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As the prevalence of cancer is escalating, there is an increased demand for early and sensitive diagnostic
tools. A major challenge in early detection is the lack of specific biomarkers, and a readily accessible, sensitive
and rapid detection method. To meet these challenges, cancer-derived small extracellular vesicles (SEVs) have
been discovered as a new promising cancer biomarker due to the high abundance of sEVs in body fluids and
their extensive cargo of biomarkers. Additionally, surface-enhanced Raman scattering (SERS) presents a sensi-
tive, multiplexed, and rapid method that has gained attraction with recent studies showing promising results
from patient samples for the multiplex detection of cancer sEVs. Various label-based SERS multiplex assays
have been developed in the field of SERS including bead assays, lateral flow immunoassays, microfluidic
devices, and artificial intelligence (Al)-based label-free SERS chips, targeting multiple surface proteins to
ensure comprehensive multiplex diagnostics. These assays hold promise for enabling early detection, quantifi-
cation, and subtyping of cancer-derived sEVs for cancer diagnostic applications. This review aims to provide a
summary of the recent advances in the field of SERS multiplex assays for detection, quantification, and sub-
typing of sEVs to facilitate cancer diagnosis. This review further provides unique insights into the use of sEVs
as a biomarker and aims to address the issues surrounding their translation from laboratories to clinics.

1. Introduction

The demand for better cancer diagnosis and disease pro-
gression monitoring is ever increasing with 19-20 million

Chloe Duffield

Chloe obtained her Bachelor of
Advanced Science in Chemistry

from  Macquarie  University
(Australia, 2022). Her first
research  project during her

undergraduate involved the syn-
thesis of SERS nanotags with a
gold core and silver coating for
biosensing  applications.  She
then continued her studies and
undertook a Master of Research
in  nanobiotechnology  with
Yuling Wang at Macquarie
University. Her project focused

on the development of a lateral flow assay using small extracellu-
lar vesicles for cancer diagnostics.

This journal is © The Royal Society of Chemistry 2025

Laura Rey Gomez

Laura M. Rey Gomez received
her Bachelor of Biomedical
Science from The University of
Technology, Sydney in 2018. She
earned her Bachelor of Honours
in Cell Pathology from the
University of Sydney in 2019
with the Australian Red Cross
Lifeblood, where she investigated
the role of glycans in the clear-
ance of platelet microparticles.
In 2020, she was hired as a
Research Assistant at Lifeblood
to continue her honours work

until 2021, when she joined Macquarie University as a Master of
Research student and, later on, in 2022 as a PhD candidate to
work on the development of a lateral flow immunoassay to detect
blood biomarkers in a new collaboration with Lifeblood.

Nanoscale, 2025, 17, 3635-3655 | 3635


http://rsc.li/nanoscale
http://orcid.org/0000-0003-4059-3819
http://orcid.org/0000-0002-6862-3533
http://orcid.org/0000-0003-3627-7397
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr04014g&domain=pdf&date_stamp=2025-02-08
https://doi.org/10.1039/d4nr04014g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017007

Published on 07 de desembre 2024. Downloaded on 4/2/2026 13:51:20.

Review

people being diagnosed each year and 10 million deaths
annually." With the ever-increasing demand for early diag-
nostics, small extracellular vesicles (SEVs) have emerged as
promising biomarker targets because of their intrinsic role
in tumor development, progression,>” and intercellular
communication within tumor microenvironments.**%*°
Moreover, sEVs which are readily available and abundant
in most bodily fluids, carry target biomolecules such as
surface proteins, nucleic acids, and carbohydrates.>®'""?
Through the molecular subtyping of sEVs, further infor-
mation can be deduced about proliferation, progression,
and tumorigenesis at very early stages of cancer.>™
However, their heterogenous nature poses a challenge as
each sEV population has different surface protein expression
profiles. Therefore, profiling of multiple surface biomarkers
is often required for accurate capture of sEV populations,
thus moving the field of research to multiplex assay
types.>™ Multiplex assays have become increasingly impor-
tant as the detection of multiple cancer-specific biomarkers
ensures a high degree of accuracy for diagnostics. This
issue is highly prevalent due to the heterogeneity in sEV
populations as expression levels vary widely patient-to-
patient. With the lack of a single cancer-specific biomarker
to accurately diagnose a type of cancer, the use of multiple
biomarkers has proven useful and allows for the consider-
ation of a wide variety of patient cohorts.

Raman spectroscopy is an optical technique that provides
insights into the vibrational and rotational properties of
molecules.”**® However, since the Raman signals are inher-
ently weak, enhancements are often required for practical
applications."* ™™ Surface-enhanced Raman scattering (SERS)
is a powerful spectroscopic method that significantly amplifies
Raman signals by utilizing molecules adsorbed on rough
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metal surfaces or nanostructures. SERS enhancement primar-
ily occurs through two mechanisms: electromagnetic and
chemical. Electromagnetic enhancement results from the reso-
nance with surface plasmons, particularly when target mole-
cules are adsorbed on nanoscale metallic surfaces such as
gold (Au) or silver (Ag)."*™"° Specific nanostructures, like gold
nanostars (AuNS), can create “plasmonic hot spots” - regions
of intense electromagnetic field enhancement due to localized
surface plasmon resonance.'”?*® Chemical enhancement
involves charge transfer between the metal surface and
attached molecules, often facilitated by Raman reporter mole-
cules, and can increase signal intensity by a factor of 10>
to 104‘21724

SERS-based liquid biopsy assays have gained popularity in
precision oncology due to several advantages: rapid analysis,
non-destructive nature, minimal invasiveness, real-time capa-
bilities, high sensitivity (from both electromagnetic and
chemical enhancements), and versatility (applicable to both
label-based and label-free detection methods).'*>*>® By lever-
aging these signal enhancement capabilities, SERS liquid
biopsy assays offer a promising approach for highly sensitive,
real-time analysis of biomarkers in bodily fluids, with poten-
tial applications in early cancer detection and treatment
monitoring.

SERS has progressed into a rapidly developing field of
research that allows for ultrasensitive biosensing, down to
single molecule detection and imaging in a rapid and non-
invasive manner.>'®*73% While SERS has many benefits, such
as multiplexing capabilities and high sensitivity, it also does
not have the typical issues often associated with fluorescence,
such as photobleaching and overlapping emission spectra
between fluorophores.”?"*> These SERS assays allow for real-
time analysis for precision oncology and are highly sensitive
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due to increased signal generated by electromagnetic and
chemical enhancements.'?*!%3

Label-free detection typically involves the direct measure-
ment of target analyte with SERS enhancement from a
designed platform.*"** The complexity of patient samples and
the need for multiplex detection often lead to problems with
specificity due to complex SERS spectra, and a lack of sensi-
tivity when dealing with low concentrations. On the other
hand, with label-based techniques, the use of SERS nanotag
technology for labelling sEVs has become increasingly attrac-
tive to induce high signals that can be quantified.>'®>7313
With slight variations in SERS nanotag synthesis such as struc-
ture, Raman reporter molecule, size and bioconjugation tech-
nique, issues arise with stability, reproducibility and
specificity.>®?°% Thus, there is no consensus on whether
label-based or label-free methods are more suitable for SERS
biosensing applications.

This review article aims to provide a comprehensive
summary of recent developments and on-going research in
the field of multiplex label-based and label-free SERS assays
for the detection of cancer-derived sEVs. While SERS bioassay
is a hot topic, this review focuses on the unique perspectives
of using sEVs as biomarkers and aims to collate recent
advances in the field of SERS multiplex assays to address the
issues surrounding their translation from laboratories to
clinics. We begin with an overview of sEVs as cancer bio-
markers, including information on the isolation methods for
assay applications. It covers the design of plasmonic nano-
structures for label-free and SERS nanotag technology,
including a summary on the appropriate selection of nano-
tags for multiplex assay designs. This review also highlights
the recent promising innovations in SERS technologies for
the multiplex detection of sEVs, with emphasis on their
enhanced sensitivity, specificity, and real-time disease moni-
toring capabilities.

2. sEV as cancer biomarkers

sEVs are denoted by the International Society for
Extracellular Vesicles (ISEV) as being extracellular vesicles of
less than 200 nm in size. They are released by the cells into
extracellular space to then be circulated throughout the
body and are detectable in all somatic fluids such as blood,
saliva, urine, and cerebrospinal fluid.>>'12%3%439741 gEyg
present as promising biomarkers for cancer diagnostics as
they are readily available in bodily fluids, have multiple
surface markers for capture and subtyping, and can share
characteristics of their parent tumor cells.®'%434% In this
section, a brief introduction about sEVs as biomarkers in
the context of cancer will be discussed to provide insight
into considerations for SERS assay designs using cancer-
derived sEVs.

sEVs have a variety of markers which can be used for sub-
typing and detection in SERS multiplex assays.””'*>*1%7 Fig, 1
highlights the structure of a single sEV, and the potential

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of sEVs structure characterized by diverse surface
proteins and internal cargo. Depicting cancer specific surface proteins
(HER2, EpCAM and MUC1), sEV specific tetraspanins (CD9, CD81 and
CD63) as well as internal cargo (nucleic acids, lipids, metabolites and
proteins) used in cell-to-cell communication.

membrane components and internal cargo as adapted during
their biogenesis.

The biomarkers of sEVs vary greatly and mimic that of their
parent cells. Examples include cancer specific proteins (e.g.
HER?) to differentiate sEVs from normal and cancer cells, tet-
raspanins (CD9, CD81, and CD63) which are common protein
biomarkers among all sEVs, and miRNA (e.g. miR-21) derived
from SEV cargo.”'*'®*%1 While there are different assays for
each biomarker, the most common one is the use of surface
proteins as they can be easily captured with antibodies or
aptamers.®>* Single biomarkers have proven ineffective in
accurately discriminating between cancer types, as many
cancers share similar biomarkers.**?>*> An example of this
includes EpCAM, which has been found in multiple cancer
types and is also expressed in low amounts in healthy
patients.*>*® Further studies by medical professionals are
required to establish relevant clinical thresholds that deter-
mine the amount of biomarker required to specify a positive
result. Therefore, due to the high heterogeneity of SEV popu-
lations, multiple biomarkers are often required to both
capture sEVs and detect the presence of cancer, as each
patient’s sEV samples can have varying
leVelS.7’45'56_58

expression

3. Label-free SERS detection and
subtyping

A label-free assay utilizes the unique Raman ‘fingerprint’ from
the target biomarker directly, which is enhanced by the SERS
substrate as a consequence of electromagnetic enhancements.
Through the use of strong optical properties from SERS sub-
strates such as plasmonic nanoparticles and nanostars (Fig. 2),
label-free SERS assays for sEVs detection have been developed

Nanoscale, 2025, 17, 3635-3655 | 3637
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Fig. 2 SERS substrates depicting (A) plasmonic nanoparticles used for SERS label-free detection and (B) assay structures including both colloidal
and planar systems, as well as examples of nanostructures used within planar systems.

for ease of use, higher specificity, broader multiplex capabili-
ties, and rapid diagnostics.2%30-33:48,59

Combined with artificial intelligence (AI), new techniques
have emerged as promising approaches for multiplex SEV
detection,  particularly for cancer  diagnosis and
subtyping.*»®*®* This section will explore recent multiplex
label-free SERS assays for the detection of cancer-derived sEVs
with the aim of addressing enhanced sensitivity and specificity
capabilities, real-time disease monitoring, their suitability for
use in clinical settings and the problems currently faced.

3.1 Sample preparation techniques for label-free assays

Sample preparation for label-free assays is vital as highly clean
spectra are needed for AI model training and sample identifi-
cation, making it very important for assay design.””'"**> Due
to the high heterogenicity of sEVs, the isolation method
chosen can impact the results with chemical and other con-
taminants interfering with the SERS spectra.

Current isolation methods of sEVs include ultracentrifu-
gation, acoustofluidics, solubility precipitation, size exclu-
sion chromatography (SEC), immunoaffinity-based tech-
niques using antibodies or aptamers, lipid self-assembly
nanoprobes, charge dielectrophoresis, isolation kits and ion
exchange chromatography.”®®% Among those, ultracentri-
fugation is considered the gold standard, however, it often
results in low purity and prolonged processing times.”**
SEC has become the preferred method as higher purities
are able to be obtained.’**®* Therefore, selecting the right
isolation method is essential for ensuring high sample

3638 | Nanoscale, 2025,17, 3635-3655

purity and the reliability of label-free assays, ultimately
allowing for accurate AI model training and improved sEV
detection.

3.2 SERS substrate

Various types of SERS substrates have been developed for bio-
sensing applications to improve detection sensitivity through
strong electromagnetic enhancements.*®®%%""%° In label-free
assays, SERS substrates can be used in two forms: as nano-
materials arranged in a planar configuration, known as sub-
strate-based or drop-cast assays or where nanoparticles are in
colloidal suspensions, referred to as liquid-based assays.

SERS substrates have been developed in a variety of designs
for detection of biomarkers including the use of gold nano-
pillars, gold nanoparticles on a glass slide or even hybrid gra-
phene-gold nanopyramids.”®”? Traditionally, SERS substrates
for sEV detection are composed of metals like silver (Ag) and
gold (Au), as they exhibit favourable plasmonic properties, con-
sequently increasing the Raman signal through surface
plasmon resonance.'®**?* Signal enhancements are required
to overcome potential background signals from non-specific
molecules on the assay surface. These have been addressed by
utilizing layered materials and designing novel nanostructures
that generate significantly increased enhancement, thereby
mitigating background signal interference.*>**”* Label-free
assays have become specifically targeted for sEVs as the only
changes required are the data processing techniques.
Generally, the ideal SERS substrate for sEV detection generates
the high electromagnetic enhancement, is reproducible, has

This journal is © The Royal Society of Chemistry 2025
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low background interferences, and demonstrates a high degree
Of Stablhty 17,28,48,60,68,69,74

3.3 Label-free assays

With the need of high signal enhancement for multiplexing
capabilities, unique substrate designs have been implemented
for SERS label-free assays. A recent study by Dong et al. (2020)
demonstrates an innovative design with the use of different
substrates for SERS enhancements, including an Au-coated
TiO, macroporous inverse opal (MIO) structure.*® This assay
utilized a ‘beehive’ type structure to induce a ‘slow light effect’
that significantly improved the SERS performance, with an
enhancement factor (EF) of 1.25 x 10° (Fig. 3A). It was able to
detect cancer owing to the strong Raman signal intensity at
1087 cm™* arising from the P-O bond within the phosphopro-
teins of cancer-derived sEVs, irrespective of cancer type.*® A
study with 30 prostate cancer patients confirmed a two-fold
increase of intensity in 93% of patient samples compared to
healthy patients.*® With low-cost and timesaving attributes
compared to the gold standard enzyme-linked immunosorbent
assay (ELISA) and western blot strategies, the macroporous

x
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Fig. 3 Label-free assays with unique nanostructures as SERS substrate.
(A) Beehive structure to enhance seVs Raman fingerprint. Adapted from
ref. 48 with permission from ACS Applied Materials and Interfaces, copy-
right [2021]. (B) Nano-bowtie structures used as SERS substrate for sEVs
detection. Adapted from ref. 3 with permission from Lab on a Chip,
copyright [2020].
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‘beehive’ design presents a potentially effective method for
rapidly pre-screening clinical applications.>?%*%7>

Another example of an innovative label-free SERS platform
was developed by Jalali et al. (2021), which utilized a microflui-
dic chip design with nano-bowtie nanoparticles (Fig. 3B).?
These allows for an EF of 9 x 10°> due to the plasmonic ‘hot
spot’ located in the middle of the bowtie structure. Thus,
showing a higher EF than that of the beehive structure. As the
sEVs flow through, they are captured in the middle of the
nano-bowtie nanoparticles and their intensity is enhanced
substantially, allowing for the subsequent multiplexing identi-
fication of SEV populations using Al techniques.

3.4 Data analysis techniques for label-free assays

Data analysis is the key element required for label-free assay
data interpretation and Al has presented an ideal solution to
deconvolute and interpret SERS spectra obtained from
SEVs.">®%7%77 These methods utilize statistical models such as
principal component analysis (PCA), least squares discrimi-
nant analysis (LDA), discriminant function analysis (DFA),
multivariate curve resolution (MCR), graphical models,
k-nearest neighbours, random forests and partial least-squares
discriminant analysis (PLS-DA), whereby individual samples’
populations of sEV ‘signatures’ can be learned through the
identification of specific features, and predictions made for
subsequent unknown samples.®®®"7%7° This is summarized
in Fig. 4, where Al is often used as the broad-spectrum term
that encapsulates machine and deep learning models. Recent
advances in this field have taken typical assay designs and uti-
lized Al-based machine learning and neural network models to
determine the presence and/or classify a specific type of
cancer, in an effort to reduce the complexity of data output for
end‘users.15’34’61’76’78
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and make a decision
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«Linear regression, logistic regression, and polynomial regression
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Fig. 4 Summary of statistical models used in each artificial intelligence
subsect including machine learning and deep learning. These models
are often more complex and require extensive datasets.
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In a typical machine learning model, Al is trained using
common data analysis techniques such as PCA and LDA to
build models based on a training set of data. The AI then
receives unknown data and assigns it to a group based on the
known model from its training set. In neural network
models, which are less common and more complex, nodes
are used to connect information, similar to the human
brain.'*'*>%%81 While Al models pose effective tools to limit
the data processing requirements involved with SERS, many
complications still arise from issues such as overfitting of
data, poor data quality, and insufficient sample size."> In
machine learning models, biases can cause incorrect
interpretations, particularly when the data doesn’t fit the
training set data.®”® Due to the complexity of patient
samples, inaccuracies can occur from various factors, such as
age, pre- and post-operative status, gender, and other
variables.'®”%7%7° To combat this issue, AI models need to be
trained with an extensive database whereby features can be
extracted and selected to improve overall accuracy. While Al
models use conventional data processing techniques during
the training stages, the interpretation of the data without the
need for specialized knowledge or manual processing makes
the output clearer to end-users. They present a potentially
effective method to determine the likelihood of cancer and
present recommendations such as biopsies or ongoing treat-
ment. As larger training datasets become available, AI has the
potential to be a highly effective tool for point-of-care (POC)
devices for the detection and subtyping of sEVs.
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In a short summary of this section, label-free SERS assays
for the detection of multiple sEV biomarkers present an
effective method for cancer diagnosis (Fig. 5). Substrate design
is fundamental for SERS signals with new designs being
implemented such as nano-bowtie microfluidic systems and
beehive nanostructures, which allow for high electromagnetic
enhancements. In addition, novel data analysis strategies for
label-free assays include the use of AI models for feature
extraction and final readout. PCA and LDA are typically used in
machine learning models, however future research will tend
towards deep learning models which are able to achieve more
complex data analysis and learning techniques. With the need
to ensure utility, AI has come an effective tool for POC detec-
tion where complex data analysis is no longer required.
Table 1 also provides a detailed summary of recent SERS label-
free assays for sEV detection to provide design insights for
future developments. Further information is provided on their
limits of detection, SERS nanotag, capture probes, and cancer
type being detected.

4. SERS label-based assays

The detection and subtyping of sEVs often employs the use of
label-based methods to overcome the limitations of label-free
methods reported in Section 3. The ‘targeted approaches’ for
label-based assays are summarized in Fig. 6, where the use of
SERS nanotags/labels is central to their functionalization.*>>%%

© Label-free detection
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Fig. 5 Label-free assay preparation including (1) plasma separation, (2) isolation of sEVs, (3) label-free detection and (4) Al techniques and

classification.
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Fig. 6 SERS nanotags for use in label-based assay designs including nanoparticle functionalization, protective layers, and coatings And a scheme of
the functionalized nanoparticle-sEV complex and corresponding characteristic peaks..

In this section, we discuss the SERS nanotag design, provide
insights with respect to sEV detection, and highlight current
advancement and challenges with label-based SERS assays and
their potential solutions.

4.1 Sample preparation techniques for label-based assays

In contrast with label-free assays, label-based assays do not
require such high sample pre-processing. In almost all cases,
the assays aim to reduce the amount of pre-processing for POC
applications and either isolate sEVs within the assay or directly
apply samples such as plasma, serum, urine, or whole blood.
However, for proof-of-concept, similar to that for label-free, the
most common methods of isolation include SEC, ultracentrifu-
gation, and isolation kits.* %6684

4.2 SERS nanotag design

SERS nanotag technology is widely used in label-based appli-
cations and typically consists of a nanoparticle, which is
coated with a Raman reporter molecule and bioconjugated
with antibodies or aptamers for
functionalization."'®?7-30:3%3%8%,8¢ gERS nanotags can differ
based on their nanoparticle shape and plasmonic metal type,
protective shells/coatings, and stabilising mechanisms.
Examples of different nanoparticle shapes could include star,
rod, flower, and spherical.'®'”*7*%%7 For signal enhancement
and protection purposes, coatings such as silver or silicon
layers are often implemented. Further alterations can be made
to improve the stability of the SERS nanotags including the
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addition of polyethylene glycol (PEG), silica shells, polymer
coatings, and BSA layers."®'”*”*%%7 Therefore, there are many
careful design considerations required for their biosensing
applicability.

SERS nanotags can achieve high sensitivity and capture
specificity; however, a common problem is often instability
and signal variability, depending on the type of particle and
Raman reporter, which poses problems for
quantification."®?%?>%¢ glight variations can affect the signal
intensity by orders of magnitude due to localized ‘hot spots’,
which are difficult to control.>>*” Thus, the appropriate design
of SERS nanotags is vital for biosensing applications.

Furthermore, the selection of Raman reporter molecules is
crucial due to the potential overlapping Raman peaks. In SERS
applications, it is essential to identify ‘characteristic’ peaks
that correspond to specific biomarkers to ensure accurate
diagnosis.””’®® This is typically done through the identification
of the highest characteristic peak in the spectrum. Previous
studies in the broader field of biosensing applications have
utilised many different Raman reporters, however, achieving
multiplexing becomes a challenge when characteristic peaks
from multiple Raman reporters overlap in the spectra. Due to
this, most studies for multiplex biosensing applications use
four or less Raman reporters, with the bulk majority using the
three most common; 4-mercaptobenzoic acid (4-MBA), 2,3,5,6-
tetrafluoro-4-mercaptobenzoic acid (TFMBA), and 5,5-dithio-
bis-(2-nitrobenzoic acid) (DTNB) as these three demonstrate
clear peak distinctions."®*””*%® Four out of twelve studies con-
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ducted in the field of SERS multiplex assays for cancer-derived
sEVs utilize this or similar combinations. Other Raman repor-
ter molecules used in the multiplex SERS label-based assays
for sEV detection are highlighted in Table 2, indicating the
main characteristic peak of each.

With the need for high signal enhancements, another
technique has been reported for biosensing applications,
which includes the use of Surface-enhanced resonance
Raman scattering (SERRS) rather than typically used non-res-
onant molecules as reported above.”"%°° Dyes such as NIR4f
and NIR5e have been reported as ideal resonant Raman
reporters for use with nanostars or nanospheres as they con-

View Article Online
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tribute to the signal intensity through molecular electronic
resonances as demonstrated by Choi et al. (2023).>" The study
used nanostars coated with NIR4f resonant Raman dye and
compared them to AuNS with non-resonant 4-nitrothiophenol
(4-NTP), showing an increase of 167 times at 785 nm vs.
633 nm excitation.” However, this comes with the added
complexity of their spectra which features fluorescence broad-
ening and multiple peaks that can complicate spectra decon-
volution.”* With improvements in spectral deconvolution
and AI technologies, the improved signal intensity could
be wuseful in multiplex quantification and detection
purposes.?33:91

Table 2 Summary of Raman reporters used in the multiplex label-based SERS assays for sV detection

Main characteristic

Raman reporter Abbreviation =~ Molecule structure peak/em™ Ref.
4-Mercaptobenzoic acid 4-MBA (e} 1080 4,10, 55, 92 and 104
OH
HS
4-Nitrothiophenol 4-NTP SH 1335 9, 74 and 95
NO,
4-Aminothiophenol 4-ATP SH 1140 9 and 84
NH,
5,5"-Dithiobis-(2-nitrobenzoic acid) DTNB 0 0 1337 4,10, 32, 55 and 92
HO D=8 OH
O,N NO,
2,3,5,6-Tetrafluoro-4-mercaptobenzoic acid ~ TFMBA O _OH 1380 4,10 and 55
F F
F F
H
4-Mercaptopyridine 2-Mpy SH 1002 4and 9
]
N
N
2-Naphthalenethiol 2-NAT O O 1080 and 1378 32
HS
2,7-Mercapto-4-methylcoumarin MMC CH, 1170 32
A
HS (O ) ¢]
Rhodamine X ROX 1503 74

This journal is © The Royal Society of Chemistry 2025
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4.3 Paper-based assays

Lateral flow immunoassays (LFIAs) are widely used paper-
based diagnostic assays, commercially available in many
forms, that leverage the capillary flow of porous membranes to
transport a sample across the device and promote interaction
with bioreceptors to detect target analytes.”»?>°* These assays
are cost-effective and easy to use, making them suitable for
POC applications.’>®*%397%7 A typical LFIA is made up of a
sample pad, conjugate pad, nitrocellulose membrane (NC),
and an absorbent pad (Fig. 7A), which allows for a target
analyte to flow through by capillary forces, interact with SERS
nanotags and be captured on the test line to produce a
signal.59,92,93,95—98

In a recent publication by Su et al. (2023), a LFIA was devel-
oped that utilized aptamers for the multiplex capture of two
biomarkers, HER2 and MUCI1, expressed on the surface of
SEVs.”” To enable SERS-based detection, they designed two
SERS nanotags, each incorporating gold nanostars (AuNS) as
the SERS substrate and a different Raman reporter molecule —
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4-MBA and DTNB for each biomarker.'”°>°*°® The captured
serum SEVs were detected at the test line on the LFIA strip.
The LFIA demonstrated a limit of detection (LOD) of 3.27 x 10°
and 4.80 x 10° particles per mL, respectively.”” To deconvolute
the output SERS spectra, multivariate curve resolution-alternat-
ing least squares spectral unmixing (MCR-ALS) was used,
which demonstrated a 92% and 88% similarity with the indi-
vidual SERS spectra of the HER2 and MUC1 probes, respect-
ively.”> While the spectral deconvolution approach employed
in the SERS-based LFIA enabled the accurate identification
and quantification of the two sEV biomarkers, MUC1 and
HER?2, for diagnostic purposes, the detection of more than two
biomarkers is typically required to reliably determine the
cancer type and stage.”'"°> This SERS-based LFIA meets most
of the ASSURED criteria for POC devices, being affordable, sen-
sitive, specific, user-friendly, and rapid, as outlined by the
World Health Organization (WHO).”> However, the require-
ment for SERS measurements and the lack of portable Raman

devices still poses a challenge in terms of deliverability to end-
users 86,100,101
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Adapted from ref. 92 with permission from ACS Applied Interfaces copyright [2023]. (B) A microfluidic device using immunomagnetic separation
where sEVs are isolated by aptamer-functionalized magnetic beads (MBs) and detected using Raman reporter tagged AuNPs. Adapted from ref. 55
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from ref. 10 with permission from ACS Sensors copyright [2020]. (D) Chip/array-based assay showing (i) the liquid-based assembly of a SERS sub-
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with permission from ACS Sensors copyright [2023].
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4.4 Microfluidic chips

Microfluidic devices have emerged as a more recent and
advanced approach to address the challenges encountered by
paper-based assays in the capture, detection, and subtyping of
cancer-derived sEVs using SERS technology, and aim to be
integrated sample-to-answer platforms.'®>'® They typically
consist of micron-sized channels and chambers on a substrate
such as glass, silicon, or polymers like polydimethylsiloxane
(PDMS)."9>'% The workflow of microfluidic devices can vary
depending on the specific design, but typically involve loading
the sample into the inlet, followed by the sample flowing
through microchannels to trap sEVs in designated chambers,
and then detecting them using SERS.2%-66:102,104

Compared to LFIAs, microfluidic devices offer several
advantages, such as faster analysis, increased multiplex capa-
bilities, potential re-usability, higher sensitivity, lower LOD,
small volume sample requirements, potential for automation,
and the ability to integrate various laboratory functions like
sample processing.®®'°>%* Due to this, numerous microflui-
dic device designs have been recently developed for multiplex
SERS-based cancer sEV detection and subtyping.

Recent examples, Han et al. (2022), Lin et al. (2023), and
Wang et al. (2021), demonstrate multiplexed microfluidic-
based methods for capturing and subtyping sEVs from
different cancer types, including osteosarcoma, melanoma,
breast, and lung cancer®*>'**, These devices can achieve LODs
of 10>-10° particles per mL. While the three devices share the
common goal of sEV detection and characterization, their
specific aims and design considerations differ. Han et al
(2022) and Lin et al. (2023) (Fig. 7B) aim to profile and charac-
terize tumor-derived sEVs based on cancer-specific surface
markers.”>'** However, the approaches used in these two
studies only utilize one sEV tetraspanin (CD63) thus limiting
the capture efficiency of the assay. The accurate detection and
characterization of sEV subpopulations requires the use of
multiple tetraspanins in combination with multiple cancer-
specific surface markers. In contrast, the study by Wang et al.
focuses primarily on accurately determining the phenotypic
heterogeneity of SEVs using the three most commonly
expressed tetraspanin markers (CD63, CD81, and CD9).* The
detection of general sEV surface markers allows for the quanti-
fication of captured sEV populations and provides insights
into their surface protein expression profiles.” The design uti-
lizes a ‘nano-mixing’ system with three distinct capture
regions, allowing for a broader range of the sEV population to
be captured, while also targeting cancer-specific sEVs using
CD45 antibodies.” By integrating these design elements, com-
bining both general sEV markers and cancer-specific bio-
markers, more specific, precise, and accurate detection can be
achieved. Furthermore, all three devices were tested with
patient plasma samples and were all able to capture cancer
sEVs with high degree of sensitivity. However, this integrated
approach presents practical challenges and complications in
SERS spectral deconvolution due to the increased number of
Raman reporter molecules required for multiplex detection.

This journal is © The Royal Society of Chemistry 2025
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Nonetheless, overcoming these hurdles through careful assay
design and optimization could potentially lead to more com-
prehensive and clinically relevant sEV profiling for cancer diag-
nosis and monitoring.

4.5 Liquid-based bead assays

Bead assays represent another common approach for SERS-
based assays, particularly for the multiplex detection, quantifi-
cation, and subtyping of cancer-derived sEVs.®>®® While bead
assays are used regularly for other target biomarkers, only three
recent studies by Wang et al. (2018), Ning et al. (2020), and
Zhang et al. (2020) have demonstrated the utility of SERS-based
bead assays for the multiplexed detection and subtyping of
SEVs.”'%3? These assays typically involve the use of SERS nano-
tags and magnetic beads (MBs), which, through various inter-
actions, enable the detection of sEVs through subsequent SERS
measurements.”' 3> All methods noted in this section utilized
SERS nanotags with characteristic spectral peaks to detect SEVs
associated with cancer. The sEVs bind to MBs functionalized
with antibodies or aptamers to target specific biomarkers on
the surface of the sEVs. The SERS nanotags then bind to the
captured sEVs forming a complex, which is then accumulated
in a pellet using a magnet that attracts the MBs. The measure-
ment can either be a negative or positive response depending
on the assay design. In a negative response assay, the super-
natant is measured and the decrease in signal intensity of the
distinctive peaks indicate the presence of target sEVs due to the
absence of SERS nanotags in suspension. In a positive response
assay, the pellet is resuspended and a measurement taken of
the SERS nanotag-sEV-MB complexes. A positive repsonse is
obtained whereby more sEVs result in a higher SERS signal.

In the design by Zhang et al (2020), SERS nanotags of
MBA-EpCAM (1077 cm™'), TFMBA-CD44V6 (1380 cm™'), and
DTNB-MIL38 (1340 cm™ ") were incubated with sEVs suspended
in cell culture media before being further incubated with MBs
for capture.'® Using a magnet to separate the captured sEVs
from other vesicles and proteins in the solution, a SERS
readout was used to determine the surface subtyping in a posi-
tive response manner.'® Using this design, the assay was able
to effectively phenotype sEVs from pancreatic cancer, colorec-
tal cancer, and bladder cancer cell lines with a LOD of 2.3 x
10° particles per mL."® To demonstrate clinical relevance, sEVs
were also spiked into plasma from healthy donors, showing
similar Raman peaks although with lower intensity due to the
SERS nanotags being removed by target SEVs on the MBs. In
another study using the same assay design, Zhang et al. (2022)
(Fig. 7C) compared pancreatic ductal adenocarcinoma (PDAC)
patient plasma with healthy donors. The results found that the
assay had a sensitivity of 100% (CI: 66.4-100%), a specificity of
100% (CI: 75.3-100%) and AUC of 1.000 for PDAC diagnosis.
This design could therefore be applied to other cancer types
for use with patient samples.'®® Therefore, the bead assay
design shows an effective method that can be used in clinical
applications for the subtyping of multiple cancer types.

On the other hand, studies conducted by Wang et al. (2018)
and Ning et al. (2020), utilize a negative response system.”*
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Ning et al. (2020) focused on prostate cancer detection, com-
paring healthy samples that exhibited strong peaks at 1002
(2-Mpy), 1140 (4-ATP), and 1335 cm™ (NTP) with patient
samples.’ In the latter, they observed a decrease in the domi-
nant 1002 cm™ ' peak, indicating the presence of prostate
cancer sEVs. The LOD for each cell line was determined to be
26 particles per pL for sEVs with LNCaP, 72 particles per pL for
sEVs with SKBR3 and 35 particles per pL for sEVs with HepG2.
However, the study did not report any statistical analysis for
the patient samples to determine if the decrease in the SERS
peaks was significant. Wang et al. (2018) investigated breast
cancer detection using whole blood samples.’> They found
that healthy individuals displayed the strongest SERS intensi-
ties at 1326 cm™' (DTNB), 1378 cm™" (2NAT), and 1170 cm™*
(MMC), suggesting the absence of cancer-related sEVs. In
contrast, breast cancer patient samples showed a weakened
intensity of the breast cancer biomarker (aptamer H2) signal,
indicating the presence of breast cancer sEVs.*”> Likewise,
colorectal cancer patients showed a decrease in signal for the
T84 colorectal cancer biomarker and prostate patients showed
a decrease in intensity for LNCaP probes. The LODs for cell
line-derived SsEVs were determined to be 32 SKBR3 SEVs per
pL, 73 sEVs per pL for T84 sEVs and 203 sEVs per pL for
LNCaP sEVs. However, the study did not mention any statisti-
cal analysis conducted to determine if the decrease in signal
was significant.

While all presented assays demonstrate the ability to allow
for multiplex detection of SEVs, positive response assays
demonstrate superior reliability in minimizing false positive
rates as they offer more intuitive readouts for end-users, sig-
nificantly enhancing result interpretation and understanding
as compared to negative response readouts. Bead assays there-
fore offer several advantages, including multiplex capabilities
and cost-effectiveness for POC applications, with positive
response liquid-based bead assays being the ideal choice for
on-going studies.®®

4.6 Biosensor chip/array-based assays

Chip-array assays typically utilize a plasmonic immunocapture-
based substrate that immobilizes the capture of sEVs, and
nanotags SERS readouts.'> Many examples, such as those pro-
posed by Li et al. (2018) and Zhang et al. (2023) employ unique
features to capture sEVs on a plasmonic surface, resulting in
high sensitivity and specificity.”*** The reported LODs for Li
et al. (2018) and Zhang et al. (2023) are one exosome in 2 mL
(0.5 particles per mL) and 1.5 x 10> particles per mlL,
respectively.”*®* Therefore, the LODs of these assays fall within
the range of 10> particles per mL, being lower than those of
typical ELISA and western blot gold standard techniques.”*”>
Compared to liquid-based bead assays, miniaturized devices,
and paper-based designs, the chip/array-based assays demon-
strate higher sensitivity, similar to that of microfluidic devices.

The assay proposed by Li et al. (2018) presents a polydopa-
mine (PDA) bi-functionalized SERS base for sEV capture with
SERS nanotags as labels for quantification.®* The assay
demonstrates high sensitivity and specificity, with the ability
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to accurately differentiate clinical serum samples from pan-
creatic cancer patients and healthy individuals using
migration inhibitory factor (MIF), glypican-1 (GPC1), and
EGFR-based PDA SERS methods.*® Thus, demonstrating a
clear ability to successfully discriminate between healthy and
cancer patients and potentially improve consequent thera-
peutic outcomes with early detection.

The ratiometric aptamer biosensor proposed by Zhang
et al. (2023) features immobilized gold-silver nanoparticles on
the surface of a glass plate, which are then coated with gra-
phene oxide (GO) and V-shaped double-stranded DNA compli-
mentary to HER2 and EpCAM surface markers, serving as
capture probes for sEVs via competitive reactions (Fig. 7D).”*
One advantage of this assay design is the use of ratiometric
SERS, which effectively overcomes the influence of external
factors such as temperature, salt concentration, and pH value,
resulting in improved SERS signal performance.”*
Furthermore, the competitive reaction between the V-shaped
double-stranded DNA and the sEVs eliminates the need for tet-
raspanin-based capture, as the assay relies on the EpCAM and
HER?2 surface markers for sEV capture. However, due to the
nature of the V-shaped double-stranded DNA, the assay is only
able to accommodate two biomarkers at a time. Thus, for clini-
cal applications, the ability to screen multiple cancer-specific
biomarkers is limited in the current design.

To summarise this section, the design of SERS nanotags
plays a crucial role in the development of SERS label-based
assays, offering significant advantages in terms of sensitivity,
specificity, and multiplexing capabilities. One of the key
benefits of label-based methods is the lack of need for sample
preparation techniques to minimise background signals.

A critical aspect of SERS nanotag design is the selection of
appropriate Raman reporters, which are responsible for gener-
ating the characteristic spectral peaks used for detection and
quantification. Table 2 provides an overview of the most used
Raman reporters and their distinctive peaks, serving as a valu-
able reference for researchers in the field. However, with a
need for clear characteristic peaks, current methods of data
processing limit the ability to multiplex more than four
Raman reporters at a time, leaving room for further research
and development in this field.

Overall, multiplexed SERS label-based assays have emerged as
an effective method for the detection of cancer-derived SEVs.
Recently developed SERS multiplex label-based assays show great
promise as a POC devices for cancer detection. These assays have
demonstrated the ability to simultaneously detect multiple bio-
markers with high sensitivity and specificity. Various assay
formats have been explored, including paper-based platforms,
microfluidic chips, miniaturized SERS devices, liquid-based bead
assays, biosensors, and chip/array-based assays. Each format
offers unique advantages in terms of sample handling, multiplex-
ing capability, and ease of use. However, more focus is required
on improving SERS multiplexing to incorporate more biomarkers
for accurate diagnostics. A detailed summary of recent publi-
cations on SERS multiplex assay types for detecting and profiling
cancer-derived sEVs is provided in Table 3.

This journal is © The Royal Society of Chemistry 2025
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5. Conclusion and perspectives

sEVs present a promising biomarker for multiplexed, SERS-
based cancer detection.""** Current research on SERS label-
based and label-free methods allows for early detection,
quantification, and subtyping of cancer-derived SEV popu-
lations. Various label-free designs have been proposed (e.g. Al-
based array chips) which allow for sensitive detection of
cancer sEVs. Without the need for a label, label-free assays can
ensure multiple different sEV populations to be detected. The
simplicity of the system also affords further advantages for
overall cost, stability and rapid testing. However, with the need
of pure samples and complex AI data analysis, often extensive
sample preparation is required to extract sEVs to remove
additional background, and extensive Al data training thus,
limiting the ability for these assays to be easily translated to
clinical settings. Further research should be focused on imple-
menting larger training datasets to ensure accuracy within Al
models and prevent overfitting of data.>*°%¢110

On the other hand, label-based techniques have emerged as
a ‘targeted approach’ to sEV detection. The use of SERS nano-
tags to specifically label sEVs has improved specificity, added
quantification capacities and reduced matrix effects. Due to
this, label-based techniques have moved to using limited
sample processing to adhere to clinical testing requirements.
However, with the need a newly designed SERS nanotag for each
target biomarker, multiplexing capabilities have been limited to
four or less Raman reporters due to spectral overlap and
complex data convolution.”>%*8%%> Further research should be
focused on improving SERS nanotag multiplexing capabilities.

Within the field of label-based assays, LFIAs present a
method that is rapid, cost-effective and easy for end-users. As
compared to microfluidic devices, bead assays and chip/array-
based designs - which, although more complex, offer higher
sensitivity and re-usability - LFIAs (pregnancy and COVID-19
tests) are well known and easier to translate into clinical set-
tings. Microfluidic devices, bead assays and chip/array-based
designs still require further testing and face the challenge of
translation to clinical settings whereby clinicians will have to
be trained to use such devices. Therefore, LFIAs present at
current the most ideal design for rapid translation to clinical
settings for cancer diagnostics.

While both label-based and label-free techniques offer
promising approaches for detecting sEVs, label-based methods
provide enhanced specificity in testing. This increased pre-
cision is afforded by the specific targeting of markers on sEVs,
such as sEV-specific tetraspanins and cancer-associated pro-
teins. Label-based assays, as compared to label-free offer a sig-
nificant advantage: the ability to utilize unprocessed clinical
samples with high accuracy. This capability has been demon-
strated through the successful use of direct plasma and serum
samples in label-based assays. Despite the added complexity of
the assay requiring SERS nanotags, the improved accuracy and
ability to work with raw clinical specimens make label-based
techniques the future direction for SEV detection in cancer
diagnostics.
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Additionally, a greater focus on patient samples, rather
than solely replying on cell lines or spiked samples, would
allow the devices to be optimized for POC applications and
consider the complexity of individual sEV populations per
patient.”*%1%719 The critical need for accessibility and afford-
ability in diagnostic solutions is also addressed with designs
being focused on re-usability or cost-effective materials.****°
Therefore, the presented SERS label-based and label-free
assays for cancer sEV detection demonstrate enhanced sensi-
tivity and specificity, real-time disease monitoring capabilities,
and the potential for facilitation of precision oncology in POC
settings.

5.1 Perspective on clinical applications

Clinical applications are a valuable motivating aspect for SERS
multiplex sEV detection and subtyping assay designs, with
most aiming to assist with current precision oncology
methods. However, with the current problems such as stability
of SERS nanotags, cost-effectiveness, the need for extensive
multiplex capabilities, and the lack of extensive data for Al-
based methods, there is still a need for an adequate device to
be successfully applied to clinical applications.

For the translation from laboratories to clinics, there are
still further developments required including:

[1] the need to develop a highly reproducible and stable bio-
conjugated SERS nanotag for use in assay designs to ensure
accuracy and deliverability.>!-3*83:89109

[2] The use of whole blood for easy clinical use and to sig-
nificantly decrease sample processing times.**1%7110-113

[3] The utilization of all three tetraspanins in order to
ensure total SEV capture in label-based assay designs. This
would ensure a greater range of the sEV population would be
characterized and thus ensure better detection, quantification
and subtyping.**>%114

[4] The implementation of a clinical threshold for label-free
SEV detection methods to determine clinical relevancy to
various cancer types, as some cancer markers are also
expressed on healthy cells. For example, clinical thresholds
play a crucial role in determining the minimum detectable
level of EpCAM necessary for a positive result in SERS-based
cancer diagnostics. The exceptional sensitivity of SERS assays,
capable of detecting even trace amounts of biomarkers, pre-
sents both opportunities and challenges for clinical appli-
cation. While this high sensitivity potentially enables earlier
cancer detection, it also complicates result interpretation,
making simple ‘yes’ or ‘no’ diagnostic outputs difficult
without specific benchmark detection. This challenge mirrors
the established practice in routine pathology testing, where
defined thresholds are commonly implemented to ensure
accurate diagnoses. To address this, comprehensive clinical
studies are essential to establish specific thresholds for each
cancer biomarker, including EpCAM. These studies must
involve diverse patient populations and correlate SERS-
detected biomarker levels with clinical outcomes, accounting
for variations in biomarker expression between cancer types
and stages. This approach will facilitate the standardization of

This journal is © The Royal Society of Chemistry 2025
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SERS-based diagnostics across different platforms and clinical
settings, ultimately ensuring an easier and more effective tran-
sition of diagnostic SERS assays from the laboratory to clinical
practice.*®°

[5] The integration of Al-based software for results interpret-
ation to improve user-friendliness. This would limit the
sample processing required when used in POC
applications,?3461:78:79

[6] The fabrication of a patient sample database for AI
technologies. This would enable larger data sets to be used to
develop more complex and highly accurate Al models.

With the current approaches, two possibilities are pre-
sented for clinical applications for the detection and subtyping
of cancer sEVs. One is the development of a portable SERS
device for LFIA.**"°" However, the tests would have to employ
the use of SERS and Al-based technologies for simple readout
and recommendations to end-users.®”’® With further develop-
ments, the design of a portable testing system could be useful
for home-testing or rapid clinical testing in a format that is
well-known to most users (lateral flow-based assay similar to
those of commonly used in pregnancy and COVID-19 tests).
The test could employ the use of a cartridge where the assay
can be inserted into the portable Raman. The device could be
integrated with a computer or phone to supply an easy-to-read
outcome of the assay. In this case, the portable Raman reader
would be reusable and easy to use for POC applications.
However, the LFIA design would have to incorporate a broad
range of surface marker targets to accurately determine cancer
type. Another potential design could be a high-throughput
automated device that utilizes either a label-based or label-free
designs for multiplex detection capabilities of all cancer types.
It is also desirable to have a method of easy quantification and
an Al-based analysis method that can predict the cancer type
and stage based on the output SERS spectra. Therefore, with
further improvements to current designs, a practical device
could be implemented for multiplex sEV detection and subtyp-
ing that is easy to use, sensitive, low-cost, and accurate to
ensure early disease detection and monitoring capabilities.
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