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Abstract

Extracellular vesicles (EVs) are complex lipid membrane vehicles with variable expressions of
molecular cargo, composed of diverse subpopulations that participate in the intercellular signaling
of biological responses in disease. EV-based liquid biopsies demonstrate invaluable clinical
potential for overhauling current practices of disease management. Yet, EV heterogeneity is a
major needle-in-a-haystack challenge to translate their use into clinical practice. In this review,
existing digital assays will be discussed to analyze EVs at a single vesicle resolution, and future
opportunities to optimize the throughput, multiplexing, and sensitivity of current digital EV assays
will be highlighted. Furthermore, this review will outline the challenges and opportunities that
impact the clinical translation of single EV technologies for disease diagnostics and treatment
monitoring.
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Extracellular vesicles (EVs) are actively shed by cells existing in healthy and pathological
states.12 They are increasingly recognized as potential circulating biomarkers of disease.1:34
To date, areas of precision medicine such as oncology increasingly rely on biopsied tumor
tissue. However, sampling beyond the initial biopsy limits tissue immunohistochemistry’s
utility in navigating clinical management.> Recognizing the challenges and complications
associated with core tissue resections, it is ideal to collect a circulating biomarker (“liquid
biopsy™) serially with a minimally invasive approach to monitor temporal changes in
expression levels of key biomolecules. Notably, EVs exhibit high stability for protecting
molecular cargo® as well as an abundance of sources. EVs are observed in most if not all
biofluids, e.g., blood,” sweat,? urine,? cerebrospinal fluid (CSF),10 and saliva.1! Biofluids
carry varying quantities of EVs that shuttle diverse biomolecules from parental cells to
recipient cells, including proteins,12:13 messenger RNA (MRNA) fragments,14 microRNA
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(MiRNA),15 and DNA.16 Thus, EVs are thought to be a cell’s surrogate in intercellular
communicationl’ and studies have suggested EV markers are superior in sensitivity to
cell-free DNA (cfDNA) for cancer diagnosis.18-1° EVs participate in host immunity,2°

viral pathogenicity,2! vascular diseases,?? central nervous system (CNS) disorders,23 and
cancer.2425 Hence, EVs offer significant advantages to overhauling current limitations of
diagnosis, prognosis, and monitoring treatment responses. EVs derived from cells can be
used for therapeutic applications, but require EV characterization techniques to analytically
validate or profile therapeutic cargo packaged in vesicles prior to deployment.26-2° Many
emerging methodologies and technologies may robustly and reliably parse the heterogeneity
of different EV subtypes in healthy and diseased individuals.30:31

CHALLENGES WITH EV HETEROGENEITY

Impact of EV Heterogeneity on Diagnostic Sensitivity.

EV-based liquid biopsy has broad prospects for clinical applications. However, the complex
heterogeneity of EVs remains to be the root of unresolved technical challenges (Figure 1).
The molecular contents of EVs vary according to the organ source (e.g., brain) and specific
cell-of-origin (e.g., neurons, microglia, astrocytes, oligodendrocytes).32 Secreted EV's

are quite heterogeneous between homogeneous or monoclonal cell populations,33:34 and
temporal expressions of analyte from a defined EV population can vary considerably.3%:36
Under the umbrella of EVs, the best studied classes are categorized by size: (i) exosomes
(30-200 nm), (ii) microvesicles (<1000 nm), and (iii) apoptotic bodies (>1000 nm).2:37.38
Other subsets include exomeres (<50 nm)39 and large oncosomes (1-10 zm).40 These

EV subpopulations are all derived from distinct secretory mechanisms and subcellular
compartments.#! Furthermore, identifying disease-specific EVs in early stage cancers is
difficult because of their scarcity beyond the background of EV shedding from healthy
cells.*2 The stochastic nature of EV biogenesis and the rarity of molecular markers
expressed in these nanometer particles renders bulk analysis challenging. This heterogeneity
is also reinforced by the fact that nanoscale particulates (e.g., protein aggregates, cell debris)
that are carried in unfiltered clinical specimens overlap in size with EVs.43 Therefore, bulk
EV approaches are not suited to quantity the full spectrum of EVs, reflected by their large
distributions in size.*4

Furthermore, proteomic and transcriptomic signatures of different cell types can be partially
reflected in their EV cargo but also differ substantially from those of their cells of

origin, suggesting selective packaging of biomolecules in EVs.4%46 The volume of EVs

is approximately 108-fold smaller than that of a mammalian cell, limiting the packaging of
molecular cargo and, thus, requiring large pools of EVs for analysis. The relative abundance
of proteins expressed on or within individual EVs is markedly low33 with an even scarcer
number of MRNA*7 fragments and miRNA4748 packaged into single vesicles. As a result,
EV proteins are profiled more often and protein composition defines the physiological
behaviors of cells.

Taken together, these observations of multiparametric EV heterogeneity suggest that
bulk EV analysis is insufficient to resolve the heterogeneity of individual EV subsets
from clinical specimens. This is especially important in the context of potentially rare
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pathological EV subsets in a bulk EV population. Hence, high-throughput single-EV or
“digital” profiling methods can address these technical gaps to dissect the molecular
contents of EV subsets. This review explores recent technical advances in employing such
platforms as EV-based assays, proposes future opportunities to optimize the sensitivity,
throughput, and multiplexing capacities of single EV methods, and highlights technical
challenges and opportunities in translating and adopting such technologies for clinical
practice.

DIGITAL EV ASSAYS

For digital assays, single target biomolecules or entities (e.g., EVSs, cells) are
compartmentalized into single complexes with a Poisson distribution (1 = 0.1) to avoid
multiplets.*® Then analyte signals are “digitally” counted as single positive or negative
detection events.®0 In contrast, analyzing target molecules in “bulk” is limited to analog
measurements. The size of the signal decreases accordingly as the numbers of analyte

are diluted, which often falls below detection limits. “Bulk” assays describe only the
average of the overall molecular content of EVs. A critical prerequisite for digital detection
is outnumbering the target molecule with an excess number of microcompartments.

Each partition is randomly loaded with 0 or 1 target molecule according to Poisson
statistics. Signals are then amplified v/a chemical or enzymatic reactions and reported

by fluorescence within each complex. Such amplification methods have been paired with
different partitioning methods (droplet microfluidics, microchambers, and nanostructures)®?
to discretely count and sum all single positive events for a more accurate concentration.
Given the heterogeneity of EVs shed from healthy and diseased cells, designing a diagnostic
method using a digital EV approach is necessary to generate a true reportable range and

to better define clinically relevant cutoffs or thresholds.>2 Furthermore, digital EV assays
can satisfy the required limit of detection (LOD)—the least amount of analyte that can be
reliably detected on the reportable range—within subfemtomolar limits.

This discussion will survey five established groups of digital methods (Figure 2 and Table 1)
for single EV analysis: antibody—DNA barcoding, ELISA (enzyme-linked immunosorbent
assay), PCR (polymerase chain reaction), flow cytometry, and immunofluorescence imaging.

Antibody—DNA Barcoding.

By borrowing methods from single-cell RNA sequencing,®? antibody (Ab)-DNA barcoding
can increase the multiplexing and throughput of single EV analysis. This involves targeting
proteins with Abs linked to oligonucleotides, converting protein identity to a DNA sequence
that can be amplified for detection. Tian ef a/. described a labeling technique for single

EV analysis that anchors DNA oligonucleotides on the EV membrane by conjugating

a biocompatible anchor molecule (BAM) or Glypican-1 (GPC-1) Ab.>* DNA-anchored

EVs undergo digital PCR by being stochastically partitioned into microchambers, and two
different DNA sequences are amplified v/a isothermal amplification to quantify the fraction
GPC-1+ EVs from total EVs.

Ko et al. established an Ab—DNA barcode based single EV immunosequencing method
(seiSEQ) that allows multiplexed protein measurements for single EVs (Figure 2A).5° This
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approach first models after previous work®8 with droplet microfluidics to compartmentalize
and conjugate single EVs with Ab—DNA barcodes. Subsequently, DNA barcodes are
sequenced to detect specific proteins at the single EV level. This study showcases an
unlimited multiplexing capacity to profile large numbers of single EVs when coupled with
deep sequencing.

Others have also exploited proximity ligation or extension assays to confer better specificity
of protein identity via pairwise conjugation of proximal Ab—DNA probes. Wu et al.
described a proximity-dependent barcoding assay (PBA) that uses Ab—DNA barcodes with
rolling circle amplification (RCA) products to simultaneously profile 38 surface proteins on
single EVs with next-generation sequencing.®’ Single EVs are labeled with PBA probes and
are captured into microtiter wells. Oligonucleotides on PBA probes are brought together and
anneal to form a RCA product with a complex nucleotide tag and sequence motif for DNA
amplification. After amplification by PCR, DNA barcode information about surface protein
composition on single EVs is reconciled by next-generation sequencing.

Digital ELISA.

In ELISA, target proteins are captured by Abs and incorporated with an enzymatic entity
that catalyzes the formation of many thousands of molecules for signal amplification. Digital
ELISA (dELISA) in the form of single molecule arrays (Simoa) was pioneered by Rissin

et al. and has vastly improved measurement sensitivities by up to 1000-fold over traditional
ELISA, enabling subfemtomolar detection of serum proteins.*? Groups have now adopted
these commercialized Simoa assays (Simoa, Quanterix) for digital EV detection.58:59

Particularly, Wei et al. adopted Simoa to purify tumor-derived EVs (EpCAM-CD63) and
sort from universal EVs (CD9, CD63) to demonstrate superior diagnostic performance for
colorectal cancer compared to serological biomarkers CEA and CA125.50 Plasma EVs are
first incubated with EpCAM or CD9 Ab-coated magnetic beads and then labeled with a
biotinylated CD63 Ab and streptavidin-g-galactosidase (SBG). Bead EV immunocomplexes
are confined into single microwells and a catalytic reaction between SBG and its substrate
generates a fluorescent signal. Other compartmentalization techniques that have enabled
digital assays include droplet microfluidics that can produce uniform droplets as low as the
femtoliter scale in a high-throughput manner.61

Liu et al. combine droplet microfluidics and dELISA to discretely quantify breast cancer
(BC)-derived EVs (droplet digital EXoELISA) with a LOD as few as ~10 exosomes per (L
(~10717 M) (Figure 2B).52 Droplet digital ExoELISA resembles Simoa’s capture scheme:
BC-derived EVs expressing Glypican-1 (GPC-1) are immobilized onto paramagnetic
microbeads through sandwich ELISA immunocomplexes tagged with an enzymatic reporter
that produces a fluorescent signal. EV-bead immunocomplexes are then individually
encapsulated into droplets for digital counting of BC-derived EVs. Similarly, Yang et al.
similarly employed droplet dELISA by engineering a parallelized optofluidic system for

a droplet-based EV analysis (DEVA) to profile single EVs from complex media in an
ultra-high-throughput manner (~20 x 108 droplets/min) with a LOD of 9 EVs/ul_.53
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Droplet Digital PCR.

In recent years, digital detection has revolutionized not only the absolute quantification

of proteins but also nucleic acids. Digital PCR (dPCR) follows basic principles of PCR
but differs in quantification. In traditional quantitative PCR, target nucleic acids, along
with PCR reagents and fluorescent probes, are amplified exponentially through a series of
thermal cycles and fluorescence is monitored at each cycle. Meanwhile, dPCR involves
partitioning individual nucleic acids into many replicate reactions resulting in 0 or 1
molecule across reactions. Following PCR, the concentration of template is determined
by a Poisson distribution of the number of positive and negative amplified target reactions.
However, since the discovery of “digital PCR” by Vogelstein and Kinzler,%4 it did not gain
widespread use until later in 2007.%5 The lack of scalable and practical instruments for
dPCR use delayed its initial adoption.

Now, commercialized droplet microfluidic technologies permit an exponential number of
replicate reactions as droplets, making droplet dPCR (ddPCR, Bio-Rad) scalable and
practical for routine use.56:67 Chen et a/. (2013) utilize two dPCR approaches—ddPCR

and BEAMing®8 (beads, emulsion, amplification, magnetics) PCR—to interrogate single
copies of MRNA from CSF-derived EVs for /DHI mutant DNA.59 Both dPCR approaches
comparably detect mutant /DHZ mRNA in glioma patient-derived CSF EVs. Also, Allenson
et al. describe that ddPCR analysis of single copy KRAS mutant EV DNA outperformed that
of cfDNA for patients with pancreatic ductal adenocarcinoma (PDAC).18

Alternatively, Lin et al. developed a dual target aptamer detection probe (specific for
EpCAM and PD-L1) to be paired with ddPCR (TRACER) for a quantitative proximity
ligation assay (PLA) of PD-L1 expression on tumor-derived EVs (Figure 2C).70 By
leveraging the binding affinity of aptamers, specificity of proximity ligation, and sensitivity
of ddPCR, TRACER enables an ultrasensitive quantification of PD-L1 expression in tumor-
derived EVs. Unlike separate capture and detection probes for sandwich immunocomplexes,
the proposed method is wash-free after aptamer incubation without interference from
unbound aptamers. Following dual aptamer recognition, proximal aptamers are ligated and
ddPCR can quantify ligation products. This in turn reflects, with high specificity, the number
of PD-L1+ tumor-derived EVs for distinguishing cancer patients from healthy controls.

Flow Cytometry.

Flow cytometry involves measuring light scattering as single particles pass through a laser
beam in sheath flow. Proteins from cells or EVs are detected with fluorescence using
fluorophore-tagged Abs bound to the target. Flow cytometry is ideal for a multiplexed

and high-throughput analysis based on its ability to examine multiple protein markers

on thousands of cells per second.’”! However, bulk EV flow cytometry faces challenges

of swarm detection. Conventional flow cytometry optics and fluidics are configured for
microscale particles (7.e., single cells) and not optimized for nanoscale EVs. As a result, EVs
are likely to aggregate and be recognized as a single entity’2 and have required microbeads
to capture multiple EVs for bulk analysis.”® In contrast, specialized flow cytometers such
as the Amnis ImageStream flow cytometer’# have been developed to perform single EV
analysis.
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To optimize conventional flow cytometers for single EVs, groups have exploited DNA-based
amplification techniques to increase the size of entities from nanoscale to microscale. For
instance, LoOf ef al. developed a EV PLA (ExoPLA) that ligates two PLA probes to form a
circular template that can be treated to RCA.”> RCA products are labeled with a multicolor
set of fluorophores to ensure strong detection signals and high specificity for protein targets.
Meanwhile, Shen ef al. developed a single EV flow cytometry technique that exploits DNA
nanostructures that change conformation v7a a hybridization chain reaction (HCR) upon
binding to CD63+ EVs.”® Herein, authors designed a probe with an anti-CD63 aptamer, a
domain to initiate HCR, and a flanked hinge sequence to achieve conformational change
upon aptamer-target binding events. HCR products enlarge the overall size of single EVs and
can bind to multiple fluorophores to amplify signals from low abundance marker molecules
on EV surface.

Advances in optics have enabled flow cytometry for single EV analysis and the
commercialization of nanoflow cytometry (NanoFCM) for profiling particle concentration,
size distribution and EV surface protein makers.’” This has stemmed from work by Tian

et al., which describes a high-sensitivity flow cytometer (HSFCM) for a multiparametric
analysis (Figure 2D).”8 Compared to conventional flow cytometry, HSFCM achieved high
sensitivity due to (i) reduction in probe volume to reduce background noise, (ii) slow flow
rates for passing EVs in the laser beam channel, and (iii) high quantum yield from single-
photon counting avalanche photodiode detectors. As a result, HSFCM is an ultrasensitive
tool that allows single-particle enumeration (down to 40 nm) and surface marker profiling to
identify EV subpopulations.

Immunofluorescence Imaging.

Immunofluorescence staining is compatible for large-scale multiplexing needs.38.7° Lee er
al. developed a single EV analysis (SEA) method to capture EVs and perform repeatable
on-chip immunostaining and imaging (Figure 2E).2° Biotinylated EVs are immobilized onto
a neutravidin-coated glass surface of a microfluidic channel to perform recurring cycles of
imaging for three different target markers for multiple rounds. EVs are labeled with many
fluorescent Abs specific for several ubiquitous EV markers and tumor-derived EV markers,
enabling a high degree of multiplexed molecular profiling (with concentration ranges of
107-101 EV/mL).

Alternatively, He et al. developed a single EV assay that utilizes Total Internal Reflection
Fluorescence (TIRF) microscopy to directly visualize and measure miRNA contents of
single EVs from serum samples.89 To accomplish this, DNAzyme probes and fluorophore-
quenched substrates are delivered into EVs to activate a target miRNA-activated catalytic
cleavage reaction that generates a fluorescent signal. Consequently, miRNA21 can be
quantified for an /n situ stoichiometric analysis of serum EVs. TIRF imaging suggests
high-throughput and high multiplex potential.8!

Cho et al. designed a multifluorescence single EV analysis by performing nanoparticle
tracking analysis (NTA) platform to sequentially track scattering and fluorescence signals
frame by frame.82 The size and expression of membrane proteins (CD9, CD63, and CD81)
of single EVs are analyzed by coupling NTA and TIRF.
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Digital Assays Compatible for Single EV Detection.

Other digital assays can be compatible for single EV analysis. Particularly, this discussion
will focus on dELISA. For instance, Akama et a/. developed a droplet-free dELISA
approach that is based on a tyramide signal amplification system.83 On a bead
immunocomplex, authors react a tyramide substrate with horseradish peroxidase (HRP)
to produce short-lived radical intermediates. Tyramide radicals are then locally deposited
on individual HRP-labeled beads to report fluorescence signals from localized bead
enzyme reactions, and allow digital counting. Later, Akama et a/. developed a wash- and
amplification-free dELISA scheme (digital HoNon-ELISA).84 Target antigens react with
Ab-coated magnetic nanoparticles, and magnetic force draws targets into femtoliter-sized
reactors. Within these reactors, capture Abs are anchored at the base to tether target
antigen molecules, and the number of tethered particles is proportional to the target antigen
concentration.

Although dELISA methods permit single molecule counting, low sampling efficiencies
limit the number of target molecules that can be counted. Wu et a/. developed a dropcast
Simoa (dSimoa) to facilitate a higher sampling efficiency and simpler workflow.85 Herein,
authors form individual immunocomplex sandwiches of paramagnetic beads by coupling

a biotinylated detection Ab and a streptavidin~-DNA conjugate. Then RCA is performed

to produce a long DNA concatemer on each immunocomplex with hybridized fluorophore-
tagged DNA probes, allowing “on” and “off” beads to be counted by fluorescence imaging.
Beads are then dropcast onto a microscope slide and allowed to air-dry to form a monolayer
film. Similar to droplet dELISA,”® dSimoa demonstrates up to a 25-fold enhancement

in sensitivity (attomolar levels) over the gold standard Simoa. Wu et a/. later readapted
dSimoa’s signal amplification scheme for a flow cytometric readout (MOSAIC) to digitally
count “on” and “off” events.8¢ This approach first involves capturing single target molecules
with an excess number of Ab-coated paramagnetic beads, where beads follow stochastic
loading of either zero or one target molecule according to a Poisson distribution and

then detected by flow cytometry. Taken together, MOSAIC’s flow cytometric readout
demonstrates high-throughput and high multiplexing capacity to simultaneously measure

a large number of analytes at femtomolar sensitivities.

FUTURE DESIGN OPPORTUNITIES FOR DIGITAL EV ASSAYS

The heterogeneity among EV subpopulations confounds the results of studies attempting to
identify the functional roles of EVs in disease. There is a range of biogenesis mechanisms,
different origins (specific organelles/cells/tissues), and biomolecular components. It is clear
that classifying EV subtypes will require future technological advances (Figure 3) to
optimize digital assays so they can characterize the molecular composition of individual
EVs by balancing sensitivity, throughput, and multiplexing. The following techniques can
be extended to digital EV assays to establish an integrated and continuous “lab-on-a-chip”
workflow.
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EV Enrichment.

The clinical potential of single EVs can only be truly defined once the range of EVs
from a given source is fully described and isolated into their specific EV subsets.
Traditional isolation methods rely on time-consuming, multistep protocols and require
multiple instruments that make it unlikely to translate into diagnostics. To optimize EV
yield, it is idealistic to perform all preparation steps on a single, integrated assay.

Physical Energy Field Modalities.—Techniques that exploit physical energy fields to
separate cells (magnetic,87-88 acoustic,8%:90 and dielectrophoretic forces®192) are promising
tools to manipulate nanoscale EVs.93:9 They offer the versatility to handle many
subpopulations of a complex sample and preserve the structural integrity of EVs, whereas
classical isolation methods often alter the morphology, content, and functions of EVs.95-97

Particularly, Wu et al. reported a continuous-flow, acoustics-based separation method. This
approach combines ultrasound standing waves and microfluidics (acousto-fluidics) to sort
exosomes directly from undiluted whole blood samples using differential acoustic forces
(Figure 3A, left).” By tuning the acoustic frequencies, micrometer blood cell components
can be fractionated to derive cell-free plasma for downstream EV enrichment (with a purity
of ~98% and a yield of ~82%). Nanoscale EVs can be efficiently segregated into subgroups
of sizes from 100 gL of undiluted human blood within ~25 min. Finer size exclusion and
segregation is necessary for downstream analysis as clinical samples may contain non-EV
lipid particles and protein aggregates that share size similarities with EVs.

An alternative approach developed by Wan éf al. exploits magnetic fields and lipid-based
nanoprobes (LNPs) (Figure 3A, left).%8 LNPs are constructed with one end containing

two PEGylated lipid tails that spontaneously insert into lipid membrane EV surface, while
another end consists of biotin that binds to NeutrAvidin-coated magnetic beads. As a result,
EVs derived from non-small cell lung cancer patient plasma samples can be isolated in ~15
min with a capture efficiency (~68%) similar to that of ultracentrifugation (varies from <10
to 70%%9). By reducing the number of purification steps to a single-step process, LNPs

can minimize the redundancies and damage imparted on downstream molecular analyses.%°
Although the nanoscale EVs are anchored onto magnetic beads v7a lipid insertion, there is
a concern of how to reverse the labeling of these lipid probes for a traceless, downstream
analysis of single EVs.

Nanopatterning Structures.—The ability of surface probes to interact with molecular
targets for successful capture is fundamentally important for single EV analysis. The
sensitivity of current biosensing interfaces is defined by boundary conditions, microscale
mass transfer limits, and interfacial binding reactions.109 To further improve the capture
efficiency, various nanolithography approaches have been proposed to enhance microscale
mass transfer to increase the probability of EV antigen-Ab collisions (e.g., herringbone
mixers101),

Work by Zhang ef al. showcases a nanolithography-free approach that facilitates the self-
assembly of colloidal arrays into a microfluidic chip to achieve a multiscale integration of
3D herringbone nanostructures (Figure 3A, middle).102 This approach expands the available
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surface area for EV affinity binding sites, drains boundary fluids to lessen fluid resistance,
and enhances mass transfer for successful EV binding. As a result, this nanolithography-free
approach enables a notably low LOD of 10 EVs per £ (200 EVs per assay) to detect
low-abundance EV subpopulations from blood plasma. However, the success of EV capture
is also dependent on the variable binding affinities of each EV surface protein marker.

Affinity Capture Probes.—To link measurements of EV molecular content to a specific
disease, methods, for example, in early cancer diagnosis, can either detect rare, mutated
proteins (e.g., KrasG12D) or the coexpression pattern (e.g., GPC1+/EGFR+/EPCAM+) of
proteins.193.104 profiling multiplexed signatures of EV proteins, however, depends on the
binding affinities of its Ab panel. Although Abs are pivotal linkers for label-based detection
of target biomolecules, there are major challenges such as batch-to-batch variation among
manufacturers and their processes as well as exorbitant costs. Researchers also need to be
aware of Ab cross-reactivityl%° and nonspecific binding.196 Ab cross-reactivity can limit the
scaling of multiplexing and, thus, assay performance may read out inaccurate or even false
conclusions. Moreover, nonspecific Ab binding to other targets is a large hurdle that requires
optimizing protocols.”! Aptamers and nanobodies are functional alternatives to Abs and are
better suited for ultrasensitive EV detection since their sensing range matches the nanoscale
size of EVs (Figure 3A, right).

Aptamers.—Notably, aptamers are single-stranded oligonucleotides that possess binding
affinities comparable to or even higher than Abs and have become widely used as

affinity capture probes in biosensing. Aptamers are artificially produced as well-defined,
low variability products with long storage stability, providing a low cost and chemically
modifiable alternative for biosensing.197 Liu et a/. described a method that utilizes aptamers
and A-DNA to both selectively sort EVs based on size classes and perform surface protein
analysis of single EVs.108 Also, He et a/. developed an ultrasensitive single EV assay that
can directly visualize and quantify tumor EVs from plasma using activatable aptamer probes
that trigger fluorescence.109

Furthermore, controlling the binding affinities of aptamers for label-based cell sorting is

a useful and versatile function for EV analysis as traditional Ab labeling is not easily
reversible. Kacherovsky et al. designed a reversible cell-selection technology that employs
magnetic beads coated CD8-binding DNA aptamers to capture and elute CD8+ T cells for
a traceless isolation directly from peripheral blood mononuclear cells.210 The efficiency of
aptamer-mediated capture of CD8+ T cells were comparable to Ab-based CD8 magnetically
activated cell sorting that is used clinically. Similarly, Gray ef a/. coated magnetic beads
with EGFR-binding aptamers to reversibly isolate EGFR+ cells.11! To retrieve label-free
cells, cells are treated with an oligonucleotide complementary to the aptamer linker. The
carrying-over of bead labels on a cell’s surface can pose challenges during postsorting
assessments like phenotyping by flow cytometry. For multiplexing purposes, aptamers
demonstrate feasibility, versatility, and reversibility to the labeling process.

Although aptamers have distinct advantages over Abs, their availability for various receptors
is limited compared to Abs. Generating highly specific aptamers has proven challenging
with conventional processes like SELEX (Systematic Evolution of Ligands by EXponential
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Enrichment).112 Modern high-throughput screening platforms will be required to design
and select aptamers for epitopes of multiplexed protein targets with optimal binding
affinities,113.114

Nanobodies.—Since their discovery in 1993 by Hamers-Casterman’s group,11°
nanobodies are considered functional alternatives over conventional monoclonal Abs (two
heavy chains and two light chains). Derived from Camelidae, hanobodies are from the
variable domain of variant heavy chain-only moieties and are devoid of light chains,
reducing their size (~15 kDa).116 Consequently, there is less steric hindrance between a
protein of interest and label1” and binding affinities comparable to Abs that allow greater
spatiotemporal resolution for imaging1® and multiplexing,1° which can be scalable for
single EV analysis.

Work by Guo et al. described a method that functionalizes organic electrochemical
transistors with a monolayer of nanobodies specific for SARS-CoV-2 spike protein

to distinguish against MERS-CaoV-2 spike protein with an LOD as low in the

attomolar range.120 The sensing apparatus involves a self-assembled monolayer of spike-
specific nanobodies linked with a fusion SpyCatcher protein, which is conjugated to a
complementary SpyTag peptide. The SpyCatcher-SpyTag conjugate pair is attached to a
functionalized alkylthiol layer on a gold electrode. As a result, this approach demonstrates
high specificity and single-molecule sensitivity with human saliva and sera, has a fast
sample-to-result time of 10 min, and requires a working sample volume of 5 /L.

However, a limitation of nanobodies is that they are predominantly made by immunizing
camelids, requiring (i) lymphocyte isolation from peripheral blood, (ii) cloning variable

regions of single domain Abs, and (iii) immune library preparation for phage display.12!
This process can lead to broad variations in binding affinity that signals a need for more

synthetic nanobodies for more controllable characteristics.122

Signal Amplification.

To optimize signal detection for single EV analysis, several signal amplification
techniques are available. Approaches to detect single EV proteins such as tyramide signal
amplification83 or enzyme-linked fluorescenceb2 use enzymes to catalyze the deposition
of fluorescent substrates near affinity capture probes. For this review, a majority of signal
amplication methods focus on nucleic acid amplification techniques that are effective for
gaining signals of DNA, RNA, or proteins conjugated with oligonucleotides.

Isothermal Amplification.—PCR is a gold standard, but requires dedicated
instrumentation for temperature control. To resolve this, isothermal assays have been
developed that allow amplification reactions to run at constant temperature. These

include enzymatic-dependent methods such as RCA,123.124 RpA 125.126 gnd loop-mediated
isothermal amplification.12” A limitation of schemes like PCR, RPA, and LAMP is that
they are exponential amplification techniques, which can systematically suffer from uneven
amplification as error is exponentially amplified.

ACS Nano. Author manuscript; available in PMC 2023 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morales and Ko

Page 12

To avoid this, there are linear amplification methods that exist such as RCA, where enzymes
(i) ligate DNA or RNA to form a circular oligonucleotide from a circular template or
padlock probe and (ii) produce long DNA concatemers (Figure 3B, left).128 As a result,
groups have demonstrated that relatively large DNA nanostructures can form /7 situon a
solid support or complex surface (7.e., EV membrane) upon target recognition and carry
multiple binding sites for fluorophores to enhance visualization.123124 Fyrthermore, RCA
can eliminate an extra reverse transcription step for RNA detection unlike other linear
amplification methods like in vitro transcriptionl2® or isothermal methods such as RPA and
LAMP. It is important to note that RCA amplicons can impose steric hindrance from the
micrometer sized coiling of single stranded oligonucleotides and can limit multiplexing for
extracellular protein analysis of intact nanoscale EVs. Altogether, a majority of isothermal
amplification techniques are limited by relying on enzymatic activity.

As a result, a non-enzymatic, simple alternative of isothermal amplification for single EV
analysis is HCR, which depends on hybridization alone. Upon initiation, a chain reaction
of recognition and hybridization events between DNA hairpin molecules triggers the self-
assembly of fluorophore-labeled hairpins into an elongated polymer on the surface of EVs
(Figure 3B, left).”6:130 However, issues that arise are the limited functionality of the DNA
scaffold for multiplexing and controlling the rate of HCR unlike enzymatic-dependent
methods that use heat deactivation.

Multispectral Materials.—Optical multiplexing has a sizable impact on the label-based
detection of EVs. Immunofluorescence imaging reports protein measurements by relying
on fluorophore labels. However, existing materials are limited by an “optical multiplexing
ceiling” due to spectral overlap. One commercial solution, Luminex, has circumvented this
limitation by loading dyes into microspheres conjugated to target molecules with custom
concentrations of fluorophores to create distinct color sets for multispectral visualization.131
Due to photobleaching and prolonged exposure times, however, traditional fluorophores do
not make ideal candidates for spectral multiplexing. Also, excess and free amounts of dye
can influence signal detection by producing false positives and reducing signal-to-noise
ratio. Therefore, multispectral materials must exhibit notable stability and tunability to
optimize multiplexed signal detection (Figure 3B, right).

To address these challenges, Hu et al. synthesized a class of polyyne-based materials.132
They were able to achieve 20 distinct Raman frequencies within a “‘carbon rainbow’ via
systematic chemical modifications. Polyyne-based materials demonstrate high specificity,
sensitivity and photostability with increasing color choices by increasing polyyne length. To
establish spectral barcodes for optical multiplexing, polymer beads are loaded with different
combinations of polyynes. Alternatively, Nguyen et al. developed MRBLES (microspheres
with ratiometric barcode lanthanide encoding) for spectral multiplexing.133 The authors
designed microspheres containing >1000 distinct ratios of lanthanide nanophosphors that
can be distinguished viaimaging and can measure protein/peptide binding affinities in
high-throughput using small amounts of material. A current challenge, however, remains to
be size matching with EVs as these beads are optimal for single cells. Therefore, downsizing
the beads loaded with these multispectral materials to the nanoscale EV size range will be a
promising strategy for multiplexing single EV analysis.
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It is anticipated such multispectral materials and others (e.g., quantum dots, 234 upconversion
nanoparticles,135 and carbon-based nanodots!38) will provide abundant sources to address
immunolabeling issues tied to fluorescent bleaching for a multiplexed analysis of single EV
protein markers.

Signal Detection and Transduction.

To date, enzymatic target amplification processes such as PCR are routinely used for
detecting disease-marking nucleic acids for clinical diagnosis.137-139 Yet, preamplification
can suffer many pitfalls to differing degrees that restricts the deployment of nucleic acid
tests at point-of-care (POC) settings. Issues include but are not limited to enzyme instability
and variety; nonspecific amplification; amplification errors and biases; poor multiplexing
ability; operational speed and cost; lengthy and laborious sample preparation; and the
dependence on instruments and trained personnel.240 Furthermore, following the capture

of single-molecule binding events from EVs, another vital challenge is how to transduce
reported signals into observable readouts.

Nanopores.—Bypassing preamplification requirements, the following methods
demonstrate high single-molecule sensitivity for digital analysis of EV molecular contents.
Nanopores can detect many classes of analytes (DNA, RNA, and proteins) with label-free
operation and single-molecule sensitivity.141 Molecules are electrokinetically translocated
by an externally applied electrical field through nanopores, resulting in temporal variations
of measured ionic current (Figure 3C, left).142.143 To selectively detect molecules, Cai et
al. customized molecular probes (designed with a DNA carrier and a molecular beacon)

to target and capture single miRNAs selectively in an electro-optical nanopore sensing
system.144 The authors accomplished femtomolar-level detection of miRNAs directly from
unprocessed patient sera (volumes as little as 0.1 z4) and can profile a panel of three
miRNAs of the same family (with a single nucleotide difference) for prostate cancer (PC)
stage classification.

Similarly, He et al. developed a digital immunoassay using solid-state nanopores to quantify
protein concentration.14> The authors designed proxy and pairable DNA probes to link into
dumbbell nanostructures after analyte binding viaa magnetic bead-based sandwich assay.
Thus, translocations dumbbells (“1”) or unpaired DNA (“0”) are classified as positive and
negative events, respectively. As a result, electrical nanopores signals can be read out as a
digital count of thyroid stimulating hormone concentration.

It is important to note the potential effects of nanopore size as the membrane pore
diameter146 as well as thickness47 thins down: the measurement resolution increases.
Thus, tuning solid-state nanopores offers a path for optimizing the signal-to-noise ratio of
molecular translocation measurements, as compared to commercially available, biologically
derived protein nanopores (e.g., Oxford Nanopore Technologies). Once nucleic acid species
are extracted, nanopore sequencing is underway in a matter of minutes, which is more
suitable for POC applications that require fast turnaround times and no amplification. At its
current state, nanopores are effective for short-read sequences such as mMRNA and miRNA
fragments packaged into EVs. However, issues remain, such as fast translocation times
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of DNA molecules, which can be orders of magnitude too fast for current bandwidth

of measurements.143.148 Furthermore, reads are coalesced as multiple bases and cannot
discriminate single bases,24° unless a high-throughput fabrication of nanopore arrays with
two-dimensional thickness can be achieved.

CRISPR.—Besides its broad use in gene editing, clustered regularly interspaced short
palindromic repeats (CRISPR) can enable biosensors with high sensitivity and single-
nucleotide specificity to fulfill needs in nucleic acid detection such as distinguishing miRNA
isoforms or short/fragmented RNA species (Figure 3C, left).150 For instance, Gootenberg

et al. developed a SHERLOCK (specific high-sensitivity enzymatic reporter unlocking) that
unites RPA with collateral cleavage by CRISPR/Cas13 to detect single RNA and DNA
molecules with single-nucleotide sensitivity.1>1 To enhance for multiplexing and portability,
authors later combined Cas13 with Csm6 (a supporting CRISPR enzyme) and a lateral

flow format to visually read out Dengue or Zika virus single-stranded RNA and mutations
of patient liquid biopsies.122 At present, a major limitation for CRISPR-based collateral
cleavage for higher-order multiplexing is the requirement for preamplification to increase
detection sensitivity. 152153 preamplification reactions usually need several hours and may
cause amplification errors along the process.

CRISPR-based methods have emerged that do not require preamplification. CRISPR-Chip,
developed by Hajian et al., immobilizes a complex of CRISPR/Cas9 with a specific
single-guide RNA onto a graphene field-effect transistor.1># Following hybridization events
of unamplified, whole genomic DNA and complementary guide RNA, the changes in
graphene surface conductivity generate measurable signals that are read out on a portable
reader with a LOD (low femtomolar range) and turnaround time of less than 30 min.
Similarly, Bruch et a/. relied on CRISPR/Cas13a to power their integrated microfluidic
electrochemical biosensing platform for POC detection of microRNAs without the need
for preamplification.1® This work’s biosensing principle relies on collateral cleavage by
CRISPR/Cas13 and immobilization of RNA reporters labeled with biotin and FAM on the
sensor surface. Coupled with glucose oxidation, formed H,0, byproducts function as a
surrogate for target miRNA and are amperometrically detected with an LOD of 10 pM
within 4 h using small volumes (<0.6 /1.).

Nanoplasmonics.—Nanoplasmonic platforms are scalable to match size ranges of EVs
and utilize metallic nanostructures and nanoparticles to produce localized surface plasmons
to increase the sensitivity and specificity of EV sensing (Figure 3C, right).156

Seminal work by Im et al. described a label-free, high-throughput nanoplasmonic EV assay
that requires fabricating periodic nanohole arrays on a gold film deposited onto a glass
substrate.1®” These nanohole structures focus the electromagnetic fields at each grating and,
due to their 200 nm diameter and thickness, enable a probing depth of <200 nm to match
size range of EVs. Furthermore, nanoholes are functionalized with Abs to enable shifts in
plasmonic resonance upon binding of EV surface proteins and lysates. Others like Raghu

et al. have developed 80 nm gold sensing elements functionalized for CD63+ EV capture
to sit atop 90 nm diameter quartz nanopillars (total height of 490 nm) to not only reduce
background noise from nonspecific binding to substrate but also resolve the detection limit
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to a single EV.1%8 As a result, an array of spatiotemporal plasmonic events from EV surface
binding interactions can be captured and analyzed according to single nanopillars of interest.
A major imitation of fabricating nanostructures is the requirement for state-of-the-art and
low throughput nanofabrication technologies such as ion beam milling and electron beam
lithography, which can lead to elevated fabrication costs. Popular techniques such as soft
lithography are limited by their resolution to enable nanostructure patterning, giving rise to
variable dimensions and thereby altering the optical resonance parameters to detect robust
and reliable signals.

In addition to fabricated nanostructures, works like that of Liang et a/. have implemented
gold nanoparticles to enhance detection. Specifically, the binding of capture Ab-coated gold
nanospheres and nanorods to EVs on a sensing interface generates local plasmons to directly
capture and quantify tumor-derived EVs.15% Min et a/. adapted gold periodic nanohole arrays
as a substrate to enhance fluorescent label detection with locally produced plasmons for

a multiplexed profiling of EV protein markers with improved sensitivities.260 However, it

is important to keep in mind that plasmonic resonances can only enhance fluorescence

in wavelengths that overlap with plasmonic resonances, which can limit multiplexing
capabilities.

Electrical Interfaces.—Electrical interfaces confer high sensitivity, rapid response,
excellent portability, and easy signal amplification for EV detection (Figure 3C, right).

Mathew ef al. designed an electrochemical readout of tumor-derived EVs using nanoscale
interdigitated electrodes (nIDEs).161 The electrochemical sensing workflow combines a
sandwich immunoassay and a double amplification scheme (alkaline phosphatase-based
enzymatic amplification and electrochemical amplification via redox cycling on nIDEs). As
a result, authors achieve an LOD as low as 5 EVs/L and a reporter range that spreads over
six orders of magnitude (10-108 EVs/zL) using PC cell lines.

Another electrical detection method that may be compatible for EVs is electromechanical
detection. Wang et a/. assembled an electro-mechanical apparatus for rapid, amplification-
free, and ultrasensitive detection of SARS-CoV-2 RNA from unprocessed nasal swabs

of COVID-19 patients.162 The authors constructed a double-stranded DNA tetrahedral
base linked to a flexible single-stranded DNA cantilever with an aptamer tip probe

(with complementary oligo-nucleotides) that specifically binds to analyte. These units

are immobilized onto a liquid-gated graphene field-effect transistor, such that mechanical
perturbations are transduced into electrical signals from target-probe binding. As a result,
authors were able rapidly detect ultralow concentrations of SARS-CoV-2 RNA from
unprocessed biofluids in a matter of 4 min.

A major limitation of traditional electrical interfaces is that complex biofluids can passivate
electrodes, limiting their longterm usage and sensitivity. As a result, they are susceptible

to false-positive results. To tackle this, electrical sensing interfaces need to implement
antifouling strategies (e.g., bovine serum albumin163) to enhance their robustness for
transducing signals for molecular detection.
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Signal Analysis.

In the past decade, single-cell profiling techniques have evolved to a point where researchers
can describe the diversity, interrelationships and plasticity among cellular phenotypes!64

as exemplified by Argelaguet and colleagues.16° Scaling smaller than single cells, EVs

are being investigated at a multiomics level (Figure 3D, left).166.167 To disentangle the
heterogeneity of EVs, experimental platforms are needed to not only isolate EVs into single
units for analysis, but also describe as much of the diverse molecular contents packed into
EVs.

Single-Cell Multiomics: Parallel Transcriptomics.—Modeling and coupling
techniques from single-cell profiling may enable the collection of in-depth information68
of EV cargo. For example, Macaulay et a/. created a single-cell genome and transcriptome
sequencing (G&T-seq) protocol that physically separates genomic DNA and polyadenylated
RNA via biotinylated oligo(dT) primers, permitting bisulfite conversion of DNA without
altering the transcriptome.169 Subsequently, the genome and transcriptome are amplified

in parallel and sequenced. In contrast, Dey ef a/. worked on a genomic DNA-mRNA
sequencing (DR-Seq) method that selectively incorporates promoter sequences into cDNAs
to allow selective amplification of cDNAs over genomic DNA via in vitro transcription.170
Furthermore, by adding a sodium bisulfite treatment step before PCR amplification of
genomic DNA fractions, Angermueller et al. established a method for a genome-wide,
parallel single-cell methylome and transcriptome sequencing (scM&T-seq).171 Major
challenges that exist for capturing transcriptomic information in single EVs include the
sparse abundance of RNA copies as well as the lack of polyadenylated sequences of EV
RNA fragments that is common in single-cell RNA transcripts for capture and readout.

Single-Cell Multiomics: Parallel Proteomics.—The physical separation of cell lysate
of a single cell can enable simultaneous multianalyte measurements of proteins and RNAs.
Darmanis et al. used a lyse-and-split strategy to establish parallel workflows to quantify
expressions of protein (with a proximity extension assay followed by gPCR) and mMRNAs
(with quantitative reverse transcription PCR).172 Meanwhile microfluidic- and sequencing-
based approaches such as CITE-seql’3 and REAP-seql74 have exploited Ab—DNA barcodes
to jointly measure surface protein levels and mRNA transcripts in single cells. Although
expansive in terms of multiplexing, these methods can be fundamentally challenged by high
background due to nonspecific binding of Abs. Others like Albayrak et al. have addressed
these limitations by introducing digital PLA (dPLA), which combines PLA and ddPCR to
digitally count single copies of mMRNA and proteins from single cells.1?> Later, Lin et a/.
parallelized 144 single-cell dPLA assays into an integrated microfluidic platform (x-dPLA),
which enhances the LOD of dPLA by up to 55-fold.17® To ease multianalyte measurements
of protein and RNA for single EVs, a simplified and unified workflow is necessary to
address the digital detection of biomolecules from a single EV.

Single Organelle Omics: Mitochondrion.—Diving deeper than single cells,
subcellular organelles (including EVs) are compartmentalized with diverse, dynamic, and
specialized functions that requires sensitive technologies to study their subcellular biology.
Requirements to study subcellular organelles center on the ability to sense and parse out
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desired organelles according to individual features (e.g., size and molecular composition)
and high-throughput operation to sample sufficient entities from single cells.1’”

Classical techniques such as differential centrifugation1’® mask any endogenous
heterogeneity of individual mitochondrion as an averaged pool. To analyze mitochondria

at a single-organelle resolution, nanofluidic isolation approaches have been proposed.179.180
Following isolation, single-organelle methods have attempted to sequence DNA. Morris et
al. isolated single mitochondrion via micropipette aspiration and analyzed whole genomic
DNA to identify mitochondria variants within a single cell, without loss of spatial origin.181
Although authors were able to amplify the full genome using specific primers and nested/
seminested PCR and construct sequencing libraries, the laborious isolation steps call for
more high-throughput methods to handle single organelle samples. MacDonald et a.
described a nanoscale, multiparametric approach for single mitochondrion isolation and
analysis via fluorescence-activated mitochondria sorting (FAMS).182 Once labeled and lysed
from diverse tissues/cell lines, functional single mitochondrion can be isolated and analyzed
in a flow cytometry fashion by size, membrane polarization status, or protein markers.

The authors demonstrated FAMSs-based isolation enables direct profiling of proteomics

and mtDNA copy number at the level of individual mtDNA molecules within a single
mitochondrion. Yet this method sacrifices capturing subcellular spatial information about the
organelle at a low throughput to a high-throughput analysis via single organelle sorting with
no spatial context.

Single Organelle Omics: Nucleus.—Cell nucleus isolates are viable alternatives to
SscRNA-seq as they can be derived from fresh or frozen tissues from biobanks, have
sufficient RNA for accurate prediction of cell expression levels, and are free of artifacts from
dissociation of difficult tissues (e.g., nervous tissuel83 and skeletal muscle184).185 Habib et
al. developed DroNc-seq—a massively parallel single nucleus RNA-sequencing method that
combines single nucleus RNA sequencing (sNuc-seq) and Drop-seq'8® to profile nuclei at
low-cost and high-throughput.187 As a result, authors were able to profile tens of thousands
of nuclei from mouse and human biobanked brain samples to produce cell atlases. Others
like Gaublomme et a/. demonstrated a multiplexing approach for sNuc-seq that employs
Ab-DNA barcodes to distinctly label nuclei.188 Once pooled, labeled nuclei are incorporated
into droplets for sNuc-seq DNA barcodes contain a polyA tail that couples the same bead
barcode to its nucleus of origin, significantly improving throughput and cost. Although DNA
barcoding strategies are advantageous for multiplexing, they do carry issues with universal
tagging. McGinnis ef a/. addressed these issues by developing a MULTI-seq protocol that
uses lipid-tagged indices for single-cell and single nucleus RNA sequencing.8 The authors
determined that lipid- and cholesterol-modified oligonucleotides are reagents suited for
universally barcoding any lipid-based membrane bound organelle. However, this remains

to be a challenge when performing single organelle analysis with multiplets, where each
organelle must be sorted from sister organelles of the same mother cell.

Artificial Intelligence.—To supplement single EV analysis, it is expected machine
learning algorithms may be necessary to process the wealth of molecular data and recognize
patterns (Figure 3D, right).2%0 Unlike classical “big” datasets for machine learning, current
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EV-based liquid biopsies have “small” dataset sizes ranging on the order of tens to hundreds.
However, it has been demonstrated that multiplexed EV signatures can be classified by
machine learning algorithms and disease diagnosis and staging can be predicted from small
datasets, 191192

Machine learning utilizes algorithms to analyze data and subsequently learn and make
informed decisions from that data. Instead of relying on a single machine learning
algorithm, groups have constructed an ensemble of algorithms (including linear discriminate
analysis, logistic regression, naive Bayes, K-nearest-neighbors, and support vector machines
which can all be elaborated in more detail herel®0). Yang et a/. built upon a previous
machine learning-based liquid biopsy approachl93 for staging PDAC that combines several
algorithms to analyze a multianalyte panel of tumor-derived EV mRNA/mMiRNA, cfDNA,
KRAS mutation, and CA19-9 protein markers.194 Each classifier model will overfit data
differently and thus average out results to provide a more accurate model than any

single method alone. As a result, the model can also detect PDAC (84% accuracy)

prior to metastasis and compared to imaging alone, demonstrating proof-of-principle that

an ensemble machine learning approach can preoperatively screen patients amenable for
surgery.

Meanwhile, deep learning structurally layers algorithms to establish an artificial neural
network that can learn and make autonomous decisions. Shin et a/. applied deep learning
into a Raman spectroscopy (SERS) analysis of circulating EVs to diagnose stage | lung
cancer.195 The authors derived correlations of SERSs signals from lung cancer cell line- and
patient plasma- derived EVs using a residual neural network (Resnet)-based deep learning
model. In essence, Resnet depends on building a shortcut connection by tagging previous
input to the output to preserve previous gradient information, resolving any issues of a
vanishing gradient related to deep architecture. Following training, plasma-derived EVs

of stage | lung cancer patients were evaluated in a test set, and the deep learning model
predicted lung cancer diagnosis correctly with ~91% of patient samples.

A fundamental limitation for executing these machine learning and deep learning models
in EV-based liquid biopsies is that there is a considerably large data requirement for
training sets to avoid overfitting. As a result, current small-plex and bulk EV analyses
may be rendered unsuitable. That, however, does not discount their effectiveness in single
EV analysis. There is high dimensionality when teasing apart the molecular heterogeneity
of single EVs and longitudinally capturing multiplexed measurements over the course of
disease progression and treatment.

ROADMAP FOR THE CLINICAL TRANSLATION OF DIGITAL EV METHODS

Analyzing shed EVs allows for a minimally invasive capture of complex molecular
information in cells, which can fulfill precision medicine efforts for diagnosing and treating
patients without an invasive biopsy. However, bringing digital EV assays into the clinical
realm requires overcoming roadblocks in clinical translation. Technological advances in all
areas of the workflow—(i) understanding the biological variables of EV measurements;

(if) standardization of clinical sample acquisition and optimization of EV enrichment; (iii)
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integration of digital detection and data analysis—are needed to (iv) clinically validate
single EV assays for disease diagnosis, prognosis, and treatment monitoring (Figure 4).
Furthermore, cases studies will also be discussed of how single EV technologies that have
been used to study cancer can also be applied to various acute and chronic diseases, with a
focus on CNS disorders.

Biological Considerations for EV Measurements.

Mapping EVs to Parent Cell of Origin.—It is thought that the pathological capacity of
EV molecular cargo is mapped by their cell of origin and represents, to a certain degree,
the state of the parent cell. However, conventional methods sub-optimally sort out EVs from
bulk cell populations. As a result, it is difficult to discretely map the secretion of specific,
or rare, EV subsets to their parent cell of origin. These challenges can be exemplified

in intratumoral heterogeneity,196 where cell subpopulations harbor different genetic and
transcriptional profiles for distinct biological functions.197.198 The coexistence of different
cell clones within the same tumor has significant implications for clinical management.

For instance, a number of clones may dominate the tumor composition, whereas minor
subclones, that are often below detection thresholds, can determine the clinical course

of progression and recurrence.199 In combination with single-cell approaches, single EV
analysis could determine varying EV subsets derived from single-cell clones20 as they
may rely on different biogenesis mechanisms and package cargo with different quantities
and types of molecular content.201.202 Methods that either characterize single EVs from
bulk cells or bulk EVs from single cells mask the inherent differences of quantity and
phenotypes of EV secretions between cells. The ability to stoichiometrically relate specific
subsets of EVs to their parent cell would be useful for addressing current limitations in
single EV analysis. Even within the same source organ, different cells release batches of
EVs that are packaged with different biomolecules. Due to this complexity, there are needs
and opportunities for single-cell, single-EV mapping to profile the packaging of single EVs
and trace shedding from single parent cells of the same source organ rather than evaluating
EVs with a bulk analysis.

Microfabrication techniques have enabled the direct capture of single cells and subsequently,
cell-specific secretions.203204 Established approaches to capture and characterize single-
cell EV secretions have used microchamber arrays and a spatially resolved Ab barcode
readout?9® or pneumatic valves to trap and culture single cells and immobilize secreted

EVs for immunostaining and fluorescence microscopy.3# Most recently, hydrogel-based
microparticles or “nanovials” have been exploited to be suspendable and sortable microwells
for capturing single cells and their secretions together.206.207 Nanovials may also be suitable
for capturing and later collecting cell clone-specific EVs for downstream molecular analysis.
Methods that optically report the biogenesis of single EVs2%8 from single parent cells

would be useful for single-cell-single-EV mapping. For example, cell transfection with
fusion constructs of a fluorescent protein and an EV-specific marker (e.g., CD63209:210) or
transfection with a membrane-targeted fluorescent protein?!1 can contribute to a workflow
for interrogating EV subsets from parent cells. There are growing efforts to trace cell-free
biomolecules (e.g., cell-free RNA) to their parental cells/tissue of origin based on omics
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approaches such as transcriptomics profiles.212:213 Similarly, the ability to map EVs to their
parental cell by aligning EV genomic?4 or proteomic?1® profiles to parent cells.

EV Disease Kinetics.—EV-based liquid biopsies show promise for the early detection
and management of diseases such as cancer. However, a major challenge is the scarce
presence of biomarkers in biofluids that cannot be readily augmented,216 precluding early
detection. To address these issues, mathematical models have predicted the time window
for early cancer detection available based on the kinetics of blood biomarker shedding from
early tumors. Hori and Gambhir extrapolated from mathematical models that a tumor can
grow undetectable for the first decade and advance to a volume of ~20 mm3 before detection
with current blood tests.21” Mathematical models of blood biomarker samples describe that
detecting and distinguishing aggressive (2 month doubling) and nonaggressive (18 month
doubling) tumors can be as early as ~7 months and ~9 years prior to clinical imaging,
respectively.218

Several factors dilute the number of tumor-derived EVs including but are not limited

to tumor-derived EV shedding rates, host cell EV production, and clearance rates and,
therefore, impact the diagnostic requirements of molecular EV markers. Patient tumors do
not always express positive biomarkers, and protein shedding rates can vary by as much as
4-fold magnitude for cells of the same tumor type.219 Furthermore, the background shedding
from healthy host cells can confound the fleeting amount of biomarker shedding from dying
or dead cells. Bulk EV analysis (e.g., standard ELISA) requires ~10%—106 EVs per sample to
reliably detect abundant EV markers.220 Ferguson and Weissleder generated computational
models to predict the thresholds of tumor detection for various EV-based detection assays.
Current bulk EV measurements are suited more for assaying large tumors (~10 cm3) and are
~10%-fold insensitive to detect early stage lesions (~1 cm3).42 In contrast, single EV methods
(e.g., SEA3®) are predicted to detect early stage tumors in humans as small as 1 x 107 ¢cm?3
(10 4g or about 10,000 tumor cells).

EV Markers.—To address challenges in EV enrichment, identifying universal EV markers
would enable the study of particular EV subpopulations and their functions in health

and disease. Traditionally, researchers have used tetraspanins CD9, CD63, and CD81

as ubiquitous EV biomarkers and immunoaffinity methods relying on these proteins to
purify EVs and define their molecular composition.33:221 However, Kugeratski et a/. report
tetraspanin markers CD9, CD63, and CD81 mirror their expression pattern in the parental
cells, which may explain why tetraspanins levels are heterogeneous in EVs from distinct
cell types.13 This study establishes a comprehensive proteomic atlas of core EV proteins and
identified syntenin-1 as a majorly abundant core EV protein found in different cell, biofluid,
or species sources. Furthermore, bona fide biomarkers are needed to distinguish different
classes of EVs produced by different biogenesis pathways. Recent work by Mathieu et a/.
has suggested CD9, CD63, and CD81 tetraspanin markers on EVs formed from intraluminal
vesicles of endocytic compartments (exosomes) or at the plasma membrane (ectosomes) are
expressed mutually but differently.222
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Standardization.

Several studies have reported advances in single EV methods and EV biomarkers, but
validation has been hampered by regulatory challenges. More attention is needed on the
processes of biomarker discovery and validation to allow the successful implementation of
single EV assays for clinical use. Only standardized protocols of preanalytical steps (sample
acquisition and preparation) and quantification, as well as transparency in reporting, can
ensure a meaningful and reliable catalog of biomarker signals that are not misperceived as
noise. Lack thereof results in a method that is not reproducible for clinical use.

Preanalytical Steps.—Downstream analysis is affected by variations and quality of
sample handling and processing.223 It is worth noting that disease-specific EV biomarkers
can be outnumbered by a million-fold excess of nontarget species. Therefore, interferants
in the sample can drastically influence the analytical specificity of single EV assays.>?
When searching for rare EV subsets within complex media, researchers need to take
precautions and troubleshoot interference factors—non-EV and EV components—from
clinical specimens. For example, flow cytometry results can be perturbed by nonspecific
binding of particles from plasma, limiting the fluorescence detection of rare EVs.224
Lipoproteins and protein aggregates overlap with the size range, composition, and
morphology of EVs.225:226 Moreover, influences from sample processing like hemolysis
and platelet contamination all interfere with single EV analysis.>2 EV isolation strategies
separate and concentrate EVs variably and nonspecifically. Better EV isolation methods are
needed to not only subtract contaminations from analyte but also sort disease-relevant EVs
from other host EVs. Classical methods of EV capture and characterization suffer from poor
EV isolation efficiency and purity, long processing times, and operational costs that make

it increasingly unfeasible for clinical—especially POC applications.22” Thus, optimizing
EV enrichment modules in assays to achieve high recovery and specificity (as discussed
previously), as well as standardizing the acquisition and handling of clinical specimens, can
minimize systematic errors during biomarker characterization.

Quantification.—Quantification is a critical element for translating single EV methods
and biomarkers for clinical use. Although techniques are progressing toward ultrasensitive
detection limits,228 normalizing measurements significantly varies from one laboratory
setting to another. Normalizing quantities of EV molecular analytes (proteins, nucleic acids,
lipids) to the original sample volume, original EV number concentration, or total amount

of EV molecules can serve as a valuable index for EV diagnostics.229 Research groups

have already begun developing referencing standards for EV and EV-molecule quantification
by incorporating “spike-in” recombinant vesicles into their methods.”4230.231 |deally, EV
reference materials should share physical and biochemical attributes of EVs, controllability
over surface molecular expression and interior cargo, and be distinguishable from sample
EVs to support device calibration and biomarker quantification.

Reporting.—Lastly, it is important to disclose single EV methods with the same rigorous
standards with which they are developed. The EV biology field needs more transparent
methods reporting to allow reproducibility for other cohorts. To do so, the EV-TRACK
consortium has established a knowledgebase and a coaching tool to promote transparency
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and reproducibility for methods.232 The International Society of EVs (ISEV) has also
recommended that each preparation of EVs is to be, at minimum, defined by (i) quantitative
measures of the source of EVs (e.g., volume of biofluid), (ii) abundance of EVs, as well as
screenings for coisolated components (iii) associated with EV subtypes and (iv) nonvesicular
particles.223 To assist researchers in reducing non-EV interferants, many non-EV proteins
observed in past studies using immunoaffinity-based capture have been cataloged into

an available repository.233 Furthermore, web-based compendia like Exo-Carta23* and
Vesiclepedia?3® feature manually curated catalogs of characterized EV molecular cargo
(RNA, proteins, lipids, metabolites) from several studies to enable research queries.

Commercialization.

The approval process of regulatory bodies—Clinical Laboratory Improvement Amendments
(CLIA) and the United States (U.S.) Food and Drug Administration (FDA)—ensures
optimal, sequential, and standardized methods but has impacted the commercialization of
single EV assays for use in the clinical realm. As of now, there is no FDA approved EV
platform that is approved for clinical use. To commercialize and adopt EV-based assays for
clinical use as laboratory developed tests (LDT) or /n vitro diagnostics (IVD), stakeholders
must comply with rules and regulations for rigorous analytical and clinical validation.236

EV-Based Laboratory Developed Tests.—Single EV assays can be marketed as a
LDT (in the form of a service or Kit) after obtaining FDA premarket regulatory clearance.
The caveat, however, is that LDTs are designed, validated, and manufactured exclusively
for in-house use in a clinical laboratory. In the U.S., the FDA does not regulate LDTSs.
CLIA regulates laboratory testing, requires clinical laboratories to be certified by the Center
for Medicare & Medicaid Services, and ensures that clinical laboratories conduct rigorous
analytical and clinical validation of LDTs.237 Then laboratories can run assays on human
specimens to determine information about diagnosis and prognosis or monitor treatment
responses and disease burden.

EV-Based In Vitro Diagnostics.—Alternatively, single EV methods can be marketed as
assays for distribution as IVDs, which can be purchased from the manufacturer for POC use
in professional settings (clinics or laboratories) or resource-limited settings (rural areas or
patient homes). IVVD products are defined by the FDA as “reagents, instruments, and systems
intended for use in diagnosis of disease or other conditions, including a determination of
the state of health, in order to cure, mitigate, treat, or prevent disease or its sequelae”.238
FDA-approved EV analysis and markers can be sold as 1VDs (in the form of complete kits)
for their specified purpose after obtaining premarket regulatory clearance for analytical and
clinical validation from the FDA. IVDs would include all protocols and controls to perform
a test independently in diverse settings with relatively less training and still obtain accurate,
reliable, and reproducible clinical results.

Progress in Regulatory Approval.—Researchers have used Simoa (Quanterix)80 and
Droplet Digital PCR (BioRad),5° commercial instruments for single-molecule analysis, as
assays for single EV analysis, but these commercial instruments have not been approved
by regulatory agencies for that context of use. As of now, the first bulk EV-based, CLIA-
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validated, and commercially available test to become available is the ExoDx Prostate
IntelliScore (EPI Test, Bio-Techne) for PC.239:240 |n 2019, the EPI Test received a
groundbreaking FDA breakthrough device designation to expedite the FDA’s regulatory
review process. This noninvasive urine test is used to screen for 3 EV mRNA (ERG,
PCAS3, and SPDEF) alongside standard of care tests to distinguish benign/low-grade PC
from high-grade PC for men (age >50 years) with a PSA level of 2-10 ng/mL (“gray
zone”) presenting for an initial biopsy. EPI scores are correlated to high-grade PC and
have been prospectively validated at a cut off score of 15.6 for reducing unnecessary
biopsies. Thus, all patients whose score is >15.6 will proceed with the recommended clinical
course (including a core tissue biopsy). The EPI Test has received strong enthusiasm by
stakeholders as demonstrated by the National Comprehensive Cancer Network guidelines
and the draft Medicare Coverage Determination to support urologists’ decision making
to defer or proceed with a core tissue biopsy. This is critical given the notable risks of
complication after transrectal ultrasound-guided prostate biopsies.241

Since the EPI test is determining the necessity of a prostate biopsy, it can be suggested

that core tumor biopsies may demonstrate considerable progression to high-grade (>grade
group 2) PC242 that may limit treatment options. Individually profiling EVs can better
resolve the heterogeneity to identify rare targets or subtype-specific molecular information,
which is analogous to benefits of single-cell approaches as bulk cell analysis is limited.
Therefore, single EV analysis may allow patients to be amenable to earlier diagnosis and
actionable treatment as early stage developing tumors are volumes well below detection
thresholds*2:104 (as discussed previously) of current standard of care tools.

Clinical Feasibility: Point-of-Care Principles for Commercialization.

Although single-molecule digital assays have gone through commercialization, further work
is needed in areas such as multiplexing, throughput, cost, and ease of use to entice clinical
stakeholders for investing and adopting such technologies for single EV analysis. If there is
one lesson that the past few years of the coronavirus disease 2019 (COVID-19) pandemic
has stressed: there is an ever-growing clinical need for robust and reproducible diagnostics,
comparative testing methods, faster approval by federal agencies, and rapid production of
tests to meet supply and demand.243 End users especially do not need platforms that require
multiple operation steps, prolonged turnaround times, low-throughput, expensive and bulky
equipment, and labor-intensive protocols. Therefore, single EV assays are more likely to be
commercialized and implemented for clinical use by following design principles of POC
testing and balancing high analytical performance with low system complexity.244 These
resources also have to be made accessible to wider communities and commensurate with
central laboratory findings from the clinic.

Rapid Turnaround Times.—Single EV assays need to be amenable for high-throughput
operations to allow versatility for treating diseases with differences in acuities/onset. Acute
cases require assay times to be readout within 10 min to 2 h for immediate treatment. To
realize single EV assays for acute applications is a challenge. Diseases like acute ischemic
stroke require timely diagnosis to navigate triage decision schemes, while chronic diseases
like cancer, preferably, require same-day results when patients are undergoing treatment
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regimens to determine drug responsiveness or resistance to allow for actionable intervention.
Ramshani et al. presented a simple, rapid, and PCR-free integrated microfluidics system that
can quantify both free-floating miRNAs and EV-miRNAs in ~20 1 of sample plasma with
1 pM detection sensitivity in only 30 min, as opposed to a turnaround time of 13 h with 1
mL sample for conventional RT-gPCR.24°

Cost-Effective and Portable Readout.—Technology that runs single EV assays cannot
be expensive, physically bulky, or cumbersome in ways that restrict its usage to centralized
laboratory settings. For instance, high resolution equipment like commercial spectrometers
are limited to clinical laboratories. To address this, Jahani ef a/. coupled a spectrometer-free
optofluidic platform with dielectric metasurfaces to detect BC EVs.246 Their approach scales
down the complex instrumentation to a miniaturized and cost-effective light and camera
setup that can reconstruct the spectral shift (to the same effect as seen in commercial
spectrometers) induced by femtomolar-level EV interactions on the biosensing interface.

Similarly, the instrumentation required to generate, control, and measure droplets for large
scale applications is constrained to laboratory settings. Yelleswarapu ef a/. engineered

an optofluidic platform that miniaturizes and parallelizes droplet digital assays into a
mobile device readout.?4” By integrating a fluorescent bead processing unit, parallel droplet
generators, fluidic delay control, and optical detection, the authors showcase a robust,
high-throughput system for low-cost deployment in POC settings.

Multiplexing.—In many instances to distinguish disease specificity, clinical evidence based
on a single biomarker is insufficient to determine an appropriate diagnosis of a disease or for
treatment monitoring. Therefore, it is highly desirable for a multianalyte screening to profile
various analytes simultaneously in single EVs for POC applications. Zhou et al. presented

a high-throughput and integrated system for rapid single EV analysis of proteins and mRNA/
miRNA.81 Following efficient EV capture from ~90 £ plasma, TIRF microscopy and deep
learning were used to quantitatively describe the mMRNA, miRNA, and membrane protein
cargo with a sample-to-answer time of ~6 h.

Integration.—Conventional EV sample processing requires laborious, multistep sample
preparations that require different instruments. To become clinically useful, assays require
the ability to integrate modules?48 to realize a “lab-on-a-chip” workflow, reducing the
number of steps into a simple, one-step operation. Park ef a/. simplified EV analyses by
combining EV sample processing and quantification into a single HIMEX (high-throughput
integrated magneto-electrochemical EV) platform.249 First, Ab-coated magnetic beads

are captured and separated target-specific EVs directly from samples without extensive
manipulation. Then bead-bound EVs are labeled with probing Abs functionalized with
enzyme amplification reactions for electrochemical signal detection. The HIMEX device
permitted EV protein profiling directly from clinical samples with a total assay time under
1 h and signals readout in parallel, high-throughput fashion in a 96-well format. As a result,
authors were able to conduct diagnostic and longitudinal EV-based studies of colorectal
cancer patients during their clinical care.

ACS Nano. Author manuscript; available in PMC 2023 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morales and Ko Page 25

Clinical Validation: Context of Use.

Clinical validation of single EV techniques requires identifying, measuring, or predicting

a meaningful clinical state for a defined context of use. Proof-of-principle studies have
effectively indicated their clinical utility for cancer management: (i) early diagnosis, (ii)
molecular subtyping/prognostication, and (iii) treatment monitoring, which can also address
the management of other diseases.

Early Diagnosis of Disease.—In early work, overexpression of EVs or EV markers was
only observed in advanced disease or after detectable tumor progression.2>0 Studies predict
single EV methods can diagnose cancer at an early stage particularly before metastatic
spread, enabling faster treatment decisions and possibly curative surgery.*? However, there
are inherent technical challenges of early biomarker findings that hamper their clinical
validation in larger patient cohorts. EV-based methods are emerging to meet these unmet
clinical needs. Sun et a/. designed an integrated EV purification system (EV Click Chips) for
minimally invasive and early hepatocellular carcinoma (HCC) detection.2%! Captured EVs
(expressing EpCAM, ASGPR1, and CD147) were treated to reverse-transcription ddPCR to
obtain a panel of 10 HCC-specific mRNA transcripts. As a result, EV Click Chips enable
HCC diagnosis from at-risk cirrhotic patients (~94% sensitive and ~89% specific).

Ferguson et a/. developed a single EV analysis (SEVA) technique that optimizes SEA3®

for a multiplexed protein analysis (e.g., KRAS™U and P53MUY of patient plasma samples

to enable early cancer detection.194 A blinded study validated SEVA could identify

vesicles carrying mutant proteins (94% accuracy) with surgically proven stage 1 PDAC.
Mathematical models describe the current size LOD of SEVA is estimated to be ~0.1

cm?3 tumor volume, which is below clinical imaging thresholds. Thus, digital EV methods
allow for highly sensitive and specific early disease detection (Figure 4D) for symptomatic
patients to facilitate faster treatment decisions and EV marker validation for assessing risk in
presymptomatic patient populations.

Prognostication: Molecular Subtyping and Disease Staging.—Molecular
classification and disease staging are vital to assessing the extent or aggressiveness of
disease and selecting prospective treatments. An effort to subtype human BC patients

using serum EVs has reported success where EV proteomes cluster based on their
molecular subtype (e.g., HER2, TNBC), while the full cellular proteome cannot enable

BC subtyping.12 Thus, developing better EV technologies to validate prognostically relevant
EV markers would prove EVs as robust and reliable biomarkers. Work by Reategui et

al. described a herringbone microfluidic approach (EVHB-Chip) to isolate tumor EV-RNA
from glioblastoma (GBM) patient sera and plasma for downstream RNA-seq analysis and
classification into their neural, pro-neural, mesenchymal, and classical subtypes.10

Others have been able to establish EV methods to characterize disease progression. Zhang
et al. developed a nanoengineered chip platform for the multiparametric analysis of EV
(EV-CLUE) to analyze matrix metalloprotease 14 expression for /n vitro cell invasiveness
and monitor in vivo tumor progression.252 The authors further demonstrated their device can
accurately classify BC patient plasma specimens into 3 groups of distinct BC stages: ductal
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carcinoma /n situ, invasive ductal carcinoma, or metastatic BC from a training cohort (~97%
accurate) and a validation cohort (~93% accurate). Thus, EV methods can discriminate
different subtypes and stages of a disease (Figure 4D) for stratifying patients into clinical
trials and enabling better treatment outcomes.

Treatment Monitoring.—Monitoring the extents of disease burden and therapeutic
responses is limited by current imaging or molecular methods. Minimally invasive assays
that enable repeatable specimen sampling and an accurate readout of treatment response

or disease burden would enable clinicians to adapt therapy accordingly. EV-based methods
have been developed to allow real-time monitoring of therapeutic responses.253254 Tian et
al. developed a thermophoretic aptasensor to analyze an EV signature (8 EV protein marker
panel) directly from 1 L of plasma of metastatic BC patients undergoing treatment.255
The EV signature was profiled longitudinally to monitor treatment responses in training,
validation, and prospective cohorts, and served as an independent prognostic factor for
progression free survival in metastatic BC patients.

Drugs that target specific molecules may demonstrate promise in preclinical studies, but
the emergence of treatment resistance in clinical trials necessitates methods for treatment
stratification. EV-based methods are advancing to conduct signaling pathway analysis for
how treatments affect a molecular target of interest and its influences in downstream
signaling.256 Shao et a/. designed an immunomagnetic exosome RNA (iMER) microfluidic
chip to assess drug resistance via EV mRNA expression level changes (MGMT and APNG
mRNA) from GBM tumor EVs, from Temozolomide initiation to drug resistance.25” By
validating with clinical blood samples from confirmed GBM patients, iMER observed a
qualitative match between MGMT and APNG EV mRNA changes and treatment outcomes.
It is highly desirable for future clinical use to establish single EV methods to longitudinally
monitor treatment responses and probe signal pathways that determine therapeutic efficacy
or resistance for optimizing the throughput and accuracy of clinical decision making (Figure
4D).

Case Studies for Central Nervous System Disorders.

Single EV-based liquid biopsy approaches for cancer management can be applied to
managing CNS diseases. Diagnosing and monitoring CNS diseases—including acute
(stroke, neuro-COVID) and chronic (schizophrenia and major depression) disorders—
remain a massive undertaking. Much of our current knowledge of what causes and develops
CNS diseases is based on histological studies of post-mortem brain tissue. Unlike tumors,
core biopsies of brain tissue are not a viable diagnostic option for evaluating CNS diseases.
Probes that allow imaging of the brain have been developed,2°8 but more substantial work
is required to identify bona fide biomarkers that correlate presence and concentration with
disease states. EVs have been observed to cross an intact blood-brain barrier2%:260 and
thus can be used for developing tests for CNS disorders with readily accessible sources for
sampling such as blood or CSF. It is worth noting that circulating biomarkers are typically
low in concentration,?16 such that standard bulk EV methods may not be sensitive enough
for detecting rare brain-derived EVs or profiling EV heterogeneity. To tackle this needle-in-
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a-haystack challenge, single EV methods that are ultrasensitive and high-throughput are
perhaps key to validating reliable CNS disease biomarkers.

Enabling noninvasive readouts of the molecular contents of neuron-derived EVs from CSF
or plasma is very exciting, but as the EV field is still in infancy, there are many technical
challenges that require troubleshooting. Until recently, researchers have been targeting
transmembrane protein LLCAM as an enrichment target to capture neuron-derived EVs as
L1CAM is canonically a surface protein expressed on neurons.261 However, work recently
reported by Norman ef a/. confirmed that soluble LLCAM exists in plasma and CSF and

is more abundant than EV-expressed L1ICAM.%8 Thus, this work signals a re-evaluation

of LICAM as an exclusive neuron-specific EV marker and discover other reliable and
reproducible markers to isolate circulating neuron-derived EVs from the human brain.

Acute Neurology: Stroke.—Notably, precipitous conditions like acute ischemic stroke
have different etiologies and require early and rapid diagnosis and treatment triage within
minutes or hours upon arrival to an emergency department for effective thrombolytic
treatment.252 Consequences of delayed treatment or missing the efficacious therapeutic
window results in disability from stroke brain injury, which is a worldwide leading cause
of morbidity. EV-based assays have highlighted their potential utility in stroke diagnosis by
being able to (i) diagnose transient ischemic attacks?%2 and (ii) discriminate ischemic from
hemorrhagic stroke subtypes.264 For example, Wijerathne er a/. established a microfluidic
approach for rapid EV affinity capture and subsequent ddPCR to screen EVs from CD8+

T cells.25% Analysis of mRNA transcripts (PLBDI, MMP9, VVCAN, FOS, CA4) expressed
in CD8+ T cell EVs from AIS patients and controls enabled 80% test positivity for AIS
with a turnaround time of 3.7 h. Patients presenting to clinical settings arrive at variable
times and are triaged differently. Thus, integrated EV platforms are emerging that deliver
results with rapid turnaround times (<60 min), 245:249.266 which could be useful for deciding
time-appropriate and POC treatment in acute neurology.

Acute Neurology: Neuro-COVID.—Patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection can develop a range of neurological clinical
symptoms and sequalae (neuro-COVID).287 Although direct infection of the CNS does

not seem to be a primary driver of these neurological symptoms,268 CNS-directed
autoantibodies?%? and microvascular dysfunctions270 likely contribute to the neurological
phenotype in COVID-19. Findings have suggested that significant neurodegenerative injury
may occur in hospitalized COVID-19 patients and is associated with encephalopathy.271
Interestingly, blood biomarkers of traumatic brain injury (TBI) are suitable for detecting
brain injury in neuro-COVID patients,272 and by extension, EVs serve as potential sources.

For instance, work by Ko et al. described an EV-based assay that maps out a multiplexed
panel of EV-miRNA TBI biomarkers from brain-derived GluR2+ EVs following injury,
in acute and chronic phases, and combines machine learning to accurately classify
various states of brain injury.273 Similarly, Beard et a/. combined digital EV techniques
to evaluate TBI pathology by profiling EV proteins according to neuronal/glial damage
(UCHL1, NFL, Tau, GFAP) and inflammation (IL-6, IL-10, and TNF-a).2"* As a result,
profiling the temporal evolution and heterogeneity of EV biomarkers may be applicable
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in diagnosing acute manifestations of neuro-COVID and prognosing stages of brain injury/
neurodegeneration. Thus, single EV analysis can be leveraged to stratify COVID-19 patients
according to neuro-COVID risk for initiating targeted therapies.

Chronic Neuropsychiatric Disorders: Schizophrenia.—Schizophrenia is a complex,
heterogeneous mental health disorder characterized by onset of psychosis at adolescence
and deteriorating social and cognitive functions.2’> However, it is now well-established that
the first psychotic episode is, in fact, a manifestation of advanced disease.2’® There is a
time window of months or years prior to the first psychotic break that is characterized

by subtle changes in behavioral and cognitive functions—the presyndromal stage. Efforts
have been made to alleviate the disorder by intervening at the presyndromal stage

to prevent the exacerbation of disease-associated neural impairments. However, staging

and predicting schizophrenia trajectories during development has proven difficult due

to the lack of validated, sensitive, and specific diagnostic biomarker criteria. Therefore,
discovering mechanism-based biomarkers as single EVs would better capture neural
circuitry dysfunction to facilitate better patient stratification and monitoring of disease
burden and treatment. Most recently, Khadimallah et a/. determined that by analyzing EVs
assumed to be neuronal origin with positive LLCAM expression, combined EV miRNA
profiles of miR-137 and COX6A2 as surrogate EV biomarkers of mitochondrial dysfunction
in a specific neuron population: parvalbumin interneurons (PVI1s).2”7 Single EV analysis
would be beneficial to dissecting further molecular heterogeneity in PVI-derived EVs to
better define disease states in Schizophrenia.

Chronic Neuropsychiatric Disorders: Depression.—Despite strides in treating
major depression, one-third of depressed patients remain resistant to antidepressants
(ADT).278 To optimize ADT responses in patients with major depression, a better
understanding of treatment response mechanisms is needed. Access to high resolution

and high-throughput technologies such as sScRNA-seq have facilitated research into the
pathophysiology of depression with tissue samples.2’® However, single EV analysis,
particularly, can be used to dissect live neuron-specific circuits that are of physiological
relevance. Peripheral inflammatory biomarkers have been explored in clinical studies,28°
yet their capacity to reflect brain processes is nonspecific. Instead, probing miRNAs281.282
packaged into single EVs by resident brain cells provides a window of opportunity to dissect
the molecular heterogeneity and subtle changes occurring in mental health disorders and
mechanisms of ADT response. This is supported by work from Saeedi et a/., where authors
determined that altered size and miRNA content is a function of ADT drug response by
evaluating LLCAM+ neuron-derived EVs enriched from plasma.283 Perhaps a single EV
analysis can enable a more precise stratification of druggable and unresponsive patient
subtypes, which is currently not possible using the Diagnostic and Statistical Manual of
Mental Disorders criteria.
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CONCLUSIONS

Challenges and Future Outlook.

EV-based liquid biopsies show major clinical promise, but there are important challenges
and future developments that need to be addressed before clinical translation.

EVs showcase a complex heterogeneity among their subpopulations with EV size, molecular
content, shedding kinetics, universal markers, and cell of origin. Ultrasensitive, high-
throughput, and multiplexed technologies are therefore required to profile the different
compositions of EV biomarkers at the single EV level. Existing digital methods to analyze
individual EVs are in the development pipeline that revolve around Ab—DNA barcoding,
ELISA, PCR, flow cytometry, and immunofluorescence imaging. However, single EV
analysis is not necessarily a universal solution for biomarker discovery. Bulk approaches
like mass spectrometry (for proteins) and sequencing (for nucleic acids) offer unlimited
multiplexing capabilities for biomarker exploration that cannot be currently performed using
single EV methods. Once biomarkers are discovered, single EV methods can later be used to
enrich for different subtypes of EVs.

The translational goal is to capture multiplexed marker measurements in a high-throughput
and ultrasensitive manner so that rare, disease-specific EV populations can be identified

to their pathological cell-of-origin. To accomplish this, an integrated assay that unifies the
entire workflow of—EV enrichment from clinical specimens, signal amplification, signal
detection, and signal analysis and interpretation—is required. In this review, we have
outlined the emerging developments and challenges for each design aspect of the entire
assay pipeline. First, variabilities in EV purification are due to contamination by lipid and
protein particles that share similar physical characteristics, as well as poor multiplexing
due to limited availability of affinity capture probes and variable binding affinities. Second,
signal amplification is mostly dependent on enzyme-based fluorescence or nucleic acid
amplification, and multispectral materials that exist as microscale beads need to be size
matched with EVs at the nanoscale. Third, signal detection can involve challenges such

as limited single-base detection and fast translocation times for nanopore sequencing or
using state-of-the-art nanofabrication techniques to preserve optical resonance parameters
for nanoplasmonics. Fourth, performing a parallel proteomic and transcriptomic analysis
of single EVs can be difficult as nucleic acid species are scarce in single EVs and lack
capture sequences present in single cells. Furthermore, machine learning algorithms can be
susceptible to data overfitting. An overwhelming challenge, however, is the integration of
all these assay modules into a complete “lab-on-a-chip” workflow, while leveraging high
sensitivity, high-throughput, and multiplexing capacities.

Advancing digital EV assays for clinical applications relies on interdisciplinary
collaborations among technology developers and end users (biologists and clinicians). Also,
convincing stakeholders to adopt digital EV methods into the clinic requires commercialized
and integrated assays that meet the criteria of rapid turnaround times, cost-effectiveness and
portability, and multiplexing. In addition, the standardization of preanalytical steps (sample
preparation and purification), quantification, and methods reporting is important to ensure
robust and reproducible assay performance among the user community. At the moment,
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EV methods are being clinically validated for different contexts of use, ranging from early
disease diagnosis, prognostication, and treatment monitoring. While single EV assays are
making strides in cancer management, we envision potential utility for also managing
various acute and chronic diseases. By satisfying these critical needs, a more in-depth and
precise dissection of EV heterogeneity will help accelerate biomarker characterization for
disease monitoring and management.
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Multiparametric heterogeneity of EVs. EVs are generated from a range of biogenesis
mechanisms, and the most studied EV subsets—exosomes and microvesicles—originate as
intraluminal vesicles formed within multivesicular bodies or bud directly from the plasma
membrane, respectively. From diverse organ/tissue sources, different cell types altogether
secrete a heterogeneous expression of EVs that drive biological responses in health and
disease, which can be profiled according to their relative abundance and diversity of size
classes (nm to um scale) and molecular content (proteins and nucleic acids).
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Figure 2.

Major classes of single-EV label-based assays. (A) Antibody (Ab)-DNA barcoding: single
EVs are labeled with Ab—DNA barcodes that undergo droplet encapsulation and PCR
amplification and, subsequently, sequencing to read out protein identity. Reprinted from

ref 55. Copyright 2021 American Chemical Society. (B) Droplet digital ELISA: single EVs
are immobilized by sandwich ELISA immunocomplexes and incorporated into droplets for
digital analysis by a fluorescence readout. Reprinted from ref 62. Copyright 2018 American
Chemical Society. (C) Droplet digital PCR: EVs are labeled with aptamer probes in close
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proximity that ligate together. Ligation products are amplified and sorted into droplets,

and target expression is readout by fluorescence. Reprinted with permission from ref 70.
Copyright 2021 Wiley-VCH. (D) Flow cytometry: EVs are labeled with fluorophore-tagged
Abs that label surface proteins and passed through a flow cytometer, enabling a readout of
scattered light for each particle. Reprinted from ref 78. Copyright 2018 American Chemical
Society. (E) Immunofluorescence imaging: single EVs are immobilized on glass within a
microfluidic channel and are repeatedly immunostained and imaged for multiple rounds.
Reprinted from ref 35. Copyright 2018 American Chemical Society.
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Future design opportunities for single EV assays. Optimizing the sensitivity, throughput,
and multiplexing capacity of single EV assays requires targeting keys areas of the

assay pipeline: EV enrichment, signal amplification, signal detection, and signal analysis.
(A) EV enrichment can include manipulating physical energy fields such as ultrasound
standing waves in microfluidics (acousto-fluidics) or EV-captured magnetic beads (left);
nanopatterning structures to capture EVs (middle); and developing functional affinity
capture probes (aptamers and nanobodies) that can replace Abs (right). (B) Signal
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amplification involves incorporating DNA-assisted isothermal amplification (RCA and
HCR) (left) and overcoming the optical multiplexed ceiling with multispectral materials
(right). (C) Signal detection involves bypassing preamplification requirements such as
nanopores or CRISPR-based sensors (left) or converting target signal into quantifiable
readouts (plasmonic or electrical sensors) (right). (D) Signal analysis involves integrating
omics approaches (left) and applying machine learning algorithms (right) to interpret
volumes of data for single EVs.

ACS Nano. Author manuscript; available in PMC 2023 May 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Morales and Ko Page 53

B. Clinical EV Isolation C. Digital Profiling D. Clinical Validation
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Figure 4.
Clinical translation workflow of digital EV assays. The entire workflow begins by (A)

understanding the biological variables of single EVs such as the heterogeneity of their parent
cell clones and cell type; the heterogeneity of vesicle size, secretory pathways, and shedding
kinetics among each EV; and the heterogeneous molecular content packaged into individual
EVs. (B) Clinical biofluids can be readily and serially sampled in a standardized fashion
from a patient through minimally invasively sources and materials can be optimized for the
selective enrichment of EVs. (C) Digital detection and data analytical tools can be integrated
to profile single EV molecular signatures. (D) Digital assays for EV-based liquid biopsies
can be clinically validated for a specific context of use—early diagnosis, prognostication,
and treatment monitoring for diseases like cancer and CNS disorders.
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