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Extracellular vesicles (EVs) are constituted by a group of heterogeneous membrane vesicles secreted by most cell

types that play a crucial role in cell–cell communication.
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exosomes  drug delivery  cargo loading  targeting

1. Extracellular Vesicles

1.1. Classification

EVs comprise submicron particles heterogeneous in size, delimited by a lipid bilayer that cannot replicate.

Traditionally, they have been classified according to their size and biogenesis, distinguishing: small particles or

exosomes of endosomal origin with diameters ranging from 30 to 150 nm; ectosomes or microvesicles directly

shed from the plasma membrane and polydisperse in size (100–1000 nm); and apoptotic bodies generated as a

consequence of programmed cell death (1000–5000 nm) . However, in recent years it has become apparent

that the picture is more complex than expected. Assigning an EV to a particular biogenesis pathway still remains

extraordinarily difficult given the overlap in size-distribution and protein-expression patterns among different EV

types, especially when referring to exosomes and microvesicles, challenging the attempts to define a more precise

nomenclature for EV classes . Consequently, the latest recommendations of the ISEV encourage authors to

define EV subtypes considering their physical characteristics—attending to: (a) size (small, medium/large) or

density (low, medium, high) according to a defined range, (b) biochemical composition relaying on specific markers

(e.g., CD63, CD81, annexin V, etc.), (c) isolation conditions (e.g., hypoxia, serum conditioning), and/or d) cellular

origin (platelet, endothelial, cardiomyocytes, etc.)—rather than by the use of the traditional terms exosomes or

microvesicles . A summary of EVs’ physical and biochemical properties as well as parental cell conditions is

provided in Table 1. In this review, the term EVs will refer to both exosomes and microvesicles.

Table 1.  Requirements for extracellular vesicles’ separation and classification based on their physical and

biochemical properties as well as donor cell conditions.
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Physical
properties

Size Small EVs <100 nm

Small/medium EVs <200 nm

[1]
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1.2. Biology
EVs are released into the extracellular space by most cell types and can be found in a wide range of body fluids as

reservoirs of lipids, proteins, nucleic acids, and carbohydrates of their parental cells. Current knowledge supports

the view that each cell type tunes EVs’ biogenesis, depending on its activation status. Moreover, their cargo is

particular to the stimulus or biological condition triggering their formation and release, suggesting the existence of

intracellular selective cargo-sorting mechanisms. Subsequently, EVs’ composition will directly affect their fate and

Medium/large EVs >200 nm

Density
(in sucrose) 

Low 1.13–1.19 g/mL

Medium 1.16–1.28 g/mL

High >1.28 g/mL

Biochemical
composition

Surface
antigens

Tetraspanins
MHC class I
Integrins
Transferrin receptor
LAMP1/2
Heparan sulfate

Proteoglycans
EMMPRIN
ADAM10
GPI-anchored 5ʹnucleotidase CD73
Complement-binding proteins CD55
and CD59
Sonic hedgehog

Lipids
Phosphatidylserine
Phosphatidylinositol
Phosphatidylethanolamine
Phosphatidylcholine

Cholesterol
Ceramide
Diacylglycerol
Glycosphingolipids

Internal cargo

Proteins

TSG101
ALIX
VPS4A/B
ARRDC1
Flotillins-1
and 2

Caveolins
Annexins
Heat shock proteins
HSC70 and HSP84
Syntenin

Cardiac-related miRNAs

let-7
miR-16
miR-17-92
miR-19b
miR-20a/b
miR-21a
miR-24
miR-26a
miR-34
miR-93
miR-94a
miR-107a
miR-125b
miR-126

miR-130a/b
miR-132
miR-143
miR-145
miR-146a
miR-181b
miR-182
miR-208a
miR-210
miR-214
miR-294
miR-302a
miR-451

Conditions at EVs
harvest

Cell culture
conditions

Normoxia
Hypoxia
Surface coating

Treatment
Grade of confluency
Passage number

Donor status
Age
Biological sex
Circadian variation
Body mass index

Pathological/healthy condition
Exercise level
Diet
Medication

[4]
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ADAM10: ADAM metallopeptidase domain 10; ALIX: ALG-2-interacting protein X; ARRDC1: arrestin domain-

containing protein 1; EMMPRIN: extracellular matrix metalloproteinase inducer; EVs: extracellular vesicles; GPI:

glycosylphosphatidylinositol; LAMP: lysosomal-associated membrane protein; MHC: major histocompatibility

complex; miRNA: microRNA; TSG101: tumor susceptibility gene 101; VPS4A/B: Vacuolar Protein Sorting 4

Homolog A/B.

function . There is a consensus about two major EV biogenesis pathways, giving rise to the most widely

studied subpopulations, exosomes and microvesicles. Exosomes, generated within the endosomal system, are

intraluminal vesicles formed by the inward budding of the endosomal membrane during maturation of multivesicular

endosomes (MVEs) and are released to the extracellular space by fusion of MVEs with the cell membrane . As

for microvesicles, they originate by outward budding of the plasma membrane . Microvesicle biogenesis

determines the expression of surface-specific antigens from the cell origin, as well as the externalization of

phosphatidylserine on the outer membrane leaflet , although the latter is not a prerequisite in all microvesicles

. Despite the aforementioned differences in biogenesis, the overlap in size, density, or composition, together

with the lack of appropriate technology, hampers the possibility of distinguishing EV subpopulations once released

to the extracellular medium, favoring the use of the generic term EVs, instead of a more specific nomenclature .

1.3. Mechanism of Action

The lipid bilayer protects EVs’ content from degradation by nucleases and proteinases present in biofluids,

enabling the transfer of proteins, lipids, or nucleic acids from parental cells to recipient cells . As such, EVs

contribute to normal homeostasis, but also to the progression of several pathologies, including CVDs . The

mechanisms by which EVs mediate intercellular communication are not completely understood but are supposed

to involve specific interactions between proteins or lipids enriched at the EVs surface (e.g., tetraspanins, integrins,

lectins, phosphatidylserine) and receptors at the plasma membrane of recipient cells (e.g., intercellular adhesion

molecules (ICAMs), annexin V, galectin 5) . After docking at the cell membrane, EVs can remain at

the binding site eliciting functional responses in recipient cells by activating downstream molecular pathways, or by

direct interaction with extracellular matrix components  (Figure 1). They can also be internalized by endocytosis

or by fusion with the plasma membrane undergoing different fates. For instance, endocytosed EVs can reach the

MVEs and be targeted for degradation by lysosomes, they can escape digestion by back fusion with the MVEs’

membrane, or they can be re-secreted to the extracellular space via the early endocytic recycling pathway 

. Either by direct fusion with the plasma membrane or after escaping lysosomal degradation, EVs can release

their content into the cytoplasm of recipient cells and regulate cellular processes  (Figure 1).
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Figure 1. Mechanism of action of EVs. After released from donor cells, EVs may induce a response in recipient

cells by different mechanisms. First, EVs may remain at the binding site on the cell membrane eliciting functional

responses by activating downstream molecular pathways. Alternatively, EVs may be internalized by endocytosis or

fusion with the cell membrane undergoing different intracellular fates. They can be targeted for degradation by

lysosomes, they can escape degradation and modulate cell behavior, or they can be re-secreted to the

extracellular space.

1.4. Separation and Characterization of Extracellular Vesicles

EVs can be separated from the cell culture medium and most body fluids (liquid biopsy), blood being the most

frequently studied source of EVs. Before EV separation, some preanalytical parameters should be considered 

, such as the use of serum-free media or EV-depleted serum for EV separation from conditioned medium .

Moreover, differences in the physicochemical and biochemical properties of the selected separation methods can

impact the enriched EV subpopulations  and do not enable an absolute purification of EVs from other

contaminants .

Ultracentrifugation (UC) is the most commonly used EV separation and enrichment technique based on particle

density, involving multiple centrifugation and ultracentrifugation steps . Speeds of 10,000–20,000 g enable the

separation of medium/large vesicles, while small-sized vesicles are recovered at higher speeds (100,000 g).

Size exclusion techniques include ultrafiltration and chromatography. Ultrafiltration is usually based on cellulose

filters defined by molecular mass and size exclusion range , while size exclusion chromatography (SEC),

[27]
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separates fractions by elution with phosphate buffered saline (PBS) and has been proven to be reliable and

scalable for various applications .

Immune affinity isolation is based on the immunolabeling of proteins on the surface of EVs, enabling the separation

of specific particle subpopulations from other EV classes, contaminant protein aggregates or lipoproteins. Usually,

specific antibodies are conjugated to magnetic beads and EVs are separated using magnets .

A range of commercial kits are also available, some based on polymer precipitation- methods  and others

on non-precipitation alternatives, for instance, those selective for phosphatidylserine positive vesicles .

Alternative or complementary techniques to classical procedures are also emerging, including microfluidics,

asymmetric flow field-flow fractionation, or high-resolution flow cytometry .

After separation, EVs’ purity should be tested by the use of multiple complementary methods: (i) western blotting to

analyze EVs markers (e.g., CD63, Alix, etc.) and co-isolated contaminants ; (ii) nanoparticle tracking analysis

(NTA), which can determine particle size and concentration ; (iii) conventional transmission electron microscopy

(TEM) and the more strongly recommended cryo-TEM , or (iv) nanoflow cytometry, that enables the

determination of cell surface antigens, the quantification of EV subpopulations based on parental cell markers 

, and the lipid nature of the studied particles with cell-permeant, non-fluorescent pro-dyes . Also, current

advances in EV-adapted proteomic, lipidomic, and genomic technologies will greatly help to delimit the molecular

signature of the EV subpopulations under research.

2. Potential Applications of Extracellular Vesicles as
Therapeutic Agents in Myocardial Infarction

Driven by the drawbacks associated with cell transplantation as well as the key role of stem cell paracrine secretion

in cardiac repair, EVs have emerged recently as a next-generation cell-free regenerative therapy. Several studies

have been performed in the last five years, aiming to test EVs’ potential as cell substitutes in the cardiac

regenerative field, with significant preclinical success (Figure 2). All these studies collect different cell sources,

isolation techniques, therapeutic doses, or administration routes, reflecting the heterogeneity and immature nature

of the field. Here, we group the most relevant findings from these studies as well as a brief compendium of the EV-

associated molecules involved in heart repair, based on the parental cell type. A summary of these can be found

in Table 2.
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Figure 2. Summary of the beneficial effects of EVs in cardiac repair. Administration of EVs in MI preclinical models

showed that EVs modulate a regenerative response in several cardiac cells, including cardiomyocytes,

macrophages, endothelial cells, and fibroblasts. Together, these cell-level effects result in the reduction of infarct

size and the improvement of cardiac function after MI.

Table 2.  Representative preclinical efficacy studies from the last five years, using extracellular vesicles as

therapeutic agents for myocardial infarction.

Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

MSCs

Rat BM-MSCs

Total
Exosome

Isolation Kit
(Invitrogen)

Rat,
permanent

20 µg IM; immediate

Improved cardiac

function

Reduced fibrosis

Reduced

inflammation

-  
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Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

Mouse BM-
MSCs

Density-
gradient UC

Mouse,
I/R

50 µg
IM; immediate

after
reperfusion

Reduced infarct size

Alleviated

inflammation

(polarization of

macrophages to M2

phenotype)

Inhibition of TLR4 by
miR-182

 

Proinflammatory
rat BM-MSCs

Density-
gradient UC

Mouse,
permanent

50 µg IM; immediate

Reduced

inflammation

Anti-inflammatory

macrophage

polarization

Reduced

cardiomyocyte

apoptosis

Suppression of NF-κB
and regulation of

AKT1/AKT2
 

BM-MSCs UC
Rat,

permanent
10 µg EVs (and

2×10  BM-MSCs) IM; at 30 min

Improved cardiac

function

Reduced infarct size

and fibrosis

Increased

vascularization

Reduced

inflammation

Enhanced

recruitment of IV-

infused MSCs

-  6
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Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

ATV-pre-treated
rat BM-MSCs UC

Rat,
permanent

10 µg IM; immediate

Improved cardiac

function

Reduced infarct size

Decreased

cardiomyocyte

apoptosis

Increased

angiogenesis

lncRNA H19 and miR-
675

 

Mouse BM-
MSCs UC

Mouse,
permanent

-
IV; immediate

and
day 6

Improved cardiac

function

Angiogenesis

Reduced fibrosis

miR-210 and Efna3
gene suppression

 

Mouse BM-
MSCs UC

Mouse,
permanent

EVs derived from
2×10  cells IM; immediate

Improved cardiac

function

Angiogenesis

Decreased scar size

Reduced

cardiomyocyte

survival

Activation of resident

CPCs

miR-210  

Rat BM-MSCs Total
Exosome

Isolation Kit
(Invitrogen)

Rat, I/R 5 µg IM; prior to
reperfusion

Decreased

cardiomyocyte

apoptosis

AMPK and AKT
pathways

 

7
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Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

Reduced infarct size

Improved heart

function by an

enhanced

autophagy

Mouse BM-
MSCs UC

Mouse,
I/R

12.5 µg/
5.62×10  EVs

IM; 24h prior to
ischemia

•  Decreased infarct
size

Reduced expression
of pro-apoptotic genes
PDCD4, PTEN, Peli1

and FasL via miR-
21a-5p

 

Mouse BM-
MSCs UC

Mouse,
permanent

200 µg IM; immediate

Improved cardiac

function

Reduced infarct size

miR-125b  

BM-MSCs ExoQuick
Rat,

permanent
- IM; immediate

Reduced infarct size

Alleviated

cardiomyocyte

apoptosis

Improved cardiac

function

miR-24  

Rat ADSCs UC Rat,
permanent

2.5×10  particles IV; at 1h Decreased fibrosis

Decreased cell

apoptosis

Attenuated

inflammation via

anti-inflammatory

macrophage

polarization

S1P/SK1/S1PR1
activation

 

5

12
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Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

Improved cardiac

function

Rat ADSCs Ultrafiltration
and UC

Rat, I/R 400 µg
IV; at

reperfusion

Reduced infarct area

Attenuated

apoptosis

Reduced serum

levels of cardiac

damage markers

Wnt/β-catenin
activation

 

Human
umbilical cord

MSCs

Density-
gradient UC

Rat,
permanent

400 µg and 800
µg

IV; once daily
for 7 days

•  Safety: no effect on
hemolysis, no vascular
and muscle stimulation,
no side effects on
hematology indexes,
liver and renal function,
and protective effect on
weight loss

-  

Human
umbilical cord

MSCs

ExoQuick-TC
(System

Biosciences)

Rat,
permanent

400 µg IM; immediate

Increased density of

myofibroblasts

Attenuated

inflammation

Reduced

cardiomyocyte

apoptosis

-  

Human
umbilical cord

MSCs

Density-
gradient UC

Rat,
permanent

400 µg IV; immediate

Improved cardiac

function

Increased

cardiomyocyte

survival

Upregulation of
Smad7 by inhibition of

miR-125b-5p
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Cell Source Isolation
Method

Animal
Model Dose

Administration
Route and Time

Post-MI
Reparative Effect Molecule/Mechanism

Involved Ref

Cardiac MSCs Precipitacion
with PEG

Mouse,
permanent

50 µg IM; immediate

Improved cardiac

function

Increased scar

thickness

Angiogenesis

Cardiomyocyte

proliferation

-  

CDCs

Human CDCs

Ultrafiltration
and

precipitation
with PEG

Pig, I/R 7.5 mg

IC; 30 min after
reperfusion

IM; 30 min after
reperfusion

Decreased infarct

size and preserved

LV function

Reduced leukocyte

infiltration

Reduced fibrotic

mass

Higher arteriolar

density

-  

Porcine CDCs

Ultrafiltration
followed by
Field-Flow

Fractionation

Pig, I/R 9.16 mg
IM; at 72h after

reperfusion

Inconclusive;

tendency to reduce

infarct size and

increase cardiac

function

Increased M2

macrophages

-  

Human CDCs Ultrafiltration
and PEG

Pig, I/R 7.5 mg IM; at 20 min
after

Preserved cardiac

function

Regulation of gene
expression by miRNA
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