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Extracellular vesicles (EVs) are lipid-binding vesicles secreted by cells into the extracellular space. The
technologies and tools that have been used to purify exosomes from blood and other biofluids have evolved
greatly, and this evolution has been driven by the need to accurately assess their biological function, but also and

most importantly to decipher their molecular content, with a particular focus on tumor exosome biomarkers

Extracellular Vesicles Exosomes Circulating Biomarkers Isolation Technigues

| 1. Ultracentrifugation-Based Isolation

Exosome isolation by means of ultracentrifugation is still the most widely used approach and is considered the gold
standard for sedimentation of exosomes 2, To date, it is estimated that ultracentrifugation accounts for ~56% of
all exosome isolation techniques, as it is demonstrated to provide high-purity exosome fractions from biofluids &I,
Currently, two protocols for ultracentrifugation-based exosome isolations are used, including either differential

ultracentrifugation or density gradient ultracentrifugation 41,

Differential ultracentrifugation: consists of a series of sequential centrifugation cycles at different centrifugal forces
and durations 4. The initial preparation of biofluids typically starts with several short, low-speed centrifugation
steps (i.e., 2000x g for 10 min followed by 10,000 x g for 30 min @) that are necessary for the removal of
contaminating cellular debris and larger microvesicles 2. Next, a first round of ultracentrifugation is carried out at
~100,000x% g for 90 min to generate an exosome pellet, which is washed with an appropriate isotonic buffer such as
phosphate buffered saline (PBS) to remove protein and other soluble molecules. Subsequently, a second
ultracentrifugation round (i.e., at ~100,000x% g for 90 min) is performed to obtain the final exosome pellet, which is
generally re-suspended in PBS and stored at —80 °C to await downstream analyses. Studies have also shown that
exosomes purified by ultracentrifugation can be stably stored at 4 °C, where they maintain their intactness and

retain their function for up to 20 months 8!,

Density-gradient ultracentrifugation: (standard or isopycnic) has recently gained popularity because studies have
shown that it increases the purity of exosome preparations [Zl. Here, the separation of exosomes is achieved by the
layering of a liquid sample as a narrow band on top of a medium, typically sucrose or iodixanol 8. With the
application of centrifugal force (i.e., at ~100,000% g for up to 18 h), the gradient allows for the separation of solutes,
including exosomes, and their specific sedimentation into several distinct solute layers. After centrifugation,
individual 1 mL gradient fractions are manually collected using a pipette . The separated exosome fraction is then

diluted with 1x PBS and subjected to a second round of ultracentrifugation (i.e., at ~100,000x g for ~70 min ).
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Similar to standard ultracentrifugation, the resulting exosome pellet is resuspended in PBS and stored at —80 °C.
The biggest limitation when selecting density-gradient ultracentrifugation over differential ultracentrifugation is that
the sample volume capacity for exosome isolation is greatly reduced in the former (~5% of the centrifuge tube

capacity) 19,

Although ultracentrifugation remains the gold-standard for sedimentation of exosomes devoid of other extracellular
vesicles (EVs) (i.e., larger sized microvesicles, cell debris, proteins) and lipoprotein contaminants, it requires
expensive instrumentation, but most importantly only provides a bulk exosome isolate from a specific biofluid,
rather that separating cell/tissue-specific exosome sub-populations from a biofluid 1. Additionally, recent studies
have reported that repeated rounds of ultracentrifugation reduce exosome yield and that extended and repeated

high shear forces from high-speed ultracentrifugation adversely affect their integrity 221131,

| 2. Size-Based Separation and Isolation

To date there are three main methods for the size-based isolation of exosomes, which include ultrafiltration,
sequential filtration, and size-exclusion chromatography (SEC). These methods have been developed to bypass

extended ultracentrifugation times and to facilitate the fractionation of exosomes from large biofluid volumes.

Ultrafiltration: relies on the use of 10-100 kDa molecular weight cutoff (MWCO) filters, which are most often utilized
to reduce large sample volumes (i.e., urine or cell culture supernatants) by concentration to smaller more
manageable volumes that often simplify downstream applications 141, Currently, several commercially available kits
are on the market which have been proven to provide pure populations of exosomes from biofluids. These include
the Qiagen exoEasy kit, which allows isolation of exosomes from volumes up to 4 mL of plasma or 16 mL of cell
culture media 22! the Amicon® Ultra-15 centrifugal filter tubes (MilliporeSigma, Burlington, MA, USA), which allow
filtration of up to 15 mL 18: and the ExoLution® plus platform from Exosome Diagnostics, which allows the

processing of 3 mL of plasma 17,

Sequential filtration:, unlike standard ultrafiltration, typically includes three steps 28, First, larger cells and cellular
debris are filtered out using standard filtration methods (0.2 um filters). Second, free proteins are depleted by
tangential flow filtration, where biofluids are passed parallel to the filter, allowing for continuous filtration and
reduced membrane clogging 12, Third, exosomes are sorted out with the use of a track-etched filter membrane
(e.g., Whatman/GE Nucleopore 50, 80, 100, or 200 nm diameter membranes), allowing for size-based fractionation

of exosomes [29],

Size exclusion chromatography (SEC): relies on passing a biofluid (known as the mobile phase) through a porous
gel filtration polymer (i.e., the stationary phase [21]). The stationary phase of the chromatography column can be
packed with different types of polymers (e.g., agarose, polyacrylamide, crosslinked dextrans, or allyldextran), the
nature of which allows for differential elution of the sample into size-based fractions (i.e., larger particles travel
faster and elute first, followed by smaller particles and finally non-membrane bound proteins [22)). In terms of its use

for exosome isolation, SEC, when performed at lower flow rates, has been shown to possess several advantages,
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including reproducibility, cost efficiency, and the isolation of undamaged exosomes [2. SEC significantly
outcompetes other filtration-based isolation techniques in that it effectively removes protein contaminants, thereby
yielding highly pure exosome fractions (23|, The isolation, purification, and enrichment of exosomes using SEC has
been successfully used with a variety of biological fluids, including serum and plasma 24, cerebrospinal fluid 22,
bovine and human milk 28, saliva 22, urine 28, synovial fluid 22, tears 27, nasal lavage B9, and seminal fluid (1],

Although great purity is achieved via SEC, which can accommodate large volumes of sample (i.e., up to 100 mL
using the gEV100 column from IZON), this approach does not allow for separation of different exosome
subpopulations or for separation of exosomes from other vesicles of the same size; thus, contamination by
lipoproteins and other microvesicles cannot be ruled out 32,

| 3. Polyethylene Glycol (PEG) Precipitation-Based Isolation

The isolation of exosomes can also be achieved by precipitation by the addition of an aqueous polyethylene glycol
(PEG) solution to a biofluid. Here, PEG coats the surface of exosomes and other microvesicles, facilitating the
formation of exosome—PEG aggregates 23], Exosomes are trapped in this porous microstructure, and are then
precipitated (e.g., ExoQuick®) by low-speed centrifugation at 1500x g 24, This method results in the isolation of
exosomes within a size range consistent with ultracentrifugation; however, as PEG is a non-specific “coagulant”, it
also results in the co-precipitation of soluble non-exosomal proteins, immunoglobulins, and lipoproteins, which
significantly limits the purity of the final exosome pellet 22 as they carry unwanted biological material (i.e., proteins
and nucleic acid species) 28, The advantages of this procedure are that it is inexpensive, requires little to no
training, and it allows for high-throughput processing of samples with little damage to exosomes. Although PEG-
based precipitation results in high yield, low purity exosomes, studies have shown that when it is sequentially
combined with an immuno-purification (such as anti-CD63 assay), the exosome fraction purity may be enhanced
(871 making it an attractive approach for initial, fast, and crude isolation of exosomes (28],

| 4. Immunoaffinity-Based Isolation

In recent years, immunoaffinity-based capture has become one of the preferred methods for the isolation of
exosomes from biofluids B2, This technology allows for direct separation of exosomes via immobilized antibody
targeting of membrane-surface specific exosomal proteins 94142 Most, if not all, commercially available
immunoaffinity-based isolation kits are tailored with antibodies (either alone or in combination, i.e., a pan-exosome
panel) targeting common exosome surface markers, such as the tetraspanins (CD9, CD63, and CD81) 43, Other
assays also include antibodies targeting markers such as epithelial cellular adhesion molecule (EPCAM) 4! and
exosome-binding molecules such as heat shock proteins (HSP70, HSP90) 2! or heparin 48, A large number of
biotechnology companies, including MBL (EXOCAP, Sunnyvale, CA, USA), Systems Bioscience (ExoFlow, Palo
Alto, Santa Clara, CA, USA), FujiFilm (MagCapture™, Wako Chemicals, Richmond, VA, USA), and BioLegend
(MojoSort™, San Diego, CA, USA), provide ready-to-use immunoaffinity assays for exosome isolation (28 that

utilize antibody-coated magnetic beads for the capture of exosomes, as they are convenient, allow rapid and easy
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magnetic isolation of exosomes, and ultimately allow for their concentration into a small volume 7. Although the
selection of exosomes from a biofluid, with antibodies targeting exosome surface proteins, provides the state-of-
the-art selection, very few provide assays that allow for the gentle release of captured exosomes 49, Another
critical issue with magnetic beads, as determined by quantitative PCR of small-RNA contaminants, is that they can
bind small-RNAs and EVs (containing small-RNAs), which may be detrimental for downstream analyses, especially
when analyzing the small-RNA content of exosome sub-populations that are in low abundance 22, It can be
hypothesized that the polymer coating is positively charged and the pore sizes between adjacent
streptavidin/carboxyl molecules may be large enough to allow for non-specific binding of small biological material
(i.e., nucleic acids, proteins, and lipids), creating a non-specific signal background that will interfere with
subsequent analyses and the identification of exosome tumor biomarkers (i.e., transcriptomic signatures). To
circumvent these limitations, a group recently developed an assay that was termed EV-CATCHER (Extracellular
Vesicles Capture by AnTibody of CHoice and Enzymatic Release), which greatly reduces non-specific binding of
small-RNAs and EVs, which can be customized with any antibody, and which allows for the mild enzymatic release
of intact EVs 49,

Overall, immunoaffinity-based capture generally reduces exosome yield (as only antibody-recognized exosomes
are captured) and is generally more expensive; however, when coupled with an initial step of ultracentrifugation or
ultrafiltration to concentrate exosomes, it can result in higher exosome purity and may help separate exosomes of
specific cellular origin from the bulk exosome preparation. Many studies on lung 28], breast 42, colorectal B9, liver
Bl and many other cancers have already demonstrated that with higher exosome purity and selectivity, the
analysis of their molecular cargo can provide more specific and reproducibly detectable biomarkers 52331, Thus,
the immuno-affinity separation of unique tumor exosome cargoes from biofluids has potential to lead to novel

cancer diagnostic assays 24,

| 5. Microfluidics-Based Isolation

Microfluidics-based exosome isolation systems have become a sought-after nanotechnology for separating
exosomes from other nanosized bioparticles. This technology provides high-speed, high-throughput, ultra-precise,
and cost-efficient isolation of exosomes (2. Emerging chip-based microfluidic exosome isolation techniques,
including standard research laboratory-based approaches developed by Duke University using acoustic
microfluidics (i.e., acoustofluidics) for the separation of exosomes from whole blood 28], the exosome total isolation
chip (ExoTIC) device developed by Liu et al., and the ExoChip developed by Kanwar et al., have already been
marketed for efficient isolation of high-yield, high-purity intact exosomes 758 The ExoTIC device utilizes a simple
filtration-based approach wherein EV-containing biofluids, such as culture media, plasma, and urine, are passed
through a nanoporous membrane 4. During this process, free-floating proteins, nucleic acids, and lipids are
washed out, and the enriched exosomes (30—200 nm in size) can be collected from the membrane using a
standard pipette B7. In comparison to ultracentrifugation and precipitation-based exosome isolation, the ExoTIC
device has been shown to possess undisputed advantages, which include the constant flow of clinical specimens

through nanochannels that slow the EVs, the separation of large and small vesicles in separate nano-sized
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chambers via engineered ports, and the presence of antibodies for the capture of exosomes with potential for
release B9, Currently, many of the existing microfluidics-based systems, including acoustic microfluidics, ExoTIC,
and ExoChip, incorporate immunoaffinity components for the separation and capture of exosomes by targeting
specific surface markers with immobilized antibodies 8189 |nterestingly, although a recent analyses revealed the
strong limitations of magnetic beads for isolating pure exosomes, several microfluidic platforms have incorporated
magnetic beads into their systems for the separation of cells from biofluids BZ[E8!, Currently, some of the most
widely used microfluidics-based systems fully integrate size-based separation, immunoaffinity-based separation,
and dynamic separation 1. The most critical issue that microfluidic-based separation technologies have solved is
that they avoid the non-continuous separation processes. Indeed, samples are processed from start-to-finish in a
single run, in a closed loop, with limited user-interference or introduction of contaminants, which helps maintain
yields that are otherwise reduced by the repeated washes performed during sequential ultracentrifugation 22,
Several problems still remain, however, which are similar to those mentioned for immunoaffinity-based isolation
techniques and include the need for high immunoaffinity and the requirement for highly specific and sensitive
antibodies 62, Additionally, while microfluidic systems require less hands-on manipulation, they require expensive
equipment and complex nano-sized chips that are often difficult to mass-produce 3. Despite these challenges that
remain to be solved, microfluidics-based purifications offer a promising technology for all-in-one chip-based robust

isolation and characterization of circulating tumor exosome biomarkers.

6. Exosome Sorting by Fluorescence Activated Cell Sorting
(FACS)

The separation of cells by means of flow cytometry is commonplace 46368l However, because exosomes are
30-150 nm in size, they fall under the threshold of even the most sensitive “reference noise” region of flow
cytometers 67168 Nevertheless, selective sorting of antibody-labeled exosome sub-populations by FACS shows
great potential for cancer biomarker screening and discovery. As such, extensive research efforts have been
applied to the development of high-fidelity-based FACS systems for sorting exosomes B for subsequent
proteomic and transcriptomic analyses /2. One of the biggest advancements has been the development and
marketing of advanced imaging flow cytometry (iFCM) by ImageStream* (ISx, EMD Millipore, Seattle, WA, USA)
(73] which offers significant advantages for the sorting of exosomes and other small EVs when compared to other
available technologies 874, Mastoridis et al. demonstrated that by combining iFCM with subset-specific markers,
this technology allows for the high-throughput, multiparametric characterization, and functional assessment of
exosomes 2. Another promising avenue for FACS-based sorting and cancer diagnostics based on the presence
of unique tumor exosomes in a biofluid (i.e., prostate cancer exosomes) is the multicolor multiplexed in situ
proximity ligation, also termed exoPLA, developed in the laboratory of Dr. Kamali-Moghaddam X877, This method
relies on four oligonucleotide-conjugated antibodies whose combination uniquely targets a specific type of
exosomes (i.e., prostate exosomes) and rolling circle PCR amplification guided by individual pairs of antibodies to
generate different fluorescent signals. Ultimately, the combination of three different fluorescent signals allows for
the unique detection and sorting of tumor exosomes by flow cytometry L8 Altogether, while the FACS-based

sorting of exosomes is still a relatively new method in comparison to the others described, it provides a promising
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avenue for highly specific and robust isolation of low-abundance exosome sub-populations and subsequent
molecular analyses.

Collectively, while most of the described exosome isolation techniques are currently available and used in different
applications (Figure 1), they all possess advantages and disadvantages, which need to be considered prior to
initiating exosome analyses. The ideal method for exosome isolation should be relatively simple, efficient,
inexpensive, and scalable, but most importantly ultra-sensitive in order to allow for the robust and accurate
identification of encapsulated circulating tumor biomarkers and to propel exosome-based liquid biopsies toward

ultra-sensitive cancer diagnostics.

Exosome Isolation Techniques

Microfluidics-based Exosome sorting by
isolation fluorescence activated

5% cell sorting (FACS)
2%

Immunoaffinity-based
isolation
10%

Ultracentrifugation
47%

Polyethylene glycol
(PEG) precipitation
16%

Size-based separation
and isolation
20%

Figure 1. An estimate of the use of exosome isolation techniques over the past 10 years. Pie chart representation
of the percentage utilization of each exosome isolation technique extracted from 173 publications spanning the
years 2012-2022.
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