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HIGHLIGHTS
e Extracellular vesicle (EV) multiplexing involves chemical, physical spatial, biological, or nanoparticle-based strategies.

e Multiplexing in EV biomarker development includes high-throughput screening as well as point-of-care testing platforms which to

date have been applied mainly to EV surface proteins or internal cargo miRNAs.

e Multiplexed measurements at single-EV resolution are likely to revolutionize the applicability of EV analytes as biomarkers in complex

and heterogeneous diseases.

ABSTRACT Extracellular vesicles (EVs) are cell-derived membranous particles

that play a crucial role in molecular trafficking, intercellular transport and the egress ® ¢
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nucleic acid content offers a means of assessing the status of the cells from which
they originated. As such, they provide opportunities in biomarker discovery for Multiple
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diagnosis, prognosis or the stratification of diseases as well as an objective monitor-

ing of therapies. The simultaneous assaying of multiple EV-derived markers will
be required for an impactful practical application, and multiplexing platforms have j
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changes in analytical power, throughput and consistency.
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1 Introduction

Circulating extracellular vesicles (EVs) are a heterogeneous
group of vesicles secreted by a variety of cell types, pre-
sent in most bodily fluids (e.g. blood, saliva, urine, ascites,
cerebrospinal fluid) and thought to function in intercellular
communication by transferring cargo molecules from donor
to recipient cells or facilitating the jettison of unwanted mol-
ecules to the cell exterior [1, 2]. A large fraction of EVs
consists of exosomes (30-150 nm in diameter), which are
endosome-derived EV or ectosomes (0.1-1.0 um) derived
from the plasma membrane. EVs carry parental cell-derived
fingerprint proteins and RNAs but can also envelop disease-
associated proteins and microRNAs [3, 4]. As such they are
diagnostically relevant to cancers [5-10], neurodegenera-
tive diseases [11-15], and cardiovascular disease [16, 17].
The potential applications of EV analysis in diagnosis and
prognosis, are, then, substantial (Fig. 1a), especially if mul-
tiple targets can be screened simultaneously [18-20]. In this
regard, multiplexed profiling has the advantage of increasing

diagnostic accuracy and reducing sample volume and assay
time as well as variability arising from the repeated process-
ing of multiple sample aliquots for serial singleplexing. Due
to the heterogeneity and complexity of human diseases, it is
becoming clear that a single biomarker is unlikely to offer an
accurate estimate of either a pathological state or phase. An
efficient assessment of combinatorial markers has emerged
as a promising way of measuring diseases with complex
multifactorial aetiologies, and ultimately developing objec-
tive readouts for prognosis, stratification or therapy monitor-
ing (Fig. 1b, ¢) [21-23].

Prior to any downstream analysis, EVs need to be isolated
from complex biofluids. This can be achieved by utilizing
their physical properties (e.g. size, density, surface charge)
or surface markers as reviewed elsewhere [24-26]. Here we
aim to provide a comprehensive overview of the fundamen-
tal strategies used to build multiplexing platforms for intact
EVs and EV-derived proteins, RNAs, metabolites, and their
application to clinical samples. We have also included plat-
forms that have not yet been applied to EVs but could be
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Fig. 1 Potential clinical applications of composite EV biomarkers. a The molecular profiling of EVs may be based on proteomics (e.g. mem-
brane proteins and internal proteins), RNAs or metabolites (e.g. lipids and glycans). b The multiplexed analysis of EV components can generate
a box plot representation of expression levels in A and B groups as defined in c. ¢ Potential clinical applications of EV markers
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adapted for such purpose and discuss how this technology
may evolve in the future.

2 Overview of EV Multiplexed Profiling
Strategies

The multiplexed profiling of EVs should be considered as
the capability of one detection platform to assay multiple
EV-derived analytes, typically proteins, RNAs and metabo-
lites in a short time scale. The innate requirement for each
analyte to generate a distinguishable signal can be achieved
by two generic strategies, i.e. an intrinsic fingerprint-based
strategy (internal coding) or an external coding-based strat-
egy (external coding). The former strategy employs native
properties such as charge/mass (m/z) based mass spectros-
copy, as reviewed elsewhere [27, 28]. The latter, as shown in
Fig. 2, typically involves the use of multiple receptors (e.g.
antibodies, aptamers, molecular beacons, or locked nucleic
acids, LNA) as recognition components, in association with
multiple reporters, e.g. chemical labels (optical dyes, redox
probes), DNA oligonucleotides, or nanoparticle tags [29],
for distinct signal generation derived from the binding events
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Fig. 2 Main external-coding strategies for EV profiling. Multiplex-
ing is typically based on the combination of multiple receptors with
one of the four coding strategies. Depending on how the analyte sig-
nal is generated and transduced, multiple external codes generated by
chemical reporter labelling, physical spatial coding, biological cod-
ing, or nanoparticle coding, can be used in association with multiple
receptors (QDs =quantum dots, NP =nanoparticles)
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of multiple EV analytes and/or physically isolated regions
of a solid interface such as those within multi-spot opti-
cal arrays or electrochemical arrays (i.e., position coding).
Accordingly, the EV multiplexed profiling strategies can
be divided into four main categories, chemical-, physical-,
biological- or nanoparticle-based coding. In practice, this
is achieved by bio-affinity induced binding events between
receptor and EV analyte, potentially through the cooperation
of multiple receptors, and using one of these four strate-
gies or their combination. These will each be systematically
discussed in the following sections. Generally, one receptor
triggers one ‘code’ with the generation of multiple distinct
codes enabling multiplexing.

3 Chemical Coding

For chemical coding, a range of small chemical reporters
such as redox probes, fluorescent dyes and Raman tags can
be employed in cooperation with capture ligands (i.e. recep-
tors) to generate distinguishable and specific readouts for
EV components. A broad range of methods are available
to facilitate this, as detailed below. In this mode, different
receptors, each matched with a chemical tag, bind to specific
EV analytes, with each binding event generating a distinct
readout. A detection of each EV analyte, i.e. the binding
event of EV analyte with the corresponding code, is thus
transduced into a signal for that code.

3.1 Raman Tags

Raman spectroscopy permits the resolution of unique molec-
ular fingerprints based on vibrational and rotational modes.
It reflects the overall chemical bond characteristics of EV
molecular fingerprints including proteins, lipids, and metab-
olites. The resulting spectroscopic patterns are potentially
able to differentiate between the origins of EVs or disease
subgroups. To bypass the natively low signal/noise ratio of
Raman spectroscopy, surface-enhanced Raman spectros-
copy (SERS) makes use of the strong electromagnetic fields
generated at appropriately designed plasmonic substrates
[30-34]. For example, a correlation between nonsmall cell
lung cancer (NSCLC) cell-derived exosomes and protein
markers was shown through their unique Raman scattering

@ Springer
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profiles and subsequent principal component analysis (PCA)
(Fig. 3a) [35].

Such native Raman spectra reflect overall intrinsic EV
chemical components, whereas specific probing of EV com-
ponents using multiple Raman tag labels can be applied using

a SERS system. In this way, signals from different EV ana-
lytes can be transduced using the characteristic peaks of the
corresponding Raman tag. For example, Zhang et al. have
very recently studied the molecular profile of CD63-positive
EVs using multiple SERS tags. In this work, EVs from three
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Fig. 3 Typical SERS-based approaches for EV multiplexing. a An examination of multiple EV components using the bulk chemical fingerprints
of immobilized EVs. Adapted with permission from Ref. [35]. Copyright 2018 American Chemical Society. b Schematic illustration of molecu-
lar phenotype profiling of CD63-positive EVs using SERS nanotags (antibody-Raman dye conjugate: anti-MIL38-DTNB, anti-EpCAM-MBA,
and anti-CD44V6-TFMBA). Adapted with permission from Ref. [36]. Copyright 2020 American Chemical Society. TFMBA: 2,3,5,6-Tetra-
fluoro-4-mercaptobenzonic acid, DTNB: 5,5’-dithiobis(2-nitrobenzoic acid), MBA: 4-mercaptobenzoic acid. ¢ A multiplex EV phenotype assay
chip using four SERS nanotags. The phenotypic evolution can be tracked by analysing EV samples before, during, and after immunotherapy
treatment, thus providing information on treatment responses and the early signs of drug resistance. Adapted with permission from Ref. [39].
Copyright 2020 American Association for the Advancement of Science (AAAS)
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different cancer types were captured with anti-CD63 magnetic
beads, followed by the addition of three types of SERS nano-
tags (i.e. Raman reporter-detection antibody-decorated AuNPs
targeting the EV membrane proteins glypican-1, EpCAM,
and CD44). In this way, a composite of magnetic beads-EVs-
triplex SERS nanotags was used for multiplexed detection
(Fig. 3b) [36] and applied to EV proteins derived from can-
cer cell lines and plasma from patients with colorectal, blad-
der or pancreatic cancer. In similar work, aptamer-decorated
magnetic beads as capture agents coupled with Raman dye
conjugated aptamers @ AuNPs [37] or gold nanorods (AuNRs)
[38] were used as detection probes to profile specific mem-
brane proteins from cancer-derived EVs. Wang et al. recently
elaborated upon the multiplexed coding strategy by introduc-
ing four distinct SERS nanotags, i.e. AuNPs decorated with
different antibodies (targeting surface proteins) and Raman
reporters. Instead of using magnetic particles for EV capture,
they generated anti-CD63-modified gold chips for the capture
of generic EVs from plasma of melanoma patients and healthy
controls (Fig. 3¢) [39], followed by the addition of Raman dye-
antibody @ AuNPs based SERS probes against four membrane
proteins. This study, in a small group of patients, demonstrated
the potential of the technology in differentiating between
healthy and disease states or monitoring the response to tar-
geted therapies. It is noteworthy that, for such SERS analyses,
a comprehensive consideration of EV dimensions and the size
of the magnetic and gold components is necessary to avoid
steric hindrance, which could affect the binding efficiency and
thus the detection limit [40].

The combination of metallic substrates (planar or colloidal),
receptors (e.g. antibodies, aptamers) and Raman dye-based
SERS probes offers, then, one avenue for EV multiplexing,
especially in the analysis of EV membrane proteins. A tuning
of metallic structure can improve sensitivity such that multi-
plexing at single-EV level [41, 42] is possible. However, the
poor reproducibility of fabrication of SERS substrate limits the
clinical application of this method. A high-throughput fabri-
cation using lithography, and the use of intrinsic EV Raman
signatures for normalization may offer a solution to overcome
such limitations.

3.2 Fluorescent Dyes

Besides Raman dyes, fluorescent dye-based chemical coding
strategies have also been widely used for EV multiplexed

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

profiling. This is generally achieved through the captur-
ing of EVs on a specific receptor-modified flat or spherical
interface, followed by the addition of multiple fluorescence
dye-tagged ligands (e.g. antibodies, aptamers). For exam-
ple, an integrated magnetic microfluidic chip with immu-
nofluorescence has been developed by Mei and co-workers
(Fig. 4a; termed the ExoSearch biochip) [43]. The magnetic
bead-based microfluidic mixing-capture format offers sev-
eral advantages, including rapid magnetic solid-phase isola-
tion, flexible capture capacity, and good scalability [44—47].
In this work, plasma samples and anti-CD9 conjugated
magnetic beads (MB) were injected into separate channels
and, after on-chip mixing, MB-bound EVs were retained
by a magnetic field followed by a multiplexed fluorescence
assay using a panel of three fluorescently labelled antibodies
targeting CA-125, EpCAM and CD24. The authors dem-
onstrated high performance of the receiver operating char-
acteristic (ROC) curve (ovarian cancer vs healthy control)
with an area under curve (AUC) =1 using either CA-125 or
EpCAM as signature, and AUC=0.91 for CD24. In a similar
approach, Fang et al. recently developed a continuous-flow
microfluidic system for the immunomagnetic capture of
CD63(+) exosomes and detection of two exosomal tumour
markers (EpCAM and HER?2) in plasma samples using an
immunofluorescence approach [48]. They demonstrated that
EpCAM levels were significantly higher in exosomes from
breast cancer patients compared to healthy controls. The
scalability, multiplex capability, and potential for automa-
tion of the proposed magnetic microfluidics, together with
larger validation cohort size and a composite marker format,
may enhance its clinical translation. The integration of a
chemical lysis step in another microfluidic chip enabled the
quantification of a range of membrane-associated (EpCAM,
o-IGF-1R, CA125, CD9, CDS81, and CD63) and internal
(e.g. phosphorylated type 1 insulin growth factor receptor,
IGF-1R) EV proteins from two lung cancer patients, two
ovarian cancer patients, and healthy controls [49].

The examples mentioned above, focused on protein quan-
tification with bulk EV preparations that are often hetero-
geneous. Single-EV analyses could, in principal, offer a
more granular resolution of EV subpopulations [50]. In this
regard, Lee et al. have recently explored a multiplexed fluo-
rescent imaging system for assaying markers at single-EV
resolution (Fig. 4b) [51]. In their study, the EVs were bioti-
nylated and subsequently captured on a neutravidin-coated
glass within a microfluidic chamber. The immobilized EVs

@ Springer
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Fig. 4 Multiplexed profiling of EV proteins using fluorescent dye-based chemical coding strategy. a The ExoSearch chip for continuous mixing,
isolation and in situ, multiplexed detection of circulating exosomal markers CA-125, EpCAM and CD24. Reproduced with permission from Ref.
[43]. Copyright 2016 Royal Society of Chemistry. b Multiplexed single-EV analysis by microfluidic immunofluorescence staining. Reproduced
with permission from Ref. [51]. Copyright 2018 American Chemical Society. ¢ The principle of an enzyme-aided fluorescence amplification
based on GO-aptamer interactions for the detection of exosomal membrane proteins. Reproduced with permission from Ref. [53]. Copyright

2018 Elsevier

were immunostained using different fluorophore-conjugated
antibodies targeting different EV membrane proteins, fol-
lowed by fluorescence imaging. Their measurement of 11
different proteins in a single vesicle uncovered a heteroge-
neous marker expression profile on individual EVs derived
from the same glioblastoma cell line. For example, the
results revealed that only half of the EV's are CD63 positive
(54%) and even fewer EVs expressed CD81 (26%) and CD9
(4.8%). In a different approach, Cavallaro et al., developed
a multiple tagging strategy combining fluorescence imaging
with atomic force microscopy which permits the acquire-
ment of multidimensional information including membrane
protein phenotype, size and mechanical properties simulta-
neously [52].

The multiplexed fluorescence profiling of EVs has been
further extended to in situ liquid-phase detection using nano-
material platforms. Want et al., for example, have explored a
graphene oxide (GO) and fluorescent labelled DNA aptam-
ers based platform for the detection of CD63 and EpCAM
in colorectal cancer exosomes (Fig. 4c) [53]. Specifically,
the fluorescence of fluorophore-labelled aptamers (Cy3-
CD63 and FAM-EpCAM aptamers) was quenched by GO
but recovered by exosome induced displacement. The DNase
I enzyme was then used to digest the single-stranded DNA
aptamers on the exosome surface allowing the exosomes to
interact with more fluorescent aptamer probes, resulting in

© The authors

further increase in the fluorescence signal. Such “switch-
on” and enhancement fluorescence profiling was shown to
distinguish healthy from colorectal cancer patient samples
using either CD63 or EpCAM. A similarly dispersed nano-
material based approach was developed using GO with a
panel of aggregation-induced emission luminogens (AIE-
gens) conjugated aptamers [54], or carbon nanotubes [55]
or MXene Ti;C, nanosheet [56] with different fluorescent
dye labelled aptamers.

An amplified fluorescence multiplexing methodology was
also reported using a thermophoretic aptasensor (TAS) for
the enrichment of EVs and the profiling of seven surface
proteins (PTK7, LZHS, HER2, PSA, CA125, EpCAM and
CD63) via a panel of corresponding fluorescent aptam-
ers (Fig. 5a) [57]. The EV membrane proteins were first
labelled with fluorophore conjugated aptamers, followed by
laser irradiation to generate a local temperature gradient to
induce a size-dependent thermophoretic accumulation of
EVs larger than 30 nm. This led to a significant amplification
of the fluorescent signal from aptamer bound EVs, a signal
that linearly correlated with the respective protein expres-
sion levels [58]. The TAS was applied to 232 clinical serum
samples from breast, liver, lung, lymph, ovary, and prostate
cancer patients and healthy donors. A supervised machine
learning algorithm was subsequently employed to classify
different cancer types with an overall accuracy of ~70%

https://doi.
org/10.1007/s40820-021-00753-w
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(Table 1). Moreover, a logistic regression analysis using
these seven EV markers exhibited a superior performance
to the routinely used prostate specific antigen (PSA) blood
test in distinguishing prostate cancer from benign prostate
disease. Taking advantage of thermophoretic accumulation,
the same group further introduced a hybridization chain
reaction (HCR) to achieve dual amplification for profiling
multiple protein biomarkers at a single-EV level (Fig. 5b).
In this study, tumour-derived EVs were first captured by
CD63-aptamer-modified microbeads followed by addition
of two aptamers targeting the membrane proteins EpCAM
and HER?2 on EVs. The HCR was initiated with the two hair-
pins (H1 and H2) and two connector sequences to facilitate
logic operation. After HCR, a thermophoretic enrichment
of EV-conjugated microbeads amplified the output signal
sufficiently to discriminate HER2-positive, HER2-negative

SHANGHAI JIAO TONG UNIVERSITY PRESS

patients, and healthy controls based on the convergent ther-
mophoresis-DNA HCR. The concept of logic gate, as uti-
lized here, is highly dependent on multiple aptamers being in
close proximity. This proximity ligation approach was addi-
tionally verified for the sensitive detection of tumour-derived
exosomal PD-L1/CD63 [59], and exosomal CD63/EpCAM/
MUCT using multiple fluorophore coded aptamers [60-62].

In a different strategy, Wu et al. have explored an exo-
some-templated nanoplasmonic platform for exosome mul-
tiparametric molecular profiling (Fig. 5¢) [63]. Specifically,
cancer cell line conditioned media containing exosomes
and free proteins were first incubated with three different
fluorescent aptamers against CD63, EpCAM and MUCI1
on AuNPs (~9.2 nm). While AuNPs remain monodisperse
when associated with a protein corona, they tend to encap-
sulate exosomes through electrostatic interactions with the

@ Springer
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exosomal membrane. Excess unbound probes and AuNP
are not removed. The AuNPs can then serve as seeds for
in situ gold shell growth using exosomes as a template.
Corona-coated AuNPs (or unbound AuNP) exhibit limited
growth (and minimal red shift in their absorbance spectra),
while AuNPs bound to the exosomal surface trigger strong
localized plasmonic resonance in the infrared region. The
nanoshell plasmonics locally quench the fluorescent probes
only if both AuNPs and fluorophores bind on the same vesi-
cle. The methodology thus supports an in situ analysis of EV
surface proteins. The entire assay can be completed within
15 min using as little as 1 pL of sample and additionally can
be integrated with a smartphone readout. Further develop-
ments with the incorporation of more advanced microfluid-
ics, such as droplet methods [64—67] and lithography pat-
terned array [68], would enable highly parallel processing
and facilitate large-scale clinical sample handling.

The examples discussed above concern fluorescent aptam-
ers/antibody-based fluorescence coding for EV protein pro-
filing. MicroRNAs (miRNAs) are also abundant in EVs.
They are a class of small noncoding RNAs ~22 nucleotide
long that regulate gene expression in a number of diseases,
including cancer, neurodegenerative disorders, and diabetes
[71] and as such they constitute a rich source of biomarkers.
The main challenge in measuring exosomal miRNAs is their
low abundance and instability [72].

Leveraging the versatility of thermophoretic profiling,
exosomal RNA profiling can also be accomplished using
RNA aptamers (Fig. 5d). To this end, Zhao et al. have intro-
duced a nanoflare sensor comprising AuNPs (diameter
of ~ 13 nm), 4 aptamers that recognise different miRNAs
(targeting miR-375, miR-221, miR-210, and miR-10b), and
CyS5 loaded complementary DNA probes [70]. Without
contact with target miRNA, the fluorescence was quenched
due to the close proximity of Cy5 to the surface of AuNPs.
Upon passive uptake by exosomes, the reporter of nano-
flares was displaced by the internal target miRNA, leading
to an increase in fluorescence intensity. Under laser irradia-
tion, the thermophoretic accumulation of nanoflare-treated
exosomes leads to an amplified fluorescence signal upon the
binding of exosomal miRNAs to nanoflares, allowing the
direct measurement of exosomal miRNAs down to 0.36 fM
in 0.5 pL serum samples. In this study, exosomal miR-375
showed an accuracy of 85% in detecting oestrogen receptor-
positive breast cancer at early stages (stages I, II). Although
this work offers a tool for EV molecular phenotyping, the

© The authors

requirement for an external laser source, and the potential
associated damage to vesicles, requires further investiga-
tion before its translation into a point-of-care (PoC) device
[70, 73].

Lee et al. developed the first molecular beacon-based
assay for multiplexed detection of EV miRNAs [74]. Molec-
ular beacons are hairpin-shaped oligonucleotide hybridiza-
tion probes with a 3’ fluorescent dye and 5’ quencher. They
serve as receptors that become fluorescent upon hybridiza-
tion to a complementary RNA or DNA target sequence [75].
EV miRNAs consisting of miR-21, miR-375, and miR-27
derived from a breast cancer cell line of MCF-7 were studied
(Fig. 6a). Using this approach, triple molecular beacons with
unique fluorophores (FAM, Cy3, and Cy5) were successfully
hybridize to three EV mRNAs (miR-21, miR-375, and miR-
27) within 1 h, detecting in a single-step assay these markers
in a dose-dependent manner. This in situ EV miRNA detec-
tion method avoids the need for EV lysis and RNA extrac-
tion, thus reducing the risk of RNA degradation.

To profile both EV proteins and miRNA within one con-
figuration, Rhee and co-workers have explored the combi-
nation of fluorescent antibodies and molecular beacons for
targeting membrane proteins and internal miRNAs, respec-
tively [76]. As a proof of concept, Alexa Fluor® 488-con-
jugated anti-CD63 antibody and molecular beacon-21 tar-
geting miR-21 were investigated for multiplexed biomarker
detection in healthy vs cancer-derived EVs using flow
cytometry (Fig. 6b). To overcome the low resolution of flow
cytometry, a phospholipid-polymer-phospholipid conjugate
(DSPE-PEG-DSPE) was used to induce EV clustering due
to the lipid solubility of DSPE. In a more recent study, Zhou
et al. proposed a vesicle membrane infusion-based strategy
to obtain multi-omics information of EVs [77]. As shown in
Fig. 6¢, anti-CD63 polystyrene beads were used to capture
exosomes in a microfluidic channel, followed by fusion with
fusogenic vesicles preloaded with three molecular beacons
and three antibody-conjugated quantum dots (QDs) allowing
the detection of 3 internal miRNAs (miRNA-451a, miRNA-
21, miRNA-10b) and 3 surface proteins (CD81, ephrin type-
A receptor 2, carbohydrate antigen 19-9) through infusion-
induced hybridization and immunoaffinity, respectively. The
feasibility of infusion—hybridization strategy has also been
extended to liposomes or cationic lipoplex nanoparticles for
EV miRNA profiling in lung cancer [78-81], and human
liver cancer [82]. These molecular beacon-based miRNA
profiling methods are highly dependent on the integration

https://doi.
org/10.1007/s40820-021-00753-w
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Fig. 6 a Molecular beacon-based exosome internal RNA triplexing (F: fluorescent dye. Q: quencher). Reproduced with permission from Ref.
[74]. Copyright 2016 Elsevier. b Simultaneous in situ detection of EV membrane protein and internal miRNA using dye conjugated molecular
beacons and dye conjugated antibodies, respectively. Reproduced with permission from Ref. [76]. Copyright 2021 MDPI. ¢ Simultaneous in situ
detection of exosomal protein markers (CD81, ephrin type-A receptor 2, carbohydrate antigen 19-9) and miRNAs (miRNA-451a, miRNA-21,
miRNA-10b) using QDs labelled antibody and molecular beacons using fusogenic vesicles in a microfluidic device. Reproduced with permission

from Ref. [77]. Copyright 2020 John Wiley & Sons

with fluorescence microscopes; a translation to a scalable
or PoC setting, mobile phones coupled with near-infrared
fluorescence imaging [83] might be applied.

In summary, a number of approaches have been
employed to detect multiple EV analytes (Table 1). The
optical/electric/electrochemical multiplexing strategies for
proteins can be readily adapted for RNAs by replacing the
relevant receptors. However, fundamental issues remain:
(1) the correlation between lysed EV RNA and nonlysed
in situ EV RNA detection using the same platform to

SHANGHAI JIAO TONG UNIVERSITY PRESS

evaluate the uptake and capture efficiencies, (2) explora-
tion of more generic signal amplification approaches espe-
cially when thermophoresis is not applicable. (3) Although
fluorophores with different excitations can be employed
for simultaneous detection, the potential for scale-up mul-
tiplexing remains due to the limited choice of chemical
reporters, spectrum overlap, nonspecific adsorption and
cross-talk in close proximity. For example, the overlap
between the emission spectrum of FAM and the excitation

@ Springer
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«Fig.7 Schematic view of a physical spatial coding-based SPR plat-
form for EV multiplexing. a Antibodies specific to EV transmem-
brane proteins were printed on the gilded gold chip, and integrated
into a flow cell. Reproduced with permission from Ref. [96]. Copy-
right 2014 American Chemical Society. b nPLEX chip. (i) Integra-
tion of a multi-channel microfluidic cell for independent and paral-
lel analyses. Transmission intensities of 12X 3 nanohole arrays were
measured simultaneously using the imaging setup. (ii) A representa-
tive schematic of changes in transmission spectra showing EV detec-
tion with nPLEX. (iii) Ascites-derived exosomes from ovarian cancer
and noncancer patients were evaluated by the nPLEX sensor. Cancer
EVs were captured on EpCAM and CD24-specific sensor sites with
associated intensity changes in the transmitted light. Adapted with
permission from Ref. [86]. Copyright 2014 Springer Nature. ¢ Enzy-
matic amplified plasmonic sensor for EV multiplexing. Reproduced
with permission from Ref. [117]. Copyright 2019 Springer Nature.
d Surface plasmon-enhanced fluorescence biosensing for EV multi-
plexed profiling. Reproduced with permission from Ref. [118]. Cop-
yright 2020 John Wiley and Sons. e Intravesicular nanoplasmonic
system for EV multiplexing. Reproduced with permission from Ref.
[94]. Copyright 2018 American Chemical Society

spectrum of Cy5 is too small to cause Forster resonance
energy transfer (FRET).

4 Physical Spatial Coding

Physical spatial coding is another widely explored strat-
egy for EV multiplexing, typically realized by position-
ing different receptors on an array or separated chambers
targeting EV components at different spots in an address-
able way (e.g. position Al, B1 represent protein A and B,
respectively). The binding events of EV analytes to the
receptors can be monitored using either surface sensi-
tive label-free methods (e.g. surface plasmon resonance,
SPR, quartz crystal microbalance, QCM, electrochemical
impedance spectroscopy, EIS) or external chemical tags in
a convergent physico-chemical coding fashion.

4.1 SPR Arrays

The surface plasmon resonance (SPR) sensing platform
is exceptionally versatile for probing interfacial molecu-
lar binding events through an evaluation of the refractive
index change and has been intensively investigated for
highly sensitive detection of EVs [107-110]. With the
integration of a charge-coupled device (CCD) camera in
a spatially resolved imaging mode (SPRi), it can analyse
multiple simultaneous binding events. EV multiplexed
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assays using an SPR sensor can usually be realized with
multi-spot patterned arrays, which are spatially encoded
by printing or lithography, coated with multiple EV recep-
tors (e.g. antibodies) targeting specific EV components.
In a typical example, Zhu et al. designed an SPR chip
with an antibody microarray to simultaneously quantify
multiple EV transmembrane proteins (Fig. 7a) [96]. The
gold surface was printed with antibodies using a commer-
cial microarray printer and was integrated into a micro-
fluidic chip. Upon injection of the sample into the flow
cell, EV were captured, and the associated refractive index
change was monitored by the CCD camera. The SPR
array has been used to detect the expression of six mem-
brane proteins (e.g. CD9, CD41b, CD63, CD82, EpCAM,
E-cadherin) on intact EV harvested from human hepato-
cellular carcinoma cells. The authors demonstrated that
the expression of EV CD9 and CD41b was reduced after
Rab27a-siRNA (i.e. small interfering RNA) treatment and
increased after monensin treatment. These results demon-
strated the potential of using antibody-coated microarray-
based SPRi biosensors in cancer detection and drug treat-
ment evaluation (Fig. 1c) [111].

To increase throughput capacity, Im et al. developed a
plasmonic multiplexing EV platform (i.e. nPLEX) by inte-
grating a 12 X 3 periodical nanohole gold array-based trans-
mission SPR chip into a 12-channel PDMS chip (Fig. 7b)
[86]. The chip surface was modified with mixed PEG-
based SAMs (1:3, longer biotin-PEG,,-SH and shorter
CH;-PEG,(,-SH) to allow antibody conjugation while
resisting nonspecific fouling [112, 113]. This enabled the
detection of twelve different EV membrane proteins using
antibodies. Signals were further amplified by attaching
anti-CD63-modified gold nanostars to captured EVs and
utilizing the plasmonic coupling of these to the underly-
ing gold surface [114-116]. The authors showed the clinical
potential of this approach using ascitic fluid from 20 patients
with ovarian cancer and 20 controls.

The periodic nanohole SPR array has also been employed
recently to evaluate pharmacodynamics based on an exami-
nation of EV membrane protein expression after drug treat-
ment [117]. As presented in Fig. 7c, four bio-orthogonal
click probes modified with trans-cyclooctene (TCO) were
designed to enable the specific targeting of three cancer
proteins (EGFR, EpCAM and MUCI) and one generic EV
marker (CD63). In this mode, lower drug occupancy on the
EV membrane protein site allows higher orthogonal probes

@ Springer



3 Page 16 of 36

Nano-Micro Lett. (2022) 14:3

exosome Biotin-Ab
i i dye-SA
Microarray print
Capture Ab

d scanning
—» —_—

Magnetic — —

bead - . \TMB

- oxidation E

a2 3

B-field”” J C/TMB reduction g

Wc '

R

P .
~ 8-channel

479_9
e,
(4
/)°/¢7
C electrodes

channel 1 |

(d) r

SP-IRIS Imaging nanoparticle  increased
bmclzeasedd contrast  particle contrast
CMOS ackgroun signal
l levels from 9 ’
+ S antibodies ‘ /”\
/_;_\
LED ‘

SP-IRIS Chip
' —
CA MuA BSAJ @ b
transmembraneg * antibody nanoparticle larger YT
proteins ¥ probes (exosome) nanoparticle uNPs "NH, m L 4 m'

Whole blood

)

@ Aunps
Y Anticos
Y Anti-CD63

Y/ Anti-cst
Y Anti-gG

to engage the receptor site, leading to more enzyme (horse-
radish peroxidase, HRP) recruitment and in situ conver-
sion of the soluble substrate (3,3’-diaminobenzidine) into

© The authors

insoluble product causing a spectral shift. This signal can
be amplified due to the confined nanoring cavities where
strong electromagnetic hotspots reside, so supporting a
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org/10.1007/s40820-021-00753-w



Nano-Micro Lett. (2022) 14:3

Page 17 of 36 3

«Fig. 8 Non-SPR physical coding-based multiplexed profiling of EVs.
a Schematic view of EV array detection of EV proteins. Adapted with
permission from Ref. [123]. Copyright 2013 Taylor and Francis. b
Integrated magnetic—electrochemical exosome (iIMEX) platform. The
sensor can simultaneously measure signals from eight parallel elec-
trodes. Reproduced with permission from Ref. [92]. Copyright 2016
American Chemical Society. ¢ Antibody modified cantilevers in the
array with a reference control for differential detection of signal (up).
Schematic of the effect of the nanoparticle mass loading on the nano-
mechanical deflection of the cantilever (down). Adapted with permis-
sion from Ref. [140]. Copyright 2016 Royal Society of Chemistry.
d Schematic representation of the Single Particle Interferometric
Reflectance Imaging Sensor (SP-IRIS) detection process. SP-IRIS
detection principle, monochromatic LED light illuminates the sensor
surface and the interferometrically enhanced nanoparticle scattering
signature is captured on a CMOS camera (left). Low-magnification
interferometric image showing microarray of immobilized capture
probes (right). Reproduced with permission from Ref. [141]. Copy-
right 2016 Springer Nature. e Schematic diagram of an integrated
microfluidic chip for plasma separation, EV detection, and molecu-
lar analysis. Reproduced with permission from Ref. [100]. Copyright
2020 American Chemical Society. f Multi-test line strip for profiling
of EV membrane proteins. Reproduced with permission from Ref.
[142]. Copyright 2017 Elsevier

sensitive ability to monitor changes in protein composition
and drug occupancy. The proposed platform was demon-
strated to identify disease status and rapidly (~ 1 h) distin-
guish between treatment outcomes using as little as 5 pL
of plasma. In another recent study, Min et al. explored
long-range (> 100 nm) SPR-enhanced fluorescence on a
periodic array instead of the localized “hotspot” surfaces
(<20 nm). This approach is more suitable for measure-
ments with intact EVs given their dimension (30-1000 nm)
[118, 119]. Four fluorescent dyes (AF488, Cy3, Cy5, and
Cy5.5) were conjugated with streptavidin separately in order
to code biotinylated EV membrane proteins (CD9, CD63,
CD81, GAPDH, EGFR, EGFRVIII) after their capture on
neutravidin-PEG layers (Fig. 7d). The PEG layer was used
to prevent fluorescence quenching and to resist nonspecific
adsorption [120]. This work presents a typical combination
of physical and chemical coding approach powered by plas-
mon enhanced fluorescence (~ 10 X).

Park et al. have extended the nanoplasmonic array
(10x 10 array) platform to measure both internal (AKT1,
HSP90, HSP70, TSG101) and transmembrane proteins
(CD63, EpCAM, EGFR) in lysed EVs derived from ovar-
ian cancer cells (Fig. 7e), coupled with induced localized
amplified signals generated by immunogold labelling [94].
By lysing EVs, this approach provides one way to overcome
the compromise of signal enhancement in the confined “hot
spot” design (i.e. detection antibody conjugated AuNPs—-EV

SHANGHAI JIAO TONG UNIVERSITY PRESS

and analyte—capture antibody modified gold interface) due
to steric hindrance and the dimension of intact EVs. The
authors demonstrated that their sensor enabled > 10°—fold
higher sensitivity with reduced sample input (0.5 vs. 100 pL)
when compared to standard ELISA. Increased expression
of HSP90 and HSP70 and decreased levels of AKT1 and
TSG101 were observed in cancer cells treated with a model
drug, suggesting that drug-dependent EV protein signatures
may be applied to monitor therapies in patients.

In summary, the binding events of EV components to
the sensing interface can be monitored by surface sensi-
tive techniques such as SPR in a label-free format or by
labelling them with one or multiple reporters, i.e. using a
combination of physico-chemical coding strategies [118].
The advanced nano-/micro-fabrication-assisted SPR arrays
and their integration into microfluidic chambers have been
increasingly employed to facilitate better sample manipula-
tion and miniaturization. Nanomaterial-based signal ampli-
fication approaches [110, 121, 122] can be applied to further
improve the sensitivity of so developed EV sensor arrays.

4.2 Other Spatial Coding Platforms
4.2.1 Antibody Arrays

Antibody array designed high-throughput multiplexing
platforms, based on the immobilization of antibodies on
the surface of microfluidic biochips, have been extensively
applied to the analysis of EV biomarkers [123, 124]. In such
configurations, an immune-based isolation of EVs is fol-
lowed by a target specific immunofluorescence step. Where
a panel of antibodies is spatially coded on a biochip surface,
such analyses are multiplexed [125]. For example, Jgrgensen
et al. developed an EV microarray capable of detecting up to
60 EV proteins from 10 pL plasma (Fig. 8a) [123]. A panel
of 60 captured antibodies were printed on epoxy-coated
slides to recognize generic EV markers (e.g. CD9, CD63)
or tumour-associated markers (e.g. EpCAM, HER2, p53).
Plasma-derived EVs were captured on slides, then tagged
with biotinylated anti-CD9, CD63, and CD81 antibodies
prior to a readout with fluorescent streptavidin (down to
detection limits of 2.5x 10* EVs per detection spot).
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4.2.2 Multi-channel Electrochemical Sensors

Electrochemical detection represents another promising
platform for multiplexed EV analysis owing to its intrinsic
high detection sensitivity and compactness and potentially
automated setup [111, 126]. Electrochemical multiplexed
profiling can usually be realized by integration of multiple
receptors with multi-channel electrodes (i.e. spatial position
coding) and/or by cooperation with different redox probes
labelled receptors, to detect the current changes as a function
of the EV biomarker levels [127, 128].

For example, Jeong et al. developed a portable inte-
grated magneto-electrochemical EV biosensor (iMEX)
for multiplexed EV protein detection (Fig. 8b) [92]. The
iMEX biosensor used a multi-channel (i.e. eight parallel
electrodes) design offering simultaneous detection of eight
markers within 1 h, with each marker requiring only 10 pL
of plasma. In this work, magnetic immunobeads coated
with anti-CD63 antibodies were used to enrich for CD63
positive EVs, followed by detection with antibodies against
six surface proteins (see Table 1 for markers) conjugated
to horseradish peroxidase (HRP) loaded magnetic beads (a
chronoamperometric signal being generated). The LoD of
the iMEX biosensor was 3 x 10* EVs per electrode, outper-
forming conventional ELISA by ~ 100—fold higher sensitiv-
ity. The same group have also reported another magneto-
electrochemical (multiple-electrode) sensor, termed iKEA
(i.e. integrated kidney exosome analysis), to detect kidney
transplant rejection. The device enabled a fast screening of
T cell-derived EVs for lymphocyte-specific protein detec-
tion (CD3, CD45, CD68, CD2, HLA-ABC, CD52), showing
that high levels of CD3-positive EVs identify kidney trans-
plant rejection patients with in 91.1% of cases tested [129].
A further scale-up of this approach was reported by Tang
et al., who explored an electrochemical array featuring 32
individually addressable microelectrodes multiplexed with
an 8-port manifold to provide 256 sensors [130] that was
successfully used to detect prostate cancer proteins in serum.

An electrode array modified with multiple receptors has
also been employed for the multiplexed detection of EV
miRNAs. Goda et al. have specifically reported the paral-
lel detection of EV microRNAs (miR-143 and miR-146a)
using a microelectrode array by potentiometry after reverse
transcription polymerase chain reaction (RT-PCR) on EV
lysates [131]. This sensing interface is based on DNA
functionalized, mixed self-assembled monolayer (SAM)
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electrodes, comprising 5-SH-(CH,)4-DNA probe and zwit-
terionic sulfobetaine (SB) units as antifouling agents [113,
132]. Target hybridization events lead to changes in the
interface potential which are transformed into a potentio-
metric signal. The platform was applied to a duplex assess-
ment of miR-143 and miR-146a [133, 134] achieving an
LOD of ~20 pM. Although such a platform is multi-step in
nature (EV isolation-lysis-RT-PCR-detection), it is poten-
tially readily integrated into microfluidic pre-steps and the
utilized surface chemistry could be implemented in other EV
analysis platforms [131, 135, 136].

4.2.3 Multi-channel Nanomechanical Sensor

Spatial coding-based EV multiplexing is also compat-
ible with other surface sensitive detection techniques. In
this regard, mechanical biosensors, e.g. microcantilevers,
suspended micro-and nanochannel resonators, and quartz
crystal monitoring have been utilized in bioanalysis where
they can exhibit both high sensitivity and fast response [137,
138]. For example, Olcum et al. previously measured the
mass of individual EVs by using a suspended nanochannel
resonator (SNR) system with the ability to weigh individ-
ual nanoparticles at attogram scales [139]. Inspired by this
method, Etayash et al. reported a nanomechanical cantile-
ver array system for the simultaneous detection of multiple
EV surface antigens (Fig. 8c) [140]. This nanomechanical
system consisted of a gold-coated microcantilever array,
on which specific EV-capturing antibodies were separately
integrated. The so-generated cantilever defections generate
detectable mechanical signals that scale with specific EV
concentration. The use of antibody (anti-Glypican-1)-mod-
ified AuNPs to recognise and bind to pre-captured EVs fur-
ther improves detection sensitivity down to~200 EV mL™".
Despite these advances, the scalable fabrication and modi-
fication of nanomechanical biosensors remain technically
challenging.

4.2.4 Interferometric Reflectance Arrays

Other label-free optical methods, such as interferometric
reflectance imaging sensors (IRIS) have been used for mul-
tiplexed EV assessments. The IRIS technology is based on
enhanced contrast in a scattering signal from captured nano-
particles generated on a layered substrate. This technology
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is widely applied to the simultaneous detection of multi-
ple viruses in human blood [143]. Daaboul and co-workers
have, for example, recently developed a surface-sensitive
interferometric reflectance imaging sensors (IRIS) for the
multiplexed phenotyping and digital counting of subpopula-
tions of individual EVs captured on a microarray (Fig. 8d)
using antibodies against the standard surface markers CD9,
CD63 and CDS8I1 [141]. The contrast generated is sufficient
for single-EV counting with spatial location in the array
encoding phenotype information. Such platforms can be
readily extended to include additional EV membrane pro-
teins by coating with corresponding receptors on different
surface locations.

4.2.5 Multi-channel Microfluidics

Liu et al. designed a spinal microfluidic chip integrated with
an EV detection module, enabling the direct separation and
detection of EVs derived from a human ovarian cancer cell
line and also plasma (Fig. 8e) [100]. The separation chip
consisted of six annular microchannels that separated the
plasma under inertia, reducing the interference from cell
fragments and contents. The supernatant obtained after
separation entered a detection module consisting of four iso-
lated S-shaped channels, modified with capture antibodies
for IgG, CD24, CD81 and EpCAM, respectively. After EV
capture, HRP-labelled detection antibodies were added for
downstream chemiluminescent (CL) quantification of three
membrane proteins. This sensory chip was used to monitor
the clinical response of ovarian cancer patients (n=11) after
treatment with surgical resection or chemotherapy. Levels
of both CD24 and EpCAM in EVs were shown to decrease
among responding patients (n =8, 1-6 directed surgical
resection, 8 and 9 treated with chemotherapy), indicating
that the proposed device could be used to monitor response
to cancer therapies.

4.2.6 Multi-test line Lateral Flow Strips

The lateral flow immunoassay (LFA) strip is a widely used
assay for routine testing due to the small sample input
required and low cost. In this format, pre-embedded cap-
ture antibodies bind the target analyte (i.e. at a test line)
with IgG used as quality control (e.g. control line). Upon
addition of the sample, AuNP decorated detection antibodies
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bind to the target forming a sandwich immune-complex and
so generate a colorimetric signal. Blanco-Lopeza et al., for
example, have introduced an EV multiplexing strip by using
three antibodies targeting the corresponding membrane pro-
teins of CD9/CD61/CDS81 (Fig. 8f). Different labels (AuNPs,
carbon black and magnetic nanoparticles) were examined,
and AuNP-modified detection antibodies were shown to
enable a sensitivity of 8.54x 10> EVs uL~! using plasma
samples [142]. Guo et al. have further explored the applica-
tion of isotachophoresis in LFA in a paper-based isotacho-
phoresis (ITP) format. As an electrokinetic sample-focusing
technique, ITP requires a discontinuous electrolyte system
comprising a leading electrolyte (LE) and a terminating
electrolyte (TE) with the capability of concentrating sam-
ples by multiple orders (100—1000) of magnitude in minutes
with minimal sample consumption [144]. Anti-CD44 and
anti-CD63 antibodies were here used to capture cancer and
generic EVs. This system performed well in human serum
with target concentrations as low as 1.2-2.0x 10° EVs pL~!
[145].

As a highly versatile and adaptive detection platform, a
wide range of engineering strategies like multiple labelling
using nanomaterials, nucleic acid amplification and anti-
fouling surface chemistry, can be employed in LFA-based
EV analysis to enhance analytical performance in terms of
sensitivity and selectivity [146—151]. Because of this, LFA
is much cited PoC platform for EV analysis, but its utility is
likely to be limited to EV surface proteins.

In summary, there is a wide range of non-SPR chip-based
multiplexing platforms available, with a generally good
capability of integration with functional modules like on-
chip EV capture and wash. Most studies to date have focused
on surface EV marker profiling, with the internal protein
or RNA content not often explored. The integration of a
lysis unit together with an isolation-detection module could
allow a more comprehensive exploration of EV markers and
accelerate biomarker discovery.

S Biological Coding

In biological coding-based EV multiplexing, the EV com-
ponent of interest is labelled with nucleic acids, followed by
detection of these sequences, e.g. using chromatography or
PCR, the binding event of EV analytes is converted to the
detection of DNA fingerprint-based molecular tags (often with
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an associated significant amplification). Capillary electropho-
resis (CE) can achieve high separation resolution and detection
sensitivity with low sample consumption and easy mainte-
nance [44, 152, 153]. Under optimal conditions, multiple ana-
lytes can be separated in terms of different retention time and
assessed using CE owing to their different molecular weights
and charges [154]. Singh et al., for example, have explored
CE coupled with polymerase chain reaction-amplified immu-
noassay (I-PCR) for the simultaneous detection of multiple
surface proteins (CD9, CD34, CD63, CD123, c-Kit/CD117,
FLT-3/CD135) in EVs from acute myeloid leukaemia (AML)
(Fig. 9a) [155]. In this work, EVs were first captured by anti-
CD63 antibodies, followed by binding of different detection
antibodies tagged with reporter DNA. Such a sandwich format
combined the specificity of an immunological recognition with
the exponential amplification of PCR. This method achieved
the simultaneous detection of the five analytes within 12 min
with a limit of detection (LOD) of 2 EVs uL~! for leukaemia
cell-derived EVs. A major limitation, however, concerns the
poor mass separation resolution of CE. This problem can be
resolved by nongel sieving CE in which entangled hydroxy-
propylmethylcellulose (HPMC) polymer solutions can be used
instead of cross-linked gels like agarose or polyacrylamide
[44, 153]. The concept of an integrated DNA amplification-
capillary electrophoresis microfluidic system could enable the
development of portable devices for molecular typing of EVs
in other complex diseases [154, 156]. Inspired by such idea,
Ko et al. have recently reported the application of antibody-
DNA conjugates to label EVs, followed by stochastic microflu-
idic incorporation of single EVs into droplets (Fig. 9b) [157].
This was followed by in situ PCR with fluorescent reporter
probes which amplify the barcode signal for subsequent detec-
tion with droplet imaging. This immune-droplet digital poly-
merase chain reaction (iddPCR) amplification method enabled
the multiplexed profiling of EV proteins, e.g. EGFR, EPCAM,
PD-L1, CD4, CD8, GZMB, TCF7 derived from cancer cell
lines. This is a typical example that incorporates different cod-
ing strategies (biological and chemical coding) with amplifi-
cation, to enable the detection of multiple EV membrane pro-
teins at single-EV resolution [158—160]. It should be noted,
however, that the most common formats using antibody-DNA
conjugates require multiple synthesis and purification steps
and a careful assessment for false-negative or false positive
results (Table 2).
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6 Nanoparticle Coding

In addition to the above-discussed chemical-, physical- and
biological-based EV multiplexing strategies, nanoparticle-
based coding is a significant and growing option. Due to
their easy synthesis and tuneable physiochemical properties,
a broad range of nanoparticles bearing distinct properties
(e.g. fluorescent-, plasmonic-, electrochemical-) have been
used as labelling tags for the generation of different readouts
in multiplex EV profiling. Nanoparticle coding, which can
utilize numerous types of nanoparticles for signal generation
to present EV analytes. This approach can be considered as
an extension of the chemical tag-based coding approach.

6.1 Fluorescent Barcoded Beads

The combination of fluorescent barcoded beads with flow
cytometry (FCM) is a widely applied detection approach.
EVs are typically too small to be detected by FCM directly
by conventional flow cytometers but an adaptation of the
technique can be used to quantify multiple EV protein
markers [161]. This can be generically achieved by two
immune-sandwich formats, i.e. capture antibody modified
microbeads-EVs-fluorescent detection antibodies [162]
or capture antibody modified barcoded microbeads-EVs-
allophycocyanin (APC) or phycoerythrin (PE)-conjugated
detection antibodies (Fig. 10a) [163-165]. When a laser
beam illuminates EVs, the scattered light is converted to
an intensity-associated voltage pulse that can be quantified.
Depending on marker selection, the bead EV-based FCM
allows the evaluation of different subpopulations in a single
sample or the comparison of EV subpopulations in different
samples. Koliha et al., for example, have described a multi-
plex bead-based FCM platform for the analysis of different
subpopulations of EVs where up to 39 EV surface proteins
in different cell lines and subsets of rare cells were analysed
in work demonstrating the strength of this method in profil-
ing heterogeneous EV subpopulations [162].

A range of commercial analysis platforms are available
from Becton Dickinson and Company (Cytometric Bead
Array) and the partners of Luminex Corp (XMAP™),
with products for in vitro diagnostics (IVD). These utilise
sandwich immunoassays consisting of beads that differ in
size or fluorescence intensity (colour or scattering-coded
beads), conjugated with capture antibodies that are used
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Table 2 Summary of the different EV multiplexing strategies

EV mul- Principle Advantages Limitations
tiplexing
strategies
Chemical Use of multiple chemical labels to code  Detection of specific EV analytes using ~ Limited choice of chemical labels, over-
different EV analytes commercially available chemical labels ~ lapping spectra or redox peaks
(e.g. optical dyes, redox probes)
Physical Integration of spatially isolated solid sup- Compatible with high-throughput Usually limited to qualitative assessment
port (e.g. array) with multiple receptor measurements in a label-free manner
targeting EV analytes or specific EV marker detection using
chemical labels. No potential interac-
tions between receptors in liquid phase
Biological Use of biomolecules such as DNA to Dramatic signal enhancement by nucleic ~ Multiple pre-conjugation steps and
code EV analytes acid amplification, using relevant meth-  purification of receptor-biomolecule
odologies such as PCR conjugates are needed
Nanoparticle Nanoparticles with distinct optical or Wide choices of barcoded beads Precise tuning of the optical properties of
electrochemical properties used as nanoparticle labels is needed
labelling tags for signal detection
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for multiplexed immunoassays. Shi et al., for example,
have employed the Luminex platform to study potential
EV biomarkers in Parkinson’s disease (PD) [163]. They
demonstrated that EV-associated a-synuclein is signifi-
cantly higher in PD patients as compared to controls with
an AUC of 0.724 (sensitivity =76.8%, specificity =53.5%).
More recently, Vacchi et al. have used the FCM platform to
explore 37 EV surface markers using the plasma-derived
EV from PD, healthy controls (HC), multiple system atro-
phy (MSA), and Atypical Parkinsonism (AP) with tauopa-
thy (AP-Tau) [165]. Although they used a small number of
cases, this work demonstrated that the combination of CD2,
CD62P and CD146 could clearly separate MSA from HC
(AUC=0.961, sensitivity = 100%, specificity =84.2%).

It is noteworthy that aggregation of EV-bead complexes
may complicate assays and lead to biased results. Non-
specific signals, additionally, remain another issue [166].
Encouragingly, new variations of flow cytometry have been
developed, for example, the newly developed nano-FCM to
facilitate profiling with higher resolution (~30 nm) and sen-
sitivity [167, 168].

6.2 Quantum Dots

Quantum dots (QDs) are relatively easy to synthesize
with highly tunable optical properties and have accord-
ingly been explored as optical tags for EV profiling. In a
recent study, Bai et al., for example, developed a bead-
based microarray for EV isolation and multiplexed tumour
marker detection. EVs were isolated with anti-CD9 anti-
body-coated polystyrene microbeads, and tumour markers
on the captured EVs were detected with antibodies deco-
rated with quantum dot probes (i.e. QD555 nm» QDsgs nms
QDy¢;s5 ,m) as shown in Fig. 10b supporting the detection
of the EV proteins CEA, Cyfra21-1, and ProGRP. Using
this assay, lung cancer-derived samples were observed to
exhibit between 6- to 10-fold higher fluorescence intensity
than endothelial cell samples, and different types of lung
cancer samples showed distinct marker expression. The
antibody-QD coding-based platform offers clear advan-
tages over the conventional organic fluorophores in terms
of broader excitation and more sharply defined emission
signatures [169—-171]. Antibody-conjugated quantum dots
(i.e. QDsgys-anti-EpCAM and QDs¢ss-anti-EphA2) have
also been employed with a lipophilic fluorescent dye DiO
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(3,3’-dihexadecyloxacarbocyanine perchlorate) reference
stain to provide a quantitative readout. This introduction of
normalization enabled the quantification of EV biomark-
ers in pancreatic cancer with higher performance. The main
drawbacks of such immunostaining-based multiplexed anal-
ysis are the needs for repeated staining and the generation of
signals distinct from nonspecific fluorescence.

6.3 Plasmonic Nanoparticles

In addition to SPR, a number of localized SPR (LSPR)
platforms have been applied to EVs [108, 172—-174]. LSPR
results from the confinement of a strong electromagnetic
field exhibited by a noble metal in its nanostructure form
[175, 176] and is highly sensitive to the local refractive
index variation adjacent to the metallic surface. For example,
Liang et al. have reported a sensitive and specific method to
detect pancreatic cancer EV markers by using nanoplasmon-
enhanced scattering (nPES) sensor (Fig. 10c) [177]. Specifi-
cally, anti-EphA2-modified AuNPs and anti-CD9-modified
AuNRs were bound to the pre-captured EVs on an anti-
CDS81 coated chip surface to simultaneously assess for the
presence of both membrane proteins. When the two nano-
particles were in close proximity (< 10 nm), their scattering
spectra shifted and could be analysed by dark field micros-
copy. This coding can detect EV proteins down 0.2 ng uL. ™!
from as little as 1 pL of plasma. In this work, the authors
demonstrate that the nPES assay using EphA2-EVs can
distinguish pancreatic cancer from pancreatitis and healthy
subjects or used to stage tumour progression and detect
early responses to neoadjuvant therapy. The proposed nPES
platform offers an attractive means for a rapid, purification-
free and ultrasensitive assessment of EVs. Major challenges
here are associated with the tuning of scattering properties
(e.g. shape and size). In this regard, photonic materials with
tunable structural colours that have not been applied in EV
profiling could offer a solution [178].

6.4 Electroactive Nanoparticles

Electroactive nanoparticles bearing distinct redox prop-
erties have also been utilized as tags for EV multiplex-
ing. For example, Zhou et al. reported a microfabricated
microfluidic sensor chip containing eleven individual gold
electrodes that enable multiple readouts (Fig. 10d) [179].
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Instead of using immunomagnetic beads for pre-enrichment
of EVs within or outside the fluidic channel, the gold elec-
trodes were directly modified with thiolated anti-EpCAM
aptamer to bind EVs. Two metal nanoparticle-based redox
labels, anti-EpCAM aptamer-modified silver nanoparti-
cles (AgNPs) and anti-PSMA (prostate-specific membrane
antigen) aptamer-modified copper nanoparticles (CuNPs),
were applied as labels. Taking advantage of their distinct
oxidation potentials (AgNPs, 4350 mV vs. Ag/AgCl, while
the CuNPs, + 600 mV vs. Ag/AgCl), the direct electro-
oxidation of both nanoparticles generated distinct electro-
chemical peaks through which EV markers could be quanti-
fied. This platform exhibited a limit of detection (LOD) of
50 EVs/sensor with a low sample input (25 pL) and a fast
response (< 10 s) and was used to show that increased levels
of PSMA and EpCAM exist in EVs from prostate cancer
positive serum samples. This concept has been extended to
the analysis of cancer cells by electrochemical oxidation of
metal nanoparticle tags, including Ag, Cu, and Pd [180].
A similar molecular redox probe based approach has also
been explored in electrochemical multiplexing. For example,
separately labelled redox probes (Nile blue, ferrocene, and
methylene blue with redox peak at — 0.4, —0.2, and 0.2 V
in single sweep) to graphene oxides tailored with detection
antibodies to function as electrochemical signal tags in the
sandwich assays were used for multiple cytokine sensing
(IL-6, IL-1B, and TNF-a)) [181, 182]. Guo et al. synthesized
different ruthenium complexes to achieve an immunosen-
sor for multiplexing cancer biomarkers (CEA, AFP, and
beta-human chorionic gonadotropin) [183]. This work has
extended the scope of electrochemical multiplexing and is
highly adaptable for the detection of EV markers [184]. Like
the optical equivalent, the limitation of this approach is the
number of spectrally (electrochemically) distinct labels con-
veniently available.

7 Conclusions and Outlook

EV content such as proteins and RNA is emerging as a
potentially potent source of biomarkers across diseases
including cancer, cardiovascular, and neurological diseases.
The development of multiplexing platforms offers a power-
ful toolbox to enable their clinical application. The existing
strategies, i.e. chemical-, physical-, biological-, nanoparticle-
based and their convergence, have been systemically reviewed
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and compared herein. The past decade has witnessed great
progress in EV isolation and analysis, with a substantial push
towards real clinical translation [186, 187], a push that is
much more likely to be realized if robust multiplexed analyses
can be developed and commercially scaled. Figure 11 summa-
rises the potential use of multiplexed platforms at the differ-
ent stages of EV biomarker development: these include high-
throughput screening of EV biomarker candidates (n > 10),
validation of the candidates using multiple platforms or
cohorts, and low-throughput devices for the use of validated
EV markers in routine clinical practice. It is notable that most
methodologies highlighted here have been developed within
the last few years and tested mostly in pilot studies involv-
ing only a small number of patient samples. To the best of our
knowledge, no EV biomarker is yet to enter routine clinical
practice. Although the field remains in its infancy, its promise
is profound. Below, we discuss the main challenges in clinical
translation and the potential solutions to tackle them.

7.1 Assay Standardization

Given the diversity of detection techniques discussed in
earlier sections (e.g. ECL, electrochemistry, SPR, SERS,
fluorescence), assay variation and standardization across
laboratories is important and remains problematic. Multi-
plexed platforms for the analysis of clinical samples may,
additionally, suffer from variability in the quality of reagents
provided from different suppliers. For example, the affinity
constant (i.e. association constant) of antibodies, which may
vary depending on the production method, is a key factor
that influences assay sensitivity [133]. Thus, high-quality
control for biologics (e.g. well-characterized antibodies from
the same clone) and batch-to-batch assessment of binding
parameters should be available to increase reproducibility.
This also requires stringent quality control within each assay,
such as the consistent detection of a generic EV marker
within each sample. Such surface or internal EV markers
often vary between laboratories and a broad consensus
could aid the interpretation of disease-associated markers.
This is especially relevant for EV biomarker validation by
different laboratories using the same or different detection
platforms. In addition, the quality of biosamples (e.g. blood,
CSF, urine) used to extract EVs may vary between cohorts
or centres due to issues at collection (e.g. haemolysis during
serum extraction or blood contamination of CSF), transport
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and storage time-lapse or freeze—thaw cycles. Sample pro-
cessing and quality control information should be rigorously
reported in published studies. To date, most benchtop detec-
tion platforms are solely proof-of-concept demonstrations
which rely mostly on complicated fabrication steps of the
sensor and a series of optimizations performed in a well-
equipped centralized facility. Hence, standardized design
and fabrication protocols are needed to translate benchtop
assays into bedside clinical applications [186].

7.2 More Adaptive EV Multiplexing Strategies

7.2.1 Barcoding System

Although the concept of barcoding has been used in several
EV studies (see Sect. 6.1), the high coding capacity of bar-
codes in labelling could revolutionise multiplexed assays and
high-throughput detection. Barcode technology with facile
manipulation of the barcode particle composition to endow
spectroscopic, graphical, electronic, and physical codes can

SHANGHALI JIAO TONG UNIVERSITY PRESS

be employed for labelling numerous target analytes with dis-
tinguishable signal readout [187, 188]. For clinical applica-
tion, barcodes serve as reporters to label multiple EV targets,
thus offering a promising alternative to traditional labels for
EV biomarker identification and discovery [189].

7.2.2 Chemical Nose System

Rather than using conventional bio-receptors like antibod-
ies or aptamers, a panel of well-designed chemical ligands,
e.g. cationic thiolated-AuNPs and anionic fluorescent pol-
ymer-based transducer-based complexations, could be used
[190-192]. These chemical ligands contact targets generat-
ing optical signals through ligand-target interaction induced
displacement, making it a promising means of evaluating EV
membrane proteins especially. The latest version of such a
chemical ligand system (AIE system) consists of a panel of
tetraphenylethene (TPE) derivatives [193, 194] to facilitate
EV profiling.
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7.2.3 CRISPR/Cas System

The genome editing capacity of the CRISPR/Cas system
has been investigated as a novel multiplexing platform
[195-199]. Owing to the inherent programmability of Cas
proteins [200], collateral activity upon multiple 20-mer
barcodes can be extended to report potentially hundreds
of orthogonal codes. A proof-of-concept study using
CRISPR-Cas12a-mediated barcodes has been applied in the
detection of urine biomarkers [197]. Massively multiplexed
nucleic acid detection with Cas13-based SHERLOCK detec-
tion technology along with microfluidic chips has also been
applied to both COVID-19 and other viral infections [201].
Another recent multiplexing platform combining barcoding
and dCas9 has been successfully applied to multiple bacteria
DNA detection [202], suggesting that these configurations
have high enough flexibility and adaptability to underpin
sophisticated EV analysis [200, 203, 204].

7.3 Advanced Fabrication-Assisted High-throughput
and PoC Devices

High-throughput EV profiling platforms for screening multi-
ple analytes from numerous subjects and the low-throughput
PoC devices for the detection of validated EV biomarkers
are the important bottlenecks in EV biomarker develop-
ment (Fig. 11). Their fabrication can, in large part, be read-
ily solved and accelerated by advanced manufacturing [73,
205-207], e.g. photolithography-based micro-/nanofabrica-
tion, micro-electro-mechanical systems (MEMS), and 3D
printing [208-211] which can integrate different functional
modules (isolation, high-throughput detection) into a sample
handling microfluidic devices. The most common formats
of this kind have enabled the integration of EV isolation
and detection as applied to membrane marker profiling, but
rarely for internal EV marker measurements since an addi-
tional lysis step is needed [212, 213]. A promising alterna-
tive method to realize in situ isolation-lysis-detection could
involve the incorporation of an acoustic [214, 215] or an
electric field [156] module to realize the goal of “sample-in,
result-out” [216, 217] within a single miniaturized device.
The on-site acoustic wave lysis might be a good option to
avoid the injection of a lysis buffer to the channel. This is
potentially easier to operate and has been used for on-chip
EV RNA analysis [215]. This “all-in-one” strategy can
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undoubtedly improve reproducibility by eliminating the
manual handling of EV isolation before introducing them
into the multiplexing device as summarized in Table 1. The
integration of more sophisticated nonfouling chemistries
on device interfaces should reduce false positive/negative
results, especially as applied to complex samples [113, 132,
218]. The investigation of multi-dimensional markers such
as RNA and proteins in one device is also of high signifi-
cance. This can further reduce the handling variations across
multiple detection platforms. The emerging integration of
powerful algorithms could combine surface signatures and
internal cargo profiles, offering more comprehensive profil-
ing of EV markers in disease.

7.4 High-Performance Composite Markers
and Machine Learning

It is becoming clear that a combination of biomarker can-
didates is more likely to generate a precise readout in com-
plex diseases since single markers have failed to achieve
this objective in most studies. Composite biomarkers are
expected to better reflect disease stratification or progres-
sion and provide precision diagnosis in prodromal stages.
For example, we have recently demonstrated that the com-
posite measurement of a-synuclein and clusterin in serum
L1CAM-positive EVs was highly accurate (AUC =0.98) in
differentiating Parkinson’s disease from atypical parkinson-
ism using 735 samples from four independent cohorts. This
was superior to the performance of the corresponding indi-
vidual markers (~ AUC 0.82—0.86) [93]. Another report has
shown that the detection of EGFR activating and T790M
mutations in EV RNA and free circulating DNA offers clini-
cally meaningful sensitivity (> 0.9) for lung cancer studies
[219]. Advanced data analysis will be important in maximiz-
ing the impact of multiplexed measurements across large
cohorts. Machine learning has been widely used to maximise
the benefits of multi-dimensional markers, e.g. multi-omics-
based biomarkers [220-222]. It offers a powerful means to
handle big data especially when dealing with multiplexed
profiling of individual samples from hundreds of patients.
The application of advanced algorithms capable of studying
the logical relationship between EV biomarkers and disease
will facilitate the development of high-performance com-
posite marker patterns.
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7.5 Multiplexing at Single-EV Level

A more detailed mapping of the surface proteins of EV
subpopulations and the development of single-EV level
multiplexing platforms will revolutionise the field. This
powerful combination will enable an in-depth study of
EV heterogeneity and, more importantly, will provide the
sensitivity and resolution needed for precise monitoring
of the diverse pathological processes that underpin com-
plex diseases. Recent studies have started to investigate
multiple membrane proteins or lipid content at single-EV
level [51, 223]. It is worth noting that, although single-cell
proteomics and sequencing have been realized, the transla-
tion of these technologies to single-EV measurements is
currently challenging due to trace levels of their cargoes.
The improvement of assay sensitivity will undoubtedly
support breakthroughs in this area.

The development of multiplexing platforms with diverse
strategies has enabled the discovery and quantitation of
promising EV biomarkers over the past decade, but their
translation into routinely used clinical tests is yet to be
fully realized. The latter will require further standardiza-
tion of current methods and higher resolution potentially at
single particle level to capture EV heterogeneity and their
precise association with complex diseases.
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