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ABSTRACT

Exosomes are small (~30-140 nm) lipid bilayer-enclosed particles of endosomal origin. They are a subset of extracellular vesicles (EVs) that
are secreted by most cell types. There has been growing interest in exosome research in the last decade due to their emerging role as intercel-
lular messengers and their potential in disease diagnosis. Indeed, exosomes contain proteins, lipids, and RNAs that are specific to their cell
origin and could deliver cargo to both nearby and distant cells. As a result, investigation of exosome cargo contents could offer opportunities
for disease detection and treatment. Moreover, exosomes have been explored as natural drug delivery vehicles since they can travel safely in
extracellular fluids and deliver cargo to destined cells with high specificity and efficiency. Despite significant efforts made in this relatively
new field of research, progress has been held back by challenges such as inefficient separation methods, difficulties in characterization, and
lack of specific biomarkers. In this review, we summarize the current knowledge in exosome biogenesis, their roles in disease progression,
and therapeutic applications and opportunities in bioengineering. Furthermore, we highlight the established and emerging technological
developments in exosome isolation and characterization. We aim to consider critical challenges in exosome research and provide directions
for future studies.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5087122

I. INTRODUCTION exosomes, cells secrete other types of EVs including apoptotic bodies

(50-500 nm; released during apoptosis) and ectosomes (30-100 nmy

Interest in exosome research has increased dramatically in recent
years due to their unique functions as intercellular messengers, abilities
to alter recipient cell bioactivities, as well as therapeutic potential in
disease diagnostics and targeted drug delivery.' * Exosomes are a type
of extracellular vesicles (EVs) with diameters of 30-140 nm and are
secreted from most cell types into the extracellular space after fusion
of multivesicular bodies (MVBs) with the cell membrane.” Alongside

assembled and released directly from the plasma membrane).”
Some of these EV's are similar to exosomes in their physical properties
such as size and density, which makes isolating exosomes quite chal-
lenging.” The primary difference among the various EVs is thought to
be their particular mode of biogenesis, which in turn determines the
cargo contents and functions.” Non-exosomal EVs result from direct
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budding of plasma membranes whereas exosomes originate from the
inward budding of endosomes into MVBs. From there, some MVBs
are directed into the lysosomal compartment for degradation and recy-
cling, while others form the intraluminal vesicles (ILVs) to be secreted
outside of cells into body fluids as exosomes. During this process, par-
ent cell information in the form of lipids, proteins, and nucleic acids is
packed into exosomes which then can manipulate the functions of
recipient cells on arrival.’” The content of the exosomes is therefore spe-
cific to the cell of origin, allowing parent cell signals to be transmitted
to neighboring cells without direct cell to cell contact. Irrespective of
the parent cell, exosomes share common features such as certain tetra-
spanins (CD9, CD63, and CD81), heat shock proteins (Hsp 60, Hsp
70, and Hsp 90), biogenesis related proteins (Alix and TSG 101), mem-
brane transport and fusion proteins (GTPases, annexins, and Rab pro-
teins), nuclear acids (mRNA, miRNA, and long non-coding RNAs and
DNAs) , and lipids (cholesterol and ceramide).”'’ These unique prop-
erties of exosomes provide opportunities for innovations in diagnosis
and treatments. For example, exosomes may contribute to the propa-
gation of certain diseases including cancer metastasis. Investigation of
the exosome content, biogenesis, and release mechanisms will not only
improve our understanding of certain diseases but will also allow
researchers to better target them for treatment. Moreover, researchers
could utilize exosomes as natural drug delivery vehicles for increased
targeting accuracy and decreased minimum dosage and side effects.

Despite significant effort into this relatively new field of research,
our understanding of exosomes remains limited by factors including
inefficient separation methods, lack of exclusive biomarkers, and lack
of high-resolution visualization techniques. This review aims to sum-
marize the current knowledge on exosome biogenesis and biological
functions, as well as existing applications in therapy and emerging
techniques in exosome characterization and isolation. Moreover, the
limitations that hinder exosome research in isolation, purification, and
characterization will be identified. Lastly, we hope to point out direc-
tions for future studies.

Il. BIOGENIC PATHWAY

Exosomes, by definition, differ from other types of EVs in their
biogenesis. Whereas microvesicles are formed from the budding of the
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cell membrane, exosomes are the result of endosomal plasma mem-
brane invagination during the process of endosomal maturation from
early to late endosomes.'' These late endosomes, also known as multi-
vesicular bodies (MVBs), contain a population of intraluminal vesicles
(ILVs) that are called exosomes when released. MV Bs are either trans-
ported to the cell membrane, with which they fuse and release their
contents to the extracellular environment, or are transported to a lyso-
some and are digested. Hypoxic and genotoxic stresses, as well as the
expression of activated oncogenes, on the cell induce exosome secre-
tion through regulation of p52, though it is unknown whether this also
increases ILV formation."” Additionally, upregulation of the six-
transmembrane epithelial antigen of prostate 3 (STEAP3), syndecan-
4, and NadB has been used to increase exosome production by 15-40
fold in cell cultures."” The exact mechanisms for the entirety of these
processes have not yet been completely elucidated and much of the
current knowledge arises from knockdown procedures, which do not
provide full mechanistic insight Moreover, the processes of exosomal
biogenesis use highly conserved complexes which have been given dif-
ferent names depending on their origin (i.e., yeast or metazoan origin);
in this section, we will use the metazoan names whenever possible.

A. ESCRT-mediated pathway

The first step in the exosomal biogenic pathway is the formation
of ILVs from the limiting membrane of maturing endosomes. The
most notable complexes in the formation of ILVs are the Endosomal
Sorting Complexes Required for Transport (ESCRT), a family of
roughly two dozen proteins forming five complexes (ESCRT 0-III,
Vps4) [Fig. 1(a)]."* Discovered in the early 2000s, the ESCRT com-
plexes were determined to have a range of functions including cargo
sorting and membrane remodeling in a collection of cellular processes
of which ILV formation and cellular abscission during cytokinesis are
the most studied.'” This process starts with ESCRT-0, which interacts
with phosphatidylinositol 3-phosphate (PI3P) rich membrane regions
and binds ubiquitinated cargo via Zinc Finger Domains (ZFDs) and
Ubiquitin-interacting Motifs (UIMs), respectively.Ié The ESCRT-0
complex has been described as both a heterodimer and heterotetramer
of Hrs and STAM, which are constitutively bound to one another, and

FIG. 1. (a) Schematic representation of the
major components of the endosomal path-
way and the generation of exosomes.
Components of the biogenic pathway may
be redirected for degradation in the lyso-
some. (b) The contents of exosomes may
serve as biomarkers for disease—some of
the known ones, along with the standard
exosomal biomarkers are categorised here.
In addition to proteins, exosomes also con-
tain many species of nucleic acids. The
ESCRT machinery is not internalised.
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is able to weakly associate with up to eight different ubiquitin moieties
simultaneously, using the Double Ubiquitin Interacting Motif of Hrs
as well as the (Vps27/Hrs/STAM) domain and UIM of STAM, in the
case of the heterotetramer."” There remains no known method for the
selection of ubiquitinated cargo but an answer might lie in their
attachment to clathrin coats prior to sequestration.'® Next, a domain
in the C-terminus of the Hrs subunit of ESCRT-0 recruits ESCRT-L.'®
This complex is a heterotetramer of the Tumour Supressing Gene 101
(TSG101), Vacuolar protein sorting associated proteins Vps28, Vps37,
and multivesicular body (MVB)12 all curled to form a rod-like struc-
ture with domains for ESCRT-0 and ESCRT-II at the opposing ends."”
In fact, ESCRT-I and ESCRT-II appear to exist as a supercomplex'”
that induces the budding of the endosome away from the cytoplasm.”’
During this budding process, the ESCRT-0 bound cargoes are relo-
cated to the bud along with any other cargoes the loading system
selects. Following bud formation and cargo selection, the Charged
Multivesicular Body Protein (CHMP) 6 of the ESCRT-III complex
binds directly to the ESCRT-II complex which activates the recruit-
ment of CHMP4. This protein polymerizes as a coil around the neck
of the budding ILV and serves as the drawstring to the ILV pouch,
which is capable of drawing closed with the addition of CHMP3 com-
pleting ESCRT-III assembly.”’ This is made possible by the high affin-
ity the ESCRT-III subunits have for the plasma membrane. Following
that a Vps4 complex (formed by SKDI, LIP5, and CHMP5) is
required for the disassembly of ESCRT-IIJ, a process that is completed
by pulling on the ESCRT-III polymer and unfolding each individual
protein sequentially.”"** This is the only process in ILV formation to
have been characterized as adenosine triphosphate (ATP)-dependant.
It has been noted that the ESCRT-III complex readily recruits deubi-
quitinating enzymes that sever the weak connection between the
ESCRT-0 complex and the cargoes localized at the ILV lumen; a pro-
cess which recycles ESCRT-0 for use elsewhere in the cell.'® There is
no consistent internalization of the ESCRT machinery into ILVs.

B. ESCRT-independent pathway

In addition to ESCRT mediated ILV formation, an ESCRT-
independent pathway exists, though these pathways may not be mutu-
ally exclusive and have been proposed to work in tandem. The mecha-
nisms of the ESCRT-independent pathway are not entirely clear and
may be numerous with sorting and budding mechanisms being found
that are independent of well-established ceramide-mediated mem-
brane budding.”” When ceramide is, however, used it is produced by
the breakdown of sphingomyelin by neutral sphingomyelinase and
forms raft-like structures due to its ability to self-associate.”* This asso-
ciated, coupled with the conical shape of the lipid, is assumed to drive
the initial deformation of the membrane."”

C. Loading mechanisms and cargo

The main interest in exosomes remains their potential use as bio-
markers of disease and as vessels for drug delivery. To this end, knowl-
edge regarding their contents and the loading mechanism is of great
value. However, these mechanisms are still poorly understood.

Considering the trafficking of membrane proteins, the ALG-2
Interacting Protein X (ALIX) has been noted to bind to the ESCRT
machinery and to Syntenin-1, which subsequently binds to syndecans
or CD63 via a PDZ domain.”” Current models for the sequestering of
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cargo include the association of specific cargoes to the heparan sulfate
(HS) proteoglycans (HSPGs) of syndecan, which clusters following the
trimming of the heparan sulfate by heparanase.”” A conveyor belt
model in which ubiquitinated cargoes are passed along the ESCRT
chain to the budding membrane with sequential association with
UIMs from different downstream components of the ESCRT com-
plexes has also been proposed.'® Both of these may prove to be valid
mechanisms. Regardless of the mechanism, multiple proteins are con-
sistently identified as exosome constituents and of these, ALIX,
TSG101, and CD63 are commonly employed as markers”” along with
the tetraspanins CD60, CD9, and CD81 [Fig. 1(b)].”* The fidelity of
any marker, however, is dependent on the cell type of origin as exo-
somes are a heterogeneous population expressed differently by differ-
ent cells; where professional antigen presenting cells will release
exosomes displaying Major Histocompatibility Complex (MHC) class
II proteins, tumour cells will release exosomes presenting tumour anti-
gens.”” Cells even express a heterogeneous exosome population with
both distinct protein and RNA compositions.”” Willms et al. demon-
strated this by isolating exosomes with ultracentrifugation (UC) fol-
lowed by loading them from the top and bottom on a discontinuous
sucrose gradient and centrifuging. While this indicated two different
exosome populations, there is no indication as to why these popula-
tions are different or where they differed in their biogenesis.

In addition to proteomic cargoes, exosomes carry genetic materi-
als including miRNA, various non-coding RNAs, mitochondrial
RNAs, and mRNAs [Fig. 1(b)]."” The mechanisms for loading these
cargoes is not yet known, though it has been proposed that RNA cargo
associates with sphingomyelin and cholesterol enriched regions of the
budding membrane prior to bud formation.”’ A different model
involves the sorting of RNA by sumoylated hnRNPA2B1 via the pres-
ence of a “zip code” in the 3UTR of mRNA.”>" Conversely, it has
been noted that exosomal RNA cargo reflects the state and cytoplas-
mic content of the cell of origin.”* Regardless of the loading mecha-
nism, it has been determined that exosomes provide a method to
exchange genetic information between cells.”” Considered the main
functional component of the exosome, once in the recipient cell, RNA
plays the role it would in the cell of origin (e.g., miRNA repressing tar-
get mRNA).” That said, the RNA transported by exosomes is not
always native to the cell; infected cells have been noted to produce exo-
somes containing RNA of viral origin which, upon uptake, infects the
recipient cell.”” An extreme example of this can be seen with the
Human Immunodeficiency Virus (HIV) for which it has been postu-
lated that the membrane casing of the virus is in fact a hijacked exo-
some carrying viral RNA."

Unlike RNA and proteomic sorting mechanisms, lipid sorting is
not a large area of study and thus relatively devoid of information. The
process is possibly driven by specific pH differences and the resulting
modifications of lysobisphosphatidic acid (LBPA), lysophosphatidyl-
cholines, and phosphatidic acids.””* Particularly, phosphatidylserine
has been noted to be mildly enriched in exosomes relative to MV Bs.*

D. Transport and release

Following ILV formation, the MVB is either transported to and
digested in a lysosome or pulled along microtubule tracks for fusion
with the plasma membrane. The mechanism that selects which MVBs
to degrade and which to not, is unknown. However, it is known that
increasing the ISGylation of TSG101 on the MVB decreases MVB
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populations and consequently the number of exosomes released.’
Additionally, cortactin, a protein responsible for stabilizing actin, has
been positively related to secretion without modifying the cargo con-
tent.”” MVBs marked for degradation have also been shown to be defi-
cient in cholesterol relative to those that fuse with the plasma
membrane.* In the trafficking of vesicles, the Rab GTPases act to rec-
ognise the acceptor membranes and bind to tether proteins.”* This is
followed by the associated of glutamine (Q) soluble NSF attachment
protein receptor (SNARE) and arginine (R)-SNARE proteins, also
commonly known as vesicle (v)-SNARE and target (t)-SNARE, which
bring the membranes into close proximity. Specific to the exosomal
release pathway, Rab27 and Rab35 specialize in the transport and
docking of the MVB to the plasma membrane™*® while Rabl1 is
involved in membrane abscission.”” Knockdown experiments per-
formed by Ostrowski ef al. suggested that Rab27b controlled the trans-
fer of MVBs from microtubule tracks to the actin of the cell cortex,
while Rab27a mediated docking with the plasma membrane.** Down-
regulation of the components responsible for the mechanical move-
ment of MVBs to the plasma membrane results in a decrease in exo-
some release.

E. Exosomes as biomarkers

The main interest in the application of exosome research is the
possibility of using exosomes as biomarkers for disease and as delivery
systems for therapeutics. This is of great importance due to their ability
to cross the blood brain barrier.” Additionally, the fluid biopsy
required to analyse biomarkers in the blood or urine is minimally
invasive. These also allow for the use of miRNA as a biomarker; previ-
ously, this was not possible as miRNA is easily degraded but these car-
goes appear to be protected which allows for detection.

Cancer has been the subject of much investigation in exosome biol-
ogy. Use of exosomes and their contents and surface proteins may allow
earlier detection of cancers, which could increase prognosis and survival.
The Canadian Cancer Society ranks breast cancer as the third highest
cancer diagnosis nationally with diagnoses in stage I having a near 100%
five-year survival rate compared to a 22% survival rate for breast cancers
diagnosed in stage IV.” The presence of CD24, EDIL3, and fibronectin
proteins on circulating exosomes has been proposed to be markers of
early stage breast cancers.” For exosomes from non-small cell lung can-
cer, epidermal growth factor receptor (EGFR), placental alkaline phos-
phatase (PLAP), and leucine-rich alpha-2-glycoprotein 1 (LRGI)
proteins were among those found to be overexpressed.”’® Proteins do
not need to be enriched in exosomes to be useful markers. Work done
by Chen et al. with colorectal cancer patients found that exosomes from
these individuals had decreased counts of HSP90, VTN, and MAPK1
among others as compared to healthy controls.™

Because of the ability of exosomes to cross the blood brain bar-
rier, other biomarker studies relate to neurobiology. It has been dem-
onstrated that spread of phosphorylated tau proteins occurs through
an exosomal pathway prior to neural death in early Alzheimer’s
patients.”” Additionally, the amyloid S-proteins found in the plaques
characteristic of Alzheimer’s disease have also been noted to be
expressed in exosomes while proteins characteristic of exosomes were
found to be accumulated in said plaques.”” This suggests that exo-
somes play a role in the pathogenesis of Alzheimer’s disease and that
these proteins may serve as indicators of Alzheimer’s disease if
detected on exosomes. Additionally, Ebrahimkhani et al. compared
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the serum exosomal miRNAs of MS patients and healthy controls.
They found that they could not only differentiate between those with
and without MS, but also whether an MS patient’s disease was relaps-
ing or progressive.”

Another disease where exosome research may have a large
impact is diabetes mellitus. Recently, it has been shown that a signifi-
cant difference exists between the miRNA content of exosomes iso-
lated from the serum of type 1 diabetes patients relative to an assumed
healthy control group.”® The same study also observed that these exo-
somes resulted in a lower insulin output of islets in the presence of
sugars suggesting that the exosome contents may play a role in the
pathogenesis of type 1 diabetes. This study appears to be done in
response to the lack of unique or useful biomarker for the disease.
Though insulin autoantibodies, either free or associated with exo-
somes, may be used to identify future diabetes patients, these markers
appear much too late in the development of the disease to be used
with the aim of identifying potential patients and preventing disease
development.”” Preclinical studies also indicate that exosomes may be
involved in the pathogenesis of type 2 diabetes.”® The study showed
that adipose tissue macrophages from obese mice release exosomes
that are enriched in miR-155 and that these exosomes impair insulin
sensitivity via novel inter-organ crosstalk with both the liver and
muscles. These data suggest that exosomal miR-155 could be a bio-
marker related to insulin resistance and risk for type 2 diabetes.

Use of exosomes as biomarkers is not without its challenges. Cells
produce similar sets of proteins and miRNAs while exosomes also
express similar protein and RNA profiles. There are, however, few
unique cell-specific proteins.”” Additionally, because the exosome popu-
lations expressed from single cells are heterogeneous, the content con-
centrations are expected to exist in a range and not at a set standard.
Furthermore, exosome circulation in the body originates from a variety
of different cell types and as such, unless they contain exceedingly dis-
tinct cargoes, it would be challenging to determine their tissue of origin.
To date, there is a general lack of compiled data to be able to diagnose
diseases based on exosomes alone. And, considering practical clinical
limitations, there are currently no technologies for the detection and
analysis of exosomes that are convenient in terms of the time spend to
analyse a sample, sample throughput, quality control, inter-lab variabil-
ity, and accuracy of the results. Prior to implementation of any diagnos-
tic practice, a complete database of the exosomal profiles seen in diseases
should be compiled to prevent misdiagnosis due to similar cargo con-
tents, and technologies must be developed for a clinical setting.

lll. EXOSOMES AND CANCER

Although exosome release is a normal process, cancer cells
release exosomes at an elevated level and their cargos are particularly
suitable for cancer progression.'’ Once released from the cell, tumor
exosomes start to circulate in extracellular space until they reach the
targets. During this process, the cargo contents of exosomes are pro-
tected by the lipid bilayer membranes, shielding them from degrada-
tion by enzymes or other extracellular conditions. After being taken
up by recipient cells, the tumor exosomes can alter the recipient cell
function and phenotype, impacting both surrounding and distant
non-tumor cells to promote a favorable microenvironment for cancer
proliferation, dissemination, and metastasis (Fig. 2).1060°5% Cancer
progression is a complicated process and exosomes seem to be
involved in every stage in the development. Subsections III A-II1C
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Limit exosome
production/uptake

highlight some of the key aspects where exosomes are involved in the
evolution of cancer.

A. Exosomes facilitating tumor proliferation and
altering the microenvironment

Studies have reported that cancer derived exosomes promote
tumor growth by directly activating the signaling pathways responsible
for sustaining the tumor proliferation such as P13K/AKT (phosphory-
lated phosphatidylinositol 3-kinase/protein kinase B) or MAPK/ERK
(mitogen-activated ~ protein  kinase/extracellular  signal-regulated
kinase).”” * In gastric cancer cells, induction of cell proliferation was
observed through activating P13K/AKT or MAPK/ERK pathways
mediated by exosomes.”® Another study of gastric cancers confirmed
the exosomal CD97 was responsible for mediating proliferation
through the MAPK pathway.”” In addition, exosomes from bladder
cancer and oral squamous carcinoma cells have been shown to induce
cell proliferation via the PI3K/AKT and the MAPK/ERK pathways.”*"’

In addition to the effects on cell proliferation, tumor cell derived
exosomes can alter the microenvironment to facilitate invasion and
dissemination of the disease. Particularly, exosomes derived from
prostate cancer cells were shown to turn fibroblasts into activated
fibroblasts or myofibroblasts by delivering Transformation Growth
Factor beta (TGFf) to the extracellular milieu.”””" Fibroblasts are
dominant components in tumor tissues, and their active form is well
described for their role in tumor progression by the secretion of
growth factors.”>”” Similarly, fibroblasts in bladder cancer were trig-
gered to differentiation and activation by exosome-mediated TGFf
transfer.”* Another example of exosomes manipulating the tumor
microenvironment can be found in the induction of the angiogenesis
process.””’® Angiogenesis is a natural occurring process forming blood
vessels using pre-existing vessels, and it is common in organisms dur-
ing growth and development, as well as in response to injury.”””
However, this process is also essential in cancer progression since
tumor growth requires rapid forming of vasculature to provide access

Exosome-based cancer therapeutic strategy
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Engineered exosome °
as therapeutic carriers
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FIG. 2. Schematic illustration of exo-
some’s roles in cancer development and
therapeutic application. Exosomes can
facilitate tumor progression, establishment
of pre-metastatic niche, and spreading to
the secondary site (Sec. Ill). Exosome-
based cancer therapy can be done by lim-
iting exosome production/uptake (Sec.
|\VVA) or utilizing exosomes as native gene/
drug carriers (Sec. |V B).

Secondary tumor

to nutrients, oxygen and waste removal.”” Several studies have found
that exosomes play an important role in angiogenesis through the
transfer of miRNA, mRNA, and proteins.”””" For example, Umezu
et al. reported leukemia cells derived exosomes overexpress miR-92a
(i.e, a miRNA that belongs to mir-17-92 cluster) entering endothelial
cells and resulting in an enhanced migration and tube formation.””
Additionally, Delta-like 4 (DI14), a membrane-bound Notch ligand
with a fundamental role in vascular development and angiogenesis,
can be transported via exosomes through the 3D collagen matrix and
to distant cells.”

B. Exosomes and metastasis

Besides altering the local tumor microenvironment to promote
cancer proliferation, tumor derived exosomes are shown to facilitate
metastasis at distant organs.”’®* Tumor metastasis is a multi-step pro-
cess including detachment from the primary organs, invasion and
migration through the basement membrane, dissemination through
the blood stream, and finally adaption and colonization to the second-
ary organ sites.””"’

Cancer cells have developed exosome mediated strategies to influ-
ence numerous steps in metastasis. For instance, triple negative breast
cancer cell lines (MDA-MB-231) overly express miR-10b, and the
derived exosomes can transfer miR-10b to non-malignant Human
Mammary Epithelial cell line, subsequently inducing the invasion abil-
ity.”! Exosomes derived from epithelial ovarian cancer (EOC) cells
were shown to enhance ovarian cancer invasion by transferring CD44
to human peritoneal mesothelial cells (HPMCs).* The HPMC cells are
a single layer of cells lining the peritoneal cavity where EOC first attach
to during metastasis. Upon receiving CD44 from EOC exosomes,
HPMC cells are reprogramed to change to a prometastatic spindle phe-
notypes to support EOC invasion and metastasis.”” Additionally, miR-
105 from metastatic MDA-MB-231 exosomes can target the tight junc-
tion protein (ZO-1), destroy the endothelial cell barriers, induce vascu-
lar permeability, and promote metastasis in vivo.”
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Following invasion and intravasation, cancer cells could modu-
late the microenvironment of the distant organ to allow survival and
colonization for tumor cells prior to their arrival.”* These predeter-
mined microenvironments are called “pre-metastatic niche” and the
formation of such a phenomenon can be introduced by exosomes
from cancer cells.”>** "™ It was shown that pancreatic ductal adenocar-
cinoma (PDAC) derived exosomes induce pre-metastatic niche forma-
tion in the liver and naive mice treated with exosomes from PDAC
had an increase in the liver metastatic burden.”” The study also investi-
gated the mechanisms involved in the process and revealed the uptake
of exosomes by liver Kupffer cells induced the production of TGFp,
which upregulates fibronectin production by hepatic stellate cells and
influx of bone marrow-derived macrophages.”” The cargo contents of
PDAC derived exosomes include a high expression of the
macrophage-inhibitory factor (MIF). Consequently, blocking MIF in
exosomes resulted in a decrease in TGFp, fibronectin deposition, mac-
rophage formation, and metastasis liver burden.”” Melanoma exo-
somes are shown to condition remote lymph nodes to facilitate
formation of the pre-metastatic niche.”” In particular, melanoma exo-
somes, home to sentinel lymph nodes, influence the lymph node dis-
tribution pattern of free melanoma cells, and enhance cell migration to
exosome rich sites. The upregulation of genes was involved in cell
recruitment, extracellular matrix remodeling, and vascular prolifera-
tion factors, all of which contribute to the establishment of a microen-
vironment that favors melanoma cell recruitment and colonization.

C. Exosomes and cancer immune systems

Tumor-derived exosomes are also known to have significant
impacts on the immune system in cancer development.”” ”" On one
hand, tumor-derived exosomes can stimulate immune response against
cancer, also known as cancer immunosurveillance.””>”” For example,
tumor derived exosomes contain and deliver tumor antigens to dendric
cells produce exosomes, which in turn stimulate T-cell-mediated anti-
tumor immune response.”’ Therefore, specific exosomes-containing
cancer antigens are being studied as cancer vaccines in immunother-
apy.”” On the other hand, tumor-derived exosomes can facilitate
immunosuppression and inhibit immunosurveillance in order to
invade and spread.”””” Indeed, the cargos of many tumor derived exo-
somes contain molecules from the parent tumor cells that can directly
or indirectly influence the activation, development, and antitumor
activities of immune cells.”***"*

IV. EXOSOME-BASED THERAPEUTIC OPPORTUNITIES

Owing to their essential roles in disease propagation, cancer prolif-
eration and metastasis, exosomes have been investigated as promising
therapeutic platforms. Indeed, targeting disease derived exosomes allows
us to control the spread and progression of certain illnesses.'*”**
Alternatively, exosomes’ native structure and the unique cellular func-
tions provide great potential as natural carriers for therapeutic molec-
ues.”””” Sections TV A and IV B detail the applications in utilizing
exosomes as therapeutic targets and natural drug/gene delivery vehicles.

A. Inhibit disease derived exosomes

To diminish the number of disease derived exosomes expressed,
many studies have turned their attention on exosome biogenesis path-
ways and explored how to block certain pathways to reduce exosome
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production, release and uptake. For example, ceramide was identified
as one of lipids in the ESCRT-independent biogenesis pathways and
its synthesis is mediated by neutral sphingomyelinase 2
(nSMase2)."'*1%% As a result, many treatments tried to reduce cer-
amide production by either knocking down nSMase2 genes or adding
the nSMase2 neutral inhibitor GW4869 to ultimately eliminate or
reduce exosome production.”"”*'"" A study on treating inflammatory
disease, sepsis, injected GW4869 to wild-type mice and observed sig-
nificant impaired release of both exosomes and pro-inflammatory
cytokines, which were possibly mediated by exosomes.”* The thera-
peutic role of nSMase2 was shown in treating Alzheimer’s diseases,
where exosomes are involved in spreading the tau protein, a hallmark
of AD."”" The nSMase2 was either silenced with short interfering
RNA or inhibited using GW4869, and the results showed the tau pro-
tein secretion was significantly reduced with both methods.”"
GW4869 treatment also decreased miR-10b transfer in breast cancer,
impairing miR-10b mediated cell proliferation in recipient cells.”’

Targeting Rab proteins is a popular choice to limit exosome release
due to their essentiality in exosome biogenesis and secretion,"*>**'%*
The small Rab GTPase belongs to the super family of Ras GTPases, and
they are key regulators for intracellular transport.”**'*” In particular,
Rab 27a and 27b are involved in MVB docking and exocytosis in HeLa
cells, and therefore inhibition of Rab 27a or Rab 27b has been shown to
reduce exosome release.”® In lung cancer cells (A549) and carcinoma
cells (4T1 and TS/A), exosome secretions were impaired when Rab 27a
was suppressed by shRNA.'*'”” Furthermore, Rab 27a inhibition
resulted in reducing growth in primary tumors and decreased metastasis
in 4T1 carcinoma cells.'” Similarly, Rab 11 was also shown to be
involved in docking and fusion of MVBs, as well as exosome release in a
calcium dependent manner in leukemia cells.'”* Rab11-overexpression
resulted in MVBs accumulation in the plasma membrane in the pres-
ence of a calcium chelator. As a result, the inhibition of Rab 11 lead to a
reduction of calcium mediated exosome decrease.'”

Blocking exosome uptake pathways have also been exploited to
stop the dissemination and spread of diseases.'’”'’” Exosome internali-
zation mechanisms are extremely diverse including clathrin-mediated
endocytosis, phagocytosis, micropinocytosis, and plasma or endosomal
membrane fusion, thus providing opportunities to target various com-
ponents in exosome uptake pathways.”'’® Heparan sulfate (HS) pro-
teoglycans (HSPGs) are family of proteins that have shown to function
as internalizing receptors for exosomes to adhere and to internalize.’”
Heparin, as an HS mimetic, inhibit exosome uptake in a dose, size, and
overall sulfation charge dependent manner and significantly reduced
glioblastoma cell migration.'”” Dynamin proteins have been described
as essential mediators in the Clathrin-Mediated Endocytosis pathway,
and it can be effectively inhibited by dynasore.'”'"” Uptake of Mantle
cell lymphoma exosomes was significantly inhibited by Dynasore, sug-
gesting a potential effective treatment for aggressive and incurable lym-
phoma.''” In melanoma cells, dynasore treatment suppressed exosome
internalization in normal endothelial cells, as well as blocked tumor
exosome induced phenotypic changes in favor of the tumor microenvi-
ronment in endothelial cells including activation of the P13K/Akt path-
way, enhanced cell migration, and angiogenesis."”’

B. Using exosomes as therapeutic platforms

An ideal delivery vehicle for therapeutic treatments should be
specific to the targeting sites with low toxicity to other organs, high
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encapsulation, and delivery efficiencies, protects the payload while in cir-
culation, and maintains a steady release profile.'"' ''* In recent decades,
polymer-based nanocarriers with specific targeting molecules have been
developed, and the materials include block or alternating copolymers,
cationic polymers, and liposomes."" """ However, these systems often
suffer from challenges such as drugs preferential accumulation in the
spleen and liver tissues instead of disease sites,'*" cytotoxicity of the
polymer materials,'”>'** and multi-drug resistance developed by cancer
cells over time.'”’ To that end, exosomes may be ideal cell transporters
to deliver drugs/nucleic acids, providing several advantages over the
polymer-based delivery methods. First of all, exosomes are naturally pre-
sent in body fluids so that they are stable under both physiological and
pathological conditions. For example, immune related miRNA are found
in exosomes derived from human breast milk, and they are shown to be
very stable in very acidic conditions, thus tolerating an infant’s gastroin-
testinal environment.'”* Second, exosomes are less toxic and immuno-
genic compared to other nanocarriers especially when obtained from
immature dendritic cells and monocytes.87‘125‘u(’ Third, exosomes could
reduce the multi-drug resistance that other nanocarriers face by transfer-
ring the proteins or miRNAs that modulate thee resistance phenotype to
recipient cells.”” Additionally, exosomes are driven to deliver cargo to
specific recipient cells, due to the unique membrane proteins and lipids
that can bind to specific receptors at the recipient cells, thus enhancing
the delivery efficiency.”® Finally, exosomes are able to cross the blood-
brain barrier (BBB), a major challenge in drug delivery research as most
drugs and carriers cannot cross this barrier, which makes exosomes an

excellent choice to deliver cargos to the brain.””'*”

1. Exosomes as gene carriers

Naked therapeutic genes cannot cross the plasma membranes effec-
tively due to their high molecular weight and negative charge, making
the cellular uptake very limited.""”'**'*” Undecorated novel genes are
also at risk of being rapidly degraded by nucleases, making them inacces-
sible to the targeting cell. Therefore, the success of gene therapy is largely
dependent on the development of the gene delivery vectors. Both viral
and non-viral carriers have been developed as gene delivery vehicles,
however, they have major drawbacks such as a high systematic toxicity
and trigger immune response.'”” Alternatively, exosomes are superior
gene carriers since they are biocompatible, immunologically inert when
sourced properly, and could reach the target efficiently.'*

To load nucleic acids into exosomes, the therapeutic materials can
be transfected into donor cells, thus packaged into exosomes subse-
quently or can be incorporated into exosomes post-isolation through
electroporation.”*””"*" For example, the therapeutic mRNA/protein,
CD-UPRT-EGFP (CD-cytosine deaminase; UPRT-uracil phosphoribo-
syl transferase; and EGFP-enhanced green fluorescent protein) were pre-
transfected into donor cells prior to harvesting exosomes.”" The recipi-
ent schwannoma cells were treated with these exosomes along with pro-
drug 5-FC (5-fluorocytosine), which was converted an active anti-cancer
drug 5-FU (5-fluorouracil) by CD and UPRT."”" The engineered exo-
somes targeted the tumor cells effectively and showed regression of
tumor growth."”' Wood laboratory proposed another effective loading
mechanism by transfecting donor cells with plasmids expressing specific
targeting proteins and incorporating desired nucleic acids into exosomes
through electroporation.'”” The first study that successfully adopted
this method was by Alvarez-Erviti et al., where immunologically inert
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exosomes were produced by self-derived immature dendric cells.”” The
surface of exosomes was engineered to express an exosomal membrane
protein Lamp2b, fused with a brain specific rabies virus glycoprotein
(RVG) peptide to increase the targeting capacity. After purification,
RVG exosomes were loaded with siRNA and delivered in vitro and
in vivo.”” The results showed that exosomes can cross the BBB and
deliver therapeutic siRNA safely and effectively into the brain with little
toxic effects or immunogenicity even after repeated dosage.”

2. Exosomes as drug delivery carriers

Drugs are generally encapsulated into purified exosomes by meth-
ods such as incubation, sonication and electroporation.1?’3’134 These
loading mechanisms were tested in a study, where chemotherapeutic
drugs paclitaxel (PTX) were encapsulated in macrophage derived exo-
somes (exoPTX), and the results from this particular study revealed
sonication was shown to be the most effective method.'** In addition,
exoPTX showed preferential accumulation in cancer cells and
decreased metastasis compared to liposomes and polymer-based car-
rier counterparts.'”’ Tian and colleagues engineered exosomes with tar-
geting proteins to deliver doxorubicin (Dox) specifically to breast
cancer cell lines.” Similar to the pioneer work done by Alvarez-Erviti
et al.,”° exosomes were generated in immature dendritic cells to reduce
immunogenicity and toxicity, and the iRGD-Lamp2b plasmid was
transfected onto the cell lines to express Lamp2b (exosomal membrane
protein) fused to the ov integrin-specific iRGD peptide for enhanced
targeting effects.”® After purification, Dox was encapsulated into exo-
somes through electroporation and applied to breast cancer cell lines.
The results showed that engineered exosomes were able to deliver Dox
specifically to tumour tissues, leading to inhibition of the tumour
growth with reduced toxicity and immunogenicity.”” Exosomes are
also used to encapsulate curcumin, a natural hydrophobic polyphenol
therapeutics from turmeric that has anti-inflammatory, anti-neoplastic,
and anti-cancer properties."”” Curcumin was incorporated into murine
tumour cell line (EL-4) derived exosomes through incubation (exo-
cur), followed by sucrose-gradient centrifugation. The exo-cur greatly
improved curcumin stability and bioavailability, and in vivo results
showed that mice treated with curcumin complexed with exosomes are
protected against lipopolysaccharide (LPS)-induced septic shock. In a
follow up study, exo-cur were selectively taken up by microglial cells in
the brain via intranasal administration, demonstrating a non-invasive
and effective treatment of inflammatory brain diseases bypassing the
BBB.'” In this study, numerous cell types including normal mouse
embryo fibroblast cells and tumor cells were used to produce exosomes,
and the exo-cur were found to reduce the numbers of inflamed micro-
glial cells after 2 h, along with an increase in apoptotic events.'”

Considerable efforts have been made to exploit exosomes as tar-
geted therapeutic carriers (examples of which are found in Table I).
However, there are major challenges that the future studies need to
address. First, a major limitation in this field is the lack of standardized
techniques for the isolation and purification of exosomes. The conven-
tional methods of isolation require multi-step ultracentrifugation.
However, this method is tedious, and the obtained exosomes are often
contaminated with other types of EVs. As the targeting and delivery
abilities of exosomes are essential in drug/gene delivery applications,
the presence of non-exosomal EV's will hinder the therapeutic efficien-
cies. Developing a fast and precise method of exosomes isolation is
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TABLE I. Examples of exosomes used as drug/gene delivery carriers.
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Donor cell origin Therapeutic agents Loading mechanisms Targeting peptide Targeting sites
Immature DC cells siRNA Electroporation Lamp2-RVG Mouse brain™
HEK293T Suicide mRNA Pre-transfected parent cells NA Schwannoma tumours'*'
CD-UPRT-EGFP
Immature DC Dox Electroporation Lamp2b-iRVG Breast cancer”®
HEK293 Let-7a miRNA Transfection GE11 or EGF Breast cancer’’
EL-4, MDA, 4T-1 Curcumin Sucrose gradient centrifugation NA Multidrug Resistance (MDR)
cell lines'*’
RAW 264.7 Paclitaxel Incubation, electroporation, NA MDR cell lines'**
and sonication
PFSK-1 cells, bEND.3, Rhodamine 123, paclitaxel Incubation NA U-87 MG cells and

A-123 and
U-87 MG

and doxorubicin

127

zebra fish embryo

therefore one of the most important tasks in the current field of
research. Second, the cell origins of exosomes need to receive more
attention for specific applications. For example, in utilizing exosomes
for cancer therapeutics, one should avoid sourcing exosomes from
cancer cells, as they may contain oncogenic drives that may contribute
to cancer progression. Additionally, exosomes have been derived from
many different human cell types, though the way that cell types may
affect exosomes delivery properties remains unknown.'”” Therefore,
thorough and precise characterization studies of exosomes are needed
before applying exosomes as therapeutic carriers. Finally, exosomes
extracted from cell cultures can vary and display inconsistent proper-
ties even when the same type of donor cells were used.'”” Current cell
culture and exosome purification technologies restrict the implemen-
tation of standardized and mass production of exosomes.” Therefore,
for exosomes to be considered as a reliable therapeutic platform, scal-
able manufacturing processes are needed to produce exosomes in a
fast, reproducible, and cost-effective fashion.

In conclusion, exosomes have demonstrated great potentials in
therapeutic applications. However, to advance in this field, a few fun-
damental obstacles need to be overcome. One of the most urgent hin-
drances is to develop reliable and efficient protocols for isolation and
characterization. Sections V and VI review and discuss the current
state of exosome isolation and characterization techniques.

V. ISOLATION

Despite the fast growth in exosome research, isolation and purifi-
cation techniques are still poorly developed and standardized.””'**"*”
Exosome isolation from raw biological fluids is challenging as some
components of biological fluids such as lipoprotein, chylomicrons, and
microvesicles have size overlaps with exosomes (30-150 nm)."”*"*”
Isolation from conditioned cell culture media is less complicated; how-
ever, other types of EVs are often co-isolated due to their size overlap
and lack of specific biomarkers.””

Various techniques have been introduced for exosome purifica-
tion and these methods all impact the yield, diversity, and functions of
EVs recovered. """’ Such techniques can be classified into two sub-
groups: conventional methods and microfluidics-based methods. The
conventional methods such as ultracentrifugation, size exclusion chro-
matography, ultrafiltration, immunoaffinity, and polymer-based

precipitation are established and widely used; however, they have not
shown high efficiency or recovery yield."** On the other hand, micro-
fluidic devices are regarded as the emerging isolation platforms with
numerous advantages such as: low sample consumption, high sensitiv-
ity, ease of use, and fast speed compared to conventional methods. "¢
Table II summarizes various conventional and microfluidics-based
(referred to as emerging) exosome isolation techniques with their work-
ing principles, advantages, and disadvantages. In Secs. V A and V B, the
details of these methods and their advantages and demerits are
discussed.

A. Established protocols

Conventional methods of exosome purification have widely been
used in the last decades in laboratories and clinics. These methods iso-
late exosomes either based on their physical properties (such as density
and/or size) or their functions. Consequently, conventional methods
can be classified into three subgroups: (1) density-based isolation, (2)
size-based isolation, and (3) function-based isolation. Sections
VA1-VA3 describe these methods, their working principles, and
their advantages and disadvantages.

1. By density

Isolation of exosomes based on their density can be accomplished by
ultracentrifugation with and without a density gradient [Fig. 3(2)].”*'*’ In
these methods, density differences between the medium and bioparticles
as well as among bioparticles provide opportunities for exosome
separation.

Ultracentrifugation (UC) is currently the gold-standard in exosome
isolation and widely used in laboratories,"”* where roughly 56% of all
exosome isolation is performed using this technique.'”’ UC is based on
the difference in the sedimentation rate of particles, which is affected by
their size, density, and shape.'”' By applying centrifugal forces, sample
components can be separated sequentially according to their physical
properties, and the density and viscosity of the solvent. Given the same
particle density, larger particles sediment faster than smaller ones; there-
fore, smaller particles, such as exosomes, can be isolated with a series of
sequentially increasing rotational speeds. Typically, cells, dead cells, and
cell debris are first removed as pellets at a lower speed (300xg to
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TABLE II. Comparison of conventional and microfluidics-based exosome isolation techniques.

scitation.org/journal/apb

Method of Isolation
Protocols isolation techniques Working principle Advantages Disadvantages
Exerting sequential cen-  Easy to use, and long lifespan ~ Time-consuming process, low
By density Ultracentrifugation  trifugal forces on biopar- recovery and purity, and mor-
(UC) and gradient ticles based on the density, phology changes
size, and shape differences
Large hydrodynamic Isolation without the pres- Low recovery and purity
Size exclusion chro- radius likes exosomes can-  ence of albumin in purified
matography (SEC)  not pass through these exosomes
By size pores and excluded
Trapping bioparticles ~ Higher purity as well as lower ~ Clogging problem in the nano-
Ultrafiltration (UF) based on the size differ- time consumption membrane, Exerting high shear
ences by the nano- stress on the bioparticles
Established membranes
Fishing out exosomes Higher recovery rate and Large quantities of biological
Immunoaffinity based on the interaction of  purity compared to other samples cannot be processed,
surface biomarkers (anti-  conventional methods, suit-  high reagent cost, only cell-free
gens) and immobilized able for specific type of samples can be used, low yield
By function antibodies exosomes
Polymer-based Altering solubility or dis-  Large amount of sample can Pre-and post-cleanup are
precipitation persibility of bioparticles be processed, easy to use required, lower efficiency of iso-
by volume-excluding lation due to co-precipitation of
polymers other non-exosomal
contaminants
Isolation with miniaturized High purity, low volume con-  Low isolation capacity, lack of
Emerging Microfluidics-based devices in various sumption, high sensitivity,  global protocols and standardiza-

approaches such as acoustic, reduced procedural costs, and
dielectrophoresis, filtration

tion, and high technical expertise

sample-to-answer manner is required

1000xg), and the supernatant is carefully aspirated and used for the
next round of centrifugation. Finally, ultracentrifugation is carried out at
100 000 x g for 70 min to obtain the pellet of exosomes.'*

The density gradient for exosome isolation is another popular
method in which the medium is modified to increase the density of
the solution from top to bottom. A sample of bioparticles is also added
to the surface of the medium to create a narrow layer. Followed by
ultracentrifugation, these bioparticles move towards the bottom of
each density gradient layer to create discrete solute zones™ where exo-
somes can be separated, and finally collected by fraction collection.

Despite their popularity, both of the above methods present a few
drawbacks: they are extremely time-consuming (normally lasting
between 5 and 10h or more'”* '*°), have low recovery rates [ranging
between 5% and 25% (Ref. 156)], and low yield (375 ug of protein
from 6 x 10% cells approximately).'*”'*”'>* These last two factors lead
to the need for great sample volumes for isolation. Furthermore, they

may cause a change in the exosome’s morphology and composition
due to high centrifugal forces."”” '

2. By size

Purification of exosomes can be performed based on the size dif-
ferences of various particles.'®” Ultrafiltration (UF) and size exclusion

chromatography (SEC) are two main techniques that have been used
for size-based isolation of exosomes. Ultrafiltration is often combined
with UC, replacing a few of lower speed rounds of spinning in the UC
method with filtration."”” A Nano-porous membrane with the typical
pore size ranging between 0.1 and 0.001 ym (Refs. 157 and 163) is used
to filter a suspension of bioparticles which are sorted out based on their
sizes [Fig. 3(c)].” Following this step, the standard UC protocol con-
tinues. Compared to the UC method, ultrafiltration has shown a higher
purity (5-folds higher compare to UC) of isolated exosomes as well as
less time consumption (1-2h).'**'** Nonetheless, trapping bioparticles
in nanopores can cause clogging issues which result in low recovery
rates (e.g, only small amounts of exosomal proteins, AQP2 and
TSG101, could be recovered due to the adhesion to the nanomem-
brane).'*® Furthermore, due to the high forces applied to bioparticles
as they pass through nanopores, high shear stresses can be generated
which may change the morphology of EVs or even cause lysis.

Size exclusion chromatography (SEC) is another size-based puri-
fication technique that is also known as “gel filtration.”'®” The working
principle of SEC is based on the hydrodynamic radii of biopar-
ticles.'**'®” Its primary phase or stationary phase contains spherical
porous particles with a specific pore size. Depending on the size differ-
ence between pores and bioparticles, some bioparticles will be retained
according to their diffusion [Fig. 3(d)]. In this way, bioparticles with
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large hydrodynamic radii like exosomes cannot pass through these 3. By function
pores and are excluded. In a recent study, Baranyai et al. compare

both the UC and SEC method for exosome purification.*” They Aside from density and size-based separation techniques, exo-

claimed that unlike UC, SEC is a promising method for exosome puri-
fication without albumin presence in purified exosomes. Furthermore,
they highlighted that only a small portion of exosomes (1%-5%) can
be isolated from the blood with SEC or UC, which demonstrates the
low capability of both SEC and UC for exosome isolation.

some isolation can be performed based on the functionality of biomo-
lecules. Immunoaffinity and polymer precipitation are two types of
exosome purification that work based on their functionality.”” In these
methods, chemical properties of bioparticles” surfaces play vital roles
in the separation process.
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One of the conventional function-based exosome purification
methods is immunological-based separation [Fig. 3(e)]. Each type of
EV has specific proteins on its surface which interact with their specific
antibodies, peptides or polysaccharides. Thus, exosomes can be pulled
down from other components of the sample.151’137’17“ CD9, CD41,
CD63, and CD81 are common standard exosomal surface markers for
immunoaffinity-based isolation. Exosomes can be isolated by immobi-
lizing these antibodies on various surfaces such as magnetic beads,
plates, chromatography matrices, and microfluidic platforms.”*>"""
In the case of immunoaffinity magnetic beads, Zarovni et al."*’ found
that antibody-coated magnetic particles can provide a similar efficiency
as UC by using a small amount of the cell culture supernatant (0.1 ml).
In this method, an external force displaces the bonded magnetic beads
and bioparticles to the area of interest. Nonetheless, they found that
even higher yields (10-15 times higher than UC) can be obtained using
the plasma sample instead of the cell culture supernatant. Unlike mag-
netic beads, immunoaffinity chromatography immobilize antibodies or
antibody-related agents in the “stationary phase”; while the sample or
“mobile phase” passes through. According to the affinity of the sample
towards the immobilized antibodies, elution times differ. This will
allow the target sample to bind to the stationary phase long enough for
the rest of the sample components to elute first. After this, targeted
molecules can be eluted and collected for further analysis with the use
of other techniques like mass spectrometry (MS)."”” The similar princi-
ple has been applied to plate-mounted immunoaffinity; however,
instead of columns, wells have been used where every well in the plate
was coated with an antibody.'”” In another study, Tauro et al.'*’
reported that immunoaffinity isolation provides a higher purity (about
3 times higher amounts of the normalized spectral count ratios (N)
for various surface protein biomarkers) compared to both differential
UC and density gradient methods. The main drawback of this method
is that large quantities of biological samples cannot be processed.'”
Instead, only pre-concentrated small volumes are suitable for this
method.”*"”” Moreover, besides exosomes, other types of EVs (such
as microvesicles and apoptotic bodies, proteins, cells, and cell debris)
may present similar proteins to exosomes, resulting in low purity.'”!

Another method, precipitation, is achieved when the solubility or
dispersibility of molecular components, such as exosomes, can be
changed using volume-excluding polymers [Fig. 3(b)]."”" This princi-
ple is based on the effective volume of a solution being inaccessible in
the presence of polymers in the precipitating reagent. By binding with
water molecules, these polymers saturate the solution forcing less solu-
ble components such as exosomes to precipitate. Once precipitated,
these target molecules can be sedimented for further isolation steps
through low-speed centrifugation (1500 x g) or filtration."”"'”” One
of the most widely used polymers for this purpose is polyethylene gly-
col (PEG). This polymer allows an effective isolation of exosomes since
it provides an easy and low-cost (no need for special equipment) pre-
cipitation procedure from a cell culture supernatant.”” High-
resolution electron microscopes has been used to visualize the size and
morphology of isolated exosome aggregates, verifying the mechanism
of PEG-based precipitation.'”” Commercial exosome precipitation kits
are widely available in the market and are advertised to be compatible
with various body fluids such as breast milk.'”"'”* However, the main
drawback of this method is the co-precipitation of non-exosomal com-
ponents such as proteins and polymeric materials, which leads to a
lower efficiency of exosome isolation.' ™’
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B. Emerging—Isolation platforms

In recent years, the field of microfluidics has allowed the develop-
ment of novel methods for exosome purification.'”” Microfluidics pro-
vides platforms, including micron-sized channels, for processing small
amounts of fluids (microliter to picoliter).'””'”* Most of the microflui-
dic devices are fabricated with a specific polymer called poly (dime-
thylsiloxane) or PDMS.'”” PDMS is optically transparent and
biocompatible; these properties make PDMS a useful material in bio-
microfluidics device fabrication.'”” Microfluidics devices can have dif-
ferent components based on their applications as well as the approach
of separation. These components include microchannels, connecting
tubes, microvalves, micromixers, and micropumps.””so By allowing
the manipulation and processing of small amounts of fluids through
microscale channels,'”” it has been shown that microfluidic platforms
can sort exosomes with a high level of purity and sensitivity while
reducing the cost, the volume of reagents consumed, and time invested
in the procedure.'””"**'*" Generally, microfluidic-based methods are
classified into two main groups: active and passive. The first methods
are defined by the exertion of external forces, while the second ones
rely only on the use of hydrodynamic and surface forces.'” Table 111
exemplifies different techniques according to this classification.

Following the categories used for conventional methods (density,
size, and function), Table IV shows different examples of microfluidic-
based methods with their respective throughput, recovery yield, isola-
tion capacity, and input sample. Techniques such as acoustophoresis,
filtration, and viscoelastic flow have the highest recovery yield, which
is one of the most important factors when evaluating the efficiency of
isolation. Meanwhile, methods like pressure-driven, electrophoresis-
driven filtrations, and nanowire trapping have the lowest recovery
rates. In Secs. V B 1, we discuss some of these methods in detail.

1. Isolation by density (on-chip centrifugation)

In 2018, Yeo et al."”” introduced a label-free extraction of EV's by
coupling microfluidic designs with centrifugal nanoparticle separation
and extraction [Fig. 3(f)]. Their micro-chip, called uCENSE, used cen-
trifugal micro-hydrodynamics as the isolation method because they do
not require external elements (syringe pumps or others) to introduce
the samples into the microchannels. The microfluidic chip was divided
into three parts: (1) a serpentine inlet channel (to have sufficient
hydrodynamic resistance towards fluid movement), (2) a microfluidic
separation channel, and (3) two outlets.

TABLE lll. Summary of microfluidics platforms based on active and passive methods
of isolation.

Microfluidics platforms

Active Passive
Acoustophoresis On-chip centrifugation
Electrophoresis-driven filtration Inertial lift force
Dielectrophoresis Viscoelastic flow
Magnetophoresis Filtration
Immunoaffinity
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TABLE IV. Microfluidics-based exosome isolation techniques.

Throughput  Isolation  Recovery
Isolation method Exexosome isolation approach Input sample (W/min)  capacity (ul) yield (%) References

Acoustophoresis

1. Purification of extracellular microvesicles Packed red blood cell 0.24 10 80 183

(pRBC) units

2. Isolation of exosomes from whole blood  Undiluted whole blood 4 1500 82 138

Electrophoresis-driven filtration Whole blood 2 240 1.5 184

By si 1. Integrated centrifugal microfluidic Urine 36 1000 95 185

y size .
platform (Exodisc)

2. Doubled filtration Urine 33 8000 74.2 186

3. Nanowire trapping BSA and liposomes 10 100 10 187

Inertial lift force Blood 70 NA NA 188

Viscosity flow Serum 10 100 93.6 189

By density On-chip centrifugation Cell culture media N/A 10 N/A 190
Immunoaffinity

By function Integrated immunoisolation and protein Plasma 2 30 N/A 191

analysis of circulating exosomes using
microfluidic technology

As previously mentioned, this method is based on centrifugal forces
where larger particles will migrate longer distances in comparison to
smaller ones due to the force being proportional to the square of the par-
ticle diameter. Particles inside the separation channel experience different
forces such as centrifugal, coriolis, buoyancy, and hydrodynamic drag,
however, at the steady-state, the centrifugal force is equal to the sum of
all other forces. Therefore, by rotating the motor assembly, the whole
micro-chip rotates and generates these forces inside the microchannels.

2. Isolation by size

a. Acoustophoretic isolation. In this method, forces generated by
acoustic waves are used to manipulate or isolate targeted molecules
[Fig. 3(g)]. Generally, two techniques are used to create acoustic waves:
Bulk Acoustic Wave (BAW) and Surface Acoustic Wave (SAW).
BAW uses a resonator, oscillating at a specific frequency, and vibrates
the transducer as a bulk. In contrast, SAW generates the acoustic pres-
sure field by applying voltage to interdigital transducers (IDTs) pat-
terned on the surface of a piezoelectric material, which generates the
displacement. The SAW technique can be further classified into three
categories: Traveling Surface Acoustic Wave (TSAW); Standing
Surface Acoustic Wave (SSAW); and Pseudo Surface Acoustic Wave
(PSAW); depending on certain parameters such as number and loca-
tion of IDTs, frequencies, and amplitude of acoustic forces.'*”'”* The
range of frequencies used for any of these acoustophoretic methods
(MHz) is similar to ultrasound imaging and does not distort the cellu-
lar properties, and hence, is biocompatible.138 However, the main
drawback for this isolation method is the challenging and time-
consuming fabrication process where highly precise alignments are
required. Although this method mainly depends on the particle size,

the density, and compressibility differences between particles and the
fluid medium are also important factors.'”

For exosome isolation from a whole unprocessed and undiluted
blood sample, Wu et al.'*® used the SSAW technique. Their device
consisted of two sequential SAW modules. The first cell-removal mod-
ule separated larger components of blood such as red blood cells
(RBCs), white blood cells (WBCs), and platelets (PLTs). Once a cell-
free plasma was obtained from the first module, the next module (i.e.,
exosome-isolation) separated the nanoscale components such as
microvesicles, apoptotic bodies, and exosomes.

b. Filtration. Filtration methods have widely been used to sepa-
rate and isolate components of biological samples, as it is a label-free
process without the need for external forces. In this case, nano-filters,
nano-porous membranes, or nanoarrays'*’ are usually used in micro-
channels to separate particles based on their size [Fig. 3(h)]. Woo et al.
presented an integrated microfluidic platform called Exodisc for label-
free exosome purification.®” The device is based on a nanofiltration
and centrifugation process. When the microchip is spun at a relatively
low acceleration (<500xg), the biological sample passes through dif-
ferent nano-filters with a pore size ranging from 600 to 30 nm, allow-
ing the concentration of EVs. Compared to UC methods, this device
has a total recovery rate of 95% and the complete process can be per-
formed within 30 min. In summary, larger particles such as dust are
separated from the input sample by spinning the disk at 3000 rpm.
After that, the sample is transferred to the first chamber and a second
valve is opened to let the sample pass through 2 nano-filters (I and II).
Filter I with a pore size of 600 nm captures large particles, while filter
IT of 20 nm only allows small particles to pass through. Therefore, EVs
are retained before filter IT and collected by a washing buffer
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introduced through the microchannels. This transferring is carried out
by reversible diaphragm valves.

Another passive method of EV isolation was introduced by
Villarroya-Bltri et al.,”* which trapped exosomes using ciliated micro-
pillars. These posts, set perpendicular to sample flow, were covered in
small protrusions with nanosized gaps that acted as a filter for the
sample. In essence, large cells could not enter the micro-pillared
region, so they were collected at the first row of pillars, whereas smaller
molecules, such as proteins, could pass through the micropillar area
without being caught in the nanowires. Exosome-like vesicles were
trapped by the nanowires. As with any label free method, the main
drawback of this filtration technique is lack of specificity. Anything
smaller than the space between the posts and larger than the space
between the wire protrusions has the possibility of being caught. As
such, a wide variety of cellular products may be isolated. Also, the
setup could potentially cause cell lysis and accumulation of the result-
ing debris on the nanowires. This would result in clogging of the
device and preventing it from capturing target molecules.

c. Inertial lift force. One of the more straightforward passive
methods to separate cells in microfluidics platforms is through the use
of inertial lift forces. These forces can be used to displace the particles
laterally across the microchannels with a sufficient flow rate and veloc-
ity differences between particles and fluid."”* Based on this principle,
Dudani et al."*® proposed a rapid inertial solution exchange (RInSE)
method, utilizing inertial lift forces to move microparticles across the
channel. However, since exosomes are nano-scaled, inertial lift forces
cannot influence them significantly. Therefore, exosomes are incu-
bated with beads to create a larger exosome-bead complex [similar to
Fig. 3(j)]. As the inertial lift force is proportional to a® (where a is the
diameter of particles), acellular contaminants (a < 5 um) do not expe-
rience a considerable inertial lift force and remain inside the walls of
the channel while the exosome-bead complex is influenced by the iner-
tial lift force (on the order of 2 nN) and moved toward the buffer.
Therefore, the isolated exosomes are collected from the collection out-
let. Since non-exosomal EVs are not large enough, they are not influ-
enced by the inertial lift forces and do not move towards the collection
outlet. Dudani et al. achieved significant inertial lift forces with a high
aspect ratio channel (a width of 100 um and a height of 30 um) to
decrease the shear gradient in the center of the channel.

d. Viscoelastic flow. Another passive method for cell sorting is
through viscoelastic microfluidics, where elastic lift forces are exerted
by a viscoelastic medium to the particles [Fig. 3(1)]."" To create the
viscoelastic medium, different polymers, such as diluted (low concen-
tration 0.1% w/w) poly-oxyethylene (PEO), can be used. The PEO
polymer makes the fluid highly viscoelastic and causes an imbalance
in the first normal stress difference across the microchannel. This
imbalance creates an elastic force proportional to the volume of par-
ticles. As a result, bioparticles can be positioned laterally across the
width of the microchannel based on their volume as the elastic lift
force is proportional to a® (where a is the diameter of
bioparticles).The main advantage of this method (compared to the
inertial lift force) is that beads (for size amplification) are not required
as the elastic lift force is about one order of magnitude stronger (~1
pN) than the inertial lift force (~0.1 pN).

scitation.org/journal/apb

3. Isolation by function

As previously discussed, immuno-affinity capturing is widely
used as a conventional exosome isolation method, and it can be inte-
grated into microfluidic platforms [Fig. 3(j)]. From the microfluidics
point of view, there are two types of immuno-affinity-based isolation
involving: (1) modification of the surface of microchannels with anti-
bodies and (2) the use of affinity particles or magnetic beads. An
example of the latter is the promising study performed by He et al.'”’
who integrated magnetic beads with antigens for exosome capture/iso-
lation. These surface biomarkers allowed the manipulation of exo-
somes with an external magnetic field. Antibody-labelled magnetic
beads were pre-mixed with the plasma sample in the chip and sedi-
mented inside a micro chamber by an external magnetic source. A
lysis buffer was then injected into the chip to release intra-vesicular
proteins of captured exosomes for further analysis. The released intra-
vesicular proteins were bound to another set of antibody-labeled mag-
netic beads and were retained in the second micro chamber by apply-
ing the external magnetic force. To achieve a sandwich
immunodetection, chemifluorescence reagents were added to the solu-
tion, and in this way, specific protein biomarkers were detected.

In summary, microfluidic-based exosome separation methods are
a promising alternative to current gold standard conventional methods.
However, one of the main drawbacks of microfluidics platforms is their
complicated fabrication (the need for a cleanroom and intricacies of
photolithography). Both physical and chemical properties of exosomes
can be used in microfluidic-based separation methods. Among all the
currently available methods, immunoaffinity-based separation has
attracted more attention as it is simpler in both operation and fabrica-
tion. Nonetheless, the high dependency of this method on specific anti-
bodies of each target of interest is a major challenge. Acoustic-based
separation of exosomes has shown to be a promising approach for exo-
some isolation as it is biocompatible and does not change the morphol-
ogy of exosomes after separation. However, complex fabrication
processes are the main demerits of this method. Furthermore, numer-
ous microfluidics devices have been introduced which work based on
the size and density (such as filtration, on-chip centrifugation, respec-
tively). Although these devices do not require any additional reagents
(such as antibodies), the size overlap and chance of clogging are two
main issues of these devices. All in all, microfluidics-based exosome iso-
lation is the emerging alternative method with a high sensitivity, high
recovery rate, and low required volume of input samples. These features
can be implemented in clinical applications for personalized medicine
and as personal pre-diagnostic devices in the future.

VI. CHARACTERIZATION

A thorough analysis of exosome characteristics is often chal-
lenged by the heterogeneity of EV isolates, resulting in a mixed size
distribution, difficulties in profiling cargo contents, and microscopy.
Generally, characterisation of the exosome has focused around their
size, morphology, proteomic, lipidomics, and genomics. Subsections
VIA-VIC will describe the established and emerging techniques in
exosome characterization.

A. Size and shape

Currently, the gold standards in morphology characterization are
Electron Microscopy technologies. Formerly, exosomes were
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frequently described as having a cup-shaped morphology.'”” This is
observed when using Transmission electron microscopy (EM) techni-
ques, and it is now generally assumed to be wrong due to conflicting
data from Scanning EM techniques which indicate that exosomes are
roughly spherical with a consistent size distribution.'”® TEM works by
directing a wide electron beam through a thin sample and then
spreading the beam with a lens to produce an image. The contrast of
the image is produced as a result of electron scattering as the beam
crosses the sample. Unfortunately, this technique requires a very thin
sample, and hence a significant effort is required for sample prepara-
tion which may affect sample properties such as morphology. SEM, on
the other hand, bounces a very thin stream of electrons off a sample
and compiles a three-dimensional image from the resultant electronic
signals: much less sample preparation is needed. EM techniques are
attractive due to their ability to obtain a resolution of 0.1 nm and 3 nm
for TEM and SEM respectively.w7 Thus, the exosome of 40 nm can be
clearly defined. Despite these advantages, exosome populations must
be isolated and fixed prior to imaging which may alter the characteris-
tics of the exosome and greatly limits this technique to static visualisa-
tion of the size and shape only with questionable accuracy. Though
exosomes are commonly described as having diameters ranging from
40 to 100 nm, Wu and colleagues characterised exosomes from B16F0
cells, isolated by conventional ultracentrifugation methods, to range
from 139 to 185 nm.'”® This, along with the observation that exosomes
appear to shrink over time,'”” suggests that researchers should report
the length of time between isolation and characterisation.

Another common technique for size determination is
Nanoparticle Tracking Analysis (NTA). This piece of software uses a
video file, obtained from any microscopic technique capable of observ-
ing the movement of exosomes, to determine the size and concentra-
tion of the particle. It works by tracking individual particles” velocity
and Brownian motion frame by frame. As displacement of a particle
in a solvent is related to certain parameters (temperature, solvent vis-
cosity, and size of the particle) the Stokes-Einstein equation can be
used to calculate the size if displacement, temperature, and viscosity
are known."”” The detection limit of NTA is dependent on the ability
to see the particle and thus the resolving power of the microscope. As
it can track multiple particles simultaneously, NTA is able to charac-
terize polydispersed samples.”””"" This method is similar to Dynamic
Light Scattering (DLS) techniques which calculate the hydrodynamic
radii of particles based on the fluctuations in laser transmission caused
by the Brownian movement of the particles. While DLS can character-
ise particles between 1 nm and 6 u m, it is only accurate with particles
of a homogenous sample, and it is easily influenced by the existence of
larger particles in the sample which makes NTA a more versatile and
reliable method.”"*"”

B. Molecular profiling

There has been a prodigious number of studies focusing on EV's
molecular profiling over the past decade, including proteomics, lipido-
mics, and genomics. Exosome cargo contents retain information of the
cell origin, and hence detailed molecular profiling could not only
reveal exosome functions, but also provide clues in exosome biogenesis
and identifying potential EV biomarkers for diseases detection/diagno-
sis. As mentioned earlier, systematic profiling of homogenous EVs
with a specific subpopulation has not been accomplished, resulting in
contamination of other types of EVs or EVs from different cell
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phenotypes. As a result, prior to molecular profiling, EVs need to be
isolated using standard isolation/purification protocols and the pres-
ence of exosomes needs to be confirmed by methods such as western
blot, TEM or DLS. As a matter of fact, the success of EV molecular
profiling heavily relies on the isolation and separation process.

1. Proteomics and lipidomics

Various standard proteomics approaches have been applied in
exosome proteomic analysis. In particular, liquid chromatography
coupled tandem mass spectroscopy (LC-MS/MS) and two-
dimensional gel electrophoresis (2DGE) are predominantly
used.” "% Mass spectrometry (MS) based proteomics provide
comprehensive analysis of exosome protein contents. Briefly, after
standard EV purification, proteins are extracted from the EV lysate,
and made to undergo peptide preparation. Peptide fragments are
required for MS analysis since they are more easily fractionated by LC,
ionized and fragmented by MS, which results in more accurate mea-
surements.”””*”” Most studies in EV research use in-solution digestion
to yield peptides, which include reduction, alkylation, and tryptic
digestion.””*”* The peptides will then be separated by one or more
steps of high-pressure LC to be separated into several components.
Finally, the peptides enter the tandem MS (MS/MS), where two stages
of MS are performed. In the first stage, ions are formed in the ion
source and separated by their mass-to-charge ratio. The second MS
analyser then selects the ions of interests and fragments them for fur-
ther separation and detection. The peaks are processed and matched
against the database to reveal the protein identity.””” The MS-based
proteomics allows thousands of proteins to be identified and quanti-
fied from complex samples.

2DGE is a traditional and one of the most widely used technique
to study the proteome of a cell.””**"” In 2DGE, proteins are first sepa-
rated by their isoelectric points (where the protein has a neutral
charge) and subsequently by mass, thus distributed in a two-
dimensional gel.””” During the first step, proteins move along the gel
under a pH gradient, accumulating at their isoelectric point. These
proteins are then treated with sodium dodecyl sulfate (SDS) along
with reducing reagents to unfold into a linear structure with a negative
charge from the SDS molecules. Finally, in the second dimension, an
electric potential is applied at the 90-degree angle from the first field
and the proteins are separated on the gel according to their molecular
mass. Each spot on the resulting two-dimensional array corresponds
to a single protein species in the sample and the spots of interests are
further analysed using MS-based techniques.

Compared to proteomics, studies on lipid composition and the
presence of metabolites in EVs are underrepresented. Lipid species
consists permutations of the head and tail groups, with various possi-
ble modifications and configurations, which results in heterogeneity
and complications in analysis. Most lipidomic in EV research have
been performed using the MS-based method, and the techniques and
workflow used in lipidomics are similar to proteomics.”'’ Briefly, lipids
are extracted through the EV lysate in liquid-liquid extraction using
organic solvents, then separated and analysed by gas chromatography-
mass spectroscopy (GC-MS) or LC-MS.2%>2%7

Using these techniques, more than a thousand different proteins
may be isolated from 25-ml of urine.”'" Generally, TSG 101, annexins,
tetraspanins, and ESCRT proteins and associated proteins (such as
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ALIX) are identified.”'> However, standard exosomal markers such as
major histocompatibility complexes, Flotillin, Hsp70s, and tetatrspanins
CD9; CD63; and CD81, among other often identified proteins are found
in other EV populations.”"”

The main limitation in EV proteomics and lipidomics are the
contamination of other types of EVs, thus the accuracy largely depends
on the isolation techniques. For this reason, it is currently impossible
to separate EVs based on their biogenic origins, which in turn makes
the analysis of bona fide exosomes challenging. Nevertheless, advances
in molecular profiling would help identify useful biomarkers for EV
isolation, which in turn will advance the field tremendously.

2. Genomics

Determining the RNA content of the exosome has the same chal-
lenges as determining the proteomic content does. While degradable in
biological fluids, RNA exists free of cells and other membrane com-
partments (such as EVs), it nonetheless exists in biological fluids
including blood and urine.”' "> Even so, the literature notes a few
things about RNA in exosomes. In terms of noncoding RNAs, 3 uridy-
lated strands are highly enriched in exosomes while their 3’ adenylated
isoforms are not.”'° mRNA, ncRNA, miRNA, snRNA, tRNA, rRNA,
piRNA, and mtRNA, among others, have been isolated from exosome
samples.”'”*'® Currently, commercial kits appear to be the common
method of RNA extraction and isolation.”**'***” Though reverse-
transcription-quantitative polymerase chain reaction (RT-qPCR) is the
main method for profiling;”*' this works by converting the isolated
RNA into ¢cDNA and amplifying it via a PCR.”* From here, the
strands of DNA can be profiled for length and nucleotide sequences.

C. Microscopy and nanoscopy for exosome imaging

While ex vitro methods such as genomic assays, TEM and DLS
provide essential information of sizes and contents, their accuracies are
limited by the absence of standard isolation protocols. Moreover, estab-
lished characterization methods failed to visualize exosomes in their nat-
ural habitat nor are they able to capture the dynamic process in vitro.
Recent advances in fluorescent microscopy (FM) provided non-
invasive, direct approaches to image exosomes in vitro and ex vitro.
Additionally, by tracking fluorescently labelled exosome biomarkers, the
dynamics of exosome biogenesis, release and cellular uptake can be
revealed. Furthermore, FM allows more than two fluorescent dyes to
simultaneously stain and label different compartments of the cells.””
This is particularly useful in detecting exosome populations without
solely relying on the isolation quality since the colocalization of several
exosome specific proteins would more likely to confirm the presence of
this subset of EVs. In general, exosomes are visualized either by directly
labelling certain membranes/proteins using fluorescent dyes or through
fluorescent fusion proteins that were introduced to the host cell cyto-
plasm via transfection. Labelling with fluorescent dyes is convenient and
can be adjusted easily. However, direct labelling often suffers from false
positive results by excess and free dyes. Fluorescent proteins offer stable
fluorescent signals and the labelling is more precise, however, the tech-
nique is lengthy. Once they are labelled, these tags can also be used for
surface protein characterization and affinity based purification.”****”
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1. Direct post-isolation labelling for imaging

Exosomes can be labelled with either lipophilic dyes or antibody-
conjugated dyes. To do this, exosomes are required to be separated
and purified from cell cultures, following incubation with specific fluo-
rescent dyes. Lipophilic dyes such as PKH67, Dil, DiD or DiR embed
in the lipid bilayer of the exosomes, and they have been widely
used.”**’ In these studies, lipophilic dyes label all membrane struc-
tures, hence not specifically to exosomes.

Immunofluorescence (IF) targets surface proteins found on exo-
somes via fluorescently labelled antibodies. There are two ways of IF
labelling: direct or indirect. Direct IF uses a fluorescent primary anti-
body to tag exosomes, while indirect IF uses a primary antibody to tar-
get exosomes and fluorescent secondary antibodies for visualization.
Currently, indirect IF is the preferred method in detecting endogenous
proteins involved in exosomes due to greater flexibility in the labelling
strategy. For example, Kibria et al. treated MDA-MB-231 derived exo-
somes with mouse anti-human CD63 antibodies then incubated with
Alexa 488 conjugated goat anti-mouse IgG secondary antibodies.””
The treated exosomes were observed under a confocal microscope to
show the CD63 expression level. Similar approaches, often coupled
with lipophilic dyes, were used in other studies to visualize exosome
uptake as well as internalization and locations in recipient cells.”*”*"’

Although widely used, post isolation labelling techniques have a
few limitations: free label or non-specific absorption exist even after
multiple washing steps, giving false-positive signals and lower signal-
to-noise ratio. Additionally, prior to labelling, exosomes need to be
purified from conditioned media or body fluids. Given the current
challenges in exosome isolation, this method is unreliable for exosome
labelling.

2. Genetic tagging by fluorescent proteins

Due to the limitations of the post-production IF labelling techni-
ques, many studies have explored options of using fluorescent pro-
teins. Plasmids are engineered to express exosomal surface proteins
fused with fluorescent protein tags (e.g., EGFP, mCherry). They are
then transfected in host cells where the tagged proteins have the
chance to be incorporated into exosomes.”*” For example, to elucidate
the different subcellular distributions of Rab 27a and Rab 27b pro-
teins, HeLa cells were simultaneously transfected with mCherry-
Rab27a or GFP-Rab27b, then stained with anti-CD63."* The colocali-
zation of the fluorescent signals revealed Rab 27a and Rab 27b func-
tions in different compartments, and they perform non-redundant
tasks in the exosomal pathway. Lai et al. developed a fluorescent EV
labelling strategy to achieve live-cell imaging of EV release, uptake,
and exchange between different cell populations, as well as micro-
scopic quantification and flow cytometry analysis.”*” For the genera-
tion of fluorescent EV reporters, a palmitoylation signal is generically
fused in-frame to the N-terminus of the enhanced green fluorescent
protein and tandem dinmer Tomato, generating PalmGFP, and
Palmtd Tomato.

Fluorescent proteins have their own limitations such as having
little control over the brightness once its transfected, dimmer signals,
and lower photo-physical properties compared to organic dyes.”””
Additionally, precise tagging of exosomes requires exclusive surface
proteins to exosomes, that are yet to be discovered. Therefore, most
studies that use fluorescent protein labelling would still go through
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post-isolation process and focus on the exosome uptake process. More
importantly, such transfection can potentially alter other cellular path-
ways, although it cannot be easily applied in clinical settings due to the
long-lasting transfection and potential adverse effect on host cells.

2. Advanced fluorescent microscopy technique

Conventional FM has difficulties in resolving objects smaller
than half of the wavelength of light used for imaging due to the limita-
tions of light diffraction.””* This phenomenon, also referred to as the
resolution limit, is usually around 200 nm and is a major obstacle in
optical microscopy.”*”*** Due to the small size of exosomes, it is chal-
lenging to obtain clear images to differentiate exosomes from other
cell structures.””” Usually, combinations of characterization techniques
are required to validate the fluorescent imaging results. However, it is
still impossible to provide clear and direct insights on exosome locali-
zation and dynamic movements. Recent progress in super-resolution
imaging has provided novel tools in exosome characterization, espe-
cially with total internal reflection fluorescence microscopy (TIRF)
and single-molecule localization microscopy (SMLM) including pho-
toactivation localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM).>#+2%6-238 Particularly, TIRF has
become a dominant technology for visualizing the cell plasma mem-
brane. TIRF exploits the evanescent wavelength that is induced when
light is totally internally reflected at the glass-water interface. The eva-
nescent wavelength propagates parallel to the glass-water interface and
decays exponentially perpendicular in direction from this interface,
thus penetrating sample into about 100 nm. Usually a fluorophore is
on the surface of the interface, which can be excited by the evanescent
field and only 100 nm of thickness would be excited giving out a
reduced signal-to-noise ratio. This technique is well used in studies of
the plasma membrane, as well as endocytosis and exocytosis pro-
cesses.””” On the other hand, SMLM techniques are based on the abil-
ity to image subsets of fluorophores at a time, switching between
fluorescent and non-fluorescent. As a result, non-overlapping single
fluorophores can be imaged. Particularly, direct STORM uses synthetic
photoswitchable dyes such as cy5 and Alexa Fluor 647 as probes to
achieve the on-off fluorescent cycles.””””**” PALM uses photoactivat-
able fluorescent proteins that can be activated on and off with specific
illumination.”"" The recorded diffraction limited images (characterized
by the point spread function) were then fitted with two dimensional
Gaussian functions to determine the centroid of each molecule.
Subsequently, all the subsets of frames are then used to reconstruct a
final super resolution image of the sample, built point by point.”””

Chen et al. investigated the power of super resolution in exosome
imaging using both PALM and TIRF techniques. In their study,
cancer-derived exosomes were isolated and the membrane receptors
CD63 and HER2 were labeled with photoswitchable probes Alexa
Flour 488 and 647 through indirect TF.””” Alexa Fluor dyes were cho-
sen due to their good photoswitching properties and high photon
yield. In addition, the exosome membranes were labelled with CM-Dil
dyes to confirm the exosome existence. The TIRF technique was used
to visualize and locate the exosome membrane, then PALM/STORM
methods were used to image the Alexa Fluor dyes on the exosome
receptors. Using PALM/STORM method, the final reconstructed
super-resolution image of exosomes achieved a spatial resolution at
70nm. Super-resolution imaging was also conducted to visualize
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exosome internalization, and the colocalization of exosomes and lyso-
somes revealed large portions of exosomes were transported to lyso-
somes for further degradation. This study provided evidence of using
super-resolution techniques to visualize exosomes.

VII. CONCLUSIONS

With substantial research being dedicated to exosome applica-
tions, it is vital to understand the progress made and the persisting
challenges. Although EVs analyses have impressively evolved in the
last decades, the exact mechanisms of biogenesis are still unknown.
Conversely, improvements in the methods of exosome isolation and
purifications are needed in order to study the cargo contents and func-
tions, which would shed light on the biogenesis in return. Once such
limitations are overcome, new biomarkers can be identified for exo-
some characterization and use them in diagnostic applications.
Moreover, with more information on exosome biogenesis and func-
tions, there would be significant opportunities to manipulate their
composition, properties, and cell interactions to further advance their
therapeutic application. Nonetheless, recent advances in using exo-
somes as biomarkers for disease detection and as natural drug/gene
delivery systems have been stimulating. The potential of using exo-
somes as a therapeutic platform is clearly demonstrated.

In conclusion, developing efficient and reliable isolation methods
is urgent to further advance in this field. To fully utilize the potentials
of the potentials, basic research and emerging new technologies need
to be integrated, which will set the foundations for their therapeutic
applications.
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