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exploited directly as some potential agents, but
essentially, they can also carry other substances
such as small molecule drugs into recipient cells
[7]. Exosomes are promising in the treatment of
neurological diseases such as post-stroke ischemic
areas, because they have been shown to cross the
blood-brain barrier and peripheral organ retention
[8]. In this review, we will use stroke treatment as
an example to describe the therapeutic potential
of exosomes.

2 Biology of exosomes

2.1 Exosomes composition

Intercellular communication is an essential
hallmark of multicellular organisms, and can
be mediated through cell-cell contact directly
or transfer of secreted molecules [2]. Exosomes
are endogenous nanovesicles whose interaction
between cells plays a key role by transmitting
functional genetic information and proteins [9].
Exosomes were first discovered in 1983, but
were originally thought to be wastes released
by stripping the serosa [4]. However, there has
been a surge of interests in exosomes in the past
few decades, and after long-term exploration the
exosomes contents are found to be lipids, proteins,
nucleic acids [mMRNA, microRNA (miRNA), long
non-coding RNA (IncRNA), and rare DNA] [10].
In addition, mounting evidence has shown that
these vesicles are important messengers between
cells, because they can store and transmit cellular
signals [10]. In recent years, these vesicles have
been shown to affect the physiological functions
of adjacent recipient cells in different ways. For
example, extracellular vesicles can provide
new genes for recipient cells, giving them new
properties [3].

Exosome is a type of extracellular vesicles, which
includes apoptotic bodies and microvesicle [11].
Both exosomes and microvesicles are vesicles
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enclosed by a lipid bilayer, but their membrane
components are not identical because of their
origins [1]. Exosomes are derived from the
endocytic pathway, but microvesicles are directly
budding from the plasma (Fig. 1). In addition to
the secretory pathway, the size is usually different
between them. Microvesicles are 100 nm to 1 um
in diameter, while exosomes are 30 nm to 100 nm
[12]. Moreover, exosomes come from a wide range
of sources, and can be found in physiological fluids
such as urine, lymph, amniotic fluid, malignant
pleural effusion, milk, semen, saliva, and plasma
[13]. Almost all mammalian cell types, including
primary cells of the immune, stem cells, nervous
systems, and many cancer cell lines, can secrete
exosomes. Importantly, apart from mammalian
cells, exosomes have also been identified in lower
eukaryotes and prokaryotes [1].

2.2 Exosome cargoes

Studies have shown that some certain proteins
or protein families are expressed in exosomes of
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Fig.1 Biogenesis of extracellular vesicles and their interactions
with recipient cells. Reproduced from Ref. [1] with permission of
Springer Nature.
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different cell origins, but the specific function of
these conserved proteins is unknown at present,
which may be related to cell origin. These ubiqui-
tous proteins include multivesicular-associated
proteins [e.g. ALG-2 interacting protein X (ALIX),
tumor susceptibility gene 101 (TSG101), endosomal
sorting complex required for transport (ESCRT)],
metabolic enzymes [e.g. glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), peroxidase,
pyruvate kinase, lactate dehydrogenase], signal
transduction proteins (e.g. protein kinases, he-
terotrimeric G proteins), and membrane transport
proteins (e.g. Rab protein, annexin). Exosomes
also contai molecular chaperones. Heat shock
protein (Hsp) 70 and Hsp90 are thought to be
involved in antigen presentation, because they
can bind antigenic peptides and participate in
loading peptide onto major histocompatibility
complex (MHC) molecules [14]. Meanwhile,
tetraspanins [15] [e.g. cluster of differentiation
(CD) 9, CD63, CD81, CDB82] existing in exosomes
that are secreted by almost all types of cells can
mediate cell migration, fusion, adhesion, and
signal transduction.

Some proteins with special functions are also
present in exosomes except for ubiquitous proteins.
These specific proteins contained in exosomes
can reveal which mother cells they are from.
For example, exosomes derived from intestinal
epithelial cells contain various metabolic enzymes
[16]; exosomes derived from T cells have T
cell surface receptor proteins; and the ones from
dendritic cells contain a large number of proteins
associated with antigen-presenting cells, such as
MHC class I molecules, MHC class II molecules,
and costimulatory molecules CD80 and CD86 [17].
These proteins can be used as markers to provide
a basis for early diagnosis of disease, such as
tumors. In addition, the production of specific pro-
teins is associated with the secretory pathway
of exosomes. The secretion of general proteins
in the cells is carried out through Golgi complex,
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which is, the secretions are synthesized and stored
in the Golgi complex through the endoplasmic
reticulum, and the cells are stimulated by the Golgi
complex membrane and the cell membrane after
receiving the external signal. However, unlike the
general secretory pathway of intracellular proteins,
exosomes are small vesicles that are released by
fusion of multivesicular membrane with plasma
membrane. The surface of the exosomes has
special protein compositions that come from
different secretory pathways, but it lacks certain
membrane proteins with high expression on the
surface of the cell membrane, due to the endo-
plasmic reticulum which does not contain proteins.
For example, dendritic cells express high levels
of Fc receptors, but the surface of the exosomes
from dendritic cells does not.

Lipid, including phosphatidylserine, sphingo-
myelin, and cholesterol, is an important component
of exosomes [18]. The lipid molecules contained
in the exosomes not only maintain the shape
of exosomes, but also can be used as signaling
molecules in many biological processes, such as
passing intermediate signaling molecules like
prostaglandins, phosphate kinase C and D [19].
The membrane structure of the exosomes is similar
to the cell membrane, and the phospholipid bilayer
can protect the exosomes from degradation by
enzymes in the extracellular environment, and
further enhance their ability to adsorb target cells.

Exosomes also contain numerous functional
RNA molecules (e.g. miRNAs, IncRNAs) that
reflect the physiological and pathological of the
cells from which they originate [18]. These genetic
substances are incorporated into the target cells
via the fusion of exosomes with the target cell
membranes, thereby exerting the function of
genetic information exchange [20, 21]. For example,
a kind of miRNA can regulate gene expression by
being bound to the 30 untranslated regions of the
target mRNA, resulting in translational inhibition
and/or mRNA degradation. Like miRNAs,
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IncRNAs do not encode proteins, but are expressed
specifically at different tissues and developmental
stages, indicating that they have important
biological implications. Exosomes do not contain
mitochondria, lysosomes, or other organelles and
nucleuses, because exosomes are budded from the
capsular sag and encapsulated in processing lipids,
proteins, and genetic materials in the cytoplasm.
Studies have shown that tumor cells secrete
microparticles containing genomic DNA, c-Myc
single-stranded DNA, and cDNA.

2.3 Isolation and identification of exosomes

Obtaining high-quality exosomes is the key to
better analyzing their contents and functions. The
separation and purification of exosomes have been
a hindrance for the study of their characters,
however, efficient methods for separating exosomes
are rapidly improving. Ultracentrifugation is the
most commonly used method for purification
of exosomes, and vesicle particles of the desired
size can be obtained by increasing the speed of
centrifugation. Johnstone et al. originally initiated
the centrifugation method for the separation of
exosomes in reticulocyte tissue culture fluid [22],
and then they improved the method on that basis.
The tissue supernatant was centrifuged at 300 x g,
1200 x g, and 10,000 x g for 5, 20, and 30 minutes
respectively to remove the doped cell debris, dead
cells, and detached bodies. Finally, exosomes
were isolated by high-speed ultracentrifugation
(110,000 = g) for 1 h, the purity was increased
twice [23]. For the production of a large number
of exosomes, the steps involving 1200 x g,
10,000 x g of centrifugation can be replaced by
filtration on 0.22 pm in order to eliminate large
fragments [23]. The sucrose density gradient
centrifugation method is an improved method
based on ultracentrifugation to further improve
the purity of exosomes, because the ultracen-
trifugation does not clearly distinguish exosomes
from other small vesicles or large protein
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aggregates. Ultracentrifugation is followed by
linear or non-linear sucrose gradient centrifugation
depending on the density of the exosomes
ranging from 1.13 g/mL to 1.19 g/mL, then the
contaminating materials, including nucleosome
fragments that are released by apoptotic cells
or protein aggregates, can be separated easily
from exosomes by flotation on sucrose gradients
[24-26]. The re-suspended pellet was wrapped
with a sucrose gradient, and then centrifuged at
100,000 x g for 5 h. The layers were collected, and
the expression of exosome marker molecules such
as CD63 and CDSI in the solution was analyzed
by Western blotting. In this case, the density layer
of exosomes can be determined. In recent years,
researchers have also described a PEG-based
ExtraPEG technology that accumulates exosomes
rapidly and inexpensively by small volume
ultracentrifugation after centrifugation of large
volumes of culture medium. ExoQuick, Pure-Exo
and Total Exosome Isolation kits can be used to
isolate exosomes [27-29]. In addition, integrated
on-chip isolation and in situ electrochemical
analysis of exosomes from serum, a two-stage
microfluidic platform (exoPCD-chip) [30] can
promote the capture efficiency of exosomes
without any surface modifications via an im-
proved staggered Y-shaped micropillars mixing
pattern (Fig. 2).

The existing separation techniques are mainly
based on the size and structure of exosomes,
so it is difficult to completely distinguish them
from other vesicles or macromolecular protein
complexes, and requires identification [2]. The
exosomes can be identified by nanometer particle
tracer analysis (NTA) to measure particle size
[31], by Western blotting and flow cytometry to
analyze signature proteins (CD9, CD63, CD8]1,
HSP90, etc.). Electron microscope can directly
observe the morphology and particle size of
exosomes, but the testing has higher requirements
on the preparation of the sample, sample separa-
tion method and sample properties, which may
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Fig. 2 (A) Bright-field microscope image of Tim4 beads manipulated
in the microfluidic channel. (B) Fluorescence images of the Dil labeled
exosomes in the microfluidic channel. (C) SEM image of the array of
Y-shaped PDMS micropillars. (D) TEM image of exosomes captured
by the ExoPCD-chip. qNano analysis of the size distribution of
exosomes purified by the ExoPCD-chip (E) and commercial exoEasy
Kit (F). Reproduced from Ref. [30] with permission of The American
Chemical Society.

affect the the results. In the research field of
exosomes, NTA technology has been used as
one of the methods for characterizing exosomes.
Compared with other characterization methods,
the sample processing of NTA technology is
simpler, which can ensure the original state of
exosomes, and the operation is quicklier. In
addition, western blotting is used to detect
exosome surface proteins (e.g. CD63, CD8, TSG101,
flotillin-1, ALIX, CD9, CD81, CD82) to improve
the reliability of the exosome characterization.

3 Exosomes biogenesis

3.1 ESCRT-independent
mechanisms

and -dependent

In the process of maturation into multivesicular
endosome (MVE), exosomes are produced as
intraluminal vesicles (ILVs) in the lumen of the
endosomes, a process involving a specific “sorting
machine”. In recent years, ESCRT on exosomes
formation has received increasing attention. A
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device consisted of four main compounds and
several auxiliary components is positioned in the
cytoplasm side of the endocytosis, and its main
role is to form the precursor of exosomes by
sorting specific components into the ILVs. ESCRT
contains four complexes (ESCRT-0, I, II, III) and
accessory proteins (VPS4, Vtal, ALIX, etc.), with
each component playing different roles. ESCRT-0
identifies and separates the ubiquitination of
endocytic membrane transmembrane proteins;
ESCRT-I synergizes with ESCRT-II to encapsulate
endosomal membrane with specific contents
through inward bud; the ESCRT-III is responsible
for cutting the vesicles [14]; finally, the ATPase
vacuolar protein sorting 4 (VP54) was recruited
in bud necks by interacting with the ESCRT III
subunit protein, and it can hydrolyze ATP under
the regulation of positive regulators Vtal, nega-
tive regulators IST1 [32], Did2 and VPS60 to
obtain energy to depolymerize ESCRT from the
endocytic membrane and enter the cytoplasm
[33]. Meanwhile, the cycle acts on a new round
of multivesicular formation and protein sorting
processes. In addition, the study found that the
ESCRT-0, I, II and the Alix protein, all of which
seem to be involved in the disruption of the
plasma membrane, but they actually only play a
role in recruiting ESCRT-III complex.
Interestingly, some researchers have found
that CD63 markers associated with exosomes still
exist despite knocking out ESCRT complexes,
suggesting that exosomes can also be formed in
an ESCRT-independent manner. The ceramides,
transmembrane 4 superfamily tetraspanins and
heat shock proteins assisted ILVs and multi-
vesicular body (MVB) with their formation [34].
Neutral sphingomyelinase hydrolyzes sphin-
gomyelin to form ceramide, and both the ceramide
production and the exosomes were significantly
reduced when neutral sphingomyelinase is inhi-
bited by the enzyme inhibitor GW4869 [35]. The
constant supply of S1P catalyzed by SphK2 allows
the SI1P receptor to remain active on MVE, and
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this continuous activation of the S1P receptor is
required for cargo sorting into the ILV, while
the intervention of FTY720 leads to inhibition
of the S1P signal on the MVE, and prevents the
maturation of exosomes [36]. As a regulator of ILV
germination and exosome production, the small
G protein ADP ribosylation factor 6 (ARF6) on
the endocytic membrane activates phospholipase
D2, while phospholipase D2 can invade the
cytoplasmic membrane and produce MVB
and ILVs [34]. In addition, tetraspanins are also
frequently found to play an important role in the
formation of LVs and exosomes [37].

3.2 Mechanism of secretion of exosomes to the
extracellular

The fusion process of the vesicles produced by
the donor membrane with the receptor membrane
is an important step in the vesicle transport
pathway, which includes two processes: the vesicle
specifically recognizes the target membrane, and
the vesicle fuses with the target membrane to
release the contents. SNAREs have been found
to be involved in this step, which includes two
contents: the vesicular SNAREs (VAMPs) that is
localized in the donor membrane, and the target
SNAREs (t-SNAREs) that is localized in the
acceptor compartment [38]. Syntaxin 3 (STX3)
plays a role in the recruitment of exosomes, the
STX3-5r mutation as a major dominant negative
inhibitor is effective in reducing the number of
Human cytomegalovirus (HCMYV) particles in
polarized epithelial cells. These results indicate
that STX3 plays a role in the transport of vesicle
contents [39]. Studies by Gross et al. showed that
in HEK293 cells, the SNARE protein component
YKT6 promoted the production of exosomes
loaded with WNT3A morphogens [40].

Secretion of exosomes involves the machineries
that separate microvesicles (MVs) from plasma
membranes, the movement of secreted MVs to
the periphery of the cell, and the fusion of vesicles
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with the cell surface. The above processes are
related to the cytoskeleton, molecular switches,
molecular motors, and fusion mechanisms [2, 41].
The Rab protein family is the largest subfamily of
the Ras superfamily, and includes small GTP-
binding proteins. As a molecular switch for vesicle
trafficking, Rab proteins control the transport
of intracellular vesicles (Fig. 3), such as vesicle
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Fig.3 Rab GTPase functions in vesicle trafficking. Distinct
membrane trafficking steps that can be controlled by a Rab GTPase
and its effectors (indicated in orange). a. An active GTP-bound Rab
can activate a sorting adaptor to sort a receptor into a budding
vesicle. b. Through recruitment of phosphoinositide (pi) kinases
or phosphatases, the PI composition of a transport vesicle might
be altered (the conversion of PI-x into PI-y) and thereby cause
uncoating through the dissociation of PI-binding coat proteins.
c. Rab-GTPases can mediate vesicle transport along actin filaments
or microtubules (collectively refered to as cytoskeletal tracts) by
recruiting motor adaptors or by binding directly to motors. d. Rab
GTPases can mediate vesicle tethering by recruiting rod-shaped
tethering factors that interact with molecules in the acceptor
membrane. Such factors might interact with SNAREs and their
regulators to activate SNARE complex formation, which results in
membrane fusion. e. Following membrane fusion and exocytosis,
the Rab GTPase is converted to its inactive GDP-bound form through
hydrolysis of GTP, which is stimulated by a GTPase-activating
protein (GAP). Targeting of the Rab—-GDP dissociation inhibitor (GDI)
complex back to the donor membrane is mediated by interaction
with a membrane-bound GDI displacement factor (GDF). Conversion
of the GDP-bound Rab into the GTP-bound form is catalyzed by
a guanine. nucleotide exchange factor (GEF). Reproduced from
Ref. [42] with permission of Springer Nature.
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