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a b s t r a c t

Exosomes are small nanosized biovesicles that form when multivesicular bodies and the plasma membrane 
fuse and are released into the surrounding body fluids. They are best known for their multifunction in 
mediating intercellular communication by transferring various biomolecules, including DNA, RNAs, pro-
teins, and lipids, in a short- and long-distance manner and have been identified as health and disease 
messengers. Importantly, exosomes are necessary for various physiological processes in health and disease. 
The generation of exosomes depends on the status of the disease, which usually exhibits opposite roles by 
inducing enhanced cellular stress and damage. Recently, exosome-based nanotechnologies have provided 
unprecedented opportunities to boost the developments of exosome-related biology, chemistry, pathology, 
and therapeutics in different diseases based on their unique structural/compositional/morphological 
characteristics for next-generation nanomedicines. Herein, we provide a comprehensive overview of the 
recent advances in exosome nanotechnology research, including their classification, isolation and pre-
paration, constitution, biological function, and nanobiomedical applications in disease treatment and di-
agnosis. Furthermore, future prospects were also concluded. This review will provide more inspiration for 
promoting the development of exosome-based advanced theranostic nanoplatforms and nanotechnology.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).
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Introduction

Exosomes are small membrane vesicles of endocytic origin se-
creted by most cells [1,2], with sizes ranging from 30 nm to 150 nm, 
different from extracellular vesicles and apoptotic bodies in their 
origin, size and inclusions[3,4]. Exosomes are extracellular cell-
derived phospholipid nanocarriers that function as signalosomes 
and transmit bioactive molecules to specific recipient cells for in-
tercellular communication over short and long distances [5], where 
cargoes, including DNA, RNA, protein, lipid, carbohydrate and other 
small molecules, within exosomes can execute their functions in 
targeted tissues to regulate the proliferation, differentiation, mi-
gration, survival, gene expression, cell metabolism, etc., of recipient 
cells [6]. To date, exosomes have been identified to be complicated 
within almost every disease [7–11]; for example, to maintain cellular 
homeostasis, exosome secretion is beneficial for removing harmful 
cytoplasmic DNA from cells [12]. At the same time, due to the high 
heterogeneity of inclusions, exosomes act as a double-edged sword 
in disease biogenesis, progression, and inhibition[13–15]. Therefore, 
exosomes have been effectively regarded as diagnostic biomarkers
[16–18], therapeutic targets [19,20], delivery platforms[21,22], and 
therapeutics[23,24] in various diseases. In particular, exosomes that 
act as platforms for disease-targeted delivery have been developed 
rapidly and achieved excellent outcomes[25,26] and have been re-
garded as next-generation theranostic platforms of advanced na-
notechnology[27–29]. In addition, there are 287 clinical trials of 
exosomes in various diseases (ClinicalTrials.gov), highlighting the 
importance of exosome-based technologies in biomedicine.

Exosomes from various kinds of cells, including mesenchymal 
stem cells (MSCs), cancer cells, immune cells, and food and plant 
cells, have been isolated and prepared [30–32]. At present, a stan-
dardized exosome isolation method is still not available, and many 
approaches have been established through exploration of the bio-
chemical and physicochemical features of exosomes, including dif-
ferential centrifugation, filtration centrifugation, density gradient 
centrifugation, immunoaffinity capture, size exclusion chromato-
graphy, microfluidic technology, etc. [28,33,34]. Many methods are 
adopted for purification, quality control and storage [35–38]. Due to 
the dynamic homeostasis of the biological body, the results of exo-
some preparation are also different from each other; therefore, many 

methods, such as adjustment of physical and chemical factors, in-
crease in intracellular calcium concentration, drug stimulation, and 
gene overexpression, have been utilized to enhance the generation 
ratio of exosomes[39,40]. Furthermore, the identification of exo-
somes is based on their physicochemical properties, including size 
and protein expression, and exosomes are usually characterized by 
transmission electron microscopy (TEM), western blotting, nano-
particle tracking analysis (NTA), and protein concentration de-
termination.

Compared with other delivery platforms, exosomes exhibit 
overwhelming advantages when applied in disease-associated ap-
plications, including i) maintaining high stability in the long term; ii) 
high targeting capability, by passive and active targeting manner, of 
exosomes improve the efficiency of drug use and reduce the fre-
quency of drug usage; iii) autogenous exosomes promote low im-
munogenicity that reduces body clearance; iv) high drug loading 
capability, including the broad species of loading cargoes, including 
nucleic acid drugs, virus, protein drugs, small molecule drugs and so 
on, and loading efficiency; v) exosomes benefit from effectively in-
creasing drug solubility and implementing multiple drug release; 
and vi) therapeutic potential itself to achieve synergistic therapeutic 
outcomes jointly. All these advantages have boosted their applica-
tions in biomedical fields [39,41–43]. Beyond natural exosomes, 
engineered exosomes defined by various modifications are another 
branch of the exosome-based scientific community that can enhance 
targeting specificity and efficacy to improve therapeutic outcomes 
significantly [44–46], and they have been applied in cancer treat-
ment[47,48], neurodegenerative diseases[24,49], cardiovascular dis-
eases [50,51], mental illness[52], orthopedic diseases[53], metabolic 
diseases [54] and so on.

Although a plethora of breakthroughs in exosome-based science 
have been made in recent years, many obstacles still need to be 
resolved urgently, such as standard preparation and quality control 
methods and effective quantification methods for their clear, 
complete and simultaneous inclusion[55–57]. On the other hand, 
there are a plethora of studies focusing on the summary of exo-
some-associated science, from production, purification, storage, 
quality control, modification, and biomedical application[58–63]. 
However, many advances need to be summarized and explored. 
Herein, in this review, we make our best efforts to provide a 
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comprehensive overview of the recent advances in exosome na-
notechnology research, including their classification, isolation and 
preparation, constitution analysis, biological function, and nano-
biomedical applications in disease treatment, especially in the 
fields of delivery of various therapeutic agents.

Exosomes

Exosomes arise from endosomes between 40 and 100 nm in size 
[7]. They are present in most human fluids, including blood, saliva, 
and urine, and are released by all cell types. Exosomes are nano-
spheres with bilayer membranes that contain several proteins ob-
tained from their parent cell, including transport proteins, heat 
shock proteins, proteins linked with multivesicular body (MVB) 
biogenesis, and tetraspanins, to name a few. In addition to proteins, 
they contain several lipids, including cholesterol, sphingolipids, 
phosphoglycerides, ceramides, and saturated fatty acid chains [7,8]. 
Exosomes act as biomarkers and indicate their involvement in bio-
logical processes, making their composition crucial.

They play a vital role in signal transduction and physiological 
response initiation [9]. Exosomes were first implicated in the re-
moval of superfluous proteins, even during the development of 
cells. Based on the origin of the exosomes, their roles vary. By 
transporting prostaglandins, platelet-secreted exosomes contribute 
to proinflammatory reactions [10]. In addition to sharing proteins 
and lipids between recipient cells, exosomes have been demon-
strated to transport nucleic acid cargo, with mast cells secreting 
exosomes carrying mRNA and short RNA, which are subsequently 
transmitted to selected recipient cells and translated by the re-
cipient cell [11].

Given that exosomes can be extracted from almost every kind of 
cell, are engaged in cell-to-cell contact, and participate in both 
normal and pathobiological pathways, several studies have focused 
on their diagnostic and therapeutic applications. For instance, 
exosomes are capable of inducing tissue regeneration by delivering 
growth factors, proteins, microRNAs, messenger RNAs, noncoding 
RNAs, and lipids [12,13]. Furthermore, exosomes produced from 
stem cells and endothelial progenitor cells could regenerate cardiac 
tissue and neovascularization in a model of myocardial infarction 
and kidney damage [14]. Plant exosomes are widely accepted 
moieties and are mostly incorporated into edible items. It is useful 
in numerous therapeutic applications, such as inflammation, tu-
mors, and infectious diseases. Plant-derived exosomes are a novel 
approach to natural exosomes. A study concluded that there are 
different concentrations of exosomes in different edible contents, 
such as 1.76 mg/g and 2.21 mg/g in grapes and grapefruit, respec-
tively [64]. Citrus fruits are the matter of choice regarding the 
production of plant-based nanovesicles. Citrus fruit-derived exo-
somes have shown significant antioxidant activity in various dis-
eases[65].

MicroRNAs can improve the condition of cardiac disease, such as 
myocardial infarction (MI). Delivery of miRNAs is facilitated by using 
human exosomes derived from human blood. It ensures targeted 
drug delivery and cellular communication, which increase efficacy 
and nullify adverse events[66]. Exosomes derived from breast milk 
elevate the growth and health of neonates. A study on porcine epi-
thelial cells showed a positive response, which was concluded by an 
increase in the proliferation of cells[67].

With the advancement of technology and science, artificial exo-
somes are also considered an alternative for drug delivery and 
therapeutics. A study on rabbits concluded that APO2 L/TRAIL, when 
conjugated with liposomes, shows a better therapeutic effect in ar-
thritis[68]. Although accepted and supported by clinical data, it was 
found that the mass that reaches the tumor was only 0.7% of the 
total dose[69]. When compared to plant exosomes, human exosomes 

show an alert for the therapeutic index. However, the production 
scale of human exosomes is limited compared to that of plant exo-
somes[70]. Safety concerns are present in artificial molecules, and 
delivery systems are recommended for vegetable- and plant-derived 
exosomes[71].

Exosomes are classified as either natural or designed de-
pending on whether they have been purposefully altered [15]. 
Ultimately, natural exosomes are split into those originating from 
animals and those obtained from plants. Additionally, food-de-
rived exosomes offer promising future potential. In recent years, 
researchers have discovered that plant-derived exosome-like na-
noparticles (ELNs) have structural similarities with exosomes 
from mammals. Ginger-derived particles may prevent the devel-
opment of liver disorders, while ELNs generated from grapes, 
carrots, grapefruit, and ginger have anti-inflammatory properties 
and can preserve intestinal homeostasis [16–18]. Exosomes have 
been separated from various plant species and their sections (i.e., 
fruits, roots, leaves, and seeds) using standardized isolation and 
purification techniques discussed below. Wang et al. investigated 
whether nutrient uptake by plant-derived nanovesicles has mul-
tiple functions with some health benefits and could be useful for 
efficiently delivering therapeutics without eliciting inflammatory 
responses[72]. Using nanovesicles made from vegetables and 
fruits might provide a novel technique to complement the average 
human diet. Several recent studies have revealed that plant-de-
rived nanovesicles may be taken up by both macrophages and 
stem cells, with anti-inflammatory and regenerative benefits. The 
antioxidant impact of organic agriculture-derived nanovesicles 
was shown to be much greater than that of intensive agriculture- 
derived vesicles. The ability to acquire antioxidants without the 
use of chemicals was a significant accomplishment in this field. 
This delivers antioxidants in vegetables and fruits in their natural 
and active forms. Furthermore, when antioxidants are en-
capsulated inside the lipid membrane of nanovesicles, they are 
shielded from rapid oxidation [73]. A study by Logozzi M et al. 
suggested a series of data supporting the use of plant-derived 
nanovesicles in daily human supplementation to prevent and treat 
human diseases [74]. Whenever antioxidants are consumed inside 
nanovesicles, they are protected from rapid oxidation and lysis 
and enzymatic digestion in gastric and intestinal solutions. A 
phase I clinical trial is presently being performed to evaluate the 
delivery potential of plant-derived exosomes conjugated with 
curcumin in colon cancer (ClinicalTrials.gov Identifier: 
NCT01294072). In addition, clinical trials have been developed to 
study the oral administration of grape-derived nanovesicles to 
abolish oral mucositis related to neck and head cancer treatment 
(ClinicalTrials.gov Identifier: NCT01668849). Finally, the ability of 
ginger- and aloe-derived exosomes to alleviate insulin resistance 
and long-lasting inflammation in polycystic ovary syndrome 
(PCOS) patients will also be assessed in clinical trials (Clinical-
Trials.gov Identifier: NCT03493984).

It is ideal to achieve optimal therapeutic efficacy, avert off-target 
outcomes and toxicity, and reduce large-scale production costs 
when creating new therapeutic treatments. Based on this require-
ment and the above clinical examples, it is evident that plant-de-
rived nanovesicles appear feasible for drug delivery and targeting. 
Furthermore, due to their natural source, exosomes can be isolated 
in large volumes in an ecological manner.

At present, exosomes are categorized mostly based on their ori-
gins. However, this categorization does not comprehensively analyze 
the properties and functional applications of the numerous exosome 
types. Further classifications of organophilic, biological dispersion, 
and immunogenicity may be proposed in the future [19].
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Isolation, extraction and purification of exosomes

Methods adopted for the isolation and purification of exosomes

It is an essential part of exosome research. However, it is chal-
lenging to extract exosomes due to their small size and low number 
and heterogeneity in their content, function and source [75]. Due to 
the exhibition of great potential in unraveling disease mechanisms, 
targeted drug delivery, and diagnostic biomarkers, advancements in 
exosome separation techniques are gaining more attention [21]. 
Various methods, such as ultracentrifugation, ultrafiltration, pre-
cipitation, immunoaffinity separation, and size exclusion chroma-
tography, have been developed based on their purpose and 
application (Fig. 1). The following is a brief description of different 
methods. 

a) Ultracentrifugation is categorized into two types: differential 
ultracentrifugation and density gradient ultracentrifugation. 
Differential ultracentrifugation is the most common method to 
isolate exosomes from biological fluids. This technique involves 
initial sets of minimal-speed centrifugation (4 °C) to eliminate 
cell and apoptotic fragments followed by two cycles of high- 
speed centrifugation (4 °C) at 100000 x g for a longer duration to 
separate larger vesicles and precipitate exosomes, respectively, as 
pellets [22,23]. Despite the effective isolation of exosomes, this 
method is time-consuming, laborious, and expensive, produces 
low yields, and compromises purity[24]. On the other hand, the 
density gradient centrifugation technique involves the addition 
of a sample into an inert gradient media (linear sucrose or io-
dixanol gradient) for centrifugal sedimentation or equilibration, 
ultimately resulting in the settling of distinct sample components 
to their isodensity region, thereby leading to the separation of 
exosomes. The advantages of this method are higher separation 
efficiency and purity of exosomes, maintenance of the archi-
tecture of extracted exosomes, and nonmixing of separated 

components. However, it is a highly time-consuming method and 
produces low yields.

b) The ultrafiltration or size-based exclusion technique is a rapid 
method that employs a membrane filter with specific molecular 
weights or size exclusion constraints to separate exosomes. Here, 
a smaller volume of samples can be used. However, the use of 
force may deform or break larger vesicles, resulting in misleading 
results [75].

c) The principle involved in size exclusion chromatography (SEC) is 
that macromolecules are not able to penetrate the gel apertures 
and will be flushed with a mobile phase along the pores of the 
gel. Nevertheless, tiny molecules persist in the porous matrix and 
are eventually eluted with the help of an eluent. It is an easy 
technique of isolation that is quicker, less costly and has no effect 
on biological characteristics [75].

d) The precipitation technique involves settling exosomes by al-
tering their solubility or dispersibility. This is achieved by enga-
ging water, excluding polymers such as polyethylene glycol 
(polymer precipitation), adding salt solution such as sodium 
acetate (salt precipitation), or adding protamine sulfate (charge 
precipitation) [25]. The procedure involves incubating the sample 
and collecting the precipitate containing exosomes by low-speed 
centrifugation or ultrafiltration.

e) Immunoaffinity chromatography involves the covalent bonding 
of antibodies to filters or other matrices that bind to the surface 
protein or antigen present on the surface of exosomes [26]. To 
add value to this method, Zarovni and team developed an im-
munoaffinity magnetic capture technique employing submicron- 
sized magnetic beads coated with a monoclonal antibody that 
attaches to certain receptors on the surface of exosomes [27]. 
However, the fundamental drawback of this method is that 
eluting exosomes from magnetic beads is difficult, and the bound 
exosomes cannot be used in subsequent studies [5]. Therefore, 
Huang and colleagues created unique magnetic graphene oxide 
nanoparticles (MGONs) for efficient exosome capture using Fe3O4 

Fig. 1. Methods employed to isolate exosomes from various biological matrices, such as plasma, cell or microorganism cultures, urine and plant/vegetable/fruit sources. The basic 
principle of these purification techniques is to separate the exosomes from other elements in the sample based on particle size and physical properties. Frequently used exosome 
isolation techniques are immunoaffinity separation, size exclusion chromatography, differential centrifugation, PEGylation and filtration.
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@SiO2 magnetic nanoparticles coated with graphene oxide 
through dopamine. On the surface of MGONs, CD63 aptamers 
were added, which could detect and bind to CD63 on the exo-
some membrane [28].

Various commercial kits are currently marketed based on the 
isolation mentioned earlier, such as EXO-Prep, qEV separation col-
umns, exoEasy Maxi kit, Exo‐spin isolation kit, RIBO exosome isola-
tion reagent, and Minute Hi-Efficiency Exosome Precipitation 
Reagent. After thorough analysis, commercial kits have shown the 
benefits of saving time, good yield, and excellent structural archi-
tecture. However, due to uneven extraction processes, no kit can 
extract optimal exosomes from a combination of samples. In addi-
tion, the kits are expensive, and the purity and yield of exosomes are 
not particularly good [76].

With the growing clinical potential of exosomes, it is more im-
portant than ever to improve and optimize their isolation process for 
optimum yield, purity, and assay consistency. Because of constant 
research, development, and innovation, scientists have access to 
numerous novel approaches for optimizing established technologies 
from one or more viewpoints, all of which have promising applica-
tion potential. Microfluidic technology is one of the recent ad-
vancements in the isolation of exosomes. The approaches employed 
in microfluidic techniques are immunoaffinity-based extraction 
using particular biomarkers such as antibodies, integrating micro-
fluidics with acoustic waves and dielectric electrophoresis to ac-
complish tag-free isolation of exosomes based on their electrical and 
physical attributes, and filtration-based extraction. Tayebi and 
coworkers designed a microfluidic device with grids to effectively 
capture a multitude of individual microbeads with abundant exo-
somes at the extent of a single particle based on the principle of 
passive hydrodynamic trapping [29]. Similar to the immunoaffinity 
approach, nanoplasmonic enhanced scattering (nPES) employs an-
tibodies against the biological markers CD81, CD63, and CD9, which 
are abundant on most exosome surfaces, to collect and identify all 
exosomes present in a sample [77]. On-chip isolation of exosomes 
employs an exosome total isolation chip (ExoTIC), which is designed 
to simplify the isolation of exosomes based on a simple filtration 
method wherein intact exosomes in sizes ranging from 30 to 200 nm 
are concentrated and purified by filtering through a nanoporous 
membrane. Few researchers have modified the membrane to porous 
silicon nanowires, acoustic nanofilters, and so on for better extrac-
tion and purification [30,31]. The method can be utilized for point- 
of-care exosome testing for disease diagnostics and in resource- 
limited situations because it is simple, rapid, cost-effective, scalable, 
and produces a high yield of exosomes. Lim and coworkers devel-
oped antibody cocktail-conjugated nanowires to isolate exosomes 
from the plasma of breast and lung cancer patients. This resulted in 
the rapid extraction of homogenous exosomes with high yield and 
purity from even smaller amounts of a sample [33].

Although several techniques for isolating and purifying exosomes 
have already been developed, they need to meet all the needs. An 
amalgamation of multiple extraction strategies might be more ef-
fective than separation with a single method. As a result, many 
scientific groups have started to fuse multiple approaches to im-
prove separation efficiency and enrichment, thereby acquiring op-
timal exosomes with high yield and purity [34–36]. Wang et al. used 
an acoustic fluid platform that coupled acoustics with microfluidic 
technology to isolate and purify saliva-derived exosomes depending 
on size and found a 15-fold greater yield than differential cen-
trifugation [33]. Additionally, isolation techniques such as tangential 
flow filtration [37,78], flow field-flow fractionation (FIFFF) [39], hy-
drophobic interaction chromatography (HIC) [40], and deterministic 
lateral displacement array [41] also offer many enrichment oppor-
tunities.

However, the change in biological features during separation and 
the scalability of current technologies for clinical setup are two 
major challenges in exosome isolation and extraction. Variations in 
preanalytical stages, such as sample collection, use of antic-
oagulants, presence of contaminants, and sample processing time 
involved in the isolation and characterization of exosomes, are 
among the technical obstacles that affect exosome analysis. The key 
concerns to be considered are exosome loss and limited yield. 
Separating disease-associated subpopulations of exosomes from 
normal exosomes is very difficult, necessitating an integrated 
strategy. Aside from genetic considerations, physiological and en-
vironmental factors linked to sample heterogeneity have a negative 
impact on exosome separation. As a result, greater research into the 
genesis, function, and number of exosomes is needed[28]. Aside 
from technology, adequate throughput and validation are required 
for upcoming applications.

Identification of exosomes

Exosomes can be identified explicitly by detecting nucleic acid 
information (aptamer and induced mDNA release), recognizing the 
lipid bilayer (cholesterol, polyglycerol, phospholipids, etc.), re-
cognizing surface proteins based on immunoreaction and aptamer 
affinity (tetraspanins (CD63, CD9, CD81, CD82), heat shock proteins 
(Hsp 60, Hsp 70, Hsp 90), biosynthetic proteins (TSG, Alix), surface 
growth factor (EGFR), etc.); surface modification (nucleic acid re-
cognition, radioactive material, nanoprobe); overall recognition 
(image analysis, flow cytometry, molecular imprinting); morpholo-
gical features (scanning electron microscopy, transmission electron 
microscopy, atomic force microscopy, cryogenic electron micro-
scopy) [42] and other methods (microfluidic chip, placental alkaline 
phosphatase, alkaline charge) [79].

Exosome drug loading techniques

The strategies developed for loading drugs into exosomes include 
passive drug loading (incubation), transfection, active drug loading, 
and in situ assembly and synthesis. The most straightforward 
method includes incubating a drug with exosomes at a specific 
temperature for a particular period, allowing drug diffusion into 
exosomes based on a concentration gradient. Incubation with donor 
cells entails administering the drug to the cells, producing exosomes 
containing the drug [41]. Despite its simplicity and ability to main-
tain membrane integrity, this strategy has been linked to decreased 
drug loading efficiency and the inability to manage the amount of 
drug distributed into exosomes. Transfection is a technique for 
loading nucleic acids, proteins, and peptides into exosomes in a 
stable manner. Using transfection reagents, certain plasmids are 
transduced into cells to ectopically produce desired nucleic acids, 
proteins, or peptides, which are then packaged into exosomes. This 
approach has two primary drawbacks: contamination and poor 
loading efficiency. Active drug loading entails creating micropores in 
the exosomal membrane or recombining the membrane to allow 
medications to enter the exosomes. Sonication, electroporation, ex-
trusion, freezeethaw cycles, surfactant treatment, and dialysis are 
techniques used for active drug loading. These methods are more 
efficient at loading exosomes, but they damage the exosomal 
membrane, make exosomes visible to immune cells, inactivate 
proteins, and cause exosome aggregation. In situ assembly and 
synthesis [42] is a noninvasive method for loading nanomaterials 
onto the surface of exosomes or inside exosomes. Although this 
approach preserves exosome integrity, it has a complicated opera-
tion process and technological limitations. Exosomal drug loading 
has been approached in various ways, and each method has its 
benefits and limitations. The incubation technique has been 
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demonstrated to be an easy strategy for maintaining the integrity of 
exosomes.

Challenges in exosome isolation and extraction

The change in biological features during separation and the 
scalability of current technologies for clinical setup are two sig-
nificant challenges in exosome isolation and extraction. Variations in 
preanalytical stages, such as sample collection, use of antic-
oagulants, presence of contaminants, and sample processing time, 
involved in the isolation and characterization of exosomes are 
among the technical obstacles that affect exosome analysis. The key 
concerns to be considered are exosome loss and limited yield. 
Separating disease-associated subpopulation exosomes from normal 
exosomes is difficult, necessitating an integrated strategy. Aside 
from genetic considerations, physiological and environmental fac-
tors linked to sample heterogeneity have a negative impact on 
exosome separation. As a result, detailed research into the genesis, 
function, and number of exosomes is needed [42]. Aside from 
technology, adequate throughput and validation are required for 
upcoming applications.

Mammalian-derived exosomes are typically rich in sphingo-
myelin and cholesterol, but plant-derived exosomes have abundant 
phospholipids, including phosphatidic acids, phosphatidylethanola-
mines, and normal plant lipids [80,81]. In addition to compositional 
differences, plant-derived exosomes also possess anti-inflammatory 
properties [82]. A low pH is a defining feature of tumor malignancy, 
and it may influence exosome release and absorption by cancer cells 
[83]. Parolini and colleagues demonstrated that I enhanced exosome 
release and uptake at low pH compared to a buffered state, and (ii) 
exosome uptake by melanoma cells occurred through fusion using 
changing pH conditions as a regulator of exosome traffic [80]. Ca-
veolin-1, a protein important in melanoma growth, is significantly 
supplied by acidic exosomes. The exosomes and tumor pH are cri-
tical targets for future anticancer treatments by demonstrating that 
exosomes may be exploited as a delivery vehicle for paracrine dis-
semination of tumor malignancy.

Composition and genetic modifications

Composition

Exosomes comprise a diverse combination of proteins (proteins 
of the plasma/endosome membrane), lipids, and other cytosolic 
components but no proteins from the nucleus, mitochondria, en-
doplasmic reticulum, or Golgi apparatus [44]. The lipid families 
sphingomyelin, phospholipids, ganglioside GM3, and cholesterol are 
often present in exosomes [45]. Nevertheless, the relative quantity of 
these lipids in exosomal envelopes may vary based on the kind of 
producer cell, the physiological stage of the producer cell, and the 
destination and functionality of the exosome [46]. Importantly, the 
transport of lipids into exosomes and other EVs is a continuing 
phenomenon that reacts to several variables. Global interactions in 
the lipidic structure of reticulocyte-derived exosomes were identi-
fied in response to metabolic responses in the cell during develop-
ment to erythrocytes, indicating that the sorting of lipids for 
exosome synthesis adjusts to the cell's needs [47]. Exosomes include 
a large concentration of transport proteins, such as tubulin, actin, 
and actin-binding molecules, and several proteins linked to certain 
secretory cell activities [48]. Exosomes have been shown to spon-
taneously transport RNAs from one cell to another [50,84]. As per 
Mashouri and colleagues [51], “Adhesion molecules such as CAMs, 
integrins, tetraspanins, MHC class I, II displayed on B lymphocytes 
and dendritic cells, as well as transferrin receptors (TfR) on the 
surface of reticulocytes, are examples of typical forms of exosome 
proteins. In contrast, a variety of fusion and transferring proteins, 

such as Rab2, Rab7, flotillin and annexin; heat shock proteins, such 
as Hsc70 and Hsc90; cytoskeleton proteins, such as actin, myosin, 
and tubulin; and proteins, such as Alix, that mediate MVB formation 
are nonspecific protein types of exosomes.”

Exosome-identifiable proteins are exclusively localized in the cell 
cytosol or endosomes, never in the endoplasmic reticulum, Golgi 
apparatus, mitochondria, or nucleus. Endosomal compartments also 
include plasma membrane proteins, which are also present in exo-
somes. These data support the theory that exosomes originate as 
intracellular vesicles of late multivesicular compartments [85]. For-
mation of the internal vesicles of multivesicular structures by inward 
budding from the limiting membrane entails a budding event with a 
membrane orientation opposite to that of classical intracellular 
budding events. All occurrences of inverse budding are associated 
with an inversion of the transmembrane partition of phosphati-
dylserine [53,85].

Genetic modifications and surface engineering

Natural exosomes may be modified for therapeutic applications, 
including the integration of pharmaceuticals and other therapeutic 
agents, as well as the alteration of the surface charge for quicker 
drug absorption. Exosomes derived from various natural sources, 
such as mixed fruit and vegetable juices and mammalian biological 
fluids, have been modified in several studies to demonstrate their 
medicinal potential. Exosomes may be changed in two distinct 
ways: inner modification, which alters the structure of the cargo 
inside the exosome, and surface modification, which modifies the 
exosome's outer surface [54]. However, genetic engineering has 
inherent flaws, such as complex modifications and a limited 
number of relevant proteins. Now, chemical alteration supplies us 
with some fresh ideas. Chemical conjugation utilizes electrostatic 
interactions or covalent attachment to affix chemical ligands or 
bioactive compounds to exosomal surfaces [55]. For instance, a 
recent approach known as 'postinsertion' decorates EVs with spe-
cific moieties coupled to PEG, thereby enhancing cell selectivity, 
prolonging circulation length, and obviating the need to change EV- 
secreting cells [86]. However, hydrophobic probes are randomly 
placed on the surfaces of exosomes and need more accuracy and 
selectivity. In addition, covalent ligations often require harsh con-
ditions for biochemical processes, which may change the structure 
and functionality of exosomes and raise safety issues [57]. Sumit 
et al. recently encapsulated exosomes using a nanofilm supramo-
lecular combination of ferric ions (Fe3+) and tannic acid. They 
showed the surface modification of a cloaking film to add chemical 
ligands or active biomolecules [58]. The procedure is straightfor-
ward, quick, and substrate-independent. Thus, the chemical al-
teration of exosomes must still overcome several obstacles, and 
further in vivo tests are required to confirm their safety and effec-
tiveness.

Exosome-based formulation and stability

Exosome-based formulation and structure

The membrane-bound cytosol comprises particles excreted into 
the extracellular space via mostly all living cells. According to Wang 
and colleagues, “EVs originate in bodily fluids comprising blood, 
urine, saliva, breast milk, cerebrospinal fluid, sputum, bile, semen, 
amniotic fluid, bronchoalveolar lavage fluid, and ascites [87].” The 
characteristics of EVs, such as their content, size, and membrane 
composition, hinge on their cellular cause and physiological sur-
roundings [59]. Usually, apoptotic bodies are comprised of larger 
vesicles ∼ 800 nm– 5 µm in diameter released during programmed 
cell death. In addition, microvesicles are normally smaller in size 
(50–1 nm diameter) and are generated through the budding of the 
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plasma membrane and linked to the cell-shedding process. Smaller 
EVs are exosomes (40–- 150 nm) released through MVB fusion along 
the plasma membrane [60]. Owing to their different and dynamic 
nature, EV subcategory distinction is difficult. Cell communication is 
based on EVs and several physiological and pathological character-
istics [61,62]. Furthermore, EVs obtained from cancer cells have been 
revealed to stimulate angiogenesis and coagulation, support tumor 
progression, and generate premetastatic niches [63]. “A varied dis-
play of quantitative methods is accessible for extracellular vesicle/ 
exosome characterization. The exosome sizes and morphologies can 
be evaluated via transmission electron microscopy and cryogenic 
electron microscopy[88]. Nanoparticle tracking analysis[89], tunable 
resistive pulse sensing, dynamic light scattering (DLS) [90], and 
high-resolution flow cytometry [91] are not only able to determine 
exosome sizes but also offer evidence concerning the concentrations 
of exosomes. Conventional methods for the isolation of exosomes 
include ultracentrifugation, density gradient centrifugation, size 
exclusion chromatography, ultrafiltration, and gel filtration using the 
size and buoyant density of exosomes.” A polymer-based precipita-
tion method found a comparatively new technique to isolate exo-
somes via changes in exosome solubility utilizing volume-excluding 
polymers, e.g., polyethylene glycol (PEG), to induce aggregation[92]. 
Further new isolation approaches include combined microfluidic 
systems with on-chip immune isolation and lipid-based nanoprobe 
systems, allowing for extemporaneous exosome labeling with quick 
consequent magnetic enrichment[93].

CD63 and CD9 are utilized as exosome enrichment markers[94]. 
Because of their similarities with liposomes, it is anticipated that 
exosome drug delivery systems will display characteristics similar to 
liposomes [95]. For this reason, it has been proven that carefully 
selected exosome sources and their exosomes can be utilized as 
highly specific targeted drug delivery systems. Over the past several 
years, numerous instances have represented preclinical achieve-
ments employing exosome-based delivery [96].

Exosomes for treatment purposes

Exosomes derived from macrophages and catalase were en-
capsulated to protect against neuroinflammation in a rodent model 
of Parkinson’s disease [97]. In addition, targeted exosomes have been 
used to deliver siRNA to mouse brains. In addition, Zhou et al. de-
veloped pancreatic cancer-targeted exosomes from bone marrow 
mesenchymal stem cells/BM-MSCs. Exosomes were loaded with 
gelactin-9 siRNA by electroporation, and their surface was modified 
with oxaliplatin (OXA) prodrug as an immunogenic cell death (ICD) 
trigger. Therefore, surface-modified exosomes increased targeting 
efficacy toward the tumor via the accumulation of drugs at the 
tumor site. The results of the studies demonstrated that BM-MSC 
exosomes were able to accumulate in pancreatic cancer sites more 
significantly in mice owing to their interaction among BM-MSCs and 
pancreatic tumor tissue, in place of being mostly disseminated to the 
liver and spleen, as observed in healthy mice (Fig. 2). Furthermore, 
exosomes combined with immunotherapeutics have great antitumor 
effects that lead to a significant decrease in tumor size as well as 
tumor bioluminescence with extended survival compared to stan-
dard drug treatment in pancreatic cancer-bearing mice. Further-
more, there was no obvious weight reduction or organ toxicity in any 
of the experiments presenting the safety of BM-MSC exosomes. Fi-
nally, exosomes stimulate antitumor immunity by reversing tumor- 
suppressive macrophage (M2-like tumor-associated macrophage 
(M2-TAM) polarization, cytotoxic T lymphocyte recruitment and 
Treg downregulation and attain substantial therapeutic efficiency in 
cancer management [98].

Similarly, Jang et al. prepared bioinspired exosomes mimicking 
nanovesicles from U937 and RAW264.7 cells loaded with che-
motherapeutic agents for malignant tumor treatment. The cell- 

derived exosomes and nanovesicles had similar characteristics and 
could enhance TNF-alpha-induced endothelial cell death in a dose- 
dependent manner. The results of in vivo studies exhibited a sig-
nificant reduction in tumor growth with no adverse events com-
pared to the free drug-treated rodent group. Furthermore, 
doxorubicin-loaded A33 antibody-containing exosomes were de-
veloped by Master et al. for the targeted treatment of colorectal 
cancer. However, Dox-loaded LIM1215 exosomes crosslinked with 
A33 Ab and carboxyl superparamagnetic iron oxide nanoparticles 
with A33 antibodies (A33Ab-US) showed that A33 Ab can bind to 
A33 +ve exosomes and form a complex to target A33 +ve colon 
cancer cells. From the experiments, it was found that A33Ab-US-Exo/ 
Dox had excellent tumor targeting ability and was able to suppress 
the growth of tumors by almost 194.63  ±  13.75 mm3. 3.04- and 
2.90-fold lower than the Dox-treated group (477.50  ±  93.14 mm3) as 
well as the A33-Exo/Dox (553.88  ±  78.06 mm3) groups on day 16. It 
also prolonged the survival rate of the mice up to 61 days, with 
decreased cardiotoxicity (Fig. 3). Therefore, exosomes are modified 
by targeting ligands by coating with high-density antibodies, which 
might be evidence of a unique delivery system for targeted drugs 
against cancer [99].

Almost all drug delivery systems need to be stable for their stated 
efficacy. The preisolated, isolated, or downstream formulations must 
also be stable. Exosome stability can be defined as resistance to 
accumulation, structural damage, and protein degradation. 
Therefore, to estimate exosome stability, several techniques need to 
be employed. Surface marker quantification, for instance, CD63/ 
CD81 quantification, was utilized to evaluate protein degradation. 
Concerning exosomal drug delivery, exosomal colloidal stability is a 
significant parameter determined via surface zeta potential, size 
distribution, and concentration. Electron microscopy is the only 
method used to examine physical morphology and accurately re-
present the whole sample[100].

Exosome stability upon storage and different pH conditions

In addition, storage factors have a significant impact on exosome 
stability. Storage temperature, the time required for storing the 
formulation, and freezeethaw cycles for lyophilized exosomes also 
play a vital role in exosome stability determination. Osmotic pres-
sure and pH influence stability; however, they have not been ex-
plored as stability parameters for exosomes. The size of the 
exosomes decreased when stored at 37 °C and 4 °C, and a nominal 
size change was observed after multiple freezeethaw cycles (−20 °C) 
[26]. When exosomes were stored in a refrigerator (4 °C) and deep 
freezer (−80 °C), they increased particle size compared to freshly 
isolated exosomes. In addition, deep freezer (−80 °C)-stored exo-
somes displayed a reduction in absolute zeta potential, which caused 
aggregation of exosomes. Moreover, exosomes stored at 24 °C 
showed a time-dependent decrease in concentration compared to 
those stored at − 20 or − 80 °C for a month, as evidenced by flow 
cytometry [101,102].

Researchers have found that exosomes are impervious to 
freezeethaw cycles in liquid nitrogen when augmented with 1 mg/ 
mL albumin. Other cryoprotectants, such as DMSO (1% v/v) and 
glycerin (5% v/v), cause lysis of exosomes or cannot shelter exo-
somes from degradation. On the other hand, exosomes stored at 
− 20 °C were found to be stable compared to those stored at re-
frigerator temperature. Trehalose is an excellent cryoprotectant for 
exosome lyophilization. Trehalose-PBS-supplemented lyophilized 
exosomes were more stable in terms of the polydispersity index. 
Moreover, the protein concentration and activity remained un-
affected in trehalose-PBS-supplemented lyophilized exosomes 
[101]. While recurrent freezeethaw cycles of exosomes in the 
presence of PBS resulted in a nominal growth in particle con-
centration and the standard deviation of size when measured via 
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nanoparticle tracking analysis, it was not observed with trehalose- 
PBS-containing exosomes. Instead, trehalose-PBS-dispersed exo-
somes displayed a smaller particle size, reduced standard devia-
tion, and augmented particle concentration. These results 
demonstrate that trehalose reduced exosome accumulation or 
aggregation [103,104].

Moreover, exosomes stored at an acidic pH of 4 or 10 showed a 
higher loss of exosome protein than those stored at physiological pH 
(pH 7). Captivatingly, storage at 37 °C and 60 °C for 24 h was not as 
destructive to exosome concentration as freezeethaw cycles. Similar 
to other biological samples, exosomes should be frozen (−80 °C) or 
lyophilized for long-term stability, and they can also be stored at 4 °C 
for very short times [105].

Diagnostic potential of exosomes and novel biomarkers

Recently, many biomarkers, such as angiogenic factors, cytokines, 
cell-free DNAs, circulatory miRNAs, and proteins, have been explored 
for their potential role in diagnosing various diseases. Nonetheless, 
exosomes are also emergent biomarkers being considered for their 
vital role in disease diagnosis. Exosomes are bilipid membrane- 
bound nanovesicles that contain subcellular materials such as 
miRNAs, mRNAs, cell-free DNAs, and proteins. This signifies the 
disease state of their cell of origin. These exosomal nanobubbles are 
released into the extracellular circulation and body fluids [106]. They 
are released from many types of cells, such as lymphocytes, dendritic 
cells (DCs), platelet epithelial cells, endothelial cells, mast cells, and 

Fig. 2. In vivo targeting effect of iEXO-OXA. a) In vivo IVIS imaging of mice 24 h after tail vein injection with BODIPY, BODIPY-EXO or BODIPY-iEXO-OXA (n = 3, 5 mg OXA/kg, ∼108 
exosomes per mouse). b) Ex vivo IVIS imaging of major organs and tumor tissues from PANC-02 mouse models 48 h after treatment with different formulations (n = 3). c) 
Quantification of the fluorescence intensity by measuring the region of interest (ROI) in (b) (n = 3). d) and f) Tumor tissue immunofluorescence images under LCSM. (blue: DAPI for 
nucleus; green: Alexa Fluor 488 labeled α-SMA or COL-1; red: BODIPY, BODIPY-EXO or BODIPY-iEXO-OXA; original magnification = 200). e) and g) Statistical results of the BODIPY 
signals of different groups (n = 3). Data are presented as the mean ±  SD, one-way ANOVA, * *p  <  0.01. 
Adapted with permission from ref [98].
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neurons. These exosome nanobubbles are released into the extra-
cellular circulation and body fluids, including blood, saliva, urine, 
breast milk, amniotic fluid, hydrothoracic fluid, and ascitic fluid, by 
exocytosis in response to a range of physiological or pathophysio-
logical conditions [107]. In the last two decades, various studies have 
revealed that exosomes comprise nucleic acids and proteins linked 
to cancer, neurodegenerative, infectious, metabolic, and many other 
ailments [108,109]. Additionally, exosomes can be separated from 
biofluids that can easily be collected for testing, such as blood and 
urine, for diagnostic application.

Cancer diagnosis

Various cell types release exosomes, including cells from tumors. 
Exosome vesicles circulate in many biological fluids, including blood 
and urine, and can be considered possible circulating biomarkers for 
cancer diagnosis [110].

While exosome functionality seems to be determined by its 
specific protein content, proteomic characterization has been carried 
out on derived exosomes (in vitro and in vivo) in various studies. 
These analyses have shown that all exosomes contribute to certain 
general characteristics, such as lipid bilayer structure, density, size, 
and protein makeup. Exosomes consist of various biological sub-
stances (Fig. 4), including 1116 lipids, 9769 proteins, 2838 miRNAs 
and 3408 mRNAs, according to the exosome database (http:// 
www.exocarta.org). Some proteins, such as “signal transduction 
proteins (protein kinases, heterotrimeric G-proteins), cytoplasmic 
proteins (annexins and Rab proteins, tubulin, actin, actin-binding 
proteins), MHC class I molecules, and heat-shock proteins (Hsp70 
and Hsp90), are commonly associated with all exosomes. The tet-
raspanin (including CD9, CD63, CD8, and CD82) protein family is the 
most commonly linked with exosomes as a potential exosome 
marker for certain cancers [111]. Since cancer-originated exosomes 
show some commonly shared proteins, they also express a range of 
tumor antigens that reveal the initiating tumor cells. Although 

Fig. 3. Characteristics of A33Ab-US-Exo/Dox. (A) TEM image of deflated football-shaped A33 exosomes. (B) Size and concentration distribution of A33-Exos comprising a mean 
particle diameter of 85.1  ±  1.5 nm and concentration of 9.83 × 108  ±  5.80 × 107 particles/mL. (C) In vivo fluorescence signals of mice bearing LIM1215 cell-derived tumors after 
intravenous injection of saline, DiR, A33-Exo/DiR, and A33Ab- US-Exo/DiR (n = 4). Dose: DiR equivalent 50 μg/kg. The mice were scanned at different times (2, 4, 8, and 12 h) after 
injection using an imaging system. (D) Fluorescence imaging of excised organs from tumor-bearing mice 12 h after IV injection with DiR, A33-Exo/DiR or A33Ab-US-Exo/DiR 
(n = 4). (E) In vivo efficacy evaluation of A33Ab-US-Exo/Dox through IV injection in LIM1215 xenograft tumor-bearing nude mice. (A) Tumor volume of tumor-bearing mice treated 
with saline, A33Ab-US-Exo, Dox, A33-Exo/Dox, or A33Ab-US-Exo/Dox every 4 days × 4 via the tail vein. Dose: Dox equivalent 5 mg/kg. Mean ±  SD, n = 5. * * P  <  0.01 vs. Dox group. 
(B) Weight of the excised tumor tissues from all groups. Mean ±  SD, n = 5. ns, not significant. * * P  <  0.01 compared with the indicated groups. (C) Body weight changes of mice in 
all groups during treatment. Mean ±  SD, n = 5. * * P  <  0.01, A33Ab-US-Exo/Dox vs. Dox group. (D) Survival of tumor-bearing BALB/c nude mice treated with saline, A33Ab-US-Exo, 
Dox, A33-Exo/Dox or A33Ab-US-Exo/Dox. * P  <  0.01 vs. Dox group. Mean ±  SD, n = 4. 
Printed with permission from ref [99].
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exosome release can be exhibited in many proliferating cell types, 
exosome release is intensified in tumor cells, as demonstrated by 
their elevated presence in plasma, ascites and pleural malignant 
effusions of cancer patients [112].” Exosomes also provide informa-
tion on diverse functionalities of tumors, such as growth, metastasis, 
immunomodulation, and therapy. In addition, exosome proteins are 
highly stable and protected from external enzymes by the lipid bi-
layer, and phosphorylated proteins can be isolated from frozen 
exosome samples for up to 5 years [113,114]. This exalted occurrence 
of exosomes in the numerous body fluids of cancer patients has led 
researchers to investigate the role of exosomes in cancer diagnosis 
[115]. Because CA IX is a good diagnostic for prostate cancer and its 
expression increases in hypoxia, the acidic microenvironment of 
tumors may alter CA IX expression and activity in human prostatic 
cancer cell lines and exosomes produced from them. Furthermore, 
WB analysis revealed that under acidic conditions, the expression of 
the CA IX 54 kDa band increased at both the cellular and exosome 
levels [116]. As a diagnostic biomarker, exosomes have been eval-
uated in several cancers, such as melanoma and ovarian, prostate, 
and cervical cancers, as described in Table 1. At the same time, 
clinical trials are listed in Table 2.

Exosomes as a diagnostic marker in pregnancy

EVs participate in many vital biological processes and facilitate 
fetal-maternal connections in healthy pregnancy development [128]. 
The placenta, umbilical cord, amniotic fluid, and amniotic mem-
branes (Fig. 5) can produce exosomes. As a result, the amount of EVs 
is considerably increased in maternal circulation during pregnancy. 
The amount of placenta-derived EVs also increases in circulation 
with progressing gestational age. In addition, exosomes isolated 
from the maternal circulation during normal pregnancy exhibit 
changes in their bioactivity (described as the ability to induce cell 
migration) with advancing gestational age [129].

The critical role of EVs in angiogenesis, embryo implantation, and 
endothelial cell migration during pregnancy is also directly 

connected to various diseases, such as gestational diabetes mellitus 
(GDM), gestational hypertension, fetal growth restriction, and pre-
term birth. For example, exosomes are released due to oxidative 
stress in the placenta, and the number of placental exosomes in 
circulation is higher in preeclampsia than in normal pregnancy 
[130]. In addition, exosomes also assist in the transport of signaling 
molecules and their effect on sperm function, playing vital roles in 
male and female infertility (Fig. 5).

EVs have a time- and tissue-specific pattern and source cells 
during pregnancy and are important as biomarkers for women at 
risk of pregnancy-related diseases. In addition, early diagnosis and 
prognosis of disorders during pregnancy may be detected by isola-
tion and analysis of the exosome cargo. Therefore, exosome vesicles 
could be used to diagnose/prognosis during pregnancy (Table 3).

Diagnosis of neurodegenerative disease

Parkinson’s disease is a neurodegenerative disease in which there 
are many pathological changes in the structure of neurons. A major 
mutation and proliferation of alpha-synuclein genes lead to alpha- 
synuclein overexpression [132]. An in vitro study concluded that 
alpha-synuclein is transmitted to healthy cells from preinfected 
cells. This process is facilitated by membrane exosomes[133]. 
Therefore, the evaluation of exosomes helps in predicting the pre-
sence of disease. The separated exosomes were capable of transfer-
ring alpha-synuclein into healthy cells. Furthermore, it was not only 
limited to the cells, but it was observed that it could be successfully 
transferred into neurons, which might contribute to degeneration
[134]. Another disease that is affected due to the transmitting 
property of exosomes is a prior disease. A study suggested that the 
abnormal isoform (PrPSc) of the main protein (PrPC) is a major culprit 
for the spread of disease [135]. Exosomes bound to PrPC infect the 
lymphoreticular system and can significantly transmit it to the brain, 
which leads to the destruction of crucial parts [136,137]. Exosomes 
can be used as biomarkers, but researchers are still muddled by their 

Fig. 4. Exosome biological features include many proteins, nucleic acids, lipidic components, membrane transporters and receptors. 
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association, which leaves uncertainty regarding their development 
into potent biomarkers[136,137].

Exosomes for therapeutic delivery

Extracellular vesicles and exosomes, in particular, are highly 
stable particles enclosed with a protective membrane, making them 
potential candidates for delivering therapeutics. Furthermore, their 
biocompatible nature enables them to act as carriers for complex 
molecules such as RNA, DNA, proteins, peptides, etc., thereby gar-
nering immense attention from both the pharmaceutical and bio-
pharmaceutical scientific communities. A particular property of 
exosomes, making them unique above other drug delivery carriers, is 
their capability to cross biological barriers and even invade the im-
mune system, which is of prime importance when catering to a 
broad range of disorders, including cancer and ever-growing in-
fectious diseases.

Proteins and peptides

Protein- and peptide-based therapeutics are some of the most 
widely researched and sought-after biomolecules, as evidenced by 
their wide presence in the pipeline of drugs approved by the FDA 
over the past decade [138]. Innovative formulation strategies are 
being devised for delivering these biomolecules owing to their de-
gradation-prone physico-chemical profiles. Exosomes are recognized 
as potential delivery vehicles because of their important role in in-
tercellular communication. A pseudotyping approach, commonly 
used for the production of recombinant viruses, was used by Lu et al. 
to load exosomal membranes with reported protein cargo [139]. 
They used a vesicular stomatitis virus glycoprotein (VSVG) and de-
monstrated its utility as a genetically encoded pseudotyping plat-
form for loading and enhancing the intracellular delivery of 
therapeutic proteins via exosomes [139]. An exosomal vaccine ap-
proach was explored by Kuate et al. for developing a system against 
SARS coronavirus wherein they replaced the cytoplasmic and 
transmembrane domains of the G protein of VSV with the S protein 
of SARS coronavirus [140]. The approach was tested in vivo in mice. It 
was as effective as the adenoviral vector vaccine in inducing neu-
tralizing antibody titers and in a SARS-S-expressing tumor challenge 
model [140]. It has been found that in the case of diseases where the 
classical vaccine approach exhibits limitations, a targeted exosome- 
based strategy can be utilized to enhance therapeutic efficacy. Exo-
somal targeting significantly enhanced antitumor effects in a 
HER2 + transgenic animal model [141].

In addition to carrying therapeutic protein cargo, exosomes have 
also shown efficacy when decorated with membrane proteins on 
their surface to achieve targeting. For example, exosomes functio-
nalized with TNF-related apoptosis-inducing ligand (TRAIL) on their 
membrane were found to induce apoptosis in cancer cells and 
control tumor progression in vivo upon systemic administration 
[142]. The system was proposed as a platform for delivering genetic 
material for intratumor therapies. Engineered exosomal vesicles can 
also be used to deliver membrane proteins into cells. A biocompa-
tible virus-mimetic fusogenic exosome platform consisting of fuso-
genic exosomes with viral fusogen and VSVG was developed to 
deliver integral membrane proteins inside cell membranes in vitro 
and in vivo using GLUT4 as a model protein [143]. The delivery 
strategy posed by exosomes for protein and peptide therapeutics 
looks very promising; however, it still needs to overcome obstacles 
such as the development of standardized protocols for large-scale 
production, maintaining the purity of actives, deciding on an ideal 
human dose, immunogenicity concerns and achieving efficient 
therapeutic payloads [144].Ta
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Genetic materials

Exosomes exhibit an inherent cargo-carrying capacity, especially 
toward materials of genetic origin, such as DNA and RNA, to their 
target cells. Therefore, they have been utilized widely to design gene 
therapy [145]. They also serve to protect these unstable genetic 
materials from degradation. Therefore, siRNA delivery to target cells 

using exosomal carriers has been a sought-out strategy. In a study, 
exosomes derived from embryonic stem (ES) cells were found to 
induce changes in hematopoietic progenitor cells (HPCs) by stimu-
lation using surface ligands and delivery of ES-derived mRNA, fur-
ther evidencing the intracellular horizontal transfer of genetic 
information [146].

Table 2 
Clinical trials examining exosomes for cancer diagnosis and patient response to therapy. 

Clinical Trial No Tumor Type Purpose Status

NCT02977468 Triple Negative Breast Cancer Assess response and change in tumor to Pembrolizumab Recruiting
NCT02892734 HER2 Negative Inflammatory Breast 

Cancer
Monitor patient response to combination of Ipilimumab and Nivolumab Terminated

NCT02662621 Infiltrating Nonmetastatic Breast 
Cancer 
Breast Cancer with First Metastasis 
Ovarian Cancer, Stages III and IV 
Metastatic NSCLC

Quantify exosomes displaying HSP70 membrane protein in blood and urine for 
solid tumor diagnostic

Completed, no results 
posted

NCT02971761 Androgen Receptor Positive and Triple 
Negative Breast Cancer

Monitor patient response to combination of Pembrolizumab and Enobosarm Active, not recruiting

NCT03830619 Lung Cancer Detection of exosomal long noncoding RNA as potential lung cancer diagnosis Recruiting
NCT03317080 Lung Cancer Monitor circulating tumor DNA in surgical patients with lung cancer Recruiting
NCT02921854 NSCLC Monitor response to radiotherapy and chemotherapy by analyzing patient serum Completed, no results 

posted
NCT02869685 NSCLC Monitoring plasma exosomal levels of PD-L1 before and after radiotherapy Unknown
NCT03108677 Primary Osterosarcoma, Lung 

metastases
Analyze RNA profile of circulating exosomes for early detection of metastases Recruiting

NCT03228277 T790 M Positive NSCLC Monitor response to Olmutinib in T790 + NSCLC using DNA extracted from 
bronchial lavage fluid

Completed, no results 
posted

NCT03432806 Colon Cancer, Liver Cancer Guide treatment of colon and liver cancers Recruiting
NCT02439008 Colon Cancer, Live Cancer, Kidney 

Neoplasms
Monitor response to radiotherapy before, during, and after administration Terminated

NCT02393703 Pancreatic Cancer Use exosomes to monitor patients Active, not recruiting
NCT03032913 Pancreatic Cancer Patient disease monitoring[127] Completed
NCT03791073 Pancreatic Cancer Analyze interstitial tissue fluid for novel biomarker identification Recruiting
NCT03250078 Pancreatic Cancer Development of blood-based screening for pancreatic cancer Recruiting
NCT03334708 Pancreatic Cancer Early stage pancreatic cancer diagnosis Recruiting
NCT03410030 Pancreatic Cancer Using GPC1-labeled exosomes, and additional biomarkers for monitoring patient 

response to combination of Ascorbic Acid, nanoparticle Paclitaxel protein bound 
Cisplatin and Gemcitabine

Recruiting

Fig. 5. EV circulation during pregnancy. EVs—including small EVs such as exosomes and large EVs such as microvesicles and apoptotic bodies—are released from the human 
placenta into maternal and fetal circulation during pregnancy. Placental EVs in maternal circulation can interact with maternal tissues and regulate several biological functions, 
including the maternal immune response, migration/invasion, metabolic adaptation to pregnancy, and vascular reactivity. In addition, EVs present in fetal circulation are as-
sociated with fetal development. GDM, gestational diabetes mellitus; PE, preeclampsia.
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Advanced systems such as exosome-liposome hybrids have also 
been investigated for gene delivery to expand the application scope 
of exosomes. The freezeethaw method was used by Sato et al. for 
fusing exosomal membranes with liposomes to develop a hybrid 
exosome system [147]. Cellular uptake studies revealed that this 
approach could transport exogenous hydrophobic lipids to target 
cells along with hydrophilic cargoes within exosomes, leading to a 
versatile drug delivery platform [147]. Another advanced system 
termed NanoMEDIC was developed based on ribonucleoprotein 
using a dual mechanism: CRISPReCas9 protein insertion using 
chemically induced dimerization and a combination of viral RNA 
packaging signal with two self-cleaving riboswitches for releasing 
sgRNA into the nanovesicles [148]. Genetic materials have been 
exploited in numerous complex therapies, including chemotherapy, 
antiviral, and neurological therapies; hence, these have been de-
scribed individually in the following subsections.

Chemotherapy
Cancer has been hovering over human civilization for an eternity, 

and efforts to find ways to combat old and newly emerging cancers 
are persistent globally. Research conducted in this direction over the 
past decade has revealed numerous limitations of the existing 
therapeutic strategies involving conventional chemo- and radio-
therapies. To overcome these limitations, advanced drug delivery 
vehicles such as nanoparticles of both polymeric and lipidic origin 
have been developed to achieve longer circulation times and tar-
geting efficiency in specifically designed systems. However, their fate 
in the reticuloendothelial system is still a challenge that restricts 
these vehicles from achieving therapeutic efficacy. Although first 
reported in 1987, exosomes are now identified as potential carriers 
for the delivery of complex therapeutics such as anticancer drugs. 
The inherent nature of exosomes confers them with the ability to 
enable intercellular communication [149]. Numerous scientists have 
explored this property; for example, Wang et al. revealed that exo-
somes derived from lung cancer stem cells promoted the migration 
and invasion of cancer cells due to the specific binding of exosomal 
miR-201–3p to FGFRL1 (fibroblast growth factor receptor-like 1), 
thereby emphasizing the targeting potential of exosomes [150]. In 
another study, high-yield and high-purity exosomes were isolated 
from human embryonic kidney cells (HEK-293), and siRNA labeled 
with Atto655 was loaded into the exosomes using electroporation 
followed by excess removal using gel filtration [151]. The exosome 
isolation technique using ultracentrifugation onto a sucrose cushion 
gave good yield and purity, and the exosomes delivered siRNA into 
the cancer cells in vitro [151]. Apart from their passive targeting 
ability, exosomes have also been designed to perform active tar-
geting in cancer. For instance, Leonard et al. developed a platform for 
actively loading engineered RNAs into exosomes using a targeted 
and modular EV loading (TAMEL) approach using exosome-mediated 
delivery of mRNA and protein to a prostate cancer cell-based model 
system [152].

Exosomes isolated from bovine milk and coated with bcl-2 siRNA 
were found to dramatically inhibit the migration and invasion of 
cancer cells, making them a promising therapeutic alternative [153]. 
Mesenchymal stem cells (MSCs) are another important source of 
exosomes and have been widely studied for their drug-carrying 
properties. Genetically engineered MSCs have also been developed 
for deriving target-specific exosomes; for instance, exosomes de-
rived from 5TR1 aptamer-modified MSCs were used to deliver dox-
orubicin (DOX), and they could specifically bind to the Mucin-1 
receptor on the surface of colorectal cancer cells, thereby reducing 
drug-related cytotoxicity in healthy cells [154]. Dendritic cell (DC)- 
derived exosomes are also being studied for their role as drug car-
riers. The protein tyrosine kinase 7 (PTK7)-specific aptamer sgc8 was 
used as a targeting moiety on the surface of DC-derived exosomes, 
and it was found to deliver DOX to cancer cells overexpressing PTK7. 

These Apt-Exos (aptamer-functionalized exosomes) were proposed 
as a promising cancer theranostic platform [155]. Scientists have 
also developed exosomes derived from cancer cells to explore the 
Trojan horse concept. Indocyanine green and DOX were loaded in 
tumor cell-derived exosome-camouflaged porous silicon nano-
particles and were used as a synergistic system for chemotherapy 
and photothermal therapy against breast cancer. The system could 
accumulate in the tumor tissue in a BALB/c mouse tumor model and 
inhibit its growth and metastasis, making it a promising drug de-
livery carrier for combination chemotherapy [156]. Another category 
studied for exosome synthesis is erythrocyte-derived exosomes. A 
new strategy included the insertion of phosphatidylcholine into the 
membrane lipid layer of reticulocyte-derived exosomes. Two model 
therapeutic agents, namely, DOX and anti-miR21, were loaded into 
the formed system, and remarkable accumulation into cancer cells 
was observed along with enhanced in vitro antitumor activity, 
thereby making the system a potential drug delivery carrier [157]. 
Federici C et al. studied the role of extracellular acidosis and nano-
vesicle (exosome) release in human tumor cell resistance to cisplatin 
(CisPt), as well as proton pump inhibitors (PPI) potential to interfere 
with these tumor cell properties [70]. Low pH settings significantly 
reduced CisPt absorption by human tumor cells, according to the 
findings. Compared to untreated cells, PPI pretreatment boosted the 
cellular absorption of CisPt in an acidic-dependent manner. Further 
investigation revealed that in vivo PPI therapy resulted in a sig-
nificant decrease in the plasmatic levels of tumor-derived exosomes, 
which also contained reduced amounts of CisPt. Overall, these data 
lead to the discovery of a dual mechanism that human malignant 
melanoma uses to resist a horrible cellular toxin such as cisplatin. 
This resistance system incorporates both low pH-dependent extra-
cellular sequestration and exosome-mediated clearance. Proton 
pump inhibition significantly impairs both processes, resulting in 
enhanced CisPt-dependent cytotoxicity.

Antiviral therapy
Exosomes are being highly exploited for their potential in diag-

nosing and treating viral invasion because of their ability to carry 
biological markers and enable a targeted approach toward infec-
tions. It has been reported that some specific exosomes, such as 
macrophage exosomes, possess a cell entry mechanism similar to 
that of invading hepatitis B virus (HBV) and thereby show the effi-
ciency of delivering interferon alpha (IFN-α), resulting in anti-he-
patitis B virus activity [158]. Another study was performed on 
clinical specimens of exosomes from patients treated with PEGylated 
IFN-α and supernatants of IFN-α-treated macrophages, and exosomal 
miRNAs were analyzed [159]. Exosomes can transfer IFN-α-related 
miRNAs from macrophages to HBV-infected hepatocytes, further 
possessing anti-HBV activity against the replication and expression 
of the virus [159]. In addition, interferon-inducible transmembrane 
proteins (IFITMs) 1, 2, and 3 have been identified as potential ef-
fectors of enveloped viral infections. In particular, intracellular and 
extracellular levels of IFITM3 can be utilized for predicting dengue 
virus infection, thereby suggesting exosome-mediated IFITM3 de-
livery as a potential anti-dengue viral therapy [160]. Such findings 
pave the way for in-depth research toward applications of exosomes 
in antiviral therapies.

Multiple components of exosomes have been found to play a role 
in HIV infection, making them effective prediction tools for the 
disease [161]. Exosome markers from plasma were investigated for 
their role in HIV pathogenesis in patients receiving anti-retroviral 
therapy (ART) [162]. The results of this study suggested that the 
exosomes in these patients were carriers of proteins responsible for 
immune activation and oxidative stress; they further showed im-
munomodulatory effects on myeloid cells, and Notch4 was sug-
gested to be a potential biomarker of immune activation in HIV 
infection [162]. The contribution of exosomes to the pathogenesis of 
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retroviral infections such as HIV and HTLV-1 (human T-cell leukemia 
virus), particularly in the multiplication and infection phases, pro-
vides a broad avenue for their exploration in the prevention and 
therapy of retroviral infections [163]. Exosomes are being explored 
during the ongoing COVID-19 pandemic to develop a therapeutic 
strategy. MSC-derived exosomes are widely researched for nu-
merous applications. Their impacts on the complications arising 
from COVID-19, such as cytokine storms, acute respiratory distress 
syndrome, and acute lung injury, are being studied to further this 
research [164]. Potential exosome-based therapies highlighted for 
COVID-19 include using the MSC secretome, incorporating specific 
miRNAs and mRNAs into exosomes, and using exosomes as drug 
delivery carriers [165]. MSC-derived exosomes are also a potential 
tool for treating SARS-CoV-2 pneumonia due to their anti-in-
flammatory, immunomodulatory, and tissue regeneration abilities 
[166]. Clinical trials on the study of aerosol (inhalation) and in-
travenous administration of MSC-derived exosomes for treating 
SARS-CoV-2 pneumonia have also been undertaken. A clinical study 
was conducted on 24 PCR-positive COVID-19 patients to evaluate the 
safety and efficacy of one marrow MSC-derived exosome delivered 
intravenously. Single-dose therapy showed a significant reduction in 
cytokine storms with improvement in oxygenation, thereby ex-
hibiting promising outcomes [167]. Table 4 summarizes the clinical 
trial summary of exosomes used to deliver therapeutics.

Other therapies
Targeted exosomes were developed by engineering dendritic 

cells to express the exosomal membrane protein Lamp2b fused with 
the neuron-specific RVG peptide [175]. Electroporation was used to 
load the GAPDH siRNA into the vesicles to achieve specific gene 
knockdown in the brain. Sixty percent knockdown of mRNA and 62% 
knockdown of protein of the Alzheimer’s therapeutic target BACE1 
were demonstrated in the studies performed, showcasing the ther-
apeutic potential of the developed system [175]. A core-shell hybrid- 
modified exosomal system comprising RVG peptide-modified exo-
some curcumin/phenylboronic acid-poly(2-(dimethylamino)ethyl 
acrylate) nanoparticle/small interfering RNA targeting SNCA was 
developed for the treatment of Parkinson’s disease. The developed 
nanoscavenger system was proposed as a platform for clearing α- 
synuclein aggregates to reduce their cytotoxicity to aid in neurode-
generative therapy [176]. Neuron-targeted exosomes were fabricated 
as coating materials to enable brain-targeted delivery of gold na-
noparticles. The exosomes were engineered to express RVG peptide 

– Lamp2b fusion protein to allow specificity to the gold nano-
particles and help them cross the bloodebrain barrier [177].

MSC-derived exosomes have also been reported to possess un-
ique features that could attenuate their use in managing kidney 
injuries. Exosomes derived from specific and conditioned media, 
such as human urine, human placenta, human amnion epithelial 
cells, and glomeruli, have been shown to play a role in renoprotec-
tion [178]. MSC-derived exosomes were found to follow the Keap1- 
Nrf2 signaling pathway to accumulate in injured renal tissue and 
into renal proximal tubular epithelial cells, thereby promoting 
kidney repair [179]. Exosomal miR-146a-5p was explored to target 
and degrade the 3’UTR of interleukin-1 receptor-associated kinase 1 
(IRAK1) mRNA followed by inhibition of nuclear factor (NF)-κB signal 
activation and restriction in the infiltration of inflammatory cells to 
achieve renoprotection [180].

Challenges for exosomes as therapeutic carriers

Exosomes have been considered one of the most important EVs 
with enormous potential to be therapeutic carriers; however, de-
signing and engineering exosomes that can portray drug delivery 
specificity is an ongoing challenge. The tools and machinery to 
produce uniform exosomal carriers are most difficult to assemble, 
along with putting the quality control criteria in place at every step 
of production. The commercial viability of exosomes as therapeutic 
cargoes would require close monitoring of the mechanical and 
purification parameters of the final delivery system. Batch-to-batch 
consistency would be needed to ensure worldwide approval by 
leading regulatory bodies. Citing the biological nature of these car-
riers and the ultimate delivery system, a close check on the stability 
and allied efficacy of the systems would need to be assured by 
multiple evaluation studies. Visualization of the exosomes being 
produced at the molecular level will have to be conducted to allow 
in-process quality checks, and methods such as next-generation 
sequencing or NGS would pave the way for such specific analysis 
during the production and scaling of these advanced drug delivery 
systems[180].

Theranostics potential of exosomes

Inherent structural and biocompatible features, the ability to 
traverse biological barriers and accumulate at specific sites, and the 
feasibility of incorporating various diagnostic or imaging and ther-
apeutic agents enable the development of exosomes as personalized 

Table 4 
Clinical trial summary of exosomes used in the delivery of therapeutics [168–174.]

Clinical trial No Conditions Study Title Status

NCT05043181 Familial Hypercholesterolemia Exosome-based nanoplatform for Ldlr mRNA delivery in FH Not yet recruiting
NCT04879810 Irritable Bowel Disease Plant exosomes + /- curcumin to abrogate symptoms of inflammatory 

bowel disease
Recruiting

NCT03608631 KRAS NP_004976.2:p.G12D 
Metastatic Pancreatic 
Adenocarcinoma 
Pancreatic Ductal 
Adenocarcinoma 
Stage IV Pancreatic Cancer 
AJCC v8

Phase I Study of Mesenchymal Stromal Cells-Derived Exosomes With 
KrasG12D siRNA for Metastatic Pancreas Cancer Patients Harboring 
KrasG12D Mutation

Recruiting

NCT01294072 Colon Cancer Phase I Clinical Trial Investigating the Ability of Plant Exosomes to 
Deliver Curcumin to Normal and Malignant Colon Tissue

Recruiting

NCT01854866 Malignant Pleural Effusion, 
Malignant Ascites

Phase II Study of Tumor Cell-derived Microparticles Used as Vectors 
of Chemotherapeutic Drugs to Treat Malignant Ascites and Pleural 
Effusion

Unknown

NCT02657460 Malignant Pleural Effusion Clinical Trial of Tumor Cell-derived Microparticles Packaging 
Chemotherapeutic Drugs to Treat Malignant Pleural Effusion

Unknown

NCT03857841 Bronchopulmonary Dysplasia A Safety Study of Intravenous Infusion of Bone Marrow Mesenchymal 
Stem Cell-derived Extracellular Vesicles (UNEX-42) in Preterm 
Neonates at High Risk for Bronchopulmonary Dysplasia

Terminated (The study was discontinued 
due to a business decision; no safety 
concerns were noted).
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theranostic platforms. However, it is challenging to simultaneously 
incorporate contrast agents/biomarkers and therapeutic cargo 
within exosomes. Most of the attempts at developing theranostic 
exosomes involved the use of inorganic nanoparticles. In addition to 
reproducible preparation, inorganic nanoparticles offer the ad-
vantages of biocompatibility, multifunctionality, and stability and 
further facilitate long-term in vivo tracking [181]. These nano-
particles may be incorporated into exosomes postisolation by sur-
face conjugation or using techniques including electroporation, 
extrusion, or sonication. The chemical linkers for conjugation or 
nanoparticle fusion techniques should be chosen so that the exo-
somal structural integrity is least affected. Irrespective of the 
method of incorporation, the size and surface properties of the na-
noparticles seem to influence the formation of nanoparticle-loaded 
exosomes, with smaller nanoparticles exhibiting higher loading ef-
ficiency [182]. Most preclinical studies exploring the theranostic 
potential of exosomes were aimed at monitoring cancer therapy and 
are discussed in the following section.

Theranostic applications of exosomes in cancer

Jia et al. incorporated “superparamagnetic iron oxide nano-
particles” (SPION) and curcumin into exosomes isolated from 
RAW264.7 macrophage cells using electroporation. Furthermore, 
these exosomes were conjugated with RGERPPR peptide by click 
chemistry to enable targeting to Neurolipin-1, a transmembrane 
glycoprotein overexpressed in glioma cells. These exosomes could 
penetrate the bloodebrain barrier and aid in targeted theranostics of 
glioma. SPION enabled magnetic hyperthermia and magnetic re-
sonance imaging (MRI), while curcumin showed a potent anticancer 
effect [183]. Pan et al. fabricated multifunctional nanocomposites of 
amphiphilic polymer-coated gold nanoparticles (AuNPs) and a Ce6 
photosensitizer trapped in bovine serum albumin (BSA) networks. 
These nanocomposites were further incorporated within urinary 
exosomes via electroporation, which could generate temporary na-
nopores in the exosome plasma membrane. The high surface area of 
AuNPs enabled the encapsulation of large amounts of Ce6 into 
exosomes. Upon injection into tumor-bearing nude mice, they 
showed deep penetration and retention in tumors, enabling fluor-
escent detection 72 h postinjection and higher efficacy in photo-
dynamic therapy [184]. Recently, radiolabeled exosomes were 
engineered to incorporate the Fc portion of lgG2b to serve as a 
theranostic system that accumulates in the tumor and augments 
antibody-dependent cell-mediated cytotoxicity (ADCC). Exosomes 
isolated from HEK293 cells transfected with a plasmid encoding the 
Lamp2b construct were modified with precision peptide for CD206- 
positive M2 macrophages. The in vivo targeting ability of the en-
gineered exosomes labeled with DiI was studied in 4T1 tumor- 
bearing Balb/c mice using tissue immunofluorescence staining. 
These exosomes were labeled with indium-oxine (111In-oxine), and a 
further biodistribution study using in vivo SPECT and CT imaging 
revealed their accumulation in the tumor, lungs, spleen, lymph 
nodes, and bones of tumor-bearing mice. In addition, the Fc portion 
of IgG2b expressed by these exosomes successfully induced ADCC 
and resulted in decreased tumor growth and prolonged survival of 
treated animals [140]. In another study, macrophage-derived exo-
somes could be successfully incorporated with acridine orange (AO), 
an acidophilic photodynamic dye with strong tumoricidal action. 
The uptake and cytotoxic effect of the AO-incorporated exosomes 
could be monitored using cytofluorimetry. They were rapidly inter-
nalized and retained for longer than free dye in melanoma cells and 
3D spheroids. Furthermore, the exosomal delivery system preserved 
the mechanism of action of AO and enhanced its tumoricidal effect 
by increasing the exposure time of the biological targets[83,185,186].

Another strategy would be nanoparticle incorporation via a bio-
logical pathway where functionalized nanoparticles are internalized 

within exosome-secreting cells following incubation for a certain 
period under stressed culturing conditions. Furthermore, during 
exosome formation, they are spontaneously incorporated into se-
creted exosomes [141]. In one of the earlier studies, Silva et al. re-
ported endothelial cell-derived hybrid nanovesicles loaded with 
multiple components, including iron oxide spherical nanoparticles 
and nanocubes, quantum dots, AuNPs, and gold/iron oxide nanodi-
mers, which conferred theranostic potential in terms of magnetic 
targeting, MRI-based tracking, and magnetic hyperthermia therapy. 
These nanomaterials were first internalized into human umbilical 
vascular endothelial cells (HUVECs), followed by the induction of 
vesicle release and magnetic sorting of the vesicles from the con-
ditioned medium. All these nanoparticle-loaded vesicles could be 
guided using an applied magnetic field gradient and tracked via MRI 
imaging. In the case of the encapsulation of quantum dots, individual 
nanovesicles could be detected in vitro via fluorescence. Further-
more, the authors established a proof-of-concept for magnetic hy-
perthermia by noting the increase in temperature at different 
magnetic field frequencies [142]. Similarly, they developed macro-
phage-derived microvesicles incorporated with iron oxide nano-
particles and different therapeutic agents, including Dox, tissue- 
plasminogen activators, and photosensitizers. They further demon-
strated the in vitro magnetic targeting, MRI detection, and modu-
lated therapeutic effect of these microvesicles [143]. Incorporating 
SPIONs in exosomes also enabled magnetic particle imaging (MPI), 
an emerging noninvasive tomographic technique with sub-
micromolar sensitivity, high spatial resolution, and lack of ionizing 
radiation. Exosomes were generated from MDA-MB-231 breast 
cancer cells incubated with SPIONs in exosome-depleted medium 
using an exosome purification kit (ExoQuickTM, System Bioscience, 
Mountain View, CA, USA). The authors observed that the generation 
of exosomes was higher when the cells were exposed to hypoxia and 
X-ray ionizing radiation. Furthermore, the generated exosomes 
showed higher internalization in hypoxic cancer cells. They were 
incubated with lipophilic tracers DiO and DiI to enable fluorescence 
imaging and flow cytometry, while a therapeutic drug, olaparib, was 
incorporated via electroporation. The intratumorally injected hy-
poxic exosomes could be detected in vivo via MPI imaging, while the 
intravenously administered exosomes did not accumulate enough to 
yield a detectable signal from the tumor [144].

The biogenic method of nanoparticle incorporation in exosomes 
has yielded higher loading efficiency than incubation or physico-
chemical methods. For instance, Sancho-Albero et al. compared the 
efficiency of internalization of 45 nm PEGylated AuNPs in murine 
melanoma cell (B16F10 cell)-derived exosomes using different 
methods. Approximately 50% internalization of PEGylated AuNPs 
was observed via the exosome biogenesis pathway compared to less 
than 20% internalization via diffusion, thermal shock, sonication, and 
saponin-assisted loading methods. In addition, the PEGylated AuNP- 
incorporated exosomes exhibited reflective optical properties, en-
abling in vitro cell tracking and generating localized heat when ir-
radiated with NIR light, thereby establishing their theranostic 
potential [187]. The same group had previously shown that these 
PEGylated AuNP-loaded exosomes generated via the biogenesis 
pathway showed preferential uptake by the parent cell line (human 
placental mesenchymal stem cells, MSCs), even under coculture 
conditions, suggesting the use of exosomes as targeted delivery ve-
hicles in hyperthermia management. They also demonstrated a se-
lective in vitro photothermal effect of these PEGylated AuNP-loaded 
exosomes in MSCs on cocultures of MSCs, B16-F1 and B16-F10 
melanoma cells, and monocytes [188].

In another study, Lara et al. used folic acid-conjugated AuNPs 
(approximately 26 nm) to ensure enhanced uptake in malignant 
B16F10 melanoma cells and further isolated EVs with nanoparticles 
labeled within and on the outer side of the vesicular membrane. 
These labeled EVs showed preferential uptake in B16F10 melanoma 
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cells in metastatic tumors, enabling increased delivery of Au NPs, 
which could benefit theranostic applications [189]. Finally, Cao et al. 
developed multifunctional vanadium carbide quantum dots (V2C 
QDs) that showed an intense photothermal effect in the NIR-II region 
(1000–1350 nm) and enabled multimodal imaging, including fluor-
escent imaging, photoacoustic imaging, and MRI. These QDs were 
functionalized with cell nuclei-targeting TAT peptide and en-
capsulated within RGD peptide-modified exosomes (V2C-TAT@Ex- 
RGD), which could specifically recognize cancer cells (Fig. 6) [190].

Bose et al. explored tumor-derived EVs as multifunctional ther-
anostic platforms. They demonstrated the loading and delivery of 
antisense miRNA targeting oncogenic miR-21 (anti-miR-21) over-
expressed in cancer cells and further functionalized these EVs with 
gold-iron oxide nanoparticles. Gold-iron oxide nanoparticles have 
been investigated as contrast agents for multimodal imaging tech-
niques, including CT, MRI, photoacoustic imaging, and surface-en-
hanced Raman spectroscopy. In addition, they facilitate the selective 
thermal ablation of cancerous cells [191,192]. Anti-miR-21 delivery 
via extracellular vesicles attenuated Dox resistance in cancer cells 
and showed threefold higher cell death when delivered along with 
DOX. The in vivo biodistribution of these multifunctional EVs was 
studied using ICG dye-mediated NIR imaging and T2-weighted MR 
imaging. At the same time, the anticancer therapeutic efficiency of 
the same could be monitored via bioluminescence imaging in 4T1 
syngeneic tumor mouse models (Fig. 7) [193].

Another category of nanoparticles extensively studied for drug 
delivery, bioimaging, and theranostic applications includes lumi-
nescent porous silicon nanoparticles (PSiNPs) [194,195]. Dox-loaded 
PSiNPs (150  ±  11 nm) were incubated with human hepatocarcinoma 
Bel7402 cells, and the exocytosed Dox-loaded PSiNPs (260  ±  15 nm) 
were collected by centrifugation. These exosome-sheathed Dox- 
loaded PSiNPs showed enhanced cellular uptake and cytotoxicity 
against cancer stem cells and significantly attenuated P-gp expres-
sion, thereby reducing drug resistance. They also showed enhanced 

tumor accumulation and anticancer efficacy in different tumor- 
bearing mouse models [196]. Lessi et al. found that exo-acridine 
orange (AO) had a longer drug delivery time to melanoma cells than 
free AO, which improved AO cytotoxicity [185]. Their research in-
dicates that Exo-AO has high potential for real-world use as a novel 
theranostic strategy against malignancies based on AO given by 
exosomes.

Challenges for exosome-based theranostics

To summarize, the exosome-mediated delivery of therapeutics, 
radionuclides, and imaging agents can act as a promising theranostic 
platform. However, a few challenges remain owing to the use of 
different cell lines as sources of exosomes, various types of hybrid 
nanosystems, difficulty in the large-scale generation of exosomes 
and lack of standardized modification strategies. Furthermore, clin-
ical trials exploring either diagnostic or therapeutic applications of 
exosomes have only been reported to date. Most studies examining 
the theranostic potential of exosomes are limited to preclinical 
evaluations. In addition, there is a need to develop reproducible and 
standardized protocols for studies involving engineered exosomes, 
and the long-term safety of such systems after in vivo administration 
needs to be evaluated. Thus, several technical hurdles still exist 
before cost-effective, less time-consuming, large-scale production 
and clinical translation of theranostic exosomes become a reality.

Future prospects

The unique morphological/structural/compositional peculiarities 
of exosomes from the nanoscale effect, their intrinsic biological 
features as important conveyers for intercellular communications, 
and their multiple functions at different levels have been de-
termined recently, promoting rapid development in exosome-based 
science. Exosomes have now been implicated in many biological and 

Fig. 6. Schematic diagram depicting the incorporation of TAT peptide-modified vanadium carbide quantum dots (V2C QDs) in RGD peptide-functionalized exosomes. These 
exosomes enabled the targeting of cancer cells and further nuclear targeting upon internalization. They could also aid multimodal image-guided photothermal therapy by 
absorbing NIR-II wavelengths at low temperatures. 
Printed with permission from ref [190].
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pathological processes. They have also shown great potential as di-
agnostic biomarkers, therapeutic targets, or efficient delivery plat-
forms in nanotechnology-enabled enhanced synergistic therapy. To 
date, significant progress has been achieved in exosome-based sci-
ence, and many ongoing clinical trials associated with exosomes 
have achieved impressive outcomes. However, despite many ad-
vances in exosome-based biology and related applications based on 
its properties, explorations of all exosome-based science still need to 
be developed. Hence, we expound on several key challenges to fur-
ther developing exosome-based methods.

Due to the high heterogeneity of exosomes, including the source, 
size, content and functional heterogeneity[197], mass exosome 
production is difficult, costly, and nonscalable. To date, the main 
obstacle to deeper development is exosome production efficiency, 
which involves isolation, extraction, and purification. Different iso-
lation methods are adopted based on the applications; integrated 
microfluidic techniques and some commercial kits are among the 
frequently used methods for exosome isolation [198,199]. However, 
the differences in the isolation methods, operational processes, and 

storage conditions result in significant differences in the amount and 
quality of produced exosomes and make the final purpose dis-
continuous or worse. Furthermore, the purification of exosomes 
from other EVs could induce a further decrease in exosome pro-
duction, which is why beyond the source of exosomes, the status of 
the source should be ignored[4]. Therefore, beyond the source of 
exosomes, the status of the source should be ignored. Therefore, 
there is an urgent need to develop scalable, standard, and cost-ef-
fective methods for mass exosome production to overcome low 
productivity and costly and complicated procedures.

More endeavours are needed to explore the underlying biological 
mechanisms of exosome-based science that hamper more ther-
apeutic applications, including biogenesis, constituent parts, long- 
distance delivery and communication, overcoming the bloodebrain 
barrier (BBB), and so on. For example, exosomes are believed to be 
intermediates within the endosomal system, where the intraluminal 
vesicles formed by the inward budding of the endosomal membrane 
during maturation of multivesicular endosomes are then secreted 
upon fusion of multivesicular endosomes with the cell surface[200], 

Fig. 7. Characterization of tumor-derived exosomes incorporating gold-iron oxide nanoparticles for anti-miR-21 delivery and theranostic imaging. 
(a) Size and surface charge of tumor-derived exosomes (brown), gold-iron oxide nanoparticles (green), and exosomes incorporating gold-iron oxide nanoparticles (blue); na-
noparticle-tracking analysis and transmission electron microscopy image of (b) gold-iron oxide nanoparticles and (c) tumor-derived exosomes incorporating gold-iron oxide 
nanoparticles; (d) schematic outline shows the shape of exosomes incorporating gold-iron oxide nanoparticles; (e) STEM−EDX results showing the hybrid bimetallic core of 
gold−iron oxide within tumor-cell-derived EVs (lipid layer); and (f) transfection of gold−iron oxide nanoparticle-incorporated (labeled with DiO) for Cy5-anti-miR-21 delivery in 
4T1 recipient cancer cells Printed with permission from ref [193].
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which is regulated by their contents[201]. Exosomes are also se-
creted in several cell types, including immune cells, endothelial cells 
(ECs), MSCs, fibroblasts, neurons, and epithelial cells. However, the 
detailed conditional mechanisms of exosome biogenesis are still 
unknown. In addition, the mechanisms by which exosomes over-
come biological barriers, such as the bloodebrain barrier, blood 
tumor barriers, and oppositive microenvironments in specific dis-
eases, still require further exploration. Based on the undiscovered 
mysteries, understanding the biological mechanisms is expected to 
provide deeper insight and bring a bright future for treating various 
diseases.

From a theranostic viewpoint, exosomes possess huge potential 
in disease diagnosis and therapeutics. Exosomes have been proposed 
as diagnostic biomarkers in tumors and nontumor tissues. For in-
stance, saliva-derived exosomal small RNAs (tRNA-GlyGCC-5) have 
been established as predictive biomarkers for esophageal carcinoma, 
and Parkinson’s disease is indexed with increased DJ-1 and α-sy-
nuclein in plasma neural-derived exosomes [202]. For therapeutic 
applications, exosomes from MSCs and DCs are well studied and are 
likely to be used due to their immunomodulatory properties. More 
exosomes that act as delivery platforms or vaccines have been de-
veloped recently[203]. Engineered neutrophil-derived exosomes 
loaded with Dox decorated with SPIONs exhibit excellent tumor 
targeting and inhibition[204]. Moreover, owing to the natural anti- 
inflammatory activity of exosomes from regulatory T cells, rEXS-cL- 
aV synergistically inhibits inflammation and the formation of blood 
vessels to relieve ocular neovascular disease[205]. In the clinic, there 
are several engineered exosome-based drug delivery (proteins, small 
molecule drugs and DNA/RNA) therapeutics in phase I/II clinical 
trials in tumors or rare diseases. At present, the content and function 
of exosomes are affected by the extraction methods, the cell types, 
disease status, the culture medium, or even the culturing conditions 
(mainly 2D, 3D, and suspension culture). Thus, a standard operation 
of achieving exosomes for therapeutic applications and precision 
medicine is necessary [167].

For potential applications with exosome-based labeling, ex-
cellent and stable signals are important, and more effective tech-
nologies are required to track their fate in vitro or in vivo. An 
engineered exosomal marker-fused protein developed for in vivo 
fluorescent labeling of exosomes could not specifically provide in-
formation on the correct location, concentration, and transportation 
of exosomes[206]. In addition, the combination of fluorescent la-
beling and high-resolution flow cytometry is time-consuming. Other 
imaging technologies, such as bioluminescence imaging (BLI), nu-
clear, fluorescence, and magnetic resonance imaging (MRI), have 
also been applied for in vivo imaging and have achieved good ima-
ging results [207]. However, the low sensitivity, low spatial resolu-
tion (mm), temporal resolution (s-min), and side effects on 
biological bodies are still limitations of exosome imaging. Thus, 
more effective exosomal labeling technologies, which expediently 
promote the tracking of exosomes, biodistribution, and therapeutic 
targets, are urgently needed.

With their abundant content and varied functions, exosomes act 
as a double-edged sword for disease inhibition and progression; 
thus, exosomes' potential toxicity or side effects should be addressed 
and investigated in detail. For example, exosomes from Alzheimer’s 
patient brain tissues contained an increased content of amyloid-beta 
oligomers, which induced cell-to-cell transfer of such toxic species 
in recipient cells [208]. In another study, miR-192–5p in exosomes 
induced lipotoxic injury and promoted the activation of M1 macro-
phages, which led to hepatic inflammation and the progression of 
nonalcoholic fatty liver disease[209]. Similarly, the miR-30d-5p of 
neutrophil exosomes promoted the activation of M1 macrophages in 
sepsis to induce related acute lung injury[210]. Hence, therapeutic 
exosomes must be further evaluated in several relevant preclinical 
models to assess biological effects, including chronic and acute 

safety/toxicology and metabolism profiles. The exploration of po-
tential toxicity or side effects will make a great step toward sup-
porting clinical applications.

From a long-term perspective, the exosomes generated from 
natural sources are more suitable than synthetic exosomes for 
therapeutic applications or delivery needs because they contain a 
wide spectrum of bioactive and most nucleic acids but not empty 
bubbles (such as liposomes), which is ideal for nanodelivery tools 
based on their high loading efficiency, biocompatibility, biosafety, 
and disease targeting capability, especially exosomes from plants, 
fruits and vegetables of organic agriculture. Furthermore, preclinical 
and clinical studies have also proven that plant-derived nanovesicles 
are safe and have intrinsic therapeutic activities that can improve 
pathological conditions in numerous disease conditions [64,211,212]. 
These findings suggest that these naturally derived exosomes could 
effectively deliver therapeutics to treat human diseases, and more 
attention should be given to this topic in the field.

Concluding remarks

With an ever growing research and information on exosome 
biology, rapid and significant breakthroughs in various aspects of 
exosome functionality and applications have been reported. To date, 
intrinsic exosome properties have been widely explored and pro-
posed as therapeutic targets for multiple diseases. The present re-
view serves as a comprehensive summary of recent advances in the 
field of exosome-based science, including the classification, isola-
tion/extraction/purification of exosomes, exploring the composition 
and genetic modifications, summarizing the potential of exosomes 
as diagnostic biomarkers and therapeutic targets, and the delivery of 
various therapeutic agents in different diseases. The present review 
will provide comprehensive instructions for exosome-based devel-
opment. On the other hand, key scientific challenges were also 
proposed. Future collaborations between researchers in different 
fields are required to solve the current limitations and promote the 
development of exosome-based applications.

Data availability

No data was used for the research described in the article.

Declaration of Competing Interest

All authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to in-
fluence the work reported in this paper.

Acknowledgments

V.P.C. wants to dedicate this work to L M College of pharmacy as a 
part of the 75th-year celebration of the college. We want to ac-
knowledge the University Grants Commission, India, for providing 
D.S. Kothari Postdoctoral Fellowship to Sreeranjini Pulakkat (OT/ 
17–18/0023) and Commonwealth Scholarship Commission in the UK 
for providing a fellowship to Anjali Pandya (INCN-2021–105). V.P.C. 
would like to thank his student Pankti Balar for helping with the 
referencing portion.

Author contributions section

Vivek P Chavda has prepared the backbone of the manuscript. All 
authors have contributed to the original draft of the manuscript. 
Lalitkumar Vora, Yanhong Duo, and Vivek P Chavda refined the first 
draft. Vivek P Chavda and Lalitkumar K. Vora critically revised the 

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

19



manuscript for intellectually correct content. Ben Zhong TANG 
supported the project. All authors approved the submitted version.

References

[1] X. Luan, K. Sansanaphongpricha, I. Myers, H. Chen, H. Yuan, D. Sun, Engineering 
exosomes as refined biological nanoplatforms for drug delivery, Acta 
Pharmacol. Sin. 38 (2017) 754–763, https://doi.org/10.1038/aps.2017.12

[2] V.P. Chavda, S. Soni, L.K. Vora, S. Soni, A. Khadela, J. Ajabiya, mRNA-based 
vaccines and therapeutics for COVID-19 and future pandemics, Vaccines 10 
(2022), https://doi.org/10.3390/vaccines10122150

[3] A. Srivastava, S. Rathore, A. Munshi, R. Ramesh, Organically derived exosomes 
as carriers of anticancer drugs and imaging agents for cancer treatment, Semin. 
Cancer Biol. 86 (2022) 80–100, https://doi.org/10.1016/j.semcancer.2022.02.020

[4] Extracellular vesicles as a next-generation drug delivery platform | Nature 
Nanotechnology, (n.d.). 〈https://www.nature.com/articles/s41565–021- 
00931–2〉 (accessed May 11, 2022).

[5] Z. Cheng, M. Li, R. Dey, Y. Chen, Nanomaterials for cancer therapy: current 
progress and perspectives, J. Hematol. Oncol. 14 (2021) 85, https://doi.org/10. 
1186/s13045-021-01096-0

[6] Y. Liang, L. Duan, J. Lu, J. Xia, Engineering exosomes for targeted drug delivery, 
Theranostics 11 (2021) 3183–3195, https://doi.org/10.7150/thno.52570

[7] M. Simons, G. Raposo, Exosomes–vesicular carriers for intercellular commu-
nication, Curr. Opin. Cell Biol. 21 (2009) 575–581, https://doi.org/10.1016/j.ceb. 
2009.03.007

[8] J. Qin, Q. Xu, Functions and application of exosomes, Acta Pol. Pharm. 71 (2014) 
537–543.

[9] J. He, W. Ren, W. Wang, W. Han, L. Jiang, D. Zhang, M. Guo, Exosomal targeting 
and its potential clinical application, Drug Deliv. Transl. Res. (2021), https://doi. 
org/10.1007/s13346-021-01087-1

[10] N. Othman, R. Jamal, N. Abu, Cancer-derived exosomes as effectors of key in-
flammation-related players, Front. Immunol. 10 (2019) 2103, https://doi.org/10. 
3389/fimmu.2019.02103

[11] E.R. Abels, X.O. Breakefield, Introduction to extracellular vesicles: biogenesis, 
RNA cargo selection, content, release, and uptake, Cell. Mol. Neurobiol. 36 
(2016) 301–312, https://doi.org/10.1007/s10571-016-0366-z

[12] F. Fatima, K. Ekstrom, I. Nazarenko, M. Maugeri, H. Valadi, A.F. Hill, G. Camussi, 
M. Nawaz, Non-coding RNAs in mesenchymal stem cell-derived extracellular 
vesicles: deciphering regulatory roles in stem cell potency, inflammatory re-
solve, and tissue regeneration, Front. Genet. 8 (2017).

[13] T. Umezu, M. Takanashi, Y. Murakami, S. Ohno, K. Kanekura, K. Sudo, 
K. Nagamine, S. Takeuchi, T. Ochiya, M. Kuroda, Acerola exosome-like nano-
vesicles to systemically deliver nucleic acid medicine via oral administration, 
Mol. Ther. -Methods Clin. Dev. 21 (2021) 199–208, https://doi.org/10.1016/j. 
omtm.2021.03.006

[14] S.M. Davidson, D.M. Yellon, Exosomes and cardioprotection - a critical analysis, 
Mol. Asp. Med. 60 (2018) 104–114, https://doi.org/10.1016/j.mam.2017.11.004

[15] Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, P. Li, Exosome: a review of its classifi-
cation, isolation techniques, storage, diagnostic and targeted therapy applica-
tions, Int. J. Nanomed. 15 (2020) 6917–6934, https://doi.org/10.2147/IJN. 
S264498

[16] J. Mu, X. Zhuang, Q. Wang, H. Jiang, Z.-B. Deng, B. Wang, L. Zhang, S. Kakar, 
Y. Jun, D. Miller, H.-G. Zhang, Interspecies communication between plant and 
mouse gut host cells through edible plant derived exosome-like nanoparticles, 
Mol. Nutr. Food Res. 58 (2014) 1561–1573, https://doi.org/10.1002/mnfr. 
201300729

[17] C. Yang, M. Zhang, D. Merlin, Advances in plant-derived edible nanoparticle- 
based lipid nano-drug delivery systems as therapeutic nanomedicines, J. Mater. 
Chem. B 6 (2018) 1312–1321, https://doi.org/10.1039/C7TB03207B

[18] M. Zhang, E. Viennois, C. Xu, D. Merlin, Plant derived edible nanoparticles as a 
new therapeutic approach against diseases, Tissue Barriers 4 (2016) e1134415, 
https://doi.org/10.1080/21688370.2015.1134415

[19] S.G. Antimisiaris, S. Mourtas, A. Marazioti, Exosomes and exosome-inspired 
vesicles for targeted drug delivery, Pharmaceutics 10 (2018) 218, https://doi. 
org/10.3390/pharmaceutics10040218

[20] Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, P. Li, Exosome: a review of its classifi-
cation, isolation techniques, storage, diagnostic and targeted therapy applica-
tions, IJN Volume 15 (2020) 6917–6934, https://doi.org/10.2147/IJN.S264498

[21] Z. Jiang, G. Liu, J. Li, Recent progress on the isolation and detection methods of 
exosomes, Chem. – Asian J. 15 (2020) 3973–3982, https://doi.org/10.1002/asia. 
202000873

[22] Exosome Isolation Services, (n.d.). 〈https://www.creative-biostructure.com/ 
exosome-isolation-and-purification-650.htm〉 (accessed January 13, 2022).

[23] X. Wu, S.A.A. Showiheen, A.R. Sun, R. Crawford, Y. Xiao, X. Mao, I. Prasadam, 
Exosomes Extraction and Identification, in: J. Batra, S. Srinivasan (Eds.), 
Theranostics: Methods and Protocols, Springer, New York, NY, 2019, pp. 81–91 
〈https://doi.org/10.1007/978-1-4939-9769-5_4〉.

[24] L.-L. Yu, J. Zhu, J.-X. Liu, F. Jiang, W.-K. Ni, L.-S. Qu, R.-Z. Ni, C.-H. Lu, M.-B. Xiao, A 
comparison of traditional and novel methods for the separation of exosomes 
from human samples, BioMed. Res. Int. 2018 (2018) e3634563, https://doi.org/ 
10.1155/2018/3634563

[25] M. Kotmakçı, G.E. Akbaba, Exosome isolation: is there an optimal method with 
regard to diagnosis or treatment? IntechOpen (2017), https://doi.org/10.5772/ 
intechopen.69407

[26] G.G. Shetgaonkar, S.M. Marques, C.E.M. DCruz, R.J.A. Vibhavari, L. Kumar, 
R.K. Shirodkar, Exosomes as cell-derivative carriers in the diagnosis and 
treatment of central nervous system diseases, Drug Deliv. Transl. Res (2021), 
https://doi.org/10.1007/s13346-021-01026-0

[27] N. Zarovni, A. Corrado, P. Guazzi, D. Zocco, E. Lari, G. Radano, J. Muhhina, 
C. Fondelli, J. Gavrilova, A. Chiesi, Integrated isolation and quantitative analysis 
of exosome shuttled proteins and nucleic acids using immunocapture ap-
proaches, Methods 87 (2015) 46–58, https://doi.org/10.1016/j.ymeth.2015.05. 
028

[28] W. Huang, Y. Yu, C. Yang, X. Zhang, L. Shang, Y. Zu, K. Shi, Aptamer decorated 
magnetic graphene oxide nanoparticles for effective capture of exosomes, 
Chem. Eng. J. 431 (2022) 133849, https://doi.org/10.1016/j.cej.2021.133849

[29] M. Tayebi, Y. Zhou, P. Tripathi, R. Chandramohanadas, Y. Ai, Exosome purifica-
tion and analysis using a facile microfluidic hydrodynamic trapping device, 
Anal. Chem. 92 (2020) 10733–10742, https://doi.org/10.1021/acs.analchem. 
0c02006

[30] Z. Wang, H. Wu, D. Fine, J. Schmulen, Y. Hu, B. Godin, J.X.J. Zhang, X. Liu, Ciliated 
micropillars for the microfluidic-based isolation of nanoscale lipid vesicles, Lab 
Chip 13 (2013) 2879–2882, https://doi.org/10.1039/C3LC41343H

[31] K. Lee, H. Shao, R. Weissleder, H. Lee, Acoustic purification of extracellular 
microvesicles, ACS Nano 9 (2015) 2321–2327, https://doi.org/10.1021/ 
nn506538f

[32] K. Lee, H. Shao, R. Weissleder, H. Lee, Acoustic purification of extracellular 
microvesicles, ACS Nano 9 (2015) 2321–2327, https://doi.org/10.1021/ 
nn506538f

[33] J. Lim, M. Choi, H. Lee, Y.-H. Kim, J.-Y. Han, E.S. Lee, Y. Cho, Direct isolation and 
characterization of circulating exosomes from biological samples using mag-
netic nanowires, J. Nanobiotechnology 17 (2019) 1, https://doi.org/10.1186/ 
s12951-018-0433-3

[34] M. He, J. Crow, M. Roth, Y. Zeng, A.K. Godwin, Integrated immunoisolation and 
protein analysis of circulating exosomes using microfluidic technology, Lab 
Chip 14 (2014) 3773–3780, https://doi.org/10.1039/C4LC00662C

[35] C. Chen, J. Skog, C.-H. Hsu, R.T. Lessard, L. Balaj, T. Wurdinger, B.S. Carter, 
X.O. Breakefield, M. Toner, D. Irimia, Microfluidic isolation and transcriptome 
analysis of serum microvesicles, Lab Chip 10 (2010) 505–511, https://doi.org/10. 
1039/B916199F

[36] M. An, J. Wu, J. Zhu, D.M. Lubman, Comparison of an optimized ultra-
centrifugation method versus size-exclusion chromatography for isolation of 
exosomes from human serum, J. Proteome Res 17 (2018) 3599–3605, https:// 
doi.org/10.1021/acs.jproteome.8b00479

[37] M.L. Heinemann, M. Ilmer, L.P. Silva, D.H. Hawke, A. Recio, M.A. Vorontsova, 
E. Alt, J. Vykoukal, Benchtop isolation and characterization of functional exo-
somes by sequential filtration, J. Chromatogr. A 1371 (2014) 125–135, https:// 
doi.org/10.1016/j.chroma.2014.10.026

[38] Z. Han, C. Peng, J. Yi, D. Zhang, X. Xiang, X. Peng, B. Su, B. Liu, Y. Shen, L. Qiao, 
Highly efficient exosome purification from human plasma by tangential flow 
filtration based microfluidic chip, Sens. Actuators B: Chem. 333 (2021) 129563, 
https://doi.org/10.1016/j.snb.2021.129563

[39] J.S. Yang, J.C. Lee, S.K. Byeon, K.H. Rha, M.H. Moon, Size dependent lipidomic 
analysis of urinary exosomes from patients with prostate cancer by flow field- 
flow fractionation and nanoflow liquid chromatography-tandem mass spec-
trometry, Anal. Chem. 89 (2017) 2488–2496, https://doi.org/10.1021/acs. 
analchem.6b04634

[40] S. Huang, X. Ji, K.K. Jackson, D.M. Lubman, M.B. Ard, T.F. Bruce, R.K. Marcus, 
Rapid separation of blood plasma exosomes from low-density lipoproteins via a 
hydrophobic interaction chromatography method on a polyester capillary- 
channeled polymer fiber phase, Anal. Chim. Acta 1167 (2021) 338578, https:// 
doi.org/10.1016/j.aca.2021.338578

[41] B.H. Wunsch, J.T. Smith, S.M. Gifford, C. Wang, M. Brink, R.L. Bruce, R.H. Austin, 
G. Stolovitzky, Y. Astier, Nanoscale lateral displacement arrays for the separa-
tion of exosomes and colloids down to 20 nm, Nat. Nanotechnol. 11 (2016) 
936–940, https://doi.org/10.1038/nnano.2016.134

[42] X. Li, A.L. Corbett, E. Taatizadeh, N. Tasnim, J.P. Little, C. Garnis, M. Daugaard, 
E. Guns, M. Hoorfar, I.T.S. Li, Challenges and opportunities in exosome 
research—Perspectives from biology, engineering, and cancer therapy, APL 
Bioeng. 3 (2019) 011503, https://doi.org/10.1063/1.5087122

[43] Z. Jiang, G. Liu, J. Li, Recent progress on the isolation and detection methods of 
exosomes, Chem. Asian J. 15 (2020) 3973–3982, https://doi.org/10.1002/asia. 
202000873

[44] A.A. Patil, W.J. Rhee, Exosomes: biogenesis, composition, functions, and their 
role in pre-metastatic niche formation, Biotechnol. Bioprocess Eng. 24 (2019) 
689–701, https://doi.org/10.1007/s12257-019-0170-y

[45] D.-S. Choi, D.-K. Kim, Y.-K. Kim, Y.S. Gho, Proteomics, transcriptomics and li-
pidomics of exosomes and ectosomes, Proteomics 13 (2013) 1554–1571, 
https://doi.org/10.1002/pmic.201200329

[46] J. Donoso-Quezada, S. Ayala-Mar, J. González-Valdez, The role of lipids in 
exosome biology and intercellular communication: Function, analytics and 
applications, Traffic 22 (2021) 204–220, https://doi.org/10.1111/tra.12803

[47] K. Carayon, K. Chaoui, E. Ronzier, I. Lazar, J. Bertrand-Michel, V. Roques, S. Balor, 
F. Terce, A. Lopez, L. Salomé, E. Joly, Proteolipidic composition of exosomes 
changes during reticulocyte maturation, J. Biol. Chem. 286 (2011) 
34426–34439, https://doi.org/10.1074/jbc.M111.257444

[48] C. Théry, M. Boussac, P. Véron, P. Ricciardi-Castagnoli, G. Raposo, J. Garin, 
S. Amigorena, Proteomic analysis of dendritic cell-derived exosomes: a secreted 
subcellular compartment distinct from apoptotic vesicles, J. Immunol. (Baltim., 

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

20

https://doi.org/10.1038/aps.2017.12
https://doi.org/10.3390/vaccines10122150
https://doi.org/10.1016/j.semcancer.2022.02.020
https://www.nature.com/articles/s41565-021-00931-2
https://www.nature.com/articles/s41565-021-00931-2
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.7150/thno.52570
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1016/j.ceb.2009.03.007
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref7
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref7
https://doi.org/10.1007/s13346-021-01087-1
https://doi.org/10.1007/s13346-021-01087-1
https://doi.org/10.3389/fimmu.2019.02103
https://doi.org/10.3389/fimmu.2019.02103
https://doi.org/10.1007/s10571-016-0366-z
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref11
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref11
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref11
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref11
https://doi.org/10.1016/j.omtm.2021.03.006
https://doi.org/10.1016/j.omtm.2021.03.006
https://doi.org/10.1016/j.mam.2017.11.004
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1039/C7TB03207B
https://doi.org/10.1080/21688370.2015.1134415
https://doi.org/10.3390/pharmaceutics10040218
https://doi.org/10.3390/pharmaceutics10040218
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1002/asia.202000873
https://www.creative-biostructure.com/exosome-isolation-and-purification-650.htm
https://www.creative-biostructure.com/exosome-isolation-and-purification-650.htm
https://doi.org/10.1007/978-1-4939-9769-5_4
https://doi.org/10.1155/2018/3634563
https://doi.org/10.1155/2018/3634563
https://doi.org/10.5772/intechopen.69407
https://doi.org/10.5772/intechopen.69407
https://doi.org/10.1007/s13346-021-01026-0
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.cej.2021.133849
https://doi.org/10.1021/acs.analchem.0c02006
https://doi.org/10.1021/acs.analchem.0c02006
https://doi.org/10.1039/C3LC41343H
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/nn506538f
https://doi.org/10.1186/s12951-018-0433-3
https://doi.org/10.1186/s12951-018-0433-3
https://doi.org/10.1039/C4LC00662C
https://doi.org/10.1039/B916199F
https://doi.org/10.1039/B916199F
https://doi.org/10.1021/acs.jproteome.8b00479
https://doi.org/10.1021/acs.jproteome.8b00479
https://doi.org/10.1016/j.chroma.2014.10.026
https://doi.org/10.1016/j.chroma.2014.10.026
https://doi.org/10.1016/j.snb.2021.129563
https://doi.org/10.1021/acs.analchem.6b04634
https://doi.org/10.1021/acs.analchem.6b04634
https://doi.org/10.1016/j.aca.2021.338578
https://doi.org/10.1016/j.aca.2021.338578
https://doi.org/10.1038/nnano.2016.134
https://doi.org/10.1063/1.5087122
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1007/s12257-019-0170-y
https://doi.org/10.1002/pmic.201200329
https://doi.org/10.1111/tra.12803
https://doi.org/10.1074/jbc.M111.257444


Md.: 1950) 166 (2001) 7309–7318, https://doi.org/10.4049/jimmunol.166.12. 
7309

[49] A.V. Vlassov, S. Magdaleno, R. Setterquist, R. Conrad, Exosomes: current 
knowledge of their composition, biological functions, and diagnostic and 
therapeutic potentials, Biochim. Et. Biophys. Acta (BBA) - Gen. Subj. 1820 
(2012) 940–948, https://doi.org/10.1016/j.bbagen.2012.03.017

[50] M. Eldh, K. Ekström, H. Valadi, M. Sjöstrand, B. Olsson, M. Jernås, J. Lötvall, 
Exosomes communicate protective messages during oxidative stress; possible 
role of exosomal shuttle RNA, PloS One 5 (2010) e15353, https://doi.org/10. 
1371/journal.pone.0015353

[51] L. Mashouri, H. Yousefi, A.R. Aref, A.M. Ahadi, F. Molaei, S.K. Alahari, Exosomes: 
composition, biogenesis, and mechanisms in cancer metastasis and drug re-
sistance, Mol. Cancer 18 (2019) 75.

[52] C. Théry, L. Zitvogel, S. Amigorena, Exosomes: composition, biogenesis and 
function, Nat. Rev. Immunol. 2 (2002) 569–579, https://doi.org/10.1038/nri855

[53] S. Ma, X. Liu, J. Yin, L. Hao, Y. Diao, J. Zhong, Exosomes and autophagy in ocular 
surface and retinal diseases: new insights into pathophysiology and treatment, 
Stem Cell Res. Ther. 13 (2022) 174, https://doi.org/10.1186/s13287-022-02854-8

[54] N. Kučuk, M. Primožič, Ž. Knez, M. Leitgeb, Exosomes engineering and their 
roles as therapy delivery tools, therapeutic targets, and biomarkers, Int. J. Mol. 
Sci. 22 (2021), https://doi.org/10.3390/ijms22179543

[55] Y. Lin, Y. Lu, X. Li, Biological characteristics of exosomes and genetically en-
gineered exosomes for the targeted delivery of therapeutic agents, J. Drug 
Target. 28 (2020) 129–141, https://doi.org/10.1080/1061186X.2019.1641508

[56] S.A.A. Kooijmans, L.A.L. Fliervoet, R. van der Meel, M.H.A.M. Fens, 
H.F.G. Heijnen, P.M.P. van Bergen en Henegouwen, P. Vader, R.M. Schiffelers, 
PEGylated and targeted extracellular vesicles display enhanced cell specificity 
and circulation time, J. Control. Release 224 (2016) 77–85, https://doi.org/10. 
1016/j.jconrel.2016.01.009

[57] S. Wan, L. Zhang, S. Wang, Y. Liu, C. Wu, C. Cui, H. Sun, M. Shi, Y. Jiang, L. Li, 
L. Qiu, W. Tan, Molecular recognition-based DNA nanoassemblies on the sur-
faces of nanosized exosomes, J. Am. Chem. Soc. 139 (2017) 5289–5292, https:// 
doi.org/10.1021/jacs.7b00319

[58] S. Kumar, I.J. Michael, J. Park, S. Granick, Y.-K. Cho, Cloaked exosomes: bio-
compatible, durable, and degradable encapsulation, Small (Weinh. Der Bergstr., 
Ger.) 14 (2018) e1802052, https://doi.org/10.1002/smll.201802052

[59] L. Margolis, Y. Sadovsky, The biology of extracellular vesicles: the known un-
knowns, PLOS Biol. 17 (2019) e3000363, https://doi.org/10.1371/journal.pbio. 
3000363

[60] R. Crescitelli, C. Lässer, T.G. Szabó, A. Kittel, M. Eldh, I. Dianzani, E.I. Buzás, 
J. Lötvall, Distinct RNA profiles in subpopulations of extracellular vesicles: 
apoptotic bodies, microvesicles and exosomes, J. Extracell. Vesicles 2 (2013) 
20677, https://doi.org/10.3402/jev.v2i0.20677

[61] M. Battistelli, E. Falcieri, Apoptotic bodies: particular extracellular vesicles in-
volved in intercellular communication, Biology 9 (2020) 21, https://doi.org/10. 
3390/biology9010021

[62] J.P.G. Sluijter, V. Verhage, J.C. Deddens, F. van den Akker, P.A. Doevendans, 
Microvesicles and exosomes for intracardiac communication, Cardiovasc. Res. 
102 (2014) 302–311, https://doi.org/10.1093/cvr/cvu022

[63] R. Szatanek, M. Baj-Krzyworzeka, J. Zimoch, M. Lekka, M. Siedlar, J. Baran, The 
methods of choice for extracellular vesicles (EVs) characterization, Int. J. Mol. 
Sci. 18 (2017) 1153, https://doi.org/10.3390/ijms18061153

[64] J. Kim, S. Li, S. Zhang, J. Wang, Plant-derived exosome-like nanoparticles and 
their therapeutic activities, Asian J. Pharm. Sci. 17 (2022) 53–69, https://doi. 
org/10.1016/j.ajps.2021.05.006

[65] N. Baldini, E. Torreggiani, L. Roncuzzi, F. Perut, N. Zini, S. Avnet, Exosome-like 
Nanovesicles Isolated from Citrus limon L. Exert Antioxidative Effect, CPB 19 
(2018) 877–885, https://doi.org/10.2174/1389201019666181017115755

[66] R. Kalluri, V.S. LeBleu, The biology, function, and biomedical applications of 
exosomes, Sci. (N. Y., N. Y.) 367 (2020), https://doi.org/10.1126/science.aau6977

[67] T. Chen, M.-Y. Xie, J.-J. Sun, R.-S. Ye, X. Cheng, R.-P. Sun, L.-M. Wei, M. Li, D.- 
L. Lin, Q.-Y. Jiang, Q.-Y. Xi, Y.-L. Zhang, Porcine milk-derived exosomes promote 
proliferation of intestinal epithelial cells, Sci. Rep. 6 (2016) 33862, https://doi. 
org/10.1038/srep33862

[68] Liposomes decorated with Apo2L/TRAIL overcome chemoresistance of human 
hematologic tumor cells - PubMed, (n.d.). 〈https://pubmed.ncbi.nlm.nih.gov/ 
23331277/〉 (accessed November 28, 2022).

[69] S. Wilhelm, A.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F. Dvorak, W.C.W. Chan, 
Analysis of nanoparticle delivery to tumours, Nat. Rev. Mater. 1 (2016) 16014, 
https://doi.org/10.1038/natrevmats.2016.14

[70] C. Federici, F. Petrucci, S. Caimi, A. Cesolini, M. Logozzi, M. Borghi, S. D’Ilio, 
L. Lugini, N. Violante, T. Azzarito, C. Majorani, D. Brambilla, S. Fais, Exosome 
Release and Low pH Belong to a Framework of Resistance of Human Melanoma 
Cells to Cisplatin, PLoS ONE 9 (2014) e88193, https://doi.org/10.1371/journal. 
pone.0088193

[71] C. Yang, M. Zhang, D. Merlin, Advances in Plant-derived Edible Nanoparticle- 
based lipid Nano-drug Delivery Systems as Therapeutic Nanomedicines, J. 
Mater. Chem. B 6 (2018) 1312–1321, https://doi.org/10.1039/C7TB03207B

[72] T. Karamanidou, A. Tsouknidas, Plant-Derived Extracellular Vesicles as 
Therapeutic Nanocarriers, Int. J. Mol. Sci. 23 (2022) 191, https://doi.org/10. 
3390/ijms23010191

[73] M. Logozzi, R. Di Raimo, D. Mizzoni, S. Fais, The Potentiality of Plant-Derived 
Nanovesicles in Human Health—A Comparison with Human Exosomes and 
Artificial Nanoparticles, Int. J. Mol. Sci. 23 (2022), https://doi.org/10.3390/ 
ijms23094919

[74] M. Logozzi, R. Di Raimo, D. Mizzoni, S. Fais, Nanovesicles from Organic 
Agriculture-Derived Fruits and Vegetables: Characterization and Functional 
Antioxidant Content, Int. J. Mol. Sci. 22 (2021), https://doi.org/10.3390/ 
ijms22158170

[75] Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, P. Li, Exosome: A Review of Its 
Classification, Isolation Techniques, Storage, Diagnostic and Targeted Therapy 
Applications, Int J. Nanomed. 15 (2020) 6917–6934, https://doi.org/10.2147/IJN. 
S264498

[76] J. Chen, P. Li, T. Zhang, Z. Xu, X. Huang, R. Wang, L. Du, Review on Strategies and 
Technologies for Exosome Isolation and Purification, 811971–811971, Front 
Bioeng. Biotechnol. 9 (2022), https://doi.org/10.3389/fbioe.2021.811971

[77] L.-L. Yu, J. Zhu, J.-X. Liu, F. Jiang, W.-K. Ni, L.-S. Qu, R.-Z. Ni, C.-H. Lu, M.-B. Xiao, A 
Comparison of Traditional and Novel Methods for the Separation of Exosomes 
from Human Samples, BioMed. Res. Int. 2018 (2018) e3634563, https://doi.org/ 
10.1155/2018/3634563

[78] Z. Han, C. Peng, J. Yi, D. Zhang, X. Xiang, X. Peng, B. Su, B. Liu, Y. Shen, L. Qiao, 
Highly efficient exosome purification from human plasma by tangential flow 
filtration based microfluidic chip, Sens. Actuators B: Chem. 333 (2021) 129563, 
https://doi.org/10.1016/j.snb.2021.129563

[79] Z. Jiang, G. Liu, J. Li, Recent Progress on the Isolation and Detection Methods of 
Exosomes, Chem. – Asian J. 15 (2020) 3973–3982, https://doi.org/10.1002/asia. 
202000873

[80] I. Parolini, C. Federici, C. Raggi, L. Lugini, S. Palleschi, A. De Milito, C. Coscia, 
E. Iessi, M. Logozzi, A. Molinari, M. Colone, M. Tatti, M. Sargiacomo, S. Fais, 
Microenvironmental pH Is a Key Factor for Exosome Traffic in Tumor Cells*, J. 
Biol. Chem. 284 (2009) 34211–34222, https://doi.org/10.1074/jbc.M109.041152

[81] Z. Zhang, Y. Yu, G. Zhu, L. Zeng, S. Xu, H. Cheng, Z. Ouyang, J. Chen, J.L. Pathak, 
L. Wu, L. Yu, The Emerging Role of Plant-Derived Exosomes-Like Nanoparticles 
in Immune Regulation and Periodontitis Treatment, 896745–896745, Front 
Immunol. 13 (2022), https://doi.org/10.3389/fimmu.2022.896745

[82] D. Subha, K. Harshnii, K.G. Madhikiruba, M. Nandhini, K.S. Tamilselvi, Plant 
derived exosome- like Nanovesicles: an updated overview, Plant Nano Biol. 3 
(2023) 100022, https://doi.org/10.1016/j.plana.2022.100022

[83] M. Logozzi, R. Di Raimo, D. Mizzoni, S. Fais, What we know on the potential use 
of exosomes for nanodelivery, Semin. Cancer Biol. 86 (2022) 13–25, https://doi. 
org/10.1016/j.semcancer.2021.09.005

[84] A.V. Vlassov, S. Magdaleno, R. Setterquist, R. Conrad, Exosomes: current 
knowledge of their composition, biological functions, and diagnostic and 
therapeutic potentials. Biochim. Et. Biophys. Acta 1820 (2012) 940–948, https:// 
doi.org/10.1016/j.bbagen.2012.03.017

[85] C. Théry, L. Zitvogel, S. Amigorena, Exosomes: composition, biogenesis and 
function, Nat. Rev. Immunol. 2 (2002) 569–579, https://doi.org/10.1038/nri855

[86] S.A.A. Kooijmans, L.A.L. Fliervoet, R. van der Meel, M.H.A.M. Fens, 
H.F.G. Heijnen, P.M.P. van Bergen En Henegouwen, P. Vader, R.M. Schiffelers, 
PEGylated and targeted extracellular vesicles display enhanced cell specificity 
and circulation time, J. Control. Release: Off. J. Control. Release Soc. 224 (2016) 
77–85, https://doi.org/10.1016/j.jconrel.2016.01.009

[87] J. Wang, D. Chen, E.A. Ho, Challenges in the development and establishment of 
exosome-based drug delivery systems, J. Control. Release 329 (2021) 894–906, 
https://doi.org/10.1016/j.jconrel.2020.10.020

[88] L.N. Giassafaki, S. Siqueira, E. Panteris, K. Psatha, F. Chatzopoulou, M. Aivaliotis, 
G. Tzimagiorgis, A. Müllertz, D.G. Fatouros, I.S. Vizirianakis, Towards analyzing 
the potential of exosomes to deliver microRNA therapeutics, J. Cell Physiol. 236 
(2021) 1529–1544, https://doi.org/10.1002/jcp.29991

[89] V. Russo, M. El Khatib, G. Prencipe, A. Cerveró-Varona, M.R. Citeroni, A. Mauro, 
P. Berardinelli, M. Faydaver, A.A. Haidar-Montes, M. Turriani, O. Di Giacinto, 
M. Raspa, F. Scavizzi, F. Bonaventura, L. Liverani, A.R. Boccaccini, B. Barboni, 
Scaffold-Mediated Immunoengineering as Innovative Strategy for Tendon 
Regeneration, Cells 11 (2022) 266, https://doi.org/10.3390/cells11020266

[90] T.S. Lyu, Y. Ahn, Y.-J. Im, S.-S. Kim, K.-H. Lee, J. Kim, Y. Choi, D. Lee, E. Kang, G. Jin, 
J. Hwang, S. Lee, J.-A. Cho, The characterization of exosomes from fibrosarcoma 
cell and the useful usage of Dynamic Light Scattering (DLS) for their evaluation, 
PLOS ONE 16 (2021) e0231994, https://doi.org/10.1371/journal.pone.0231994

[91] M. Zhou, S.R. Weber, Y. Zhao, H. Chen, J.M. Sundstrom, Chapter 2 - Methods for 
exosome isolation and characterization, in: L. Edelstein, J. Smythies, 
P. Quesenberry, D. Noble (Eds.), Exosomes, Academic Press, 2020, pp. 23–38 
〈https://doi.org/10.1016/B978-0-12-816053-4.00002-X〉.

[92] Z. Niu, R.T.K. Pang, W. Liu, Q. Li, R. Cheng, W.S.B. Yeung, Polymer-based pre-
cipitation preserves biological activities of extracellular vesicles from an en-
dometrial cell line, PLoS One 12 (2017) e0186534, https://doi.org/10.1371/ 
journal.pone.0186534

[93] K. Boriachek, M.N. Islam, A. Möller, C. Salomon, N.-T. Nguyen, M.S.A. Hossain, 
Y. Yamauchi, M.J.A. Shiddiky, Biological Functions and Current Advances in 
Isolation and Detection Strategies for Exosome Nanovesicles, Small 14 (2018), 
https://doi.org/10.1002/smll.201702153

[94] M. Khushman, A. Bhardwaj, G.K. Patel, J.A. Laurini, K. Roveda, M.C. Tan, 
M.C. Patton, S. Singh, W. Taylor, A.P. Singh, Exosomal Markers (CD63 and CD9) 
Expression Pattern Using Immunohistochemistry in Resected Malignant and 
Nonmalignant Pancreatic Specimens, Pancreas 46 (2017) 782–788, https://doi. 
org/10.1097/MPA.0000000000000847

[95] M. Shafiei, M.N.M. Ansari, S.I.A. Razak, M.U.A. Khan, A Comprehensive Review 
on the Applications of Exosomes and Liposomes in Regenerative Medicine and 
Tissue Engineering, Polymers 13 (2021) 2529, https://doi.org/10.3390/ 
polym13152529

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

21

https://doi.org/10.4049/jimmunol.166.12.7309
https://doi.org/10.4049/jimmunol.166.12.7309
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1371/journal.pone.0015353
https://doi.org/10.1371/journal.pone.0015353
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref49
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref49
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref49
https://doi.org/10.1038/nri855
https://doi.org/10.1186/s13287-022-02854-8
https://doi.org/10.3390/ijms22179543
https://doi.org/10.1080/1061186X.2019.1641508
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1021/jacs.7b00319
https://doi.org/10.1021/jacs.7b00319
https://doi.org/10.1002/smll.201802052
https://doi.org/10.1371/journal.pbio.3000363
https://doi.org/10.1371/journal.pbio.3000363
https://doi.org/10.3402/jev.v2i0.20677
https://doi.org/10.3390/biology9010021
https://doi.org/10.3390/biology9010021
https://doi.org/10.1093/cvr/cvu022
https://doi.org/10.3390/ijms18061153
https://doi.org/10.1016/j.ajps.2021.05.006
https://doi.org/10.1016/j.ajps.2021.05.006
https://doi.org/10.2174/1389201019666181017115755
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/srep33862
https://doi.org/10.1038/srep33862
https://pubmed.ncbi.nlm.nih.gov/23331277/
https://pubmed.ncbi.nlm.nih.gov/23331277/
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1371/journal.pone.0088193
https://doi.org/10.1371/journal.pone.0088193
https://doi.org/10.1039/C7TB03207B
https://doi.org/10.3390/ijms23010191
https://doi.org/10.3390/ijms23010191
https://doi.org/10.3390/ijms23094919
https://doi.org/10.3390/ijms23094919
https://doi.org/10.3390/ijms22158170
https://doi.org/10.3390/ijms22158170
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.3389/fbioe.2021.811971
https://doi.org/10.1155/2018/3634563
https://doi.org/10.1155/2018/3634563
https://doi.org/10.1016/j.snb.2021.129563
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1002/asia.202000873
https://doi.org/10.1074/jbc.M109.041152
https://doi.org/10.3389/fimmu.2022.896745
https://doi.org/10.1016/j.plana.2022.100022
https://doi.org/10.1016/j.semcancer.2021.09.005
https://doi.org/10.1016/j.semcancer.2021.09.005
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1038/nri855
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.jconrel.2020.10.020
https://doi.org/10.1002/jcp.29991
https://doi.org/10.3390/cells11020266
https://doi.org/10.1371/journal.pone.0231994
https://doi.org/10.1016/B978-0-12-816053-4.00002-X
https://doi.org/10.1371/journal.pone.0186534
https://doi.org/10.1371/journal.pone.0186534
https://doi.org/10.1002/smll.201702153
https://doi.org/10.1097/MPA.0000000000000847
https://doi.org/10.1097/MPA.0000000000000847
https://doi.org/10.3390/polym13152529
https://doi.org/10.3390/polym13152529


[96] D. Ferreira, J.N. Moreira, L.R. Rodrigues, New advances in exosome-based tar-
geted drug delivery systems, Crit. Rev. Oncol. /Hematol. 172 (2022) 103628, 
https://doi.org/10.1016/j.critrevonc.2022.103628

[97] M. Guo, J. Wang, Y. Zhao, Y. Feng, S. Han, Q. Dong, M. Cui, K. Tieu, Microglial 
exosomes facilitate α-synuclein transmission in Parkinson’s disease, Brain 143 
(2020) 1476–1497, https://doi.org/10.1093/brain/awaa090

[98] W. Zhou, Y. Zhou, X. Chen, T. Ning, H. Chen, Q. Guo, Y. Zhang, P. Liu, Y. Zhang, 
C. Li, Y. Chu, T. Sun, C. Jiang, Pancreatic cancer-targeting exosomes for enhan-
cing immunotherapy and reprogramming tumor microenvironment, 
Biomaterials 268 (2021) 120546, https://doi.org/10.1016/j.biomaterials.2020. 
120546

[99] Y. Li, Y. Gao, C. Gong, Z. Wang, Q. Xia, F. Gu, C. Hu, L. Zhang, H. Guo, S. Gao, A33 
antibody-functionalized exosomes for targeted delivery of doxorubicin against 
colorectal cancer, Nanomed.: Nanotechnol., Biol. Med. 14 (2018) 1973–1985, 
https://doi.org/10.1016/j.nano.2018.05.020

[100] L.G. Rikkert, R. Nieuwland, L.W.M.M. Terstappen, F.A.W. Coumans, Quality of 
extracellular vesicle images by transmission electron microscopy is operator 
and protocol dependent, J. Extracell. Vesicles 8 (2019) 1555419, https://doi.org/ 
10.1080/20013078.2018.1555419

[101] Á.M. Lőrincz, C.I. Timár, K.A. Marosvári, D.S. Veres, L. Otrokocsi, Á. Kittel, 
E. Ligeti, Effect of storage on physical and functional properties of extracellular 
vesicles derived from neutrophilic granulocytes, J. Extracell. Vesicles 3 (2014) 
25465, https://doi.org/10.3402/jev.v3.25465

[102] R. Maroto, Y. Zhao, M. Jamaluddin, V.L. Popov, H. Wang, M. Kalubowilage, 
Y. Zhang, J. Luisi, H. Sun, C.T. Culbertson, S.H. Bossmann, M. Motamedi, 
A.R. Brasier, Effects of storage temperature on airway exosome integrity for 
diagnostic and functional analyses, J. Extracell. Vesicles 6 (2017) 1359478, 
https://doi.org/10.1080/20013078.2017.1359478

[103] C. Charoenviriyakul, Y. Takahashi, M. Nishikawa, Y. Takakura, Preservation of 
exosomes at room temperature using lyophilization, Int. J. Pharm. 553 (2018) 
1–7, https://doi.org/10.1016/j.ijpharm.2018.10.032

[104] S. Bosch, L. de Beaurepaire, M. Allard, M. Mosser, C. Heichette, D. Chrétien, 
D. Jegou, J.-M. Bach, Trehalose prevents aggregation of exosomes and cryo-
damage, Sci. Rep. 6 (2016) 36162, https://doi.org/10.1038/srep36162

[105] O.G. de Jong, S.A.A. Kooijmans, D.E. Murphy, L. Jiang, M.J.W. Evers, J.P.G. Sluijter, 
P. Vader, R.M. Schiffelers, Drug Delivery with Extracellular Vesicles: From 
Imagination to Innovation, Acc. Chem. Res. 52 (2019) 1761–1770, https://doi. 
org/10.1021/acs.accounts.9b00109

[106] J. Lin, J. Li, B. Huang, J. Liu, X. Chen, X.M. Chen, Y.M. Xu, L.F. Huang, X.Z. Wang, 
Exosomes: Novel Biomarkers for Clinical Diagnosis, Sci. World J. 2015 (2015), 
https://doi.org/10.1155/2015/657086

[107] J. Olga, H. Regina, S. Alena, P. David, L. Michaela, H.A. Malinska, M. Jan, 
Conventional and Nonconventional Sources of Exosomes–Isolation Methods 
and Influence on Their Downstream Biomedical Application, Front. Mol. Biosci. 
9 (2022).

[108] A. Kalani, A. Tyagi, N. Tyagi, Exosomes: Mediators of Neurodegeneration, 
Neuroprotection and Therapeutics, Mol. Neurobiol. 49 (2014) 590–600, https:// 
doi.org/10.1007/s12035-013-8544-1

[109] S. Samanta, S. Rajasingh, N. Drosos, Z. Zhou, B. Dawn, J. Rajasingh, Exosomes: 
new molecular targets of diseases, Acta Pharmacol. Sin. 39 (2018) 501–513, 
https://doi.org/10.1038/aps.2017.162

[110] N.A. Hanjani, N. Esmaelizad, S. Zanganeh, A.T. Gharavi, P. Heidarizadeh, 
M. Radfar, F. Omidi, R. MacLoughlin, M. Doroudian, Emerging role of exosomes 
as biomarkers in cancer treatment and diagnosis, Crit. Rev. Oncol. /Hematol. 169 
(2022) 103565, https://doi.org/10.1016/j.critrevonc.2021.103565

[111] D.D. Taylor, C. Gercel-Taylor, MicroRNA signatures of tumor-derived exosomes 
as diagnostic biomarkers of ovarian cancer, Gynecol. Oncol. 110 (2008) 13–21, 
https://doi.org/10.1016/j.ygyno.2008.04.033

[112] F. Andre, N.E.C. Schartz, M. Movassagh, C. Flament, P. Pautier, P. Morice, 
C. Pomel, C. Lhomme, B. Escudier, T. Le Chevalier, T. Tursz, S. Amigorena, 
G. Raposo, E. Angevin, L. Zitvogel, Malignant effusions and immunogenic tu-
mour-derived exosomes, Lancet (Lond., Engl.) 360 (2002) 295–305, https://doi. 
org/10.1016/S0140-6736(02)09552-1

[113] I.-H. Chen, L. Xue, C.-C. Hsu, J.S.P. Paez, L. Pan, H. Andaluz, M.K. Wendt, A.B. Iliuk, 
J.-K. Zhu, W.A. Tao, Phosphoproteins in extracellular vesicles as candidate 
markers for breast cancer, Proc. Natl. Acad. Sci. USA 114 (2017) 3175–3180, 
https://doi.org/10.1073/pnas.1618088114

[114] L. Niu, X. Song, N. Wang, L. Xue, X. Song, L. Xie, Tumor-derived exosomal pro-
teins as diagnostic biomarkers in non-small cell lung cancer, Cancer Sci. 110 
(2019) 433–442, https://doi.org/10.1111/cas.13862

[115] K. Koga, K. Matsumoto, T. Akiyoshi, M. Kubo, N. Yamanaka, A. Tasaki, 
H. Nakashima, M. Nakamura, S. Kuroki, M. Tanaka, M. Katano, Purification, 
characterization and biological significance of tumor-derived exosomes, 
Anticancer Res. 25 (2005) 3703–3707.

[116] M. Logozzi, C. Capasso, R. Di Raimo, S. Del Prete, D. Mizzoni, M. Falchi, 
C.T. Supuran, S. Fais, Prostate cancer cells and exosomes in acidic condition 
show increased carbonic anhydrase IX expression and activity, J. Enzym. Inhib. 
Med. Chem. 34 (2019) 272–278, https://doi.org/10.1080/14756366.2018. 
1538980

[117] B.N. Hannafon, Y.D. Trigoso, C.L. Calloway, Y.D. Zhao, D.H. Lum, A.L. Welm, 
Z.J. Zhao, K.E. Blick, W.C. Dooley, W.Q. Ding, Plasma exosome microRNAs are 
indicative of breast cancer, Breast Cancer Res.: BCR 18 (2016) 90, https://doi. 
org/10.1186/s13058-016-0753-x

[118] B. Sandfeld-Paulsen, K.R. Jakobsen, R. Bæk, B.H. Folkersen, T.R. Rasmussen, 
P. Meldgaard, K. Varming, M.M. Jørgensen, B.S. Sorensen, Exosomal Proteins as 
Diagnostic Biomarkers in Lung Cancer, J. Thorac. Oncol.: Off. Publ. Int. Assoc. 

Study Lung Cancer 11 (2016) 1701–1710, https://doi.org/10.1016/j.jtho.2016.05. 
034

[119] A. Huang, J. Dong, S. Li, C. Wang, H. Ding, H. Li, X. Su, X. Ge, L. Sun, C. Bai, X. Shen, 
T. Fang, J. Li, N. Shao, Exosomal transfer of vasorin expressed in hepatocellular 
carcinoma cells promotes migration of human umbilical vein endothelial cells, 
Int. J. Biol. Sci. 11 (2015) 961–969, https://doi.org/10.7150/ijbs.11943

[120] K.R. Jakobsen, B.S. Paulsen, R. Bæk, K. Varming, B.S. Sorensen, M.M. Jørgensen, 
Exosomal proteins as potential diagnostic markers in advanced non-small cell 
lung carcinoma, J. Extracell. Vesicles 4 (2015) 26659, https://doi.org/10.3402/ 
jev.v4.26659

[121] M. Rodríguez, C. Bajo-Santos, N.P. Hessvik, S. Lorenz, B. Fromm, V. Berge, 
K. Sandvig, A. Linē, A. Llorente, Identification of non-invasive miRNAs bio-
markers for prostate cancer by deep sequencing analysis of urinary exosomes, 
Mol. Cancer 16 (2017) 156, https://doi.org/10.1186/s12943-017-0726-4

[122] S. Khan, J.M.S. Jutzy, M.M.A. Valenzuela, D. Turay, J.R. Aspe, A. Ashok, 
S. Mirshahidi, D. Mercola, M.B. Lilly, N.R. Wall, Plasma-Derived Exosomal 
Survivin, a Plausible Biomarker for Early Detection of Prostate Cancer, PLOS 
ONE 7 (2012) e46737.

[123] F Dokhaee, S Mazhari, M Galehdari, A Bahadori Monfared, K Baghaei, 
Evaluation of GKN1 and GKN2 gene expression as a biomarker of gastric cancer, 
Gastroenterol Hepatol Bed Bench 11 (Suppl 1) (2018) S140–S145.

[124] X. Ge, Y. Wang, J. Nie, Q. Li, L. Tang, X. Deng, F. Wang, B. Xu, X. Wu, X. Zhang, 
Q. You, L. Miao, The diagnostic/prognostic potential and molecular functions of 
long non-coding RNAs in the exosomes derived from the bile of human cho-
langiocarcinoma, Oncotarget 8 (41) (2017) 69995–70005.

[125] Y. Shi, Y. Zhuang, J. Zhang, M. Chen, S. Wu, Four circulating exosomal miRNAs as 
novel potential biomarkers for the early diagnosis of human colorectal cancer, 
Tissue Cell 70 (2021) 101499, https://doi.org/10.1016/j.tice.2021.101499

[126] T. He, X. Guo, X. Li, C. Liao, X. Wang, K. He, Plasma-Derived Exosomal 
microRNA-130a Serves as a Noninvasive Biomarker for Diagnosis and Prognosis 
of Oral Squamous Cell Carcinoma, J. Oncol. 2021 (2021) 5547911, https://doi. 
org/10.1155/2021/5547911

[127] E. Buscail, A. Chauvet, P. Quincy, O. Degrandi, C. Buscail, I. Lamrissi, 
I. Moranvillier, C. Caumont, S. Verdon, A. Brisson, M. Marty, L. Chiche, 
C. Laurent, V. Vendrely, F. Moreau-Gaudry, A. Bedel, S. Dabernat, CD63-GPC1- 
Positive Exosomes Coupled with CA19-9 Offer Good Diagnostic Potential for 
Resectable Pancreatic Ductal Adenocarcinoma, Transl. Oncol. 12 (2019) 
1395–1403, https://doi.org/10.1016/j.tranon.2019.07.009

[128] J. Zhang, H. Li, B. Fan, W. Xu, X. Zhang, Extracellular vesicles in normal preg-
nancy and pregnancy-related diseases, J. Cell Mol. Med 24 (2020) 4377–4388, 
https://doi.org/10.1111/jcmm.15144

[129] M. Ghafourian, R. Mahdavi, Z. Akbari Jonoush, M. Sadeghi, N. Ghadiri, 
M. Farzaneh, A. Mousavi Salehi, The implications of exosomes in pregnancy: 
emerging as new diagnostic markers and therapeutics targets, Cell Commun. 
Signal. 20 (2022) 51, https://doi.org/10.1186/s12964-022-00853-z

[130] J. Jin, R. Menon, Placental exosomes: A proxy to understand pregnancy com-
plications, Am. J. Reprod. Immunol. 79 (2018) e12788, https://doi.org/10.1111/ 
aji.12788

[131] pericles_1582493424.ris, (n.d.).
[132] M. Shahnawaz, A. Mukherjee, S. Pritzkow, N. Mendez, P. Rabadia, X. Liu, B. Hu, 

A. Schmeichel, W. Singer, G. Wu, A.-L. Tsai, H. Shirani, K.P.R. Nilsson, P.A. Low, 
C. Soto, Discriminating α-synuclein strains in Parkinson’s disease and multiple 
system atrophy, Nature 578 (2020) 273–277, https://doi.org/10.1038/s41586- 
020-1984-7

[133] P. Desplats, H.-J. Lee, E.-J. Bae, C. Patrick, E. Rockenstein, L. Crews, B. Spencer, 
E. Masliah, S.-J. Lee, Inclusion formation and neuronal cell death through 
neuron-to-neuron transmission of α-synuclein, Proc. Natl. Acad. Sci. U. S. A 106 
(2009) 13010–13015, https://doi.org/10.1073/pnas.0903691106

[134] L. Alvarez-Erviti, Y. Seow, A.H. Schapira, C. Gardiner, I.L. Sargent, M.J.A. Wood, 
J.M. Cooper, Lysosomal dysfunction increases exosome-mediated alpha-synu-
clein release and transmission, Neurobiol. Dis. 42 (2011) 360–367, https://doi. 
org/10.1016/j.nbd.2011.01.029

[135] S.B. Prusiner, Novel Proteinaceous Infectious Particles Cause Scrapie, Science 
216 (1982) 136–144, https://doi.org/10.1126/science.6801762

[136] J. Fauré, G. Lachenal, M. Court, J. Hirrlinger, C. Chatellard-Causse, B. Blot, 
J. Grange, G. Schoehn, Y. Goldberg, V. Boyer, F. Kirchhoff, G. Raposo, J. Garin, 
R. Sadoul, Exosomes are released by cultured cortical neurones, Mol. Cell. 
Neurosci. 31 (2006) 642–648, https://doi.org/10.1016/j.mcn.2005.12.003

[137] C. Robertson, S.A. Booth, D.R. Beniac, M.B. Coulthart, T.F. Booth, A. McNicol, 
Cellular prion protein is released on exosomes from activated platelets, Blood 
107 (2006) 3907–3911, https://doi.org/10.1182/blood-2005-02-0802

[138] A.K. Pandya, V.B. Patravale, Computational avenues in oral protein and peptide 
therapeutics, Drug Discov. Today (2021), https://doi.org/10.1016/j.drudis.2021. 
03.003

[139] C. Meyer, J. Losacco, Z. Stickney, L. Li, G. Marriott, B. Lu, Pseudotyping exosomes 
for enhanced protein delivery in mammalian cells, Int J. Nanomed. 12 (2017) 
3153–3170, https://doi.org/10.2147/IJN.S133430

[140] S. Kuate, J. Cinatl, H.W. Doerr, K. Überla, Exosomal vaccines containing the S 
protein of the SARS coronavirus induce high levels of neutralizing antibodies, 
Virology 362 (2007) 26–37, https://doi.org/10.1016/j.virol.2006.12.011

[141] Z.C. Hartman, J. Wei, O.K. Glass, H. Guo, G. Lei, X.-Y. Yang, T. Osada, A. Hobeika, 
A. Delcayre, J.-B. Le Pecq, M.A. Morse, T.M. Clay, H.K. Lyerly, Increasing vaccine 
potency through exosome antigen targeting, Vaccine 29 (2011) 9361–9367, 
https://doi.org/10.1016/j.vaccine.2011.09.133

[142] L. Rivoltini, C. Chiodoni, P. Squarcina, M. Tortoreto, A. Villa, B. Vergani, 
M. Bürdek, L. Botti, I. Arioli, A. Cova, G. Mauri, E. Vergani, B. Bianchi, P. Della 

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

22

https://doi.org/10.1016/j.critrevonc.2022.103628
https://doi.org/10.1093/brain/awaa090
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.biomaterials.2020.120546
https://doi.org/10.1016/j.nano.2018.05.020
https://doi.org/10.1080/20013078.2018.1555419
https://doi.org/10.1080/20013078.2018.1555419
https://doi.org/10.3402/jev.v3.25465
https://doi.org/10.1080/20013078.2017.1359478
https://doi.org/10.1016/j.ijpharm.2018.10.032
https://doi.org/10.1038/srep36162
https://doi.org/10.1021/acs.accounts.9b00109
https://doi.org/10.1021/acs.accounts.9b00109
https://doi.org/10.1155/2015/657086
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref104
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref104
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref104
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref104
https://doi.org/10.1007/s12035-013-8544-1
https://doi.org/10.1007/s12035-013-8544-1
https://doi.org/10.1038/aps.2017.162
https://doi.org/10.1016/j.critrevonc.2021.103565
https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.1016/S0140-6736(02)09552-1
https://doi.org/10.1016/S0140-6736(02)09552-1
https://doi.org/10.1073/pnas.1618088114
https://doi.org/10.1111/cas.13862
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref112
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref112
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref112
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref112
https://doi.org/10.1080/14756366.2018.1538980
https://doi.org/10.1080/14756366.2018.1538980
https://doi.org/10.1186/s13058-016-0753-x
https://doi.org/10.1186/s13058-016-0753-x
https://doi.org/10.1016/j.jtho.2016.05.034
https://doi.org/10.1016/j.jtho.2016.05.034
https://doi.org/10.7150/ijbs.11943
https://doi.org/10.3402/jev.v4.26659
https://doi.org/10.3402/jev.v4.26659
https://doi.org/10.1186/s12943-017-0726-4
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref119
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref119
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref119
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref119
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref120
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref120
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref120
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref121
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref121
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref121
http://refhub.elsevier.com/S1748-0132(23)00020-8/sbref121
https://doi.org/10.1016/j.tice.2021.101499
https://doi.org/10.1155/2021/5547911
https://doi.org/10.1155/2021/5547911
https://doi.org/10.1016/j.tranon.2019.07.009
https://doi.org/10.1111/jcmm.15144
https://doi.org/10.1186/s12964-022-00853-z
https://doi.org/10.1111/aji.12788
https://doi.org/10.1111/aji.12788
https://doi.org/10.1038/s41586-020-1984-7
https://doi.org/10.1038/s41586-020-1984-7
https://doi.org/10.1073/pnas.0903691106
https://doi.org/10.1016/j.nbd.2011.01.029
https://doi.org/10.1016/j.nbd.2011.01.029
https://doi.org/10.1126/science.6801762
https://doi.org/10.1016/j.mcn.2005.12.003
https://doi.org/10.1182/blood-2005-02-0802
https://doi.org/10.1016/j.drudis.2021.03.003
https://doi.org/10.1016/j.drudis.2021.03.003
https://doi.org/10.2147/IJN.S133430
https://doi.org/10.1016/j.virol.2006.12.011
https://doi.org/10.1016/j.vaccine.2011.09.133


Mina, L. Cantone, V. Bollati, N. Zaffaroni, A.M. Gianni, M.P. Colombo, V. Huber, 
TNF-Related Apoptosis-Inducing Ligand (TRAIL)–Armed Exosomes Deliver 
Proapoptotic Signals to Tumor Site, Clin. Cancer Res. 22 (2016) 3499–3512, 
https://doi.org/10.1158/1078-0432.CCR-15-2170

[143] Y. Yang, Y. Hong, G.-H. Nam, J.H. Chung, E. Koh, I.-S. Kim, Virus-Mimetic 
Fusogenic Exosomes for Direct Delivery of Integral Membrane Proteins to 
Target Cell Membranes, Adv. Mater. 29 (2017) 1605604, https://doi.org/10.1002/ 
adma.201605604

[144] Y. Yang, Y. Hong, E. Cho, G.B. Kim, I.-S. Kim, Extracellular vesicles as a platform 
for membrane-associated therapeutic protein delivery, J. Extracell. Vesicles 7 
(2018) 1440131, https://doi.org/10.1080/20013078.2018.1440131

[145] S.M. Patil, S.S. Sawant, N.K. Kunda, Exosomes as drug delivery systems: A brief 
overview and progress update, Eur. J. Pharm. Biopharm. 154 (2020) 259–269, 
https://doi.org/10.1016/j.ejpb.2020.07.026

[146] J. Ratajczak, K. Miekus, M. Kucia, J. Zhang, R. Reca, P. Dvorak, M.Z. Ratajczak, 
Embryonic stem cell-derived microvesicles reprogram hematopoietic pro-
genitors: evidence for horizontal transfer of mRNA and protein delivery, 
Leukemia 20 (2006) 847–856, https://doi.org/10.1038/sj.leu.2404132

[147] Y.T. Sato, K. Umezaki, S. Sawada, S. Mukai, Y. Sasaki, N. Harada, H. Shiku, 
K. Akiyoshi, Engineering hybrid exosomes by membrane fusion with liposomes, 
Sci. Rep. 6 (2016) 21933, https://doi.org/10.1038/srep21933

[148] P. Gee, M.S.Y. Lung, Y. Okuzaki, N. Sasakawa, T. Iguchi, Y. Makita, H. Hozumi, 
Y. Miura, L.F. Yang, M. Iwasaki, X.H. Wang, M.A. Waller, N. Shirai, Y.O. Abe, 
Y. Fujita, K. Watanabe, A. Kagita, K.A. Iwabuchi, M. Yasuda, H. Xu, T. Noda, 
J. Komano, H. Sakurai, N. Inukai, A. Hotta, Extracellular nanovesicles for 
packaging of CRISPR-Cas9 protein and sgRNA to induce therapeutic exon 
skipping, Nat. Commun. 11 (2020) 1334, https://doi.org/10.1038/s41467-020- 
14957-y

[149] K. Anand, M. Ramesh, T. Singh, C. Balakumar, V. Chithravel, P. Prasher, 
N.K. Katari, G. Gupta, S.K. Singh, D.K. Chellappan, K. Dua, V. Chavda, 
A. Laishevtcev, M. Shahbaaz, M.H. Abdellattif, M. Saravanan, A.A. Chuturgoon, 
One-step synthesis of picolinohydrazides from fusaric acid: DFT, structural 
characterization and molecular inhibitory studies on metastatic tumor-derived 
exosomal and non-exosomal proteins, J. Mol. Struct. 1255 (2022) 132442, 
https://doi.org/10.1016/j.molstruc.2022.132442

[150] L. Wang, J. He, H. Hu, L. Tu, Z. Sun, Y. Liu, F. Luo, Lung CSC-derived exosomal 
miR-210-3p contributes to a pro-metastatic phenotype in lung cancer by tar-
geting FGFRL1, J. Cell. Mol. Med. 24 (2020) 6324–6339, https://doi.org/10.1111/ 
jcmm.15274

[151] F.N. Faruqu, L. Xu, K.T. Al-Jamal, Preparation of Exosomes for siRNA Delivery to 
Cancer Cells, JoVE (J. Vis. Exp.) (2018) e58814, , https://doi.org/10.3791/58814

[152] M.E. Hung, J.N. Leonard, A platform for actively loading cargo RNA to elucidate 
limiting steps in EV-mediated delivery, J. Extracell. Vesicles 5 (2016) 31027, 
https://doi.org/10.3402/jev.v5.31027

[153] H. Tao, H. Xu, L. Zuo, C. Li, G. Qiao, M. Guo, L. Zheng, M. Leitgeb, X. Lin, 
Exosomes-coated bcl-2 siRNA inhibits the growth of digestive system tumors 
both in vitro and in vivo, Int. J. Biol. Macromol. 161 (2020) 470–480, https://doi. 
org/10.1016/j.ijbiomac.2020.06.052

[154] E. Bagheri, K. Abnous, S.A. Farzad, S.M. Taghdisi, M. Ramezani, M. Alibolandi, 
Targeted doxorubicin-loaded mesenchymal stem cells-derived exosomes as a 
versatile platform for fighting against colorectal cancer, Life Sci. 261 (2020) 
118369, https://doi.org/10.1016/j.lfs.2020.118369

[155] J. Zou, M. Shi, X. Liu, C. Jin, X. Xing, L. Qiu, W. Tan, Aptamer-Functionalized 
Exosomes: Elucidating the Cellular Uptake Mechanism and the Potential for 
Cancer-Targeted Chemotherapy, Anal. Chem. 91 (2019) 2425–2430, https://doi. 
org/10.1021/acs.analchem.8b05204

[156] R. Tian, Z. Wang, R. Niu, H. Wang, W. Guan, J. Chang, Tumor Exosome Mimicking 
Nanoparticles for Tumor Combinatorial Chemo-Photothermal Therapy, Front. 
Bioeng. Biotechnol. 8 (2020), 〈https://www.frontiersin.org/article/10.3389/ 
fbioe.2020.01010〉 (accessed March 14, 2022).

[157] Q. Zhan, K. Yi, X. Li, X. Cui, E. Yang, N. Chen, X. Yuan, J. Zhao, X. Hou, C. Kang, 
Phosphatidylcholine-Engineered Exosomes for Enhanced Tumor Cell Uptake 
and Intracellular Antitumor Drug Delivery, Macromol. Biosci. 21 (2021) 
2100042, https://doi.org/10.1002/mabi.202100042

[158] Z. Yao, Y. Qiao, X. Li, J. Chen, J. Ding, L. Bai, F. Shen, B. Shi, J. Liu, L. Peng, J. Li, Z. 
Yuan, Exosomes Exploit the Virus Entry Machinery and Pathway To Transmit 
Alpha Interferon-Induced Antiviral Activity, Journal of Virology. 92 (n.d.) 
e01578–18. https://doi.org/10.1128/JVI.01578–18.

[159] W. Wu, D. Wu, W. Yan, Y. Wang, J. You, X. Wan, D. Xi, X. Luo, M. Han, Q. Ning, 
Interferon-Induced Macrophage-Derived Exosomes Mediate Antiviral Activity 
Against Hepatitis B Virus Through miR-574-5p, J. Infect. Dis. 223 (2021) 
686–698, https://doi.org/10.1093/infdis/jiaa399

[160] X. Zhu, Z. He, J. Yuan, W. Wen, X. Huang, Y. Hu, C. Lin, J. Pan, R. Li, H. Deng, 
S. Liao, R. Zhou, J. Wu, J. Li, M. Li, IFITM3-containing exosome as a novel 
mediator for anti-viral response in dengue virus infection, Cell. Microbiol. 17 
(2015) 105–118, https://doi.org/10.1111/cmi.12339

[161] J. Chen, C. Li, R. Li, H. Chen, D. Chen, W. Li, Exosomes in HIV infection, Curr. Opin. 
HIV AIDS 16 (2021) 262–270, https://doi.org/10.1097/COH.0000000000000694

[162] S. Chettimada, D.R. Lorenz, V. Misra, S.T. Dillon, R.K. Reeves, C. Manickam, 
S. Morgello, G.D. Kirk, S.H. Mehta, D. Gabuzda, Exosome markers associated 
with immune activation and oxidative stress in HIV patients on antiretroviral 
therapy, Sci. Rep. 8 (2018) 7227, https://doi.org/10.1038/s41598-018-25515-4

[163] J. Rezaie, C. Aslan, M. Ahmadi, N.M. Zolbanin, F. Kashanchi, R. Jafari, The ver-
satile role of exosomes in human retroviral infections: from im-
munopathogenesis to clinical application, Cell Biosci. 11 (2021) 19, https://doi. 
org/10.1186/s13578-021-00537-0

[164] M. Yousefi Dehbidi, N. Goodarzi, M.H. Azhdari, M. Doroudian, Mesenchymal 
stem cells and their derived exosomes to combat Covid–19, Rev. Med. Virol. 32 
(2022) e2281, https://doi.org/10.1002/rmv.2281

[165] L. Rezakhani, A.F. Kelishadrokhi, A. Soleimanizadeh, S. Rahmati, Mesenchymal 
stem cell (MSC)-derived exosomes as a cell-free therapy for patients Infected 
with COVID-19: Real opportunities and range of promises, Chem. Phys. Lipids 
234 (2021) 105009, https://doi.org/10.1016/j.chemphyslip.2020.105009

[166] A. Akbari, J. Rezaie, Potential therapeutic application of mesenchymal stem 
cell-derived exosomes in SARS-CoV-2 pneumonia, Stem Cell Res. Ther. 11 
(2020) 356, https://doi.org/10.1186/s13287-020-01866-6

[167] V. Sengupta, S. Sengupta, A. Lazo, P. Woods, A. Nolan, N. Bremer, Exosomes 
Derived from Bone Marrow Mesenchymal Stem Cells as Treatment for Severe 
COVID-19, Stem Cells Dev. 29 (2020) 747–754, https://doi.org/10.1089/scd. 
2020.0080

[168] L.Y. PhD MD, Exosome-based Nanoplatform for Ldlr mRNA Delivery in Familial 
Hypercholesterolemia, clinicaltrials.gov, 2021. 〈https://clinicaltrials.gov/ct2/ 
show/NCT05043181〉 (accessed June 2, 2022).

[169] S. Galandiuk, Pilot Clinical Trial Investigating the Ability of Plant Exosomes +/- 
Curcumin to Abrogate Symptoms of Inflammatory Bowel Disease (IBD), clin-
icaltrials.gov, 2022. https://clinicaltrials.gov/ct2/show/NCT04879810 (accessed 
June 2, 2022).

[170] M.D. Anderson Cancer Center, Phase I Study of Mesenchymal Stromal Cells- 
Derived Exosomes With KrasG12D siRNA for Metastatic Pancreas Cancer 
Patients Harboring KrasG12D Mutation, clinicaltrials.gov, 2022. https://clin-
icaltrials.gov/ct2/show/NCT03608631 (accessed June 2, 2022).

[171] G.W.D. Jr, Phase I Clinical Trial Investigating the Ability of Plant Exosomes to 
Deliver Curcumin to Normal and Malignant Colon Tissue, clinicaltrials.gov, 
2021. https://clinicaltrials.gov/ct2/show/NCT01294072 (accessed June 2, 2022).

[172] B. Huang, Phase II Study of Tumor Cell-derived Microparticles Used as Vectors 
of Chemotherapeutic Drugs to Treat Malignant Ascites and Pleural Effusion, 
clinicaltrials.gov, 2013. https://clinicaltrials.gov/ct2/show/NCT01854866 (ac-
cessed June 2, 2022).

[173] Y. Jin, Clinical Trial of Tumor Cell-derived Microparticles Packaging 
Chemotherapeutic Drugs to Treat Malignant Pleural Effusion, clinicaltrials.gov, 
2019. https://clinicaltrials.gov/ct2/show/NCT02657460 (accessed June 2, 2022).

[174] United Therapeutics, A Safety Study of Intravenous Infusion of Bone Marrow 
Mesenchymal Stem Cell-derived Extracellular Vesicles (UNEX-42) in Preterm 
Neonates at High Risk for Bronchopulmonary Dysplasia, clinicaltrials.gov, 2021. 
https://clinicaltrials.gov/ct2/show/NCT03857841 (accessed June 2, 2022).

[175] L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M.J.A. Wood, Delivery of 
siRNA to the mouse brain by systemic injection of targeted exosomes, Nat. 
Biotechnol. 29 (2011) 341–345, https://doi.org/10.1038/nbt.1807

[176] L. Liu, Y. Li, H. Peng, R. Liu, W. Ji, Z. Shi, J. Shen, G. Ma, X. Zhang, Targeted 
exosome coating gene-chem nanocomplex as “nanoscavenger” for clearing α- 
synuclein and immune activation of Parkinson’s disease, Sci. Adv. 6 (2020) 
eaba3967, https://doi.org/10.1126/sciadv.aba3967

[177] M. Khongkow, T. Yata, S. Boonrungsiman, U.R. Ruktanonchai, D. Graham, 
K. Namdee, Surface modification of gold nanoparticles with neuron-targeted 
exosome for enhanced blood–brain barrier penetration, Sci. Rep. 9 (2019) 8278, 
https://doi.org/10.1038/s41598-019-44569-6

[178] C. Jin, P. Wu, L. Li, W. Xu, H. Qian, Exosomes: emerging therapy delivery tools 
and biomarkers for kidney diseases, Stem Cells Int. 2021 (2021) e7844455, 
https://doi.org/10.1155/2021/7844455

[179] H. Cao, Y. Cheng, H. Gao, J. Zhuang, W. Zhang, Q. Bian, F. Wang, Y. Du, Z. Li, 
D. Kong, D. Ding, Y. Wang, In vivo tracking of mesenchymal stem cell-derived 
extracellular vesicles improving mitochondrial function in renal ischemia–r-
eperfusion injury, ACS Nano 14 (2020) 4014–4026, https://doi.org/10.1021/ 
acsnano.9b08207

[180] X. Li, J. Liao, X. Su, W. Li, Z. Bi, J. Wang, Q. Su, H. Huang, Y. Wei, Y. Gao, J. Li, L. Liu, 
C. Wang, Human urine-derived stem cells protect against renal ischemia/re-
perfusion injury in a rat model via exosomal miR-146a-5p which targets IRAK1, 
Theranostics 10 (2020) 9561–9578, https://doi.org/10.7150/thno.42153

[181] M.A. Khan, D. Singh, A. Ahmad, H.R. Siddique, Revisiting inorganic nano-
particles as promising therapeutic agents: A paradigm shift in oncological 
theranostics, Eur. J. Pharm. Sci. 164 (2021) 105892, https://doi.org/10.1016/j. 
ejps.2021.105892

[182] J.-Y. Zhao, G. Chen, Y.-P. Gu, R. Cui, Z.-L. Zhang, Z.-L. Yu, B. Tang, Y.-F. Zhao, D.- 
W. Pang, Ultrasmall magnetically engineered Ag2Se quantum dots for instant 
efficient labeling and whole-body high-resolution multimodal real-time 
tracking of cell-derived microvesicles, J. Am. Chem. Soc. 138 (2016) 1893–1903, 
https://doi.org/10.1021/jacs.5b10340

[183] G. Jia, Y. Han, Y. An, Y. Ding, C. He, X. Wang, Q. Tang, NRP-1 targeted and cargo- 
loaded exosomes facilitate simultaneous imaging and therapy of glioma in vitro 
and in vivo, Biomaterials 178 (2018) 302–316, https://doi.org/10.1016/j. 
biomaterials.2018.06.029

[184] S. Pan, L. Pei, A. Zhang, Y. Zhang, C. Zhang, M. Huang, Z. Huang, B. Liu, L. Wang, 
L. Ma, Q. Zhang, D. Cui, Passion fruit-like exosome-PMA/Au-BSA@Ce6 nanove-
hicles for real-time fluorescence imaging and enhanced targeted photodynamic 
therapy with deep penetration and superior retention behavior in tumor, 
Biomaterials 230 (2020) 119606, https://doi.org/10.1016/j.biomaterials.2019. 
119606

[185] E. Iessi, M. Logozzi, L. Lugini, T. Azzarito, C. Federici, E.P. Spugnini, D. Mizzoni, 
R. Di Raimo, D.F. Angelini, L. Battistini, S. Cecchetti, S. Fais, Acridine Orange/ 
exosomes increase the delivery and the effectiveness of Acridine Orange in 
human melanoma cells: a new prototype for theranostics of tumors, J. Enzym. 

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

23

https://doi.org/10.1158/1078-0432.CCR-15-2170
https://doi.org/10.1002/adma.201605604
https://doi.org/10.1002/adma.201605604
https://doi.org/10.1080/20013078.2018.1440131
https://doi.org/10.1016/j.ejpb.2020.07.026
https://doi.org/10.1038/sj.leu.2404132
https://doi.org/10.1038/srep21933
https://doi.org/10.1038/s41467-020-14957-y
https://doi.org/10.1038/s41467-020-14957-y
https://doi.org/10.1016/j.molstruc.2022.132442
https://doi.org/10.1111/jcmm.15274
https://doi.org/10.1111/jcmm.15274
https://doi.org/10.3791/58814
https://doi.org/10.3402/jev.v5.31027
https://doi.org/10.1016/j.ijbiomac.2020.06.052
https://doi.org/10.1016/j.ijbiomac.2020.06.052
https://doi.org/10.1016/j.lfs.2020.118369
https://doi.org/10.1021/acs.analchem.8b05204
https://doi.org/10.1021/acs.analchem.8b05204
https://www.frontiersin.org/article/10.3389/fbioe.2020.01010
https://www.frontiersin.org/article/10.3389/fbioe.2020.01010
https://doi.org/10.1002/mabi.202100042
https://doi.org/10.1093/infdis/jiaa399
https://doi.org/10.1111/cmi.12339
https://doi.org/10.1097/COH.0000000000000694
https://doi.org/10.1038/s41598-018-25515-4
https://doi.org/10.1186/s13578-021-00537-0
https://doi.org/10.1186/s13578-021-00537-0
https://doi.org/10.1002/rmv.2281
https://doi.org/10.1016/j.chemphyslip.2020.105009
https://doi.org/10.1186/s13287-020-01866-6
https://doi.org/10.1089/scd.2020.0080
https://doi.org/10.1089/scd.2020.0080
https://clinicaltrials.gov/ct2/show/NCT05043181
https://clinicaltrials.gov/ct2/show/NCT05043181
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1126/sciadv.aba3967
https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1155/2021/7844455
https://doi.org/10.1021/acsnano.9b08207
https://doi.org/10.1021/acsnano.9b08207
https://doi.org/10.7150/thno.42153
https://doi.org/10.1016/j.ejps.2021.105892
https://doi.org/10.1016/j.ejps.2021.105892
https://doi.org/10.1021/jacs.5b10340
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1016/j.biomaterials.2019.119606
https://doi.org/10.1016/j.biomaterials.2019.119606


Inhib. Med. Chem. 32 (2017) 648–657, https://doi.org/10.1080/14756366.2017. 
1292263

[186] K. Kusuzaki, T. Matsubara, H. Murata, M. Logozzi, E. Iessi, R. Di Raimo, F. Carta, 
C.T. Supuran, S. Fais, Natural extracellular nanovesicles and photodynamic 
molecules: is there a future for drug delivery? J. Enzym. Inhib. Med Chem. 32 
(2017) 908–916, https://doi.org/10.1080/14756366.2017.1335310

[187] M. Sancho-Albero, M.D.M. Encabo-Berzosa, M. Beltrán-Visiedo, L. Fernández- 
Messina, V. Sebastián, F. Sánchez-Madrid, M. Arruebo, J. Santamaría, P. Martín- 
Duque, Efficient encapsulation of theranostic nanoparticles in cell-derived 
exosomes: leveraging the exosomal biogenesis pathway to obtain hollow gold 
nanoparticle-hybrids, Nanoscale 11 (2019) 18825–18836, https://doi.org/10. 
1039/c9nr06183e

[188] M. Sancho-Albero, N. Navascués, G. Mendoza, V. Sebastián, M. Arruebo, 
P. Martín-Duque, J. Santamaría, Exosome origin determines cell targeting and 
the transfer of therapeutic nanoparticles towards target cells, J. 
Nanobiotechnology 17 (2019) 16, https://doi.org/10.1186/s12951-018-0437-z

[189] P. Lara, S. Palma-Florez, E. Salas-Huenuleo, I. Polakovicova, S. Guerrero, 
L. Lobos-Gonzalez, A. Campos, L. Muñoz, C. Jorquera-Cordero, M. Varas-Godoy, 
J. Cancino, E. Arias, J. Villegas, L.J. Cruz, F. Albericio, E. Araya, A.H. Corvalan, 
A.F.G. Quest, M.J. Kogan, Gold nanoparticle based double-labeling of melanoma 
extracellular vesicles to determine the specificity of uptake by cells and pre-
ferential accumulation in small metastatic lung tumors, J. Nanobiotechnology 
18 (2020) 20, https://doi.org/10.1186/s12951-020-0573-0

[190] Y. Cao, T. Wu, K. Zhang, X. Meng, W. Dai, D. Wang, H. Dong, X. Zhang, 
Engineered exosome-mediated near-infrared-II region V2C quantum dot de-
livery for nucleus-target low-temperature photothermal therapy, ACS Nano 13 
(2019) 1499–1510, https://doi.org/10.1021/acsnano.8b07224

[191] J. Reguera, D. Jiménez de Aberasturi, M. Henriksen-Lacey, J. Langer, A. Espinosa, 
B. Szczupak, C. Wilhelm, L.M. Liz-Marzán, Janus plasmonic–magnetic gold–iron 
oxide nanoparticles as contrast agents for multimodal imaging, Nanoscale 9 
(2017) 9467–9480, https://doi.org/10.1039/C7NR01406F

[192] M.A.M. Tarkistani, V. Komalla, V. Kayser, Recent advances in the use of ir-
on–gold hybrid nanoparticles for biomedical applications, Nanomaterials 11 
(2021), https://doi.org/10.3390/nano11051227

[193] R.J.C. Bose, S. Uday Kumar, Y. Zeng, R. Afjei, E. Robinson, K. Lau, A. Bermudez, 
F. Habte, S.J. Pitteri, R. Sinclair, J.K. Willmann, T.F. Massoud, S.S. Gambhir, 
R. Paulmurugan, Tumor cell-derived extracellular vesicle-coated nanocarriers: 
an efficient theranostic platform for the cancer-specific delivery of anti-miR-21 
and imaging agents, ACS Nano 12 (2018) 10817–10832, https://doi.org/10.1021/ 
acsnano.8b02587

[194] Y. Park, J. Yoo, M.-H. Kang, W. Kwon, J. Joo, Photoluminescent and biodegrad-
able porous silicon nanoparticles for biomedical imaging, J. Mater. Chem. B 7 
(2019) 6271–6292, https://doi.org/10.1039/C9TB01042D

[195] T. Kumeria, S.J.P. McInnes, S. Maher, A. Santos, Porous silicon for drug delivery 
applications and theranostics: recent advances, critical review and perspec-
tives, Expert Opin. Drug Deliv. 14 (2017) 1407–1422, https://doi.org/10.1080/ 
17425247.2017.1317245

[196] T. Yong, X. Zhang, N. Bie, H. Zhang, X. Zhang, F. Li, A. Hakeem, J. Hu, L. Gan, 
H.A. Santos, X. Yang, Tumor exosome-based nanoparticles are efficient drug 
carriers for chemotherapy, Nat. Commun. 10 (2019) 3838, https://doi.org/10. 
1038/s41467-019-11718-4

[197] R. Kalluri, V.S. LeBleu, The biology, function, and biomedical applications of 
exosomes, Science 367 (2020) eaau6977, https://doi.org/10.1126/science. 
aau6977

[198] D.I. Lampropoulou, E. Pliakou, G. Aravantinos, D. Filippou, M. Gazouli, The role 
of exosomal non-coding RNAs in colorectal cancer drug resistance, Int. J. Mol. 
Sci. 23 (2022) 1473, https://doi.org/10.3390/ijms23031473

[199] D. Yang, W. Zhang, H. Zhang, F. Zhang, L. Chen, L. Ma, L.M. Larcher, S. Chen, N. Liu, 
Q. Zhao, P.H.L. Tran, C. Chen, R.N. Veedu, T. Wang, Progress, opportunity, and 
perspective on exosome isolation - efforts for efficient exosome-based ther-
anostics, Theranostics 10 (2020) 3684–3707, https://doi.org/10.7150/thno.41580

[200] B.T. Pan, K. Teng, C. Wu, M. Adam, R.M. Johnstone, Electron microscopic evidence 
for externalization of the transferrin receptor in vesicular form in sheep re-
ticulocytes, J. Cell Biol. 101 (1985) 942–948, https://doi.org/10.1083/jcb.101.3.942

[201] R. Kalluri, The biology and function of exosomes in cancer, J. Clin. Invest 126 
(2016) 1208–1215, https://doi.org/10.1172/JCI81135

[202] P. Zhang, M. Rasheed, J. Liang, C. Wang, L. Feng, Z. Chen, Emerging potential of 
exosomal non-coding RNA in Parkinson’s disease: a review, Front Aging 
Neurosci. 14 (2022) 819836, https://doi.org/10.3389/fnagi.2022.819836

[203] A. Thakur, D.C. Parra, P. Motallebnejad, M. Brocchi, H.J. Chen, Exosomes: small 
vesicles with big roles in cancer, vaccine development, and therapeutics, Bioact. 
Mater. 10 (2022) 281–294, https://doi.org/10.1016/j.bioactmat.2021.08.029

[204] J. Zhang, C. Ji, H. Zhang, H. Shi, F. Mao, H. Qian, W. Xu, D. Wang, J. Pan, X. Fang, 
H.A. Santos, X. Zhang, Engineered neutrophil-derived exosome-like vesicles for 
targeted cancer therapy, Sci. Adv. 8 (2022) eabj8207, https://doi.org/10.1126/ 
sciadv.abj8207

[205] Reduction of choroidal neovascularization via cleavable VEGF antibodies con-
jugated to exosomes derived from regulatory T cells | Nature Biomedical 
Engineering, (n.d.). https://www.nature.com/articles/s41551–021-00764–3 
(accessed November 28, 2022).

[206] J. He, W. Ren, W. Wang, W. Han, L. Jiang, D. Zhang, M. Guo, Exosomal targeting 
and its potential clinical application, Drug Deliv. Transl. Res. 12 (2022) 
2385–2402, https://doi.org/10.1007/s13346-021-01087-1

[207] S.Y. Kim, T.H. Yoon, J. Na, S.J. Yi, Y. Jin, M. Kim, T.-H. Oh, T.-W. Chung, 
Mesenchymal stem cells and extracellular vesicles derived from canine adipose 
tissue ameliorates inflammation, skin barrier function and pruritus by reducing 
JAK/STAT signaling in atopic dermatitis, Int. J. Mol. Sci. 23 (2022) 4868, https:// 
doi.org/10.3390/ijms23094868

[208] Z. Song, Y. Xu, W. Deng, L. Zhang, H. Zhu, P. Yu, Y. Qu, W. Zhao, Y. Han, C. Qin, 
Brain derived exosomes are a double-edged sword in Alzheimer’s Disease, 
Front Mol. Neurosci. 13 (2020) 79, https://doi.org/10.3389/fnmol.2020.00079

[209] X.-L. Liu, Q. Pan, H.-X. Cao, F.-Z. Xin, Z.-H. Zhao, R.-X. Yang, J. Zeng, H. Zhou, J.- 
G. Fan, Lipotoxic hepatocyte-derived exosomal MicroRNA 192-5p activates 
macrophages through rictor/akt/forkhead box transcription factor O1 signaling 
in nonalcoholic fatty liver disease, Hepatology 72 (2020) 454–469, https://doi. 
org/10.1002/hep.31050

[210] Y. Jiao, T. Zhang, C. Zhang, H. Ji, X. Tong, R. Xia, W. Wang, Z. Ma, X. Shi, Exosomal 
miR-30d-5p of neutrophils induces M1 macrophage polarization and primes 
macrophage pyroptosis in sepsis-related acute lung injury, Crit. Care 25 (2021) 
356, https://doi.org/10.1186/s13054-021-03775-3

[211] Q. Wang, X. Zhuang, J. Mu, Z.-B. Deng, H. Jiang, L. Zhang, X. Xiang, B. Wang, 
J. Yan, D. Miller, H.-G. Zhang, Delivery of therapeutic agents by nanoparticles 
made of grapefruit-derived lipids, Nat. Commun. 4 (2013) 1867, https://doi.org/ 
10.1038/ncomms2886

[212] Y. Teng, Y. Ren, M. Sayed, X. Hu, C. Lei, A. Kumar, E. Hutchins, J. Mu, Z. Deng, 
C. Luo, K. Sundaram, M.K. Sriwastva, L. Zhang, M. Hsieh, R. Reiman, B. Haribabu, 
J. Yan, V.R. Jala, D.M. Miller, K. Van Keuren-Jensen, M.L. Merchant, C.J. McClain, 
J.W. Park, N.K. Egilmez, H.-G. Zhang, Plant-derived exosomal MicroRNAs shape 
the gut microbiota, e8, Cell Host Microbe 24 (2018) 637–652, https://doi.org/10. 
1016/j.chom.2018.10.001

Vivek P Chavda is Assistant Professor (Selection Grade), 
Department of Pharmaceutics and Pharmaceutical 
Technology, L M College of Pharmacy, Ahmedabad, 
Gujarat, India. He is B Pharm and M Pharm Goldmedalist 
at Gujarat Technological University. Before Joining to 
Academics, he served to Biologics industry for almost 8 
years in Research and Development of Biologics with two 
successful regulatory filing at Lupin Biotech (Pune) and 
Dr. Reddy’s Laboratory (Hyderabad). He has more than 
100 national and international publications, 18 book 
chapters, 10 book chapters under communication, 1 pa-
tent in pipeline and numerous newsletter articles to his 
credit. His research interests include development of 
biologics process and formulations; medical device de-

velopment, nano-diagnostics and non-carrier formulations, Long acting parenteral 
formulations, and nano-vaccines.

Lalitkumar K. Vora is a lecturer at the School of 
Pharmacy, Queen’s University, Belfast. U.K. He completed 
his Ph.D. (Pharmaceutics) in 2017 from the Institute of 
Chemical Technology, Mumbai. While he was doing his 
Ph.D., he received various funding for international con-
ferences and a Newton scholarship to visit Queen's 
University, U.K. He has 70 international publications, 4 
book chapters, and 2 granted patents. Dr.Vora presented 
100 peer-reviewed research work at various interna-
tional conferences. His research interests include poly-
meric drug delivery, microneedle-assisted non-invasive 
drug delivery and diagnosis, and long-acting drug de-
livery.  

V.P. Chavda, A. Pandya, L. Kumar et al. Nano Today 49 (2023) 101771

24

https://doi.org/10.1080/14756366.2017.1292263
https://doi.org/10.1080/14756366.2017.1292263
https://doi.org/10.1080/14756366.2017.1335310
https://doi.org/10.1039/c9nr06183e
https://doi.org/10.1039/c9nr06183e
https://doi.org/10.1186/s12951-018-0437-z
https://doi.org/10.1186/s12951-020-0573-0
https://doi.org/10.1021/acsnano.8b07224
https://doi.org/10.1039/C7NR01406F
https://doi.org/10.3390/nano11051227
https://doi.org/10.1021/acsnano.8b02587
https://doi.org/10.1021/acsnano.8b02587
https://doi.org/10.1039/C9TB01042D
https://doi.org/10.1080/17425247.2017.1317245
https://doi.org/10.1080/17425247.2017.1317245
https://doi.org/10.1038/s41467-019-11718-4
https://doi.org/10.1038/s41467-019-11718-4
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3390/ijms23031473
https://doi.org/10.7150/thno.41580
https://doi.org/10.1083/jcb.101.3.942
https://doi.org/10.1172/JCI81135
https://doi.org/10.3389/fnagi.2022.819836
https://doi.org/10.1016/j.bioactmat.2021.08.029
https://doi.org/10.1126/sciadv.abj8207
https://doi.org/10.1126/sciadv.abj8207
https://doi.org/10.1007/s13346-021-01087-1
https://doi.org/10.3390/ijms23094868
https://doi.org/10.3390/ijms23094868
https://doi.org/10.3389/fnmol.2020.00079
https://doi.org/10.1002/hep.31050
https://doi.org/10.1002/hep.31050
https://doi.org/10.1186/s13054-021-03775-3
https://doi.org/10.1038/ncomms2886
https://doi.org/10.1038/ncomms2886
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1016/j.chom.2018.10.001

	Exosome nanovesicles: A potential carrier for therapeutic delivery
	Introduction
	Exosomes
	Isolation, extraction and purification of exosomes
	Methods adopted for the isolation and purification of exosomes
	Identification of exosomes
	Exosome drug loading techniques
	Challenges in exosome isolation and extraction

	Composition and genetic modifications
	Composition
	Genetic modifications and surface engineering

	Exosome-based formulation and stability
	Exosome-based formulation and structure
	Exosomes for treatment purposes
	Exosome stability upon storage and different pH conditions

	Diagnostic potential of exosomes and novel biomarkers
	Cancer diagnosis
	Exosomes as a diagnostic marker in pregnancy
	Diagnosis of neurodegenerative disease

	Exosomes for therapeutic delivery
	Proteins and peptides
	Genetic materials
	Chemotherapy
	Antiviral therapy
	Other therapies

	Challenges for exosomes as therapeutic carriers

	Theranostics potential of exosomes
	Theranostic applications of exosomes in cancer
	Challenges for exosome-based theranostics

	Future prospects
	Concluding remarks
	Data availability
	Declaration of Competing Interest
	Acknowledgments
	Author contributions section
	References




