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Abstract: Extracellular Vesicles (EVs) are lipid vesicles secreted by cells that allow
intercellular communication. They are decorated by surface proteins, which are
membrane proteins that can be targeted by biochemical techniques to isolate EVs from
background particles. EVs have recently attracted attention for their potential
applications as biomarkers for numerous diseases. This review focuses on the
contribution of biomolecules used as ligands in affinity-based biosensors for the detection
and isolation of EVs. Capturing biological objects like EVs with antibodies is well
described in literature through different biosensing techniques. However, since handling
proteins can be challenging due to stability issues, sensors using non-denaturable
biomolecules are emerging. DNA aptamers, short DNA fragments that mimic antibody
action, are currently being developed and considered as the future of antibody-like
ligands. These molecules offer undeniable advantages: unparalleled ease of production,
very high stability in air, similar affinity constants to antibodies, and compatibility with
many organic solvents. The use of peptides specific to EVs is also an exciting biochemical
solution to target EV membrane proteins and complement other probes. These different
ligands have been used in several types of biosensors: electrochemical, optical,
microfluidic using both generic probes (targeting widely expressed membrane proteins
such as the tetraspanins) and specific probes (targeting disease biomarkers such as
proteins overexpressed in cancer).



1. Introduction
1. EVs basics

Extracellular Vesicles (EVs) - which were initially considered to be undesirable debris -
are nanometric particles secreted by cells. Since the early 2000s, they have been the subject
of increasing interest as their role in cell-cell communication and biological functions
becomes more apparent.’-* However, their discovery dates back to the 70s when they were
first isolated from plasma.*> Since then, they have been found in many bodily fluids
including blood, urine, saliva, and milk® as well as in animals, plants” and culture media
of cell lines. In recent years, the complexity of these nanometric objects has been revealed
by several characterization methods, each one shedding light on another piece of the
puzzle.

EVs are lipid vesicles that originate from parent cells and are often categorized by their
excretion mechanism. When they bud from plasma membrane of cells they are known as
microvesicles or large EVs, while multi-vesicular endosomes which fuse with the plasma
membrane to release intraluminal vesicles are known as exosomes or small EVs$° as
shown in Figure 1. The size of large EVs ranges from 200 nm to 1 pm in diameter, whereas
small EVs are below 200 nm. Moreover, biochemical composition of EVs can be quite
different depending on their origin, fate and physiological role.® They can carry a variety
of biomolecules, ranging from nucleic acids - for example, DNA and microRNA - to
proteins such as enzymes, signal transduction proteins and biogenesis factors. There are
also surface-bound proteins on EVs, the most well-known being the tetraspanins (CD9,
CD81, and CD63) which are widely expressed and thus very often targeted in bioaffinity
assays. In addition, different types of lipids have also been found on EVs surfaces.?10
Therefore, it is crucial to keep in mind the polydispersity and biochemical heterogeneity
when working with EV samples.

2. EVs as promising biomarkers for cancer applications

EVs are promising biomarkers which could potentially be used for diagnostic
applications to detect diseases at an early stage. Dedicated reviews have been published
on the role of EVs in cancer progression and metastasis; where it is shown that EVs have
a mediating effect on the tumor microenvironment promoting growth and invasiveness.!
Proteins that are already well known to be cancer markers such as Epithelial Cell
Adhesion Molecules (EpCAM), Epidermal Growth Factor Receptor (EGFR) or Human
Epidermal Receptor (HER) are demonstrated in the literature to be expressed on EV
surface.’"13 Moreover, a very recent paper has identified surface proteins enriched in
cancer-derived EVs compared to healthy tissue.'* The use of EVs derived from malignant
cells as potential biomarkers of cancer is also well described in the literature.>1” For
example, Zhao et al.!® have published a detailed and recent review on this specific field
showing the potential clinical application of EV and their role as cancer biomarkers. In
their review, several works are listed on pancreatic cancer comparing their analytical



performances and clinical utility, be it via EV cargo (DNA and miRNA) or surface
biomarkers. Altogether, this strengthens the need for robust and reliable biosensing
methods to detect and isolate EVs from bodily fluids.

3. Current methods for detection and isolation

Although recent papers published in the literature reinforce the central role of EVs in
cellular signaling and their potential clinical use, their isolation and characterization still
suffer from non-standardized experimental protocols. Such practical limitations have
been pointed out during the annual meetings of the International Society on Extracellular
Vesicles and a series of recommendations for the standardization of EV production and
isolation have been proposed.1%20

The current gold standard to purify EVs from cell cultures or bodily fluids is
ultracentrifugation (UC).2%2! The aim is to eliminate larger and denser bodies (cells and
cell debris) by differential centrifugation with a final 100 000 g centrifugation step to
separate EVs. To achieve better specificity, for instance if an EV subtype separation is
needed, additional techniques following UC can be used. For example, Size-Exclusion
Chromatography (SEC) or a sucrose gradient centrifugation can be coupled to UC for an
optimal separation of EVs, especially from proteins aggregates.3?2-2 The purity of the EV
fraction will depend on the application and the experimental question to be addressed. If
the objective is the biochemical characterization of EVs, a highly purified and targeted EV
fraction will be needed. On the other hand, to answer questions where the biochemical
composition of EVs does not matter, high recovery rates and a low degree of specificity
could be sufficient. Besides UC, several other isolation methods are available and some
are listed below:

Density gradients and SEC. Like UC, density gradients and SEC are techniques that
isolate EVs based on their physical properties (density and size). Because of their different
densities, protein aggregates sediment whereas lipid vesicles float. In SEC, large particles
will pass through the gel matrix faster than small particles and therefore will elute first.

Both are non-destructive techniques and provide improved purity and recovery rates
over UC.

Precipitation. Commercial kits based on EV precipitation have been developed such as
ExoQuick™ (System Biosciences), Exo-spin™ (Cell Guidance Systems) and Total
Exosome Isolation (Invitrogen). Synthetic polymer-based precipitation uses additives that
enable EV separation within 30 min which is less time-consuming than most UC
protocols. However, the addition of reagents leads to concerns about the functional
integrity of the recovered vesicles.?>26

Filtration. Many commercially available filtration methods are based on sieving the
sample through a nanoporous membrane. As for precipitation, current protocols are



faster than UC but current standard operating procedures to avoid clogging are not yet
optimized to achieve good yields.

Micro-/nano-based devices. The increase of integrated analysis platforms for EVs based
on microfluidics, surface plasmon resonance, and electrochemistry (among others) is
quite promising. As shown by Ko et al.,?” a number of micro- and nano-technologies have
already been developed to detect and isolate EVs, for example nanopores (TRPS), nano-
holographic imaging or miniaturized nuclear magnetic resonance. More specific to
microfluidic-based approaches, several designs have been developed such as herringbone
grooves,728 circular chambers,?® or Deterministic Lateral Displacement (DLD).3031
Microfluidic processing is a promising method to isolation EVs since they maintain their
native morphology instead of being aggregated or fused by the high mechanical force of
UC. However, most microfluidic chips are coupled with immunoaffinity?® or filtration
techniques3? and do not yet suffice as a stand-alone technology. Specific reviews on this
subject have already been published.3? Such lab-on-a-chip platforms hold the promise of
high sensitivity and high-throughput measurements.

Affinity-based approaches. The most common immunoaffinity-based method relies on
the capture of EVs by antibody-coated magnetic beads. Vesicles displaying a
transmembrane protein of interest will bind to beads and then be isolated by magnetic
forces. The surface markers that are often targeted are the tetraspanin exosomal markers
CD9, CD63, and CDS81. Other affinity-based approaches have been developed using
aptamers and peptides. The main advantage of affinity-based approaches is their
specificity since it allows subpopulations of EVs to be isolated. However, when isolation
from large quantities of biological sample is needed, we will see in this review that
coupling affinity-based approaches to other techniques is essential.

4. Downstream characterization methods

Many microscopy techniques have been applied to the characterization of EVs. Scanning
and Transmission Electron Microscopy (SEM, TEM) allows imaging of EVs?! at the
nanometer resolution. In addition, cryo-TEM preserves the hydration state of biological
samples and provides visual access to the lipid bilayer. Atomic Force Microscopy (AFM)
has also been used to characterize EVs,3* and it allows to scan the sample surface under
physiological conditions. Moreover, it can bring physico-chemical information about the
EV membrane. The most widespread technique to measure size and concentration of EVs
is an optical method based on the scattered intensity of a laser beam : Nanoparticle
Tracking Analysis (NTA). Similarly, flow cytometry is also used to characterize EVs?! by
measuring a fluorescently labeled bead-EV complex. There are also electrical sensing
methods such as Tunable Resistive Pulse Sensing (TRPS) that are very accurate in terms
of size information.?® Suspended Nanochannel Resonators (SNR) have also been used to
characterize EVs,% it is a mechanical technology based on flow-through weighing of
nanoparticles. Evidently, many proteomic studies have been used to characterize the



internal contents of EVs and classify them in databases!02437.38 but this is outside the scope
of our review.

Other reviews have been published on the subject, classifying isolation methods based on
their physical principal (density, size or surface charge for example)3 or their application
in cancer monitoring and diagnostics.?” In this Minireview, our focus is on affinity-based
methods that target the biochemical surface composition of EVs. We will highlight
original methods that target EVs based on their external composition; bringing forward
the contribution of biomolecules in affinity-based methods for the detection and isolation
of EVs. First, we will describe antibody affinity-based methods and group articles by
device type. Second, we will focus on DNA affinity-based methods and finally, we will
discuss emerging peptides probes for EV detection and isolation. This review is based on
a database equation search which gathers recent papers, 80% of which were published in
the last five years. Data was gathered with a Web of Science search using the following
terms in 4 different categories: EVs (e.g. exosomes, microvesicles, extracellular vesicles)
Sensors (e.g. biosensor, aptasensor, lab on chip); Manners (e.g. detection, isolation,
analysis, immunoaffinity, characterization); and Biomolecules (e.g. antibody, DNA
aptamer, oligonucleotide, peptide).
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Figure 1: a) EV's are lipid vesicles that originate from parent cells and are often categorized by their excretion mechanism, whether
they bud from the cell plasma membrane or whether multi-vesicular endosomes fuse with the plasma membrane to release
intraluminal vesicles b) Focus on EV external biochemical composition, listing several of the targeted surface markers described in
this review. Figure inspired from ref. 2.



2. Antibody affinity-based methods

1. Microfluidic devices

The first paper that described EV isolation based on microfluidics was published in 2010.28
Their microfluidic device could isolate EVs from cell culture supernatant or serum
samples without UC processing. The capture process was achieved in a PDMS chip
wherein anti-CD63 antibodies were coated on a silanized surface through avidin and
biotin linkage. Using CD63 tetraspanin as a target membrane protein, a generic detection
and isolation of EVs was achieved. Besides capture, a release approach can be interesting
for downstream functional studies of EVs. Hisey et al.#’ have proposed a microfluidic
device for EV capture from serum samples by targeting EVs with anti-CD9 antibodies and
anti-EpCAM antibodies. EVs were then released using a low pH buffer to decrease
interaction between probe and ligand and subsequently neutralized. Another release
mechanism has been proposed by Qi et al.#! They developed a device for EV isolation
using porous silicon nanowires coated with anti-CD63 antibodies. EVs were released after
8 hours of nanowire dissolving which is nonetheless still longer than isolation of EVs by
UcC.

Limit of detection (LOD) is also an important parameter to be determined in the biosensor
field. The integration of photonic crystal-based biosensors into a microfluidic device,
allowed the distinction of two EV populations (host and parasite) through specificity of
CD63 capture*? with a LOD of 2.18x10° EVs/mL, as shown in Figure 2.
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Figure 2: Schematic principle of host and parasite EV differentiation in an anti-CD63 antibody-coated microfluidic chip coupled to
a photonic crystal biosensor. EV binding signal corresponds to the spectral shift AA,. Reprinted with permission from ref. 42.
Copyright 2018 American Chemical Society.



Reategui et al.'” proposed a microfluidic device functionalized with antibodies directed
against cancer biomarkers to capture tumor-derived EVs. They designed a staggered
herringbone mixing surface to promote the number of interactions between EVs and
antibody-coating through micro-vortices. Their LOD was 1x105 EVs/mL and they also
proposed a recovery of EVs using proteinase K and a base layer dissolution. Shao et al.*3
and Dudani et al.#* functionalized microfluidic devices with anti-CD63, anti-EpCAM and
anti-EGFR. Some of the proteins expressed on EVs were related to their parent-cell origin,
therefore targeting those proteins will make specific diagnosis possible and allow the
fractionation of different EV subpopulations. The two platforms cited above have a final
Polymerase Chain Reaction (PCR) step in the microfluidic chamber to analyze exosomal
RNA. Exosomal RNA contains information of proteins in the process of being synthetized,
reflecting cell state, which may also enable cancer diagnosis. Three papers!”4>4¢ described
a microfluidic device for EV processing from clinical samples. In addition to targeting a
large range of biomarkers (CD9 and CD81 tertraspanins; CD62P, CD41, and CD61 specific
platelet proteins; EGFR, EpCAM, o-IGF1R, an insulin-like growth factor and CA125, a
mucin family glycoprotein to target tumor-derived EVs), they performed different
downstream analyses. He et al.#> identified protein concentrations in EV samples thanks
to fluorescence and intravesicular protein analysis and Reétegui et al.!” characterized EV
RNA from glioblastoma multiforme patients. These technologies are promising to
investigate metastasis and potentially to enable early stage diagnosis of cancer from a few
microliters of blood.

2. Plasmonic devices

Surface Plasmon Resonance (SPR) is an interesting technique in terms of real-time
response and quantitative detection of biological objects. Another advantage of SPR
sensing is the parallel assessment of different probes on the same surface. As described
by Zhu et al.,*” EVs were detected with 6 different antibodies (anti-CD9, anti-CD63, anti-
CD81, anti-CD41b, anti-EpCAM, anti-E-cadherin). Two other similar papers reported SPR
sensing to detect EVs with anti-ICAM-1 (Intercellular Adhesion Molecule 1), anti-CD63
and anti-EGFR-vIIL#84% One showed that they could determine the expression level of
ICAM-1 on EVs with less than 400 pL of sample.8 Qiu et al.** designed a SPR sensor with
titanium nitride instead of gold. Anti-CD63 antibody surface grafting allowed the
immobilization of CD63* EVs showing a LOD improvement of 15% compared to
conventional gold SPR surface. This biosensor was validated with biological samples
using mouse serum targeted by anti-EGFRVIII antibody. Zeng et al.>° developed a
plasmonic interferometer array biochip, i.e. a simplification of the SPR principle. They
targeted EGFR cancer biomarkers on EVs derived from lung cancer cell lines reaching a
LOD of 3.86x10%8 EVs/mL. The main advantage of their platform is the miniaturization
and portability of their device.



Some SPR devices are focused on one single biomarker, as developed by the group of J.
Dostalek.?! To address the problem of diffusion-limited binding kinetics of EVs on the
SPR sensor surface, magnetic nanoparticles (NPs) were grafted to EVs. This enabled pre-
concentration of the sample directly on the sensor surface by using magnetic forces, thus
enhancing the signal by increasing the mass transfer rate5' According to NTA
measurements, results showed that EVs could be detected at a concentration as low as
7.8x107 EVs/mL (value calculated using the Avogadro constant from the given
concentration of 130 fM). This concentration was previously inaccessible using classical
SPR devices or with sandwiched magnetic NP assays. Similarly, Wang et al.>? developed
a SPR sensor with dual NP amplification reaching a LOD of 5x10% EVs/mL.

Another type of device has been developed by Liang et al.,5® a nanoplasmon-enhanced
scattering (nPES) assay. By functionalizing a microarray with anti-CD81 antibodies, EVs
were captured and then detected thanks to anti-CD63 and anti-CD9 antibodies coupled
to gold nanospheres and gold nanorods, as shown in Figure 3. This combination produced
a local plasmon effect that enhanced the sensitivity and specificity of EV detection. This
technique was demonstrated on pancreatic cancer-derived EVs and it outperformed
ELISA, requiring only 1 pL of biological sample and 5 hours of analysis time, making this
device a promising diagnostic tool.
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Figure 3: Capture and detection of EV's inside a nanoplasmon-enhaced scattering (nPES) array using antibodies targeted towards
the three tetraspanins. Signal is enhanced when both CD63 and CD9 are present on EVs (yellow signal). Scale bars: main images,
2 um; magnified images, 100 nm. Reprinted with permission from ref. 53. In the processing of asking for Copyright approval 2017
Springer Nature.



3. Other optical devices

Flow cytometry. Flow cytometry was originally designed to provide multiplexed analysis
of cells based on their physical properties and their surface composition. Some EVs are
too small to be detected by flow cytometry therefore an adaptation of the technique, based
on antibody-coated beads, has been developed.?1-225455 Koliha et al.>® described an original
multiplex bead-based flow cytometry platform for the analysis of different
subpopulations of EVs. Beads covered with up to 39 capture antibodies were used to form
a bead-EVs complex making flow cytometry analysis possible. The combination of
capture antibodies and fluorescently labelled detection antibodies allowed EV profiling
of both of the targeted surface markers. Depending on EV’s origin, natural killer cell or
platelet, different tetraspanin compositions were characterized.

Raman spectroscopy. Raman spectroscopy is commonly used to provide a structural
fingerprint of analyte molecules. This method has been adapted by Carney et al.5” in order
to distinguish EV subpopulations. They developed a platform to simultaneously optically
trap single EVs and perform Raman spectra measurements. Using FITC-conjugated anti-
CD9 antibodies they isolated CD9* EVs from other EVs present in solution. They
quantified biomolecular composition variance among subgroups reporting CD9* EV
subset to have less chemical heterogeneity and reduced component concentration
compared to bulk vesicle population. Going further into the capture and analysis of EVs,
Beekman et al.® developed a multi-modal analysis platform for SEM, Raman
Spectroscopy and AFM measurement on the same chip at the individual EV level.
Capture was done in a microfluidic chip using an anti-EpCAM coated surface, then
retained EVs were fixed and dehydrated prior to downstream analyses. Combination of
these three techniques revealed size distribution and chemical fingerprint of tumor-
derived EVs with good correlation. A characteristic lipid-protein band was found for
Raman measurements and the size range given by AFM was 54 to 3840 nm, revealing an
important sample heterogeneity, which is one of the major challenges to be addressed in
EV analysis. Another optical biosensor combining immunoaffinity and surface-enhanced
Raman scattering was developed by the team of Bang-Ce Ye.5° They first captured EVs
with anti-CD9 magnetic beads then, incubated the sample solution with nanoprobes that
could bind the lipid membrane of EVs thanks to a cholesterol anchor and finally, collected
Raman spectra. The LOD of the biosensor was 2.7x10* EVs/mL which is among the lowest
reported LODs. Moreover, this method was tested on human serum samples and
resulting EV concentrations were comparable to the ones obtained via the TRPS
technique. Raman Spectroscopy appears like a promising method to precisely analyze EV
composition and address heterogeneity by measuring EVs one by one. However, Raman
spectroscopy is quite time-consuming to perform at a high-throughput scale.

Interferometric Reflectance Imaging Sensor. Another optical sensing device which looks
promising in terms of on-chip isolation and characterization has been developed.® Single-
Particle Interferometric Reflectance Imaging Sensor address nano-objects, such as
antibodies and EVs, and as these objects layer up in the chip the contrast signal is



enhanced. Direct counting and sizing as well as multiplexed phenotyping of different
populations of small EVs has been shown using antibodies against the tetraspanins and
CD171. Further comparative studies of this technique against NTA and
immunoproteomic analyses would be interesting to show the potential ability versus
conventional nanoparticle analysis methods.

4. Electrochemical devices

Electrochemistry is a mature technique in the biosensor field, it was described for the first
time in 1962 by Clark and Lyons for glucose detection.®! It has been recently applied to
the detection of EVs with generic EV capture antibodies CD9 and CD63.92 EV's from serum
were sorted by magnetic beads functionalized with anti-CD9 or anti-CD63 antibodies.
EVs were then sandwiched between these magnetic beads and quantum dots with specific
cancer antibodies (anti-FAM134B, a reticulophagy regulator protein expressed in SW48
colon cancer cell lines and anti-HER?2 for breast cancer). The molecular structure was then
dissolved by HNO; so as to perform voltammetric quantification of Cd?* ions. The
combination of generic antibodies and cancer specific antibodies is an interesting method
to reveal only cancer EVs. EV concentration was detected as low as 1x10°> EVs/mL, which
is convenient for diluted blood sample applications. However, the indirect analysis of EVs
through Cd?* ions could be a drawback. In addition, the dissolution of EV complex is
irreversible and prevents from making other downstream analyses on the same sample.
One of the most sensitive EV detection over all biomolecule affinity-based methods was
reported by Kilic et al.®* An electrochemical impedance spectroscopy biosensor was
functionalized with thiol self-assembled monolayer then, neutravidin and finally
biotinylated anti-CD81. This microarray surface allowed the capture of hypoxia-induced
EVs from MCF-7 cancer cell lines. Compared to classical ELISA detection of EVs (LOD =
2.84x10™ EVs/mL), this electrochemical device enabled a LOD of 77 EVs/mL, which
make this method a reference for the lowest LOD detected in affinity-based biosensors for
EVs. Another electrochemical sensor has been developed by Doldan et al.® They
reproduced the classical ELISA architecture with a secondary antibody directed against
the sandwiched EVs. This secondary antibody is coupled to horseradish peroxidase
enzyme to detect the electrochemical reduction of the substrate. With this biosensor, they
reached a LOD of 2x10> EVs/mL.

Compromise needs to be done in terms of sensitivity in order to access different types of
information. Cavallaro et al.®> developed an electrokinetic biosensor for the detection of
EVs with a relatively high LOD (2.8x108 EVs/mL) but with an interesting kinetical aspect.
A capillary was functionalized with antibodies using the silane/glutaraldehyde strategy
and the changes in streaming current (Als) were monitored as the sample flowed through,
as shown in Figure 4. This technique allowed for real-time profiling of EV surface
markers. Measurements revealed that the method was able to detect modifications in
expression levels of membrane proteins (CD63 and EGFR).
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Figure 4: Immunocapture of EV's in a functionalized capillary for electrokinetic biosensing. The change in streaming current (Al)
is proportional to EV binding. Reprinted with permission from ref. 65. Copyright 2019 American Chemical Society.

5. Conclusion

In this section dedicated to antibody affinity-based methods for EV isolation and
detection, tetraspanins are prominent and the most targeted proteins on EV membranes.
This is further confirmed by the paper of Z. Andreu and M. Yafiez-M6% where they
describe the role of proteins from the tetraspanin family from biogenesis to function. In
all the biosensors described above, anti-CD63 is the most used antibody and therefore a
generic biomarker for EV detection. Compared to non-specific detection methods,
antibodies allowed the targeting of EVs and the sorting into subpopulations. Lateral Flow
Assays - also known as immunochromatographic assays - are promising tools for low-
cost and rapid detection of EVs where revelation is visible to the naked-eye. Oliveira-
Rodriguez et al.” developed a lateral flow assay for EV detection using anti-CD9 and anti-
CD81 as capture antibodies. These simple biosensors are interesting for commercial
purpose and point-of-care applications if sensitivity can be improved. It is also relevant
to use specific antibodies to detect and isolate EVs linked to certain diseases, for example
anti-EpCAM and anti-HER2 for tumor-derived EVs. Handling proteins can be
challenging due to stability issues, thus casting doubt on the potential of the long-term
commercial development of antibody-based biosensing applications. Despite this,
antibodies remain so far the gold standard in terms of diversity to target EVs.

11



3. DNA affinity-based methods

As an alternative to antibodies, sensors using other biomolecules are emerging. DNA
aptamers are single-stranded oligonucleotide sequences whose three-dimensional
structure gives the molecule a conformation which allows it to bind to a specific target.
These sequences are identified from oligonucleotide banks that may contain up to 10
different sequences by an in vitro combinatorial selection method: SELEX (Systematic
Evolution of Ligands by EXponentiel enrichment).%%% It is on the basis of target-probe
recognition that the aptamers’ sequences are characterized. DNA aptamers, mimicking
antibody affinity, are currently being developed and are considered to be promising
alternatives to antibody ligands. The key advantages of these molecules are: unparalleled
ease of production, very high stability in air, similar affinity constants to antibodies, and
compatibility with many organic solvents.

By analogy with antibodies, one should address anti-CD63 aptamer when dealing with a
DNA aptamer specific to the CD63 transmembrane protein. However, as done in the
literature, from this point on we will simplify the writing to CD63 aptamer.

1. DNA Aptamer

Electrochemical aptasensors. In 2016, Revzin's group”® was the first - to the best of our
knowledge - to develop a biosensor based on DNA aptamer for the detection of EVs. This
electrochemical aptasensor was composed of micropatterned gold electrode arrays
inserted into a microfluidic flow chamber. First, CD63 aptamers were immobilized on the
gold surface thanks to thiol moieties. Then, a complementary probe, coupled to a redox
group, was hybridized with CD63 aptamer, resulting in an electrochemical signal. EVs
were injected in the fluidic chamber where they interacted with the aptamers, triggering
the release of the probe and a decrease of the electrochemical signal. In such a
configuration, the electrochemical signal change was directly related to the analyte
concentration reaching a LOD of 1x10°® EVs/mL. Another biosensor based on
electrogenerated chemiluminescence was developed by combining 2D nanosheets with
CD63 and EpCAM aptamers.”! The excellent conductivity and catalytic properties of 2D
materials is indeed an asset for an electrochemical device enabling here a relatively low
LOD (1.25x10° EVs/mL), but the assembly process seems quite complex to set up.

Colorimetric aptasensors. Xia et al.”? functionalized single-walled carbon nanotubes with
CD63 aptamer to design a biosensor for EV detection where detection is visible to the
naked-eye. The CD63 aptamer was absorbed onto the carbon nanotubes’ surface via non-
covalent interactions. In the presence of EVs, the aptamer could then bind to CD63 and
undergo a structural change. Carbon nanotubes then returned to their initial state and the
catalytic degradation of H>O> decreased, inducing a color change of the solution that
could be observed either by naked eye observation or UV-vis spectrometer as shown in
Figure 5. By developing this type of biosensor, they constructed the first label-free
aptasensor for EV detection. Using aptamers instead of antibodies improved the stability
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and the sensitivity of the system and decreased production costs. The amplification
process enabled by horseradish peroxidase enzyme achieved a LOD of 5x108 EVs/mL.
The signal-off (blue color when there are no EVs) and the signal-on(transparent solution)
strategy visible to the naked-eye is promising for point-of-care applications. However,
NPs are potentially a biohazard and not yet fully approved for handling outside a
laboratory environment.
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Figure 5: Aptamer functionalized carbon nanotubes for biosensing of EVs. The color change of the solution can be observed by the
naked-eye. Reprint from ref. 72, in the processing of asking for Copyright approval 2017 Elsevier.

Fluorescence-based aptasensors. Zhang et al.”3 described a method based on polarized
excitation light using dye-labeled CD63 aptamer. The fluorescence variation of the dye-
labeled aptamer is proportional to EV concentration in the sample. EV concentrations
calculated by this method agree with concentrations obtained with NTA measurements,
which are regarded as the gold standard. Moreover, this method was validated on human
plasma and it is quite easy to perform as it only needs 1 uL of sample and only 30 min to
determine the concentration. However, the aptamer specificity was not assessed, for
instance, by using another DNA oligonucleotide sequence. This method is promising but
should be verified with an unspecific DNA oligonucleotide to check the aptamer
specificity. Another very recent paper’* demonstrated a very sensitive detection of EVs
with the CD63 aptamer using photonic crystals. They reported the use of a very low
amount of sample (20 uL) and a LOD of 8.9x103 EVs/mL.
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Given the lack of low cost methods to detect and quantify EVs, a paper-based aptasensor
was designed.”> A CD63 aptamer was split into 2 different strands which formed a
binding pocket in the presence of the specific target. The first CD63 aptamer fragment was
grafted onto the functionalized paper thanks to the aldehyde groups of cellulose. When
EVs were added to the paper sensor along with the second CD63 aptamer fragment
(hybridized with gold NPs), the distance between the paper and the gold NPs was
reduced, resulting in luminescence quenching. This technology is sensitive (LOD of
1.1x10¢ EVs/mL) for EV detection, portable and low-cost. However, this self-quenched
luminescence might be complicated to observe in the presence of a complex biological
sample such as blood.

Using the generic CD63 aptamer, fluorescence resonance energy transfer method based
on 2D nanosheets was developed.”® EVs were detected using 1000 times lower amount
compared to the conventional ELISA method. To address diagnosis purpose, PSMA
(prostate specific membrane antigen) and PTK-7 (tyrosine-protein kinase-like 7) aptamers
were added to the biosensor and different cell lines were also investigated. Chemical
development of a near-infrared polyelectrolyte has been made by Lyu et al.”” Using
quencher-tagged aptamers targeted towards four EV proteins (CD63, EpCAM, HER?2,
MUC1, a carcinoma biomarker over-expressed on MCEF-7 EVs) they were able to
distinguish between benign and cancer-cell-secreted EVs. Such a platform enables an
orthogonal analysis of multiple EV samples. Moreover, this device is the first optical
biosensor to work without real-time light excitation for EV detection.

Differentiation of EV’s origin (from cancerous or non-cancerous cells), was achieved by
Zhang et al.” They designed a self-quenched fluorescence aptasensor based on MUCLI. In
the presence of tumoral EVs, the dye-labeled aptamer emits fluorescence whereas it is
quenched in the absence of EVs. However, there is a major drawback related to non-
specific responses due to free proteins in serum having a similar size to EVs. Indeed, non-
specific interactions of biomolecules with biosensors is a critical issue when working with
samples as complex as blood. Two very similar papers have been published in 2018
showing promising clinical applications.”® On one side, Wang et al.,”” demonstrated
enzyme-aided fluorescence amplification based on graphene-oxide-DNA aptamer
interactions for EV detection. The platform consisted of labeled CD63 and EpCAM
aptamers adsorbed onto graphene oxide. In the presence of EVs, aptamers were released
from the graphene oxide and would bind to EVs releasing a fluorescence signal. They
validated their technology with cancerous EVs from clinical serum sample. The
advantage of this biosensor is its simplicity of use and time-efficiency (only 30 min to
isolate EVs from serum sample). However, even using DNase I enzyme amplification, the
LOD is 2x107 EVs/mL, while Jin et al.,8 with the same amplification enzyme, accessed
100-fold lower LOD (1.6x105 EVs/mL). Playing with seven different aptamers (targeting
the following proteins: CD63, EpCAM, PTK-7, PSMA, PDGF, CEA: CarcinoEmbryonic
Antigen, and AFP: a-fetoprotein) and five different cell lines, this simple platform showed
protein proofing of cancerous EVs. Additionally, this device was validated on blood
samples of prostate cancer patients, making it a powerful diagnostic device.
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Nanoparticles functionalized with aptamers. Yu et al8! used magnetic NPs
functionalized with CD63 aptamers and hybridized with labelled complementary
sequences. In the presence of EVs, the complementary sequences were released and a
fluorescence signal proportional to EV concentration was recorded. Another interesting
property of the CD63 aptamer, revealed after the authors investigated three different
complementary sequences, is that the binding site of CD63 on the aptamer may be near
to the 5" end. Although relatively simple to implement, this methods suffers from low
sensitivity with a LOD of 1x10° EVs/mL. Alternative NP detection methods have been
developed to amplify the signal and improve the LOD. After developing a 2-step method
with oligonucleotide and anti-CD9 antibody for direct EV quantification,? Bang-Ce Ye’s
team proposed a quite similar detection method that also included isolation.#3 Combining
magnetic beads with cholesterol anchors, EVs were trapped and sandwiched in between
these magnetic beads and CD63 aptamer-decorated copper NPs. This complex was
formed depending on targeted EV concentration in the sample. Then, NPs were dissolved
in HNOs and copper formed a complex with ascorbate. The resulting fluorescence signal
was an indirect titration of EV concentration. The total processing time was 2 hours with
a LOD of 4.8x107 particles/mL.8 Similarly, an amplification process with
electrochemistry was performed with a ruthenium complex to monitor EV concentration.
One advantage of this technique is the dual amplification of the signal thanks to the
release of multiple DNA strands and the exonuclease recycling process. This
amplification strategy permitted a lower LOD as low as 7x10* EVs/mL,84 which is - to our
knowledge - the lowest LOD reported so far using NPs and aptamers.

Because EVs express different biomarkers on their surface, some which are specific to sub-
populations of EVs, Jiang et al.®5 reported a multiplexed sensor platform for profiling
exosomal surface proteins. They functionalized gold NPs using a panel of EV-binding
aptamers. Several links occurred between EV surface proteins and their corresponding
aptamers resulting in aggregation of the NPs. Thus, a color change from red to blue is the
signature of this aggregation. At the same time, the secondary signal, i.e. the absorbance
ratio (Aeso/ As2) is related to the number of target proteins present on the EVs surface.
This biosensor has been validated on EVs derived from different cell lines. The advantage
of such a method is the acquisition of an exosomal protein profile that is a function of
cancer type and related to parent cells. This technology could add to the knowledge base
of EV surface protein specificity according to the cancer type, its development stage and
therapy strategies.

Combining both isolation and detection within the same protocol is quite a technical
challenge. Three papers using NPs reported very promising ways to isolate and detect
EVs. Wang et al.8 combined magnetic beads, gold NPs functionalized by CD63 aptamers,
and a Raman reporter molecule. They functionalized gold NPs with aptamers targeting
three different proteins (PSMA, CEA, and HER2). A complex was formed between gold
NPs, EVs and magnetic beads. The complex was then isolated using a magnet and then
detected using Surface-Enhanced Raman Spectroscopy. In a single-step, single-solution
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process, they screened different EV species and achieved promising results for
applications in cancer diagnosis.

Anion-exchange isolation method is a well-known method in chemistry. Chen et al.?”
applied this method to isolate EVs. Anion-exchange magnetic beads decorated with
EpCAM aptamer were incubated in plasma and cell-culture media. The negatively
charged phosphatidylserine present on EV membranes allows to form a complex with the
anion-exchange magnetic beads. They reached a LOD of 3.58x10° EVs/mL. Zhang et al.38
developed a very promising strategy based on magnetic beads coupled to aptamers for
EV isolation and release. Generic CD63 aptamers were grafted onto magnetic beads
allowing the capture of EVs. To release EVs in a non-destructive manner, a
complementary sequence of DNA aptamer was added, as shown in Figure 6. In addition,
they assayed biomarker expression levels in different plasma samples using different
targeting aptamers, allowing a preliminary diagnostic step immediately after isolation.
Compared to CD63 expression, MUC1 expression was significantly higher in the case of
cancer patients.

. 1

' |

Lew
~
.

V2o JI

Magnetic Isolation

Addition of
complementary sequence
to release EVs

’ 1
' 1
Lew
- ~
~
.
Voo

Non-destructive Release

AN EVs V‘ Biotin labelled anti-CD63 aptamer
Y

# Streptavidin Complementary sequence

Figure 6: Capture and release of EV's using magnetic beads coupled to CD63 aptamers. Thanks to a complementary sequence, EVs
can be release in a non-destructive manner. Reprinted with permission from ref. 88. Copyright 2019 American Chemical Society.
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2. Combining DNA hybridization probes with aptamers

Two interesting papers described the combination of DNA oligonucleotide strands with
aptamers for EV detection and isolation. Gao et al.®® take the advantage of DNA
amplification to enable their method. The capture of UC-isolated EVs is carried out with
CD63 aptamers hybridized with a DNA probe and grafted onto magnetic beads. After
binding EVs with CD63 aptamer, they chose to amplify the released complementary DNA
aptamer sequence using a catalytic hairpin DNA cascade reaction. This process lead to
the formation of a gold NP-dendrimer complex with a second fluorescence signal
amplification. This dual amplification strategy is an original method which achieved a
LOD as low as 1.16x10° EVs/mL. It also provides a platform for EV quantification with a
DNA-mediated signal amplification. However, this technique depends on EV isolation by
UC. On the other hand, a microfluidic device was described by Liu et al.”?® which could
both isolate and detect EV subpopulation from a cell-originating EVs mixture. This
technique used A-DNA as a viscoelastic mediator to allow deviation and sorting of EVs
by size (from to 20 nm to 1 pm). HER2 and EpCAM aptamers were pre-incubated with
EVs in order to label them specifically before the sorting step. Labeled EVs were injected
into the microfluidic system in association with A-DNA. Long viscoelastic A-DNA
molecules have a linear trajectory along the fluidic chamber while smaller vesicles are
directed towards the edges of the chamber, as shown in Figure 7. After the sorting device,
different populations of EVs and related biomarkers (targeted by aptamers) are
distinguished via fluorescence. Using biomarker expression, differentiation between
small and large EVs may be used as a method of cancer diagnosis. As demonstrated by
these two articles, combining DNA oligonucleotides with aptamers for detection and
isolation of EVs is a promising way to separate EV sub-populations.
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Figure 7: Aptamer-based analysis and A-DNA microfluidic sorting of different EV populations, such as exosomes (EXOs, red),
microvesicles (M Vs, green), and apoptotic bodies (ABs, blue) in TBE buffer. Fe, F; and F, are different forces exerted on the vesicles
inside the microfluidic device, all those forces are proportional to a which is the size of the vesicle. Scale bar is 5 pm. Reprinted with
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Schematic of A-DNA-mediated sorting of EV subpopula- tions and aptamer based analysis of individual EVs. (a) Labeling of
cell-originating EVs including exosomes (EXOs, red), microvesicles (MVs, green), and apoptotic bodies (ABs, blue) with
fluorescent HER2 and EpCAM aptamers. (b) Size-selective separation of EV subpopulations by A-DNA mediated
viscoelastic microfluidics. Fluorescence microscopy images showed HER2 (red) and EpCAM (green) expression of isolated
individual EVs. Scale bar, 5 um.

3. Dual method Antibody-DNA

In some devices, a dual method including two different biomolecule types - antibodies or
peptides with DNA oligonucleotides - were used to amplify the biosensor signal. Tian et
al.%! developed a digital detection method using an anchor molecule linked to a DNA
oligonucleotide. EVs were detected using a rapid isothermal nucleic acid assay similar to
digital PCR. Their technique was validated on cancer cell line-derived EVs using a DNA-
conjugated anti-glypican-1 (GPC-1) antibody. This strategy is particularly interesting to
analyze EV samples, first on a large scale and then to detect specific cancer EVs. He et al.
92 developed a method that can directly visualize and quantify EVs at the single vesicle
level. EVs were sandwiched between anti-CD63 antibodies and aptamers targeted
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towards PTK-7. This technique could distinguish between tumor and control subjects
using only 1 pL of plasma. A detection system using proximity ligation assay was
proposed by Liu et al.” to detect two other cancer biomarkers, EGFR and LMP1 (Epstein-
Barr virus latent membrane protein 1). They imagined a system targeting these
biomarkers using two antibodies respectively conjugated to DNA oligonucleotides. In the
presence of the corresponding biomarker, the antibodies recognized EVs and the two
neighboring DNA strands hybridized. A DNA amplification signal was performed by
recombinase polymerase amplification, coupled with transcription-mediated
amplification. This amplification system produced RNA fragments which were directly
in proportion to biomarker concentration. The proximity required for ligation of DNA
sequences, along with the amplification, enhanced the specificity of this method. In
addition, the colorimetric detection of EV biomarkers was done in a short time (2.5 hours)
thus opening promising avenues for the development of this strategy in point-of-care
applications. This method has been applied to clinical samples showing that early-stage
cancer patients can be diagnosed from plasma samples. The successive binding of EVs by
antibody and DNA oligonucleotide is a strategy also employed by Huang et al.% EVs
were captured through two successive biomolecules: first by anti-CD63 antibody
magnetic beads and then by nucleolin recognition aptamer (AS1411) combined with a
rolling circle amplification oligonucleotide primer. After DNA primer elongation, gold
NPs coupled to complementary DNA sequences (labeled with fluorescein dye)
hybridized with the aptamer containing the DNA primer extension. Labeled DNA
molecules were released from gold NPs by exonuclease activity, significantly increasing
the fluorescence signal. The advantage of this technique is the high sensitivity and
specificity of EV’s response. These dual-signal amplification strategies allowed to achieve
LODs as low as 1x102 EVs/mL% and 1x10° EVs/mL.%

4. Conclusion

Many sequences of DNA aptamers have been described in the literature but only a few
have been reported for EV capture by targeting the following proteins: CD63, EpCAM,
PDGE-p receptor and nucleolin. To summarize, there is one generic EV aptamer and three
cancer-specific EV aptamers. Since tetraspanins are common surface markers for EVs, it
would be interesting to isolate CD81 and CD9 aptamers by the SELEX method. To address
this challenge, Hong et al.% developed a multifunctional screening platform for aptamer
selection in a microfluidic manner. The method has the advantage of both to decreasing
the rate of non-specific folding, and also permitting simultaneous negative and positive
selection of biological target analytes. Wang et al.? developed an aptasensor with
expanded nucleotides®” for the detection of EVs. Moreover, they used DNA origami to
nanostructure and orient the immobilization of aptamers which improved the
accessibility of the sensors surface. Finally, new types of profiling tools based on DNA are
currently being developed as adaptive dynamic artificial poly-ligand targeting which is a
next generation approach in systems biology.”® This paper shows the importance of the
development of aptamer-based methods to detect different EV subpopulations. Targeting
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these complex biological vesicles with aptamers, that are more chemically stable and
easier to handle, is thus highly promising for point-of-care applications.

4. Peptide affinity-based methods

As discussed previously, immunoassays are interesting due to the very large range of
biomolecules that can be targeted. However, working with proteins is labor intensive
since they are complex to modify and the obligation to manipulate them in aqueous
buffers can be limiting for certain types of applications. Similarly to DNA aptamers, short
protein fragments or peptides, are an emerging class of biomolecules. Engineering of
peptides is an alternative way to target biological objects with easily tunable functional
groups.

1. Emerging peptide probes dedicated to EVs

Today, biomolecule chemical synthesis - such as peptide synthesis - is becoming more
and more rapid, efficient and low-cost.” Peptides are interesting synthetic ligands for the
development of new specific probes for EV isolation and detection. However, so far very
few papers have been published so far on biosensors with EV-binding peptides. The
challenge of designing efficient peptides for EVs is discussed by Tamura and Yin in their
book chapter.1% EVs display universal protein markers: tetraspanins, Ras superfamily
GTPase proteins and Heat Shock Proteins (HSP). In addition, lipids that compose the
membranes of EVs are also interesting targets for peptide probe design. Based on the fact
that EV lipids are enriched with phosphatidylserine,'%! Yin's research group, developed
three peptides based on characteristic membrane proteins displayed on EVs.1%0 A first
peptide probe, based on the intracellular membrane protein Myristoylated Alanine-Rich
C-Kinase Substrate (MARCKS), has been developed by Yin's research group.!? This
synthetic peptide called MARCKS-ED selectively binds phosphatidylserine on EV lipid
membranes. Thanks to the numerous phenylalanine residues present in the peptide, the
insertion is deeper into the membrane when phosphatidylserine is present at high
concentrations. A second peptide probe is described by the same group.!® This cyclic
peptide called C2BL3C derived from Synaptotagmin-I, a component of the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor complex. They
demonstrated that C2BL3C peptide specifically binds to nanosized lipid vesicles such as
EVs. The third peptide probe developed by the same team!% is the bradykinin trimer
peptide with an increased binding affinity to phosphatidylserine-enriched lipid
membranes compared to MARCKS-ED and C2BL3C probes. They labelled the peptide
probes with a fluorophore and were able to detect the strong binding of C2BL3C with
EVs. The binding is specific to high-curvature lipid membranes, up to 100 nm diameter
vesicle, making this probe very specific to small EVs. For these three described peptides,

20



EV working concentrations of about 108 EVs/mL were determined by NTA. Nevertheless,
no LOD was determined for any of these three peptides. Finally, none of these peptides
were integrated into a biosensing device, even though their specificity for EVs is
undeniable.

2. Methods of EV isolation and detection using peptide probes

In the past three years, new peptide sequences have been designed and applied to EV
detection and isolation. Different EV membrane proteins were targeted with three new
peptide probes: HSP proteins with Venceremin (Vn) peptides, EpCAM with Ep114
peptide and integrins using LXY30 peptides. Lipids constituting EV membranes were also
targeted using the cell-penetrating PenArg peptide. Sensing methods have been
developed using these new peptide probes, either for isolation or detection. As discussed
in the introduction, the most often employed isolation method is UC. However, taking
into account the disadvantages of this process, peptide affinity-based methods appear
more interesting in terms of purity rate. Ouelette and his team developed the Vn class of
peptides that specifically recognizes EVs containing HSP protein.’% This was the first
proof of principle of EV isolation using the Vn96 synthetic peptide. Cell culture media
containing EVs was incubated in the presence of Vn96 peptide for 15 min, the sample was
centrifuged, and then EVs-Vn96 peptide complexes were precipitated, without the
requirement of any UC process. By targeting HSPs, Vn96 permits the aggregation of EVs
facilitating the formation of an EV pellet. Comparison between Vn96-isolated EVs and
ultracentrifuged EVs was carried out using NTA, TEM, AFM, and biochemical analysis.
The peptide isolation method gave similar results to the conventional UC, confirming the
ability of Vn96 to act as an efficient ligand. This method appears to be easily reproducible
in bio-chemistry laboratories as it requires only a centrifuge. We note that another team
used a similar strategy employing Vn96 peptides and analyzed proteins constituents of
EVs using mass spectrometry. They demonstrated that for peptide-assisted EV isolation,
30 times less sample volume was required to assess the same spectrometry results!%. One
year later, the group of Jimenez demonstrated once again the potential of Vn96 peptides
for EV isolation.l?”” Proteomic analysis of urinary EVs isolated by Vn96 peptide-based
capture was comparable to EVs isolated by UC, confirming that Vn96 peptide isolation is
suitable for clinical samples as well as for high-throughput analysis. Vn96 peptide
isolation is now employed to perform proteome profiling of EVs,1% making it a promising
routine isolation method for large-scale diagnosis.

Considering now the peptide affinity-based detection methods, Bally’s team developed
a nanofluidic device for single EV analysis.'® This device consists of hundreds of
nanochannels buried into a silicon wafer. A dye-labelled cell-penetrating peptide
(PenArg peptide'l?) targeting EV membranes enabled the quantification of EVs by
fluorescence. As for previously described peptide-targeted lipids,10>1% specificity
becomes higher with highly curved vesicles, i.e. less than 100 nm in diameter. This
interesting characteristic allowed the quantification of vesicles with a sensitivity of 10°
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EVs/mL (value calculated using the Avogadro constant from the given femtomolar
concentrations) similar to standard NTA analysis. Another device proposed the detection
of EpCAM* subpopulation of EVs. The peptide Ep114 is a peptide ligand which targets
the EpCAM protein, that is particularly interesting for cancer diagnosis. Yoshida et al.!!
developed a strategy of polymer beads coupled to Ep114 to capture EpCAM* EVs. A
copolymer, mimicking the membrane, is synthetized and Ep114-FITC is grafted via click
chemistry. This complex molecule is coated onto either silica beads for fluorescence
application or onto polystyrene beads for AFM measurements. Combination of
fluorescence and AFM signals of EpCAM* EVs confirmed the strong binding affinity of
Ep114 peptides with EpCAM expressing vesicles. These two techniques, microfluidic and
optical, allowed the detection of different subpopulations of EVs captured with specific
peptides. Nonetheless, more precise analysis could be performed using Raman
spectroscopy. Lee et al.!2 developed a surface-enhanced Raman Spectroscopy method for
the analysis of EVs derived from cancer cells. NPs functionalized with integrin-specific
peptide ligand (LXY30), which mediates cellular adhesion, preferentially bound cancer
cell EVs, since this integrin is overexpressed in cancer cells lines. Raman peaks
corresponding to captured EVs have specific signals characteristic of cancer disease states.
However, for non-cancerous EVs, no Raman signal was observed. The specificity of
LXY30 peptide avoided sandwich-type immuncomplex for Raman-based detection of
EVs. Moreover, by targeting integrins, this method showed promising results for
potential early stage cancer diagnosis.

3. Conclusion

As already discussed by Tamura and Yin,'® the need to find new peptide probes for EVs
- targeting for instance protein domains regulating membrane curvature - might help
biosensor scientists to develop new peptide forms for the isolation and detection of EVs.
The development of an EV target library might be a useful knowledge base to enhance
the research of new specific probes either for isolation or detection. However, very few
papers in this section mention a LOD or used a clinical sample to validate their methods.
This fact shows that only proof of concepts were reported. Testing these promising
peptide probes with complex samples such as plasma is the new priority to determine
LODs.

5. Conclusion and Perspectives

By gathering state-of-the-art publications focused on EV membrane-bound molecular
motifs, this Minireview has summarized the recent findings in the field. As demonstrated
throughout this review, a variety of EV-targeting ligands are used: antibodies, DNA
aptamers, and peptides. However, the difficulty of establishing new probes to target EVs
with high specificity appears to be a major challenge. Concerning DNA aptamers, SELEX
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may give access to DNA aptamers specific to any targeted protein, although this
technique remains labor intensive and requires rigorous controls'’3. Facing these
drawbacks, alternative methods are emerging. Cell-SELEX has been developed to directly
target desired transmembrane proteins in living cells.'’ The main advantage of this
technique is the selection of DNA aptamers specific to membrane proteins in their native
conformation. The number of cycles required still necessitates several days. Dealing with
this challenge, non-SELEX aptamer selection has been developed to obtain new probes in
one working day.!? In parallel, the engineering of a novel class of proteins based on
single-domain antibody fragments (nanobodies) also offers promising novel probes in the
coming years. Their specificity is equal to the antibody’s in addition to be being smaller
in size, more chemically stable, and therefore easier to handle.1’® The numerous detection
and isolation methods shown in this review demonstrate that technology is up to the
challenge of biosensing of EVs. However, commercial biosensors need to be portable, low-
cost and easy to use. Miniaturization of such devices will be a major technological
challenge in this research field.1'” The exponential growth in the number of publications
on biosensing of EVs since 2010 demonstrates that EVs have a significant potential as
biomarkers for disease diagnosis. This potential is further reinforced by the availability of
EVs in many biological fluids such as blood and urine.

Analyses of single EVs has also been demonstrated!'®1? revealing variation in EV
profiling that could not be accessed before given the inherent limits of heterogeneous
samples assays. Moreover, a recent study has applied the field of single-cell studies to
EVs,120 thus opening a new window into single-cell secretion analysis. At the same time,
accessing both information contained on the EV surface and inside EVs in the same
biosensor is challenging to implement and only very few devices have been
reported.?84345121 While it is precisely this type of biosensors that physicians and clinicians
need in medical institutions to establish diagnosis from blood or urine samples. Although
juggling samples as complex as blood can be difficult, cell-depleted urine seems to be an
attractive alternative, both of which will likely provide avenues for interesting research
in the years to come.
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