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Cancer refers to the division of abnormal cells at an uncontrollable rate that possesses the ability to infiltrate and
destroy normal tissues. It frequently spreads to normal tissues throughout the body, a condition known as
metastasis, which is a significant concern. It is the second leading cause of mortality globally and treatment
therapy can assist in improving survival rates. Exosomes are the extracellular vesicles secreted by several cells
that act as messengers between cells. When engineered, exosomes act as promising drug delivery vehicles that
help achieve targeted action at the tumour site and reduce the limitations of conventional treatments such as
castration, chemotherapy, radiation, etc. The present review provides an overview of exosomes, the biogenesis,
sources, isolation methods and characterization. The current status and applications of chemotherapeutic agents

loaded, engineered exosomes in cancer treatment were convoluted.

Introduction

Extracellular vesicles (EVs) are nano-sized membrane vesicles pro-
duced by many cell types [1]. Many unicellular and multicellular species
have been shown to release EVs, indicating a conserved evolutionary
process. Exosomes, micro vesicles, and apoptotic bodies are all examples
of EVs released by mammalian cells that form the basis of this classifi-
cation. Exosomes were first observed to release from the sheep re-
ticulocytes by Pan et al, in 1983 [2,3].With diameters ranging from 40
to 100 nm, exosomes are considered the smallest vesicle kind. They are
produced by multivesicular endosomes (MVE) budding intraluminally
and released when MVEs fuse with the plasma membrane.

Because Exosomes retain the original biological features of nano
assemblies comprising biomacromolecules, cell-derived nanoparticles
have attracted much attention. Exosomes, also known as small EVs, are
nanoparticles that form naturally in cells and are discharged into other
cells. Mesenchymal stem cells or malignant cells produce exosomes and
lipid bilayers with a single-lamellar structure. Exosomes as nanocarriers
offer several advantages. These advantages include their tiny size for
penetration into deep tissues, slightly negative zeta potential for
extended circulation, flexible cytoskeleton, and resemblance to cell
membranes. Furthermore, some exosomes have a higher ability to
bypass destruction or clearance by the immune system. Overall, because
of their naturally biocompatible features, exosomes are appropriate
natural nanocarriers for clinical usage [4].
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Composition of exosomes and their cargo

Exosomes are made up of biomolecular components that come
together to form donor cells and then spread to other cells (Fig. 1). They
are composed of lipids, proteins, and nucleic acids. Unlike the mem-
branes of other EVs, the exosome membrane is mainly made up of lipid
layers containing cholesterol, sphingolipid, ceramide and diacylglycerol
[5]. A total of 63,100 proteins, 2838 miRNA bases, 1184 different lipids
and 332,666 gene sequences were identified and available in Exocart
[6]. Exosome surface proteins are influenced by their endosomal
pathway and some of them, such as tumour-sensitive gene 101
(TSG101), heat shock proteins (HSC70), fusion proteins (flotillin and
annexin) and tetraspanins (CD9, CD63, and CD81), can be employed as
exosomal markers [7,8,9]. The composition of exosomes is summarized
in Table 1.

Exosomes also contain nucleic acids such as double-stranded DNA
(dsDNA), messenger RNAs (mRNAs) and micro-RNA (miRNAs). They
may have varied biological activities depending on their cellular origin,
owing to the wide range of chemicals they can transport. Trans-
membrane proteins such as tetraspanins (CD81, CD63, CD9), Alix and
Tsgl01 are all conserved proteins present in the exosomes, indicating
that their biological activities are comparable [13-15] and can serve as
potential markers for the identification of exosomes. Simultaneously,
they have cell type-specific proteins representing their cellular origins
and biological functions [16]. Donor cells exhibit physiological or
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pathological features in these nano assemblies. As a result, cancer
cell-derived EVs are utilized to diagnose and treat cancer cells and they
can also be used as anti-cancer medication delivery vehicles [17].

Composition Types Examples References
Proteins Cytosolic proteins, fusion proteins, enzymes, [3]
Source of exosomes cell surface proteins, chaperones, and MVBs
membrane associated  formation-related proteins
Exosomes are the extracellular vesicles that play a role in informa- proteins, enzymes, (e.g. CD9, CD63, CD8I,
tion t for f 1t ther. Th bst d db cytoskeletal proteins CD147, Alix, TSG101, heat
ion transfer from .one f:e .0 ano. er: [ ese subs aI.ICCS are produced by shock proteins (Hsp60),
many cell types differing in their origin [18] and incudes [19] mesen- LAMP-1, Calnexin, PKM2,
chymal stem cells [20,21], dendritic cells [22], macrophages [23], blood ANXA2, HSP90A1, SDCBP,
[24], milk [24], bone marrow stem cells [25], saliva [26], cancer cells YWHAE, LDHA, MSN,
[27], plants [28,29], microbes [30,30]. A number of workers isolated ilég;?;lpﬁ];\:ém:&iﬁ&
exosomes from these different cell types and evaluated their role in HSPA1A and YWHA
cancer immunotherapy [11,31-33]. Mendt and Sushrut reported a Lipids Cholesterol, sphingomyelin, [10]
large-scale production of exosomes following GMP procedures from Sphingolipids cholesterol,
Ceramide, Glycerols gangliosideGM3,

bone marrow stem cells targeted on oncogenic Kras [34]. Cancer cells
generate and release more exosomes than normal cells and the com-
pounds found in tumour cell-derived exosomes differ significantly from
those found in normal cells.

Table 1

Composition of exosomes.
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desaturated lipids,
phosphatidylserine, and
ceramide, Diacyl glycerol,
sterols

Nucleic acids ~ DNA, RNA mtDNA, mRNAs, miRNAs, [11]
. IncRNA
Milk exosomes
. . Metabolic carboxylic acids, Pyruvic acid, lactic acid, [12]
Milk is commonly used as a source for exosomes and obtained from products amino acids, sugars, fumaric acid, glutamic
various species, including humans, bovine, porcine, rats, horses, wal- carnitines, biogenic acid, a-keto glutaric acid
labies, sheep, panda, and goat [35]. Milk exosomes from bovine sources amines,vitamins,
are more commonly used than other sources and act as promising agents cyclic alcohols
for exosomes isolation of exosomes [15,26,35-39] with successful
loading with both drugs and nucleic acids for target action. The presence
of prions in bovine milk and proteinaceous compounds is a concern for
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Fig. 1. Components and cargo activity of Exosomes; exosomes harbour surface proteins such as tetraspanins, MHC receptor, G-protein coupled receptor, Transferrin
receptor and lipids. Also, internal components of the exosomes include DNA, RNA, mRNA, skeletal proteins, soluble proteins and chemical drugs.
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the isolation of exosomes when using milk as a source.

Cancer stem cells

Cancer stem cells(CSCs) are known for their role in cell proliferation
at tumour times and metastasis to other organ systems [40]. Exosomes
are considered to be those messengers that mediate the conversion of
non-tumour cells to tumour cells by carrying proteins and nucleic acids
responsible for the regression of the tumour. HEK293 is an example of a
cancer cell line used commercially to produce exosomes due to high
productivity and neutral phenotype [41].

Mesenchymal stem cells

These are multipotent cells isolated from different human body sites
such as bone marrow [32], adipose tissue, umblical cord, etc., that
differentiate into their corresponding tissues. When MSCs are used as a
potential source for exosome isolation, they produce relatively a large
no of exosomal vesicles [42], with less immunogenicity, low phenotypic
changes [43] and less rejection from the host [44]. For instance, the EVs
secreted by SR4987 cells primed with paclitaxel (SR4987PTX) were
found to transport active medicines and suppress the proliferation of
human pancreatic adenocarcinoma cells in a dose-dependant manner
[21]. Their use is limited due to the safety concerns arising from factors
such as scalability. Also, media used for the growth of the cells, such as
foetal bovine serum, is responsible for immunogenicity when retained in
the final preparation.

Dendritic cells

Dendritic cells, the antigen-presenting cells in the body, are
responsible for initiating antigen-specific immunity and tolerance [45].
The use of dendritic cells for exosome isolation offers advantages such as
immune stimulation of Dendritic cells and stability during storage at
freezing temperature for atleast six months. Dendritic cells-derived
exosomes are being developed for clinical use in cancer vaccines
development in phases I & II [46,47], maintenance immunotherapy
after first line chemotherapy [48], tumour growth regression [49].

Plant cells

Clinical study of exosomes isolated from plant sources [29] such as
aloe, barley, carrot, grapes [50,51] and ginger [52] etc., are used in
different treatment protocols [53]. Several workers studied the role of
exosomes secreted in plant cells and identified to protect the cells
against pathogenic attack [54-56]. Isolation of such vesicles from plant
cells [57] offers advantages in the immune free, which is a constraint in
other sources of exosomes, increased cellular uptake, greater stability in
the GI tract and targeted action [28]. Also, they can be isolated easily
from parts such as pollen, seeds, leaves [58], juices or roots. Studies by
Zhuang et al., using exosomes from grape seeds showed their activity in
inhibiting brain tumour progression [59].

Microbial cells

Microorganisms such as bacteria, fungi and parasites are known to
produce substances also known as outer membrane vesicles(OMV) [29]
are known to have an important role in clinical therapeutics such as
inflammation [60,61], enhanced T-cell regulatory effects [62], the
virulence of the cells [30],antibiotic resistance [63], autoimmune dis-
orders [62]. These OMVs exert these actions by encapsulating sub-
stances inside their vesicular structures such as enzymes [64], nucleic
acids (DNA, RNA) and lipopolysaccharides [30].

Biogenesis of exosomes

The biogenesis of exosomes generally begins with an invagination of
the plasma membrane [65,66]. This process is believed to depend on the
presence of an intracellular concentration of Calcium ions as reported by
Savina et al, [67]. Using a High-throughput screening method, Datta
et al, studied the influence of 4580 pharmacologically active substances
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on exosomes biosynthesis and found 12 such compounds that promote
and inhibit the secretion of exosomes [68]. After the late endosomal
stages, early endosomes develop into multivesicular bodies (MVBs). A
second invagination of the exosome called "membrane inward budding"
yields intraluminal vesicles (ILVs) inside the late endosomes in the
middle of MVB maturation (Fig 2). When ILVs bud inward from late
endosomes, cytoplasmic bioactive components such as proteins, lipids,
and nucleic acids are loaded into the ILVs as payloads. Early endosomes
are primarily produced by the endoplasmic reticulum or trans-Golgi in a
few cases, independent of membrane invagination [18,69]. MVBs are
fused with lysosomes for degradation or with the plasma membrane of
parent cells to release multicomponents, including ILVs, into extracel-
lular fluids [70]. The released materials are so called Exosomes. Exo-
somes can be produced spontaneously in two ways: the classical and
direct methods [71]. Exosomes are synthesized and digested inside the
cytoplasm as they transit between cells, carrying biological components
taken from the Golgi apparatus or plasma membrane [72]. The classical
method involves the selective removal of the plasma membrane from the
cells via inward budding or endocytosis is the initial step in exosome
formation. The lipid raft domains of the plasma membrane are princi-
pally responsible for the development of these endocytic vesicles. This
mechanism is so efficient that a reticulocyte’s plasma membrane can be
recycled in as little as one hour [73]. In the direct method, multiple
endocytic structures are then gathered to create early endosomes. After
that, either these early endosomes are recycled into the plasma mem-
brane or they are transformed into multivesicular bodies (MVB) with
intraluminal vesicles (ILVs). MVBs eventually migrate and fuse with the
plasma membrane, releasing exosomes into the extracellular environ-
ment. MVBs cargo could also be sent to lysosomes for destruction. Only
MVBs with a high cholesterol content can fuse with the plasma mem-
brane and produce exosomes, which is intriguing [74]. The endosomal
sorting complex essential for transport (ESCRT) machinery is involved in
the most well-studied exosome biogenesis route [40]. The ESCRT is a
piece of complex protein machinery made up of four different proteins
named ESCRT-O, -, -II and -III that work together to help MVB pro-
duction [75]. The ESCRT-0 identifies ubiquitinated proteins in the
endosomal membrane, to put it briefly. Then, through interactions with
Alix and Tsg101, ESCRT-I and -II are identified. They facilitate cargo
sorting and intraluminal membrane budding, resulting in the formation
of the ILV. Finally, ESCRT-III performs the membrane invagination and
vesicle separation stage [76]. Following the development of the ILV, the
ESCRT-III promotes cargo protein deubiquitination and with the help of
the vacuolar protein sorting-associated protein 4, separates from the
MVB (Vps4). The ESCRT machinery is regenerated after the vesicles
have been formed. ILV can also be produced by mechanisms that are not
dependant on ESCRT, such as the lipid raft-mediated and
ceramide-dependant pathways [77]. Exosomes are made up of a
double-layered lipid membrane that encases a small amount of cytosolic
substance but does not contain any cytoplasmic organelles. The content
of exosomes is directly related to the mother cell’s physiological state
[78].

Isolation and purification of exosomes

Exosomes, as they are secreted from a variety of cell types can be
isolated through a number of techniques. The yield and purity of the
exosomes is influenced by the type of isolation method adopted which
also influences its interpretation [79]. The most commonly used method
is Ultracentrifugation, the separation is based on the density gradient
and size of the particles [80]. Centrifugation at high speeds at various
time intervals helps in removal of the extraneous matter from the bio-
logical samples from exosomes. This method provides less damage to the
integrity of membrane structure of exosomes but with low purity. This
can be overcome with other techniques such as size based techniques
[81], capture based techniques [82], polymer based [26] and micro
fluidization [83] techniques for successful isolation and purification of
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exosomes. However, Ultracentrifugation techniques are still followed
due to the advantages of less damage to the exosomes. The methods of
isolation with advantages and disadvantages are summarized in the
Table 2.

Characterization of exosomes

Following isolation, Exosomes are in general, characterized by
different techniques [85] to understand their properties and functions. It
includes techniques such as flow cytometry, nanoparticle tracking
analysis, electrophoretic light scattering, protein quantification, elec-
tron microscopy and immuno blotting techniques such as Western
blotting to study the properties of the exosomes that identify identifies
the exosomes size range, structure and surface proteins [86]. The

Table 2
Different methods for isolation of exosomes.
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Fig. 2. Biogenesis of exosomes: Exosome
biogenesis First, endocytosis can be medi-
ated by either a clathrin-dependant or
clathrin-independent pathway, which is
often active at the lipid raft, which contains
a variety of tumour-specific receptors and
signalling proteins (e.g., growth factor re-
ceptors, oncoproteins), as well as common
membrane proteins like tetraspanins. Exo-
some biogenesis can be accomplished in
either an ESCRT-dependant or ESCRT-
independent manner via the endosomal
network. Exosomes (intraluminal vesicles)
reveal inward budding of the multivesicular
structures as a result (MVB).

International Society of Extracellular Vesicles(ISEV) recommends the
evaluation of extracellular vesicles by alteast two techniques [76,87].
These techniques suffer from constraints such as requirement of
complicated equipment, low sensitivity and high requirement of
chemicals makes the processes cost effective. Muller et al., discussed the
importance of emerging techniques in the characterization of exomes
together with improved techniques for their isolation and purification
[88]. Some of the most commonly employed techniques for exosome
characterization are explained below and shown in Fig. 3

Nanoparticle tracking analysis

It is a combination of light scattering and Brownian motion of par-
ticles to analyse the exosome size. It is based on the laser illuminated
microscopic [86] technique that tracks and counts each and every

Method
Ultracentrifugation

Size based separation i. Ultra-
filtration ii Size exclusion

chromatography (SEC)
Polymer based separation
Microfluidization

Filtration

Immunoaffinity

Principle

Separation at high speeds at
various time intervals

Separation based on the size of
the particle in the biological
samples

Precipitation with poly ethylene
glycol followed by centrifugation
Utilizes techniques such as
microfluidic immune affinity and
filtration techniques
Ultra-filtration using membranes

Selective antibody-mediated
binding of vesicles with specific
surface antigens.

Advantages
Simple Cost effective

Yield of exosomes is high,
high purity

Easy, scalabe technique

Fast processes Easy
separation Higher purity
of exosomes

Easy Inexpensive Used
for large volume
preparations

Purity of exosomes is
high

Disadvantages References
Yields low purity exosomes Time consuming [79,80]
Low reproducibility

Not suitable for large volumesLoss of exosomes [55]
due to binding to membranes in filtrationLong

run times in chromatography

Moderate purity of exosomes [26]
Expensive process Complicated equipment is [83]
required

Deformation of particles, clogging of pores [72]
Expensive [84]




A.R. Panigrahi et al.

NANO PARTICLE
TRACKING ANALYSER

X " 5
—— TRANSMISSION
- . ELECTRON
¢ « F MICROSCOPE
}-\/\/‘ .
e
T=%"%
- FLOW
EXOSOME CYTOMETRY
DYNAMIC LIGHT
SCATTERING
\ DETECTOR
.

WESTERN BLOTTING

Fig. 3. Characterization techniques of Exosomes.

particle. This can also be replaced by florescence to label the exosomes
with florescent molecules for easy identification. Electric field is finally
applied in the suspension of exosomes that helps in determination of
their zeta potential and polarity values through electrophoresis. Many
researchers have used this technique for quantification of exosomes and
studied their potential role in progression and inhibition of various
disease conditions.

Electron microscopy

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) are the Electron Microscopic techniques employed to
determine the surface as well as size of the exosome particles [14]. These
methods involve the application of laser beam on the thin film of the
suspension coated with secondary electron sources such as Gold and
their illumination results in morphological identification [37].

Flow cytometry

This method allows the phenotypic observation of exosomes [74,89,
79]. In a hydrodynamically focused fluid stream, a flow cytometer
drives cells and vesicles through a laser beam. The forward-scattered
light is measured by one detector, which is situated in line with the
laser beam (FSC). Other detectors measure fluorescence intensity and
side-scattered light (SSC) perpendicular to the beam. Vesicles scatter
light, which is important since scattering is commonly utilized as a
trigger signal to alert an instrument that a vesicle is present [90].

Dynamic light scattering(DLS)

This technique also known as coherence spectroscopy is a physical
technique used for the measurement of particle size and distribution of
nano suspensions [86,91,92]. Light scattering by the particles is the
principle involved in this technique to obtain the size of the particles.
This method suffers from the drawback to identify the particle size in a
heterogenic population where larger particles interfere with the size
determination of smaller particles resulting in error in actual
measurement.
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Western Blotting

Immunoblotting or Western Blotting technique involves the affinity
binding of a target antigen to its corresponding antibodies [93]. This
method can be considered as destructive, the vesicles are lysed, dena-
tured and reduced during sample preparation. This technique generally
used for the detection of exosomes through identification of exosomal
markers [94] such as CD9, CD63, TSG101etc., Because of its ease of use,
wide accessibility and ability to detect exosomal surface proteins and
interior proteins, Western blotting is one of the most widely used exo-
some investigation methods [93].

Role of exosomes in cancer

Extracellular vesicles(EVs) are released by both normal and cancer
cells that vary in size, cargo and their distribution. In cancer, the low pH
of the tumour environment and hypoxia promotes the enhanced exo-
somal delivery and their uptake into the tumour cells. Exosomes, in
particular, promote autocrine/paracrine signalling, transforming stro-
mal cells, causing angiogenesis and interacting with the immune system,
all of which contribute to cancer progression [95-97].This is mediated
by the transfer of nucleic acids that carry the tumourogenic gene to the
non-cancer cells resulting in tumour progression. Modification of exo-
somes on its surface or cargo helps in treatment against cancer through
targeted action.

Biomarkers

Exosomes as effective indicators for disease, particularly cancer, is a
new area of investigation. Exosomal biomarker levels that are abnormal
most likely suggest the existence of cancer or cancer in a later stage.
Exosomes in blood analysis, as a set of promising biomarkers, may one
day offer a minimally invasive path for cancer diagnosis, prognosis, and
therapy [81]. Exosomal miRNA-103, tripartite motif-containing 3 pro-
tein, glypican-1 protein and hepatocyte growth factor-regulated tyrosine
kinase substrate protein have all been suggested as potential markers for
liver, gastric, pancreatic, and colon malignancies [3]. Yang Jin and as-
sociates conducted a clinical trial to study and investigate the sensitivity
and specificity of serum exosome non coding RNA as biomarker to
identify the onset of early lung cancer [98]. A cohort clinical study to
predict the efficacy and toxicity of neoadjuvant chemoradiotherapy in
rectal cancer treatment was conducted by Ji Zhu et al., using exosomal
RNA as biomarkers [99]. Xiao et al.,, reported the application of miR-21
containing exosomes as potential source for identification of colorectal
cancer [3]. Another clinical study conducted by Roberto A. Pazo-Cid and
associates studied the prognostic and predictive value of tumour exo-
somes in gastric cancer patients [100]. An ongoing clinical study con-
ducted by National Taiwan University Hospital, includes the study of
exosomal proteins, the urine exosomal thyroglobulin, to diagnose thy-
roid follicular carcinoma before surgery [101]. Exosomal proteins,
hence, play a role in angiogenesis, metastasis, tumour growth and
illness, making them interesting biomarkers for cancer detection and
prognosis.

Drug and nucleic acid delivery

The cells from which exosomes are separated, the production of
exosome vesicles, cargo loading techniques, the selection of targeting
biomolecules (e.g., peptides) on the surface, biodistribution and im-
mune response are all important elements to consider in future trans-
lational applications involving exosomes [102]. Loading of
small-molecule medications can be efficient, while there is potential
for improvement in case of loading DNA/siRNA. Loading of nucleic
acids into exosomes is achieved by many workers and provided evidence
in targeted action in various diseases especially cancer [86,103-105].
Similar research using exosomes as delivery vehicle for anti-cancer
drugs are also under pipeline and many studies provided the evidence
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of this approach.
Drug loading of exosomes

Drugs can be loaded into exosomes through two methods namely
passive loading where diffusion is the principle mechanism of drug
entrapment in exosomes and active loading where forceful loading of
the drug occurs through reversible damage to cell membrane [11]. In-
cubation of drug with exosomes or exosomes secreting cells is a passive
loading method, is an easy operating method without causing any
damage to the integrity of exosomes. Increase in the diffusion efficiency
of the drug are increased by active loading methods that includes
physical treatment such as sonication, electroporation and surfactant
treatment [106]. Fuhrmann et al., studied the various methods for drug
loading into exosomes obtained from different cell lines and observed an
increase incellular uptake of drug to an extent of 60% by electroporation
technique in comparison with passive loading, saponin treatment,
extrusion and hypotonic dialysis methods [107]. Kim et al., in their study
loaded chemotherapeutic drugs like doxitaxel and paclitaxel using
different methods such as passive loading, electroporation and soni-
cation [108].

Incubation

It is the most commonly employed method of drug loading into
exosomes. The technique involves mixing of the pure drug/ solution and
exosome suspension at room temperature until a successful concentra-
tion of exosomes are loaded with the drug. The method may be again
classified as active and passive where drug loading occurs after and
before the isolation of exosomes. Yang et al., studied the cytotoxicity of
drugs such as doxorubicin, paclitaxel through passive loading into
exosomes [109]. This method is a non-invasive method and requires no
energy for drug transport and as a result the loading efficiency of drug is
low when compared to the other techniques of drug loading [110]. The
factors that influence the passive loading includes the solubility of the
drug, size of the drug and charge on the molecule [91,111]

Electroporation

It is technique that utilizes electric field to alter cell membranes for
enhanced permeability [112]. This method is used for transfer of DNA
using transfection method [113]. M. Lu and Y. Huang achieved loading
of exosomes with nucleic acids by alteration of permeability of lipid
membranes through electroporation technique [114]. This technique is
also used by some workers for drug loading into exosomes such as
paclitaxel, doxorubicin [110]. Liang et al., used the method of electro-
poration for loading of drug like paclitaxel and achieved a loading ef-
ficiency of 5.3% in comparison with other methods such as
electroporation and passive loading [115]. The main disadvantage of
this technique is damage to the structural integrity of the vesicles, for-
mation of aggregates of exosomes [116], resulting in precipitation of
adverse events.

Freeze thaw cycles

The freeze and thaw method take advantage of the creation of ice
crystals that rupture the EV membrane momentarily, allowing medicinal
chemicals to enter the EVs before the membrane is reconstituted [117].
When compared to sonication and extrusion-based approaches, this
method demonstrates lower cargo loading. During drug inclusion, one to
three freeze-thaw cycles were frequently done, which may hasten EV
breakdown and aggregation [118]. Goh et al, studied the release
characteristics of Doxorubicin in cell derived nano vesicles through
loading with various techniques [118].

Sonication

This technique involves the application of sound waves and convert
it to alter the cell membrane permeability of exosomes for efficient
loading [119,120].A study showed that anti-cancer drug paclitaxel
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showed higher loading efficiency through sonification when compared
to passive loading and electroporation technique [117]. The main
disadvantage is it results in considerable variability in the structure of
the exosome population along with significant change in size, mem-
brane integrity and cellular uptake [121].

Surfactants

Use of saponins for loading drugs into exosomes is another proven
method having better loading efficiencies. Saponins are known for their
binding with membrane lipids such as cholesterol and their subsequent
removal resulting in pore formation [120]. An example of this applica-
tion is higher loading efficiencies of catalase enzyme into exosomes
compared to incubation method [122]. A 11 fold increase in loading
efficiency was observed using saponin treatment compare to passive
loading [107]. In vivo haemolytic activity of saponins reported makes its
use limited in terms of the concentration of the surfactant use in drug
loading and purification after incubation with saponins [123].

Transfection

It is considered as an active loading method for loading of nucleic
acids, proteins and drugs using transfection agents [123]. The advantage
of using this technique is higher loading efficiencies of the drug but at
the same time the toxicity and safety concern of the transfection agents
makes the use limited [11]. Also, a chance of change in the genetic
expression of exosomes is of major concern in determining its impor-
tance as drug loading technique.

Surface modification of exosomes

Exosomes are being studied as immunomodulators and therapeutic
cargo carriers in large numbers. This expanding field of study is actively
refining engineering solutions to improve efficacy and/or delivery.
Exosomes that are naive have inferior targeting capabilities, are more
difficult to isolate, have limited drug loading capacities, bioavailability
difficulties, a short circulation half-life and a low concentration of
functional surface receptors [124].To deliver exosome content effec-
tively, the destination cell must be targeted specifically. This is mediated
by the exosome’s surface profile acting as a hallmark for the receiving
cell type’s uptake [69,125]. Exosomes can either induce signalling by
directly engaging with extracellular receptors or release their cargo
following fusing with the plasma membrane or internalization when
they reach the target cell. As a result, a variety of engineering solutions
have been devised, ranging from improving exosome uptake to opti-
mizing cargo [126]. Engineered exosomes are modified in such a way
that they can hold more components, such as drugs or miRNAs and have
improved specificity and delivery efficacies. Engineered exosomes also
have a number of advantages over native exosomes, including lower
production costs, increased biocompatibility and a lack of undesired side
effects such as cytotoxicity. Without the need for a doubt, intelligent
engineering strategies for increasing the distribution of drugs, genes,
heat shock proteins, and functional bioactive compounds to target tis-
sues can improve the clinical application of exosomes. With the help of
their surface ligands and receptors, they can also penetrate deeper into
tissues [127].

Surface engineering

Exosomes can be surface changed despite the fact that they are
natural vehicles. Surface engineering has the clear purpose of conferring
cell type targeting specificity. Genetic engineering and chemical alter-
ation are two methods of modification [128,129]. The gene sequence of
a guiding protein or polypeptide is fused with that of a chosen exosomal
membrane protein through genetic engineering. This method works well
for displaying peptides and proteins on the surface, but it is limited to
targeting genetically encodable patterns. Chemical modification enables
the display of a wide range of natural and synthesized ligands via
conjugation processes or lipid assembly.
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Conjugation reactions can covalently and stably change exosomal
surface proteins, however, the complexity of the exosome surface may
limit the reaction’s efficiency and the reaction typically lacks site
specificity control. The vehicle’s structure and function may also be
compromised by covalent alteration. Exosomes can also have lipids or
amphipathic molecules injected into their lipid bilayer, allowing their
hydrophilic sections to be visible on the outside. This approach, which is
based on lipid self-assembly, may also increase exosome toxicity. Poly-
mer biohybrids prepared by surface modification of exosomes with
cholesterol-modified DNA tethers using photo mediated atom transfer
radical polymerization(ATRP) showed enhanced stability at different
storage environments and proteolytic enzymes [130]. Tian et al, sug-
gested a strategy for rapid and large scale production of exosomes using
conjugation of c(RGDyK) peptide to of exosomal surface [125].

Genetic engineering. Exosome genetic engineering is a convenient way
for giving exosomes new features. To begin, ligands or homing peptides
are coupled to transmembrane proteins produced on exosome surfaces.
Donor cells that have been transfected with plasmids encoding the
fusion proteins then produce modified exosomes with targeting ligands
on their surfaces [11]. LAMP-2B is the most targeted protein for modi-
fication of surface of the exosomes through genetic engineering [129,
131,132]. Some co-workers engineered exosomes through modification
of cell specific binding peptides as in case of rabies virus glycoprotein
exosomes loaded with miRNA showing specificity to acetyl choline re-
ceptors [129]. In an another study integrin peptides of exosomes are
modified to enhance the biodistribution and pharmacokinetic profiles of
the exosomes [132-136]. tLyP-1 peptide is another such surface protein
that targets the neuropilin receptor in non-small cell lung cancer [133,
137,138]. Despite the effectiveness of engineering exosomes through
this technique, it suffers from disadvantages like change in property of
cells and exosomes and uneven loading of probe proteins [139].

Chemical modification. Chemical modification of exosomes offers tech-
niques that used chemical substances to bind to the exosomes through
various techniques such as click chemistry [137,140], formation of tri-
azole linkage resulting in azide formation, linkage with PEG and dis-
teroyl phosphoethanol amine analogs that makes the exosomes by pass
their elimination by the immune system with prolonged plasma time for
activity [141]. However, this technique causes instability of the exo-
somes and their aggregation during manipulation.

Membrane fusion

Yet another method of modification of exosomes for increased tar-
geted action is the fusion of membrane of exosomes with compounds
such as virus stimulating vesicles, hybridization with liposomes [142],
drugs. Aptamer derived exosomes are used to target the cancer cells by
delivering nucleic acid material such as RNA, miRNA and drugs sub-
stances to achieve targeted effect [143].

Pharmacokinetic characteristics and tumour distribution of naive
exosomes

Naive or naturally occurring exosomes produced by various cells in
the body such as stem cells and cancer cells. A thorough study of the
pharmacokinetics of exosomes, i.e., the in-vivo behaviour of exosomes, is
critical for the clarification of the biological activities of exosomes and
the practical implementation of exosome-based treatments. The critical
elements in the pharmacokinetics of exosomes are their dispersion to
organs and subsequent cellular absorption. Furthermore, it is thought
that exosome uptake happens as a result of cellular recognition of the
exosomes surface components. Exosomes formed naturally take on the
physiological features of the cells from which they originate. When
exosomes are treated in vivo, they demonstrate equal potency and a
superior safety profile than the conventional cell therapy, implying that
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they could be used as cell-free medicines. Several attempts have been
made to increase the usage of exosomes in various therapeutic domains
by either designing exosomes or exosome-producing cells for loading
API cargos and exosome targeting to specific tissues/cells!*4. The in vivo
behaviour of administered exosomes is represented by its bio-
distribution and PK profile and determining these two parameters is
critical for effective exosome-mediated new therapies development.

The first step in determining exosome pharmacokinetics is to assess
tissue distribution, also known as exosome biodistribution. The bio-
distribution of exogenously delivered exosomes has been studied using a
variety of labelling approaches [145]. Exosomes have been labelled with
tiny lipophilic fluorescent dyes for in vivo tracking. Although the free
dye released by exosomes might compromise the in vivo analysis reli-
ability, this procedure is a good way to assess the localization of exo-
somes supplied to tissues [146,147]. In addition, dyes in the near IR
region such as 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocya-
nine perchlorate (DiD) and 1,10-dioctadecyltetramethylindotricarbo-
cyanine iodide (DiR) are also used as markers to trace the
biodistribution of exosomes by several workers [28,51,148-150].

To summarize, as soon as their entry into the blood, the exosomes are
rapidly cleared by the reticuloendothelial system, reaches the liver,
resulting in its rapid clearance from the body [151]. Also, the localiza-
tion of exosomes i.e., targeting action is dependant on factors such as its
origin, membrane composition, types of cells exosomes are targeted and
pathophysiological conditions of the host [144]. Amin Mirzaaghasi
et al., studied the biodistribution and pharmacokinetics of exosomes in
comparison with liposomes in a mouse model of sepsis and observed the
localization of exosomes in the lungs and prolonged plasma concentra-
tion due to liver dysfunction [94]. Several studies on the biodistribution
of exosomes using dyes and markers showed the uptake of the exosomes
followed their origin [130] and at the same time exosomes can’t be used
in all cases of cancer as they found to contribute a niche formation by
delivering tumourogenic factors to healthy tissues [152-154] and cases
of thrombosis and haemostatic perturbations in cancer patients [155].

Application of drug loaded exosomes in cancer therapy

Cancer is the leading cause of death worldwide after ischaemic heart
disease [156]. A number of treatment methods are followed to achieve a
breakthrough in the treatment strategy [157]. Differential expression of
exosomal proteins results in a variety of events i.e., upregulation of
proteins subcutaneous transplantation tumour models, orthotopic
tumour models and advanced metastatic tumour models modulates the
tumour microenvironment whereas the downregulated proteins results
in tumour cell growth, survival and drug resistance in tumour cells. Drug
delivery through exosomes through modifications of surface proteins as
well as loading strategies is one such treatment strategy aimed at tar-
geted delivery of the drug and at the same time reduce the side effects
due to chemotherapy. Some of the applications of exosomes indelivering
drug to the tumour sites in various cancers are summarized below

Liver carcinoma

Tuying Yong et al, developed exosome-biomimetic nanoparticles
having the potential to be used as drug carriers to improve anticancer
efficacy [158]. Biocompatible exosomes sheathed in porous silicon
nanoparticles (PSiNPs) are developed for targeted cancer chemotherapy
using Doxorubicin (Dox). After incubation with DOX@PSiNPs,
DOX@E-PSiNPs are exocytosed from tumour cells. DOX@E-PSiNPs
exhibited enhanced tumour accumulation, tumour penetration and
cross-reactive cellular uptake by bulk cancer cells and cancer stem cells
(CSCs) following intravenous injection, resulting in increased in vivo
Dox enrichment in total tumour cells and side population cells.
DOX@E-PSiNPs also demonstrated significant anticancer and CSCs
killing activity in. Hongzhao Qi et al., synthesized and evaluated the
tumour inhibitory effects of Doxorubicin exosomes through anchoring
supra magnetic properties [159]. The exosomes isolated from blood
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were blended with supra magnetic ferric oxide (carboxyl functionalized
Fe304 nanoparticles), assessed for their anti tumour activity on H22 cell
lines through exposure to magnetic field. It was observed that the
magnetically modified exosomes with Dox showed excellent in vitro
cytotoxicity in the presence of magnetic field and can expand the area of
its applications.

Pulmonary cancer

The lungs are the most common sites of metastasis and tumour
relapse following chemotherapy and accounts for 30-55% [160]. Exo-
somes (exo) were loaded with Paclitaxel (PTX), an anti-cancer drug
commonly used against lung cancer and transported to pulmonary me-
tastases [160] by Kim et al. A variety of cancer forms, including lung
cancer, have been demonstrated to overexpress the sigma receptor, a
membrane-bound protein. Morse et al, ran a phase I clinical trial to
explore the safety, feasibility, and efficacy of delivering autologous
dendritic cell-loaded exosomes (Dex) loaded with antigenic
HLA-presented peptides of melanoma-associated antigen (MAGE) to
patients with advanced non-small-cell lung cancer (NSCLC) [16,161].
MAGE gene products are of particular relevance because of their wide-
spread expression in various tumors and their ability to activate
tumour-specific cytotoxic T-lymphocyte (CTL) responses against
MAGE-expressing tumour cells culminating in tumour cell lysis.
Antigen-specific CTLs produced by MAGE gene-derived peptides are
particularly effective in preventing and treating a variety of tumors, and
MAGE has thus been exploited as a tumour target [162]. Kim et al,
studied the drug loading efficiencies of the exosomes with drugs Doxo-
rubicin and Paclitaxel and their uptake against the multi-drug-resistant
(MDR) tumour cells. Confocal studies revealed a significant accumula-
tion of exosomes in cancer cells, as well as a limited uptake of liposomes
and nanoparticles [108]. Exosomes were taken up approximately 30
times better than synthetic nanoparticles, implying that PTX loaded into
exosomes can be effectively delivered to tumour cells in therapeutically
sufficient amounts [163]. These findings demonstrate the benefits of
exosome-based delivery systems over conventional synthetic nano-
carriers. In another study by Agarwal et al, exosomes isolated from
bovine milk were used for investigating the possibilities of loading
paclitaxel through oral administration [164]. Both pure drug (PAC) and
exosome paclitaxel(EXOPAC) showed excellent stabilities in simulated
gastro intestinal fluids and storage at —80 C. Furthermore, it was also
observed that the orally delivered EXOPAC showed a significant anti-
tumor effect against human lung xenografts of nude mice, with a sub-
stantial reduction in systemic and immunogenic toxicities compared to i.
v. delivered Paclitaxel.

Breast carcinoma

Breast cancer commonly found in women than men is a heterogenic
disease that results in death worldwide [33]. Tian et al., in their study,
observed the effects of modified exosomes with Doxorubicin (Dox) on
mice with tumors of breast cancer [132]. Immature dendritic cells(iDC)
were used for the expression of exosomes which, when later engineered
with av integrin-specific iRGD peptide (CRGDKGPDC) that helped in
targeting the tumour cells resulted in enhanced drug penetration [133]
and reduction in tumour aggression when compared to its pure drug
(Doxorubicin) alone or combination of drug-loaded pure exosomes.
Also, the study showed a decrease in the tissue toxicity of Doxorubicin
which is its major side effect in tumour treatment [165]. Another study
conducted by Yu et al, on triple negative breast cancer (TNBC)
employed exosomes loadedwith erastin proved to be a powerful plat-
form for TNBC chemotherapy [111]. Exosomes derived from TNBC cell
line and lung fibroblasts, labelled with folate marker are used to enhance
the solubility and reduce renal toxicity of the drug erastin. The results
showed a better inhibition on the proliferation and migration of the
tumour cells with increased uptake efficiency of erastin and ferroptosis
that is necessary in killing the tumour cells. Han et al., in their study
proved the anti-tumour activity of Taxol on the breast cancer cell lines
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through apoptosis of cells by loading into exosomes derived from natural
killer cells of the defence system [92]. A similar work with the drug
Doxorubicin was carried out by Gomari et al., to evaluate its efficiencies
in both pure and exosome loaded form [166]. Their study supported that
the exosome loaded Doxorubicin bioavailability can be increased with
significant reduction in side effects.

T-cell leukamia

Fabrication of exosomes with aptamers such as sgc8 and their study
for their targeted action on T-leukamia cell lines showed enhanced
cellular accumulation with reduced cytotoxicity [167]. Jianmei Zou and
their associates observed the changes in the drug accumulation and
cytotoxicity through fabrication with aptamer such as 5-Carboxyfluores-
cein (FAM) labeled diacyllipid-DNA probes for improving the avail-
ability of cancer drugs. In their study cellular uptake and accumulation
studies of anticancer drug Doxorubicin [168] are conducted using
various uptake inhibitors such as sodium azide, dynasore [169], chlor-
promazine [170] etc., and observed that the cellular accumulation of
mostanticancer drugs occurred through active transport and also
reduction in cytotoxicity of fabricated exosomes when compared to pure
drug exosome combination or pure drug alone. Another study by
Dongmei Sun et al., observed the increase in accumulation of curcumin
loaded exosomes by tenfold when compared to the pure drug alone
[171]. The cytotoxic effect of the combination was studied on
CD11b+Gr-1+ cells in the lungs of mice and found to cause an increase
in apoptosis of the cells with increase in uptake of curcumin exosomes.

Skin cancer

Pinto et al.,, used mesenchymal cell derived exosomes to overcome
the disadvantages in photodynamic therapy (PDT) in peritoneal carci-
nomatosis for targeted drug delivery using photosensitizer such as
loaded extracellular vesicles [17,172]. The study conducted on murine
models showed outstanding tumour selectivity, minimal off target
accumulation of photosensitizer, reduction in death due to PDT,
improvement in direct cytotoxic antitumor effectiveness with indirect
modulation of the tumour microenvironment promoting an inflamma-
tory immune response in peritoneal metastasis (PM) and T- lymphocyte
activation against the tumour. By increasing the exposure time of the
biological targets, the exosome delivery system was shown to actually
enhance the tumoricidal effect of Acridine Orange (AO) by Elisabetta
Iessi and co workers [173]. The results showed macrophage exosomes,
M@Ex0-AO was taken up much more quickly within tumour tissues and
was retained for much longer than free AO, achieving significant
tumoricidal efficacy in 3D conditions such as spheroids. This has the
potential for clinical application in cancer patients, as it uses the tumor’s
inherent acidity against it by delivering and releasing larger amounts of
chemotherapeutic drugs while sparing normal tissues. An even more
advantage that has already been exploited at the local level is photo-
dynamic therapy (PDT), i.e., the ability to purposefully stimulate this
agent by exposing it to light of the appropriate wavelength.

Pancreatic cancer

Being one of the most lethal cancers, pancreatic cancer has a 5 year
survival rate of about 6% with a median survival rate accounting to
about 6 months [174]. Mutations in KRAS have been linked to pancreas,
lung and colon cancer, amongst others and oncogenic KRAS mutations,
as well as activation of downstream effectors like MEK, Akt and Erk,
amongst others, are sufficient drivers of pancreas cancer. A sound
rationale for targeting Ras for cancer treatment emerged, but Ras has
remained largely unsolvable. There was some efficacy reported with
methodologies developed to target oncogenic Kras using siRNA mole-
cules, but these approaches may have been limited by a lack of speci-
ficity and inefficient delivery. Despite this, a recent clinical study found
that siG12D-LODERTM was well-tolerated and had potential efficacy in
patients with locally advanced pancreas cancer. Costa-Silva et al.,
emphasised the significant repercussions of EV contact with immune
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system components [175]. They discovered that when Kupffer cells in
the liver were exposed to pancreatic carcinoma-derived exosomes, these
cells secreted transforming growth factor-beta and hepatic stellate cells
produced fibronectin. This environment encouraged the entry of bone
marrow-derived macrophages, which released a macrophage movement
inhibitory factor that has been linked to pancreatic cancer cell liver
metastasis. Sushrut Kamerkar et al., show that engineered iExosomes can
control advanced PDAC in mice and that this method is clinically viable
[176]. Carlos et al., provided new evidence of ability of curcumin’s
anti-cancer functions form one pancreatic cancer cell to another cancer
cell through exosomal transportation [70]. The study also showed the
curcumin function is not limited to cancerous cells but also extends to
the tumour microenvironment. Also, the evaluation of efficacy of cur-
cumin exosomes on pancreatic cell lines PANC-1 and MIA PaCa-2 cell
and found significant reduction in viability of the tumour cells when
compared with the pure drug. L. Pascucci et al, demonstrated the
antitumour activity of engineered exosomes from mesenchymal stem
cells primed with Palcitaxel showed a strong resistance to Paclitaxel
toxicity and inhibit the proliferation of CFPAC-1tumour cells in a dose
dependant manner [177].

Ovarian cancer

Ovarian cancer, a major type of gynaecological cancers with a 5 year
survival rate of 44% is a case of concern of death in women worlwide
[178]. Triptolide(TP), a herbal drug is famous for its anti-inflammatory
and immunosuppressant action. It also possess anti-tumour activity but
limited due to poor solubility apart from reproductive, hepato and
nephrotoxicities [179,180]. Huan Liu et al, loaded this anticancer drug
into the tumour cell derived exosomes observed the cytotoxic and
autophagy effects of TP-Exosomes on SKOV3 cells were weaker than
those of free drug, but tumour cell proliferation and tumour growth
inhibition were stronger. Furthermore, TP-Exosomes are toxic to the
liver and spleen. To summarise, TP-Exos may be a promising treatment
for ovarian cancer, but they must be further optimised to reduce liver
and spleen damage.

Brain tumour

A main constraint in treatment of brain tumours is the low efficiency
of drug delivery to the glial cells [181] due to the presence of blood brain
barrier. Zhuang et al, in a study studied the effect of curcumin loaded
exosomes on the glial cells using a non-invasive route of administration
such as intra nasal to treat inflammation related to brain cells [182]. The
study conducted using three inflammation mediated models one of them
utilizing GL26 tumour cells where the drug loaded exosomes were found
to significantly delayed brain tumour growth with rapid uptake of the
drug into the glial cells and subsequent induced apoptosis of the cancer
cells. This strategy may be considered as a novel therapeutic approach in
treatment of neurological disorders. Yang et al, in a study observed the
transport of drugs such as Doxorubicin and Paclitaxel across the blood
brain barrier [109]. The study conducted using Zebra fish models(xe-
notransplant brain cancer models) showed a significant decrease in
cancer metastasis when drugs are blended into exosomes rather than
alone. The study also used a dye, a fluorescent compound Rhodamine to
label the drugs for observing the selective uptake of the drugs into the
brain which occurred when the drugs are loaded into exosomes. Jia
et al, engineered exosomes through conjugation with
neuropilin-1-targeted peptide (RGERPPR, RGE) by click chemistry after
loading with Doxorubicin and supra magnetic iron oxide nanoparticles
to target brain cells in glioma [137]. The observations showed an in-
crease in uptake efficiency of the engineered exosomes with higher
therapeutic functions due to synergistic effect, providing a new
approach for improving the diagnosis and treatment of brain tumour.

Prostate cancer
Prostate cancer, the common cancer amongst men having a high rate
of mortality [183]. H. Saari et al, studied the effectiveness of the drug
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paclitaxel through its loading in cancer cell derived exosomes [184]. The
study progressed with the separation of exosomes through centrifuga-
tion from the prostate cell lines such as LNCaP and PC-3 followed by
loading with paclitaxel drug that showed enhanced cytotoxicity of the
combination than with the pure drug alone. The study also showed no
significant leakage of the drug from the vesicular system that explained
its enhanced cytotoxic effect. Smyth et al, studied the biodistribution
and delivery efficacy of exosomes with that of liposomes using Doxo-
rubicin in tumour proliferation [154]. The observations showed increase
in cellular retention of exosomal Doxorubicin at the tumour site when
compared with liposomal Doxorubicin and suggests that exosomes are
better drug delivery vehicles than liposomes. Another study conducted
by Alcayaga-Miranda et al, demonstrated the ability of menstrual
derived mesenchymal cells derived exosomes tumorogenic activity by
blocking tumour induced angiogenesis by formation of free radicals
[185,185]. In a study conducted by Cocce and his associates, the
anti-tumour efficiency of mesenchymal stromal cells were evaluated
through priming with anti-cancer drug paclitaxel [186]. The secretome
of the mesenchymal stromal cells lack anti-tumour activity but a marked
increase in antitumour activity after priming with paclitaxel was
observed.

Osteo sarcoma

Bone cancer, a relatively rare than the other types of cancer has a 5
year survival rate of 75% [27]. Wei et al, in a study observed the effi-
ciency of doxorubicin in osteosarcoma MG63 cell lines [187]. The re-
sults showed an increase in the cytotoxic effect on the tumour cells with
reduction in toxicity of the myocardial cells that is attributed to the
interaction of membrane proteins of both tumour and exosomes. The
various drugs used for loading into exosomes, their loading techniques
are summarized in the Table 3.

Exosomes as anti-cancer vaccines

Exosomes also serve as a tool in the preparation of anti-cancer vac-
cines. They stimulate the T-cell mediated immune response against the
tumour cells [4]. Dendritic cells act as strong adjuvants in initiating the
T-cell mediated immune response [191,192]. Laurence Zitvogel et al.,
demonstrated the application of exosomes as cancer vaccines [193].
They demonstrated that the single intradermal injection of tumour
peptide loaded Dendritic cell derived exosomes induced a potent im-
mune response in nude mouse with a sharp rise in T-cell immunity
resulting in tumour growth delay or complete eradication. BS Sundar-
asetty et al, developed vaccine using a Lentivirus vector programmed
Denderitic cells that proved to have greater specificity on melanoma cells
[194]. Bernard Escudier and co-workers reported the feasibility and
safety of Dendritic cell derived exosomes based vaccination for lung
cancer [188]. MHC class I and II peptide loaded exosomes in stage III
and IV cancer patients showed better response and stabilization in
cancer patients. In another phase II clinical trials conducted by Gustave
Roussy and Curie developed an Immunotherapeutic method for cancer
vaccination using metronomic cyclophosphamide and vaccination with
Dex (dendritc cell derived exosomes) [195]. Phase I results of their study
shown the safety and feasibility of administration of Dex and stimulation
of T-cell response have to be reported with a progression free survival
rate of atleast 4 months. A study conducted by Damo et al., in vaccine
preparation using Dexo(Dendritic cell derived Exosomes) stimulated
with TLR- 3 ligand, loaded with antigen OVA followed by maturation
with poly (I:C) showed promising anti-cancer activity with high stimu-
lation of immune cells [196]. In another study, Zhen Lu proved the ef-
ficacy of exosomal vaccines. Exosomes produced from o-fetoprotein
Dendritic cells showed a antigen specific immune response and signifi-
cant tumour suppression in nude mice models and HCC (hepato cellular
carcinoma) mice models [197].
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Table 3
An overview of drugs used in cancer treatment.
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Drug

Doxorubicin

Doxorubicin
Paclitaxel

peptides of melanoma-
associated antigen (MAGE)

Doxorubicin Paclitaxel

Paclitaxel
Doxorubicin

Erastin

Taxol

Doxorubicin
Doxorubicin
Doxorubicin
Curcumin
Curcumin

meta(-tetrahydroxyphenyl)-
chlorin (mTHPC)

Acridine Orange

Curcumin

Paclitaxel

Triptolide

Curcumin

Doxorubicin and Paclitaxel

Doxorubicin combined with
supra magnetic particles

Paclitaxel

Paclitaxel

Poryphyrins

Doxorubicin

Source of
exosome
Tumour cells

Blood
Macrophages

Dendritic cells

Cell lines

Bovine milk

Immature
dendritic cells
Cancer cells and
fibroblasts

Natural Killer
cells

Mesenchymal
cells

Immature
Dendritic cells
Various sources

Plant based
exosomes
Monocytes

Mesenchymal
cells

Macrophages and
tumour cells
Tumour cells

Mesenchymal
stem cells
Tumour cells

Various cells
Tumour cells
Tumour cells

Cancer cells
Mesenchymal

stem cells
Various cell lines

Bone marrow
stem cells

Loading technique
Porous silicon

nanoparticles

Blending with supra
magnetic particles
Various loading
techniques

Various loading
techniques

Various loading
techniques

Passive loading
Incubation

PEGylation

Electroporation

Electroporation
Electroporation
Various methods

Various methods

Passive loading, freeze

thawing

Passive loading

Passive loading

Passive loading

Passive loading

Ultra Sonication
Passive loading

Passive loading

Electroporation

OPassive loading

Passive loading

Electroporation, passive

loading and saponin
treatment
Passive loading

Cancer

subcutaneous transplantation

tumour models, orthotopic tumour
models and advanced metastatic

tumour models of liver
Liver carcinoma

Lung cancer

Lung cancer

Lung cancer

Lung cancer
Breast cancer

Breast cancer

Breast cancer

Breast cancer
T-cell leukamia
T-cell leukamia
Colorectal cancer
T-cell leukamia

Skin cancer

Skin cancer
Pancreatic Cancer
Pancreatic Cancer
Ovarian cancer
Brain cancer
Brain tumour
Brain tumour
Prostate cancer

Prostate cancer

Skin cancer

Bone cancer

Application

enhanced tumour accumulation, tumour
penetration, and cross-reactive cellular
uptake by bulk cancer cells and cancer
stem cells

excellent in vitro cytotoxicity in the
presence of magnetic field

Over expression of sigma receptor

MAGE gene-derived peptides are
particularly effective in preventing and
treating a variety of tumors

exoPTX holds significant potential for the
delivery of various chemotherapeutics to
treat drug resistant cancers

significant antitumor effect against
human lung xenografts of nude mice
Enhanced drug penetration and reduction
in tumour aggression

better inhibition on the proliferation and
migration of the tumour cells with
increased uptake efficiency of erastin and
ferroptosis

Drug-loaded Exos can effectively inhibit
proliferation and induce apoptosis of
tumour cells, thereby exerting an anti-
tumour effect.

Increased bioavailability with significant
reduction in side effects

Enhanced cellular accumulation and
reduced toxicity

Enhanced cellular accumulation and
reduced toxicity

Ongoing clinical trials to study the
efficacy of curcumin in cancer treatment
Enhanced stability of the drug with 10
fold higher accumulation

enhancement of tumoral selectivity in
comparison to the free drug and to the
liposomal formulation

Increase in cell uptake of drug, decrease in
cytotoxicity

Significant reduction in viability of
tumour cells compared with the drug
Increase in resistance of cells towards
drug toxicity, inhibition of proliferation
Stronger inhibition of tumour
proliferation and growth

Significant delay in tumour growth
Significant reduction in cancer metastais
Increased drug accumulation inside the
brain and synergistic effect

Enhanced cytotoxicity when compared
with pure drug alone

A significant anti cancer activity is
observed compared to the pure drug alone
increase in cytotoxicity of the porphyrin
loaded exosomes with increase in
hydrophobicity of porphyrins

enhanced cellular uptake efficiency and
anti-tumour effect in osteosarcoma MG63
cell line
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Manufacturing strategies and limitations

II Condition medium concentration and

III Purification

Exosomes are recognized by the cells from which they originate as

well as their tailored qualities. Their microenvironment, culture and
dissociation systems, on the other hand, control their efficient and
reliable creation. Isolation and characterization are also the key crite-
rion required as downstream processes in their manufacture [69]. This

procedure is usually broken down into three steps

I Cell and debris removal

Depending on the source of isolation of exosomes, the exosomes
differ in the growth requirements and capabilities of exosome produc-
tion [198,199]. These include growth factors, oxygen requirements, cell
density, size and size distribution of exosomes [53] etc., When selecting

a medium for the growth of exosomes, the media is generally made free
of xeno productsi.e., free from animal derived products which in normal
conditions are responsible for contamination and instability of
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Table 4

Clinical trials of exosomes in various cancer studies.
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Sl no

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

- NCT number

NCT04939324

NCT03542253

NCT03821909

NCT01779583

NCT01344109

NCT02393703

NCT02702856

NCT02147418

NCT03738319

NCT01668849

NCT02890849

NCT04394572

NCT03109873

NCT01159288

NCT04960956

NCT04288141

NCT03974204

NCT04529915

NCT03032913

NCT01294072

NCT03874559

NCT04167722

NCT02869685

NCT04629079

NCT04227886

NCT03581435

NCT03102268

NCT03608631

NCT04053855

NCT04453046

NCT05218759

Title of project

Molecular Profiling of Exosomes in tumour-draining Vein of
Early-staged Lung Cancer (ExOnSite-Pro)
Combined Diagnosis of CT and Exosome in Early Lung Cancer

Acquisition of Portal Venous CTCs and Exosomes From Patients
With Pancreatic Cancer by EUS

Circulating Exosomes as Potential Prognostic And Predictive
Biomarkers In Advanced Gastric Cancer Patients ("EXO-PPP
Study")

A Pilot Study of tumour-derived Exosomes as Diagnostic and
Prognostic Markers in Breast Cancer Patients Receiving
Neoadjuvant Chemotherapy

Interrogation of Exosome-mediated Intercellular signalling in
Patients With Pancreatic Cancer

Clinical Validation of a Urinary Exosome Gene Signature in Men
Presenting for Suspicion of Prostate Cancer

Exosome Testing as a Screening Modality for Human
Papillomavirus-Positive Oropharyngeal Squamous Cell
Carcinoma

Non-coding RNA in the Exosome of the Epithelia Ovarian Cancer

Edible Plant Exosome Ability to Prevent Oral Mucositis
Associated With ChemoradiationTreatment of Head and Neck
Cancer

Clinical Research for the Consistency Analysis of PD-L1 in
Cancer Tissue and Plasma Exosome

Identification of New Diagnostic ProteinMarkers for Colorectal
Cancer

Metformin Hydrochloride in Affecting Cytokinesand Exosomes
in Patients With Head and Neck Cancer

Trial of a Vaccination WithTumor Antigenloaded Dendritic Cell-
derived Exosomes

Glycosylation of Exosomes in Prostate and Urothelial Carcinoma

A Study to Measure the Expression of the HER2-HER3 Dimer in
Tumour and Blood(Exosomes) Samples From Patients With
HER2 Positive Breast Cancer Receiving HER2Targeted Therapies
Analyses of Exosomes in the Cerebrospinal Fluid for Breast
Cancer Patients With Suspicionof Leptomeningeal Metastasis
Multicenter Clinical Research for Early Diagnosis of Lung Cancer
Using Blood Plasma Derived Exosome

Diagnostic Accuracy of Circulating tumour Cells (CTCs) and
Onco-exosome Quantification in the Diagnosis of Pancreatic
Cancer - PANCCTC

Study Investigating the Ability of Plant Exosomes to Deliver
Curcumin to Normal andColon Cancer Tissue

Exosomes in Rectal Cancer

How Does Prostate Cancer Metastasize? Studying the Role of
Secreted Packages(Exosomes) From Fat Tissue in Lean and
Obese Patients

Clinical Research for the Consistency Analysis of PD-L1 in Lung
Cancer Tissue and Plasma Exosome Before and After
Radiotherapy

Improving the Early Detection of Lung Cancer by Combining
Exosomal Analysis of Hypoxia With Standard of Care Imaging
Study on Predictive Biomarkers of Neoadjuvant
Chemoradiotherapy for Rectal Cancer

A Study of Circulating Exosome Proteomics In Gallbladder
Carcinoma Patients
ncRNAs in Exosomes of Cholangiocarcinoma

iExosomes in Treating Participants With Metastatic Pancreas
Cancer With KrasG12D Mutation

Evaluation of Urinary Exosomes Presence From Clear Cell Renal
CellCarcinoma
Hemopurifier Plus Pembrolizumab in Head and Neck Cancer

Exosomes Detection for the Prediction of theEfficacy and

Adverse Reactions of Anlotinib in Patients With Advanced
NSCLC
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Condition

Lung Cancer Exosomes Non Small Cell Lung Cancer
Early Lung Cancer

Pancreatic Cancer

Gastric Cancer

Breast Neoplasms

Pancreatic Cancer Benign Pancreatic Disease
Prostate cancer

Oropharyngeal Cancer

High Grade Serous CarcinomaeOvarian Cancer
eExosomes ePrognosis eEarly Diagnosis
Dietary Supplement: Grape extract eDrug: Lortab,
Fentanyl patch, mouthwash

eNSCLC

Colorectal Cancer

eLarynx eLip eOral Cavity ePharynx

eNon Small Cell Lung Cancer

eProstate Cancer eUrothelial Carcinoma

eHER2-positive Breast Cancer

Breast Cancer eLeptomeningeal Metastasis
Lung Cancer

ePancreatic Ductal Adenocarcinoma (PDAC)

eColon Cancer
Rectal cancer

Prostate Cancer eObesity

eNSCLC

eLung Cancer

eRectal Neoplasm MalignantCarcinoma
eChemoradiotherapy eNeoadjuvant Therapy
ePredictive Biomarkers eAdenocarcinoma
eProteinosis eGallbladder Carcinoma

eCholangiocarcinoma eBenign Biliary stricture
KRAS NP_004976.2:p.G12D eMetastatic Pancreatic
Adenocarcinoma ePancreatic Ductal
Adenocarcinoma eStage IV Pancreatic Cancer
AJCCv8

Clear Cell Renal Cell Carcinoma

eSquamous Cell Carcinoma of the Head and Neck

Non-Small Cell Lung Cancer

- Clinical Trial
Phase
Pre-clinical
phase
Pre-clinical
phase
Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase

Early Phase 1

Phase 2

Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase
Pre-clinical
phase

Phase 1

Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase

Pre-clinical
phase
Pre-clinical
phase
Phase 1

Pre-clinical
phase
Pre-clinical
phase
Pre-clinical
phase

References

[218]

[219]

[220]

[100]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[195]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[227]

[238]

[99]

[239]

[240]

[241]

[242]

[243]

[244]

(continued on next page)
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32. NCT03811600 Exosomes Implication in PD1-PD-L1 Activation in OSAS Sleep Apnea syndromes,Obstructive eCancer Pre-clinical [245]
phase
33. NCT04499794 The Study of Exosome EML4-ALK Fusion in NSCLC Clinical Untreated Advanced NSCLC Patients eFISH Pre-clinical [246]
Diagnosis and Dynamic Monitoring Identified ALK FusionPositive or Negative phase
34. NCT03830619 Serum Exosomal Long Noncoding RNAs as Potential Biomarkers Lung Cancer (Diagnosis Pre-clinical [98]
for Lung Cancer Diagnosis phase
35. NCT04427475 Prediction of Inmunotherapeutic Effect of Advanced Non-small NSCLC Patients Pre-clinical [247]
Cell Lung Cancer phase
36. NCT04530890 Interest of Circulating tumour DNA in Digestive and eBreast Cancer eDigestive Cancer egynaecologic  Pre-clinical [248]
gynaecologic/Breast Cancer Cancer oCirculating tumour DNA eExosomes phase
37. NCT05101655 Construction of Microfluidic Exosome Chip for Diagnosis of Lung eOsteosarcoma ePulmonary Metastases Pre-clinical [249]
Metastasis of Osteosarcoma phase
38. NCT03800121 Study of Exosomes in Monitoring Patients With Sarcoma eSarcoma Pre-clinical [250]
(EXOSARC) phase
39. NCT03108677 Circulating Exosome RNA in Lung Metastasesof Primary High- Lung Metastases eOsteosarcoma Pre-clinical [251]
Grade Osteosarcoma phase
40. NCT03895216 Identification and Characterization of Predictive Factors of eBone Metastases Pre-clinical [252]
Onset of Bone Metastases in CancerPatients phase
41. NCT04720599 Clinical Evaluation of ExoDxProstate(IntelliScore) in Men Urologic Cancer Pre-clinical [253]
Presenting for Initial Prostate Biopsy phase
42. NCT02310451 Study of Molecular Mechanisms Implicated in the Pathogenesis eMetastatic Melanoma e Pre-clinical [254]
of Melanoma.Role of Exosomes phase
43. NCT04747574 Evaluation of the Safety of CD24-Exosomes inPatients With SARS-CoV-2 Phase 1 - [255]
COVID-19 Infection
44. NCT04636788 Circulating Extracellular Exosomal Small RNA as Potential ePancreas Adenocarcinoma Pre-clinical [256]
Biomarker for Human PancreaticCancer phase
45. NCT04356300 Exosome of Mesenchymal Stem Cells for Multiple Organ eMultiple Organ Failure Pre-clinical [257]
Dysfuntion Syndrome After Surgical Repaire of Acute Type A phase
Aortic Dissection
46. NCT03985696 Exosomes and Immunotherapy in Non-HodgkinB-cell Lymphoma, B-cell, Aggressive Non-Hodgkin (B- Pre-clinical [258]
Lymphomas NHL) phase
47. NCT04852653 A Prospective Feasibility Study Evaluating Extracellular Vesicles Multiple Organ Failure Pre-clinical [259]
Obtained by Liquid Biopsy for Neoadjuvant Treatment Response phase
Assessment in Rectal Cancer
48. NCT04357717 ExoDx Prostate Evaluation in Prior NegativeProstate Biopsy eProstate Cancer Pre-clinical [260]
Setting phase
49, NCT04653740 Omic Technologies to Track Resistance to Palbociclib in Advanced Breast Cancer Pre-clinical [261]
Metastatic Breast Cancer phase
50. NCT04948437 Urinary Exosomal Biomarkers of Thyroglobulin and Galectin-3 Thyroid Cancer ePapillary Thyroid Cancer Pre-clinical [101]
for Prognosis and Follow-up in Patients of Thyroid Cancer eFollicular Thyroid Cancer phase
51. NCT03488134 Predicting Prognosis and Recurrence of Thyroid Cancer Via New eThyroid Cancer Pre-clinical [262]
Biomarkers, Urinary Exosomal Thyroglobulin and Galectin-3 phase
52. NCT04298398 Impact of Group Psychological Interventions on Extracellular ~ Cancer Pre-clinical [263]
Vesicles in People Who HadCancer phase
53. NCT02862470 Anaplastic Thyroid Cancer and FollicularThyroid Cancer- Thyroid Cancer Pre-clinical [264]
derived Exosomal AnalysisVia Treatment of Lovastatin and phase
Vildagliptin and Pilot Prognostic Study Via Urine Exosomal
Biological Markers in Thyroid Cancer Patients
54. NCT05192694 Evaluation of Fapi-pet in Prostate Cancer. eProstate Cancer Pre-clinical [265]
phase
55. NCT03493984 Plant Exosomes and Patients Diagnosed With Polycystic Ovary  eOther: Ginger exosomes eOther: Aloe exosomes  Pre-clinical [266]
Syndrome (PCOS) 17 oOther: Placebo phase
56. NCT03228277 Olmutinib Trial in T790M (+) NSCLC Patients Detected by Non Small Cell Lung Cancer eDrug: [267]
Liquid Biopsy Using BALFExtracellular Vesicular DNA Olmutinib
Phase: Phase 2
57. NCT04182893 Clinical Study of ctDNA and Exosome Combined Detection to Pulmonary Nodules Pre-clinical [268]

Identify Benign and Malignant Pulmonary Nodules

phase

exosomes. These conditions facilitate the implementation of GMP in
commercial exosomal production [200]. The commercial production
generally accompanies the usage of either conical flasks as in the case of
static systems or bioreactors for large scale and continuous production.

Sart et al., in their study of exosomes identified the role of micro
carriers in stirred tank bioreactors that provided maximum surface area
[201]. Another study by Yan and Wu, emphasized the use of stirred tank
bioreactors in hollow fibre perfusion bioreactor for industrial produc-
tion of exosomes [202].

After cultivation of desired exosomes, the important task is the cell
and debris removal. This is achieved through the process of ultracen-
trifugation in commercial process for static cultures [203]. Other tech-
niques include density gradient, precipitation, liquid chromatography
and size exclusion chromatography which have various applications.
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Tangential filtration, a newly developed technique from principles of
tangential flow [204] and membrane filtration is a gentle, effaceable
technique than ultracentrifugation that helps in prevention of cake
formation. Scaling up of production of exosomes to plant scale requires
modification of the existing lab techniques employed that may have
influence on the CMC (Chemistry Manufacturing and Control) timelines
of the exosomes and corresponding GMP requirements. Chen et al,
observed the differences in these attributes during scale up when the
source of exosomes have been differed [205]. Brindley and Pan-
chalingam in their studies observed the influence of shear stress on the
structure of the vesicles in large bioreactors with modifications in
cellular phenotypes [206,207]. This problem can be reduced by
employing multiple layer flasks or layered flasks in small scale but again
a constraint in large scale production. A commercially available Integra
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CELLine™ system that utilizes different compartments for cells and
media with a continuous nutrient flow without causing damage to
exosomes [208]. Secondly, the medium used in the cultivation such as
Foetal bovine sera are rich in exosomes and contaminants act as con-
straints for good manufacturing practices of exosome production.
Further, the loading efficiencies also are influenced by the source of
exosomes in the production. The final step in manufacturing is the pu-
rification step that again is influenced by the heterogenicity of the
exosome population. Different techniques are employed for this stage
where Ultra-centrifugation technique [209] in combination with other
methods such as size exclusion chromatography, sucrose gradient
techniques are employed to get higher concentrations of purity of exo-
somes as ultra-centrifugation followed by size exclusion technique en-
ables elution of larger particles such as exosomes while retaining smaller
particles such as non-vesicular proteins and RNA. The characterization
of the exosomes throughout production is a requisite to confirm its
safety, efficacy and quantification. These include surface protein
profiling [210], Western blotting technique, liquid chromatography,
mass spectrophotometry, size analysis by scanning and transmission
electron microscopy, concentration analysis by nano particle analysis,
particle count by flow cytometry etc.,

Also, the storage conditions for pure exosomes are a challenge for
large volume preparations for further processes like translation and
loading cargo into exosomes. These include storage temperature, buffer
and pH that influences their stability [211].

Exosome under clinical investigations

Use of exosomes for various treatments is under several stages of
clinical trials. A total of 118 clinical trials [212,213] at various stages are
ongoing by the year February 2022. Of the total studies, 58 studies are
ongoing in cancer treatment at various stages [214]. Around 18 pro-
tocols occurring in phase 1 clinical trials [212] in which 9 happens to
target various cancers [215]. 11 studies using exosomes have made their
success in phase 1 trials and are now 3 protocols for cancer treatment are
in their Phase 2 study [216]. In the phase 3 trials 3 such delivery systems
using exosomes for targeted therapy made their position in clinical
treatment [217]. The following Table 4 lists out the ongoing clinical
trials in cancer using exosome mediated therapy.

Conclusion and future perspectives

Cancers are the leading cause of death world-wide. Various treat-
ments are employed for the reduction of tumour progression and
improving survival rate. Exosomes are natural vesicles secreted from
different cells in the body that carry information from one cell to
another. Engineering the exosomes through modification of surface
membranes or loading of chemotherapeutic agents have shown signifi-
cant results in reducing tumour progression and metastasis. The obser-
vations from various workers have proved the ability of exosomes as
delivery vehicles for chemotherapeutic agents and can be considered as
a potential drug delivery system in near future. Exosomes are the ve-
sicular structures secreted by cells responsible for transfer of nucleic
acids and other cargo between two cellular junctions. Fabrication of the
exosomes with aptamers, drug substances enhance exosomal activity in
terms of cell proliferation and tumour regression with reduced organ
toxicities. According to the report submitted to US FDA, 108 clinical
trials were being conducted at different phases using exosomes as the
drug delivery vehicles [269]. Studies of exosomes loaded with drugs
proved as promising agents in chemotherapy of cancer and expansion of
research in this area is the requisite.
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