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Extracellular vesicles (EVs) are nanometric size, a cell-derived drug delivery carrier composed of membrane-
bound structures, release into the cellular medium and found in body fluids. EVs serve a dual purpose, acting
as a means of disposing of redundant material and a method of communication between cells. Their natural
origin, biocompatibility, protein, and nucleic acid composition boosts superior targeting capabilities. While strong
safety profile, intrinsic pleiotropic therapeutic effects, ability to accommodate both lipophilic and hydrophilic
agents, and pass through blood-brain barrier makes them exceptional nanocarrier. Several synthetic drug delivery

methods have been fabricated and introduced to the market throughout the previous few decades. However, their
inefficiency, cytotoxicity, and/or immunogenicity hinder their applications. Evidence demonstrates that EVs play
a critical role in major physiological and pathological processes, such as cellular homeostasis, infection propa-
gation, cancer progression, and cardiovascular diseases. Moreover, EVs offer a range of advantages over tradi-
tional synthetic carriers, thus paving the way for innovative drug delivery approaches. Although therapeutic
applications as carrier is limited due to lack of scalable isolation techniques and efficient drug loading, EVs serve
great potential as nanocarriers. The review summarizes and discuss recent progress and challenges associated
with development of EVs as nanocarrier.

1. Introduction

Extracellular vesicles (Evs) are particles released by all forms of cell
from the body, formed when cells release lipid enriched vesicles into
external cellular region. These are distinguished as exosomes, micro-
vesicles (MVs), and apoptotic bodies. These subtypes are different in
fabrication pattern, release profile, size, composition, and function
(Table 1).! Lipids, nucleic acids, and proteins are only a few of the several
components that make up EVs. More specifically, these proteins include
those involved in lipid metabolism, which are present in the cytoplasm of
the cell, as well as connected to the cellular outer membrane.>® As of now
no distinct protein markers have been investigated to differentiate be-
tween various EVs, protein profiles of exosomes, MV's, and apoptotic
bodies that differ due to their diverse production processes.” However,
leading to a shortage of standardized EVs isolation and choice of the
research, significant amino profile overlap is typical.s’6

The study of EVs has provided new insights into how cells commu-
nicate with one another as well as oncogenesis. Additionally, they have
been used as biomarker carriers in clinical settings for diagnostic pur-
poses.” Prior to isolation and analysis of EVs, establishment of proper
clinical data and guidelines is needed. EVs as biological systems have
been recognized from at least 50 years; however, their physiological
process has remained unknown (Fig. 1). but recent ideas now include EVs
as a method of neural messaging®; and restate her belief that EVs serve
signaling purposes. Moreover, several EV reports have been reported in
human biological studies since 1976. EVs containing diacylglycerol
(DAG) were released from the human red blood cells and the amount of
DAG within the cell membrane were augmented by a chemical that
promotes the migration of divalent cation A23187, which contributes
almost half portion of newly formed DAG i.e. A23187-induced EVs. As
per early research, EVs are related with handling cellular stress. Looking
forward after Johnstone's investigation in the eighties, widespread abuse
was witnessed with a deficiency of consistent taxonomy in EV exami-
nation, and this continues to stymie human research to this day.’ Addi-
tionally, many believed that EVs were only a technique for removal of
untoward component as a result of misreading the sheep reticulated

Table 1
Classification of extracellular vesicles.
EVs groups Size (nm) Constitutions Biogenesis
Apoptic 50-5000 RNA and lipid content Formed from cell
bodies such as cholesterol and its ~ fragmentation via
derivatives apoptosis
Microvesicles 100-1000  RNA, DNA, lipid contents Budding from plasma
membrane
Exosomes 30-150 RNA, DNA, unique lipid, From internal budding
proteins of endosomal
membrane

research, during this time, researchers finding indicated that EV
engagement in universal routes like signaling within the cells stress
induced cell pathways, cell maturation, and development.'® This is
implied by the fact that EVs are capable of playing specific functions of
signaling in cells. After Raposo and his team of researchers established
that EVs as cellular signaling agents, an abundance of hematology
research reported over signaling actions connected to EVs, including
improved hematopoietic stem cell proliferation, survival, adhesion, and
chemotaxis.

The rapid adoption and advancement of molecular biology technolo-
gies for studying nucleic acids began to shed light on the significance as
well as biological role of EVs. In another investigation researcher proved
that the EVs possess RNA, and these can be transmitted to target cells in
independently.!! Contrary to later research, Valadi and co-worker
discovered zero association between extracellular vesicle and mother
cell'’, and further established existence of short RNAs including
micro-RNAs amidst extracellular vesicles'?; In 2006, Fire and Mello ach-
ieved Nobel prize in chemistry domain for investigation of interferences
with RNA's.,'® EV research has grown in popularity over the last decade,
from 2010 to 2019, the number of papers indexed in the web of science
database grew by almost 10 times from 400 to 5001 using the search
technique "exosome*' OR ‘micro vesicle*' OR ‘extracellular vesicle*'.
Meanwhile, Rothman, Schekman, and Sudof received the Nobel Prize in
2013 in recognition of their work on the molecular mechanics of vesicle
movement in the cells. Although this award might have been given for a
collection of research findings presented around 1979.'* In 2010, a finding
demonstrated that cells devote a significant number of resources and
attention to regulating vesicle movement. However, the biology of EVs
remains unknown in the sense of active control, which includes organized
content loading and secretion processes. Developments in omics technol-
ogy such as massively parallel sequencing of nucleic acid'®; have enabled
the program to fund a diverse variety of scientific breakthrough and
hypothesis-driven EV research.'® EVs have been linked to developmental
disorders'’; flowing freely tumor DNA,'® insulin sensitivity and metabolic
phenotypes,'° athletic performance®’; cardiovascular disease,?! allergic
responses,22 and calcification®®; human biofluids, extracellular nucleic
acid diversity include a range of physiological processes in addition to
endogenous activation, highlighting the significance of microbiota and
dietary RNA sources. This article summarizes the distinctive characteristics
of EVs, as well as methods for their preparation and characterization.
Additionally, we summarized the recent developments in EV based ther-
apies as potential targets as carrier for drug molecules.

1.1. Exosome
Small extracellular vesicles called exosomes are discharged into the

extracellular environment by cells. Through their ability to transport
different substances, including proteins, lipids, and nucleic acids,
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Fig. 1. History of development of extracellular vesicle.

between cells, they perform essential roles in intercellular communica-
tion. Because of their role in a number of physiological and pathological
processes, including as immune response modulation, tissue regenera-
tion, cancer progression, and neurodegenerative illnesses, these vesicles
have attracted a great deal of attention in biomedical research. Exosomes
originate from the cell's endosomal compartment, where they form inside
multivesicular bodies (MVBs). Exosomes carry cargo that can provide
insight into the physiological status of the parent cell, making them
useful indicators for prognosis and diagnosis of disease. Their inherent
capacity to pass through biological barriers, such the blood-brain barrier,
also makes them attractive options for targeted therapy and medication
delivery. They are normally 30-150 nm in diameter. Exosomes are
released into the extracellular space when MVBs fuse with the cell
membrane. These can be absorbed by nearby or distant cells, allowing
the transfer of bioactive chemicals. Exosomes, often mentioned as
intraluminal vesicles, found in sperm, saliva, bronchial fluid, cerebro-
spinal fluid, breast milk, serum, amniotic fluid, synovium, tears, lymph,
bile, and digestion fluids.>*

1.1.1. Dimensions and source

Exosomes, a form of extracellular vesicle manufactured via the
endogenous pathway, have a diameter of 30-150 nm and a diameter of
30-150 nm, respectively.?” Early endosome membranes undergo inner
sprouting, which leads the fabrication of multivesicular bodies (MVBs),
the precursors of exosomal vesicles. MVBs and early endosomes are
crucial for the endocytic and transport processes of biological molecules.
They are originated via inner sprouting of the plasma membrane of the
cell. To name a few actions, they are involved in protein filtering, reuse,
preservation, conveyance, and discharge.!* MVBs are either completely
broken down in the lysosomal cells or mixed with the plasma membrane
of the cell to disclose their constituent parts particularly the exosomes
into the extracellular region.”® Elements that influence an MVB's survival
are not fully known. However, investigations have revealed that the
amount of cholesterol present in an MVB determines its fate. A fat vesicle
was discharged, while the lysosome consumed a morphologically similar,
cholesterol-free vesicle.?> The endosomal sorting complexes needed for
transport (ESCRT) pathway regulates MVB and exosome production and

secretion.?”” While the specific mechanism is yet unknown, it appears that
growth factors can drive the development of MVBs, and to suit its needs,
the cell adjusts its exosome output.?®

1.1.2. Component

Exosome production can be used to study a vesicle's proteome. Exo-
somes and their related proteins (Alix, TSG101, HSC70, and HSP90) are
expected to exist in exosomes regardless of cell type since ESCRT proteins
stimulate exosome synthesis and MVB transport.”’ This category of
proteins is also known as “exosomal marker proteins." Some studies
suggest that exosomes are found at various environment by certain cells.
By a mechanism unrelated to ESCRT.*° Instead of ESCRT, the sphingo-
myelinase enzyme is thought to be responsible for exosome release in
these circumstances, as cells lacking the ESCRT apparatus nonetheless
produced CD63 positive exosomes,>’ CD63, like CD9 and CD81, belongs
to the tetraspanin family of proteins. These transmembrane proteins,
when contrasted to cell lysate, exosomes and other plasma membrane
proteins are frequently recognized in exosomes and are regarded as the
key in vesicles.>? Tetraspanin proteins were once assumed to be exosome
indicators, however they have now been discovered in micro-vesicles and
apoptotic bodies.>® Exosomes contain more glycoproteins than secreting
cells, however, it is feasible to differentiate between the vesicles consti-
tution rather than size as MVs are predicted to include proteins with more
post translational modifications (PTMs), like and phosphorylation,
glycosylation compared to exosomes>*

1.1.3. Biological function

Exosomes were originally believed to be a way for cells to get rid of
trash. More recent studies revealed their critical roles in cellular main-
tenance, intercellular communication, and tumor growth. Exosomes that
function as vesicles that convey antigens, have also been found to trigger
immune reactions.>® Exosomes are said to help with tissue restoration
and regeneration via myelin synthesis, neurite growth, and neuronal
survival in the nervous system.>® At the same time, it has been discovered
that exosomes in the central nervous system (CNS) include damaging
proteins such as beta amyloid peptide, superoxide dismutase, and alpha
synuclein, which may contribute to illness progression.>’
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1.1.4. Comparison between cell derived exosomes and milk derived
exosomes

Exosomes generated from cells and milk can be compared in order to
understand information regarding their biogenesis, contents, purposes,
and possible uses.

1.1.4.1. Biogenesis. Exosomes originated from cells: The endosomal
pathway is the source of these exosomes, which come from different
kinds of cells. They are created by multivesicular bodies (MVBs) budding
inward, and when MVBs fuse with the plasma membrane, they are dis-
charged into the extracellular space.

Milk-derived exosomes: similar to other exosome biogenesis processes
involving the endosomal pathway, milk-derived exosomes are generated
by mammary epithelial cells and released into milk.

Exosomes formed from cells: the make-up of these exosomes is a
reflection of the cell from which they originated. Proteins, lipids, nucleic
acids (including mRNA, miRNA, and other non-coding RNAs), and me-
tabolites make up their varied cargo.

1.1.4.2. Composition. Cell-derived exosomes: the composition of cell-
derived exosomes reflects their cell of origin. They contain a diverse
cargo of proteins, lipids, nucleic acids (including mRNA, miRNA, and
other non-coding RNAs), and metabolites. They often carry specific
surface markers such as CD63, CD9, CD81, and Alix.

Milk-derived exosomes: milk-derived exosomes also contain a complex
mixture of proteins, lipids, nucleic acids, and other bioactive molecules.
They carry unique components such as milk-specific proteins, lactoferrin,
casein, and miRNAs that are involved in regulating neonatal develop-
ment and immunity.

1.1.4.3. Functions. Cell-derived exosomes: cell-derived exosomes serve as
mediators of intercellular communication and can transfer bioactive
molecules to recipient cells, influencing various physiological and path-
ological processes such as immune regulation, tissue repair, and cancer
progression.

Milk-derived exosomes: milk-derived exosomes play essential roles in
transferring maternal bioactive molecules to the newborn, thereby
contributing to the development of the infant's immune system, gastro-
intestinal tract, and overall health. They also possess antimicrobial
properties and may help protect the infant from infections.>®

1.1.4.4. Potential applications. Cell-derived exosomes: cell-derived exo-
somes hold significant potential for diagnostic and therapeutic applica-
tions, including drug delivery, biomarker discovery, and regenerative
medicine. They are being investigated as carriers for targeted drug de-
livery due to their ability to cross biological barriers and deliver cargo to
specific cell types.

Milk-derived exosomes: milk-derived exosomes are being explored for
their potential health benefits, including as nutritional supplements and
therapeutic agents. They may have applications in infant nutrition, im-
mune modulation, and as carriers for bioactive compounds.

1.1.4.5. Isolation and purification. Cell-derived exosomes: isolation of cell-
derived exosomes typically involves differential ultracentrifugation,
density gradient centrifugation, size exclusion chromatography, or
commercial kits based on immunomagnetic capture or precipitation
methods.

Milk-derived exosomes: milk-derived exosomes can be isolated using
similar techniques as cell-derived exosomes, although additional steps
may be required to remove milk fat globules and other contaminants>’

1.2. Micro-vesicles

Microvesicles are tiny membrane-bound vesicles that are expelled
from cells' plasma membranes. They are sometimes referred to as

Intelligent Pharmacy 2 (2024) 312-328

shedding vesicles or ectosomes. MVs, like exosomes, are crucial inter-
cellular communication mediators that are involved in a number of
physiological and pathological processes. They are directly expelled from
the cell surface by the outward budding and fission of the plasma
membrane, in contrast to exosomes, which are generated within multi-
vesicular bodies and released following fusion with the cell membrane.
Numerous physiological triggers, such as modifications in intracellular
calcium levels, the activation of particular signaling pathways, or cellular
stress, might start this process. MVs carry a cargo similar to exosomes,
including proteins, lipids, and nucleic acids, reflecting the physiological
state of the parent cell. These vesicles can interact with neighboring or
distant cells, transferring bioactive molecules and influencing cellular
functions. Consequently, MVs play crucial roles in processes such as
immune response modulation, coagulation, angiogenesis, and tumor
progression.40

1.2.1. Dimensions and source

MVs, are produced when physical pressure forces the cell's plasma
membrane outward. MVs usually have a diameter that is between 100
and 1 microns in size.*! Although the precise mechanism of MV pro-
duction is yet not reported, it is thought to affect the cytoskeleton's actin
and microtubules, as well as molecular motors (kinesins and myosins)
and fusion machinery (SNAREs and tethering factors).*? The donor cell's
surroundings and physiological condition have an impact on how many
micro-vesicles are generated. Similarly, the amount of MVs consumed
has been found to depend on the recipient cells physiological status and
environment.*! Furthermore, because MV uptake is inhibited at lower
temperatures, it is an energy-dependent mechanism.*>

1.2.2. Component

While the isolation has a significant impact on the proteome profiles
of MVs. Irrespective of the origin of the cell, micro-vesicles are found to
have a set of proteins known as “marker proteins" during the biogenesis
process.*? Since MVs are developed by the plasma membrane of the cell
budding outward, it's natural to presume that they're composed of
cytosolic and plasma membrane-associated proteins, particularly pro-
teins that cluster at the plasma membrane surface, such as tetraspanins.
When compared to cell lysate, similar proteins have been found to have a
100-fold greater quantity in MVs.*° Integrin, heat shock proteins, cyto-
skeletal proteins, and proteins with post-translational modifications such
glycosylation and phosphorylation are commonly found in MVs.*® Un-
derstanding how MVs target and interact with other cells may rely on
glycan binding proteins on their surfaces.

1.2.3. Biological function

Before, it was believed that MVs functioned as a kind of cellular
maintenance or dumping process, similar to exosomes, where cells tend
to removal of undesired matter.*” Conversely, it is now recognized that
MVs and exosomes contribute through intercellular transmission be-
tween nearby and far-off cells. The capability of EVs to modify the
recipient cell has shown multiple times.*® These latest revelations about
the biological role of EVs have piqued the curiosity of researchers all over
the world in learning more about extracellular vesicle and their possible
application for therapy and diagnosis. In order for multicellular organ-
isms to function in unison, there are several known means of cellular
communication, including hormones, growth factors, cytokines, and
direct contacts.”” EVs are unique in that they can develop bundles of
cargo (proteins, nucleic acids, and lipids) and transport it to another cell,
near or distant away, altering the activities of the destination cell in the
process. When normal cells communicate with each other, sick cells, such
as cancerous cells, may package their functional parts into EVs and
transfer them to healthy cells, contributing to the spread of cancer to
other body regions.*’
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1.3. Apoptotic bodies

Apoptosis is involved in normal cell turnover, immune system
development and function, hormone-dependent atrophy, embryonic
development, and chemical-induced cell death. It plays an essential role
in the development and aging processes, as well as serving as a homeo-
static mechanism for maintaining regular cell populations in tissues.*°
Although apoptosis can be triggered by a variety of normal and patho-
logical factors, not all cells respond to the same triggers.’!

1.3.1. Dimensions and source

Apoptosis bodies generated into extracellular space from died cells. It
is believed that apoptotic bodies have diameters between 50 and 5000
nm, with a bias for the bigger sizes.! These structures are formed as the
cell contracts and hydrostatic pressure rises, forcing the plasma mem-
brane to separate from the cytoskeleton.>?

1.3.2. Component

Exosomes and MVs differs in constitution than apoptotic bodies.
Unlike exosomes and MVs, apoptotic bodies include intact organelles,
chromatin, and a small number of glycosylated proteins. Elevated portion
of proteins linked to the nucleus (histones), the Golgi apparatus, mito-
chondria (HSP60), and the endoplasmic reticulum are anticipated as an
outcome (e.g., GRP78). Furthermore, apoptotic bodies and cell lysate
have similar proteome profiles, whereas exosomes and cell lysate have
quite different proteomic profiles.

2. Isolation techniques of extracellular vesicles

Despite the fact that exosomes and other EVs have been shown to
have potential advantages and applications in the therapeutic setting,
inconsistent isolation procedures are a significant obstacle to the use of
exosomes in clinical practice. However, application of
ultracentrifugation-based techniques remains ideal technique for sepa-
rating exosomes, Despite of difficulties in technique, alternative ways are
also identified to address the difficulties concern with ultracentrifuga-
tion.> These alternative methods rely on exosome isolation by size,
exosome precipitation, and immunoaffinity capture; nevertheless, these
methods also fail to isolate exosomes completely, resulting in compli-
cated mixtures of EVs and other extracellular space. As a result, estab-
lishing isolation techniques that can promptly, efficiently, reproducibly,
and clinically acceptable detect the many classifications of EVs within the
extracellular matrix remains a difficult task. Furthermore, it has been
possible to increase the exosomal composition of alone extraction by
carrying out several successive isolation processes. However, this method
is less popular therapeutically since it costs more, requires more work,
and requires more technical skill. Each isolation techniques differs in
mechanism, has own advantages, and disadvantages the comparison of
methods are summarized in Table 2.°* Different isolation techniques
involved with EVs have been briefed below.

Table 2

Intelligent Pharmacy 2 (2024) 312-328
2.1. Ultracentrifugation

2.1.1. Differential ultracentrifugation

The initial approach for isolating exosomes was differential ultra-
centrifugation, and it is still the gold standard today. EVs and other
exosomes are extracted from the extracellular matrix based on various
factors such as volume, size, and shape, as with all centrifugation pro-
cedures, with larger and heavier materials sedimenting out first.>®> The
ultracentrifugation carried out between 100000 and 200000 g for 1-2 h
further the recovered pellet is then resuspended in buffer. The graphic
depicts a sample technique for isolating exosomes using differential ul-
tracentrifugation. Though the technique needs large sample volumes
(100s of mL) and time consuming, making the processing of multiple
biological specimens in a limited time frame difficult. On the other hand,
necessitates little to no sample preparation and a low long-term cost
because for long-term usage (Fig. 2).

2.1.2. Density gradient centrifugation

Density gradient centrifugation is another ultracentrifugation tech-
nique that is frequently used. Separation in density gradient centrifuga-
tion is still reliant on size and density, however a preconstructed density
gradient in the centrifuge tube used formed of sucrose or iodoxinol.
When a gradient is subjected to centrifugal force, the particles in the
sample move through it at different speeds as the density increases from
top to bottom, allowing separation. Exosomes can then be collected by
fractionated collection, which yields exosomes with typical densities of

Cell Culture Medium
(ccm)
| :300-500 g, 10 min
I

Pehet

Supernatant
(lifted cells) &
Discard |Y 0.22 pm filter

Clarified CCM

.
i 10,000 g, 30 min

Pellet (debris,

; Supernatant
large vesicles)

" 100,000 g, 60-90

Discard : A
min, twice

Exosome pellet
Re-suspend

Fig. 2. Illustration of techniques of differential ultracentrifugation for exosome
isolation. Adapted and reproduced from Ref.”® under CC BY 4.0.

Comparison of different isolation techniques of extracellular vesicles. (Reproduce with permission from (Ref.*) under Copyright Clearance Genter's RightsLink service).

Isolation Technique Mechanism Advantage

Disadvantage

Ultracentrifugation
Size based techniques

Density, size

Size, molecular weight More yield, convenience

Co-precipitation Surface Easy, fast
functionalization
Chromatography Elution
activity
Immunoaffinity enrichment Immunoaffinity High purity

Magneto-
immunoprecipitation

Adaptable, cost effective, gold standard

techniques maintain vesicle shape, integrity, and biological

Highly specific isolation of EVs

Tedious, low recovery, high equipment cost
Require dedicated equipment
Expensive. Low capacity

Expensive, difficult to scale up
Expensive, low capacity

Mt suitable for large volume, difficult to elute intact from
beads
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1.1-1.2 g/mL.>” EVs and other exosomes can be separated from physi-
ological fluids using density gradient ultracentrifugation. However, it has
a low exosome recovery rate similar to differential ultracentrifugation.
Rate-zone centrifugation is another technique for particle separation
depending on sedimentation rate. Following centrifugation, as the EVs
move down a density gradient and approach the bottom of the tube, the
particles in the sample containing EVs are divided into several zones
depending on sediments. Substances gradually separate in Rate-Zonal
centrifugation due to the comparatively mild density gradient applied.
Micro-vesicles, exosomes, apoptic bodies, and soluble proteins settles at
different isopycnic sites within the gradient due to their varying con-
centrations, allowing extracellular components to be differentiated.

2.2. Size based technique

2.2.1. Ultrafiltration

Among the most extensively utilized, ultrafiltration is a size-based
approach for isolating exosomes; the principle is like that of regular
membrane filtration in that particles are segregated depending upon
their size and the membrane's molecular weight cut off (MWCO).”® While
particles smaller than the filter's MWCO pass through the filter bigger
than the filter's MWCO are retained in the filter. Clogging and trapping of
vesicles on the filter unit (and hence exosome loss) is a concern with
ultrafiltration. Although ultrafiltration takes shorter time and involves no
specific equipment than ultracentrifugation, the shear stress can still
generate particle deformation and exosome lysis.

2.2.2. Kit-based isolation of exosomes

Isolation of EVs using kit required manufacturer protocol. In this
technique a syringe is filled with the membranes of 200 nm and 20 nm,
having same size filter on top and bottom. Low-speed centrifugation is
commonly employed to detach cells and debris, as well as proteinase-K
that helps in the breakdown of larger fragments and the prevention of
membrane blockage. The sample is supplied via syringe after pretreat-
ment, smaller vesicles (between 20 and 200 nm) are trapped between the
two filters, whereas larger vesicles (above 200 nm) are held in front of
the first filter. The smaller vesicles (20 nm) are expunged from the sy-
ringe after being forced through.

2.2.3. Sequential filtration

Similar to techniques discussed above, sequential filtering for exo-
some isolation depends on several filtration procedures for exosome
enrichment. First stage of sequential filtering is to remove cells, the re-
mains of cells, and big, dense fragments with a 100 nm filter. Soft and
flexible exosomes and MVs with dimensions more than 100 nm can flow
through the 100 nm filter. The stiffer components associated with
cellular debris, on the other hand, are filtered out. The filtrate is
tangential flow filtered a 500 KDa MWCO membrane is employed to
eliminate soluble proteins and other impurities. Subsequently, the
concentrated retentate is directed through a track-etch filter with a 100
nm pore size to enhance the concentration of exosomes.

2.2.4. Chromatography-based isolation

Exosomes are separated from other EVs using size exclusion chro-
matography (SEC), which is like how proteins of different sizes are
separated. This is performed by packing a porous stationary phase into
the column that permit for the passage of small particles which leads to
elute the smaller particles later in the gradient, behind larger particles, by
delaying their path down the tube. Size exclusion is widely employed in
tandem with ultracentrifugation procedures, after ultracentrifugation,
the exosome pellet was resuspended and purified by SEC. Although SEC
techniques maintain vesicle shape, integrity, and biological activity, they
take several hours to operate, are difficult to scale, and are not suitable
for use in high-throughput applications.
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2.2.5. Flow field-flow fractionation

Exosomes are also isolated using a new process called flow field-flow
fractionation. The samples are injected into the chamber and pushed
down its length by parabolic flow. A crossflow (a flow perpendicular to
the parabolic flow) is employed to separate the particles in the sample
simultaneously. As a result of the crossflow, the parabolic flow is quicker
toward the chamber walls, which pushes larger particles in that direction.
As a result, because small particles show less impaction by cross sectional
and stay in the central region of parabolic flow, heavier molecules
discharge behind them and discharge earlier.>’

2.2.6. Hydrostatic filtration dialysis

By allowing particles to permeate through a porous membrane,
traditional dialysis achieves particle separation in the sample. The
MWCO of the membrane determines the separation's selectivity; particles
smaller than the membrane's MWCO will diffuse across it, whereas par-
ticles larger than the membrane's MWCO material will remain on the side
where it started, without passing through. In hydrostatic filtration dial-
ysis, the sample is pushed via a dialysis tube with a MWCO of 1000 kDa.
For instance, exosomes and other EVs can be collected while still in the
tube, whereas solvent and tiny solutes easily flow through.

2.3. Immunoaffinity capture-based techniques

Antibodies that target certain antigens expressed on the surface of
exosomes are used in immunoaffinity capture techniques to capture
exosomes. For a particular target antigen, antibodies can be added to
plates, magnetic beads, resins, and microfluidic devices.>” The capacity
to separate exosomes from a specific source is a major advantage of this
approache over others. Exosomes generated from hepatocytes have been
found to contain hepatocellular protein.®® As a result, it can be used as a
marker to separate exosomes produced by the liver. Immunoaffinity
approaches assist extract a specific subset of exosomes from a compli-
cated mixture and if a specific exosome marker can be created and
approved, it will be possible to distinguish exosomes from other types of
EVs.%! Since an antibody cannot bind to an antigen contained within a
vesicle, the protein/antigen utilized to collect exosomes must be formed
on their surface.”® Furthermore, the assay's specificity is restricted by the
antibody used; yet immunoaffinity processes have been shown to
generate lesser yields of separated superior quality exosomes compared
to methods that separate exosomes according to different standards.

2.3.1. Enzgyme-linked immunosorbent assay

An immunoaffinity capture-based technique often employs an
enzyme-linked immunosorbent assay (ELISA) test, which includes an
antibody targeting antigen immobilized on the surface of a microplate.
This approach is used for recovering exosomes from a sample. As a result
of the antibody-antigen interaction, the exosome samples are immobi-
lized onto the plate after being introduced to a well that contains
immobilized antibody. Sample contents and untapped exosomes are
flushed away, and the immobilized exosomes are recognized with a
different antibody that has an absorbent tag. When requirements (iden-
tified exosome quantities) are utilized to construct a standard curve in the
EV region, ELISA used to extract exosomes from urine, serum, and plasma
can yield accurate results. This method has been employed for a sub-
stantial period in healthcare facilities to examine a patient's blood sample
for antibodies for various infections, such as HIV, Zika, Lyme disease etc.

2.3.2. Magneto-immunoprecipitation

Magneto-immunocapture involves attaching a biotinylated antibody
that targets the target antigen selectively, to the surface of streptavidin-
coated magnetic beads. After that, exact material from which exosomes
extracted is treated with antibody-coated beads. Due to the beads' larger
dimension, which allows them to catch exosomes, they are more effective
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at isolating them than ELISA. Furthermore, when utilizing magnetic
beads, there is no upper limit to the sample beginning volume, whereas a
microplate-based technique. The highest sample volume for an ELISA
experiment is 100 L that may be held in a typical 96-well microplate well.
Exosomes trapped on the beads are washed and analyzed further, how-
ever magneto-immunocapture improves isolation efficiency and handle
huge sample numbers. Magneto-immunocapture provides more pure
exosomes in short time and requires less expensive and sophisticated
equipment than ultracentrifugation, which is the benchmark for exosome
isolation. Additionally, compared to more traditional separating tech-
niques like ultracentrifugation or ultrafiltration, magneto-
immunocapture preserves exosomal protein function better.

2.3.3. Advancements in isolation techniques of extracellular vesicles

The increased interest in EVs for possible therapeutic and diagnostic
uses has led to substantial breakthroughs in EV isolation techniques in
recent years. Membranous vesicles, or EVs, are formed when cells release
different biomolecules, including proteins, lipids, and nucleic acids, into
the extracellular environment. For applications and downstream anal-
ysis, it is essential to isolate EVs with high yield and purity from bio-
logical fluids or cell culture supernatants.®? The traditional methods have
some limitations with respect to costing, time, and yield. The new
emerging techniques such as microfluidic chips, ultrafast exosome
isolation system (EXODUS), lipid microarrays are some the techniques
are widely used. Table 3 summarizes the advancement in isolation
techniques.®® Furthermore, the utilization of nanomaterials, immuno-
magnetic beads, and covalent chemistry can offer a multidirectional
reference for the advancement of exosome isolation strategies. They are
crucial in preserving the bioactivity of exosomes and enhancing their
separation yield and purity.

3. Characterization of extracellular vesicles

Exosome characterization techniques fall into two categories: inclu-
sion characterization (compositional/biochemical) techniques that
identify membrane protein and shape, and external characterization
(physical) techniques that identify exosome morphology and particle
size. Some of the characterization techniques are discussed as follows.®*

Electron microscopy transmission exosomes can be directly seen at
nanoscale resolution with electron microscopy transmission. This
method aids in figuring out exosome morphology, size, and form.

Scanning electron microscopy offers high-resolution images of exo-
somes and sheds light on their size distribution and surface shape.

Dynamic light scattering calculates the hydrodynamic radius and size
distribution of exosomes by measuring their Brownian motion in
suspension.

Nanoparticle tracking analysis provides real-time size distribution and
concentration data by following each exosome as it moves in a Brownian
motion.
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Tunable resistive pulse sensing allows for accurate size and concentra-
tion measurements by monitoring the change in electrical current as
exosomes pass through a nanopore.

Atomic force microscopy provides high-resolution images of exosomes
at the nanoscale, enabling the measurement of their size, shape, and
surface characteristics.

Western blotting is used to detect specific proteins associated with
exosomes, such as CD63, CD9, CD81, and Alix, providing information
about their protein composition.

Flow cytometry can be used to analyze the surface markers of exo-
somes, allowing for the characterization of specific subpopulations and
their abundance.

Mass spectrometry identifies and quantifies the proteins, lipids, and
nucleic acids present in exosomes, providing comprehensive information
about their molecular composition.

RNA sequencing techniques, such as RNA-Seq, can be used to profile
the RNA content of exosomes, including microRNAs, mRNAs, and long
non-coding RNAs.

Proteomic analysis involves the identification and quantification of
proteins within exosomes, offering insights into their functional roles and
potential biomarkers.

3.1. Extracellular vesicles protein content

Proteins found in EVs hold information on biological processes and
their effects on cell communication. As a result, numerous organizations
have decided to define EVs through the lens of proteins. To begin, total
protein content is determined using Bradford assay, the Coomassie
Brilliant Blue G-250 test or bicinchoninic acid assay.’ Both rely on pro-
teomic analysis by measuring the absorbance of a colored complex
generated through a reagent and the protein, which rely on a calibration
curve of estimated levels.

The search for EV identifiers is thorough, however, it fails to identify
particle sub-groups. Some of the markers proposed recently (for example,
HSP70, flotillin-1, TSG101, and CD63) are not included in every/every
vesicle or can be identified in both EV and 1EV.°>°® Proteomics tech-
niques have contributed major contributions to the study of EVs, allow-
ing for sizable analysis of proteins produced via EVs, which may then be
verified using other methods like western blotting. Studies have
employed proteomics to detect alterations in the EVs of physical spec-
imen collected from patients and to quantify the existence of certain
peptides as compared to normal persons. Notably, research discovered
that EVs developed from breast cancer patients' serum successfully used
to detect molecular subtypes of breast cancer using a proteomic tech-
nique (such as triple-negative or HER2).%”

3.2. Extracellular vesicles RNA content

The quantity of RNAs constituting EVs has engendered interest for

Table 3
Summarization of advancements techniques for extracellular vesicles isolation. (Reproduce with permission from (Ref.®*) under Creative Commons Attribution License
(CC BY).
Techniques Principle Purity Recovery Advantages Limitations
Dielectrophoretic Size Relatively Relatively High selectivity, controllability, little Low purity. Overheating of devices
low low damage
Non- contact Viscoelastic media Relatively Relatively Less contamination Low sensitivity
microfluidics flow high high
EXODUS Size. Specific Relatively High Fast, repeatability, Capacity limitation, requires expertise for equipment
binding high No clogging
Lipid microarrays Specific binding High Relatively Fast, high sensitivity, small volume Expensive, low yield
low samples
Covalent chemistry Covalent Relatively Relatively Fast and automatic, High efficiency, Complex, expensive, not suitable for larger samples,
chemistry high low Maintain integrity downstream analysis may affect
3D ZnO Nanoarrays Acoustic fluid Relatively Relatively Fast, High sensitivity, multifunction Expensive, specialized

low low
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researchers as the nucleic acids are protected from degradation in
extracellular region that can delivers to target cells®® as well as between
various organisms (or kingdoms).69 These RNA groups comprise a variety
of protein-coding transcripts (mRNAs) as well as a miRNA, long non-
coding RNAs, short nucleolar RNAs, small nuclear RNAs, circular RNAs,
transfer RNAs, ribosomal RNAs, and piwi-interacting RNAs are all ex-
amples of noncoding RNAs.”® The RNA level of cells fluctuates drastically
depending on their physiological condition and varies significantly from
cellular RNA content with respect to their type and relative concentra-
tions,” ! Vesiclepedia,72 Exocarta,”” exRNA,”* and ExoRBase’” are several
database and society collections of compounds found in EVs that have
developed in recent years.

3.3. Molecular structure of extracellular vesicles

EVs have been a smaller form of the host cell from which they arise
since their discovery in the 1980s. The complexity of exosome compo-
sition and organization depends on the mother cell, generated this
concept.”® Exosomes are made up of a phospholipid bilayer generated
from the plasma membrane and cytoplasmic components derived from
the cell of origin (Fig. 3). The exosome's makeup is dictated by the
starting point of the type of cell, condition of the source cell, and external
stimuli.”” Exosomes are cell-to-cell signaling molecules that contain a
variety of nucleic acids, proteins, transcription factors, cytokines, and
other cell-derived particles. Because of their many surface molecules,
they can be internalized by recipient cells via endocytosis. Where they
play an essential role in regulating communication between cells.”® Be-
sides exosomes containing a diverse as well as heterogeneous array
chemicals, certain characteristics of the structure of exosome are
frequently consistent throughout various groups. A group of proteins
with varied roles is scattered throughout their lipid bilayer.
Membrane-bound tetraspanins (CD9, CD63, CD81, and CD82) and the
often-retrieved proteins EpCAM and Rab5 are characteristics that set
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exosomes apart. Other well-known proteins include membrane proteins
involved in fusion and transport (GTPases, annexins, and flotillin;
ATP7A, ATP7B, MRP2, SLC1A4, SLC16A1, and CLIC1), proteins that
undergo heat shock (HSP; Hsc70, Hsp70, and Hsp90), and receptors
(CD46 and CD55).”° The fact that these proteins are not evenly distrib-
uted throughout all subpopulations, even though they are frequently
wrapped in exosomes, highlights the fact that even the same cell can
generate architecturally homogenous vesicles with a variety of contents.

4. Mechanism associated with extracellular vesicles
dissemination

EVs dissemination involves several mechanisms that assist their
release from donor cells and uptake by target cells. Here are some of the
primary mechanisms involved in EV dissemination.

4.1. Fusion with plasma membrane

EVs eventually merge with the plasma membrane of target cells and
release their content into cytosol. Binding and fusion of EVs to the outer
surface of their target cells are separated from potentially equivalent
fusion processes occurring within the cell during organelle traffic,
exocytosis, endocytosis, and other events. Proteins of categories I and II
have been identified as potentially involved in EVs binding and fusion.”®
Hybrid stem formation occur due to direct contact between two lipid
bilayers results in the formation of a hybrid stem, that later grows into an
annular barrier and opens a channel that connects the two hydrophobic
cores. Two proteins that have been identified to be associated with the
integration of membranes include the SNARE protein family and
Secl/Munc-18 associated proteins also known as SM-proteins.®! During
membrane fusion, vesicle SNAREs on EVs develop a SNARE complex by
interacting directly with target SNAREs. The EVs successfully merges
with the plasma membrane after this complex is created. EVs then
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interact with neighboring cells while staying close to their host cell or go
to distant target cells through bodily fluids.5? EVs were seen to fuse with
recipient melanoma cells' plasma membranes using fluorescent lipid
dequenching approaches, and fusion increased in acidic environments.®*

4.2. Endosomal release

Exosomes are derived from the endosomal system and released their
content into the extracellular region after MVB fusion with the plasma
membrane. Exosomes can interact with the extracellular matrix or trigger
a reaction in cells within the microenvironment or at a distance after
being released from the cell surface.®*

4.3. Uptake mechanisms

EVs uptake by recipient cells has been observed to occur via various
ways. EVs can fuse with the recipient cell's plasma membrane, releasing
cargo directly into the cytosol, or they can be internalized by endocy-
tosis in which they are swallowed by the recipient cell via plasma
membrane invagination.® The initial stage of exosome uptake involves
interaction with a receiver cell that is either nearby or far from the
donor cell. It is yet unknown whether this method is dependent on a
certain EV subtype and recipient cell combination.®® The second phase
in uptake is internalization inside the cell, which occur through a
non-specific process like macropinocytosis or micropinocytosis, or via a
particular receptor-dependent pathway. During macropinocytosis,
actin filament-driven plasma membrane protrusions form an invagi-
nation that endocytoses extracellular fluid and small particles in a
non-specific manner; the final step of EVs uptake is the delivery of
exosome content to the acceptor cell via plasma membrane fusion.®’
The brief mechanism associated in EV dissemination is presented in
Fig. 4.

Overall, EVs are expelled from donor cells via fusion, exocytosis,
shedding, or endosomal release, and then taken up by target cells via
different processes like receptor-mediated contacts, endocytosis, or
phagocytosis. These processes ensure the effective transfer of bioactive
cargo molecules carried by EVs and allow for intercellular communica-
tion in a variety of physiological and pathological conditions.

5. Cargo selection and extracellular vesicles biogenesis
Several molecules were identified as EVs cargo. EVs carries rich cargo

proteins, nucleic acid, lipids, and metabolites responsible for cell-cell
communication.®® The selection of EVs cargo is based on the alternation
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Fig. 4. Mechanism associated in EV dissemination. Adapted and reproduced
from Ref.®® under creative common attributes (CCBY 4.0).
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of respective RNA and proteins profile due to parent cells and unintended
stimuli by parent cells. Cargo sorting of EVs is remained mystifying, some
of the hypotheses have been proposed. EVs cargo sorting was regulated
by some of the endosomal sorting complexes required for transport
proteins (ESCRT), the sorting method depends on ESCRT machinery,
tetraspanins, and lipids and is regulated by multivesicular body path-
ways. The selective sorting of protein cargo is regulated by the ubiq-
uitination, phosphorylation, and palmitoylation of proteins. As some of
the small EVs are produced by the endoplasmic reticulum and Golgi
apparatus they were more likely to be packed by ESCRT independent
pathways.”® According to the biogenesis and release mechanism, Evs are
divided into exomeres, exosomes, micro-vesicles, migrasomes, etc. The
mechanism behind biogenesis and secretion remains unrevealed.”!

Biogenesis aims to understand how cells form and secretes vesicles.
The formation of EVs with different pathways differs in their way of
mechanism. Two pathways for biogenesis are reported. In the first
pathways EV buds from the plasma membrane forming micro-vesicles.
The second pathway is concern to the luminal release of vesicles by
multivesicular endosomes complexation with plasma membrane typi-
cally called exosomes. The biogenesis shows extremely varying kinetics
because different cell types and states previous criteria considered based
on the pace at which EVs is secreted.”!

6. Extracellular vesicle connections with recipient cells

Following their discharge from their parent cells, EVs connect to re-
ceptor cells to change the physiological and pathological states of cells by
causing signaling.”> As binding with surface receptors releases their
cargo contents. The mechanism of binding with the recipient cell is not
exactly known, the small molecule gets hindrance in binding, therefore,
the design of drug delivery with efficient and safe intracellular molecules
remains formidable. It is convincible that, EV's surfaceome forms com-
plex with an extracellular matrix with and membrane of recipient cells.
After internalization, some populations of EV could transfer to lysosomes
for degradation while others release contents.”®

6.1. Extracellular vesicles and their roles as drug delivery

MVs, apoptotic bodies and exosomes are the three major subtypes of
EVs and they are categorized by their biogenesis, release techniques, size,
content, and function.’*°> EVs functions as a carrier of a range of cargo,
including RNAs, proteins, lipids, and DNA, which can be grabbed up by
other cells both locally and at remote regions in the body via biofluids,
and induce a variety of phenotypic reactions.’® The inability of current
conventional delivery technologies to efficiently travel across biological
obstacles such as tissue, cellular, and intracellular barriers is one of the
most significant challenges they encounter. Several studies, on the other
hand, have demonstrated the potential of Evs to move through these
biological barriers and elicit functional alterations in target cells as a
result. They have distinguishing properties that make them preferable
route for therapy and synthetic drug delivery systems, which includes
their capacity to pass barrier, innate targeting feature, the capability to
use natural intracellular trafficking pathways, and enhanced biocom-
patibility.”” Moreover, EVs reported to use as an endogenous cellular
machinery to load various cargos, which are then loaded inside multi-
vesicular bodies or plasma membranes and then discharged in extracel-
lular space inside EVs. Apart from this their characteristic feature of
internal stability in circulation because of negatively charged surface, as
well as their capacity to escape the mononuclear phagocytic system by
displaying the surface protein CD47. EVs lacks CD47 have a lower
half-life than their CD47-expressing counterparts, according to research.
CDA47 is a surface protein that works as a “do not eat me signal" and
appears to suppress phagocytic uptake by binding to its receptor
signal-regulatory protein on myeloid cells.’® Drug incorporation can take
place after vesicle purification or during the manufacturing process.
However, vesicle integrity should be minimally altered at both points. By
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co-incubating with cells, small mol. Wt. drugs can be used for biomedical
application when incorporated in EV during synthesis. To be effective,
the producing cell must be able to endure large concentrations of the
drugs.

Guo and co-worker observed and addressed problems associated with
variability in tumors and antibody reliability, personalized cells with
tumors from malignant pleural effusion (MPE) were employed as donor
cells to produce autologous tumor cell derived microparticles (TMPs)
loaded with the chemotherapeutic drug Methotrexate. Guo et al inves-
tigated TMPs were evaluated for their capacity to produce targeted
cytotoxicity in animal models, as well as in patients with MPE caused by
primary lung cancer. They found that manufacturing and infusing TMPs-
MTX has been found to be feasible and safe, with no evidence of harmful
effects of grade 3 or above. After ATMP-MTX infusion, the tumor
microenvironment in MPE showed significant decreases in tumor cells
and CD163+ macrophages, which translated into objective responses to
treatment.”” In another study Haney and co-worker created a novel
exosomal-based delivery method for catalase, a potent antioxidant, in the
treatment of Parkinson's disease. Ex vivo catalase loading methods
included room temperature incubation, saponin permeabilization,
freeze-thaw cycles, sonication, and extrusion. Exosome reconstruction
through sonication and extrusion, or saponin permeabilization, resulted
in high loading efficiency, sustained release, and catalase preservation
against protease degradation. Exosome-based catalase formulations have
the potentiality as an adaptable treatment method for inflammatory and
neurodegenerative diseases.'’” Kim and co-worker proposed that by
co-incubating mesenchymal stromal cells with a excess of paclitaxel
could be successfully loaded into EVs. With high loading efficiency, a
variety of small molecules were integrated using mild electroporation or
sonication. Drug entrapment via probe sonication, the mechanical force
disrupts the membrane integrity of the EVs, allowing the paclitaxel to
enter.%!

EVs are a promising, cost-effective, safe route of administering drugs
for therapy due to their minimal toxicity and excellent drug delivery
effectiveness. EVs are used to transport small drugs across the blood brain
barrier (BBB) in addition to improving the effectiveness of drugs. Chen
and co-worker studied that exosomes engaged with brain microvascular
endothelial cells (BMECs) were cultured in vitro in conditions that
mimicked the healthy and inflamed BBB in vivo. Transwell experiments
revealed that under stroke-like, inflammatory circumstances (TNF-acti-
vated), luciferase-carrying exosomes may permeate a BMEC monolayer,
however not under normal conditions. Exosomes are absorbed by BMECs
by endocytosis and co-localize with endosomes, mostly via the trans-
cellular route of crossing, according to confocal imaging. These findings
suggest that cell-derived exosomes may cross the BBB model in vitro
under stroke-like condition.'°? Jang and co-worker developed chemo-
therapeutic loaded nanovesicles by breaking down monocytes or mac-
rophages and serially extruding them through filters with decreasing
pore diameters. According to this study, cell-derived nanovesicles loaded
with the anticancer drug doxorubicin significantly lowered tumor growth
in mice while avoiding the side effects associated with equipotent free
doxorubicin. Notably, the effects of doxorubicin-loaded exosomes were
superior to those of Dox-loaded liposomes, Doxil; the liposomal formu-
lation was ineffective in suppressing tumor growth in this animal. The
results claims that bioengineered nanovesicles can be employed as
innovative exosome mimics to deliver actives to cancerous tumors. >

Lai and co-worker demonstrated that human ESC-derived MSC-
conditioned medium mediates cardiac shield after myocardial ischemia/
reperfusion injury via large complexes. Electron microscopy revealed
that these particles were phospholipid vesicles made up of cholesterol,
sphingomyelin, and phosphatidylcholine. These then purified into
number of particles having a hydrodynamic radius of 55-65 nm using
size-exclusion fractionation on HPLC. These isolated exosomes decreased
the size of infarcts in a mouse model of myocardial ischemia/reperfusion
damage. As a result, MSC mediated its paracrine cardioprotective func-
tion via secreting exosomes. This novel role of exosomes sheds additional
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Table 4
Summary of application of extracellular vesicles in delivering therapeutics and as
drug delivery system.

EVs Source Content Application Reference
Porcine peripheral EVs and a montanide ~ Vaccination against 105
blood adjuvant were given the virus that causes
together. porcine reproductive
and respiratory
disorders
Mouse siRNA was loaded by improved in vitro 106
neuroblastoma incubation of EV with ~ siRNA delivery
cells cholesterol-
conjugated siRNA
Human and mouse Paclitaxel-loaded Co implantation of 107
mesenchymal donor cells were paclitaxel-loaded
stromal cells 1 incubated with the cells reduces
drug. melanoma tumor
growth
Human umbilical Surface engineering Delivery of small 108
vein endothelial and photosensitizer molecular weight
cells and mouse loading via EV fusion molecules and in
mesenchymal stem  with liposomes vitro evasion of
cells macrophage
absorption
Glioblastoma miR-9 miR-21 loaded  Angiogenesis (in 109
to target Brain vitro)

endothelial cells

light on the intercellular mediation of tissue injury and healing, as well as
new methods to the generation of biologics for tissue repair.'®* Sum-
marized application of EVs in drug delivery is presented in Table 4.

7. Various applications of extracellular vesicles

EVs unique components from parenteral cells that is proteins and
lipids play vital role in intercellular communication which gives bio-
potentials such as coagulation, signal transduction, immune resistance,
and immune defense, etc. Hence, EVs are widely used for the diagnosis of
several diseases, some of them are listed as follows.

7.1. Application as a disease biomarker

All sorts of bodily fluids contain a significant quantity of Evs in
various host cell stages. As a result, they serve as vital biomarkers for
illness diagnosis. All cell types include eukaryotes, immune cells,
epithelial cells, endothelial cells, and tumour cells, including exosomes.
Evs have been connected to clinical liquid biopsy for cancer, CNS ill-
nesses, cardiovascular problems, etc. as diagnostic biomarkers.

7.2. Application in immune modulation

Immune system consists of both innate and adaptive immune system
which play key role in protection of body against pathogens and other
foreign matters. As reported, the innate and adaptive immune systems
work synergistically for better protection, the relation between these two
systems depends on intercellular communication and release of cytokines
or chemokines in which EVs are engaged.''® For instance, CD4 T cell
responses are stimulated by EVs generated from B cells containing
antigen-specific MHC class 1111, EVs released by tumor
peptide-stimulated DCs instead activate cytotoxic T cells that are unique
to the tumor. It should be noted that T cells only recognize antigens
attached to MHC molecules, and DCs are skilled at internalizing foreign
antigens using MHC I or MHC II before presenting them to naive CD4 or
CD8 T cells Fig. 5. Therefore, among the several EVs identified from the
immune system, DC derived EVs are crucial for T cell activation.

7.3. Applications in angiogenesis

There are two types of angiogenesis: sprouting angiogenesis and
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intussusceptive angiogenesis. Numerous cell types, including tumor cells, including angiogenesis. For instance, miR-619-5p has been found to
stromal cells, immune cells, and endothelial cells, control angiogenesis in target RCAN1.4 in non-small cell lung cancer, and its inhibition en-
the blood arteries. Additionally, some signaling and regulatory molecules courages angiogenesis.' '3

control angiogenesis, such as transcription factors like HIFs and growth EVs that are produced from tumour stromal cells, like cancer-
factors like VEGF, PDGF, FGF, and EGF.!'? Targeting tumor-associated associated fibroblasts (CAFs) and tumor-associated macrophages, can
angiogenesis is a viable method for cancer treatment since angiogen- cause tumour angiogenesis through a variety of methods. To cause the
esis is essential for tumour growth and metastasis. Currently, a variety of proangiogenic macrophage phenotypic transition, tumor derived EVs can
tumours are treated with anti-angiogenic medicines that specifically induce M2 polarization in macrophages and the conversion of fibroblasts
target VEGF and VEGFR. Several studies demonstrate that EVs can be into CAFs.''* For instance, ten-eleven translocation 2 (TET2) in fibro-
employed as ncRNA carriers to control a variety of tumour hallmarks, blasts was targeted by exosomal miR-210 from lung cancer cells, which
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then activated the janus kinase 2 (JAK2)/STAT3 pathway and started the
development of the proangiogenic phenotype in CAFs as shown by the
overexpression of VEGFA, MMP9, and FGF2 (Fig. 6).11°

7.4. Applications in osteogenesis

The distraction space between the segments of membranous bone was
filled with locally injected EPC-derived EVs, which accelerated bone
formation and consolidation. Bone regeneration, a complicated function
deprived of the RNA cargo of EVs formed from EPCs, namely miR-126, is
given with the therapeutic impact of EVs through a route including the
activation of angiogenetic genes. Additionally, by stimulating osteo-
genesis, angiogenesis induced by EPC-derived EVs can quickens bone
regeneration (Fig. 7).''® Exosomes from pre-differentiated human
mesenchymal stem cells were employed by Zhai and co-worker to modify
the surface of Ti-alloy scaffolds, which were then exploited as implant-
able materials for bone regeneration.''”

7.5. Application of extracellular vesicles in management of COVID-19

Since 2019, severe acute respiratory syndrome coronavirus spread as
new strains and progressed as global pandemic. As exosomes are mem-
brane bound vesicles release from all cells are widely involve in cell-cell
communication. These COVID-19 viral particles produce exosomes that
communicate between infected and normal cells. The clinical trials reveal
mesenchymal stem cells derived exosomes as promising approach for
COVID-19 patients.!'® Dubey et al, summarized the application of exo-
somes in detection of novel corona virus. The use of exosomes as antigen
carriers makes them potential target to protect from the viral infections.
Additionally, they are used as biomarkers as they are present in all the
body fluids.'*°

Bone formation
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7.6. Application in diabetes mellitus

Diabetes mellitus is chronic metabolite disease characterized by
destruction of pancreatic cells by immune systems. It is also characterized
by impaired insulin secretion which results in elevated blood glucose
levels. According to International Diabetes Federation (IDF), the pro-
jected number of individuals worldwide living diabetes will reach to 783
million by 2045. Treatment of DM involves the oral administration of
oral hypoglycemic drugs and insulin injections with daily application,
which may lead to severe hypoglycemia and give rise to some symptoms
such as fatigue, heartburn, and diarrhea.'?° Reportedly, exosomes-based
drug delivery system has potential application s for treatment of diabetes.
Exosomes protects the insulin from degradation and maintains their
function. A review summarized the use of exosome-based drug delivery
for treatment of diabetes, the advantages and challenges are described
with respect to insulin release and their mechanism of prevention'?!
Fig. 8.

7.7. Application in cancer

Cancer is considered as major cause of death worldwide. In 2020,
19.3 million new cancer cases and approximately 10.0 million cancer
deaths were reported. Various approaches were used for treatment such
as surgery, chemotherapy, radiotherapy etc. but these therapies have
certain limitations such as vomiting, reaction, high dose requirements,
poor bioavailability, high dose requirements, low therapeutics indices
and multiple drug resistance. Exosomes derived from MSCs contains
various proteins, DNA, and RNA which are useful for various treatments.
Yao et al, reported HEK293 cell driven exosomes decreases the expres-
sion of miR-04-5p targeted RAB22A and Bcl-2 which inhibit the prolif-
eration of colorectal, lung cancer, gastric and glioma.'?? Zhang et al,
reported the HEK 293 cell driven exosomes transferring siRNA-c- met

Bone resorption

~'miR-21
miR-298 ¢ yothelial cells
IncRNA-H19
Hematopoietic
Mesenchymal ——
stem cells = @ ,// stem cells
OO
: miR-31a-5p S %
TNF-a ) miRr-1260b miR-155 O
IncRNA MALAT1 Cytokines ;:.SEE?W
18
> Protein
.. Tumor cells
! oo @Amphiregulin
Preosteoblasts Exosomes @) —_—» Preosteoclasts
IncRNA HOTAIR|
miR-503-3p ~» miR-92a-1-5p
circ_0008542 miR-17-5p
°2 TNF-a
~miR-214
miR-23a-5p
miR-214-3p
Osteoblasts <\miR-378a
« /\ miR-155
e : Osteoclasts
. d‘“ 2 -
Osteocytes ¢ ; IL-10 mRNA
e ] M2 macrophages 5
- ( M1 macrophages P

Bone Matrix

Fig. 7. The schematic illustration of applications of extracellular vesicles in osteogenesis. Reprinted with permission from Ref.''® under RightLink copyright clearance.
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Fig. 9. The schematic illustration of applications of extracellular vesicles in cancer. Reproduce from Ref.'** under Creative Commons CG-BY-NG-ND.

significantly inhibits expression if c- MET and reverse cisplatin resistance detection via excision. In case of liquid biopsy, the extraction of biofluids
of gastric cancer.'?® The detection of tumor via biomarkers is crucial part from patient and its analysis with respect to biomolecules such as miRNA,
of diagnosis of cancer. Tissue biopsy is traditional way of cancer DNA, and exosomes is done and rapidly analyzed using fluorescent,
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Table 5
Limit of detection of cancer biomarkers with different
techniques.
Method Sensitivity
Fluorescence 15.6 ng/pL/50 pL
Electrochemical 200 pL/1000 pL
LSPR 0.194 ng/uL/3000 pL

electrochemical and techniques. Fig. 9 illustrate applications of EVs in
cancer. Table 5 summarizes the limit of detection of cancer biomarkers
with different techniques.

7.8. Application of extracellular vesicles in neurodegenerative disorder

Chronic, latent, progressive disorders affecting the central nervous
system (CNS) are known as neurodegenerative diseases. They are iden-
tified by the loss of neuronal structure and function, which can result in
neuron-to-neuron information transmission disorders. Even while brain
research has advanced significantly, there are still many significant
gaps.'?> The primary and most significant factor is the incomplete
knowledge of its unique pathogenic mechanism. Furthermore, research
on nervous system disorders is more challenging due to their complexity
and multifaceted nature. The dysfunction following a central nervous
system damage frequently follows patients for the rest of their lives due
to the incredibly weak neuronal self-regeneration, making it a chal-
lenging issue to solve in clinical treatment. Research has confirmed that
the stem cell derived exosomes has neuroprotective actions.'?® They
have potential to cross blood brain barrier due to their small structure,
reaching the brain and or spinal cord tissues and promotes the regener-
ation of endogenous neurons and vascular cells in CNS injury lesions.'?”
With respect to neurological stroke, the finding suggests reveals an
exosome as promising approach in various pre-clinical and clinical
studies. Xin et al, found that in rat model of stroke the MSC-exosomes has
enhanced neurogenesis and angiogenesis with improved brain func-
tion.'?® Fig. 10 demonstrate a schematic illustration representing appli-
cations of EVs in neurogenerative disorders.

8. Current update on clinical trials for extracellular vesicles as
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Table 6
Registered clinical trials (clinicaltrials.gov) related to therapy with extracellular
vesicles.

Clinical Trial Disease or Product Delivery Phase
Identifier Condition
NCT05523011 Healthy adults Ointment with Topical 1
EVs from MSCs
NCT05176366 Refractory EVs from BMSCs ~ Intravenously 1
ulcerative colitis
NCT05060107 Knee EVs from Intraarticular 1

osteoarthritis umbilical cord
derived MSCs
NCT04388982 Alzheimer's EVs from ADSCs  Intranasal 1
disease
NCT05125562 Mild-to- EVs from BMSCs  Intravenously  1II
moderate
COVID-19

therapeutic applications.

An analysis of all clinical trials registered on clinicaltrials.gov where
the primary intervention involves the treatment of a specific disease or
condition utilizing EVs. In each of the outlined trials, the sourced EVs
originate from a distinct cell type, tissue, or biological fluid. Notably,
these cells or tissues may undergo modifications or serve as carriers for
therapeutic agents. It is pertinent to mention that trials encompassing the
utilization of synthetic particles or liposomes designed to transport spe-
cific drugs or components have been intentionally omitted from our ex-
amination. Our focus in this review centers specifically on the
therapeutic attributes of EVs. Furthermore, trials dedicated to the
fundamental analysis of EVs or those employing EVs solely as biomarkers
have been excluded, ensuring a targeted exploration of the therapeutic
potential of EVs in diverse clinical contexts'? (Table 6).

8. Future prospects and conclusions

The horizon may already be close for the translation of EVs into a
therapeutic platform for drug delivery. The establishment of a stan-
dardized technology for EV production and quality control is still
pending. Although GMP production of EVs on a small scale has been
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Fig. 10. Schematic illustration representing applications of extracellular vesicles in neurogenerative disorders. Reproduce from Ref.''” under CCBY4.0.
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shown to be possible, challenges in their large-scale production still exist.
The optimal technology for EV production and isolation remains unset-
tled, with suggested methods for EV production including multilayered
culture flasks, bioreactors, and hollow fiber cartridges, and for EV
isolation including ultracentrifugation, precipitation, size-exclusion or
affinity chromatography, and tangential flow filtration. In addition, the
parameters concerning EV storage and stability in the pharmaceutical
field are vague. While storage at 4 °C or even —80 °C seems to have little
effect on the physiochemical properties of EVs (i.e., size, charge, num-
ber), however these conditions affect EV bioactivity is unknown. While
this review highlights the potential of EVs in drug delivery, it is crucial to
carry out additional research to fully understand their contribution and
to develop effective and timely drug delivery techniques. In addition to
the aforementioned points, it is important to note that further investi-
gation, as well as the refinement of engineering processes and clinical
development, will be necessary to achieve a conclusive and definitive
EVs-based drug delivery system in the field of bioengineering.
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EVs Extracellular vesicles

DAG diacylglycerol

MVs micro-vesicles

MHC-II major histocompatibility complex class-II

MVBs multivesicular bodies

ESCRT endosomal sorting complexes needed for transport
CNS central nervous system

MWCO molecular weight cut off

SEC size exclusion chromatography

ELISA  enzyme-linked immunosorbent assay

ESCRT endosomal sorting complexes required for transport proteins
TMPs tumor cell derived microparticles

MPE malignant pleural effusion

BBB blood brain barrier
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BMECs brain microvascular endothelial cells
CAFs cancer-associated fibroblasts
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