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Abstract
Background Exosomes are nanosized bio vesicles formed when multivesicular bodies and the plasma membrane merge and 
discharge into bodily fluids. They are well recognized for facilitating intercellular communication by transporting numerous 
biomolecules, including DNA, RNAs, proteins, and lipids, and have been implicated in varied diseases including cancer. 
Exosomes may be altered to transport a variety of therapeutic payloads, including as short interfering RNAs, antisense oli-
gonucleotides, chemotherapeutic drugs, and immunological modulators, and can be directed to a specific target. Exosomes 
also possess the potential to act as a diagnostic biomarker in cancer, in addition to their therapeutic potential.
Conclusion In this review, the physiological roles played by exosomes were summarized along with their biogenesis process. 
Different isolation techniques of exosomes including centrifugation-based, size-based, and polymer precipitation-based 
techniques have also been described in detail with a special focus on cancer therapeutic applications. The review also shed 
light on techniques of incubation of drugs with exosomes and their characterization methods covering the most advanced 
techniques. Myriad applications of exosomes in cancer as diagnostic biomarkers, drug delivery carriers, and chemoresistance-
related issues have been discussed at length. Furthermore, a brief overview of exosome-based anti-cancer vaccines and a few 
prominent challenges concerning exosomal delivery have been concluded at the end.
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ERK1  Extracellular signal-regulated kinase-1
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ESCERT  Endosomal sorting required for Transport
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reversible protein-protein interaction
FACS  Fluorescence-activated cell sorting
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MRP-1  Multiresistant protein-1
MVBs  Multivesicular bodies
MWCO  Molecular weight cut off
NSCLS  Non small cell lung cancer
NTA  Nanoparticle tracking analysis
PBS  Phospahte buffer saline
PD  Parkinson’s disease
P-gp  P-glycoprotein
PSMA  Prostate specific membrane antigen
SEC  Size exclusion chromatography
SEM  Scanning electron microscopy
TEM  Transmission electron microscopy
TNBC  Triple negative breast cancer
UCB  Umbilical cord blood

1 Introduction

Cells communicate with each other in a coordinated man-
ner to carry out their functions effectively. This intercel-
lular communication is facilitated by connections such as 
gap junctions or by cell signaling processes. In cell signal-
ing processes, chemical mediators are released by cells that 
alter or regulate the other cells that are present either in their 
vicinity or at distant locations. Extracellular vehicles (EVs), 
i.e., exosomes, have a similar role in intercellular commu-
nication and serve as cargo transporters in transporting pro-
teins, lipids, and genetic material to the recipient cells [1]. 
These vesicles are formed in the endosomes or on the plasma 
membrane [2]. Exosomes are small, single-membrane EVs 
of a size ranging from 30 to 150 nm which are present in var-
ious biological fluids and are linked to a variety of biologi-
cal processes and diseases, suggesting their potential role 
as biomarkers. A significant number of exosomes are found 
in most body fluids and they are frequently associated with 
multiple physiological and pathological processes [2–5]. 
For instance, exosomes play a crucial part in the regula-
tion of gene expression in a recipient cell by delivering spe-
cific mRNA, controlling immune stimulation or repression, 
increasing organ excretion, and eliminating waste from the 
brain [1]. They also hold great potential as natural therapeu-
tic agents and drug delivery vehicles [6]. Recent research has 
shown the pathophysiological consequences of exosomes 
on illnesses, particularly cancer. Cancer cells use exosome-
mediated processes to create a favorable microenvironment 
that promotes tumor growth by boosting cell proliferation 
and preventing apoptosis. Exosomes can also induce the 
development of new vessels, ensuring access to nutrition, 
oxygen, and waste elimination, as well as assist in contrib-
uting to cancer cell metabolic reprogramming, allowing for 
their long-term proliferation. The invasive and disseminated 
capacity of tumors is highly boosted by cancer exosomes 

that carry information contributing to cancer cell migration, 
invasion, and extracellular matrix (ECM) [7].

Exosomes can be isolated from varied sources like can-
cer cells, immune cells, stem cells, and even food or plant 
cells. Although many isolation approaches have been uti-
lized including ultracentrifugation, filtration, size exclusion 
chromatography, immunoaffinity capture, etc., there has not 
been a single optimized method for isolating exosomes from 
diversified sources. Many physicochemical factors like gene 
expression, elevated calcium concentration within the cells, 
and stimulation by drugs have been associated with the gen-
eration of exosomes. These are characterized by techniques 
like western blotting, microscopic techniques, nanoparticle 
tracking analysis, etc. [8].

In comparison with other delivery platforms, exosomes 
exhibit overwhelming advantages when used in the oncology 
sector such as long-term stability, targeting ability (active 
or passive targeting) culminating in a reduction in the fre-
quency of administrations by improving efficiency, high 
drug loading with a capacity to load different cargoes like 
nucleic acids, drugs, peptides, proteins, etc. The aforemen-
tioned benefits have strengthened the position of exosomes 
in the biomedical field, oncology in particular. Although 
several advances in exosome-based research have been made 
in recent years, many challenges still remain, such as stand-
ard preparation and quality control procedures, as well as 
effective quantification methods for their comprehensive, 
and simultaneous inclusion. Several research activities are 
going under the umbrella of exosomes, ranging from manu-
facturing, purification, storage, quality control, modification, 
and their biological applications yet many are to be explored 
[8]. In this review, we aim to provide a comprehensive over-
view of exosomes, covering their composition, biogenesis, 
and isolation methods. The role of exosomes in the pro-
gression of cancer and the characteristics of cancer-derived 
exosomes have been elaborated at length. In addition, we 
have emphasized several anti-cancer drug loading techniques 
and diversified uses of exosomes in the context of diagnos-
tics and therapeutics delivery for the treatment of cancer.

2  Biogenesis of exosomes

Exosomes are nano-sized EVs of endosomal origin. They 
are secreted by many cells and play a key role in cell-cell 
communication and in maintaining cellular homeostasis [9]. 
Along with cell surface proteins, extracellular constituents 
like lipids, proteins, metabolites, ions, small molecules, and 
fluid enter the cells through endocytosis. Plasma membrane 
invagination eventually culminates in the generation of mul-
tivesicular bodies, which may collide with other intracellular 
vesicles and organelles, adding to the variety of exosomal 
contents [10]. Exosomes constitute different proteins like 
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heat shock proteins (HSP70, HSP90), GTPase, tetraspanins 
CD63, CD81, CD9, CD82, cytoskeletal heat shock nuclear 
enzyme RNA binding apoptotic signal transducers, different 
lipids like cholesterol, sphingomyelin, ceramides, different 
RNA like mRNA, miRNA, pre-miRNA, Y-RNA, circRNA, 
tRNA, snRNA, piRNA and different types of DNA like viral 
DNA, MtDNA, ssDNA and ds DNA [10–13].

The key factors involved in the biogenesis are as follows: 
(i) Rab GTPase proteins which control endosomal traffick-
ing (ii) Endosomal Sorting Complex Required for Transport 
(ESCRT), which mainly includes (ESCRT) 0–3. Multiple 
proteins regulate intraluminal vesicles (ILV) formation, of 
which ESCRT-0 is involved in ubiquitin-dependent cargo 
cluster formation, ESCRT-1 and 2 induce the formation of 
buds, and ESCRT-3 has a role in vesicle scission (iii) Tet-
raspanins are transmembrane proteins that allow vesicles to 
form by causing membrane curvatures (iv) Sphingomyeli-
nase, like other lipid-modifying enzymes, produces cera-
mides that assist in vesicle formation [14–16]. The presence 
of high amounts of the ceramide lipid has been found to help 
multivesicular endosome contents escape lysosomal diges-
tion and be released as exosomes [17]. Exosome formation 
starts with the invagination of the outer membrane through 
the ubiquitination of surface receptors which results in the 
formation of early endosomes [18]. Early endosomes contain 
intraluminal vesicles (ILVs) that get matured and are known 
as multivesicular bodies (MVBs). These MVBs have two 
fates; one is fusion with lysosomes resulting in degradation, 
and the other being, fusion with the plasma membrane to 
release ILVs as exosomes by exocytosis [19]. It is important 
to note that not all MVEs produce exosomes; MVEs cargo 
can also be degraded by fusion with lysosomes [17]. The 
cells might be able to recycle the degraded products [10]. 
The plasma membrane-mediated exocytosis releases the 
exosomes with a lipid bilayer identical to that of the plasma 
membrane and is carried out by CD3, Lysosomal associated 
membrane protein (LAMP)-LAMP1, and LAMP2, which 
are present on few MVBs (Fig. 1) [10, 20].

3  Physiological functions of exosomes

3.1  Immune response

The immune system comprises ordered structures and bio-
logical processes that recognize and respond to extracellular 
environmental stimuli. Immune surveillance in cancer is a 
process in which pre-cancerous and cancerous cells activate 
an immune response that destroys altered malignant cells. 
Immune responses are regulated by numerous elements 
such as proteins, lipids, and RNAs in a process known as 
immunomodulation, which involves both innate and adaptive 
immunity. Exosomes have recently received great attention 

during tumor growth and genesis, with a focus on cancer 
immune surveillance and tumor escape responses at vari-
ous stages. Cytotoxic T lymphocytes and natural killer (NK) 
cells mediated anti-tumor responses are directly suppressed 
by exosomes, which results in filiation of angiogenesis and 
induction of immune suppressor cell subsets leading to loss 
of immune surveillance [21].

One of the mechanisms by which cancer cells evade the 
immune system is the formation of membrane-covered vesi-
cles or exosomes, originating from tumor cells, which can 
change the activity of the acquired immune system, includ-
ing activated human T-cells [22].

3.2  Tumor‑derived exosomes in cancer

Oncosomes are large microvesicles that are about 5 μm 
in diameter and are generated from tumor cells. They 
can carry oncogenic molecules that can modify the phe-
notype of receiving cells to encourage tumor growth 
[23]. They act as extracellular organelles which facili-
tate the growth of tumors and metastasis. They also 
play a role in the remodeling of the tumor microenvi-
ronment and take part in the transport of proteins and 
nucleic acids between tumor cells and neighboring cells 
[24]. As they are endogenous in origin, they provide 
a promising tool for cancer treatment with some key 
advantages in drug delivery [25]. Tumor cell-secreted 

Fig. 1  Biogenesis and secretion of exosomes: Exosomes are gener-
ated through endocytic membrane invagination and ILVs develop-
ment inside the cell. During maturation, payloads (RNAs, proteins, 
and lipids) are integrated into ILVs through ESCRT-dependent or 
ESCRT-independent processes, and early endosomes mature to 
become MVBs. MVBs may be transported to the trans-Golgi network 
(TGN) for endosome recycling, to lysosomes for destruction.MVBs 
fusion with the cellular membrane is a precise process requiring 
several critical components such as Rab GTPases and SNARE com-
plexes
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exosomes play a role in paracrine signaling during 
tumor progression, tumor-stromal interactions, pro-
liferative pathway activation, and immunosuppression 
[26]. However, the biological actions of tumor-derived 
exosomes differ from those of normal cell-derived 
exosomes. Exosomes from tumors enter cells by a vari-
ety of methods, depending on the target cells and the 
cancer cells that secrete them. For example, exosomes 
derived from glioblastoma utilize lipid Raft-mediated 
endocytosis for their uptake, which further depends on 
undisturbed ERK1/2eHSP27 signaling. Similarly, brain-
metastatic breast cancer-derived exosomes utilize tran-
scytosis to cross the brain endothelial cells, while the 
“CDC42-dependent clathrin-independent carrier/GPI-
AP-enriched compartment (CLIC/GEEC) endocytic 
pathway” was utilized to enter astrocytes [27].

4  Isolation methods of exosomes

Though exosomes have several advantages, the isolation of 
high purity exosomes is a great challenge. There is a need 
for a robust and reproducible technique for the isolation of 
exosomes of higher purity. Exosomes have to be isolated 
from cellular debris and other intracellular components. As 
of now, some strategies of exosome isolation are commonly 
used, including ultrafiltration, ultracentrifugation, polymer 
precipitation, size-exclusion chromatography, and microflu-
idics immunoaffinity capture methodology [28]. Commercial 
exosome isolation kits are available based on the above princi-
ples, with some advantages and limitations [29]. The selection 
of the method depends on the objective and applications of 
isolated exosomes. These isolation techniques are discussed 
here in brief and represented diagrammatically in Fig. 2.

Fig. 2  Different isolation techniques of exosomes
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4.1  Centrifugation based techniques

Ultracentrifugation is the most prevalent technique and is 
regarded as the gold standard for the isolation of biologi-
cal objects, which holds the potential for the isolation of 
exosomes even at an industrial scale [30]. Generally, these 
are divided into two types: differential centrifugation and 
density gradient centrifugation [31].

Johnston et al. established the differential centrifugation 
technique to separate exosomes from reticulocyte tissue 
culture in 1987 [32, 33]. In this method, sequential centrif-
ugal forces with varying durations are required to separate 
exosomes and other components based on their differential 
size and density [34]. The process is performed at 4˚C. 
Before initiation, cleaning is carried out to get rid of larger 
biological material in a sample. Firstly, living cells are 
removed at 300 g, followed by the removal of dead cells, 
cellular debris, and large-sized EVs with low and medium 
speed centrifugation, i.e., at 2000 g and 10,000 g, respec-
tively. Exosomes are then separated by high-speed cen-
trifugation at 20,000 to 100,000 g. The isolated exosome 
pellet is suspended in phosphate buffer saline (PBS) which 
eliminates any leftover proteins. The pellet is then kept at 
-80˚C [35]. It is, however, susceptible to contamination 
from other lipoproteins and aggregates that are similarly 
pelleted at high speeds.

Density gradient centrifugation is yet another method 
which is used to improve purity and recovery rate. It is 
based on both ultracentrifugation and density-gradient 
medium. Principally, they are of two types, based on (i) 
medium-sucrose gradient media and (ii) iodixanol gradient 
media [36, 37], wherein the former is mostly used for bio-
molecules, including exosomes. Following ultracentrifuga-
tion, a sucrose cushion (10–40%) is used to purify isolated 
exosomes. Despite its great uses, it has some limitations, 
viz., it requires more time and is unsuitable in the case 
of low-volume samples like aqueous humor. It also has 
less mechanical stability which increases the chances of 
vesicle rupture [38]. Some studies report that the yield 
and purity of isolated exosomes mostly depend on factors 
like centrifugation time, force, rotor type, and sample vis-
cosity [34]. Wei et al. performed a comparative analysis 
of isolation methods (ultra-high speed centrifugation vs. 
precipitation) of exosomes obtained from the serum of 
lung cancer patients. The particle size and its distribution 
were analyzed by nanoparticle tracking analysis (NTA) 
while transmission electron microscopy and cryo-electron 
microscopy were utilized for studying the morphological 
characteristics of exosomes. The results indicated that 
exosomes obtained by ultra-high-speed centrifugation 
were superior in terms of morphology, production, and 
smaller particle size (30 nm for centrifugation vs. 150 nm 
for precipitation) [39].

4.2  Size based techniques

Size-based techniques are rapid and do not require spe-
cial equipment [40]. These are of the following types: 
ultrafiltration, sequential filtration, size-exclusion chro-
matography, and size-based microfluidics [34, 35]. In 
the ultrafiltration technique, exosomes are concentrated 
from large volumes into small volumes of biofluids using 
ultrafine nanomembranes with varied molecular weight 
cut-off (MWCO) from the sample. The separation is based 
on their size followed by sequential filtration of three con-
tinuous steps: normal dead-end filtration which removes 
cells, cell debris, and larger EVs; tangential flow filtration, 
in which free proteins are filtered out using a 500 kDa 
MWCO dialysis bag; and finally track-etched membrane 
filtration to isolate exosomes by passing samples from a 
100 nm membrane filter [40]. Lobb et al. made a compari-
son between two exosome isolation methods in diagnos-
ing lung cancer i.e., ultracentrifugation and ultrafiltration 
methods, and found that exosomes isolated from the ultra-
filtration method were superior in terms of speed, number, 
and size of particles (less than 100 nm) [41]. The draw-
backs of this approach include its low recovery rate and 
purity. In addition, the filters could clog up with outside 
debris [40].

Size exclusion chromatography (SEC) is another tech-
nique that separates biomaterials based on their size and 
molecular weight. In SEC, a liquid sample is allowed to 
pass through a porous stationary phase column and mol-
ecules with different hydrodynamic radii elute at a differ-
ent rate. Smaller molecules with small hydrodynamic radii 
enter into the gel pores and thus they tend to elute slowly. 
Larger molecules having larger hydrodynamic radii, 
including exosomes, are known to elute faster because 
they cannot enter into the pores [29]. It is suitable for 
smaller quantities (as small as 15 µL) of biofluid and it 
gives highly resolved and reproducible exosome isolation 
using commercially available SEC columns. A fine adjust-
ment in the pore size of the column yields a variety of 
biomaterials of different sizes. Despite many advantages, it 
has some challenges as we may get exosomes with a wide 
size distribution, which may correspond to some contami-
nants like lipoproteins or protein aggregates [33]. Some 
commercially available size exclusion-based kits include 
qEV original separation columns (Izon Science Ltd), EVs 
second purification columns (GL Sciences), PURE-EVs 
(Hansa Biomed), Exospin (Cell Guidance System, USA), 
ExoLutE (Rosetta Exosome, Korea), ExoMir (Bio Scien-
tific, Austin, Texas, USA), Tangential flow filter-EV con-
centrator (Novus biologicals), Exosure (GeneCopoeia) 
[42].
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4.3  Polymer precipitation method

In this technique, hydrophilic polymers affect the solubility 
and dispersibility of exosomes in the solvent and precipi-
tate them out [36]. Polyethylene glycol (PEG) is one of the 
most commonly used fractional precipitating agents for the 
purification of proteins from a variety of sources [43]. The 
initial treatment is required to remove cells, after which a 
sample is incubated with a precipitating agent. After incuba-
tion at 4˚C overnight, precipitated exosomes are collected 
by centrifugation or filtration method [33]. This technique is 
easy and scalable for large sample sizes, so many companies 
are focusing on the development of isolation kits. Cho et al. 
presented a study in which a comparison has been made 
among the electrophoretic migration method, ultracentrifu-
gation, and PEG precipitation for the isolation of exosomes. 
EVs were isolated from mouse plasma using ExoQuick solu-
tion via the PEG precipitation method. It was observed that 
PEG precipitation and the electro-migration system had a 
higher recovery rate than ultracentrifugation. However, the 
ultracentrifugation method was superior among all enlisted 
methods in terms of purity. This comparison revealed that 
particles containing contaminants such as proteins and other 
debris were recovered utilizing the precipitation approach 
[44]. The same precipitation method was utilized for the iso-
lation of exosomes from 30 plasma samples of lung cancer 
patients. Further microRNA analysis was performed with 
real time-polymerase chain reaction (RT-PCR) method and 
its potential role as a biomarker for lung cancer was estab-
lished [45]. Despite its speed, non-complexity and harmless 
nature without damaging exosomes which could be benefi-
cial in clinical applications, this method is prone to con-
tamination from samples while coisolating exosomes which 
could potentially interfere with sample analysis. However, 
this can be overcome by performing one additional step of 
post -precipitation purification or prefiltration [46]. Some 
of the precipitation-based products are ExoQuick (System 
BioSciences, USA), ExoPrep (Hansa Biomed Life Sci-
ences, Estonia), Exosome purification kit (Norgen Biotek, 
Canada), Ex-Spin Isolation kit (Cell Guidance Systems, 
USA), PureExo Exosome Isolation kit (Biopalo Alto, CA, 
USA), miRCURY exosome isolation kit (Exiqon, Denmark), 
Total Exosome isolation reagent (Invitrogen, Carlsbad, CA, 
USA), RIBO Exosome Isolation reagent (RIBO, Guangzhou, 
China) [42].

4.4  Immunoaffinity capture chromatography (ICC)

ICC is a technique that uses specific exosome surface bio-
markers for capturing exosomes that can couple with anti-
bodies that are covalently connected to magnetic beads, 
chromatographic matrices, plates, or microfluidic devices. 
They can further bind to specific antigens or membrane 

proteins like CD9, CD63, ALIX, and Ep-CAM on the target 
particles’ unbound sites [30, 47]. Based on ICC, Enzyme-
Linked immunosorbent Assay (ELISA), Magneto-immuno-
precipitation, and Western blot are some of the techniques 
which are used for quantifying exosomes in biological 
fluids such as plasma, serum, and urine [48]. Zhang and 
co-workers prepared Tim4@ILI-01 immunoaffinity flake 
material with a view of enriching exosomes from the serum 
of patients suffering from adenocarcinoma which showed 
capturing efficiency of 85% which is around 5 times greater 
as compared to ultracentrifugation method [49]. In other 
instance, a magnetic bead-based approach was utilized by 
Shih et al. [50] for capturing circulating exosomes in ana-
lyzing human lung carcinoma wherein phosphatidylserine-
binding protein and annexin A5 coating on magnetic beads 
were employed. The findings stated that this method was 
able to capture as much as 60% of induced apoptotic bod-
ies. Overall, this technique is suitable for qualitative and 
quantitative analysis of exosomes, however; some con-
straints, such as its heavy cost, low yield, rough use, and 
storage conditions, limit its applicability on a large scale 
[47]. Some of the commercially available ICC-based prod-
ucts include exoRNeasy Serum/plasma kit (Qiagen, Hilden, 
Germany), Exosome Isolation kit CD63 isolation reagent 
(Thermofisher, USA), Exosome Isolation kitCD81/CD63 
(Miltenyi Biotec, USA), Exosome-Human EpCAM isolation 
reagent (Thermofisher, USA), MagCapture Exosome Isola-
tion kit (Qiagen, Germany), Capturem exosome isolation 
kit (Takara Bio, Europe), CD63 Immunobeads for exosome 
isolation (Novus Biologicals, Canada) [42].

4.5  Microfluidic techniques

Microfluidic techniques also referred to as a lab-on-a-chip-
type microfluidic system, is the rapid microscale separation 
technique that deals with the physical and biochemical prop-
erties of exosomes such as size, density, and immunoaffin-
ity for the isolation and detection of exosomes on a single 
chip [30]. In addition, some innovative mechanisms like 
acoustic, electrophoretic, and electromagnetic aspects can 
be integrated for the efficient capturing of exosomes [30]. 
The microfluidic techniques can be either active sorting 
or passive sorting. If the exosomes are captured by using 
externally applied control, such as acoustic standing waves, 
then it is considered active separation. If the exosomes are 
captured by means of microchannels, pores, and traps, then 
it is called passive separation. Size-exclusion, immunoaffin-
ity, and flow-induced methods are considered to be passive 
sorting techniques, while acoustofluidics, electromagnetic, 
and electrophoretic are active sorting techniques. Both the 
active and passive modes can be integrated into a single 
microfluidic chip [51]. With an increase in the surface area 
of the chip, the performance also gets better.
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Size-based microfluidics devices, fitted with filters of dif-
ferent pore sizes are used to sort exosomes. Exosomes are 
preserved in the devices when fluid flows over the channel. 
These devices include nano filters, nanoporous membranes, 
or nanoarrays [48]. Recently, an exosome track-etched mag-
netic nanopore (ExoTENPO) chip has been developed which 
incorporates several immune-labeled magnetic beads onto 
a single chip.

As an example of integrated technology, Wu et al. devel-
oped a unique automated on-chip technology, which sepa-
rates desired EVs like exosomes directly from the undiluted 
whole blood samples. They have reported a separation 
method that was based on acousto-fluidics (integration of 
acoustics and microfluidics). By using the acoustic micro-
fluidic chip, the exosomes were isolated as a basis of differ-
ential sizes. The whole blood is subjected to acoustic waves. 
The acoustic radiation force generated by acoustic standing 
waves is directly proportional to the size of the components. 
Thus, components of different sizes were moved to different 
recovery zones, which resulted in the isolation of exosomes. 
Two modules of this platform contained a cell removal mod-
ule, in which larger blood components were removed with a 
99% yield. Secondly, there was an exosome isolation module 
in which exosomes were isolated from the EVs mixture with 
98.4% purity. By adjusting the input power of the radio fre-
quency signal and the rate of fluid flow, the cut-off size for 
each module can be maintained. It offered the advantages of 
being contact-free, biocompatible, rapid, and able to achieve 
higher purity isolation of exosomes. It also preserved the 
desired characteristics and structure of exosomes [52].

Similarly, integrated electromagnetic beads and electro-
phoretic approaches with microfluidics were used to isolate 
EVs by automated continuous separation from biological 
fluids (e.g., plasma) with higher purity and yield [44, 53]. 
Cho et al. presented an electrophoretic migration method 
for the isolation of EVs from the plasma of melanoma mice 
and the results were compared with PEG precipitation and 
ultracentrifugation. An electric field was applied across a 
semi-permeable membrane with a suitable pore diameter 
(30 nm) for protein migration. In comparison to conven-
tional procedures, this method recovered up to 65% of EVs 
(7.9 times better than ultracentrifugation, but EVs isolated 
by ultracentrifugation have been assumed to have the maxi-
mum purity compared to electrophoretic migration method 
and protein precipitation method) and this method can 
remove around 83.6% of proteins in 30 min (9 times faster 
than ultracentrifugation). It was observed that the sample 
isolated using polymer precipitation had some impurities, 
but the precipitation could collect the majority of the EVs 
(34.7% RNA recovery rate). After optimizing the working 
range of voltage, suitable device geometry, and appropriate 
buffers were used, and isolated EVs were fully compatible 
with biological processes and assays [44, 53].

5  Methods of loading anti‑tumor cargo 
in exosomes

Exosomes are emerging as a potential cargo delivery plat-
form, and identifying a strategy for effective cargo load-
ing has become a necessity for using EVs as drug car-
riers. Methodologies to load cargoes into exosomes can 
be divided into two broad approaches: exogenous loading 
after EVs isolation and endogenous loading during EVs 
biogenesis and fusion method [38, 39].

Incubation in exosomes, electroporation, sonication, 
and other techniques such as freeze-thaw cycles, saponin-
assisted permeabilization, and extrusion are examples of 
exogenous cargo loading strategies. Endogenous load-
ing is a technique of packaging particular materials into 
exosomes by influencing donor cells; strategies include 
donor cell incubation and transfection (Fig. 3) [54].

5.1  Coincubation

Exosomes (exogenous loading) or exosome-secreting cells 
(endogenous loading) are co-incubated with desired car-
goes so that cargo diffuses across exosomal or cell mem-
branes with the concentration gradient and gets enclosed 
into exosomes [55]. Principally, lipophilic drugs can be 
loaded via passive diffusion. Recent studies show that this 
method is simple as well as inexpensive compared to oth-
ers [56].

Gong et al. studied the synergistic efficacy by co-deliv-
ering miR159 and doxorubicin using targeted exosomes 
for triple-negative breast cancer (TNBC) therapy. In 
this study, researchers used human macrophage-derived 
exosomes (A15-Exo). Doxorubicin hydrochloride (Dox) 
was packaged into A15-Exo by incubating 200 µg/mL of 
Dox, which showed maximal drug loading. These drug-
loaded exosomes (A15-Exo/Dox) were then co-incubated 
with cholesterol-modified mi159 (Cho-miR159) to form 
an effective co-delivery system [57]. Munagala et  al. 
investigated that bovine milk-derived exosomes loaded 
with chemotherapeutic drugs by direct co-incubation at 
room temperature showed significantly greater efficacy 
compared to free drug against cell line studies and lung 
tumor xenografts in vivo [58]. By co-incubating at 37˚C 
for an hour, nucleic acids like miRNA and proteins can 
be loaded into tumor-derived exosomes [59]. Incubation 
can be utilized either as a pre-loading or as a post-load-
ing method [60]. Lin et al. produced hybrid exosomes 
by simply co-incubating with liposomes in the case of 
such a large nucleic acid. These hybrid exosomes have 
been used successfully to deliver plasmids like CRISPR-
associated protein 9 (Cas9) expression vectors to MSCs 
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designed to allow in vivo gene manipulation of the target 
gene [61]. Shaban et al. studied exosomal angiogenic cargo 
of endothelial cells in the senescence model which was 
induced by hydrogen peroxide. Exosomes were obtained 
from human umbilical vein cells (HUVECs) and were 
treated with complete media (Nor-HUVECs) and hydro-
gen peroxide  (H2O2-HUVECs). It was then subsequently 
subjected to western blotting analysis of P53, P21, and 
P16, and gene expression of FMR1, miR-21, and miR-
126 were analyzed by real time-PCR. The results indi-
cated that the rate of migration of endothelial cells coincu-
bated with exosomes (treated by  H2O2) was decreased and 
under the influence of  H2O2, endothelial cells generated 
exosomes with distinct cargo which could be utilized as 
biomarkers for age-related disorders [62]. Dysfunctioning 
of endothelial cells and senescence have also been impli-
cated in disorders like cancer where cell proliferation is 

unregulated and poses a great threat worldwide. Further 
autophagy flux and exosome generation have been inter-
linked with each other in maintaining cell homeostasis. 
This autophagy pathway was studied by Mahbubfam et al. 
[63] in exosomes derived from HUVECs on incubation 
with  H2O2. After performing molecular analysis, a sig-
nificant elevation of CD63, CD81, TSAP6, and Rab11 was 
observed on exposure to  H2O2 which indicated exosomal 
pathway induction in tandem with the autophagy process 
fostering senescence. Any modification in autophagy could 
change the further differentiation ability of  CD146+ to 
mature into endothelial cells as evidenced by the research 
conducted by Hassanpour et al. [64]. A similar study was 
reported by Feghhi et al. [65] wherein HUVECs were incu-
bated with polyhydroxylated polyhedral oligomeric silses-
quioxane nanoparticles reinstating the key role played by 
exosomes in the process of angiogenesis.

Fig. 3  Different methods of loading cargo into exosomes
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5.2  Electroporation

Electroporation is another widely used technique, especially 
for hydrophilic molecules like doxorubicin [66–68]. Under 
short, high-voltage electric pulses, electroporation can form 
transient gaps (micropores) in the exosomal membrane, 
allowing drug loading with enhanced permeability. Some 
factors, such as voltage, pulses, pulse duration, time interval, 
and condenser capacity, need to be optimized [56].

Gomari et al. worked on “Targeted delivery of doxoru-
bicin to HER2 positive tumor models.” Here, exosomes were 
isolated from transduced mesenchymal stem cells. Specified 
quantities of purified exosomes and doxorubicin were gently 
mixed with electroporation buffer at 4˚C and electropora-
tion was performed. They reported that delivery of targeted 
doxorubicin-loaded exosomes efficiently reduced the growth 
rate of a breast cancer tumor model as well as the dosage of 
the drug [66]. Taffoli et al. reported that, compared to simple 
diffusion, electroporation boosted the doxorubicin loading 
efficiency threefold [56, 69]. However, exosomes directly 
loaded with nucleic acid via electroporation, on the other 
hand, have been demonstrated in certain instances to exhibit 
impaired functionality or even become inactive in recipient 
cells. Therefore, it has been concluded that electroporation 
might have a role in the formation of insoluble aggregates 
of nucleic acids [70].

5.3  Sonication

Sonication is a physical strategy based on the sonoporation 
phenomenon that uses low-frequency ultrasound waves to 
induce cavitation bubble formation. With the bursting of 
microbubbles, it produces cellular membrane pores by weak-
ening membrane integrity, which allows cargo to penetrate 
cells [55, 71].

Li et al. mixed exosomes from pancreatic cancer cells with 
gemcitabine and sonicated the mixture. Exosomes loaded 
with gemcitabine using sonication were collected and found 
to have a higher loading capacity, i.e., 11.68 ± 3.68%, than 
exosomes incubated with gemcitabine, i.e., 2.79 ± 0.72% 
[72]. However, membrane alteration caused by sonication 
may reduce the loading effectiveness of hydrophobic drugs 
[73]. It has been observed that sonication when used to load 
siRNA into EVs causes less siRNA aggregation than elec-
troporation; nonetheless, the amount of siRNA internalized 
into recipient cells by exosomes is still limited [74]. Kim 
et al. loaded exosomes with paclitaxel using three different 
methods viz., incubation, electroporation, and sonication. 
Loading capacity for incubation was found to be 1.4%, 5.3% 
for electroporation, and 28% with the sonication approach 
[73]. Recently, Sun et al. worked on ultrasound-based exoso-
mal delivery of tissue-specific microRNA (miRNA) to boost 
efficacy while minimizing off-target effects [75].

5.4  Transfection

Transfecting cells or exosomes with protein-expressing plas-
mids or nucleic acids is a typical approach to enhance the 
loading of nucleic acids and proteins into exosomes [55]. For 
direct transfection of exosomes, some commercial transfect-
ing reagents are available, such as HiPerFect reagent and 
Lipofectamine 2000, but efficiency was found to be very 
low rendering this method inappropriate for therapeutic pur-
poses [59]. Transfection of exosome donor cells is an endog-
enous loading technique. The desired cargoes (e.g., RNA or 
proteins) as well as other genes of interest are engineered 
into exosome donor cells. Donor cells may overexpress the 
inserted gene and pack it into exosomes. This endogenous 
sorting of inserted cargo occurs during EVs biogenesis, 
followed by the release of the same EVs. Engineered EVs 
are then separated and purified [59, 71, 76]. For example, 
miR584-5p genes were transfected in mesenchymal stem 
cells (MSCs) before the isolation of exosomes from the 
supernatant. These exosomes were designed to deliver 
miR584 to glioma cells, resulting in the lower expression of 
matrix metalloproteinase-2 (MMP-2). MMP-2 has a crucial 
contribution in the progression of cancer. The extracellular 
matrix is significantly degraded by matrix metalloprotein-
ase-2 (MMP-2), which increases the propensity for cancer 
to invade, proliferate, and spread [77]. Severic et al. stud-
ied “Genetically-engineered anti-PSMA exosome mimetics 
targeting advanced prostate cancer in vitro and in vivo”, in 
which the PSMA targeting peptide was expressed on the 
surface of monoblastic U937 cells by nucleofection. The 
cells were then extruded to generate PSMA-targeted exo-
some mimetics with active targeting characteristics against 
PSMA-expressing malignancies [78].

Physicochemical and morphological characteristics of 
exosomes or their cargoes are subsequently altered as a 
result of the aggregation caused by electroporation, sonica-
tion, or another physical approach, which promotes the load-
ing of cargoes endogenously. [76]. However, this process is 
time-consuming and costly, and it is not ideal for large-scale 
manufacturing; also, transfection reagent application might 
harm or contaminate cells and exosomes. [55, 78].

5.5  Extrusion

An extrusion is a physical approach that causes membrane 
recombination when exosomes and cargoes are extruded 
together. Exosome membranes split and homogeneously 
blend with payloads during multiple extrusion cycles, 
resulting in cargo-loaded exosomes. The extrusion tech-
nique allows for the formation of an exosome-like nano-
structure by repeatedly running donor cells or pure exosomes 
through polycarbonate membranes with different pore 
sizes under controlled pressure and temperature by using a 
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mini-extruder. During the extrusion process, the structure of 
cells or exosomes is disaggregated into free lipid and protein 
molecules [55]. Exosomes can also be produced by multiple 
extrusions, which has a 100-fold higher production yield of 
cargo-loaded EVs [79]. Lunavat et al. proposed naturally 
released exosomes as RNAi carriers to develop RNA-based 
therapeutics, they developed exosome-mimetic extra vesi-
cles by multiple extrusion of cells through filters followed 
by loading of these vesicles with the specific siRNA by 
electroporation [80]. Similarly, Jhan et al. used an extrusion 
technique to overcome the major obstacle to mass produc-
tion. Using a membrane extrusion approach, they produced 
modified EVsby combining EVs surface composition with 
lipid-based components on a large scale. Following this 
approach, the number of vesicles post-isolation increased 
6 to 43 times [81].

Kalimuthu and colleagues extracted exosomes from mes-
enchymal stem cells (MSCs). Cells were mixed with vari-
ous concentrations of paclitaxel (25 µg, 50 µg, and 100 µg) 
and subjected to extrusion using polycarbonate membrane 
filters of various sizes (10 μm, 5 μm, and 1 μm) using a 
mini-extruder, with the optimum concentration (50 µg/mL) 
attaining a loading efficiency of 76% [82].

Fuhrmann et al. used a variety of passive and active ways 
to load porphyrins into exosomes, including electroporation, 
surfactant, extrusion, and dialysis. They observed variations 
in zeta potential compared to other loading methods due to 
the repeated and vigorous extrusion processes; moreover, 
extruded exosomes promote cytotoxicity, probably due to 
the surface modifications of the EVs membrane. Secondly, 
they observed that the viability of MDA-MB231 breast 
cancer cells treated with extrusion-loaded exosomes was 
considerably reduced compared to electroporation-loaded 
exosomes. In these studies, extrusion appears to have a high 
payload efficiency. However, recombination of exosomal 
surface structure might change the immunological aspects of 
exosomes, making them detectable to mononuclear phago-
cytes [83].

5.6  Freeze‑thaw cycles

Freeze and thaw cycles are the most effective method to load 
cargo into exosomes. Cargoes and exosomes are incubated 
at room temperature for a specific time and then rapidly sub-
jected to liquid nitrogen at -80˚C for freezing followed by 
thawing at room temperature. The cycle is repeated at least 
three times. The principle behind this approach is that after 
a few cycles of freezing and thawing, the lipid bilayer of 
exosomes is slightly disrupted, allowing cargo to pass into 
them [84].

Haney et al. worked on the design of a new exosomal-
based drug delivery method for catalase, a powerful antioxi-
dant, for the treatment of Parkinson’s disease (PD). Catalase 

was added into exosomes ex-vivo via a variety of methods, 
including room-temperature incubation, saponin permeabi-
lization, sonication, freeze-thaw cycles, and extrusion. Then 
the catalase solution was loaded into exosomes as discussed 
above, incubated for 30 min, immediately frozen at -80˚C, 
and thawed at room temperature. The cycle of freeze-thaw 
was done three times. However, they observed that the load-
ing significance of this process was generally moderate when 
compared to other techniques [85].

Kalani et al. designed a combined nanoformulation of 
curcumin (a neuroprotective molecule) and mouse embry-
onic stem cell exosomes (MESC-exo) to cure ischemia-
reperfusion injury in mice. Curcumin was mixed with 
MESC-exosomes in a fixed proportion (1:4). After further 
incubation for 15 min at RT, rapid freeze-thawing was done 
for 2–3 times. The free drug was removed by centrifugation, 
and the nanoformulation was precipitated by ultracentrifuga-
tion [86]. Sato et al. engineered hybrid exosomes by fusing 
exosomal membranes with liposomes using the freeze-thaw 
method to improve the performance of exosomal nanocarri-
ers for use in advanced drug delivery. In this, results suggest 
that this new strategy can be used to transport exogenous 
hydrophobic lipids as well as hydrophilic cargoes [87].

Recently, a study has been conducted to compare different 
methods to entrap hydrophilic low molecular weight com-
pounds in stem cell-derived small EVs and to assess the 
impact of these loading methods on vesicle integrity. Pyra-
nine and pentoxifylline were selected as probe hydrophilic 
models. When compared, freeze-thawing and osmotic shock 
have both shown to encapsulate small EVs better and keep 
their structure and biological functions intact [88]. Besides, 
repeated freeze-thaw cycles may cause protein inactivation 
and exosome clumping.

5.7  Other techniques

Saponin-assisted loading, hypotonic dialysis, and several 
innovative procedures are also used for loading antitumor 
cargoes into exosomes. Surfactants like saponin and triton, 
which may denature membrane components like cholesterol, 
are also used to generate pores on the surface of exosomes 
without disrupting the lipid bilayer membrane which ulti-
mately leads to greater membrane permeability. However, 
since saponin is hemolytically active in higher quantities 
in vivo, the saponin utilized for drug loading should be 
employed in a regulated way, and a further purification step 
to nullify saponin is necessary. The hemolytic impact of 
saponin on blood cells is a significant concern, which might 
limit its therapeutic use [55]. Compared to other loading pro-
cedures (electroporation, extrusion, saponin, and dialysis), 
the saponin-assisted approach encapsulated hydrophilic por-
phyrins 11 times more effectively [83]. Recently, Kwon et al. 
developed an exosome-based hybrid nanostructure (EHN) 
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with better targeting capacity and therapeutic efficiency 
against colorectal cancer. Metallic nanoparticles containing 
doxorubicin (Dox), and folic acid which act as a tumor tar-
geting ligand are bound to EHN. In addition to incubation, 
the EHN were loaded with 0.2% saponin as a permeation 
enhancer [89].

Additionally, hypotonic dialysis has also been reported 
as a method for loading cargo into extracellular vesicles. 
As discussed in the above techniques, Fuhrmann et  al. 
used hypotonic dialysis for the loading of porphyrins hav-
ing intermediate hydrophobicity. To produce drug-loaded 
exosomes, the mixture of exosomes and porphyrins was 
poured onto dialysis membranes, and then dialyzed by stir-
ring in 10 mM phosphate buffer. When compared to incu-
bation at room temperature, this technique was reported to 
improve drug loading. It did, however, seem to change the 
size distribution pattern of exosomes. On the other hand, 
Fuhrmann et al. reported that porphyrin-loaded exosomes 
using hypotonic dialysis showed poor cellular uptake and 
thus had no impact on the photodynamic effect [62]. In addi-
tion, Wei et al. developed a nano drug combining doxoru-
bicin and exosomes extracted from mesenchymal stem cells, 
which was investigated in vitro against osteosarcoma. Here, 
exosomes were extracted from mesenchymal stem cells 
using an isolation kit. Exosomes were blended with doxo-
rubicin hydrochloride and dialyzed against phosphate buffer 
saline (PBS) overnight to load the drug into them. Dialyzed 
exosomes were taken up by cancer cells and released doxo-
rubicin to inhibit cancer development in vitro [90].

Yang et al. recently published a novel cellular nano pora-
tion approach for mass-producing exosomes containing 
therapeutic mRNAs and targeting peptides. Cellular nano-
poration produced 50-fold more exosomes and 1000-fold 
more exosomal mRNA transcripts compared to electropora-
tion and other exosome production methods. In orthotropic 
PTEN-deficient mouse models, these mRNA-containing 
exosomes suppressed tumors and inhibited tumor develop-
ment [91]. Recently, a new strategy called, “exosomes for 
protein loading via optically reversible protein-protein inter-
action” (EXPLORs) has been revealed for effective protein 
loading via exosomes which can also address the shortcom-
ings of prior strategies. [59, 71]. Through this mechanism, 
cargo proteins are able to be actively loaded into exosomes 
employing endogenous biogenesis processes. This enables 
efficient cytosol delivery by means of regulated and revers-
ible protein-protein interactions. To achieve the same goal, 
the protein modules photoreceptor cryptochrome 2 (CRY2) 
and CRY-interacting basic-helix-loop-helix 1 (CIB1) were 
selected to regulate floral initiation by phosphorylation in 
response to blue light. In order to bind CRY2-conjugated 
cargo proteins into exosomes, the CIB1 protein was first 
conjugated with the exosome-associated protein CD9, and 
then blue light illumination was employed. After the cargo 

protein was injected into exosomes and then separated from 
the CD9-conjugated CIBN by turning off the light source, it 
was released into the intraluminal area of the exosomes [92].

6  Characterization of loaded exosomes

There has been a great deal of advancement in the detection 
and characterization of EVs. Some biophysical techniques, 
including nanoparticle tracking analysis (NTA), dynamic 
light scattering (DLS), flow cytometry, and imaging-based 
techniques, including electron microscopy, atomic force 
microscopy (AFM), and biochemical characterization such 
as blotting techniques have been used for the characteriza-
tion of exosomes.

6.1  Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) has become the gold 
standard for the characterization of exosomes in the recent 
past. This fluorescence readout method has been used for the 
determination of the concentration and size of exosomes, 
capturing diameters within the range of 50-1000 nm. In this 
method, a laser beam is passed through the exosome-con-
taining solution. Scattered light from the particles is then 
captured in the light-sensitive CCD camera and analyzed 
by image processing software. The software monitors each 
vesicle in Brownian motion and uses the Stokes-Einstein 
equation to relate Brownian motion to particle size [31, 36]. 
As compared to flow cytometry, NTA has greater resolu-
tion. Dragovic et al. demonstrated using human placental 
exosomes that NTA can measure EVs as small as 50 nm 
and with more sensitivity than conventional flow cytometry, 
having a lower limit of 300 nm [93]. Malvern has produced 
a commercial NTA instrument, branded as ‘Nanosight’, 
to measure a size range of 10 nm-2 μm and concentration 
within the range of  106 to  109 particles per mL [94]. Many 
researchers have used Nano sight (Malvern Instruments Ltd) 
to analyze the size distribution of isolated exosomes from 
various sources [58, 70]. However, NTA is having some 
challenges too; it needs a sample volume of 0.5 mL and 
involves a lengthy data acquisition procedure. So, it may 
cause photo-bleaching of fluorescent dye, as well as similar 
sizes of dye aggregates can be confounded with the obtained 
results of quantification. It needs many parameters for the 
optimization of data collection [40, 95].

6.2  Dynamic light scattering

Dynamic light scattering (DLS) is another method similar to 
NTA. Incident illumination is passed through the solution, 
and fluctuations in the intensity of scattered light from par-
ticles due to Brownian motion are detected at a certain angle 
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to determine particle size and concentration. DLS needs 
sample volume in a small quantity (70µL) and is easy to 
use, compared to NTA [96]. The main disadvantage of DLS 
is that it has lower sensitivity and specificity in heterogene-
ous mixtures. Because the accuracy of the DLS can be dis-
torted by the presence of only a few large particles, sample 
preparation needs to be done carefully [94]. DLS requires a 
higher concentration of the sample, which is challenging for 
exosomes [47, 84]. The Stokes-Einstein equation can then 
be used to obtain the size as well as the polydispersity index 
of particles present in the solution [29].

6.3  Flow cytometry

Flow cytometry is a typical method in which individual par-
ticles are passed in front of a laser beam and the scattered 
light or emitted fluorescence is measured at a certain angle 
using a forward angle light scatter detector, a side-scatter 
detector, and multiple fluorescence emission detectors 
[31, 84]. This method is a high-throughput analytical tech-
nique. Unlike NTA, it is a faster method, and unlike DLS, 
it requires less sample concentration [47]. Flow cytometers 
can distinguish exosomes based on their proteins, but it is 
not useful to detect particles smaller than 300 nm in diam-
eter. Furthermore, the equipment is also expensive [48]. Flu-
orescence-activated cell sorting (FACS) is a specialized flow 
cytometry that captures and sorts exosomes based on fluo-
rescent labeling using specific antibodies [31]. Flow cytom-
etry has also been used for the analysis of exosome mark-
ers. Exosomes were incubated with fluorescein-conjugated 
specific antibodies (which are against a specific exosomal 
membrane marker) at 4˚C. The fluorescein-stained beads 
were then suspended in FACS buffer for further analysis 
by the BD FACSCalibur flow cytometer. FlowJo software 
was used for the data analysis. Thus, the presence of CD9 
and CD63 protein markers on the membrane of exosomes 
confirmed the exosome identity [67].

6.4  Electron microscopy

Electron microscopy provides higher resolution and greater 
magnification than optical microscopy. Scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) are the most commonly used microscopic tech-
niques for the imaging of exosomes. An electron beam is 
used to create high-resolution images of submicron level. 
SEM analysis detects scattered electrons and TEM analysis 
detects electrons that pass through the sample [96]. It was 
observed that the determination of sample concentration and 
size distribution by electron microscopy can be risky. It has 
been proposed that electron microscopy can be used to iden-
tify exosomes, assess the quality of isolated exosomes, and 
ensure that exosomes are not ruptured [29, 84].

Cryogenic-Transmission Electron Microscopy (Cryo-
TEM) is a gold standard for characterizing the morphology 
of the exosome. But it is a very costly instrument as well as 
it requires expertise in imaging and analysis. Atomic force 
microscopy (AFM) analysis is a technique alternatively 
used for qualitative analysis of extracted exosomes, i.e., 
evaluation of size, morphology, and homogeneity of isolated 
exosomes. This technique produces data on the 3D geometry 
of EVs. The AFM is advantageous over other techniques in 
terms of height measurement and other features like com-
pression and deformation of particles can be captured. AFM 
imaging may be performed on either air or liquid samples 
[84]. The force between the probe and the sample is meas-
ured in this approach, producing an image from which height 
and diameter may be computed. Vesicle sizing via AFM was 
found to be consistent with Cryo-SEM [97].

Western blotting is an effective technique to characterize 
specific marker proteins of exosomes. Exosomes from dif-
ferent sources often contain different proteins intraluminal 
or on the membrane. Thus, marker-based exosomal char-
acterization was recommended by the International Soci-
ety for Extracellular Vesicles. The basic principle behind 
western blotting is simply affinity binding of target proteins 
and specific antibodies. Characterization of transmembrane 
proteins (such as CD9, CD63, CD81, etc.) or intraluminal 
proteins (such as TSG101) can be done by western blotting 
or enzyme-linked immunosorbent assay (ELISA). However, 
it just confirmed the presence of these protein biomarkers 
and not necessarily their colloidal form, which may get rup-
tured during isolation [84]. The process is complicated as 
well as time-consuming, too [47].

7  Exosomes in clinical applications

7.1  As diagnostic biomarkers

When tumor cells undergo cellular stress, the exosome 
release also increases to meet the overgrowing needs of 
tumor cells. In the process, the cancer cells shed exosomes 
into biological fluids such as serum, plasma, and urine. 
Exosomes have also been known to get labeled with fluo-
rescent molecules like Di dyes, PKH67 and CFSE to better 
understand the pathophysiology of the concerned disease 
[98]. Notably, exosome-mediated cell-cell communication 
leads to an exchange of information by delivering nucleic 
acids, proteins, and lipids between cells, which further 
promotes tumor progression, proliferation, and metastasis. 
Therefore, the identification of exosomal nucleic acids, 
proteins, and lipids within distinct sites of tumor stages 
provides a key diagnostic tool for clinicians to evalu-
ate and monitor tumor stage and progression. Thus, the 
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exosomes derived from tumor cells highlight their pivotal 
role in the diagnosis and treatment of tumor disease [99].

7.1.1  Diagnosis using exosomal proteins

The researchers identified several proteins that reflect the 
alterations that occurred during various stages of cancer. 
Several exosomal proteins were identified, such as CD24 
and EpCAM, in serum and ascites fluid and served as 
circulating biomarkers in the early stages of breast can-
cer [100]. EDIL3 and fibronectin were also found to be 
potential circulating biomarkers in early breast cancer 
stages along with treatment response markers [101, 102]. 
Survivin, a protein of the inhibitor of apoptosis (IAP) 
isolated from plasma-derived exosomes, was observed as 
a biomarker in breast and prostate cancer patients [103]. 
Zhao et al. used the ExoSearch chip for blood-based ovar-
ian cancer detection. His group measured the potential 
biomarkers of CD24, EpCAM, and CA-125 proteins in 
the plasma samples of ovarian cancer patients [104]. Pan-
creatic cancer is a deadly disease with a poor prognosis 
and a high mortality rate. Pancreatic cancer detection is a 
serious clinical problem due to its poor prognosis and late 
detection. According to their proteomic profile, exosomes 
released from pancreatic lesions have the potential to be 
beneficial as a diagnostic tool for early instances of pan-
creatic cancer. GTP-binding proteins and glycoproteins, 
which are membrane-related proteins, were discovered to 
be the most abundant proteins in pancreatic tissues [105, 
106]. The overexpression of epidermal growth factor 
receptor isoforms has also been found to serve as a bio-
marker tool for the diagnosis of pancreatic cancer [106]. 
Melo et al. used mass spectrometry to identify the bio-
marker protein Glypican-1 (GLP-1) and flow cytometry 
was used to isolate it from the serum of pancreatic can-
cer patients in both early and late stages, with absolute 
specificity and sensitivity [107]. Niu et al. carried out a 
proteomic analysis and demonstrated significant expres-
sion of alpha-2-HS-glycoprotein (AHSG) and extracellular 
matrix protein 1 (ECM1) in non-small cell lung cancer 
patients compared to the healthy group [108]. Based on 
the various biological characteristics of lung carcinoma, 
it is classified into lung squamous cell carcinoma (LUSC) 
and lung adenocarcinoma (LUAD). In the clinical study, 
Cao et al. demonstrated an overexpressed level of tumor 
protein 63 (TP 63) and keratin 5 protein in lung squamous 
cell carcinoma. While in the case of lung adenocarcinoma, 
the levels of cell adhesion molecule 6 and surfactant pro-
tein were increased when compared to healthy individu-
als. These LUAD and LUSC carcinoma-specific exosomal 
protein biomarkers have been proven as effective tools for 

the diagnosis and identifying efficient treatment strategies 
[109].

7.1.2  Diagnosis using exosomal nucleic acids

The exosomal miRNA is potentially involved in the regula-
tion of the tumor microenvironment and stimulation of vari-
ous tumor-related pathways through the transfer of miRNA 
from the parent tumor cell to other neighboring cells through 
intercellular communication. Thus, the exosomal miRNA 
has been considered a biomarker for tumor diagnosis as it is 
indicative of tumor progression, aggressiveness, and sever-
ity. Exosomal miRNA has been reported to be significantly 
expressed in squamous cell carcinoma, lung, ovarian, colo-
rectal, and pancreatic cancer. Exosomal miRNA 17-5p has 
been found to be overexpressed in colorectal cancer and pan-
creatic cancer, which has defined a strategy for identifying 
metastasis and stages of colorectal cancer [77]. Exosomes 
enriched in miR-224-5p provided novel potential targets for 
the suppression and therapy of non-small cell lung cancer 
(NSCLC) [110]. Huang et al. reported that the low level of 
miR-34c-3p extracted from exosomes assisted in NSCLC 
development. Therefore, miRNA has significant potential as 
a prognostic biomarker in NSCLC [111]. Sun et al. showed 
miRNA-3607-3p was enriched in the exosomes of natural 
killer cells. In pancreatic cancer, it suppresses pancreatic 
cancer cell proliferation, invasion, migration, as well as a 
malignant transformation of pancreatic cells by directly 
targeting IL-26 through in vitro and in vivo studies. Thus, 
miRNA-3607-3p has been proven to be used as a treat-
ment therapy in pancreatic cancer [112]. Further, scientists 
demonstrated that the overexpression of exosomal miRNA-
23b-3p [113] and miRNA 339-5p [114] resulted in pancre-
atic cancer cell growth, migration, and invasion activities. 
So, both these miRNAs were suggested as promising agents 
in the diagnosis of pancreatic cancer. Zhou et al. identified 
upregulated levels of miRNA-217 and miRNA-23b-3p via 
high-throughput sequencing. In vitro and in vivo studies 
revealed that upregulated miRNA-217 levels have promoted 
cell proliferation and invasion in prostate cancerous cells. 
Upregulated miRNA-23b-3p levels, on the other hand, sup-
ported the inhibition of cell proliferation and invasion in a 
high throughput screening study, indicating that both miR-
NAs can be used in the diagnosis and treatment of prostate 
cancer [115]. In breast cancer, the exosomal miRNA-21 
was overexpressed in the late stage of cancer, which was 
considered a progress indicator for the late stage of breast 
cancer [116]. In the early stage of breast cancer, high levels 
of miRNA-105 [117] and overexpression of miRNA-373 
in triple-negative breast cancer patients have been proven 
as effective biomarkers [118]. In the metastatic stage of 
breast cancer, exosomal miRNA-1246 is highly expressed 
and is implicated in cell proliferation, drug resistance, and 
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cell migration [119]. In addition, there were reports demon-
strating that an increase in exosomal miRNA-222 expression 
was associated with Adriamycin resistance in breast cancer 
patients [120].

7.1.3  Diagnosis using exosomal lipids

The exosomal lipid bilayer membrane contains a variety of 
lipids that help to preserve the exosomal shape and safe-
guard the proteins and nucleic acid contents [121]. Abnor-
mal lipid metabolism is closely related to cancer progres-
sion and metastasis [122]. The exosomal lipid composition 
was found in prostate, breast, and pancreatic cancer cells, as 
well as hepatocellular carcinoma, glioblastoma, melanoma, 
B-lymphocytes, oligodendroglia precursor cells, mast cells, 
adipocytes, reticulocytes, and platelets. Exosomes contain 
a variety of lipids, including cholesterol, sphingomyelin, 
phosphatidylcholine, phosphatidylethanolamine, phos-
phatidylinositol, and ceramide [123–125]. Min et al. dem-
onstrated potential lipid biomarkers such as phosphatidyl-
cholines, phosphatidylethanolamines, phosphatidylserines, 
and phosphatidylinositol in prostate cancer patients [126]. 
Lea et al. investigated the endogenous lipid phosphatidylser-
ine secreted by exosomes in the plasma of prostate cancer 
patients and healthy individuals. They found that the levels 
of phosphatidylserine in benign and malignant patients were 
higher than the healthy individuals [127]. The glycolipids 
such as hexosylceramides and lactosylceramides were abun-
dantly found in prostate cancer-derived exosomes [128]. Lea 
et al. showed that the abundance of exosomal phosphatidyl-
serine in ovarian cancer was higher than the healthy indi-
viduals. They carried out ELISA which could quantify even 
a picogram of phosphatidylserine (PS) and further based 
on a statistical test, the amount of phosphatidylserine was 
found higher in malignant women than in benign women. 
Thus, this study revealed the detection of exosomal phos-
phatidylserine in the blood of women and it has been proven 
as a biomarker for ovarian cancer [127]. In another instance, 
Skotland et al. established the potential utilization of lipids 
in urine exosomes as a prostate cancer biomarker. The 
quantitative lipidomic analysis using high throughput mass 
spectrometry revealed the overall composition of lipids in 
exosomes in urine samples of both prostate cancer patients 
and healthy individuals. The results warranted its use as a 
biomarker in prostate cancer [124].

7.2  As therapeutic target

Exosomes secreted by tumor cells can be used as a carrier of 
tumor-associated antigens carrying therapeutic targets, that 
have potential value in antitumor vaccination. Shi et al. eval-
uated the anticancer effects of a new exosomal vaccination 

which is comprised of an interferon-modified exosomal vac-
cine in an effort to counteract prostate cancer [128].

The exosomal vaccination was prepared to utilize a pro-
tein anchoring approach with cancer cell-derived exosomes. 
The immunogenicity and therapeutic efficiency of exosomes 
were assessed by evaluating the effects of the exosomal 
vaccine on M1 macrophage differentiation, macrophage 
capacity to ingest exosomes, antibody generation against 
exosomes, tumor angiogenesis, metastasis, and tumor devel-
opment. The exosomal vaccination reduced the expression 
of vascular endothelial growth factor receptor 2 and reduced 
exosomes’ ability to promote tumor metastasis. The exoso-
mal vaccination effectively reduced tumor development and 
increased survival time in mice with prostate cancer. As a 
result, this study demonstrated the utilization of exosomes 
as a therapeutic tool in immunotherapy for human prostate 
cancer [129]. Hartman et al. used tumor-associated antigens 
and targeted exosomes. The results demonstrated enhanced 
expression of tumor-associated antigens such as carcinoem-
bryonic antigen and HER2, which were coupled to the C1C2 
domain of cadherin protein in exosomes in vitro. It was con-
cluded that exosomal targeting supported the anti-tumor vac-
cination strategy [130].

7.3  As drug carrier

Based on the evidence of drug integration into exosomes, 
it is hypothesized that drug-loaded exosomes may be used 
as therapeutic formulations for tumor targeting [73, 131]. 
Pascucci et al. loaded paclitaxel in mesenchymal stromal 
cells (MSC) derived exosomes as MSC have a prominent 
capability of uptake and release of exosomal vesicles. They 
used murine SR4987 cell lines as mesenchymal stem cell 
models and further release of paclitaxel from SR4987 cell 
lines has been investigated by HPLC. Human pancreatic cell 
lines CFPAC-1 were used to test the antitumor activity. The 
results demonstrated that MSC-derived paclitaxel-loaded 
exosomes have been proven to be an effective drug deliv-
ery system with a higher cell-target specificity [132]. Yong 
et al. developed novel biomimetic nanoparticles involv-
ing exosome-sheathed doxorubicin-loaded porous silicon 
nanoparticles that achieved increased tumor accumulation, 
extravasation from blood vessels, and penetration into deep 
tumor parenchyma with intravenous treatment, considerable 
cellular absorption, and cytotoxicity in both bulk cancer 
cells and cancer stem cells. The outcomes of these biomi-
metic nanoparticles suggested that the proposed exosomal-
biomimetic doxorubicin-loaded porous silicon nanoparti-
cles exocytosed from tumor cells proved to be a promising 
novel drug delivery system for cancer chemotherapy [133]. 
Zang et al. studied the effect of cisplatin-loaded umbilical 
cord-derived macrophage exosomes on ovarian cancer cell 
growth and treatment resistance. They tested the efficiency 
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of M1 exosomes isolated from umbilical cord blood (UCB) 
monocytes for cisplatin delivery to drug-resistant ovarian 
cancer cells. The results demonstrated that UCB-derived M1 
exosomes carrying cisplatin inhibited the development of 
the epithelial ovarian cancer lines A2780 and the cisplatin-
resistant cell lines A2780/DDP better than cisplatin alone, 
notably in A2780/DDP cell lines [134]. For the treatment of 
pancreatic cancer, Yong et al. loaded gemcitabine in autol-
ogous exosomes. They loaded gemcitabine into exosomes 
using a sonication method, and cell line studies revealed 
that cellular uptake of autologous exosomes to parent can-
cer cells was selective when compared to heterologous cel-
lular uptake, with improved cellular uptake, a regulated 
drug release profile, and preferable targeting efficacy to the 
tumor site. It was shown that administering an injection of 
exosome-loaded gemcitabine resulted in considerable tumor 
clearance, decreased tumor development following therapy, 
and extended life in tumor-challenged mice in a dose-
dependent manner. The suggested formulation demonstrated, 
virtually perfect biocompatibility with lower immunogenic-
ity, and the toxicity of free gemcitabine was significantly 
reduced using an exosome-loaded gemcitabine formulation 
[72]. Elanz and co-workers formulated targeted doxoru-
bicin-loaded mesenchymal stem cell-derived exosomes for 
the treatment of colorectal cancer. They incorporated doxo-
rubicin through the electroporation method, separated by 
ultracentrifugation, and encapsulation efficiency was found 
to be 35%. They also did functionalization of exosomes; the 
exosomal surface amine groups were covalently bonded with 
carboxylic acid-end Mucin 1 (MUC1) aptamer to provide 
selective guided drug delivery. The results demonstrated that 
doxorubicin-loaded functionalized exosomes provided pref-
erential doxorubicin transportation to MUC1-positive cancer 
cells via in vitro cell line study and in vivo study reflected 
that single-dose intravenous injection of doxorubicin-
loaded functionalized exosomal formulation significantly 
suppressed tumor growth compared to non-functionalized 
doxorubicin-loaded exosomes and free doxorubicin. From 
the results, it was concluded that MUC1 aptamer-decorated 
exosomes can be implemented therapeutically for the safe 
and effective delivery of doxorubicin to colon adenocarci-
noma and can offer a promising platform for cancer therapy.

7.4  Chemoresistance

In recent years, exosome-induced resistance to chemother-
apy has evolved as a novel mechanism. Exosomes confer 
resistance through direct drug export, trafficking of drug 
efflux pumps, and cell-to-cell exchange of miRNAs [135]. 
In the case of direct export of drugs, several drugs have been 
reported to be expelled into exosomal vesicles via the physi-
cal binding of drugs to the exosomal membrane, thereby 
proving the association of chemoresistance with vesicular 

shedding kinetics [136]. Later, it was found that the anthra-
cyclines class of molecules showed preferential export from 
the cytoplasm into exosomes which have been assigned a 
regulatory role of ATP-transporter A3(ABCA-3) protein 
in exosome shedding [137, 138]. Koch et al. revealed that 
reduced exosome biogenesis leads to enhanced intracellular 
retention of doxorubicin after blocking ABCA-3 expression 
[137]. Generally, exosome biogenesis is often unregulated in 
drug-resistant cancer cells compared to drug-sensitive can-
cer cells [139]. Furthermore, chemotherapeutic drug therapy 
and tumor microenvironment conditions such as low pH are 
known to enhance exosome formation [140]. The rationale 
for developing compounds that target exosome formation 
to increase cancer cell chemosensitivity has been outlined 
collectively. Safaei et al. demonstrated two mechanisms 
for cisplatin resistance in ovarian cancer cells. The former 
encompasses resistance developed via increased exosomal 
pathways and the latter via direct drug export in exosomes 
[141]. Another reported mechanism for the development of 
resistance to chemotherapy is via efflux pump transporters. 
Exosomes have been reported to horizontally transfer the 
P-glycoprotein (P-gp), multidrug-resistant protein-1 (MRP-
1), ATP-binding cassette transporter A3 (ABCA-3), and 
ATP-binding cassette transporter G2 (ABCG-2). Among all 
efflux pump transporters, P-gp exosomal delivery has been 
widely implicated in the development of cancer chemother-
apy resistance [142, 143]. In the instance of miRNA-medi-
ated resistance, miRNA exchange among cancer cells leads 
to more complex chemotherapeutic heterogeneity within the 
tumor microenvironment. Exosomal miRNA exchange has 
been linked to the development of resistance in two ways: 
exosomal miRNA interchange between drug-resistant and 
drug-sensitive tumor cells and functional miRNA transfer 
between tumor microenvironment cells and cancer cells. The 
exosomes extracted from docetaxel and Adriamycin-resist-
ant breast cancer cells carried miRNA that caused treatment 
resistance in MCF-7 cells. Here, particular miRNAs such as 
miR-100, miR-222, miR-30a, miR-24, miR-26a, and miR27a 
have been discovered to be associated with the formation of 
the resistant phenotype.

7.5  As anticancer vaccine

The concept of cancer vaccine dated back to the 1970s with 
tumor peptides eliciting assuring outcomes. In the early 
2000s, scientists found the expression of major histocom-
patibility complex (MHC)-I and MHC-II molecules from 
exosomes derived from dendritic cells induced cytotoxic T 
lymphocyte priming and tumor reduction. With the advent 
of engineering techniques and antigen-presenting artificial 
models, exosome-based vaccine development has taken a 
giant leap and is reflected in many clinical trials (Table 1). 
The cells which have been infected with viruses release 
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exosomes that possess the ability to induce anti-viral inter-
feron response. This attribute makes exosomes an indomita-
ble player in anticancer vaccine development [144]. Cancer 
vaccines can exploit the use of tumor-specific antigens such 
as HER-2, human papillomavirus (HPV), and melanoma-
associated antigen peptides-1 (MAGE-1) present exclu-
sively in cancer cells [145]. Scientists have established a 
link between toll-like receptors (TLR) and tumor-derived 
damage-associated molecular patterns (DAMPs) inducing 
the release of cytokines through the activation of T cells. 
Damo et al. investigated the effect of a vaccine derived from 
ovalbumin and TLR pulsed bone marrow dendritic cells and 
found that the vaccine was responsible for the induction of 
 CD8+ T cell proliferation and increase in the level of TNF-α 
 CD4+ T cells in lymph nodes of mice suffering from mela-
noma and slowed the progression of tumor in vaccinated 
mice [146]. In another instance, Hartmann et al. investi-
gated recombinant adenoviral vectors which expressed the 
extracellular domain of carcinoembryonic antigen and found 
elevated levels of protein in exosomes of a transgenic murine 
model. This research finding highlighted the low immuno-
genicity of tumor-associated antigen in patients suffering 
from cancer [130].

8  Challenges of exosomal delivery

As it has been discussed earlier, there arises a growing 
interest in exosomal delivery for therapeutic interventions. 
Many research reports corroborated that exosome produc-
tion could be leveraged by adopting different strategies like 
genetic modification of stem cells, co-culturing of exosomes 
with biomaterials, and incubating exosomes with hypoxia, 
lipopolysaccharides, and reduced pH. However, large-scale 
production of exosomes for clinical utility remains a major 
obstacle and so is the isolation of exosomes which is con-
siderably dependent on the physicochemical properties of 
exosomes and their purity. The standardization of storage 
conditions also poses an important consideration [147]. The 
fate of exosomes inside the patient’s body (pharmacokinet-
ics) needs to be given proper attention for the betterment 
of therapy. There are also uncertainties pertaining to the 
superiority of exosomes among plant, animal, and bacte-
rial sources and the impact of pre-conditioning on the effi-
cacy of exosomal delivery. Another challenge in delivering 
exosomes is a lack of a standard method for targeted delivery 
to the affected site as it may carry the risk of getting captured 
by the liver or lungs or exosomes may get damaged during 
the process of loading rendering the delivery less efficacious 
[148].

EVs derived from animal cells have beneficial qualities 
in the treatment of many illnesses; nevertheless, one of the 
major hurdles in this research is determining whether and Ta
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how many numbers of human EVs can be generated in vitro 
or purified from biological fluids. The number of EVs pro-
duced per unit of original substantial will have an impact 
on the ultimate manufacturing cost and clinical applica-
tions. Thus, an appropriate selection of alternate sources of 
exosomes is warranted. Although plant-derived exosomes 
have their natural origin and can be separated from a large 
reservoir, they suffer from isolation and characterization 
challenges which vary to a great extent jeopardizing the 
safety and efficacy. The surface markers, particle size, and 
densities also add up to the complexity of systematic analy-
sis [149]. Another growing concern for the exosomes field 
is its heterogeneity which was raised by Johnstone et al. in 
1987 [150]. The tumor microenvironment is principally 
responsible for the heterogeneity of EVs of which cancer 
cells with varying metastatic ability, fibroblasts associated 
with cancer, adipocytes, immune cells, mesothelial cells, 
and stromal cells are key players. Any abnormal mechanical 
as well as chemical factors are also responsible for stimu-
lating the secretion of exosomes with different molecular 
characteristics leading to heterogeneity. Some of the well-
reported factors which contribute in heterogeneity include 
pH, hypoxic conditions, calcium concentration intra and 
extracellular, radiation and chemotherapy-based treatment, 
and mechanical stress [151]. The heterogeneity of exosomes 
can also be attributed to differences in their size, content, 
functional impact on receipient cells, and cellular origin. 
Size differences could lead to different amount of exosomal 
contents. Exosome marker variability has been identified 
by proteomic analysis of EVs, raising concerns about their 
relevance in experimental design employing marker-deter-
mined purification techniques. Nonetheless, the proteome of 
breast cancer cells and their exosomes can reveal whether 
the cell of origin was epithelial or mesenchymal, and distinct 
proteins and nucleic acids are enriched in exosomes in com-
parison with their cell of origin, implying a specific protein-
sorting mechanism involved in exosome biogenesis and/or 
content loading. Heterogeneity may also be predicated on 
the organ and tissue of origin of the exosomes, including 
whether they originate from cancer cells, giving them differ-
ent features such as tropism to certain organs and absorption 
by specific cell types [152].

9  Conclusion

The exchange of biological molecules across cell mem-
branes is a very important step in attaining homeostasis of 
normal cells and is assisted by the EVs, exosomes, in par-
ticular. These exosomes play a crucial role in intercellular 
communication and provide insights into the progression 
and growth of cancerous cells by discharging cargos trapped 
inside exosomes. There have been many isolation methods 

for exosomes and with advanced characterization techniques, 
these exosomes can be suitably evaluated for therapeutic 
purposes. Past reports have suggested that exosomes have 
been at the forefront of diversified applications in cancer, 
viz., diagnostic biomarkers, in drug delivery systems. It has 
even been reported that exosomes confer chemoresistance 
in some of cancers. As a whole, it could rightly be said that 
a detailed study focusing on the potential of exosomes in 
counteracting cancer and understanding the metastasis and 
progression of cancer has and in the future would vitalize 
existing anti-cancer therapies and open new doors towards 
tackling the same.
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