
Citation: Di Bella, M.A. Overview

and Update on Extracellular Vesicles:

Considerations on Exosomes and

Their Application in Modern

Medicine. Biology 2022, 11, 804.

https://doi.org/10.3390/biology

11060804

Academic Editor: Meena Kumari

Received: 28 April 2022

Accepted: 22 May 2022

Published: 24 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biology

Review

Overview and Update on Extracellular Vesicles: Considerations
on Exosomes and Their Application in Modern Medicine
Maria Antonietta Di Bella

Department of Biomedicine, Neurosciences and Advanced Diagnostics (Bi.N.D.), University of Palermo,
I-90133 Palermo, Italy; m.antonietta.dibella@unipa.it; Tel.: +39-09123865730

Simple Summary: Exosomes are a subpopulation of extracellular vesicles, nanosized particles, lipid
bilayer-enclosed, naturally secreted from cells after the fusion of intracellular Multivesicular bodies
with the plasma membrane. Their components are proteins, nucleic acids, lipids, and metabolites by
which they can act as mediators of cell-to-cell communication. They play a key role in regulating
pathophysiological processes, such as immune response, neuronal communication, cancer biogenesis,
and regulation. Therefore, they have been largely exploited for their potential therapeutic and
diagnostic application. Due to their endogeneity, exosomes present superior biocompatibility and
stability in comparison to synthetic carriers, and then they can be used as delivery vehicles. Herein,
reviewing recent studies, information on exosome biogenesis, structural characteristics, isolation, and
detection current methods is summarized. Further, the obstacles to overcome in the application of
exosomes as delivery systems are also considered.

Abstract: In recent years, there has been a rapid growth in the knowledge of cell-secreted extracellular
vesicle functions. They are membrane enclosed and loaded with proteins, nucleic acids, lipids, and
other biomolecules. After being released into the extracellular environment, some of these vesicles are
delivered to recipient cells; consequently, the target cell may undergo physiological or pathological
changes. Thus, extracellular vesicles as biological nano-carriers, have a pivotal role in facilitating
long-distance intercellular communication. Understanding the mechanisms that mediate this com-
munication process is important not only for basic science but also in medicine. Indeed, extracellular
vesicles are currently seen with immense interest in nanomedicine and precision medicine for their
potential use in diagnostic, prognostic, and therapeutic applications. This paper aims to summarize
the latest advances in the study of the smallest subtype among extracellular vesicles, the exosomes.
The article is divided into several sections, focusing on exosomes’ nature, characteristics, and com-
monly used strategies and methodologies for their separation, characterization, and visualization. By
searching an extended portion of the relevant literature, this work aims to give a quick outline of
advances in exosomes’ extensive nanomedical applications. Moreover, considerations that require
further investigations before translating them to clinical applications are summarized.

Keywords: extracellular vesicles; exosomes characterization; drug delivery systems; nanomedicine

1. Introduction

Nanomedicine is a term that was used for the first time in 1991 and is defined as the
application of nanotechnologies to medicine for the diagnosis, monitoring, prevention, and
treating of many human diseases [1].

During recent decades, the applications of nanotechnologies in many biomedical
areas have been intensively researched offering excellent results; bio-nanotechnology is an
expanding field that requires a multidisciplinary approach including physics, chemistry,
material sciences, engineering, informatics, and life sciences. Indeed, nanostructures used
for biomarker detection, nano-biochips, nano-electrodes, nano-biosensors, nanostructures
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for regenerative medicine, nanoparticles (NPs) with antibacterial activities, and NPs for
diagnostic applications are currently used [2].

The intrinsic, unique, physicochemical, and mechanical characteristics of particles
at the nanoscale level enable their application in theranostics, a new area that combines
diagnostics and therapy. Nano-systems can work as image agents or as drug delivery
systems because they present an increase in the selectivity and efficacy, and, in comparison
to traditional therapeutic molecules, by reducing their accumulation in healthy tissues,
they show a decrease in the side effects’ incidence and intensity. In cancer therapeutics,
they can offer new solutions to overcome the limitations derived from chemotherapy or
radiotherapy [3–5].

There are different types of synthetic NPs made from various materials including, for
example, polymerNPs, solid lipidNPs, crystalNPs, liposomes, micelles, hydrogels, and
dendrimers. Nevertheless, each of these formulations, organic or inorganic, presents its
advantages and disadvantages for nano-diagnostic or nano-therapeutic applications [6,7].

The artificial or engineered NPs obtained by chemical synthesis pose several limiting
factors for their application in vivo, such as:

(a) Their constituents must be evaluated for potential in vivo toxicity (genotoxic-
ity, immunotoxicity, cellular stress, inflammation) before clinical application; currently,
several aspects of the interactions of NPs with the biological systems have not been under-
stood completely.

(b) Large-scale production could be limited. Nanomedicine manufacturing processes
include multiple steps that can be easily controlled on a small scale. However, achieving
the optimization of the formulation at a large scale is still challenging.

To overcome these limitations, many research groups have focused their attention on
natural NPs as a useful tool for nanomedicine, given their good qualities [3].

The information included in this review article with emphasis on recent publications
aims to briefly summarize the potential use of some natural nano-systems and the most rel-
evant approaches for the application as therapeutic agents and drug delivery carriers. The
source for the retrieval of the literature contained in this work was the PubMed database.

2. Natural Nanoparticles Versus Synthetic Nanoparticles: The EVs Benefits

Among naturally occurring NPs, extracellular vesicles (EVs) are heterogeneous nano-
sized structures released constitutively into the extracellular space by almost all cell types
in both prokaryotes and eukaryotes [8–11].

EVs have an interior aqueous core surrounded by a lipid bilayer membrane and contain
several components to be delivered to surrounding or distant target cells. Growing evidence
poses attention on the EVs and their pivotal role as vehicles for cell-to-cell exchanges. As
a matter of fact, they can influence the microenvironment via the direct and protected
transfer of bioactive molecules, receptors, and effector molecules with effects that can be
protective and pathologic [12–14].

In humans, EVs have been detected in different tissues including tumors, blood, and
in several body fluids such as breast milk, saliva, urine, ejaculate, and cerebral spinal
fluid [15–21].

Owing to their natural origin, EVs present good biocompatibility and low toxicity;
they present enhanced stability in the blood due to the evasion of the immune system. In
addition, they have limited immunogenicity and are biodegradable. These properties make
them advantageous over synthetic vehicles or NPs [22–25]. Another advantage of EVs is
their target potential; they can cross physiological barriers such as the blood–brain barrier
(BBB) so that they may be home to a specific neuron population. Moreover, the elements
naturally present in them can also act in collaboration with encapsulated drugs, creating
thus a synergic effect [26,27].
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3. EVs Population under Microscope

Traditionally, EVs have been classified into three major types, depending on their size
and biogenesis prior to secretion:

• apoptotic bodies (ApoBDs): vesicles of relatively large size (1–5 µm), variable in struc-
ture and composition; they are released by the blebbing process of cells undergoing
apoptosis (Figure 1B)

• microvesicles (MVs): diameter size of 150 nm–1 µm, they are shed directly by the
outward budding and fission of the plasma membrane (Figure 1A)

• exosomes (EXOs): EVs with a diameter size ranging from 30 to 150 nm, with a density
of 1.13 to 1.19 g/mL in sucrose; they originate from the late endosomal trafficking
machinery. They are intracellularly produced into organelles called multivesicular
bodies (MVBs) and ultimately, they are released into the extracellular milieu as a result
of MVBs fusion with the plasma membrane (Figure 1C–E) [9–11,28,29].
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Figure 1. Deployment of extracellular vesicles to exchange biological molecules contained within a
membrane boundary. (i) Budding of microvesicles off the plasma membrane (ectosomes or microvesi-
cles); (ii) release of exosomes through the fusion of multivesicular bodies (MVBs) with the plasma
membrane; (iii) blebbing off of larger vesicles, especially from apoptotic cells (apoptotic bodies). In
the upper side there are representative transmission electron images: (A) microvesicles liberation
(arrowheads), and (B) an apoptotic cell. In the bottom side: (C) inward invaginations of the MVB
indicate the beginning of exosomes biogenesis, (D) MVB enclosing a lot of exosomes, and (E) MVB
near to fuse with the membrane. n = nucleus.

Currently, several methods are used to characterize isolated EVs. Conventional West-
ern blotting, mass spectrometry, flow cytometry (bead coupled), microfluidics chips, poly-
merase chain reaction, and nuclear magnetic resonance (NMR) have been utilized to identify
protein composition, to detect nucleic acids and lipids. Traditional and emerging technolo-
gies sometimes are not sufficient to characterize vesicles and have complete qualitative
and quantitative information. Thus, EVs need often to be visualized with super-resolving
techniques. Presently, electron microscopy (EM) is the only method that allows determin-
ing simultaneously their size, shape, morphology-integrity, inter-particle interaction, and
spatial relationship with tissues and cells [30,31].
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Although emerging detection methods and new analytical techniques are often used
for comprehensive characterization, the analysis of EVs remains as no available purification
method can strictly separate them based on their size. Moreover, there is currently no
consensus on specific markers that uniquely distinguish the origin of these vesicles once
they have left the cell. In particular, the possibility to discriminate EXOs from MVs is
still largely debated [32]. Recently, guidelines for working with EVs were suggested in
MISEV2018. The International Society for Extracellular Vesicles (ISEV) board members
recommended using the term extracellular vesicles for “all particles naturally released from
the cell that are delimited by a lipid bilayer and cannot replicate”; they suggested combining EV
extraction methods and improving techniques for purification characterization in order
to validate and replicate the results of experiments. The scientific community is currently
oriented “to consider use of operational terms for EV subtypes” distinguishing them on “physical
characteristics such as size, small EVs (sEVs) and medium/large EVs (m/lEVs), with ranges defined,
for instance, respectively, < 100 nm or < 200 nm [small], or > 200 nm [large and/or medium])” [33].

4. The Use of Exosomes for Clinic Aims

Among the large subpopulation of EVs, ApoBDs are quite variable in size and con-
tent; they are typical membrane blebs released by cellular disassembly that are quickly
phagocytized by surrounding cells. The apoptotic bodies can harbor different biomolecules:
genomic DNA, histones, fragments of the cytoplasm, and intact organelles Their forma-
tion represents the expression of both cell clearance and intercellular communication, but
little is known about their function compared to the progress in MVs and EXOs investiga-
tion [34–37]. Indeed, in the past decade, the scientific interest in MVs and EXOs has rapidly
increased; their functional characteristics and the role played by them in human physiology
and in the pathogenesis of major human diseases have received extensive attention.

MVs are heterogeneous structures classified as large EVs, incorporating nucleic acids,
lipids, and many proteins [38,39].

Depending on the specific purpose, both MVs and EXOs have merits as potential
therapeutic systems.

The following section will focus only on the biological importance of the small vesicles
called EXOs and will summarize the promising approach based on their attractive proper-
ties such as their ultra-small dimension, spherical shape, and molecular components. As a
subtype of EVs, EXOs show circulation stability (in particular, some of them are positive for
the CD47 transmembrane protein, a signal that protects cells from mononuclear phagocyte
systems and increases the time of their circulation) [40]. They show the ability to bypass
biological barriers and accumulate to pathological sites; EXOs are easily excreted out of the
body. Hence, they could find application in the diagnosis, prevention, and treatment of
diseases [41].

4.1. EXOs Characteristics

For many years, researchers have considered EXOs as waste products obtained from
the shedding of plasma membranes. After decades, this image of waste bins changed to
that of biologically active particles. Later, the term “exosome” was coined [42–47]. Since
these initial discoveries, the field of EXOs research has enriched considerably as confirmed
by the number of publications over the years, and dramatically increased since 2010 by
about 50 times according to PubMed.

EXOs are characterized by various types of complex cellular components present both
on the surface and packaged inside the lumen after selective mechanisms. To date, omics
approaches (proteome analysis, lipidomics, metabolomic analysis, etc.) have identified
numerous proteins, nucleic acids, lipids, and metabolites.

Proteins include both membrane and cytosolic components: some surface receptors,
adhesion proteins, integrins, cytoskeletal proteins, membrane transport, and fusion-related
proteins. The presence of TSG101 and other accessory proteins that are involved in the
formation of intraluminal vesicles (ILVs) denotes that the EXOs’ biogenesis pathway de-
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pends on the endosomal sorting complexes required for transport (ESCRT). Tetraspanin
proteins and phospholipids that play a critical role in membrane biogenesis denote an
ESCRT-independent alternative mechanism of biogenesis. Tetraspanins, heat shock pro-
teins (Hsp), and other related proteins involved in MVB production are the most conserved
proteins [48–50].

Some proteins are specifically related to the nature of the cell and tissue of origin.
Different EXOs have specific proteins that reproduce the status of the parental cell. That
is one of the reasons for their heterogeneity. For example, T-lymphocyte-derived EXOs
have enzymes and perforin on their surface. Antigen-presenting cells (B lymphocytes,
dendritic cells) (APCs)-derived EXOs contain major histocompatibility antigen complex
(MHC, MHC-I, MHC-II). Tumor-specific proteins are contained in many EXOs from tumor
cells [51].

EXO cargos also consist of nucleic acids, such as genomic DNA, that can induce
phenotype switch, messenger RNA (mRNA) that can be translated in target cells, microRNA
that can mediate RNA silencing, circular RNA, long non-coding RNA, and viral RNA. Lipid
rafts are present on the surface of EXOs (Figure 2). Based on the specialized EXOCARTA
database (http://www.exocarta.org accessed on 28 April 2022), exosomes contain 9769
proteins, 3408 mRNAs, 2838 miRNAs, and 1116 lipids; (see references [51,52]).
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Figure 2. Molecular composition of exosomes. These vesicles contain different cell surface proteins,
membrane transport and fusion, antigen presentation, signal transduction, targeting, and adhesion
proteins. Several molecules of nucleic acids and lipids are present.

Upon their release in the extracellular space, EXOs can be destroyed, or migrate to
interact with other cells. The recipient cells may be in proximity or be present at a distant
site; the vesicles can travel over large distances being carried via the blood or lymphatic
circulation. The lipidic membrane of EXOs acts as a protection barrier to cargo and the
signal arrives undiluted and protected from damage bypassing phagocytosis. Molecules
such as nucleic acids that could be degraded in the extracellular milieu are protected from
enzymatic degradation (for example, RNAases) [13].

The major ways of internalization of EXOs entering the recipient cell are the direct
fusion to target cell plasma membrane, endocytosis uptake, or receptor–ligand interac-
tions [53–55] (Figure 3).

http://www.exocarta.org
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Figure 3. Schematic representation of the exosome uptake: exosomes released into the extracellular
space from donor cell enter target cells in three ways, which are direct fusion with the plasma
membrane, endocytosis, and protein–receptor interactions.

When EXOs enter target cells, their cargo can be accepted by recipient cells. Once
released inside the target cell, the exosome cargo can perform a variety of functions that,
depending on the cellular origin, regulate a plethora of physiological activities. EXOs
may affect gene expression, regulate metabolism, participate in responses during microbial
infection, and facilitate disease progression. Over the past decades, most of the research
attention in this field has been focused on exploring the vital roles as long-range messengers
of these vesicles [56–62].

The amount of EXO biogenesis in different cells depends on their physiological and/or
pathological states. Cellular stress and signals activation can modulate their excretion.
Accumulating evidence shows that cancer cells release a larger amount of EXOs compared
to normal cells; tumor-derived EXOs can contribute to cancer growth by inducing anti-
apoptotic and oncogenic pathways such as invasion, metastasis, and angiogenesis. Some
EXOs can promote tumor immune evasion with T-cell apoptosis induction. They are also
responsible for epithelial–mesenchymal transition and interconversion to mesenchymal–
epithelial transition in several human malignancies. For the above reasons, it is important
to take into consideration the function of secreting cells to ensure the safety of these
nanocarriers in clinical applications [63–67].

4.2. EXOs Source

As mentioned before for EVs, EXOs in vivo are released in many biological fluids
(such as synovial fluid, breast milk, urine, and saliva), amniotic liquid, blood serum, and
malignant effusions of ascites among others. Neuronal cells, fibroblast cells, adipocytes,
intestinal epithelial cells, and tumor cell lines produce EXOs in vitro.

Different studies have suggested that several types of cells seem to be more eligible to
produce EXOs for therapeutic purposes and that not all cell-derived vesicles are ideal as
drug carriers. Drug capacity and efficient delivery depend on the size, yield, intracavitary
composition, and surface proteins that mirror the cell and tissue of origin [68].

The major types of used EXOs are derived from:

• Dendritic cells have been used due to their low immunogenicity. Interestingly, their
EXOs still maintain this immune function. Dendritic cells-derived EXOs can overcome
the biological barriers, such as the blood–brain barrier [69–72].

• Macrophages are mononuclear phagocytes that have critical roles in innate immunity.
Macrophage-derived EXOs are known to express functional immune proteins; they
can interact with brain vessel endothelial cells and cross the blood–brain barrier, an
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ability mediated in part by surface components; they can deliver some factors such as
anti-inflammatory cytokines (i.e., IL-4). Moreover, they exhibit strong anti-tumor and
anti-inflammatory effects [73,74].

• Mesenchymal stem cells are a popular choice for cell therapy. Indeed, they are easily
obtained from different human tissues such as bone marrow, dental pulp, and adi-
pose tissue. Mesenchymal stem cells are capable of self-renewal and are involved
in modulating the immune response. EXOs isolated from these cells are extremely
beneficial in promoting wound healing and in repairing tissue such as skin and cardiac
tissue. Cao et al. [75] found that mesenchymal stem cell-derived exosomal miR-125b-
5p could promote the repair of renal tubules in acute kidney injury. These vesicles also
seem to inhibit cancer progression and have an inflammation melioration capacity.
Additionally, these cells are known to secrete relatively high numbers of EXOs [76–79].

• Cancer cell lines such as melanoma cells are commonly used to produce EXOs. As re-
ported before, tumor cell-derived EXOs can either block tumor growth or be involved
in cancer progression and are capable of converting a normal cell into a transformed
one. Thus, more importantly, tumor cells may be a double-edged sword when used
for delivering therapeutics agents because their EXOs could show potential risk in
aggravating a patient’s malignity instead of improving it or conferring drug resis-
tance [80,81].

• To overcome the risk of horizontal gene transfer when EXOs are recovered from tumor
cells or immortalized cells, some researchers have investigated the potential of human
Red Blood Cells (RBC) as a source of vesicles. RBCs are abundant in the body, easy to
obtain, and available in blood banks. A strategy to generate large-scale amounts of
RBC-EXOs for the delivery of RNA and drugs was demonstrated by Usman et al. [82].

• Plasma exosomes are also derived from Platelets (PLT). These originate from bone
marrow megakaryocytes and have no nucleus and a short half-life. PLT-derived EXOs
can be obtained from animals, healthy volunteers, and from platelets in disease states.
The functions of PLT-EXOs depend mainly on their source as they are rich in a variety
of cargos. Platelets in disease states often contain pathogenic factors that can be used
as biomarkers for disease diagnosis. EXOs obtained from healthy volunteers or mice
can inhibit platelet activation and endothelial inflammation, while human PLT-EXOs
have been shown to increase cell proliferation and migration of mesenchymal stromal
cells (MSCs) from human bone marrow. PLT-EXOs could present advantageous
therapeutic properties, including homologous administration in the clinical setting,
thus overcoming the restrictive requirement of other biological products. Although
procedures such as high-speed centrifugation of plasma induce the aggregation of
PLT-derived EVs more than erythrocytes EVs and washing for preparing ‘washed’
platelets shows that most EXOs will be removed, nowadays isolation protocols with
the use of specific commercial kits can avoid this effect [19].

A summary of cell lines used to produce EXOs for clinical applications can be found
in the updated review [68,83].

Recently, vesicles obtained from plant cells or food have gained attention from re-
searchers. Bovine milk EXOs have been studied as a viable alternative of high impact in
drug carriers due to their lack of toxicity, on account of their biocompatibility, and stability
in an acidic environment so that they can be delivered orally [84,85].

Exosome-like nanoparticles (ELNs) derived from tissues, organs, apoplastic fluid,
and the juice of several plant species such as ginger, lemon, grapefruits, and carrots are
characterized by various good properties that make them suitable for clinical applications.
ELNs seem to contribute to the plant defense in response to pathogens, and they are also
known for their anti-inflammatory and tumor growth-suppression properties. Moreover,
they seem to localize in tissue and remain intact inside cells after administration, confirming
the possibility that they can be used for intracellular drug delivery [86–88]. As regards their
composition, they show a lipid bilayer structure comparable to that of mammalian cell-
derived EXOs and artificially synthesized liposomes; contrary to those, they lack cholesterol,
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present a higher percent of phosphatidic acids (a cell-signaling component with many
biological activities), phosphatidylcholine, and phosphatidylethanolamine [89]. A variable
number of proteins and miRNAs have been identified in plant-derived EXOs [88,90].

However, although the morphology and composition of these ELNs are like mam-
malian exosomes, despite the several advantages of food and vegetable-derived vesicles,
and despite the possibility of their production in large quantities from fresh plant juice,
further studies are still required. Information on their biogenesis is still lacking and it
is an urgent task to characterize and clearly identify markers of plant EVs. At present,
research on the biogenesis of plant EVs is not sufficient and needs to understand all details
of their mechanism of action before they can largely be introduced as nano-platforms in
medical practice.

4.3. EXOs Isolation and Storage

Multiple methods and different ways have been established to isolate plant and animal
EXOs from biological fluids or in vitro cell culture supernatant. For different purposes
and applications, it is very important to select the producer cells, and it is essential to
understand the characteristics of the different isolation approaches that enable large-scale
bio-manufacturing and assure the efficacy of the strategy. Indeed, it is known that certain
procedures may compromise the EVs’ integrity and structure or can be associated with
aggregate formation and cargo impurity [91].

Among the different isolation methods, the most traditional and commonly used are:

• Ultrafiltration: is a method based on the vesicle size, involving the use of fluid pressure
to drive the migration through a polymeric membrane with defined pore size; vesicles
are separated selectively from the samples with the simultaneous retention of larger
molecules. It is simple and fast, but EXOs can be degraded and lost [92].

• Immunoaffinity: is a capture isolation technique based on the recognition by antibodies
or ligands of EXO marker components (antigen) that are exposed on the vesicle
surface. The immunoaffinity method has the advantages of rapid isolation, simplicity,
and high specificity, and the sample volume can be very small in comparison to
ultracentrifugation, but it is very expensive due to the cost of antibodies [93].

• Size-Exclusion Chromatography (SEC) techniques can isolate EXOs based upon molecular
size and density, mainly by means of a column filled with a porous stationary phase
with a specific pore size distribution. When the sample enters the gel, small particles
with small hydrodynamic radii diffuse into the pores while large molecules with
large hydrodynamic radii will not. Hence, the passage of proteins and other smaller
contaminating molecules is delayed while larger molecules or larger vesicles (>75 nm)
exit the column and will be eluted earlier in the void volume The porous stationary
phase contained in the column can be cross-linked dextrans, polyacrylamide, agarose
beads (commercially named as Sepharose), and allyldextran in which small particles
can penetrate. The primary advantages of this technique are the screening of high-
purity EXOs with less protein contamination compared to ultracentrifugation, and the
preservation of vesicle integrity, structure, and biological activity as it relies on gravity
rather than sheer force for isolation. However, this technique is limited by: (1) the
need for dedicated equipment; (2) the accessibility of the chromatography column to
contamination; therefore, aseptic working conditions should be ensured especially if
the isolated EVs are intended for therapeutic use; (3) an initial large volume is required;
(4) low yield; (5) difficulty in scaling up; (6) inability to separate EXOs from vesicles
of the same size. Research efforts have been performed to overcome those challenges
and enhance SEC efficacy and speed. For instance, the EXO pellet is re-suspended
after enrichment by ultracentrifugation in combination with ultrafiltration methods
and then further purified using SEC. This combined strategy resulted in improved
purity and preserved EXO function. Moreover, commercially available columns and
kits based on size-exclusion chromatography were designed to simplify EV isolation;
iZON Science produced the qEV Exosome Isolation Kit that, as well as the PURE-EVs
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kit (Hansa Biomed), allows rapid, high-precision isolation within less than half an
hour so the SEC methodology is nowadays relatively easy and fast. However, this
combination is not suitable for scale-up production [94].

• Microfluidics platforms represent emerging isolation methods developed to separate
EVs from large cellular debris and protein aggregates. Microfluidics techniques en-
able the differentiation, capture, enrichment, and isolation of particles of very similar
shapes and sizes. Different isolation principles have been designed: size based,
immune-affinity based, and dynamic categories that make use of emerging nanoma-
terials. Size-based exosome separation devices allow the separation of highly pure
EXOs driving the plasma inside a channel where nanofilters, nanoporous membranes,
or nanoarrays can trap vesicles when fluids flow through them. In another device, an
acoustofluidics device, using ultrasound standing waves, in a contact-free continuous
flow manner, EXOs are directly isolated from undiluted small blood samples based
on their size, density, and compressibility. The result is the formation of clusters of
EVs. These clusters are then washed and released upon deactivation of an ultrasound.
This device maintains the structures, characteristics, and functions of the EXOs with
a purity of about 98%. In addition, it enables the separation time, reagent consump-
tion, and sample volume for isolating EXOs to be significantly reduced with short
processing times with decreasing human intervention. In an immunoaffinity-based
microfluidic device, the vesicle separation relies on specific biomarkers on the EXOs
membrane. A commercial immune-microfluidics chip (ExoChip) allows the isolation
of EXOs from mixed cultures because it is functionalized with a commonly expressed
antigen, CD63. The specific interactions between CD63 and antibodies immobilized on
the chip allow the capture of the vesicles. Unfortunately, to separate them efficiently,
the immunoaffinity-based separation microfluidic devices need highly represented
antigens (targeted proteins) on the vesicle surface. Other innovative and attractive
separation approaches that have the ability to isolate EXOs based on their physical
and biochemical properties are being simultaneously developed: some microfluidic
isolation methods typically require small starting volumes from serum and cell culture
(10 s–100 s of µL), while others can be performed on larger volume samples; they can
reduce reagent consumption, are fast, and efficient. However, scalability, validation,
sample pretreatments, and standardization are still considered bottlenecks for these
devices, which are mainly applied in the field of diagnosis [95,96].

• Ultracentrifugation (100,000× g or greater) is currently the most widely used purifi-
cation method that mainly depends on vesicle density, size, and shape. It consists
of two steps after pelleting down cells: a pre-cleaning and filtering of samples cen-
trifuged at low and intermediate speed centrifugation (500–10,000× g) to remove dead
cells and cell debris, followed by the flotation in a density gradient centrifugation to
precipitate and enrich EXOs. High-speed centrifugation (40,000–100,000× g) is often
combined with a density gradient using commonly iodixanol or sucrose as a medium
to remove contaminants such as proteins, protein/RNA aggregates, and lipoproteins.
The EXOs can be collected in the density range of 1.1 to 1.2 g/mL Depending on the
rotor utilized, this procedure is suitable for large sample processing; it requires little
sample pretreatment and has the characteristics of low contamination risk. Moreover,
the affordability is high since only one ultracentrifuge is needed for long time use.
Apart from the access to expensive equipment, it is of low cost. At the same time,
however, the density gradient centrifugation method is time consuming and requires
extra care to prevent gradient damage. In addition, damage to EXOs by high-speed
centrifugation might occur if used for long times (more than 3–4 h) [97] (Figure 4).

• Co-precipitation is an appealing precipitation-based isolation method thanks to the
simple protocol and high yield. Polyethylene glycol (PEG) is generally used as a
co-precipitator by decreasing the solubility of EXOs. The method lacks specificity and
results in low purity of vesicles [98].
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Even if various and easy-to-use commercial kits are now available on market, to date,
there is still no ideal “gold” EXO isolation method; the low purity and high cost of the
preparations restrict their utility. Sometimes the combination of different isolation methods
may be better in accordance with the purity required and the sample volume [99].

Nevertheless, the storage conditions and preservation of produced EXOs that must be
used for therapeutic applications need to be fully elucidated as they can affect the amount
and the quality of the final product. Several data suggest that the stability of vesicles from
different origins may also be different. To date, storage at −80 ◦C in phosphate saline buffer
is the most used way to preserve EXOs [100].

4.4. EXOs Clinical Applications

The clinical applications of EXOs can be summarized as follows:

• Liquid biopsies: because EXOs differ in their composition based on the current state
of the secreting cells, being able to isolate them from different body fluids can be
considered a potent screening tool. Compared with traditional solid biopsy, liquid
biopsy has a number of advantages: firstly, minimal trauma. Thus, EXOs isolated
from liquid biopsies can be used as both diagnostic and prognostic non-invasive
biomarkers. EXOs released from normal and cancer cell lines have different nucleic
acid contents and membrane structures in accordance with their surface proteins,
cholesterol contents, and cholesterol/phospholipid ratios. This enables the early
detection of many pathological conditions, and their regression or progression in
response to therapy. EXOs originating from tumor cells possess active molecules
and specific genomic and proteomic features characteristic of a particular tumor type;
therefore, their analysis could predict the potential presence of the tumor. For example,
human serum exosomal long noncoding RNAs-UCA1 and exosomal miRNAs can
be used as diagnostic biomarkers for cancer risk [101–103]. Epidermal growth factor
receptor (EGFR), placental alkaline phosphatase (PLAP), and leucine-rich alpha-2
glycoproteins (LRG1) are potential biomarkers for non-small cell lung cancer, as they
are all overexpressed in patients. Moreover, Grimolizzi et al. found that in both early
and advanced-stage non-small cell lung cancer patients, miR-126 was mainly present in
EXOs, while in healthy controls, circulating miR-126 was equally distributed between
EXOs and exosome-free serum fractions. The detection of prostate cancer can also be



Biology 2022, 11, 804 11 of 27

achieved, evidencing the presence of exosomal miRNA-141 and miRNA-375 [104–106].
EXOs can find application as biomarkers also in cardiovascular diseases, and exosomal
miRNAs may be beneficial for diagnosing heart diseases. Another important disease
that could benefit from the study and application of EXOs is diabetes mellitus. Recent
literature demonstrates that the content of exosomal miRNA is remarkably different
in the sera of type I diabetes patients in comparison with that of healthy control. In
addition, a pre-clinical study has indicated that exosomes also participate in type 2
diabetes pathogenesis. Certain EXOs biomarkers (P-S396-tau, P-T181-tau, and Ab1–42)
seem to predict the development of Alzheimer’s disease up to 10 years in advance;
EXOs secreted by various parts of the kidney, contain several biomolecules that might
be markers of abnormality present in the kidney [107,108].

• Therapeutic intervention: Several studies have highlighted the therapeutic importance
of EXOs. Being able to redirect vesicles to tissues of interest, EXO administration could
be used to degrade pathological signals or focus their intrinsic therapeutic activity.
EVs regulate various normal physiological and pathological activities; thus they can be
used as natural therapeutic agents for treating a variety of common diseases. There are
sufficient pre-clinical studies to support the application of dendritic cell-derived EXOs
to treat different types of cancer such as metastatic melanoma and non-small cell lung
cancer. For example, EXOs derived from mature dendritic cells prevent the production
of cancer cells as they contain DHA (C22:16 docosahexaenoic acid, fatty acid), which
enhances the antigen-presenting ability of cells and thus inhibits tumor cell prolifera-
tion. However, as EXOs participate in the progression of tumors and promote various
stages of tumorigenesis, some research aims to regulate the process of EXOs secretion
and reduce their release from tumor cells to normal levels or inhibit their uptake by
the target cells [109]. The results of a preclinical trial indicated that by using dimethy-
lamiloride (DMA), the secretion of EXOs can be repressed in murine tumor models by
blocking intracellular Ca2+ and Na+/Ca2+ and Na+/H+ channels. Indeed, the increase
in intracellular Ca2+ and reduction in intercellular and intracellular pH values lead to
an increase in EXOs secretion, and the consequent uptake by recipient cells. Moreover,
in order to remove the metastatic effect of cancer, a biotechnology company named
Aethlon Medical has developed an adjuvant therapy called HER2O-some, which de-
creases HER2-positive EXOs secreted by cancer cells in circulation and thus interrupts
the progression of HER2-positive breast cancer. Although the technique based on
EXOs removal has achieved great progress, further research is still needed to assess
its clinical safety. EXOs derived from bone marrow mesenchymal stem cells could
produce protective effects in brain injury models, multiple sclerosis, and other neuro-
logical disorders thanks to their ability to enter biological barriers such as the BBB. In
epilepsy, the administration of native EXOs can result in a reduction in inflammation,
memory preservation, and a decrease in neuronal loss. The regenerative properties of
EXOs have been shown after stroke injury in both rat and mouse models. By means
of proteomics analysis, EXOs derived from mesenchymal stem cells were found to
contain various proteins involved in the process of brain repair function. EXOs may
accelerate and stimulate regeneration in several tissues, for instance, kidneys, and also
seem to modulate transplant rejection [78,110,111]. Furthermore, EXOs have shown a
protective effect on joint damage in a collagenase-induced OA model and in several
cardiovascular diseases [112,113]. EXOs can act as a decoy for virus and bacterial
toxins, thus suggesting a potential role as therapeutic agents [114,115]. These days,
well-designed EXOs against COVID-19 may be feasible to prevent initial infection or
further internal dissemination of the virus, thus reducing the virus burden and disease
severity. Interestingly, EVs can be used in the treatment of COVID-19-associated brain
damage due to their unique ability to penetrate the BBB and their potential to be
engineered and targeted to a specific part of the CNS [116–120]. Recently, clinical trials
that point to the use of EXOs as therapeutic agents against COVID-19 infection are cur-
rently ongoing. Moreover, EXOs are also being explored for their vaccine potential. In
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order to overcome the shortcomings of existing vaccines and contain escalating cases
of COVID-19, several biotechnology companies are focusing on vaccine development
using EXOs as a platform against SARS-CoV-2 [121]. In the following section, it will
be in short reported how the potential use of natural EXOs is largely improved when
they are modified and used as carriers of therapeutic agents.

• Drug delivery and nanotherapy: any shuttle used for drug delivery must possess several
necessary characteristics: (i) can encapsulate an adequate amount of drug to obtain
therapeutic effect; (ii) must possess a prolonged inherent stability of size, structure,
and bioactivity of the therapeutic agent during circulation before reaching the target
organ; (iii) can evade macrophages’ phagocytosis, must have non-toxic properties, be
biocompatible with the immune response, and be non-immunogenic. For the past few
years, several new nanoscale systems to deliver therapeutic drugs or genes have been
designed to improve bioavailability, reduce the toxicity of traditional drugs, and target
specific sites. The first clinical success in nanotechnology occurred in 1995 with the
approval of Doxil (a formulation of liposomal doxorubicin). Since then, new therapies
and biocompatible nanocarriers have been designed (silver nanoparticles, polymer
nanoparticles, nanotubes) and used, but until now, an ideal drug delivery system,
with long-term safety and biocompatibility, remains to be planned. EXOs are good
candidates for delivering vehicles of chemotherapeutics agents to specific cells and
tissues and trigger phenotypic changes. EXOs have lower immunogenicity than virus-
based delivery systems and liposomes. As aforementioned, the lipid bilayer gives
EVs an amphiphilic nature that allows them to store and dissolve both hydrophobic
and hydrophilic compounds. Compared with free drugs, exosomes loaded with
chemotherapeutic drugs showed a higher efficacy. Examples of such systems are
doxorubicin-loaded EXOs, EXO-curcumin, and paclitaxel-loaded EXOs that were
shown to exert stronger anti-proliferative activities or cytotoxicity in cancer cells than
drugs alone. Curcumin is a polyphenol compound made from turmeric, a flowering
plant of the ginger family. Curcumin loaded onto exosomes forms a complex that
improves its solubility, stability, and bioavailability enabling to exert its antioxidant,
antineoplastic, anti-inflammatory, and chemopreventive properties. Sun et al. treated
mice with this complex and found that mice were able to resist lipopolysaccharide-
induced septic shock [122]. Paclitaxel is a highly hydrophilic molecule used as an
antitumor drug, but its clinical application is limited because of dose-dependent
toxic side effects. The toxicity resulted in reduced exosomes loaded with this drug.
Yang et al. using the zebrafish model demonstrated that exosomes loaded with
the doxorubicin drug were able to cross the BBB and inhibit the growth of tumors.
Doxorubicin is an amphiphilic drug that inhibits angiogenesis and controls tumor
growth [123]. In addition, molecules such as catalase with antioxidant properties,
anthocyanins with anti-cancer activity against ovarian cancer, and other molecules
can exert increased therapeutic effects when loaded on exosomes. EXOs can also
deliver DNA and RNA as genetic therapeutic agents. These molecules have sizes that
obstacles passive diffusion and they are susceptible to enzyme degradation. Thus,
they can be delivered and protected by the double membranes of the exosomal carrier.
A summary of EXOs clinical applications is reported in Figure 5.
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Figure 5. Some of the major uses of exosomes in clinical development. Exosomes affect various
aspects of cell biology and can find employment in different fields of nanomedicine.

Several methods have been developed to incorporate proteins or nucleic acids into
EXOs. Some of them can be performed on donor cells as the composition of the EXOs is
highly controlled within cells. Thus, the incorporation of pharmaceutical components can
be achieved by:

1. An active approach: donor cells are co-incubated with small molecular weight drugs or
other chemical compounds. Cargos may passively diffuse across the cell membrane
and concentrate in the cytoplasm; after appropriate stimulation such as heat or hy-
poxia, cells release EXOs loaded with the desired cargo. A simple over-expression in
the parental cells of desired cargo is most of the time sufficient. The gene transfection
approach is used for loading exogenous nucleic acids into donor cells; the cells are
transfected with DNA plasmid vectors, noncoding RNAs, etc., that are easily pack-
aged by the natural biomolecular synthesis processes within EXOs. Then, EXOs can
be rapidly isolated and purified [124]. This approach is simple but can result in poor
loading and thus is not suitable for wide applications.

2. A passive approach: EXOs previously isolated from different sources are incubated with
various molecules, preferentially hydrophobic, that can easily penetrate inside and
localize in their lumen. To improve EXOs permeabilization, different chemical or
physical methods can be used. For example, saponin permeabilization, sonication,
and mechanical extrusion over a polycarbonate membrane. A method often used for
loading siRNA is electroporation; following the application of high-voltage electricity
to the suspension of EXOs and therapeutic agents, temporary pores are created in
the membrane through which molecules can pass inside the vesicles [125]. Another
approach to modifying vesicles and improving their specific targeting ability is surface
membrane modification. Using procedures such as chemical modifications to the EXO
membrane, click chemistry, etc., target molecules, peptides, and ligand aptamers are
allowed to directly anchor on the exosomal membrane [126,127].

These applications are represented in Figure 6. All these approaches have pros and
cons: in the pre-secretory approach, the drug loading efficacy cannot be controlled; in the
post-secretory approach, EXOs aggregation or membrane damages can occur; the surface
modification can affect the original biological activity of the EXOs.
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Figure 6. Main strategies for loading exosomes with non-native cargos: cellular modifications or
direct vesicle modifications can generate enhanced exosomes to be used as delivery vehicles.

Once the EXOs with the desired cargo are produced, the liberation of their content to
the recipient cells occurs by different mechanisms and consequently, the cellular phenotype
can be altered. Different methods of modification and functionalization of EXOs have been
designed by researchers, but further insights into these reactions need to be acquired to
completely understand these strategies and obtain better loading efficiencies [128,129].

5. Exosomes Characterization and Detection Techniques

In order to correlate the EXOs structure and properties, it is necessary to determine
their morphological analysis, size distributions, shape, composition, surface charge, and
biochemical properties. By definition, the nanovesicles lie below the diffraction-limited
resolution of conventional light microscopy. Consequently, EM techniques that use electrons
for imaging are the preferential methods to investigate at the nanoscale level.

• Imaging approaches are critical steps in EXOs’ characterization; these usually include
whole-mount SEM and TEM. The most accessible and simplest method of TEM imag-
ing is conventional negative stain, which evidences a morphology called “cup-shaped”,
because of a divot in the center of the exosomal vesicles (Figure 7). As reported by
Raposo and Stoorvogel [9], the appearance of cup-shaped EXOs is likely an artifact
due to the drying process associated with the sample preparation. Indeed, “whole-
mount” samples are deposited on electron microscopy grids and allowed to desiccate
on the surface. The nonuniformity of the capillary forces leads to a collapse resulting
in a shape distortion. Accordingly, isolated frozen vesicles examined by cryo-EM
and kept in their native state appear without ultrastructural changes; they show a
spherical geometry rather than a cup-shaped feature. Moreover, 3D images generated
by cryo-electron tomography and observations with other standard techniques verify
the spherical shape.

In addition to spherical particles, EXOs can also appear oval or elongated [97,130]. An
appropriate choice of grids, sample deposition, and TEM imaging conditions is essential
for successful analysis [131].
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Figure 7. Electron microscopic view of individual exosomes. Whole-mount exosome preparations
purified with ultracentrifugation and negative stained from plants (A), and different cell lines grown
in culture (B–D). The cup-shaped morphology is clearly visible.

In addition to describing the morphology, EM can also provide an overview of the
level of contamination of the sample confirming the sample purity; it can evidence the
presence of larger vesicles, microparticles, apoptotic bodies, or cell debris such as protein
aggregates, lipoproteins, and contaminant from cell cultures. Specific examples are shown
in Figure 8.
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Figure 8. Transmission electron micrographs of exosome samples collected from cell culture and
visualized after negative staining. In (A) the preparation is a population of large and small vesicles;
the morphology is not uniform, some vesicles appear with a cup-like structure some with a deformed
shape. Slight clumping can also be observed. In (B) vesicles are surrounded by microparticles,
precipitates, and impurities generated in the stain or during preparation.

The instructions given in MISEV2014 for EV characterization, and their updates in
MISEV2018, suggest that EXOs must be analyzed using two different but complementary
techniques, for example, electron and atomic force microscopy (AFM) [33].

AFM is a useful tool to investigate surface topology and material properties. Using
a sharp tip mounted at the end of a micro-fabricated cantilever, AFM scans across the
specimens immobilized on the support; AFM measures the force between the tip and the
solid surface, thus allowing to assess the physical characteristics of single nanoparticles.
Properties such as stiffness, adhesion, sample deformation or rigidity, and membrane
fluidity are all of special significance for the transmembrane transport and biomedical
function of vesicles. Compared with other high-resolution imaging and measurement
techniques, AFM can simultaneously provide the structures and properties of biological
samples under a desiccated form or under aqueous conditions, thus in their almost native
states. However, EXO samples need to be immobilized on a mica substrate and then
scanned: this can result in a change in the nanoparticle form, for example, by distorting
their shape; in addition, when they are passively deposited from the liquid sample, the
evaporation will produce drying artifacts [132,133].
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• Non-imaging methods, such as dynamic light scattering (DLS), nanoparticle tracking
analysis (NTA), Raman spectroscopy, tunable resistive pulse sensing (TRPS), and
other biophysical approaches are being developed or adapted for EXOs data acquisi-
tion [134]. All these methods provide particles’ size distribution and concentration
measurements; however, they indirectly estimate parameters via the use of some
basic assumptions to interpret data. For example, NTA uses laser light to irradiate a
nanoparticle suspension and estimates the size of EVs as their hydrodynamic diam-
eters, which correlate the resistance to the Brownian mobility of EVs in the solution.
A larger hydrodynamic diameter of a vesicle implies its lower mobility in liquid.
Surface proteins and other molecules anchored or adsorbed to the membrane surface,
the so-called the “coronal layer” around vesicles, and some debris can substantially
influence the mobility and increases the hydrodynamic size of vesicles. Thus, their
Brownian motion becomes difficult to track. DLS can quickly measure the average hy-
drodynamic diameter from a small volume of samples. An inherent weakness of DLS
is its low resolution. To obtain satisfactory peak resolution, a particle size difference of
at least three times is generally required. All these techniques are individually unable
to determine the phenotype of the vesicles and their biochemical composition, and
most commonly they need to be complemented with microscopy techniques.

For cytochemical/physical characterizations, new generation nano-flow cytometry
methods, having detection limits as low as 100–200 nm, fluorescence (FM), and confocal
laser scanning microscopy (CFM) are routinely used. These methods provide quantitative
and qualitative information about EXOs. Indeed, if the vesicle bears some antigens at its sur-
face, it is possible to detect them by applying fluorochrome-conjugated antibodies [135–137].
To obtain qualitative data on the chemical composition, specific histochemical techniques
can be combined with the standard protocols; for example, specifically labeled markers can
be bound in order to confirm the presence of proteins involved in MVB biogenesis.

Western blotting is the most commonly used technique to assess the presence of
target proteins known to be associated with EVs. The principles behind Western blotting
involve the specific binding of an antigen (target proteins) and an antibody that specifically
recognizes the antigen. Western blot does not analyze intact vesicles; rather, sample
preparation involves the lysis of the purified vesicles using buffered lysis solutions that
contain denaturants and protease inhibitors. After denaturation, the protein lysates are
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
before being transferred over to a membrane for immunoblotting of specific protein. As
suggested by guidelines in MISEV2018 [33], when WS is performed on EXOs from cell
culture-conditioned medium, often a comparison with the material lysates from their
producing cells needs to be performed to determine if proteins are associated with EXOs.
WB analysis helps also to assess the degree of purity of the EV preparation. Indeed, for a WB
analysis, EV-positive (proteins present or enriched in EVs/EXOs, such as CD63, CD81) and
EV-negative (proteins not expected in EVs/EXOs such as calnexin and ribosomal protein
S6 or others present in mitochondria, Golgi, or nuclear proteins) markers can be usually
used. As such proteins may be present in larger or very large EVs, a single negative control
may exclude the presence of such large EVs. Moreover, WB can evidence contaminants that
co-isolate with EXOs (in biofluids such as blood plasma, proteins or lipoproteins have been
reported to co-isolate); the guidelines in MISEV2018 [33] report the category of proteins to
be considered when claiming specific analysis of small EVs. For biofluids, negative controls
of disease-associated functions, for example, fluids from healthy, untreated, or otherwise
matched donors, are performed.

The WB methodology is widely used for the analysis of EXOs due to its ease of use,
wide accessibility, and ability to detect exosomal surface proteins and internal proteins.
Nevertheless, the primary pitfall is its limited specificity due to the quality of several
antibodies used and its lack of multiplicity, which results in the use of a large amount of
exosomal protein employed to gain a minimal amount of information [138]. While the
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approach has a significant preparatory and processing time (>10 h), WB can provide useful
information on the size of different proteins.

For further characterization, immune-detection methods performed on TEM samples
can be used to evidence specific molecules through their binding with colloidal gold-
conjugated antibodies [130,139] (Figure 9).
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To elucidate the uptake efficacy of nano-vesicles, the most common imaging tech-
niques applied are conventional fluorescence microscopy (FM) and confocal fluorescence
microscopy (CFM). They allow localizing fluorescently labeled EXOs (proteins or RNAs
labeled) at the surface or inside target cells. Moreover, the combination of CFM with other
imaging techniques such as flow cytometry and spectrofluorometric analysis enables obtain-
ing information not only about internalization but also on the effect of functionalization in
cell targeting and drug delivery. However, FM and flow cytometry methods lack detection
accuracy and specificity as the resolution is insufficient to detect single nanovesicles or
observe the interaction of vesicles with the cellular or tissue components.

The imaging and investigation of cellular fate and performance of EXOs often need
high-resolving electron microscopy. SEM is a popular approach for acquiring information
on their size, shape, and 3D surface topology; it provides information about the interaction
of the vesicles with the plasma membrane of the target cells. On the contrary, TEM produces
images at a higher resolution than SEM, and it can also be useful to better visualize the
behavior of natural or engineered EXOs entering the cell. TEM allows investigating EXOs’
intracellular dynamics, how these vesicles are released from cells and how they are taken up
by target cells, where they accumulate in the target site, and their intracellular persistence.
Presently, TEM can provide details on the interaction of vesicles not only with the plasma
membrane but also with the cytoplasmic organelles or the nuclear/sub-nuclear localization
when entering the cell nucleus [140].

To avoid artifacts that can be introduced in the conventional preparation, or to reduce
irradiation damages caused by an electron beam, a viable alternative is the use of TEM and
SEM at cryogenic temperatures (cryo-TEM and cryo-SEM imaging). With this artifact-free
approach, samples are analyzed at very low temperatures without fixation and staining;
thus preserved in a near-native state through rapid freezing and imaged under cryogenic
conditions [141–143]. However, these techniques remain a challenge due to the cost of the
instruments, the expertise required to perform the sample preparation, imaging, and data
analysis, and are time consuming because the observations often evidence a small number
of particles in the images.

The relatively young field of correlative microscopy approaches, such as light mi-
croscopy and TEM methods, can help to overcome some limitations by offering at the same
time the general and dynamic view of light microscopy and the ultrastructural information
provided by TEM sometimes in combination with other various analytical methods [18,144].
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Electron microscopy allows describing the EXOs’ producer cell or tissue, and further-
more, evidence of the structural and molecular alterations induced by nanovesicles on
target cells [145].

The identification of biomarkers for different diseases and cancers is often carried out
via proteomic approaches used to identify the protein content or a predefined set of proteins
within a sample. Thus, to control the quality of EVs isolation steps, and to characterize the
abundance, ultrastructure, and biomolecular properties of EXOs, it is crucial to combine
biochemical, microscopic investigations, and microanalytical techniques adapting classical
and advanced methods of analysis (Figure 10).
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6. Considerations and Challenges in the Research

Upon their initial discovery, EXOs were underestimated and were thought to function
as waste systems. Over the following decades, very rapidly growing studies have instead
proposed unique interesting functions of them.

EXOs are constitutively produced by all living cells including plants, animals, and
microbes; they consist of membrane-enclosed structures containing a complex and well-
coordinated mixture of biomolecules.

The major progress on EXOs was finding their active roles as new means of intercel-
lular communication, both under healthy and pathological conditions. Nowadays, these
nanoshuttles exerting a plethora of biological functions have aroused wide interest in biol-
ogy and medical sciences and have been the subject of a very active field of research. They
provide useful biomarkers for a variety of human diseases as a non-invasive diagnostic tool.

They are considered useful candidates to deliver compounds for therapeutics in var-
ious diseases. With this goal, EXOs can be manipulated to increase the dosage of drugs
and to enhance tumor targeting; they can be loaded with a wide range of drugs, including
chemotherapeutics compounds, DNA expression vectors, sRNA, and proteins. Further-
more, they have been shown to deliver their cargo, protecting it from degradation. Thus,
drug delivery is one of their most promising applications in cancer therapy, neurological
disorders, renal diseases, and many more. Several clinical trials are registered on the clinical
trial database registry of the National Institute of Health (Home Clinical 2021).

However, before realizing the full potential of these therapeutic applications, a more
comprehensive and detailed investigation of cytobiology needs to be performed. Safety
evaluation is necessary in some contexts since the EVs may also show toxicity and immuno-
genicity that depend on many factors such as source, test model, or composition. Moreover,
the different routes of administration such as intravenous, intraperitoneal, or subcutaneous
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injection, and nasal or oral administration, can also affect the biological distribution and
the clearance of drugs and drug-loaded EXOs.

Many clinical trials on EXOs therapy have also been launched worldwide. Almost
all EVs currently in phase I clinical trials and preclinical development are derived from
cultured human cells (except for PureTech’s exosomes isolated from cow’s milk) and have
been assessed in rodents or other animal models [146]. Thus, many questions are remaining
to be answered:

• How are EXOs sorted to disparate targets?
• How can recipient cells discriminate among EVs? What are the mechanisms that

mediate addressability?
• Which is the detailed mechanism of EXO uptake by recipient cells?
• The decision of EVs cargos’ destination in the recipient cells is not completely known.

EXOs can release their cargo within the cytosol or directly within the nucleus or acidic
organelles. Moreover, EXOs can also bind to extracellular matrix proteins regulating
cell differentiation or promoting organ function repair. Fundamental questions remain
about the fate of the biological cargo of EXOs.

• Do molecular cargos function singly or in combination with other EVs?
• Do EVs from different sources and distinct subtypes present different organ bio-

distribution patterns and biological functions?
• Could the process of modification and loading with compounds of choice compromise

EXOs biological functionality and induce immunogenicity?
• In addition, more data need to be collected on the characteristics of circulating EXOs

and their spatiotemporal properties.

More systematic in vivo models combined with powerful imaging methods to track
the biogenesis and fates of EVs will lead to a proper understanding of the basic functions
and promote the translation of research into clinical applications. Moreover, in order to
achieve sufficient quantities of these vesicles for clinical trials and to further improve their
implementation for personalized medicines, especially in the field of oncology, it is essential
to overcome main challenges and technical limitations such as:

• Inconsistent isolation methodologies and insufficient massive and stable production
of engineered EXOs with constant characteristics for clinical use; methods currently
available are time consuming and expensive;

• Lack of standardization of engineered EXO preparations, especially in a purified form,
to ensure quality control;

• It is still not clear which cell source is mostly suitable for generation of engineered vesicles;
• Efficiency of cargo or inefficient loading in engineering EXOs: for example, it is

currently lower than that for liposomes;
• Lack of selection methods of EVs subtypes as there is a high heterogeneity of subpopu-

lations. The diverse subpopulations of EVs represent a major challenge for EVs-based
theranostics applications. Apart from their heterogeneity in size, density, and shape
that can be overcome by improving combinations of different separation methods,
cell heterogeneity is an important question. The biogenesis of EXOs within each cell
type heavily depends on the microenvironment as well as the physiological states,
and EXOs are like a “fingerprint” of the releasing cell and its metabolic status. EVs
cargo can be affected by changes in gene expression resulting from environmental
cues such as oxygen levels or inflammation. Based on surface marker expression,
Gebara et al. [147] found that amniotic fluid-derived EVs showed a heterogeneous
origin; vesicles expressed markers of fetal, placental cells, and also mesenchymal and
stem cells markers. Investigations on tetraspanin marker expression profiles in indi-
vidual EVs have evidenced seven subpopulations. EXOs composition is not limited to
proteins; lipids are other major components of EXOs, so the analysis of lipid expres-
sion in individual EVs may provide insight into their nature. Lipid biomolecules may
affect target cell function via direct activation of cell surface receptors or as secondary
messengers following endocytosis. Subpopulations may also be separated based on
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RNA profiles. Subpopulations of EXOs with different components could also originate
from the different sorting machinery involved during their biogenesis. Indeed, EXOs
formed from ESCRT-based pathways are associated with different envelope-distinct
biomolecules compared to the EXOs that are formed independently from the ESCRT.
Even when vesicles are isolated from a single cell source (e.g., from cells cultured
in vitro), spatial and temporal changes in confluency, cell cycle stage, and stress may
contribute to the observed heterogeneity. Circulating EXOs are released from a large
variety of different cell types, and in a given disease, EVs from the relevant cell type
or tissue may be masked or confounded by the contribution of cargo from multiple
other cells. For such reason, which subpopulations of vesicles from blood provide
information for disease diagnostics and which subpopulation is actually dictating the
fate of the target cells remain unclear. To help overcome the heterogeneity challenges
in EXOs-based applications, further investigations with a wide variety of additional
EV markers are required. Various types of omics technologies to analyze at the single
EXOs level need to be improved. Super-resolution microscopy is a promising approach
that allows rapid and direct visualization of individual EVs and their surface protein
markers in aqueous solution where the native structure is retained. Unfortunately,
intra-EV visualization is extremely technically challenging due to the small and het-
erogeneous nature of EVs. A different new direction would be in vivo tracking and
real-time imaging of subpopulations of EVs; studying the in vivo at a single vesicle
level without disrupting their physiological environments is with a very high degree
of complexity. The highly relevant question of whether EXOs subpopulations are truly
functionally distinct remains to be answered. The complexity of EXOs requires a lot of
effort to acquire the desired accuracy in isolation and separation procedures;

• Pharmaceutical parameters such as EV storage and stability are still not standard-
ized. EVs obtained from different sources may require different storage conditions.
Freeze/thaw cycles should be minimized, as they may damage the EV membranes.
Adding cryoprotectants seems to be positive. To increase commercial availability, novel
preservation methods are encouraged. Lyophilization seems to be a promising method
for the preservation of vesicles, but its application requires further investigations, as
studies reporting on this technique are still preliminary;

• Route of administration is an important factor affecting the safety of EXOs.

Different stages that need a great deal of work to meet the standards for industrial and
clinical application are summarized in Figure 11. For a detailed overview of these topics,
the reader is referred to a recent review manuscript [148].

These limitations have stimulated the development of EXO nanotechnology in order to
modify, engineer, and design them. Researchers have constructed and used biomimetic and
bioinspired exosome-like nanovesicles as alternatives to natural ones, organic–inorganic
hybridized, and synthetic nanoformulations called artificial EVs, the number of which
is currently high. We direct the readers to the following recent reviews and position
papers [25,83,149–151].

The exploration of the nanomedical applications of EXOs-based nano-platforms is an
active area of research but is still in the early stages, although these nanoparticles represent a
promising tool in the field of nanomedicine; at the same time, special regulatory guidelines
in this area are urgently required. How can this be achieved soon? A lack of guidance in
this field is a global issue; indeed, it is important to develop rigorous regulatory guidelines
in nanomedicine [152].
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7. Conclusions and Outlooks

Today, many studies are focused on improving the efficacy of traditional drugs and
developing new therapies and new drug delivery systems for the targeting of diseased
tissues. EXOs have received extensive attention from scientific communities. They have
revealed high potential in the therapy of various diseases, especially in cancer, a disease that
has a strong impact on human society; new innovative solutions to overcome the limitations
derived from traditional chemotherapy and radiotherapy approaches will be developed
using EXOs nano-carriers. In comparison to other synthetic loading drug systems, EXOs
are more attractive and advantageous because of their natural origin. Although there are
still many knowledge gaps to be filled, and significant challenges and difficulties in their
application must be overcome, these endogenous vesicles show great potential to enter the
clinic. This is an expanding research area, which involves many biological research areas
and different fields of sciences; thanks to interdisciplinary approaches, it is expected that
continued research and clinical efforts will evolve in the future providing innovation and
optimizing the traditional therapeutic and diagnostic practice.

The primary goal of this review is to briefly summarize the main features of EVs and to
address the recent advances in the field of EXO-based science with a focus on the isolation,
characterization, and detection techniques useful for selecting and collecting them from
cells. Aspects of their main applications in theranostics are given. Finally, the paper reports
in short some considerations that are worthy of attention in order to better direct the efforts
expected in the coming years for exosomal clinical transformation. This article has also
the ambitious goal of contributing to orient, in a simple way, readers interested in this
challenging area.
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