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Abstract

Exosomes are nanosized (size ~30-150 nm) natural vesicular structures released from cells by physiological processes or
pathological circumstances. Exosomes are growing in popularity as a result of their many benefits over conventional nano-
vehicles, including their ability to escape homing in the liver or metabolic destruction and their lack of undesired accumula-
tion before reaching their intended targets. Various therapeutic molecules, including nucleic acids, have been incorporated
into exosomes by different techniques, many of which have shown satisfactory performance in various diseases. Surface-
modified exosomes are a potentially effective strategy, and it increases the circulation time and produces the specific drug
target vehicle. In this comprehensive review, we describe composition exosomes biogenesis and the role of exosomes in
intercellular signaling and cell-cell communications, immune responses, cellular homeostasis, autophagy, and infectious
diseases. In addition, we discuss the role of exosomes as diagnostic markers, and their therapeutic and clinical implications.
Furthermore, we addressed the challenges and outstanding developments in exosome research and discuss future perspec-
tives. In addition to the current status of exosomes as a therapeutic carrier, the lacuna in the clinical development lifecycles
along with the possible strategies to fill the lacuna have been addressed.
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PKPD of the drug, with the aim of reducing the off-target
side effects and drug-related toxicity (Butreddy et al. 2021;
Khalid et al. 2023). However, many hurdles still exist with
these systems, including the specific organ targeting, the
chemical and physical features related to toxicity, and the
undesired immune response which ultimately obligates to
discontinue the treatment in some individuals. Here a new
natural nanocarrier system, namely exosome, can address
the constraints associated with other nanocarrier systems
(Shao et al. 2020).

Exosomes are nanosized membrane vesicles of
30-100 nm size range (Kooijmans et al. 2012). It can be
released from various types of cells by either physiologi-
cal processes or under pathological circumstances. The
nanoscale dimensions of exosomes are commanding greater
attention at present and are the most promising ones for
advanced and targeted drug delivery (Bunggulawa et al.
2018). Research carried out has proved the excellent ability
of exosomes to protect the stability of their content and has
reported the highest stability among the various other extra-
cellular vesicles. Some shreds of evidence have been shown
to protect exosomal content from degradation by enzymes of
the digestive and other biological fluids, facilitating to reach
the target sites in their active form.

In the last few decades, liposomes and polymeric nano-
particles have been evaluated extensively for anticancer
drugs, antifungal drugs, analgesics, and other important
biomolecules (Stoicea et al. 2017; Mitchell et al. 2021;
Tasharrofi et al. 2022). However, formulating liposomes
that can evade the immune system with a long-circulat-
ing capability without instability and toxicity is tedious
(Sainaga et al. 2022). While polymeric nanoparticles
might possess better stability, their biocompatibility
and complete safety are still a matter of concern (Sandra
et al. 2019; Patel et al. 2021). In this instance, exosomes
or exosome mimetics are the epitome of success in the
sector of ideal drug delivery as these have intrinsic tar-
geting ability and are minimally or not lethal to cells or
tissues. Exosomes, which are small carriers, are native to
the animals and redesigned by researchers so that they can
escape immune recognition and bypass the engulfment by
lysosomes as well as can avoid phagocytosis and fuse with
the cell membrane. As a natural carrier, exosomes also
protect contained cargo (Antimisiaris et al. 2018). Slightly
negative zeta potential of the exosome vesicles helps for
longer systemic t1/2. They have a high concentration of
non-lamellar-forming lipids in their makeup, which may
cause their bilayer to curve in a way that is advantageous
for drug delivery. Furthermore, the extremely asymmetri-
cal nature of the exosome lipid bilayer may be favorable
for their contact with the plasma membrane, and more
specifically with their target cells (Tenchov et al. 2022).
Exosomes include a wide variety of integral and peripheral
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membrane proteins, which is an additional unique benefit
in their application over other drug delivery systems. By
transferring their contents, such as proteins, mRNAs, and
miRNAs to target cells with or without direct cell con-
tact, these membrane vesicles participate in intercellular
interactions. Thus, they have an impact on physiological
and pathological processes, their own intrinsic therapeu-
tic activity. Moreover, the ability of exosomes to cross
blood—brain barriers, improve motor and neural function-
ing in the nervous system, and allow multiple intravenous
doses of drug-loaded exosomes without causing any nega-
tive side effects (Amiri et al. 2022). Based on these char-
acteristics, exosomes have been explored in distinguistic
domains of applications other than drug delivery includ-
ing vaccine development (Escudier et al. 2005), photody-
namic immunotherapy (Jang et al. 2021), genome editing/
gene therapy (Kim et al. 2017; McAndrews et al. 2021),
biomedical 3D printing (Chen et al. 2019a), regenerative
medicines, and many more.

Currently, protein therapies are being delivered via
protein nanocages (Wang et al. 2021). Genetic engineer-
ing can be used to simultaneously display a number of
epitopes and ligands on the surface of protein nanocages
since these structures self-assemble into hollow spherical
structures with several protein subunits. However, when
the therapeutic protein is a membrane protein in nature, it
is challenging to express and purify membrane proteins,
especially those with transmembrane domains, because
they must connect with a cellular membrane. Due to these
restrictions, the majority of membrane proteins are cre-
ated as ectodomain sections that are water-soluble. The
elimination of these proteins' membrane-anchored coun-
terparts, however, often results in a decrease in their
biological activity. Similar attempts to capture histidine-
tagged, truncated proteins using liposomes containing
NTA-NI lipids have failed because of the low dissociation
constants brought on by the unstable immobilization of
proteins in lipids (Yang et al. 2018). Utilizing formula-
tions based on exosomes that preserve the membrane
proteins' natural shape and conformation is one way to
solve this issue. This is also experimentally manifested
that exosomes with membrane protein can induce about
68.3% of tumor growth inhibition in comparison with fer-
ritin nanoparticles which is only 17%. The cell binding
activity of the exosome vehicle was five times greater than
ferritin nanoparticles. The enhanced therapeutic activity
is also boosted by the antagonistic “Don’t eat me” signal
to cancer cells exhibited more strongly by exosomes (Cho
et al. 2018). The delivery efficiency of exosomes is not
restricted to the size of the therapeutic molecule, and it
can effectively deliver recombinant nerve growth factor
protein and its mRNA simultaneously in the ischemic cor-
tex crossing the blood—brain barrier which is unfeasible by
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most drug delivery technology (Yang et al. 2020a). Even
the exosome-mimicking liposomes had antiserum aggrega-
tion activity and improved storage stability but less than
four times as much cytotoxicity (Lu et al. 2018).
Numerous synthetic and natural nanotransfecting vehicles
have been designed to efficiently deliver siRNA. But the
success rate is low due to some issues. Synthetic vehicles
interact with one another in a variety of ways. For exam-
ple, stronger binding of the RNA molecule improves pro-
tection from degradation but also lowers the delivery rate
inside the cell. Biodegradability decreases toxicity but also
shortens the serum half-life. Including endosomal release
mechanisms may increase cytotoxicity. Thus, creating the
ideal transfection vehicle requires not only integrating these
criteria into a single system but also bringing these quali-
ties into harmonious balance with one another. Exosomes
exhibit this balance which makes these a suitable transfer
vehicle, ultimately providing a superior siRNA delivery
mechanism when compared to synthetic carriers (Duechler
2013). In case of small molecule delivery, research provided
compelling evidence that exosomes demonstrate superior
potency with an improved therapeutic index combined
with their natural tropism. At the same concentration when
free doxorubicin (Dox) was compared with liposomal Dox
(Myocet), Dox in pegylated liposomes (Doxil), and Exo-
Dox, time lapse video microscopy reveals a rapid beginning
of mitochondrial expansion and apoptosis by the exosomal
doxorubicin therapy. Doxorubicin delivered from exosomes
rather than free or liposomal form is more quickly absorbed
by recipient cells. In comparison with free or liposomal
doxorubicin, exosomal doxorubicin is rapidly released from
endocytic compartments after uptake and builds to higher
intracellular levels. As a result, within hours after cell treat-
ment, beginning of mitochondrial enlargement happened
followed by apoptotic cell death. It has shown that a 20- to
80-fold higher concentration of these formulations is neces-
sary to provide a signal that is comparable to the one pro-
duced by Exo-Dox (Schindler et al. 2019). These all explain
that exosomes are a viable technology for drug delivery.
Moreover, exosome-based treatment can be patient-spe-
cific which is distinct from other nanoparticular drug deliv-
ery systems; for example, if a patient is suffering from a
disease, diagnosed to be caused by a missing or defective
microRNA, the patient's exosomes can be isolated, modi-
fied with the appropriate nucleic acid, and then delivered
back to the patient for treatment. Exosomes isolated from
the patient's own cells are also less immunogenic (Escudier
et al. 2005). Clinical trials are being conducted on three
animal sources of exosomes: patient-derived tumor cells,
mesenchymal stem cells (MSCs), and dendritic cells (DCs).
However, five different cell types have been used in GMP for
exosome production: bone marrow mesenchymal stem cells
(BMSCs), monocyte-derived dendritic cells (DCs), human

cardiac progenitor cells, adipose tissue-derived stem cells,
and HEK?293 cells (Chen et al. 2019b).

At the site of inflammation, a large number of pro-inflam-
matory M1 are available but lack enough anti-inflammatory
M2 macrophages. Therefore, the establishment of a repolari-
zation equilibrium of macrophages can overcome the disease
condition faster. At this point, exosomes secreted from M2
macrophages possess inherent anti-inflammatory functions
and are found suitable as an anti-inflammatory drug vehicle
for target inflammatory sites (Gao et al 2021). Curcumin-
loaded cell penetrating R9 peptide-modified exosomes
from the M2 macrophages have been shown to improve the
inflammatory microenvironment with significant reversal of
M1 macrophages to M2 macrophages approximately by 53%
macrophage population repolarization. The degree of axon
injury and motor function recovery was improved in spinal
cord injured mice. Moreover, the same exosomal system had
been shown to reduce different inflammatory marker expres-
sions like tumor necrosis factor (TNF-a), Interleukins (IL-
1B, and IL-6) in the peripheral blood of mice induced with
rheumatoid arthritis (Li et al. 2023). Therefore, exosomes are
rapidly gaining momentum as a novel therapeutic strategy
due to its intrinsic therapeutic potential. Substantial growth
is expected for the market worldwide as they are integrated
into the multiple fields of the healthcare system including
liquid biopsy (Ma et al. 2021) and regenerative medicine
(Maumus et al. 2013). Regardless of the wide opportunities
for exosomes in clinical therapy, the heterogeneity of the
isolated exosomes is a barrier. So it is important to under-
stand the advantages and limitations of available technolo-
gies to isolate pure and homogeneous exosome populations
followed by their precise characterization.

Composition of exosomes

The composition of exosomes is reliant on the parent plasma
membrane construction from which they were born, i.e.,
scientifically termed the endosomal origin. These gener-
ally comprise various types of proteins and lipids which
reflect their possible physiological functions. Major histo-
compatibility complex-II, cluster of differentiation, surface
proteins like tetraspanins, lactadhesion, integrins, and other
types of adhesion molecules, heat-shock protein (HSC70,
HSP84/90), Ras-related proteins (Rab-2, Rab-7), cytoskel-
etal proteins (actin, tubulin, cofilin, moesin, fibronectin,
vimentin, talin), ESCRT components comprising approxi-
mately thirty proteins (for example, Tsg 101, Alix, etc.),
lysosomal proteins (Lamp 2b), fusion proteins, etc. are
the different distinguishable protein components found in
exosomal structures (Jadli et al. 2020). In the light of the
discussion on exosomal protein composition, it is obvious
to mention a new technology termed “Exosome Display
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Technology.” This involves the expression of proteins (solu-
ble, membrane-bound, transmembrane, multimeric antigens)
on exosomes by recombinant technology that naturally does
not exist on these nanovesicles (Delcayre et al. 2005). More
precisely, it is a technology to generate functional proteins
in the exosomes to endow new physicochemical properties
or new therapeutic or diagnostic characteristics. In terms
of physicochemical properties, improved solubility, stabil-
ity, and extended half-lives are the major advantages of this
display technique. Such kind of protein manipulation also
enables the production of multiple replicas of antigen and
can be extended to generate antibodies against therapeutic
targets and tumor biomarkers (Delcayre et al. 2005).

Apart from proteins, lipids are another salient class of
constituent thought to have a significant function in the
formation and release of exosomes. Quantitative analysis
of lipid content by different techniques involving mass
spectrometry, thin-layer chromatography, gas—liquid chro-
matography, and LC-MS has revealed that the nature and
percentage of lipids vary in the outer and inner leaflets of the
exosome membrane (Skotland et al. 2017). Such asymmetric
lipid distribution is also variable with the type of parent
cells from where they get released. Some lipids from a wide
range of lipid species characterized in different exosomes

Fig. 1 Representative structure
and composition of exosomes:
Exosome phospholipid bilayer
is produced from the plasma
membrane that includes
elements of the parent cell's
cytoplasm. Exosome composi-
tion including various types

of proteins (Hsp, Rab), lipids
(cholesterol, sphingomyelin),
and nucleic acids (miRNA) is
influenced by the type of source
cell, the health of the source
cell, and external stimulation.
Other vesicular components
are antigen-presenting cells
(MHCII), adhesion molecules
(integrin, tetraspanins), and
cluster of differentiation (CD)
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are phosphatidylinositol, phosphatidylcholine, phosphati-
dylglycerol, phosphatidylserine, phosphatidylethanolamine,
phosphatidylethanolamine ether, sphingomyelin, hexosyl-
ceramide, lactosylceramide, cholesteryl ester, cholesterol,
diacylglycerol, and globotriaosylceramide (Gb3) (Skotland
et al. 2017).

Exosomes have been shown to contain heterogeneous
RNA species or their fragments, for instance Y RNAs, short
hairpin RNAs, transfer RNAs, messenger RNA, structural
RNAs, small interfering RNAs, and microRNA (Yaghoubi
et al. 2019). A precise reassessment of exosome constituents
has been done, providing a detailed framework of extracel-
lular vesicle heterogeneity (Ha et al. 2016, Jeppesen et al.
2019) as shown in Fig. 1.

Biogenesis of exosomes

Biogenesis of exosomes occurs via several mechanisms,
either constitutively or in response to stimuli. The biogenesis
from endosomal systems results in vesicles of heterogeneous
vesicular architectures. Three broad subclasses of extracel-
lular vesicles (EVs) are (Colao et al. 2018):

MHCII
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1. Microvesicles (50-1000 nm diameter): shed from the
cellular membrane involving membrane remodeling and
outward blebbing.

2. Apoptotic blebs (100—5000 nm): derived from dying
cells during late-stage apoptosis.

3. Exosomes (20-150 nm, variable between research
groups): released from multivesicular bodies.

The process begins when early endosomes get matured
to late endosomes or multivesicular bodies (MVBs). Then
the endosomal membrane of MVBs produces intralumi-
nal vesicles (ILVs) in the lumen of organelles by inward
invagination. The next crucial step is to decide the fate of
ILVs by lysosomes or generation of exosomes for which
different sorting processes are involved. The MVBs when
allowed to fuse with the cell membrane. In due course,
ILVs are released into the extracellular environment by the
mode of exocytosis. These released vesicles are referred to
as exosomes (Burkova et al. 2021; Han et al. 2022). They
can either be secreted from a wide array of healthy cells
or diseased cells under pathological conditions. The endo-
somal sorting complex (ESCRT-0, ESCRT-I, ESCRT-II,
and ESCRT-III) are important central machinery required
for transport along with VPS4, VTA1, ALIX, and other
associated proteins, the key molecules for exosomal gen-
esis. Biogenesis and spatiotemporal traffic of vesicles has

Fig.2 Biogenesis of exosome
vesicle: A, B Early endosomes
(EE) created by plasma
membrane invasion give rise

to exosome production. C EE
maturation and late endosome
membranes develop an inward
bud to create intraluminal vesi-
cles (ILVs), which thereafter
change into multivesicular
bodies (MVBs), exosomal cargo
sorting by endosomal sorting
complex (ESCRT). D, E ILVs
are released into the extracel-
lular environment to create
exosomes once the MVBs have
fused with the plasma mem-
brane. F MVB or late endosome
(LE) degradation

been described to be regulated by several other endogenous
compounds, including GTPase enzymes (Bunggulawa et al.
2018; Butreddy et al. 2021). Figure 2 shows the complete
process of exosome vesicle formation from the endocytosis
of the plasma membrane to release by exocytosis.

Isolation or purification methods

Exosomes are novel biotherapeutics, and their production
process is like biological production starts with the cell cul-
ture, and harvesting the selected cell line from suitable con-
ditioned media. The cell culture media may include MSCs,
for example human embryonic stem cell-derived MSCs (Lai
et al. 2016), BMSCs (McBride et al. 2017), adipose-derived
MSCs (Liu et al. 2019c), cardiac progenitor cells (Andriolo
et al. 2018), DCs, mast cells (Valadi et al. 2007), HEK293
cells (Butreddy et al. 2021), T cells (Zakharova et al. 2007),
etc.

The first stage of exosome manufacturing is upstream
processing involves filtration, the concentration of the cell
culture medium, and exosome isolation from that medium.
After cell harvest, a variety of downstream processing can
be accustomed to purifying exosomes discussed below. The
current purification methodologies support the separation of
exosome vesicles from cells, culture media, soluble protein

Membrane
protein

Exocytosis
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aggregates, and undesirable particulates. However, there are
no unequivocal protocols for exosomal isolation and puri-
fication as each method gives a variable yield of exosomes
that could contain humoral protein aggregates or EV sub-
types (Sidhom et al. 2020).

Differential centrifugation

One of the most common exosome isolation and purifica-
tion technique is differential centrifugation. Highly viscous
biological samples require a higher speed of centrifugation
usually above 100,000xg or longer centrifugation time as the
highly viscous biofluids impart higher resistance for sedi-
mentation of exosomes (Cvjetkovic et al. 2014). The purity
of the isolated exosomes has a significant correlation with
the viscosity of the biofluids because the longer duration
of centrifugation may lead to the compromise of exosomal
integrity. Exosomes from the pancreatic ductal adenocarci-
noma cell line have been reported to be purified by differen-
tial centrifugation at the sequence of 800xg, 2000xg, and
100,000xg for 2 h (Capello et al. 2019).

Ultracentrifugation techniques

This is currently used gold standard technique for exosome
extraction and separation of high-dose sample components
based on the size and density by a series of continuous
low—medium- and higher-speed centrifugation. The process
optimization fails when there are only minor differences in
the sedimentation rates between different fractions of vesi-
cles (Livshits et al. 2015).

Density gradient centrifugation

This involves a combined principle of ultracentrifugation
and sucrose density gradient to separate out the particles of
different densities, protein—protein aggregates. The optimal
centrifugation time is a prime factor to set for the complete
separation of contaminating particles from the exosomal
fractions of similar densities. The optimal time is dependent
upon the rotor’s efficiency used in the centrifuge instrument
as well as the buoyant density of the mixture contents other
than the pure exosome fractions. Non-exosomal protein
impurities levels get elevated in case of 4 h or more time
of centrifugation (Konoshenko et al. 2018). At this point,
the iodixanol gradient is found to be a perfect process as
their sedimentation velocities are significantly different in
iodixanol, which enables separation of high-purity exosomes
from the HIV-1-infected cells. For example, exosomes are
isolated from mouse bone marrow-derived macrophage
culture supernatants using 60% iodixanol cushion by modi-
fied ultracentrifugation ensures maximal recovery of iso-
lated exosomes. Exosomes from antigen-presenting cells
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were undergone capturing in a small density cushion [30%
sucrose and deuterium oxide in the ultracentrifugation step
(Lamparski et al. 2002).

Ultrafiltration

Ultrafiltration is frequently performed during ultracentrif-
ugation or final step of chromatography using a standard
membrane with defined size-exclusion limits. Direct flow
filtration is a type of ultrafiltration that can separate the
floating cells and cell debris using a 0.1 pm filter, prefer-
ably from small-volume samples. Tangential or crossflow
filtration (TFF), is another type of ultrafiltration process is
rated high due to more efficiency and rapidity in isolating
exosomes even on a large scale. Sample filtered through a
0.2 um polyethersulfone membrane is subjected to the TFF,
where the sample flows tangentially through a cartridge filter
membrane befitting process temperature, definite flow rate,
and transmembrane pressure to avoid clogging or cake for-
mation (Cheruvanky et al. 2007).

Size-exclusion chromatography

Exosomes are allowed to pass through a column packed
with polymeric beads that build paths of multiple pores
and tunnels in size-exclusion chromatography (SEC). Thus,
exosomes can be separated precisely from other contami-
nating molecules depending on their diameter. A potential
cause for structural damage that is shear force is absent and
hence SEC is more advantageous. However, in the long
run, it restrains its application for a handful of biologicals
(Yakimchuk 2015).

Flow field-flow fractionation

This is an elution-based separation method combined
with a UV analyzer and light-scattering detector. It is per-
formed in a navigable channel allowing the interaction of
two streams of parabolic flow (toward the detector) and
crossflow (moving across a rectangular channel) to isolate
exosomes. When a cell culture-derived exosome sample
is added into the AF4 (Asymmetric flow field-flow) chan-
nel, the smaller exosome particles move through the down
channel with greater velocity than larger exosomes, per-
pendicular to the crossflow. Therefore, in the fractogram,
the first eluted peak is for the smallest exosome subpopu-
lation (Petersen et al. 2014). Zhang H. and his research
group have used asymmetric flow field-flow fractionation
(AF4) technology to get homogeneous exosome subpopu-
lations. They found two main exosome subpopulations as
isolation products like large exosomes (exo-L) and small
exosomes (exo-S). A distinct non-membranous nanopar-
ticle of less than 50 nm size was also identified, termed
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“exomere.” All these subpopulations hold different cellular
distribution patterns and distinct biological roles (Zhang
et al. 2018). Zhang H and Lyden D have also described the
protocol development and optimization of AF4 technol-
ogy. This fractionation technology offers a high resolu-
tion of 1 nm for exosome nanoparticle separation within
1 h. Oh S. and his team also applied the same technology
to fractionate exosome vesicles isolated from bone mar-
row for immunotherapeutic applications (Oh et al. 2007).
However, the large-scale utilization of AF4 technology is
limited because only a microgram amount of samples can
be accommodated at a time (Zhang and Lyden 2019). But
it is expected that the scale-up of this instrument will open
a new avenue of exosome applications and its subpopula-
tions in diagnostics, prognostics, and therapeutics.

Polymer precipitation

Polymer precipitation was originally used to isolate viruses
(Oh et al. 1988); however, this method has been carried out
sometimes to isolate and purify exosomes as these share
some similar characteristics with viruses. Polyethylene gly-
col is used as a medium, and the exosomes are harvested
under centrifugation (Zhang et al. 2020). ExoQuick-TC is a
patented technology available as a commercial kit that uses
a proprietary polymer that can precipitate exosomes from
low-volume samples (Taylor et al. 2011; Alvarez 2014; Lee
et al. 2019).

Immunoaffinity chromatography (IAC)

The authenticity of this purification technology lies in the
specific binding of antibodies and ligands, which enables the
unambiguous separation of exosomes from a small volume
of heterogeneous mixtures (Fitzgerald et al. 2017). This way
the target protein that is a unique component on the exo-
some surface helps IAC to recognize exosomes of different
sources with strong specificity. This ensures a high yield
without compromising purity (Li et al. 2017). ExoTEST™
(by HasaBioMed Life Sciences) is a commercial platform
comprising antibody pre-coated ELISA plates, allowing
in vitro quantitative measurement of exosomes (having a
lower detection limit of less than 0.35 pg) from different bio-
fluids and cell culture media. The exo-FACS kit of the same
company is available for a qualitative Fluorescence-activated
cell sorting (FACS) analysis of exosomes (exosomal marker
detection) from human plasma and saliva. Limitations arose
due to the non-specific interference adsorption of the matrix
that produces interfering proteins and the selection of proper
storage conditions, which ultimately restricts the scale-up
(Zhang et al. 2020).

Microfluidics-based techniques

Microfluidics-based tools are ideal for fast, continuous
separation of exosomes from other nanosized particles
since they support precise isolation in a cost-effective
manner (Salafi et al. 2016). A patented total exosome
isolation chip based on this technique (ExoTIC device)
is gradually becoming popular due to its exclusive ability
to handle a wide range of sample volumes (from 10 pL
to 50 mL) while maintaining high purity, yield, and effi-
ciency. The device has been found to be more controllable
for extracting exosomes from plasma, lung lavage, and
other body fluids in comparison with ultracentrifugation,
and PEG precipitation including the ExoQuick™ kit-based
method (Lin et al. 2020). Despite its numerous advantages
like purity, controllability, tractability, and isolation speci-
ficity, the foreseeable challenges are the requirement for
complicated devices and the need for high immunoaffinity
(Yang et al. 2017a).

Magnetic nanowire-based isolation

From the viewpoint of the requirement of less labor-inten-
sive, less time-consuming, and cost effectivity, scientists
have developed a new affordable, ultrasensitive technique
using antibody cocktail-conjugated magnetic nanowires.
This method can isolate exosomes directly from small-
volume biological samples. However, exosomes isolated by
this technique are ideal candidates for drug delivery (Lim
et al. 2019).

Characterization techniques

The isolated vesicular samples should be characterized
conscientiously to validate the isolation process. Accurate
assessment of purity and quantification by conventional
methods is the utmost challenges in exosome biology.

Nanoparticle tracking analysis (NTA)

This study permits determining both particle size and con-
centration. Laser wavelengths are used, and a matched long-
pass filter allows visualization of the fluorescently labeled
particles which get excited by the laser. The particles which
are under Brownian motion scatter the laser light, which is
collected by a microscope. The camera fitted to the micro-
scope records the particle motion. An NTA software is there
to estimate the particle size and concentration from the cap-
tured video. The challenge with NTA is that it requires a
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high concentration level (McNicholas and Michael 2016;
Liu et al. 2018).

Dynamic light scattering (DLS)

Particle size and concentration can be determined based
on dynamic light scattering. The advantage of DLS is the
requirement of minimal sample volume (70 puL) and user-
friendliness. While DLS has its benefits over NTA, the major
bottleneck is in the analysis of heterogeneous samples. In
consequence, it may produce skewness in the data toward
larger particles when the particles present in the suspension
are full of diverse sizes (Doyle and Wang 2019).

Tunable resistive pulse sensing (TRPS)

TRPS has emerged as a new platform for single-particle
characterization in an in situ setting. It can precisely meas-
ure the size distribution and concentration specifically when
characterizing particles ranging from approximately 50 nm.
However, particles that are too small give rise to system sen-
sitivity issues. System stability issues may also arise during
TRPS measurement if pores become blocked by particles
(Gurunathan et al. 2019). It is a very useful technique to
provide surrogate information about the exosomal fate and
nano-biointeractions (Vogel et al. 2017).

Atomic force microscopy (AFM)

AFM is a unique nanoscale tool based on optical and
electron diffraction techniques. It records the interactions
between the sample surface and a probing surface for study-
ing the morphological characteristics, biomolecular makeup
of exosomes, molecular dynamics and biomechanics at the
single-vesicle and subvesicular levels such as DNA and
membrane proteins (Gurunathan et al. 2019).

Transmission electron microscopy (TEM)

TEM can characterize the structure, morphology, and size
of various vesicular, fibrous, and other nanomaterials and
biological components. To avoid the electron beam gener-
ated damage, cryo-EM (cryogenic electron microscopy)
has been introduced for exosome analysis as it bypasses the
effects of dehydration artifacts and fixation. The key feature
of Cryo-TEM is its ability to capture images of exosomes,
with lumen and membrane structures, protein structure
imaging, and associated macromolecular complexes (Mio
and Sato 2018). However, it becomes difficult to distinguish
exosomes in some cases because of exaggerated fluorescence
signals. As a substitute immunogold EM has emerged where
the exosomes can be clearly visualized by specific antibody
binding (Gurunathan et al. 2019).
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Flow cytometry

Flow cytometry allows for visual observation and size analy-
sis of exosomes along with the detection of surface proteins
of exosomes in a quantitative way (Theodoraki et al. 2020).
Still, the limitation exists that size estimation is not possi-
ble for single exosome due to having a limit of detection of
270-600 nm. To avoid such complications, exosomes can be
covalently conjugated to microbeads made up of aldehyde
or sulfate latex. However, this strategy may lead to false
results as free proteins in the sample can get adsorbed on
the beads which also interferes with protein analysis. To
overcome this problem pH-triggered exo-cluster strategy can
be adopted to increase the overall size of exosomes above
the detectable limits of the conventional flow cytometer
(Liu et al. 2021). The immobilization of exosomes by the
immunocapture method is another possible solution. When
the sample passes through the flow cytometer’s laser, it will
emit a fluorescence signal which will be detected (Doyle
and Wang 2019). Accurate analysis of exosomes is reliably
complicated by direct cell sorting for their very small size.
Thus, the prepared sample is characterized by FACS, a dis-
tict kind of flow cytometry, is able to overcome the diffi-
culty mentioned earlier (Thierry et al. 2006). ImageStream
analysis (combined with the method of flow cytometry and
fluorescence imaging technology) can be used to distinguish
exosomes from other similar-sized contaminants (Mastoridis
et al. 2018).

Enzyme-linked immunosorbent assay (ELISA)

ELISA is a qualitative as well as quantitative plate-based
assay technique. The ELISA technique is useful to measure
exosome counts with accuracy and can also provide good
details about exosomal protein content, but it needs a large
sample volume (Butreddy et al. 2021). A new single exo-
some counting immunoassay has been developed by scien-
tists named "droplet digital ExoELISA," which offers abso-
lute quantification for targeting exosomes having specific
protein biomarkers (Liu et al. 2018). The method involves
the conjugation of magnetic beads with antibodies that can
selectively bind to an exosomal membrane protein. When
the exosomal suspension is mixed with conjugated magnetic
beads, magnetic separation has happened (resulting in the
immobilization of the target exosome onto magnetic beads).
Tagging of antibodies along with enzymatic reporter allows
the detection of antigen of the immobilized exosome by the
formation of a single enzyme-linked immunocomplex on the
bead. Further co-encapsulation of immunocomplex beads
and the enzymatic substrate is performed into microdroplets
using microfluidic cheap (the majority of the droplets should
not contain more than one bead). The droplets containing
exosome—immunocomplex beads emit fluorescence within



3 Biotech (2023) 13:101

Page90of25 101

the droplets due to enzyme catalyzation. Detection of target
exosome concentration can be done from the fluorescent
readout. This is advantageous being highly sensitive and
able to detect as few as nearly 5 exosomes/ pL (Liu et al.
2018).

Western blotting

The western blotting methodology, also called immuno-
blotting, is a matured method to detect exosomal surface
proteins and internal proteins. For example, antiflotillin-1
antibody and mouse antihuman TSG101 have been used in
western blotting to identify exosomal markers for flotillin-1,
a lipid raft-associated protein, and TSG101, the component
of ESCRT protein group in exosomes isolated from cerebro-
spinal fluid (Street et al. 2012). But intact vesicles cannot
be observed; rather, the vesicles are undergone lysis during
sample preparation. Densitometric analysis of the western
blot can be performed for quantification (Van Niel et al.
2001).

Exosomes drug loading techniques

Currently, the clinical application of exosomes as drug car-
riers still faces several challenges including methods to
import drugs into exosomes efficiently. Exogenous drugs,
nucleic acids, and protein molecules have been loaded into
exosomes, and their physical mimetics using various meth-
ods to date can be categorized into preloading and post-
loading methods (Xu et al. 2020c). In preloading, exosomes
isolated/secreted from cells are already preloaded with the
desired drugs and incorporated in the parent cells by employ-
ing transfection, activation, etc. Several methods for drug
loading have been explored as discussed below in detail.
Currently, several methods like transfection, incubation,
saponin-assisted loading, sonication, extrusion, freeze—thaw
cycles, electroporation, etc. have been employed to insert
drugs into exosomes (Xi et al. 2021).

Transfection

Transfection is the process where different molecules like
drugs, therapeutic proteins, or oligonucleotides can be
loaded into exosomes by using chemical or biological rea-
gents. Exo-fect, a commercialized exosome transfection
kit, is very effective at transferring small molecules and
nucleic acids straight into exosomes. Biological agents can
also mediate transfection, for example the transfer of pre-
miRNA (LV-miR) precursor molecules by lentivirus (Kim
et al. 2018). Therapeutic molecules can be packaged into
the exosomal lumen using transfection efficiency, and the
molecular stability of this method is higher than with other

loading methods, but the efficiency is not fixed. Sometimes
the issue of inadequate packaging has been reported. Trans-
fection agents may alter gene expression in exosomes pro-
duced from donor cells. These may result in altered bio-
logical activities of loaded nucleic acid agents. So, this is a
big concern for the safe application of transfection methods
which are also seriously taken due to some reported toxic-
ity of transfection agents (Antimisiaris et al. 2018; Xi et al.
2021).

Incubation

Two types of incubation methods have been developed so
far. The first is the direct incubation of drugs and exosomes,
allowing the drug to interact with the lipid layer of the exo-
some membrane. The second type involves incubation of
drugs with donor cells of exosomes and then the isolation
of drug-carrying exosomes. The latter is mainly intended
for small molecule chemicals or drugs having low cytotox-
icity. However, none of the methods was reported to have
good loading efficiency (Xi et al. 2021). A co-incubation
method is also effective for loading therapeutic RNA into
exosomes along with hydrophobically modified small inter-
fering RNAs (Didiot et al. 2016).

Saponin-assisted loading

There are some chemicals that can produce holes/pores to
increase cell membrane permeability by different mecha-
nisms. Among these saponin, a type of natural glycoside
is an efficient membrane-penetrating agent, able to make
pores in exosome membrane-forming complexes with
membrane cholesterol (Orczyk and Wojciechowski 2015).
Saponin treatment does not alter the size distribution or zeta
potential, which is common in extrusion, hypotonic dialysis,
and some other loading techniques (Fuhrmann et al. 2015).
However, there are limitations to the in vivo application of
saponins due to the hemolysis effect. Thus, exosomes must
undergo a purification procedure after incubation with sapo-
nins (Lin and Wang 2010).

Sonication

Donor cells or target cell-derived exosomes are mixed with
drugs of interest and sonicated by a homogenizer probe.
Exosomal membrane deformation is mediated by sonica-
tion-induced mechanical shear. This allows the deformed
exosomes to flow across the relatively tight lipid layer and
release the drug at the target site. After ultrasound treatment,
the exosomes were incubated to restore the integrity of the
membrane. There is a chance of exosomal aggregation (Xi
et al. 2021). Efficient drug loading into the macrophage-
released exosomes by sonication has been shown to favor
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the sustained release of the loaded drug (Kim et al. 2016).
Loading efficiency is larger, using ultrasound than incuba-
tion (Salarpour et al. 2019).

Extrusion

This method has the merit of high drug loading efficiency
and production of a uniformly sized mixture of exosomes
where the drug is loaded into a lipid extruder with a porous
membrane (aperture: 100400 nm). When porphyrins of dif-
ferent hydrophobicities were loaded into exosomes with the
help of a syringe-based mini-extruder equipped with poly-
carbonate membranes (400 nm pore), a notable result was
found that the extruded exosomes were cytotoxic. In con-
trast, no significant toxicity has been reported or published
when the same porphyrin is loaded by other techniques
(Fuhrmann et al. 2015).

Freeze-Thaw cycles

This strategy involves the incubation of exosomes with a
targeted drug at room temperature or at 37 °C for the opti-
mum time experimentally checked to aid higher encapsula-
tion of drugs. After that rapid freezing at a very low tem-
perature (— 80 °C) or in liquid nitrogen, subsequently, the
mixture is thawed at RT again (Sato et al. 2016; Kumar et al.
2022). Thus freeze—thaw cycles are repeated for better drug
encapsulation. The encapsulation efficiency of loaded cargo
depends upon the number of repetitive cycles, which are reg-
ulated by key components of the exosomes. Few studies have
reported exosome aggregation promoted by freeze—thaw
cycles, leading to a high polydispersity index of the drug-
loaded exosomes (Haney et al. 2015; Sato et al. 2016).

Electroporation

Through electroporation, small pores for the passage of
therapeutic cargoes in the membrane of exosomal vesicles
are created by disturbing the phospholipid bilayer under
the action of an electric field. This method is the preferred
one to load large nucleotides, such as siRNAs or miRNAs
into exosomes, but care should be taken during the load-
ing as it is prone to reducing drug loading efficiency, being
vulnerable to RNA precipitation or exosome aggregation
(Xi et al. 2021). Exosome structural distortion/aggregation
may happen if an improper electroporation buffer system is
used. The retention of the original exosome size and pre-
vention of aggregation can be obtained by using a trehalose
pulse medium (TPM) when aggregation is induced by cyto-
mix electroporation buffer (Johnsen et al. 2016). TPM has
allowed heavy cargo loading into exosomes like SPIONS
(superparamagnetic iron oxide nanoparticles) which
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provides advanced opportunities in targeted drug delivery
and theranostics investigations (Hood et al. 2014).

Surface modification of exosomes

Exosome biodistribution and cell-targeting capabilities are
integrated with several proteins expressed on the exosome
surface. Exosome components can be engineered either
at the cellular level (involving parenteral cell-based engi-
neering) or subjected to modification after their isolation
(post-isolation engineering). At the cellular level modi-
fication, one approach is to develop a modified exosome
membrane protein by cellular transgene expression by the
coding sequence insertion of the desired ligand into the
sequence frame of the signal peptide and the peptide -NH2
terminus of specific membrane protein (Mentkowski et al.
2018). The ultimate goal to search for an efficient tech-
nique or suitable ligand for surface protein modification is
to attain targeting specificity and efficiency to the tissues
and cell types of interest.

Aptamer conjugation, peptide modification
and genetic engineering of exosomes

When drug-loaded exosomes with or without surface modi-
fications had been compared, about 3 times increased tumor
inhibition was there with aptamer—drug—exosome than with
drug-exosome because of high affinity for the overexpressed
receptors on tumor. C26 tumor ectopic model has shown a
higher therapeutic index of Aptamer—doxorubicin@exosome
compared to doxorubicin@exosome (Bagheri et al. 2020).
Similar kinds of selective and potent toxic effects have been
found in leukemic CEM cells by diacyllipid—aptamer sgc8-
decorated doxorubicin-loaded exosomes (immature dendritic
cell-derived) (Zou et al. 2019). Targeting the disease envi-
ronment is critical to obtain the maximum therapeutic bene-
fits of drug candidates. It has been observed that intravenous
injection of aptamer functionalized exosomes was efficiently
internalized in the bone marrow of mice suffering from post-
menopausal osteoporosis. Further, there was an increase in
bone mass via osteogenesis. Similar way it accelerated cal-
lus tissue formation in a femur fracture mouse model. So,
it found to be a promisable tool for targeting different bone
diseases (Luo et al. 2019). A synergistic improvement of
disease can be attained by attaching an aptamer to an exo-
some. 5" modified LIM-3064 aptamer conjugation to bone
marrow mesenchymal stem cell-derived exosomes has
shown to exert synergistic immunomodulatory action and
remyelination effect. This suggests that exosomes can be a
good candidate in the advanced therapy of neurodegenera-
tive diseases (Shamili et al. 2019).
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Intravenous injection of exosome mimetics from
U937 cells (engineered with WQPDTAHHWAT antispe-
cific membrane antigen peptide) has shown greater
tumor accumulation in prostate cancer (Severic et al.
2021). TRAIL-engineered exosomes (by novel non-virus
vectorPEL,sPyrs,,) demonstrated a significant decrease
in tumor size via intravenous administration and higher
delaying of tumor growth upon multiple-dosing than
single-dose administration (Shamili et al. 2018). Besides
chemotherapy, a new possibility has arisen in cancer
immunotherapy where covalent anchoring of CP05
peptide to tumor-derived exosomes shown to heighten
the immunogenicity of DCs when pulsed to dendritic
cells. Persistent antitumor immunity was contributed by
increased protective T cell memory response as well as
increased homing to lymphoid tissues (Yuan et al. 2017,
Zuo et al. 2020).

Modification of exosomes with biotinylated CpG DNA
by genetic engineering exhibited strong antigen-specific
immune response and antitumor activity when given as
intradermal vaccination (Morishita et al. 2016). Preclini-
cal study results are significantly indicating the modified
exosome system as a new star in cancer therapeutics. Fur-
ther assessment of safety and pharmacokinetic evaluation
can confirm its clinical translation. Efficient internaliza-
tion of MSC-derived exosomes in the hypoxia injured
HO9C?2 cells has been obtained after lentivirus transduc-
tion directed genetic modification of exosome membrane
protein with CSTSMLKAC peptide fusion (Wang et al.
2018). Based on this evidence, exosomes as novel drug
carrier can be explored for different cardiac issues related
to ischemia, and myocardial infarction.

Surface coating and complexation of exosomes

Surface coating of the exosomes with a suitable modifier,
for example polydopamine, makes the exosome tailor-
able for reactive group functionalization via secondary
reactions which opened new avenues for novel applica-
tions extending toward multidrug therapy or theranos-
tic approach (Wang and Douglas 2021). Electrostatic
complexation of fusogenic peptide (GALA) and cationic
lipid on exosomes exerted increased cytosolic delivery
of dextran, a large molecule with enhanced bioactivity of
a ribosome-inactivating protein. This can be extended to
develop an intracellular visualization tool (Nakase and
Futaki 2015). Anchoring of SPMN (superparamagnetic
nanoparticle cluster) to exosomes has been shown effec-
tive sustained delivery of active molecules in the specific
region even with low blood velocity over a prolonged
period. So, possible expansion in biomedical applications

has been further strengthened by magnetic nanoparticle
technology (Qi et al. 2016).

Surface labeling of exosomes

Surface modification of exosomes by different labeling
moieties is especially significant to studying their in vivo
fate (Salunkhe et al.2020), the internalization mechanism
of exosomes in cancer cells vs. normal healthy cells (Greco
et al. 2016) and evaluating the effect of routes of adminis-
tration on the biodistribution (Kim et al. 2007). In light of
the above-mentioned biodistribution, it is important to note
that surface charges and lipophilicity of exosomes are indeed
critical for the overall kinetic profile, controlling the trans-
location rate, hepato-billiary and renal excretion, and spe-
cific uptake by distinct immune cells. Labeling of exosomes
from human lung adenocarcinoma cells with dye via in situ
biorthogonal click chemistry enabled the preservation of
intrinsic tumor-homing functions as well as allowed effec-
tive in vivo tracking of exosomes, confirmed by fluorescence
imaging and quantification (Song et al. 2020). Even azide
functionalized AlexaFluor®488 fluorophore labeling has
been shown to favor a higher accumulation of exosomes in
pancreas tumor mass (Xu et al.2020a). Thus, labeling of
exosomes is a remarkable strategy for theranostics develop-
ment due to the absolute specificity of the system.

Exosome-based drug delivery systems

Exosomes are in the emerging research trend in diagnosis
and therapy, being a winner to overcome many of the obsta-
cles observed with the other nanovesicular delivery systems
as discussed in earlier introduction section. Some reported
studies to unlock the power of exosomes to deliver thera-
peutic molecules in different diseases are listed in Table 1.

Exosomes as delivery vehicles for therapeutic small
molecules

Natural and engineered exosomes have been proved for hav-
ing access to penetration through several barriers includ-
ing blood-brain, blood-labyrinth, blood—air, blood—lymph,
blood-retinal, placental, and stromal barriers. This provides
state of the art of delivery vehicle design. Among this exten-
sive research has been carried out to deliver drugs like small
molecules and nucleic acids to the brain and to the tumor
region, explaining their transport mechanisms using a dif-
ferent animal model (Elliott and He 2021).
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Table 1 Exosomes as the delivery vehicle for diverse types of therapeutic molecules

Therapeutic molecule

Delivery vehicle

Proposed application in disease

References

Doxorubicin

Paclitaxel

Taxol
Aspirin

Cisplatin

Gemcitabine

Dopamine (small molecule neuro-
transmitter)

Atorvastatin

Fluorouracil

PMA/Fe-HSA @DOX nanoparticles
Liraglutide-peptide

Small interference RNA

Cationic bovine serum albumin
conjugated siS100A4

siFGL1 and siTGF-f1

miR-124 microRNA
miR-126 microRNA

miR-140 microRNA

Nerve growth factor
sgRNA and Cas9 complex

Antisense oligonucleotide ASO4
Antisense miR-34a locked nucleic

acid
Nucleic acid nanoparticles

1. Exosome-sheathed porous silicon
nanoparticles

2. Exosome modified with A33Ab-
US [A33-high-density antibody-
coated surface-carboxyl superpara-
magnetic iron oxide nanoparticles]

Exosomes from bone marrow-
derived mesenchymal stem cells

MSC-derived exosomes

Nanoamorphous aspirin-loaded
exosomes

M1 macrophage secreted exosomes

Autologous pancreatic cancer-
derived exosomes

Blood exosomes

Human endometrial stem cell-
derived exosomes

Dendritic cell-derived exosomes
Urinary exosomes
Milk exosomes

1. Folic acid-functionalized
exosomes from bovine colostrum
powder

2. RVG-targeted exosomes

Breast cancer cell-derived exosomes

¢(RGDyK) peptide-modified exo-
some

RVG-Lamp2b-Modified Exosomes

Exosomes from the human umbilical
cord-derived MSCs

Exosome modified by chondrocyte-
affinity peptide

RVG-Lamp2b exosomes

Artificially engineered exosome
(M-CRISPR-Cas9 exosome)

Human bone marrow stem cell
€x0somes

HEK-293T cell line-derived
exosomes

Exosomes isolated from MDA-
MB-231 or HUVEC cells

Cancer

Colorectal cancer

Triple-negative breast cancer

Cancer
Cancer

Lung cancer

Pancreatic cancer
Parkinson’s disease
Brain Tumor (Glioblastoma)

Colon cancer
Prostate cancer
Type 2 diabetes
Cancer

Alzheimer disease

Postoperative breast cancer metas-

tasis

Cancer

Cerebral ischemia

Hyperglycemia-induced retinal

inflammation

Osteoarthritis

Cerebral ischemia
Gene therapy

Parkinson disease

Osteoarthritis (type II collagen

decrease)
Cancer

Yong et al. (2019)

Lietal. (2018)

Kalimuthu et al. (2018)

Melzer et al. (2019)
Tran et al. (2019b)

Li et al. (2020a)
Li et al. (2020b)

Qu et al. (2018)
Nooshabadi et al. (2020)

Xu et al. (2020b)

Pan et al. (2021)

Shi et al. (2022)
Munagala et al. (2021)

Alvarez-Erviti et al. (2011 )
Zhao et al. (2020)
Pei et al. (2021)

Yang et al. (2017b)
Zhang et al. (2019)

Liang et al. (2020)

Yang et al. (2020a)
Ye et al. (2020)

Yang et al. (2021)
Jeong et al. (2019)

Nordmeier et al. (2020)

Exosomes as delivery vehicles for therapeutic large

molecules

Exosomes are also reliably good delivery vehicles for large
molecules like proteins and peptides in addition to small mol-
ecules. A novel nanocarrier has been developed to deliver
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enkephalin (a pentapeptide) across the BBB for reducing

cerebral apoptosis and neuronal recovery. Enkephalin-loaded
exosomes containing transferrin were increased to 223.5/mm?

and 492.5/mm? after 4 h and 12 h, respectively, in the ischemic
zone of the brain and available at a sufficient amount than exo-
some—enkephalin without transferrin to exert protective effect

(Liu et al. 2019b). An antibody—drug conjugate [Trastuzumab
emtansine (T-DM1)] delivery vehicle has been prepared from
HER2-positive cancer cells, shown to have significant growth
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inhibitory action and caspases three and/or seven activations
(Barok et al. 2018). This research can be further extended
to design noninvasive stable insulin delivery devices using
exosomes.

Exosomes as the delivery vehicle for natural
products

Experimental campaigns are going on to evaluate the suit-
ability of exosomes as natural carriers for natural products.
The incorporation of curcumin in the exosome helped to
overcome some barriers related to the clinical use of cur-
cumin due to poor systemic bioavailability, solubility, and
stability. Intraperitoneal injection of exosome curcumin has
shown a higher level of curcumin in plasma even after 12 h
of post-injection. However, there was no detectable cur-
cumin in the blood when it was injected without exosome
encapsulation which suggests that exosome increases the
systemic stability of curcumin. The in vivo assessment indi-
cates that mice given exosome-loaded curcumin have lower
mortality than the liposome-loaded curcumin of equivalent
concentration treatment. The data revealed that such efficacy
of protecting mice from LPS-induced septic death is due
to enhanced cellular uptake of curcumin (Sun et al. 2010).
Several anticancer natural molecules and herbal bioactive
constituents have been shown to exert increased apoptotic
effect when loaded in exosomes, for example triptolide-
loaded exosomes in ovarian cancer (Liu et al. 2019a) and
celastrol-loaded exosomes in lung cancer (Aqil et al. 2016).

Exosomes as protein delivery vehicles

Therapeutic proteins loading in a carrier in adequate quan-
tity for optimal therapeutic efficacy is challenging to a for-
mulation scientist while keeping the protein intact and sta-
ble. Brain delivery of protein is one of these challenges due
to physiological or anatomical barriers, and the large size
and high molecular weight of protein to load in a carrier in
adequate quantity for optimal therapeutic efficacy. A human
cerebral microvascular endothelial cell model study has
shown that the macrophage exosomes are able to penetrate
the brain and deliver brain-derived neurotrophic factors in
inflamed conditions after intravenous administration (Yuan
et al. 2017). A recent study showed that exosomes loaded
with the antioxidant protein catalase (exoCAT) resulted in
an improved state in Parkinson’s disease by being able to
deliver loaded elements across the BBB (Haney et al. 2015).

An optogenetically engineered exosome system
(EXPLORs) from HEK293T cells has been developed
by a group of scientists, where protein, namely mCherry-
CRY?2 protein (84 kDa), has been loaded through the
endogenous biogenesis process (via optically reversible
protein—protein interactions in presence of continuous blue

light illumination) allowing controllable detachment of pro-
teins inside target cells. Most interestingly, EXPLORSs can be
upgraded to personalized protein-based therapy (Yim et al.
2016). A novel genetically encoded pseudotyping approach
has also been adopted to facilitate efficient loading of ther-
apeutic protein, using a set of virus glycoproteins fusion
reporters, resulting in a dramatic increase in exosome uptake
by a variety of mammalian cells (Meyer et al. 2017).

Exosomes as nucleic acid delivery vehicles

It has been discussed previously that exosomes naturally
carry nucleic acids and have a natural ability to deliver these
to cells. These features are in the investigation to be used
in different sets of treatments involving genetic therapy. It
is providing hope to fill the shortage of gene delivery vehi-
cles that are non-immunogenic to host, efficient, and target-
specific (Koppers-Lalic et al. 2013). Some of the studies to
evaluate the usefulness of exosomes to deliver exogenous
genetic material successfully and their functionality are
mentioned in Table 1.

Safety and pharmacokinetic aspects
of exosomes

The cellular origin of exosomes is one of the most impor-
tant variables influencing their biodistribution and toxicity.
Tumor-derived exosomes have been demonstrated to be
effective at delivering anticancer therapies to their paren-
tal tumor (Yang et al. 2015). While still tumor-derived
exosomes provide tumor-targeting advantages, these can
pose safety concerns when injected systemically: Tumor-
derived exosomes may supply tumorigenic stimuli to normal
tissues while also promoting tumor spread by commencing
pre-metastatic niche development in normal tissue (Guo
et al. 2019).

Mirzaaghasi et al. have discovered that a large percent-
age of exosomes were transported to the lung in sepsis-
induced mice following intravenous infusion, with more
than 30% transferred to the lung after 1 h after injection,
but nearly none were observed in the lung of healthy mice.
Exosomes were also shown to be retained in the blood-
stream for an extended period of time owing to liver fail-
ure (Mirzaaghasi et al. 2021). Clearance of fluorophore-
labeled exosomes (intravenous) from blood in normal
mice was 0.0054-0.0154 mL/min (Hwang et al. 2019),
whereas Gaussia luciferase (gLuc)-lactadherin (LA) labeled
exosomes (intravenous) in macrophage-depleted mice (Imai
et al. 2015) and 1251 labeled exosomes (intravenous) in Par-
kinson’s disease mouse model (Hwang et al. 2019) were
around 0.651 mL/h and 0.016 mL/min, respectively. The
distribution of the payload after systemic administration has
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been shown to involve different major organs; although the
extent of distribution is largely variable based on the exo-
some membrane chemistry, its origin represents the molecu-
lar signature necessary for cellular interaction as well as the
pathophysiological condition of the subject. Biodistribution
studies have been made aware that the injection dose of the
exosomes exceeding 400 pg leads to unwanted aggregation
and accumulation in the lungs followed by asphyxiation of
the test animal (Fu et al. 2020). To distribute therapeutic
exosomes to specific cells or tissues, either active or passive
therapeutic exosome targeted techniques can be used. Pas-
sive targeting of exosomes makes use of exosomes' natural
cellular tropism, whereas active targeting accomplishes tar-
geted delivery of exosomes via exosomal surface modifica-
tion using numerous technological strategies. However, in
both strategies, the route of administration plays a major role
in desired effects as a few examples are enlisted in Table 2.

Bioluminescence and fluorescence imaging are now
the most widely used techniques for evaluating the in vivo
behavior of given exosomes. Considering recent technical
breakthroughs in deep tissue penetration imaging, alterna-
tive clinical imaging modalities such as magnetic resonance
imaging, positron emission tomography, and single-photon
emission computed tomography are now being used for

exosome biodistribution and PK research (Sokolova et al.
2011).

For the purpose of visualization, exosomes are labeled
directly or indirectly by different dyes like fluorescent pro-
teins—RFP (red fluorescent proteins), GFP (green fluores-
cent proteins) lipophilic fluorescent dyes—cyanine 7 (Cy7),
PKH26, DiOC18(7)(DiR), DiIC18(5)(DiD), by luminogens,
radiolabeling agent—99mTc-HMPAO, 111-indium/125-
iodine, bioluminescent imaging labeling agent—Gaussia
luciferase, immunofluorescent molecule—antibody + dye,
magnetic contrast agents—superparamagnetic iron oxide
nanoparticles (SPIONs), gold—iron nanoparticles (GIONSs).
Even gold nanoparticles are used as a labeling agent for
Computed tomography (Sokolova et al. 2011). The avail-
able in vivo noninvasive imaging methods of the present to
track the exosome biodistribution and metabolic transfer are
shown in Fig. 3.

There are mostly available ADME case studies are based
on the systemic administration of the exosomes. Intrave-
nously injected unmodified exosomes from PC3 and MCF-7
cell origin have shown to be cleared from the systemic pool
in a rapid manner in the case of both healthy and tumor-
bearing mice, which is attributed due to the slower uptake
of the exosomes by the reticuloendothelial system and may

Table 2 Routes of exosome administration and its significance in drug biodistribution

Exosome source Cargo

Routes of administration Biodistribution

References

Macrophage Catalase

MDA-MB-231 and HCT-116 cell lines Doxorubicin Intraperitoneal

TUBO breast cancer cell lines Doxorubicin Intravenous

Raw bovine milk Curcumin Oral

Embryonic stem cells Curcumin  Intranasal

Murine macrophage cell line Curcumin  Intravenous

Intranasal, intravenous

A greater amount of exosomes is
distributed throughout the inflamed
brain of the Parkinson’s disease
C57BL/6mouse model when adminis-
tered via the intranasal route

Haney et al. (2015)

Both exosomal drugs (lesser extent) Toffoli et al. (2015)
and free drugs (relatively greater

extent) are distributed to the intestine,

liver, heart, spleen. 40% decreased

accumulation in the cardiac tissue of

the exosomal formulation than the free

drug, reducing cardiotoxicity

Bioaccumulation in the liver and lungs ~ Gomari et al. (2019)
in higher amounts however, not
affected cardiac tissue after 60 min of
post-injection

Six times greater bioaccumulation of
curcumin in the brain than the free
curcumin. However, the level of drugs
in the liver is also higher

Agil et al. (2017)

Distribution of the cargo to astrocytes, Kalani et al. (2016)
neurons, vessels, and other cellular
compartments of the brain, is effec-
tive to treat the neuroglial-vascular

disorder
More localization of exosomal curcumin

at the cerebral infarcted regions than
free curcumin

He et al. (2020)
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Fig.3 In vivo noninvasive imaging methods: (a) Labelled exosome administration and (b) In-vivo imaging techniques to track the exosome bio-
distribution, dynamic behavior upon sequential dose gradient of exsomes as well as observe the barrier penetration characteristics of exosomes

also be contributed by complement opsonization along with
innate immunity system (Wang et al. 2009; Fu et al.2020).
However, upon intratumoral injection, these are shown to
be accumulated inside the tumor. This suggests that these
kinds of exosomes are not suitable to be developed for the
intravenous drug delivery system. More examples presented
in Table 2 revealed the need to establish the pharmacokinetic
behavior of exosome formulation along with an investiga-
tion of the effect of different routes. Fast tear turnover on
ophthalmic application, salivation on buccal application,
and body sweating limit exosomes’ topical or mucosal
administration due to shorter half-lives and swift ejection.
To overcome these barriers and achieve the supremacy of
these routes, designing, and fabrication of exosome incor-
porated hydrogel matrix has been under investigation (Riau
et al. 2019).

Challenges in production of exosomes

The availability of exosomes in global clinical platforms is
only possible when there will be optimized, standardized
protocols without deviating from the regulatory guidelines
for large-scale manufacturing of exosomes. It is obvious that
all the modern technology transfer-related issues will exist

for the development of scale-up, including all the steps of
process optimization, validation, performance qualification
activities, and implementation of a fileable quality control
testing program. The first challenge in the product develop-
ment cycle is the limitation of scalable cell culture methods
concerning controlling environmental parameters and reac-
tor design or construction (Colao et al. 2018).

Challenges in upstream production

Large-scale upstream production demands large numbers of
manufacturing devices like dozens of large volume flasks
and multiple stacked array multilayer culture flasks, which
increase cost expenses prior to the production phase. Moreo-
ver, these conventional platforms suffer from the limitation
of high-density culture effects during scale-up where the
cell division is limited by reduced availability or elimination
of added growth factors or surface-active agents in the cul-
ture medium. The use of porous 3D scaffofiber, fiber-based
packed bioreactor, and fixed bed bioreactor can ameliorate
this issue, but a large volume bioreactor is required. Con-
tinuous cell culture for which hollow fiber perfusion biore-
actors can also be employed to allow incessant addition of
nutrients and removal of waste products but retain exosomes
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and oversized products (Colao et al. 2018; Whitford and
Guterstam 2019).

Concerning stem cell culture progression (cellular differ-
entiation, apoptosis ability), exosome production efficiency
is dependent on the maximum surface area for maximum
efficiency. The large surface area will allow the parent cells
to be in maximal contact with the culture media for effi-
cient nutritional transfer. With regard to the adaptation of
perfusion-based production, technology can increase the
gross production of exosomes by minimizing manual inter-
ference as an alternative one to the current T-flask culture.
Higher surface area can be provided by using hollow fiber
bioreactors or stirred bioreactors which allow sufficient
cell-to-microcarrier binding for next-level transformation.
However greater control over the endo-environment of the
bioreactor during the whole process is very stringent to pre-
vent the phenotype changes in cells due to generated shears
or stresses by impeller mixer or oxygen sparging. A prob-
able way to prevent this risk is the use of membrane-based
flasks/bioreactors. Although the newly designed bioreactors
permit continuous biomanufacturing over a longer period
in a closed controlled environment, there is a need to verify
culture conditions at time intervals whether are reproduc-
ible or not to ensure consistency in the exosome population
(Colao et al. 2018; Whitford and Guterstam 2019).

Challenges in downstream processing for efficient
purification

There are no available techniques that can completely dis-
criminate exosomes beyond size or density which encour-
ages co-isolation of other vesicles or impurities sharing
overlapping attributes, which may lead to more trouble when
there is a higher cell death rate in large-scale production.
Need to develop purification methods based on biochemical
and biophysical characteristics of exosomes in parallel to
the current physical methods like the use of immunoaffin-
ity method using antibody-conjugated magnetic beads (but
the problem may arise to remove beads from large-scale
purification systems and demands for special equipment).
Another way is to shift toward advanced purification plat-
forms like tangential flow filtration, hollow fiber ultrafiltra-
tion coupled to microfiltration, etc. However, there should
not be any associated yield loss or disturbance of exosome
vesicle integrity. A robust virus filtration mode as a final
step should be designed before undergoing the drug loading
process (Colao et al. 2018; Whitford and Guterstam 2019).

For large-scale production, one of the possible solutions
is continuous cell culture for which hollow fiber perfusion
bioreactors can be employed which allows continuous addi-
tion of nutrients and removal of waste products but retain
the exosomes, oversized secreted products (Whitford and
Guterstam 2019).
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Challenges in the preservation and stability
of exosomes

Presently, the exosomes are preserved and protected by
three methods, namely freezing or cryopreservation, freeze-
drying, and spray-drying. In cryopreservation, exosomes
are stored below the temperature (usually 4 °C, —80 °C,
and — 196 °C) at which there will be no possible chemical
reaction/degradation or loss of functionality. The integrity
of exosomes isolated from biological fluids (e.g., plasma)
can be retained maximally for up to 5 days in a glass con-
tainer, whereas; a safe storage period is longer (20 months)
for exosomes from human saliva without enzymes, and
28 days in the presence of salivary enzymes at the same
temperature of 4 °C (Kumeda et al. 2017). This indicates the
complexity of the storage issues. Therefore, to expand the
clinical use of exosomes, there is a need for more in-depth
knowledge on stability for long-term preservation and more
research on preservation techniques which must be relatively
cost-efficient. Lyophilization preservation technology stores
exosomes in liquid nitrogen in the presence of trehalose (cry-
oprotective agent) has been shown to prohibit aggregation
and increase colloidal stability (Zhang et al. 2020). Other
protectants, such as DMSO (1%) and glycerin (5%), cannot
protect the exosomes fully from degradation and even some-
times lead to lysis. Structural and physicochemical proper-
ties of the exosomes could be affected by pressure, nature
of the solvent used in the different preservation processes,
repetition of the freeze—thaw cycle, and storage duration
(Charoenviriyakul et al. 2018; Akuma et al. 2019).

Current scenario and future prospect
of exosomes

At present, the industry is witnessing a surging number
of scientific publications investigating exosomes and their
potential applications along with rising numbers of clinical
trials (investigating exosomes as a therapeutic and diagnostic
tool). If the studies result in positive outcomes exosomes
will serve as a blueprint for new drug delivery vehicles.
A list of clinical trials completed and currently registered
ongoing trials involving exosomes as therapeutic agents or
drug delivery tools is summarized in Table 3.

Recently, the Aruna Biocompany has decided to com-
mercialize pharmaceutical exosomes for CNS-specific drug
delivery and is also seeking a solution for efficient large-
scale production of exosomes to meet the future market
demand. A new neural-derived exosome, namely AB126,
has been introduced by ArunaBio which has been found to
unlock the BBB. It is having the dual advantage of innate
therapeutic properties (like neuroprotection, antineuroin-
flammation, and neuro-regeneration) and innate functional
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Table 3 Clinical Trials to evaluate exosome as a therapeutic agent/ drug delivery tool

Disease/condition Intervention/treatment Study phase Study design ClinicalTrials.
gov Identifier
Metastatic pancreas cancer with ~ Exosomes from mesenchymal Phase 1 Single group Assignment, open-  NCT0360863 1
KrasG12D mutation stromal cells, loaded with label study
KRAS G12D siRNA (iEX-
OSOMES)
Familial hyper cholesterolemia Low-density Lipoprotein Recep-  Phase 1 Single group Assignment, open-  NCT05043181
tor mRNA Exosomes label study
Colon cancer Curcumin conjugated with plant-  Phase 1 Randomized trial, parallel assign- NCT01294072
derived exosomes ment, open-label study
Ischemic stroke Allogenic MSC-derived exosomes Phase 1/2 Randomized, open-label, single- NCT(03384433
with miR-124 blind, placebo-controlled study
Healthy people Tolerance study on aerosol inhala- Completed Single-arm, non-randomized, NCT0431364
tion exosomes open-label study, intervention
model used-parallel assignment
COVID-19-associated acute EVs infusion (bone marrow cell-  Phase 2 Completed Multicenter, double-blinded, NCT04493242
respiratory distress syndrome derived) placebo-controlled, randomized
(ARDS) controlled trial
Severe COVID-19 ExoFlo™ Completed Prospective, non-randomized, NCT04657458
open-label cohort study
Unresectable non-small cell lung ~ Tumor antigen-loaded exosome Phase 2 Completed Single group assignment, open- NCT01159288
cancer responding or stabilized (dendritic cell-derived) vaccine label trial
to induction chemotherapy
Moderate to Severe Acute Placenta-derived exosomes Recruiting - NCT05387278

Respiratory Distress Syndrome
(ARDS) associated with novel
corona virus

properties (neural cell targeting). This can deliver mono-
clonal antibodies, proteins, siRNAs, and allele-specific
oligonucleotides by breaching the BBB. Exosome-based
delivery platforms of this company, for example AB127
(siRNA), AB128 (protein), and AB129 (mRNA), are in the
development pipeline (Tenchov et al. 2022). An antigen-
presenting cell-targeting agent exoSTING has been devel-
oped by Codiak, where interferon gene stimulators were
loaded inside the exosome lumen. It has also been shown to
preserve memory responses against tumor cells. Tumor mac-
rophage-targeting exosome product—exoASO™-STAT6—
has been also engineered by Codiak (Lee and Kim 2021).
Exosomal topical suspension for diabetic ulcers chronic
wounds, and exosomal eye serum for age-related macular
degeneration, and glaucoma are in progress for clinical avail-
ability by Vittilabs. Many research articles have reported
the beneficial role of exosomes as ocular pharmacothera-
peutics for age-related macular degeneration, autoimmune
uveoretinitis, corneal injury, Sjogren’s syndrome, diabetic
retinopathy, retinal ischemia, etc. (Li et al. 2019; Zhang et al.
2021). The scientific teams of evox therapeutics are engaged
in developing protein engineering technology especially to
load proteins in the exosome and nucleic acids as well which
will allow the display of loaded cargo to the specific organ.
Evox has also established a portfolio for intellectual property

(IP) and also made safeguards to protect its IP by trade-
marks, copyrights, and trade secrets for its different exosome
DDS assets (intended to deliver mRNA, siRNA, antibodies,
receptors, antisense oligonucleotides, enzyme replacement
therapies, CRISPR technologies by tailored targeting tech-
nology) and for proprietary cellular engineering technology,
upstream process optimization, downstream processing. Few
other leading companies like TEVAC Pharmaceuticals,
OmniSpirant, ILIAS, XOSTEM, etc. are also engaged in
solving the engineering and manufacturing challenges ena-
bling the production of transformative exosome medicine
with reproducibility. Most highly representative diseases for
which companies are expanding their therapeutic research
on exosomes are bone diseases, fibrotic diseases, alopecia,
cardiac diseases, skin problems, gastrointestinal disorders,
kidney diseases, rare genetic disorders, autism spectrum dis-
order, neurodegenerative diseases, cancer, diabetes, wounds
as well as in transplant rejection (Tenchov et al. 2022).

In a recent non-randomized open-label cohort research,
EXOFlo, an exosomal-based product generated from bone
marrow, was evaluated for the treatment of severe COVID-
19. No adverse reactions were noticed within 72 h of
treatment in the twenty-four patients who received these
exosomes. Exosome therapy was seen to significantly
improve these patients' conditions by restoring oxygen
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storage capacity, reducing cytokine storm, and boosting
immunity. This work, however, is the first of its type to
assess the COVID-19 therapeutic potential of exosomes
produced from MSCs (Sengupta et al. 2020). In a recently
completed study, authors evaluated the effects of systemi-
cally delivered MSC exosomes in a mouse model of acute
lung damage caused by E. coli endotoxin. These exosomes
were observed to decrease pulmonary edema and lung pro-
tein permeability while reducing extravascular lung water
by 43%. Later, the team showed that these exosomes might
improve alveolar fluid clearance (AFC) (Zhu et al. 2014).
These exosomes found as a novel approach to lung disease
treatment and prevention because of the regenerative immu-
nomodulatory cargo they carry and the antiviral medications
they combine with. In this direction, Fortrexo CoV is an
antiviral therapy that has been designed by ExoPharm [Prod-
ucts (exopharm.com)] where naive cell-derived EVs have
been engineered by attaching CoV Spike on EV Surface that
targets ACE2 + cells. Using the LOAD technology, RNAi
has been loaded into the Fortrexo CoV that disrupts the rep-
lication of SARS-CoV-2 within a cell, enabling a reduction
of duration and severity of COVID infection. In comparison
with liposomes, recombinant SARS-CoV-2 receptor-bind-
ing domain (RBD) coupled to lung-derived exosomes can
improve the RBD's retention in the mucus-lined respiratory
airway and in the lung parenchyma (Wang et al. 2022). This
design can also be mimicked to target other RNA viruses
responsible for rabies, dengue, hepatitis C, Ebola, etc. This
novel approach shows the ability to obtain vaccine tem-
plates to transfer antigens, drugs, and/or stimulating factors
from immune cell-derived exosomes and even from patient-
derived exosomes by integrating them into a customer-grade
3D printer (Zhao et al. 2019).

The potential application of exosomes as drug delivery
agents is not restricted to targeting specific diseases or a
specific delivery site in the body. Exosome technology is
now engaged to improve the solubility issues of hydrophobic
drugs and modify the dissolution rate. Aspirin, a well-known
over-the-counter drug has been transformed to a promising
anticancer moiety by converting it into a hydrophilic—hydro-
phobic nanostructure using an amphiphilic polymer matrix.
The nanotransformed amorphous aspirin—polymer pre-
exosomes when incubated with exosomes, it can embed in
both hydrophilic and lipophilic sections of the exosome vesi-
cles which eventually increases the encapsulation efficiency
of the drug. Exosomes have been shown to exhibit higher
toxicity to their respective parent cancer cells (breast can-
cer and colorectal cancer) than the pre-exosomes of aspirin
along with the increased magnitude of solubility by approxi-
mately 40-fold. However, nanoamorphous exosomes is very
less toxic to normal intestinal cells (Tran et al. 2019a). Thus,
carefully balancing the drug’s hydrophilic and hydrophobic
properties, selecting the right pre-exosome components, and
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creating a specified nanostructure for that drug will appear
to build the groundwork for a good outcome.

The comprehensive review on exosomes directs that
future research must focus more on the research gaps spe-
cially in vivo studies to shed light on the differential exosome
responses of communication between normal and malignant
cells, to decipher exosomal transport, and physiological con-
trols exercised by target cells. Furthermore, more systematic
in vivo studies should be carried out to understand the toxi-
cology elaboratively and to direct the therapeutic potency,
which could help to transform these novel nanoplatforms to
a footstep closer to clinical application. Although exosome-
based clinical trials are in an infant stage, unable to meet
the advanced understanding of clinical transition issues.
Even at the stage of preclinical evaluation, it is critical to
select and develop a proper animal model that will also meet
economic sustainability. But in this instance, organ-on-a-
chip can be a powerful, robust tool to look further into the
mechanism of action of the exosome, its ability for drug
delivery, and assess its potency (Wu et al. 2022). Exosomes
are not bounded to animals but plants and plant parts, fruit
juices have been found to be a potential origin (Yang et al.
2020b; Bruno et al. 2021). Exosomes from grapes can be
used to treat oral mucositis brought on by chemotherapy or
radiation. In a preclinical investigation, it has shown that
grape-derived exosomes could regenerate intestinal tissue
and take part in tissue remolding after pathological damage
(Ju et al. 2013). Another clinical trial study was enrolled
to investigate the effects of exosomes from ginger or aloe
for the treatment of polycystic ovarian syndrome patients in
the hope that it would reduce insulin resistance and chronic
inflammation (trial number NCT03493984). Additionally,
Donar Millar et al. employed plant-derived exosomes as a
hydrophobic drug delivery carrier to encapsulate curcumin
for the treatment of intestinal disorders due to the hydro-
phobic nature of molecules (NCT01294072) (Chen YS et al.
2019). More efforts should be given for cell free sources or
to produce from animal free sources to make the exosome
isolation process more easier.

It has been observed that most of the exosomes that even-
tually get the ticket for human clinical studies are derived
from mesenchymal stem cells or other types of stem cells.
So, there are an increased number of biobanks for the storage
of stem cells worldwide to satisfy the exponentially grow-
ing demands of more and more advanced research. With
the need, the science of biobanking is not only concerned
about the exosomal origin but also focused on the exosome
lifecycle, including collection, storage, and distribution.
Indeed, the information about the exosomal life cycle will
fill the gap of lack of information on some processes, trans-
port variables, isolation yields, preclinical parameters, etc.
that are unavailable in the literature. Thus, biobank operation
plays a central role in between bench research and clinical
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application transition by helping to overcome the current
exosome research hurdles (Mora et al. 2015). However, there
is a need for more regulated standardized protocols with
precise data archiving for biobanking to assure the quality
of exosomes. Just as importantly the adverse reaction should
be monitored after the exosomes are getting entry into the
market (Nisa et al. 2020).

Conclusion

Exosomes provide an enormous promise in the area for
delivery of a diverse range of synthetic, natural as well
as biological molecules. Exosomes are in vogue due to
some benefits over conventional nanovehicles like avoid-
ance of homing in the liver or metabolic degradation and
no undesired accumulation before reaching target sites. The
exosomes with a well-established long-term safety profile
and with a proved inherent ability to carry intercellular
therapeutic molecules and nucleic acids across membranes
barriers like BBB direct its practical relevance. But before
these drug delivery systems are revealed as clinical real-
ity, thorough characterization and in-depth clarification of
immunological reactions are needed.

The point to be highlighted is the regulatory aspects that
have not been tackled thoroughly to date for exosome thera-
peutics. The linking the gap between nature, synthetic biol-
ogy, and biophysics we can uphold the viability of exosomes
into safe, personalized drug delivery systems which will also
vindicate the therapeutic reconfiguration and clinical evo-
lution. Although considerable technological hurdles need
to be addressed to generate clinical-grade exosomes, the
activities of the leading firms creating exosome medicines
will pave the road for mastering the technical and scientific
problems. Finally, we may propose exosome as an appealing
next-generation therapeutic platform for treating a variety of
human disorders with unmet medical needs. However, the
scale-up manufacturing lifecycle is still complicated. Scien-
tists are looking for suitable modifications of conventional
platforms for isolation of consistent exosome population,
efficient purification, quantification and quality checking,
and simultaneous evaluation of exosomes’ long-term stabil-
ity. The journey of exosomes drug delivery systems from
laboratory to market, which is already started with baby
steps, needs more control with respect to regulatory aspects
and clinical trials.
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