption)

Bacterial Label-free On-chip SERS + 2D-CNN + laser-written hotspots ~ML-enabled bacterial identification 125
infection

Bacterial Label-based CES strategy + magnetic-controlled microfluidics  Integrated enrichment and high-specificity 126
infection detection

Bacterial Label-free Serpentine microfluidic SERS chip Rapid E. coli detection in food samples 127
infection

This platform enabled dual-mode recognition and real-time
phenotypic profiling of CTCs directly from whole blood,
ensuring efficient capture and analysis™*° (Fig. 3C).

Emtiaz Ahmed et al. established a mesoporous gold
biosensor that allowed the SERS-based evaluation of
immune checkpoint protein (ICP) heterogeneity within
individual CTCs from lung cancer samples. The platform
enabled high-specificity capture and analysis of proteins
such as PD-L1, B7H4, CD276, and CD80."*' Amin
Hassanzadeh-Barforoushi et al. developed a high-throughput
CTC manipulation system integrated with multiplexed
Raman-based analysis modules, demonstrating its suitability
for in vitro cancer diagnostics'** (Fig. 3D).

Youqiang Zhou et al. fabricated a PMMA-triangular column
nanoarray (PMMA-TCNA) microfluidic chip embedded with gold
films as functional SERS substrates. This chip successfully
enriched PC3 cells and simultaneously achieved sensitive
Raman-based identification, suggesting potential utility in early
prostate cancer detection'** (Fig. 3E).

4.2.2 Nucleic acid detection

RNA detection. Diogo Costa et al. employed a microfluidic
device to monitor localized surface plasmon resonance (LSPR)
by continuously introducing probe solutions, enabling real-time
observation of thiolated oligonucleotide-sensor interactions."**
Researchers from Politecnico di Torino combined an automated
microfluidic platform with a portable Raman spectrometer for
detecting miR-214, using a multi-chamber chip with a
hybridization assay for functionalization."*® Yang Lu et al
constructed a SERS-active microcone array substrate (MCASS)
microchip for miR-141 detection, providing enhanced Raman

3292 | Lab Chip, 2026, 26, 3282-3319

sensitivity and large modification areas for DNA probes'*®
(Fig. 4A).

Xiaohui Lu et al created a barcoded microfluidic SERS
system capable of multiplex miRNA imaging. Encoded nanorod
aggregates were positioned at patterned nanogaps of vertically
aligned nanorod arrays, generating strong electromagnetic
enhancement. A dovetail-shaped micromixer further accelerated
probe hybridization and capture'®” (Fig. 4B). Jin Qian et al
integrated rolling circle amplification (RCA) with microdroplet-
based SERS detection to quantify miRNA-21 and miRNA-155 in
idiopathic pulmonary fibrosis serum samples. This strategy
achieved single-nucleotide resolution and significantly
improved reproducibility'*® (Fig. 4C and D).

Ka Wai Ng et al. proposed a lateral flow assay (LFA)-based
test for hsa-miR-17-5p, applying DNA hairpin probes for
selectivity and SERS nanoprobes for sensitive signal readout,
enabling early pregnancy biomarker screening.'*’

DNA detection. Yeru Wang et al. designed a DNA-derived
dynamic hydrogel scaffold (DDHS) integrated into a microfluidic
chip to capture exosomes via CD63 recognition, achieving an
ultra-low detection limit of 2.63 particles per uL'*
(Fig. 5A and B). Yayun Qian et al. presented a high-throughput
SERS microfluidic chip using enzyme-assisted signal
amplification (EASA) and catalytic hairpin assembly (CHA). This
system applied hpDNA-modified Au nanocone arrays to detect
circulating tumor DNA (ctDNA) in lung cancer mouse models."*!

Lei Wu et al. developed a finger-actuated microfluidic chip
with built-in filtration grooves for rapid ctDNA analysis from
whole blood without amplification. The SERS platform allowed
direct detection with high sensitivity."*> Yan Su et al. introduced

This journal is © The Royal Society of Chemistry 2026
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enzymatic recycling (ER) reactions in microdroplets for
isothermal amplification, enabling single-molecule level
sensitivity without thermal cycling, achieving results within 20
minutes'*? (Fig. 5C).

4.2.3 Exosome detection. Xin Wang et al. established a
SERS-integrated microfluidic chip for analyzing exosome
secretion at the single-cell level, successfully distinguishing
breast cancer subtypes and monitoring drug response with
machine learning.'** Quan Zhou et al. developed EV-GLYPH,
a SERS-based microfluidic approach for multiplex
glycoprotein profiling of sEVs in non-small cell lung cancer,
differentiating malignant from benign nodules'* (Fig. 6A).

Weiming Lin et al. designed a serpentine-channel chip with
multiplexed SERS tags to profile multiple tumor biomarkers on

This journal is © The Royal Society of Chemistry 2026

extracellular vesicles (EVs), eliminating manual processing
steps'*® (Fig. 6B). Hui Chen et al. reported a deep learning-
assisted chip that enriched exosomes with gold nanocube-anti-
CD9 conjugates (PACD) and enabled Raman-based subtype
analysis of NSCLC'"’ (Fig. 6C).

Ying Jin et al. applied a size-based microfluidic chip combined
with tangential flow filtration for osteosarcoma exosome
isolation, achieving 82% recovery and >93% diagnostic accuracy
with machine learning"*® (Fig. 6D). Huakun Jia et al. fabricated a
cactus-like nanostructured SERS array for detecting prostate
cancer-derived exosomes with enhanced sensitivity'*® (Fig. 7A).

Wenbo Dong et al. combined digital microfluidics with
Raman spectroscopy for serum exosome analysis, enabling
portable and real-time monitoring’*® (Fig. 7B and C). Xingya
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Fig. 4 (A). Schematic diagram of miRNA recognition and SERS detection on microfluidic chip.'*¢ (B). Schematic of the proposed microfluidic-SERS
barcoding system (MSBS) for multiplexed detection of miRNAs and early cancer diagnosis.*®” (C). a) Principle of the SERS-RCA-microfluidic
biosensor for detecting ipf-related mirna. b) design of the microfluidic chip. i: Target miRNA recognition and ligation. ii: RCA initiation, where
streptavidin-coated MBs&zipDNA, DNA polymerase, DTT, dNTP, and buffer are introduced. iii: Au NPs coupling area, where Au NPs&MGITC&pDNA
are introduced. iv: SERS signal detection area, where a magnet is placed to capture MB-RCA-Au NPs complexes and separate the supernatant. c)
Design of the padlock probe and functional descriptions of the D1, D2, P, and zip regions. d) i: Target recognition. i) RCA initiation. iii and iv) SERS
signal output, where RCA products are connected to Au NPs in iii, and MB-RCA-Au NPs complexes are magnetically captured and subjected to
SERS detection in iv.**® (D). Comprehensive representation and functionality of the microfluidic system.'*® Reproduced from ref. 136-138 with
permission from Elsevier, American Chemical Society, and Elsevier, respectively; copyright 2023, 2023, and 2024.

Chen et al. developed a seven-channel chip (S-MMEV) to
simultaneously analyze multiple sEV biomarkers and
accurately differentiate ovarian cancer patients from healthy
controls.’® Kwun Hei Willis Ho et al. demonstrated a droplet
microfluidic-SERS aptasensor for HER2-positive exosome
detection from breast cancer cells, achieving high sensitivity
through nanoparticle aggregation hotspots'** (Fig. 7D).

4.2.4 Detection of other biomarkers. Marika Niihori et al.
fabricated a glass-based Au nanoparticle monolayer sensor
incorporating iron(m) sensitizers to detect dopamine at nanomolar
levels with amplified SERS effects."”® Xiaoyan Xue et al
synthesized AuNPs/MoS, composites via microfluidic-assisted
nanomaterial growth for adenine and cytosine detection."®* Lili
Cong et al. developed AgNP-doped hydrogel microbeads using in
situ polymerization, allowing selective entry of small molecules for
alkaline phosphatase (ALP) SERS detection.'”

3294 | Lab Chip, 2026, 26, 3282-3319

Ksenia Maleeva et al. introduced a plasmonic polymer-
embedded Au nanoparticle film, providing robust SERS
signals across pH ranges (3-9) and elevated temperatures
(~150 °C), enabling amino acid analysis."”® Javier Plou et al.
utilized paper-based capillary pumps to simplify SERS
analysis of cell secretions™’ (Fig. 8A). Ziteng Zhang et al.
designed a nanostructured SERS microfluidic biosensor for
simultaneous quantification of serotonin, dopamine, and
cortisol three biomarkers linked to emotional states.'*®

Jiwon Yoon et al. produced SERS-active cylindrical microgels
through photo-crosslinking, enabling stable detection of small
molecules without preprocessing’® (Fig. 8B). Kaibin Yao et al.
developed plasmonic cellulose microfilaments coated with
AgNPs for urea detection in microchannels, with deep learning
algorithms applied for automated recognition.'®® Francesca
Toffanello et al fabricated inkjet-printed AuNP films on

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (A). Schematic of SERS-based microfluidic chip on the synergy between DDHS and DNA self-assembly technology for exosome
detection.**° (B). (a) Fluorescent image of the entire microfluidic channels. (b) Corresponding fluorescence intensity profiles at locations indicated
by dotted frame under various flow rates (1/5/10/20 uL min™). X and Y axes denote the channel width and the relative fluorescence intensity,
respectively. (c) The line drawing of the HP recovered fluorescent intensity by DNA self-assembly against the flow rate. SERS spectra (d) and
plotting of the 645 cm™ peak intensity values (e) of FAM detection on detection chamber corresponded to the rates of 1, 5, 10, 20 uL min*
respectively. (f) Schematic of FAM-labeled Rpl locked in DDHS, and the fluorescent microscopy images of DDHS (i) and DNA reporter probes
capture step which before (i) and after (iii) flowing through DDHS. (g) The DNA sequences and hybridization information of Rpl and CPn. (h) The
SERS measurement results in DDHS which modified CPn.}#° (C). Scheme of antibody-based digital droplet enzyme recycling single-molecule
homogeneous immunoassay (ddER-SiMHol). The workflow consists of six major steps: step 1, target and reaction reagents (two affinity probes and
a molecular beacon) are incubated at 37 °C to form an immune complex; step 2, protease is added to degrade the target and terminates the
reaction; step 3, an endonuclease is introduced for subsequent reaction; step 4, the reaction reagents serve as aqueous phase in a bi-phase
microfluidic chip to generate water-in-oil droplets; step 5, the endonuclease acts on the reaction products, and triggers an in-droplet enzymatic
recycling reaction at 50 °C to accumulate unquenched FAM fragments; step 6, using a fluorescence microscopy to digitalize the illuminated
droplets. Under an excitation wavelength of 494 nm, no apparent fluorescence signals can be observed from negative samples, while clear green
fluorescence signals can be observed from positive samples.’** Reproduced from ref. 140 and 143 with permission from Elsevier and Wiley-VCH,
respectively; copyright 2024 and 2025.
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Fig. 6 (A). Principle of EV-GLYPH assay for early-stage NSCLC identification.X*® (B). (A) Schematic structure and (B) working principle of the on-
chip SERS-based EV phenotyping platform, including (i) sample inlet ports, (ii) a serpentine microstructure for mixing and immunoreaction, (iii) a
zone for magnetic enrichment, washing, and SERS detection, and (iv) a sample outlet port.**® (C). (a) CAD diagram of the microfluidic-SERS chip.
(b) A prototype of the microfluidic-SERS chip. (c) Mixing chamber of the chip. (d) Trapping chamber of the chip. (e) Velocity distribution map of the
microfluidic-SERS chip. (f) Pressure distribution map of the microfluidic-SERS chip. (g) Trapping efficiency of the chip.**” (D). The rapid separation
and purification of exosomes through a size-dependent microfluidic chip employing tangential flow filtration.’*® Reproduced from ref. 145-148
with permission from Wiley-VCH, Elsevier, American Chemical Society, and Elsevier, respectively; copyright 2024, 2023, 2025, and 2025.

aluminum foils within microfluidic chips, facilitating SERS-
based monitoring of biomimetic reaction kinetics'®" (Fig. 8C).
Bingfang Zou et al introduced magneto-plasmonic
nanostirrers carrying Raman reporters as capture carriers to
improve microfluidic biosensor reproducibility, demonstrated
using interleukin-6."®> Changbiao Zhan et al. designed 3D AuNP-
based hydrogel microparticles with hierarchical nanostructures,
allowing simultaneous SERS detection of alpha-fetoprotein (AFP)
and alpha-fucosidase (AFU).*® Yongxiang Hu et al used
femtosecond laser nanoparticle array implantation to integrate
gold nanostructures into flexible microfluidic films for online
SERS monitoring of oxidation reactions'®® (Fig. 8D) (Table 3).

4.3 Gas detection

To bridge the gap in real-time sensing and monitoring of
neurotoxic gases for emergency response, durable and
reusable SERS-enabled microfluidic chips have been

3296 | Lab Chip, 2026, 26, 3282-3319

designed. Marta Lafuente et al. incorporated a three-
dimensional photonic metal framework, consisting of
mesoporous silica (MCM48) nanospheres densely decorated
with gold nanoparticles (MCM48@Au), into a silicon
microfluidic chip for trace gas enrichment and label-free

detection. The amplification effect achieved through
mesoporous silica preconcentration was benchmarked
against denser silica structures (Stober@Au), showing

superior performance.'®*

In another study, Yanyan Lu et al developed a
bifunctional composite SERS substrate for trace volatile
detection. This system combined a gold/silica enhancement
layer with a porous Cu(OH), adsorption layer, fabricated via a
microfluidic-assisted gas-liquid interface self-assembly
process. The platform successfully tracked temporal changes
in benzaldehyde signals and enabled specific recognition of
volatile organic compounds (VOCs), including benzene,
xylene, styrene, and nitrobenzene. Their work highlights a

This journal is © The Royal Society of Chemistry 2026
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The structure of the DMF device with the TRES sensor. (C) The system allows for both on-chip enrichment and detection of exosomes. (D) The schematic
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straightforward and efficient approach for the SERS-based
detection of trace-level gaseous VOCs.'®’

4.4 Drug analysis

Nguyen La Ngoc Tran et al. employed microfluidic sensor
devices to quantify dopamine in solution.'®® Siyue Xiong
et al. designed a pump-free microfluidic chip integrated with
a solid-state SERS-active substrate for detecting trace levels of
cortisol in body fluids via immunoassay. The method utilized
a competitive binding reaction between cortisol molecules
and SERS-tagged cortisol antigens anchored on
nanostructured gold, with dual detection channels serving as
controls to enhance accuracy and efficiency.’®” Similarly,
Fuqi Yao et al. introduced a microfluidic synthesis platform
capable of producing uniform core-shell nanocubes within
15 minutes, which were subsequently applied as SERS

This journal is © The Royal Society of Chemistry 2026

substrates for detecting methylene blue and the antibiotic
sulfadiazine."®®

Jingyu Xiao et al reported a noninvasive wearable
plasmonic microfluidic sensor designed for sweat sampling
and concurrent monitoring of acetaminophen. The system
incorporated a gold nanosphere-cone array as the SERS-
active element, enabling sensitive and real-time identification
of acetaminophen fingerprints.'®® Laura Serioli et al.
developed a compact benchtop SERS detection system that
integrates sample preparation, rapid sensing, and machine
learning-based data interpretation. Using methotrexate (MTX)
as a model drug in serum, the platform allowed
simultaneous preparation of up to eight samples within five
minutes and SERS mapping at a throughput of one test every
five minutes'’° (Fig. 9A).

Automation was further advanced by Gohar Soufi et al.,
who combined micro solid-phase extraction (uSPE) with a

Lab Chip, 2026, 26, 3282-3319 | 3297
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Fig. 8 (A). a) Scheme of the custom-made device with one inlet for cell culture and another for addition of NPs. The double role of the paper
sheet (as the pump and support for nanoparticles), speeds up sample collection and SERS substrate preparation, thus reducing waiting time down
to ca. 1 min. b) Influence of paper capillary action and NP diameter on SERS substrate formation. In general, three different substrate qualities can
be distinguished. Higher speed yielded disparate substrates (orange boxes), whereas lower velocities led to more homogenous SERS substrates,
created around the area in contact with the microfluidic outlet (violet boxes). Nanoparticles with larger sizes present restricted diffusion through
the paper, resulting in a dense accumulation of NPs over heterogeneous small areas (red boxes). c) Representative SEM images of substrates with
different nanoparticle distributions and their corresponding SERS spectra averaged over the indicated squared area, upon incubation with 10 nM
malachite green (MG). Higher magnification images show general features of paper with (1) or without (2) NP accumulation.®®” (B). Production of
SERS-active microcylinders with a single compartment.*>® (C). (a) Schematic representation of the assembled components of the chip. (b and c)
Mixing test on PDMS replica of the chip using fluorescein and water under a fluorescence microscope. (d and e) Raman map at 593 cm™ with 250
um resolution. The red arrows in (c) and (e) conceptually represent the progression of the diffusion of the species through the channel section.'5*
(D). Femtosecond laser implantation of nanoparticle array on a flexible substrate. (a) Experimental device and (b) schematic of the laser-induced
forward transfer. (c) Preparation process and (d) SEM image of patterned Au islands on glass. NPAs fabricated under a vertically (e) and (f)
diagonally polarized laser pulse. (g) NPAs fabricated using a diagonally polarized laser pulse with different pulse energies.'®® Reproduced from ref.
157, 159, 161 and 163 with permission from Wiley-VCH, American Chemical Society, Elsevier, and IOP Publishing, respectively; copyright 2023,
2023, 2025, and 2024.
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Table 3 Summary of representative microfluidic-SERS applications in liquid biopsy
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Category Detection strategy System design/key technique Key performance/feature Ref.
CTCs Label-based/single-cell Raman Single-cell trapping platform + Enhanced Raman intensity and reduced 128
profiling tumor-targeted Ag nanoprobes + tapered  optical loss; precise single-cell analysis for
multimode optical fibers pancreatic cancer
CTCs Label-based Spiral inertial separation chip + >90% accuracy in distinguishing three 38
SERS-active bioprobes cancer cell types from WBCs
CTCs Label-based (immunoassay) Multifunctional microfluidic device for 87% CTC capture efficiency with 129
parallel CTC and PSA detection simultaneous PSA analysis
CTCs Label-free/dual-mode recognition = Coordinated microfluidic device (CMD) +  Real-time phenotypic profiling of CTCs from 130
nanowire forest trapping substrate (NFTS) whole blood
CTCs Label-based Mesoporous gold biosensor for ICP High-specificity detection of PD-L1, B7H4, 131
heterogeneity analysis CD276, CD80 in individual CTCs
CTCs Label-based/multiplex Raman High-throughput microfluidic Suitable for in vitro cancer diagnostics and 132
manipulation system + multiplex Raman  parallel CTC analysis
analysis
CTCs Label-free PMMA-TCNA chip with Au film substrate =~ Enrichment and sensitive Raman 133
identification of PC3 cells
RNA Label-based/hybridization Continuous-flow microfluidic LSPR Real-time observation of probe 134
detection monitoring of oligonucleotide-sensor hybridization dynamics
interactions
RNA Label-based Automated multi-chamber microfluidic Portable miRNA detection platform 135
detection chip + portable Raman for miR-214
RNA Label-based MCASS microchip for miR-141 detection =~ Enhanced Raman sensitivity and larger 136
detection probe-modification area
RNA Label-based/multiplex imaging Barcoded microfluidic SERS chip + Multiplex miRNA imaging with enhanced 137
detection encoded nanorod aggregates + micromixer hybridization efficiency
RNA Label-based/amplification-assisted RCA + microdroplet-based SERS detection Single-nucleotide resolution and improved 138
detection reproducibility for miRNA-21/155
RNA Label-based/LFA LFA-based SERS test with DNA hairpin Sensitive hsa-miR-17-5p detection for early =~ 139
detection probes + SERS nanoprobes pregnancy biomarker screening
DNA Label-based DDHS-integrated microfluidic chip for Ultra-low detection limit of 2.63 particles/uL 140
detection CD63-mediated exosome capture
DNA Label-based/amplification-assisted High-throughput chip with EASA + CHA + Sensitive ctDNA detection in lung cancer 141
detection hpDNA-modified Au nanocone arrays mouse models
DNA Label-free/direct detection Finger-actuated chip with filtration Amplification-free ctDNA analysis with high 142
detection grooves for ctDNA from whole blood sensitivity
DNA Label-based/isothermal Microdroplet SERS with enzymatic Single-molecule sensitivity within 20 min 143
detection  amplification recycling (ER) reaction
Exosome  Label-free/secretion profiling SERS-integrated microfluidic chip for Distinguishes breast cancer subtypes and 144
detection single-cell exosome secretion analysis monitors drug response
Exosome  Label-based/multiplex EV-GLYPH microfluidic SERS platform Differentiates malignant and benign lung 145
detection  glycoprofiling nodules
Exosome  Label-based/multiplex tags Serpentine-channel chip with multiplexed Automated profiling of multiple EV tumor 146
detection SERS tags biomarkers
Exosome  Label-based Deep learning-assisted chip + PACD Raman-based subtype analysis of 147
detection enrichment for NSCLC exosomes NSCLC-derived exosomes
Exosome  Label-free/isolation + Size-based chip + tangential flow filtration 82% recovery and >93% diagnostic accuracy 148
detection  classification for osteosarcoma exosomes
Exosome  Label-based Cactus-like nanostructured SERS array Enhanced sensitivity for prostate 149
detection cancer-derived exosome detection
Exosome  Label-free/portable analysis Digital microfluidics + Raman Portable and real-time serum exosome 150
detection spectroscopy for serum exosomes monitoring
Exosome  Label-based/multiplex Seven-channel chip (S-MMEV) for Accurate differentiation of ovarian cancer vs. 151
detection simultaneous sEV biomarker analysis healthy controls
Exosome  Label-based/droplet aptasensor Droplet microfluidic-SERS aptasensor for ~ High sensitivity via nanoparticle aggregation 152
detection HER2-positive exosomes hotspots
Other Label-based AuNP monolayer sensor + Fe(ur) sensitizers Dopamine detection at nanomolar levels 153
biomarkers
Other Label-based AuNPs/MoS, composites via Sensitive adenine and cytosine detection 154
biomarkers microfluidic-assisted growth
Other Label-based AgNP-doped hydrogel microbeads via in Selective ALP detection via small-molecule 155
biomarkers situ polymerization permeability
Other Label-free Plasmonic polymer-embedded AuNP film  Stable amino acid analysis across broad pH 156
biomarkers and temperature ranges
Other Label-free/paper-based Paper capillary pump-assisted SERS Simplified analysis of cell secretions 157
biomarkers microfluidic system
Other Label-based/multiplex Nanostructured SERS microfluidic Simultaneous detection of serotonin, 158
biomarkers biosensor dopamine, and cortisol

This journal is © The Royal Society of Chemistry 2026
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Table 3 (continued)

Category Detection strategy System design/key technique Key performance/feature Ref.
Other Label-free SERS-active cylindrical microgels via Stable small-molecule detection without 159
biomarkers photo-crosslinking preprocessing

Other Label-free Plasmonic cellulose microfilaments coated Automated recognition for urea detection 160
biomarkers with AgNPs

Other Label-free/reaction monitoring Inkjet-printed AuNP films on aluminum Monitoring of biomimetic reaction kinetics 161
biomarkers foil within chip

Other Label-based Magneto-plasmonic nanostirrers carrying  Improved reproducibility in IL-6 detection 162
biomarkers Raman reporters

Other Label-based/dual biomarker 3D AuNP hydrogel microparticles with Simultaneous AFP and AFU detection 46
biomarkers detection hierarchical nanostructures

Other Label-free/online monitoring Femtosecond laser-implanted Au Online SERS monitoring of oxidation 163
biomarkers nanostructures in flexible films reactions

centrifugal  microfluidic ~ disc (CD-SERS) containing  human umbilical vein endothelial cells (HUVECs) and breast

embedded SERS substrates. This configuration enabled
uniform wetting, reproducible measurements, and label-free
quantification of MTX and lamotrigine (LTG) in serum.
Robust analysis was achieved using partial least squares
regression (PLSR)'”" (Fig. 9B). Tania K. Naqvi et al. proposed
a flexible, paper-based, pump-free microfluidic SERS device
for cost-effective detection of triazolone, in which hydrophilic
channels were engraved with wax molds and hot-pressing."”>

Sebastian Fehse et al presented a recyclable, chip-
integrated SERS substrate fabricated by photochemical
deposition of silver nanoparticles on TiO, films. The
photocatalytic activity of TiO, allowed substrate reuse,
enabling near real-time detection in an automated DMF-
SERS system.'”? Junjie Chen et al. exploited an S-shaped
microfluidic chip to synthesize monodispersed silver
microparticles for ultrasensitive SERS applications."”*
Shuoyang Yan et al. developed a colloidal SERS platform
based on cavity-like silver aggregates, offering stable flow-
based detection windows for monitoring and identifying
photochemical intermediates in situ'”® (Fig. 9C).

Additional contributions include Hongyu Li et al., who
fabricated a side-polished multimode fiber (SPMF) probe by
depositing gold nanorods and embedding it within a
microfluidic channel, forming a glass-based chip for
detecting pesticide and antibiotic residues in tap water.”®
Wang Peng et al. demonstrated a porous SiC-Ag nanoparticle
hybrid substrate integrated into a microfluidic chip for rapid
trace substance detection.'”” Tongtong Zhang et al. applied
direct laser writing to fabricate citric acid-modified silver
aggregates inside microchannels, enabling quantitative SERS
analysis of weakly interacting compounds such as the
antidiabetic drug rosiglitazone.'”®

4.5 Disease diagnosis

Ziting Qian et al. developed a three-dimensional organotypic
microfluidic chip that incorporates SERS-based protein
imprinting nanomaterials (SPINs) to investigate tumor cell
extravasation in vitro. The platform integrates a collagen gel
channel and a vascular channel sequentially seeded with

3300 | Lab Chip, 2026, 26, 3282-3319

cancer cells, enabling real-time observation of tumor cell
extravasation. This model offers new opportunities for
fundamental studies of cancer metastasis and for evaluating
the efficacy of therapeutic interventions."””

Jianli Sun et al. fabricated a microfluidic biosensor
consisting of a polystyrene/gold nanoparticle (PS/AuNP)
microsphere array mounted on a quartz substrate. This lab-
on-a-chip system demonstrated potential as a powerful
platform for the early detection of circulating cancer
biomarkers in blood samples."®°

Xin Wang et al. integrated highly sensitive SERS detection
into a microfluidic device to monitor VEGF secretion and pH
fluctuations of the extracellular microenvironment during
oxidative stress at the single-cell level. Magnetic bead-based
capture probes formed immunosandwich complexes on the
cell surface, significantly amplifying the SERS reporter signal
and enhancing detection accuracy.'® Wenwen Yuan et al.
created a low-cost, paper-based nanocellulose analytical
microfluidic device (NanoPAD) for SERS-based immunoassays
of Alzheimer's disease biomarkers, successfully detecting
glial fibrillary acidic protein (GFAP) in blood"®* (Fig. 9D).

In another study, Jianli Sun et al. designed a microfluidic
system using PS microspheres coated with gold nanosheets
to simultaneously detect AB1-42 and p-taul81 proteins at
femtogram concentrations. Multiple test and control
channels enabled ultrasensitive and quantitative detection of
Alzheimer's disease biomarkers with a detection limit of 100
fg mL™" (ref. 183) (Fig. 10A). Qian Jin et al. developed a SERS-
coupled SlipChip for single-cell metabolic profiling. This
device compartmentalized individual cells and delivered
saponins and nanoparticles in parallel to release metabolites,
enabling multiplex SERS detection through a simple sliding
motion. Tests on multiple cancer cell lines confirmed its
sensitivity and high-throughput potential'®*® (Fig. 10B).

Ankita Jaiswal et al. reported a PDMS-based microfluidic
device for detecting B-amyloid peptide (Ap1-42) in simulated
cerebrospinal fluid. Using a purine-AgNP SERS substrate, the
device produced strong hotspot signals and achieved
excellent detection limits."®* Xiaopeng Liu et al. introduced a
SERS microfluidic chip designed for single-cell monitoring of

This journal is © The Royal Society of Chemistry 2026
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quantification assay implemented in this work: 1) sample preparation, by spiking MTX or LTG in human serum, and drug separation performed by
evaluating PP, UF and p-SPE. 2) The CD-SERS microfluidic assay design in which the separated drug is introduced on the disc; the disc is spined
and centrifugal forces enable migration of the analyte on the SERS chip, placed in the sensing chamber; then the entire SERS chip is mapped. 3)
Advanced data analysis of the SERS map with machine learning algorithms for drug quantification, and analytical validation with HPLC and
immunoassay.’* (C). A) Comparison of Ag cavity and conventional aggregates. B) Schematic diagram of the construction of the online SERS-
microfluidics PAT platform and its use in monitoring flow photochemistry. i) Photodegradation zone; ii) mixing zone; iii) online SERS monitoring
zone.*”® (D). Schematic of SERS detection. (a) Schematic of NanoPADs fabrication. (b) Preparatory illustration of SERS-based immunoassay for
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PTK7 receptor expression, enabling discrimination among
colorectal cancer subtypes through migration assays in cell
channel arrays.'®

Kang Shen et al. proposed a pump-free LoC-SERS device
based on p-amino acid oxidase (p-aao)-mediated cascade
reactions for quantifying p-proline and p-alanine, metabolites
linked to gastric cancer'®® (Fig. 10C and D). Mengyue Wang
et al. developed a SERS-enabled microfluidic immunoassay for
the multiplexed quantification of acute ischemic stroke (AIS)
biomarkers."®” Dechun Zhang et al. combined 4D quantitative
proteomics, a nano-hybrid-enhanced SERS chip, and machine
learning to identify blood protein biomarkers related to

This journal is © The Royal Society of Chemistry 2026

micropapillary (MPP) components in lung adenocarcinoma,
aiding surgical decision-making"®® (Fig. 11A).

Kuo Yang et al introduced a microfluidic SERS system
coupled with machine learning to classify T-cell acute
lymphoblastic leukemia (T-ALL) and chronic myeloid leukemia
(CML), using ordered microchannel arrays for efficient tumor
cell capture'® (Fig. 11B). Jiahao Zhang et al. built an inertial
microfluidic chip combined with label-free SERS probes for
gastric cancer detection, successfully enriching tumor cells from
gastric juice and ascites samples'® (Fig. 11C). Mei-Chin Lien
et al. presented a flexible plasmonic biosensor strip for SERS-
based detection of uric acid in tears, achieving a detection limit

Lab Chip, 2026, 26, 3282-3319 | 3301
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respectively; copyright 2023, 2024, and 2024.

of ~10 uM, offering non-invasive diagnostics for gout.'”

Finally, Weian Wang et al. optimized photonic crystal structures
with semi-coated gold nanospheres to enhance resonance
efficiency, creating a SERS-based microfluidic biosensor for
melanoma diagnosis'®* (Fig. 11D).

4.6 Detection of environmental hazardous substances

Microplastic (MP) contamination poses growing risks to both
ecosystems and human health, driving demand for rapid
detection technologies. Ji Woo Jeon et al. introduced the
MiDREAM system (microplastic detection in real-time via
ML-integrated droplet analysis), which employs a peristaltic
pump to generate high-throughput droplets encapsulating
MPs, coupled with CMOS imaging and a YOLO v8 machine
learning algorithm for real-time classification. This portable
system enables efficient on-site environmental monitoring.'**

3302 | Lab Chip, 2026, 26, 3282-3319

Phenyl ether herbicides (PHs), widely used in agriculture,
threaten ecological and human safety. Xu Wang et al. integrated
microfluidic  glass  liquid chromatography (LC) with
electrochemical detection (ECD) and SERS to analyze PH
residues. The hybrid platform successfully achieved complete
separation and quantitative analysis of three PH compounds.'**

For detecting per- and polyfluoroalkyl substances (PFAS),
Chunyu Li et al. functionalized microstructured optical fibers
with B-cyclodextrin and silver nanoparticles, enabling direct
SERS-based identification of PFAS with detection limits as
low as 40 ng L™ for perfluorooctanoic acid.'®® Yiyue Yu et al.
fabricated an anemone-like nanoarray substrate (ALAS)
integrated into a pump-free microfluidic chip. The ordered
plasmonic nanoantenna array enhanced light -capture
efficiency, enabling highly sensitive mercury ion detection'®®
(Fig. 12A and B). Suyang Li et al. further synthesized uniform
Ag@Au core-shell nanoparticles in microfluidic reactors,
generating stable SERS substrates for pollutant detection."®”

This journal is © The Royal Society of Chemistry 2026
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Mirkomil Sharipov et al developed a paper-based
microfluidic sensor decorated with molecularly imprinted
nanogels and AgNPs for dual detection of bisphenol A
(BPA) and bisphenol S (BPS) in plastics. The device
supported both “drop-and-read” single-analyte detection and
simultaneous BPA/BPS measurement using interconnected
reservoirs'®® (Fig. 12C). Qian Ke et al demonstrated a
microfluidic SERS strategy for rapid detection of
acetamiprid in tea. A dual-channel chip with multiple
circular mixing units enabled efficient analyte-substrate
interactions, providing a reliable method for pesticide
residue analysis."®’

This journal is © The Royal Society of Chemistry 2026

Xing Wang et al. created a dual-function hydrogel-SERS
microfluidic platform with four independent channels, each
controlled by heat-activated hydrogel switches. The device
simultaneously detected triazolone, pyrene, anthracene, and
dibutyl phthalate, and incorporated deep learning algorithms
for classification and prediction®*® (Fig. 12D).

SERS-based microfluidic approaches have also been applied
to national security. Giulia Zappala et al. coupled SERS with
centrifugal microfluidics for real-time identification of chemical
warfare agents (CWAs), enabling reliable on-site quantification®**
(Fig. 13A). Zihan Wang et al. fabricated structurally tunable silver
aerogels combined with digital microfluidics (AgA-DMF) for

Lab Chip, 2026, 26, 3282-3319 | 3303
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Fig. 12 (A). (a) Schematic of the fabrication of anemone-like array substrate and Hg?* detection, and (b) The pump-free microfluidic sensor
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the microfluidic sensor and the capillary-driven flow process of red ink in the microfluidic channel over time.**® (C). Analytical performance of the
microfluidic SERS system. Schematic illustration of the microfluidic paper-based SERS device.'®® (D). Experimental flowchart. (a) Preparation
process of Ag NPs-NIPAM/PVA hydrogel composite structure. (b) Dual-functional hydrogel-based microfluidic nanoplasmonic SERS sensing
platform. (c) Actual image of one channel on the microfluidic SERS platform, and Raman measurement and deep learning assistant recognition
verification.?°° Reproduced from ref. 196, 198 and 200 with permission from Elsevier, Elsevier, and American Chemical Society, respectively;

copyright 2024, 2024, and 2025.

ultra-sensitive detection of hazardous substances such as TNT
(10 M), NTO (10 M), and methylene blue (107 M)***
(Fig. 13B). Wei Liu et al. further advanced SERS-DMF systems by
integrating 40 driving and 8 storage electrodes into microfluidic
chips, achieving automated high-throughput detection of
explosives with improved reproducibility®® (Fig. 13C). Finally,
Caterina Credi et al. developed polymer-based fluidic platforms
integrating optical functionalities using photopolymerizable
PFPE materials, enabling scalable, anti-fouling, and fiber-
compatible SERS chip fabrication for environmental and defense
applications*** (Fig. 13D).

Overall, the analysis of current applications suggests that
the role of machine learning is highly context-dependent. In
applications involving well-defined targets and strong reporter
signals, such as nucleic acid detection or immunoassays,
microfluidic-SERS systems can often achieve high analytical
performance without complex data-driven models. In these
cases, the primary advantages arise from improved fluid

3304 | Lab Chip, 2026, 26, 3282-3319

control, enhanced signal reproducibility, and efficient
multiplexing. However, in more complex scenarios, particularly
those involving label-free detection of heterogeneous biological
samples, the intrinsic limitations of SERS, including spectral
overlap, noise, and variability, become more pronounced.
Under these conditions, machine learning is not merely a
supplementary tool but a necessary component for achieving
clinically meaningful performance. It enables the extraction of
subtle spectral features and supports robust classification in
situations where traditional analysis would be insufficient.
Therefore, the effectiveness of microfluidic-SERS systems
should not be evaluated solely based on device performance or
algorithm selection in isolation, but rather on the coordinated
interaction between signal generation, sample control, and
data interpretation strategies. This integrated perspective is
essential for guiding future system design and for
understanding the true capabilities and limitations of different
application approaches.

This journal is © The Royal Society of Chemistry 2026
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5. Integration of microfluidic-SERS
with wearable devices for dynamic
and continuous monitoring

Yue Wang et al. presented a one-step fabrication strategy for a
capillary-driven, point-of-care microfluidic chip created via

This journal is © The Royal Society of Chemistry 2026

femtosecond laser direct writing. The device incorporates a
catalytic system consisting of titanium dioxide nanoparticles
with affinity for 5-aminosalicylic acid and potato root
peroxidase, enabling intracellular H,0O, detection. A
semiconductor-based SERS quantification module was
integrated, and the platform was successfully applied to the
rapid measurement of hydrogen peroxide in MCF-7 breast
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cancer cells.? Jingyu Xiao et al. designed a wearable plasmonic
microneedle sensor for interstitial fluid (ISF) sampling and
minimally invasive uric acid monitoring. The device employs
negative pressure generated by finger pressing to extract ISF via
a hollow microneedle array, which transports the fluid through
microfluidic channels into the sensing chamber for SERS
detection. This high-density array allowed label-free,
ultrasensitive detection of uric acid.**® Mengsu Hu et al
reported a silk fibroin-based sensing patch incorporating a self-
assembled bimetallic inverse opal nanostructure, which
provided uniform SERS hotspots for enhanced Raman signals.
Integrated microfluidic channels enabled controlled, time-
resolved sweat management, improving sample collection
efficiency.>”’
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Siyue Xiong et al. developed a flexible, portable
microfluidic SERS device constructed from modified PDMS
with self-adhesive properties. The chip contained densely
distributed hotspots created using angled-deposition silver
nanotriangles (AgNTs). Coupled with a one-dimensional
convolutional neural network, the platform achieved high-
accuracy, quantitative analysis of urea and glucose®*®
(Fig. 14A). In another study, Mengsu Hu e¢ al. created a silk
fibroin-based binary nanosphere array SERS substrate and
introduced a pseudoknot-assisted aptamer probe for cortisol
detection. By combining epidermal microfluidics with a
wearable patch, sweat could be collected without stimulation,
enabling dynamic monitoring of cortisol and pH levels in real
time*? (Fig. 14B).
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Fig. 14 (A). Design of a portable, flexible SERS microfluidic chip.2°® (B). (A) Stacked view of the SF-based wearable microfluidic SERS biosensor. (B)
The preparation process of SFOS/Au/Ag NSs substrate and cortisol measurement. (C) Conceptual diagram of the wearable sweat sensing patch
and the cross-sectional view of the microfluidic SERS sensor. (D) Photograph of the microfluidic SERS sensing patch mounted on the forearm.2%°
(C). Preparation and characterization of 3D chiral SERS flexible sensing element.?!® (D). Demonstration of microfluidic channel prepared by the
direct-writing method.?'* Reproduced from ref. 208-211 with permission from American Chemical Society, Elsevier, Wiley-VCH, and American
Chemical Society, respectively; copyright 2024, 2025, 2025, and 2023.
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Shuang-Feng Pan et al proposed a wearable patch
combining microfluidics with three-dimensional chiral
plasmonic nanostructures for SERS-based metabolic profiling of
chiral molecules in sweat. The system enabled in situ, real-time
collection and analysis of microliter-scale sweat samples®'’
(Fig. 14C). Similarly, Qingwei Yuan et al introduced a self-
adhesive microfluidic chip integrating erasable liquid-metal
plasmonic hotspots for glucose monitoring in sweat. Fabricated
from modified PDMS with improved adhesion, the device
closely conforms to the skin to collect, channel, and store sweat,
enabling sensitive and accurate SERS detection of glucose®™
(Fig. 14D).

Kuo Yang et al. demonstrated a wearable SERS patch
equipped with manually operated microfluidics for on-demand
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detection of urea and uric acid. A liquid valve allowed users to
direct sweat to distinct sensing zones, enabling up to five
independent sampling events*'* (Fig. 15A). Yang Li et al
fabricated a flexible, paper-based wearable microfluidic SERS
device integrated with a portable Raman spectrometer for
continuous sweat monitoring. Its segmented microchannels
allowed adjustable flow rates, facilitating rapid signal
acquisition. The nanostructured paper sensor enabled
molecular penetration and enrichment, allowing precise
quantification of uric acid and pH*"* (Fig. 15B). Siyue Xiong
et al also used oblique angle deposition (OAD) to create
ordered, high-density gold nanorod arrays (AuNRAs) on a digital
microfluidic (DMF) chip. The AuNRA substrate, combined with
the DMF system's low reagent consumption and automation,
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Fig. 15 (A). Schematic diagram of the wearable SERS-microfluidic patch towards sweat-based on-demand kidney health monitoring.2*2 (B). (a) Schematic
diagram of an FWPPM sweat monitoring device. (b) Top, middle, and optical images of the device. (c) Cross-sectional views of the incisions defined by

the dashed lines (i), (i), and (i) on the top side of (b), showing magnified
valve (TV), and throttling rupture valve (RV), respectively. (d) Transmission
and (e) UV-vis-NIR absorbance spectrum of Ag NPs. (f) Spatial structural
Diagram illustrating sweat biomarkers. (b) SERS detection and AuNRAs d
fabricating the DMF lower electrode plate.?!* (D). Fabrication of the digi
Elsevier, American Chemical Society, and Elsevier, respectively; copyright 2
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sections corresponding to liquid outlet, inlet, detection site, air chain throttle
electron microscopy (TEM) image with corresponding size distribution (inset)
image of filter paper fibers.?'* (C). Design of the digital microfluidic chip. (a)
iagram. (c) Diagram of the digital microfluidic chip. (d) Process flowchart for
tal microfluidic chip.?** Reproduced from ref. 212-214 with permission from
025, 2024, and 2025.
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enabled fast, label-free SERS detection of sweat biomarkers,
including urea and lactic acid, within 10 minutes®*
(Fig. 15C and D).

6. Challenges and future perspectives

This review has examined a wide range of microfluidic
platforms combined with surface-enhanced Raman scattering
(SERS) for disease diagnostics. By enabling precise fluid
handling at nanoliter volumes, microfluidics offers high
sensitivity and reproducibility, making it a promising approach
for point-of-care (POC) testing, particularly in the rapid and
accurate detection of infectious diseases. Conventional in vitro
diagnostic tools, such as chemiluminescence and fluorescence
assays, rely on photon emission processes and have long been
applied to analyze biological fluids (e.g:, blood, urine, nasal
secretions). However, these techniques are often limited by
insufficient sensitivity and difficulties in real-time deployment.
In this context, SERS has emerged as a strong candidate to
overcome such barriers and is widely regarded as a next-
generation POC diagnostic strategy.

Despite these advances, important challenges remain before
SERS-microfluidic devices can be routinely implemented.
Improving the sensitivity, reproducibility, and quantification
accuracy of SERS signals, alongside robust calibration and
multiplexing capabilities, will be crucial. The design of SERS
tags is particularly complex, as no single strategy is universally
applicable across the wide diversity of inorganic nanoparticles
and biomolecules. The highly tunable physicochemical
properties of nanomaterials including particle size, morphology,
charge, and colloidal stability complicate their transferability
across systems, hindering broad commercialization.

Future efforts should also focus on simplifying and
modularizing analytical systems. This includes enhancing
portability, integrating preprocessing units for on-chip
reactions, and advancing droplet-based operations (e.g., capture,
sorting, mixing, splitting). Such modular systems could be
incorporated into automated portable devices with greater
commercial potential. Nonetheless, current microfluidic
platforms face technical and manufacturing barriers, including
limited lifespan (e.g;, channel clogging), low throughput from
single-channel designs, fabrication complexity, and material-
derived interference in Raman spectra. Cost and
standardization are especially pressing issues. Fabrication of
high-precision chips using methods such as photolithography,
and materials like PDMS, silicon, or glass, remains expensive.
More economical techniques such as hot embossing and
injection molding are being developed to balance cost with
precision. Hot embossing, in particular, enables submicron
channel fabrication on thermoplastics (COP/COC, PMMA, PC),
supporting  medium-scale  production with  improved
efficiency.”">>"

Standardization is another bottleneck, as variations in
fabrication and testing methods across laboratories reduce
reproducibility and comparability. Initiatives such as the ISO
22916:2022 guideline aim to harmonize integration
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requirements for microfluidic systems, providing a pathway
toward universal platforms with consistent performance.
Multiplexed detection is also essential, since complex diseases
like cancer cannot be reliably diagnosed using a single
biomarker. Encoded SERS tags, based on mixed suspensions,
enable simultaneous detection of multiple targets with high
sensitivity. However, spectral overlap among Raman reporters
complicates decoding. Advanced curve fitting and machine
learning strategies can mitigate these issues and help manage
fluorescence background. Importantly, clinical translation
requires rigorous cross-validation of SERS analyses against
established diagnostic tools, with large-scale, statistically
powered studies to ensure reproducibility.

Machine learning (ML) represents a particularly powerful
approach for handling spectral complexity. Unlike traditional
statistical techniques, ML can classify and predict outcomes
in multi-analyte systems without explicit programming. To
achieve widespread clinical adoption, several technical
milestones must be addressed: (i) miniaturization of Raman
spectrometers into handheld, touchscreen-enabled devices,
(ii) development of compact fluid control systems suitable for
POC integration, and (iii) creation of spectral databases from
large clinical sample sets, combined with ML-driven analysis
to improve accuracy.*'®?' Successful translation of SERS-
microfluidic technologies from the laboratory to the clinic
will require close collaboration among spectroscopists,
engineers, software developers, and healthcare professionals,
ensuring that these systems meet the stringent standards of
real-world diagnostic practice.

Although microfluidic-SERS platforms have demonstrated
considerable promise in sensitive, rapid, and multiplexed
bioanalysis, their transition from laboratory prototypes to
clinically deployable diagnostic systems remains challenging.
To realize their full potential in point-of-care testing (POCT),
several translational barriers must be addressed at the levels of
standardization, validation, instrumentation, and regulatory
acceptance. A major challenge lies in the standardization of
SERS substrates and analytical workflows. The performance of
SERS-based systems is highly dependent on nanostructure
geometry, hotspot distribution, particle uniformity, and surface
chemistry. Variability in substrate fabrication, sample
preparation, and signal acquisition can significantly affect
analytical ~ reproducibility = and  limit inter-laboratory
comparability. Therefore, robust manufacturing protocols,
standardized operating procedures, and quality control
benchmarks will be essential for enabling reproducible and
clinically acceptable performance. Large-scale clinical validation
is another critical requirement. While many published studies
report excellent analytical sensitivity and classification accuracy,
most remain based on proof-of-concept demonstrations using
relatively small and highly controlled sample cohorts. For true
clinical translation, microfluidic-SERS platforms must be
evaluated using larger, multicenter, and demographically
diverse patient populations, ideally with prospective study
designs and comparisons against established gold-standard
diagnostic methods. Such validation is necessary not only to
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confirm analytical robustness, but also to establish clinical
utility, sensitivity, specificity, and real-world applicability.
Regulatory and translational considerations must also be taken
into account. For clinical implementation, microfluidic-SERS
systems will need to satisfy regulatory expectations regarding
device reproducibility, analytical validation, biosafety, usability,
and manufacturing consistency. In addition, the complexity of
integrating nanomaterials, fluidic modules, spectral acquisition,
and machine learning-based interpretation into a single
diagnostic workflow presents unique translational challenges.
Early consideration of regulatory requirements and translational
design criteria may therefore accelerate the path toward
commercialization and clinical adoption. The integration of
portable Raman instrumentation represents another key factor
for real-world deployment. Although benchtop Raman systems
are commonly used in laboratory studies, clinically useful
microfluidic-SERS devices will require compact, user-friendly,
and robust portable readers that can operate outside specialized
research settings. Advances in handheld Raman spectrometers,
miniaturized  optical components, smartphone-assisted
interfaces, and automated data analysis pipelines are expected
to play an important role in making these technologies more
accessible for decentralized diagnostics. Taken together, the
future success of microfluidic-SERS systems will depend not
only on analytical innovation, but also on the establishment of
clinically relevant, standardized, and scalable translational
frameworks. Bridging the gap between proof-of-concept
research and realworld implementation will require
interdisciplinary collaboration among materials scientists,
engineers, clinicians, regulatory experts, and industry partners.
Looking ahead, the future development of microfluidic-SERS
systems is expected to be driven not only by incremental
improvements in sensitivity and miniaturization, but also by
deeper integration of spectroscopy, microfluidic engineering,
artificial intelligence, and translational design. Several emerging
research directions are likely to play a particularly important
role in shaping the next generation of clinically relevant
platforms. One important direction is the development of
integrated optofluidic spectroscopy systems, in which fluid
handling, optical excitation, signal collection, and spectral
processing are co-designed within a single miniaturized
architecture. Such systems may reduce optical loss, improve
alignment stability, and enable more compact and automated
diagnostic workflows. In particular, the integration of
waveguides, on-chip optical components, and plasmonic
sensing interfaces may significantly enhance the portability and
scalability of microfluidic-SERS devices. A second major trend
is the emergence of Al-driven automated sensing platforms.
Future systems are likely to move beyond isolated machine
learning models for offline spectral classification toward end-to-
end intelligent diagnostic workflows, incorporating automated
sample handling, real-time spectral preprocessing, feature
extraction, classification, and decision support. Such closed-
loop analytical systems may substantially improve robustness,
reduce operator dependence, and enhance usability in
decentralized or resource-limited settings. Standardized and
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manufacturable SERS substrates will also be essential for the
field to progress toward broader adoption. Although many
proof-of-concept studies rely on highly specialized or laboratory-
specific nanostructures, future efforts should increasingly focus
on scalable, batch-consistent, and quality-controlled substrate
fabrication  strategies. = Advances in  template-assisted
nanofabrication, = nanoimprint  lithography,  roll-to-roll
processing, and reproducible self-assembly may provide
promising routes toward more reliable and commercially viable
SERS platforms. Another important frontier is the construction
of large, high-quality clinical spectral databases. For machine
learning-assisted SERS to achieve robust and generalizable
performance, future research must move beyond small, single-
center datasets toward multicenter, longitudinal, and
demographically diverse clinical cohorts. The establishment of
standardized spectral repositories, together with harmonized
metadata, annotation protocols, and benchmarking pipelines,
will be crucial for enabling fair model comparison, reducing
overfitting, and improving external validation. In addition,
future progress will likely depend on the convergence of
multimodal sensing and intelligent diagnostics. Combining
SERS with complementary readout strategies such as
fluorescence, electrochemistry, imaging, or digital microfluidics
may enhance analytical confidence and broaden the scope of
detectable biomarkers. Such hybrid platforms may be
particularly valuable in complex clinical scenarios where single-
modality readouts are insufficient. Overall, the next stage of
microfluidic-SERS research is expected to move from isolated
device innovation toward integrated, standardized, data-rich,
and clinically deployable sensing ecosystems. Continued
advances in these areas will be essential for transforming
microfluidic-SERS from a promising analytical technology into
a mature platform for precision diagnostics and point-of-care
healthcare.

7. Conclusion

This review presents a broad summary of recent progress in
surface-enhanced Raman  scattering  (SERS)-integrated
microfluidic platforms. We outlined five major categories of
these systems continuous-flow, microarray, droplet-based,
digital microfluidic, and lateral flow assay (LFA) formats and
discussed their applications in bioanalysis, particularly in
biomolecule detection, cellular studies, and disease
diagnostics. We also highlighted current challenges and
future research directions that will shape the development of
this emerging field.

The incorporation of microfluidics into SERS workflows has
helped mitigate several persistent problems, including limited
reproducibility, variable sensitivity, poor stability, memory
effects, inefficient reactions, and low throughput. As a result,
SERS-microfluidic  platforms have become increasingly
attractive tools for diverse applications ranging from molecular
and single-cell investigations to chemical reaction monitoring
and nanoparticle synthesis. Their versatility has enabled impact
across multiple disciplines, including chemistry, biomedical
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research, food safety testing, environmental surveillance, and
industrial process monitoring. More broadly, the integration of
microfluidics, SERS, and machine learning represents a shift
from component-based biosensing toward intelligent analytical
systems capable of closed-loop sample handling, molecular
readout, and automated decision-making.
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