
Citation: Ng, C.Y.; Kee, L.T.;

Al-Masawa, M.E.; Lee, Q.H.;

Subramaniam, T.; Kok, D.; Ng, M.H.;

Law, J.X. Scalable Production of

Extracellular Vesicles and Its

Therapeutic Values: A Review. Int. J.

Mol. Sci. 2022, 23, 7986. https://

doi.org/10.3390/ijms23147986

Academic Editor: Carlos CABAÑAS

Received: 30 June 2022

Accepted: 15 July 2022

Published: 20 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Scalable Production of Extracellular Vesicles and Its
Therapeutic Values: A Review
Chiew Yong Ng 1 , Li Ting Kee 1 , Maimonah Eissa Al-Masawa 1 , Qian Hui Lee 1, Thayaalini Subramaniam 1,
David Kok 1,2, Min Hwei Ng 1 and Jia Xian Law 1,*

1 Centre for Tissue Engineering and Regenerative Medicine, Faculty of Medicine,
University Kebangsaan Malaysia Medical Centre, Jalan Yaacob Latif, Kuala Lumpur 56000, Malaysia;
chiewyongng@gmail.com (C.Y.N.); liting1027@hotmail.com (L.T.K.);
maimonah.almasawa@gmail.com (M.E.A.-M.); drygrasshui@gmail.com (Q.H.L.);
subramaniamthayaalini@gmail.com (T.S.); davidkok.tl@gmail.com (D.K.);
angela@ppukm.ukm.edu.my (M.H.N.)

2 Faculty of Applied Sciences, UCSI University, Jalan Menara Gading No. 1, Kuala Lumpur 56000, Malaysia
* Correspondence: lawjx@ppukm.ukm.edu.my; Tel.: +60-3-9145-7677

Abstract: Extracellular vesicles (EVs) are minute vesicles with lipid bilayer membranes. EVs are
secreted by cells for intercellular communication. Recently, EVs have received much attention, as they
are rich in biological components such as nucleic acids, lipids, and proteins that play essential roles in
tissue regeneration and disease modification. In addition, EVs can be developed as vaccines against
cancer and infectious diseases, as the vesicle membrane has an abundance of antigenic determinants
and virulent factors. EVs for therapeutic applications are typically collected from conditioned media
of cultured cells. However, the number of EVs secreted by the cells is limited. Thus, it is critical
to devise new strategies for the large-scale production of EVs. Here, we discussed the strategies
utilized by researchers for the scalable production of EVs. Techniques such as bioreactors, mechanical
stimulation, electrical stimulation, thermal stimulation, magnetic field stimulation, topographic clue,
hypoxia, serum deprivation, pH modification, exposure to small molecules, exposure to nanoparticles,
increasing the intracellular calcium concentration, and genetic modification have been used to
improve the secretion of EVs by cultured cells. In addition, nitrogen cavitation, porous membrane
extrusion, and sonication have been utilized to prepare EV-mimetic nanovesicles that share many
characteristics with naturally secreted EVs. Apart from inducing EV production, these upscaling
interventions have also been reported to modify the EVs’ cargo and thus their functionality and
therapeutic potential. In summary, it is imperative to identify a reliable upscaling technique that can
produce large quantities of EVs consistently. Ideally, the produced EVs should also possess cargo
with improved therapeutic potential.

Keywords: extracellular vesicle; large-scale; culture medium; production; stem cell; bioreactor;
three-dimensional culture

1. Introduction

Extracellular vesicles (EVs) are naturally-occurring heterogeneous nano- to micro-
sized lipid bilayer membrane vesicles packed with regulatory biological cargo, i.e., cytosol,
lipids, proteins, and nucleic acids [1,2]. EVs are secreted by most of the cells and mediate in-
tercellular communication in physiological and pathological conditions. EVs can be mainly
categorized into three subtypes, i.e., exosomes, microvesicles (also called ectosomes), and
apoptotic bodies, based on their biogenesis pathways. Each EV subtype has different sizes,
cargoes, and functions [1]. Research on EVs as cell-free regenerative therapies, targeted
therapies, drug carriers, diagnosis biomarkers, and cancer vaccines has grown drastically.

EVs have been widely investigated as drivers of tissue regeneration. In recent years,
stem cell-derived EVs received much attention, as they possess therapeutic potential
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comparable to or even better than that of the parent cells [3]. In addition, stem cell EVs
are nonliving vesicles with superior safety profiles to those of cells in clinical applications.
Stem cell-derived EVs carry low risks of tumorigenicity and allogeneic immune rejection
as well as minimal risk of microvascular occlusion during intravascular administration
because of their nano size [4,5]. The regenerative potential of EVs has been reported in
many preclinical studies to treat a myriad of diseases [6–9]. Additionally, positive outcomes
have been reported in a few clinical trials, with many more EV-based clinical trials currently
ongoing worldwide.

On the other hand, EVs of cancer cells have the potential to be used as drug carriers
and cancer vaccines. Cancer cell-derived EVs have a higher affinity to cancer cells due to the
unique protein and lipid composition that facilitates the binding or internalization of EVs
in cancer cells [10–12]. Thus, they can be used for targeted delivery of chemotherapeutic
agents and enhance treatment efficacy while minimizing off-target effects [13,14]. Cancer
cell-derived EVs also possess large numbers of tumor antigens, which can trigger the
host’s immune responses to inhibit tumor growth [15]. EVs produced by cancer cells can
also be employed as diagnostic cancer biomarkers, since they contain cargo that reflects
the tumor’s genetic and mutational status [16,17]. Understanding of the impact of tumor
microenvironments, e.g., pH, extracellular matrix (ECM) stiffness, oxidative stress, hypoxia,
and nutrient deprivation, as well as of treatment modalities, e.g., irradiation, chemotherapy,
and photodynamic therapy, on the EV secretion of cancer cells has been instrumental in
enhancing the EV production by cancer cells in vitro [18–22].

EVs can be derived from many sources, most commonly from cells and biofluids.
Currently, EVs for preclinical and clinical studies are mainly produced from cultured
cells, as they are easier to manipulate. However, the number of EVs produced by cells is
meager in standard two-dimensional (2D) culture conditions. Thus, obtaining a sufficient
EV yield is one of the major hurdles for translating EV-based therapeutics. Therefore,
it is crucial to devise new strategies to stimulate cells to release more EVs for clinical
applications. The manufacturing of EVs includes a series of sequential steps, beginning
with the isolation and culture of source cells, which is followed by the separation and
storage of EVs [23]. The current review focuses on evaluating strategies aimed at improving
EV release, particularly that of small EVs, by cultured cells to meet the needs for large-scale
production. Apoptotic bodies are not included in this review, as they do not fall within the
scope of therapeutic agents.

2. Types of Extracellular Vesicles

EVs are broadly classified through different biogenesis pathways into three groups,
i.e., exosomes, microvesicles, and apoptotic bodies (Figure 1). EV identification is generally
performed through size and protein marker examination. Size evaluation is most commonly
performed via nanoparticle tracking analysis (NTA), electron microscopy, dynamic light
scattering (DLS), and tunable resistive pulse sensor (TRPS), while protein markers are
detected through immunoblotting and immunosorbent assays [24]. In addition, flow
cytometry has been valued to characterize the size, number, and purity of EVs robustly
and reliably [25,26]. Nevertheless, it is still challenging to define and characterize the
distinct subpopulations of EVs, since their sizes overlap and specific protein markers
are lacking. Thus, EVs are widely divided by size into large and small EVs. Large EVs
are those >200 nm in diameter, including oncosomes, apoptotic bodies, migrasomes, and
microvesicles. On the other hand, small EVs are those <200 nm in diameter, such as
exosomes and a subpopulation of microvesicles (ectosomes) [27]. In addition, exomeres—
nonmembranous nanovesicles (<50 nm)—were also discovered to be secreted by various
cells [28]. The cargo of the vesicles varies with their biogenesis, cell type, and physiological
condition [29].
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2.1. Exosomes

Exosomes are formed by an endosomal route. Exosomes are secreted by most cell types
and can be detected in various body fluids. Exosomes play important biological roles in cell
activities, cell–cell communication, cell maintenance, and immune response stimulation
to maintain tissue homeostasis in normal physiological conditions. In addition, exosomes
mediate the pathology of many diseases [1,30]. The cargo of exosomes varies according
to the parent cells, as they may contain specific functional biomolecules. For example,
B-lymphocytes and dendritic cells secrete exosomes expressing major histocompatibility
complex (MHC) class II that activate T-cells and initiate immune response [31,32]. Fur-
thermore, studies have shown that the same cell type can produce exosomes that are
remarkably different in size and cargo. For example, polarized epithelial cells in the kidney
tubule produce exosomes with distinct size and protein composition from the apical and
basolateral plasma membranes [33,34].

Protein content in exosomes can be categorized based on the functions and sources
of the proteins. Endosomal sorting complex required for transport (ESCRT) proteins are
involved in exosome formation and multivesicular body (MVB) transportation, so ESCRT
and associated proteins (e.g., Alix, TSG101, HSC70, and HSP90β) have been found in exo-
somes secreted by all cell types [1]. Cytoskeletal proteins (e.g., actin, syntenin, and moesin),
signal transduction proteins (e.g., kinase proteins), and metabolic enzymes (e.g., GAPDH,
LDHA, PGK1, aldolase, and PKM) with cell support function have also been detected in
exosomes [35]. Exosomes are enriched in glycoproteins compared with their parent cells
and have low levels of proteins associated with the Golgi apparatus and endoplasmic
reticulum [1]. The enriched lipid content, i.e., cholesterol, ceramide, sphingomyelin, and
glycerophospholipids, is mostly localized in the exosomal membrane [36]. The nucleic acid
contents of exosomes with known functions are mRNAs, miRNAs, and siRNAs [37].

2.2. Microvesicles

Microvesicles are another group of EVs that involve intercellular communication
besides exosomes. Microvesicles are formed through direct outward budding of the cell’s
plasma membrane. The proteins specifically associated with organelles such as the mito-
chondria, Golgi apparatus, nucleus, and endoplasmic reticulum have been predicted to be
depleted in microvesicles, as these organelles are not related to its biogenesis. Nonetheless,
microvesicles were shown to carry mitochondria [38]. Microvesicles contain mainly cytoso-
lic and plasma membrane-associated proteins, especially tetraspanins, which are rich in
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the plasma membrane. Other enriched proteins include cytoskeletal proteins, heat shock
proteins (HSPs), integrins, and proteins with posttranslational modifications, including
glycosylation and phosphorylation [1]. Similarly to exosomes, microvesicles contain DNAs,
RNAs, proteins, and bioactive lipids that can be transferred to acceptor cells in the cell–cell
communication process [39–42]. The pleiotropic effects of microvesicles have gained more
interest in recent years [43,44].

2.3. Apoptotic Bodies

Apoptotic bodies are a subtype of apoptotic EVs (ApoEVs) secreted by apoptotic
cells [45]. They are products of programmed cell death, formed after apoptotic cells undergo
the blebbing and fragmentation of the plasma membrane. The composition of apoptotic
bodies is very distinct from that of exosomes and microvesicles, as they might contain
cellular components such as intact organelles, chromatin, fragmented DNA, micronuclei,
cytoplasm content, and degraded proteins [46]. The protein profile of apoptotic bodies
is similar to that of the cell lysate, i.e., it has high levels of proteins associated with the
nucleus (e.g., histones), mitochondria (e.g., HSP60), Golgi apparatus, and endoplasmic
reticulum (e.g., GRP78) during analysis [1]. Apoptotic bodies can transport biomolecules,
including miRNAs and DNAs, to modulate intercellular communication [47,48]. Defective
release and clearance of these vesicles have been linked to various autoimmunity-related
conditions [49]. A recent study showed that efferocytosis of apoptotic vesicles contributed
to macrophage hemostasis and type II diabetes therapy, which highlighted the functional
capability of apoptotic bodies [50].

The operational terms for EVs are used in this review because the biogenesis of the
collected EVs cannot be determined and because of the lack of specific EV markers to
determine the subcellular origin of each subtype. Here, EVs are classified based on their
sizes and biochemical compositions.

3. Therapeutic Value of Extracellular Vesicles

Because of the lipid bilayer membrane, the therapeutic cargos of EVs are protected
from degradation by enzymes in the biofluids. They thus can deliver their bioactive
cargoes from parental cells to acceptor cells over a distance [51]. Since EVs can target
specific recipient cells and a range of biomolecular cascades, they are considered promising
therapeutic agents in regenerative medicine. A recent review suggested that EVs derived
from a variety of cell types, including MSCs, epithelial cells, endothelial progenitor cells,
dendritic cells, macrophages, and T cells, could modulate intracellular signaling pathways
related to cell viability, ECM interaction, angiogenesis, and immune responses that are
crucial in regenerative medicine [52]. EVs were used to promote the regeneration of many
tissues and organs, and their regenerative potential was on par with that of cell therapy [53].
EV-based therapy mitigated some concerns raised by cell-based therapy with features
such as a low risk of malignancy, the capability of crossing the biological barrier, and a
low immunogenic profile [54]. Furthermore, EVs are versatile and can be combined with
scaffolds to enhance their regenerative potential [52]. The therapeutic efficacy of EVs can
be further enhanced by modifying their cargoes with specific therapeutic agents, including
drugs, chemotherapy, proteins, lipids, nucleic acids (such as mRNA, miRNAs, siRNAs, and
snoRNAs), and nanoparticles [55,56].

EVs also appear as therapeutic targets. Diseased cell-derived EVs carry pathological
cargoes, which are transported to the normal cells that up taken the EVs, thus affecting the
biological functions of the normal cells [27,57]. It has been shown that small EVs released
from senescence cells transfer prosenescence signals to younger cells and stimulate them to
acquire senescent phenotypes [58]. In the tumor microenvironment, EVs play a crucial role
in tumor progression by transferring oncogenic entities to cancer or noncancer cells [59].
Tumor cell-derived EVs promote angiogenesis and vascular permeability and suppress
immunity toward tumor cells, which activities drive tumor growth and malignancy [60,61].
Moreover, tumor-derived EVs induce cellular transformation of noncancer cells [62,63].
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Inhibiting exosome secretion also suppresses the directional persistence and speed of the
migration of tumor cells [64]. Hence, EV-targeting therapy has been proposed as a new ap-
proach to inhibiting disease progression by eliminating circulating disease-associated EVs,
reducing disease-associated EV secretion, and disrupting the uptake of disease-associated
EVs [65].

EVs have emerged as informative biomarkers with the potential to become a valuable
tool for the diagnosis and treatment monitoring of various diseases. EVs can be used as
biological indicators for cardiometabolic diseases [66–69], neurological diseases [70–73],
liver diseases [74,75], kidney diseases [76], respiratory diseases [77], skin diseases [2,78],
and detection of graft rejection [79]. Small EVs from oral biofluids (i.e., saliva and gingival
crevicular fluid) may act as biomarkers for diagnosing oral diseases noninvasively [80,81].
Additionally, a recent study identified detectable changes in salivary exosome proteins
and miRNAs before and after work shifts, showing their potential as biomarkers for
cognitive fatigue [82]. In addition, EVs also demonstrated the capability as biomarkers
to diagnose cancer, monitor cancer progression, detect cancer recurrence, and examine
therapeutic response [65,83,84]. The main advantage of EVs as biomarkers is they can
be collected from almost all biofluids, such as urine, oral biofluids, blood, breast milk,
and cerebrospinal fluid (CSF), via noninvasive or minimally invasive techniques, which
reduces patient inconvenience, increases the speed of analysis, and decreases analytical
costs [85]. The complexity of EV subgroups is influenced by the donor cell type, the
condition of cellular activation, the local microenvironment, the biogenesis mechanism, and
the intracellular cargo-sorting pathway, contributing to a significant variation in EV profiles
between patients and healthy controls [86]. Because of these advantages, the use of EVs as
biomarkers permits longitudinal patient sampling, supports clinical decision-making in
early diagnosis and prognosis, and allows therapy monitoring in various diseases.

EVs are ideal candidates as carriers for drug delivery because of their ability to carry
cargo between cells [86–89]. The hydrophobic molecules are preferentially intercalated
to the bilayer membrane, while the hydrophilic molecules are concentrated at the lumen.
Traditional drug delivery systems demonstrated a major drawback, i.e., failure to deliver
macromolecules and nanoparticles across biological barriers to reach the target tissues or
intracellular targets [90]. Furthermore, there are concerns about the immunogenicity and
toxicity of nonnatural delivery mechanisms. EVs, on the other hand, appear to possess
many of the characteristics of a promising carrier system. They are natural nano-sized
vesicles that can pass through biological barriers, are readily uptaken by cells, and have
low immunogenicity. Furthermore, as mentioned above, the bilayer membrane can protect
the contents of EVs from degradation and stabilize the EVs in biofluids [88]. Furthermore,
exosomal proteins such as CD47 protect exosomes from phagocytic clearance by monocytes,
thus extending half-life in circulation compared with that of liposomes [91]. EV uptake by
cells is not a random process but is highly dependent on the specific surface receptor and
ligand interactions between the cells and EVs [92]. The specific delivery of EVs to target
cells can be further enhanced through surface protein modification [93]. Alternatively, EVs
can be loaded with magnetic nanoparticles and localized at the target site using an external
magnetic field [94].

EVs also have the promise to be cell-free vaccines [95,96]. A vaccine is a biological
product containing antigens that are used to stimulate the body’s immune response and
provide protection against infection and/or disease [97]. EVs from mammalian cells and
bacteria carry a variety of cellular components, such as antigenic determinants and viru-
lence factors, that can lead to immunomodulatory effects [98]. These antigenic determinants
and virulence factors can also be loaded into EVs exogenously, allowing the EVs to function
as antigen presenting. Thus, EVs can be used as vaccine carriers. Currently, researchers are
focusing on utilizing exosomes produced by cancer cells as cancer vaccines and utilizing ex-
osomes derived from microorganisms, as well as engineered cells, as vaccines to protect the
host against infectious diseases [99–101]. The EV-based vaccine against cancer has garnered
the most attention for preventing tumor development or treating existing tumors [102].
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Compared with conventional vaccines, EV-based vaccines offer unique traits valuable in
vaccine design, such as better biosafety and efficiency as antigen-presenting systems and
adjuvants [103]. Furthermore, cell-free EV-based vaccines offer several advantages over
traditional cell-based vaccines, including increased stability and ease of storage for long
periods without significant loss of activity [98].

Nonetheless, several hurdles to clinical applications of EVs as cell-free therapy, such as
the short half-life in circulation of EVs; the lack of well-designed clinical trials; and the lack
of appropriate dosages, administration methods, and timing, have yet to be addressed [54].
Though the mechanism underlying EV-induced cancer initiation and progression, as well as
those of other diseases, has been partially uncovered, the use of EVs as therapeutic targets,
biomarkers, and cell-free vaccines is not yet mature because of the high heterogeneity of EVs
and the possibility that different EV subtypes may perform differently [104]. Furthermore,
loading EVs with assorted cargo and pharmaceutical agents is not easy and needs to be
optimized. Hence, further research on EV therapeutic application must be done, and EV
upscaling is one of the directions this research must take.

4. Strategies to Increase Production of Extracellular Vesicles

Several strategies have been investigated in the literature to upscale the release of
EVs from cultured cells. Alteration of cell culture environments, e.g., three-dimensional
(3D) culture, chemical stimulation, physical stimulation, physiological modification, and
genetic manipulation of source cells, has been the most common approach to enhancing the
quantity and quality of EVs secreted by cells. Alternatively, some studies have explored the
use of physical techniques such as sonication, nitrogen cavitation, and porous membrane
extrusion to produce EV-like vesicles, known as EV-mimetic nanovesicles, which have
similar characteristics and functionalities to those of natural EVs while circumventing some
of their limitations (Figure 2). Table 1 shows the strategies used to increase EV production.
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Table 1. Strategies to increase EV production.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

3D culture

Hollow-fiber
bioreactor

(FiberCell Systems)
UC-MSCs

Cell expansion
and medium
conditioning

Ultracentrifugation
Bradford assay: 7.5-fold

increase in small EV
protein concentration

Possessed superior
chondroprotective
effects to those of

2D small EVs
in vitro and in vivo

[105]

Hollow-fiber
bioreactor

(FiberCell System)
UC-MSCs

Cell expansion
and medium
conditioning

Ultracentrifugation
BCA assay: 19.4-fold
increase in small EV

protein concentration

Possessed superior
renoprotective

efficacy to that of
2D small EVs

in vitro and in vivo

[106]

Vertical-Wheel™
bioreactors

(VWBR)

BM-MSCs,
AT-MSCs, and

UC-MSCs

Cell expansion
and medium
conditioning

Precipitation (total
exosome isolation

reagent)

NTA: 4.0, 4.4, and 8.8-fold
increases in small EV

particle concentration for
BM-MSCs, AT-MSCs, and

UC-MSCs, respectively

Not reported [107]

Hollow-fiber
bioreactor

(FiberCell System)

hetIL-15-
overexpressed
HEK293 cells
(clone 19.7)

Cell expansion
and medium
conditioning

Ultracentrifugation
Bradford assay: 40-fold

increase in small EV
protein concentration

Bioactivity of small
EV-associated
hetIL-15 was
maintained

(hetIL-15 activates
NK cells)

[108]

Hollow-fiber
bioreactor

(FiberCell System)
BM-MSCs

Cell expansion
and medium
conditioning

Precipitation (total
exosome isolation

reagent)

NTA:
1.9 × 1010 ± 1.1 × 1010 small

EV articles/mL on day 1,
8.2 × 109 ± 3.0 × 109 small
EV particles/mL on day 13,
and 8.1× 109 ± 3.3× 109 small
EV particles/mL on day 25

Possessed im-
munomodulatory

properties
[109]

Ultrafoam scaffolds
(collagen type I) MSCs

Cell expansion
and medium
conditioning

Precipitation
(ExoQuick)

BCA assay: twofold
increase in small EV

protein concentration

Enhanced
neurological

functional recovery
of traumatic brain

injury model
compared with
2D-culture and

liposome groups

[110]

3D-printed scaffold
perfusion
bioreactor

Human dermal
microvascular

endothelial cells
(hDMECs)

Cell expansion
and medium
conditioning

Ultracentrifugation

NTA: 100- and 10,000-fold
increases in small EV

particle concentration on
days 1 and 3, respectively;
CD63 exoELISA: 14-fold

increase in CD63+ EV
concentration; BCA assay:
6.7-fold increase in small
EV protein concentration,

but decreased protein
content per EV

Enhanced
vascularization
bioactivity in

3D-scaffold groups
(bioreactor and

static) pretreated
with 100 nM

ethanol

[111]

3D spheroids BM-MSCs
Cell expansion
and medium
conditioning

Precipitation
(ExoQuick-TC)

Bradford assay: 2-fold
increase in EV protein

concentration for
hanging-drop 3D spheroid

culture; 2.4-fold increase for
poly-HEMA coated-3D

spheroid culture

Not reported [112]

Physical
stimulation

Ionizing radiation
(X-ray: 2 Gy)

MCF7 breast
epithelial

cancer cells
4 h Ultracentrifugation

TRPS: threefold increase in
small EV particle

concentration in the direct
irradiated group; sixfold

increase in bystander group

Identified that
small EVs play a

role in nontargeted
effects of

irradiation
(cancer therapy)

[113]

Gamma
irradiation

(1000 cGy) or
hypoxia (1% O2)

Human lung
cancer cell lines
(LLC and A549)

12, 24, 36, or
48 h Centrifugation

Flow cytometry: fourfold
increase in EV particle
concentration in both
hypoxia and gamma

irradiation
treatment groups

Identified that the
microenvironment
caused EV change

[114]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Physical
stimulation

Ionizing radiation
(X-ray: 4 Gy)

Human
glioblastoma

cell lines (LN18,
U251, U87MG),

glioblastoma
stem-like cells
(GBAM1 and

GBMJ1),
and astrocytes

12 to 48 h Ultracentrifugation
NTA: 1.23- to 2.6-fold
increases in small EV
particle concentration

Increased cell
migration and

uptake efficiency,
showing that
intercellular

signaling reacted to
therapeutic radiation

[115]

Ultraviolet
irradiation stress

treatment (UV;
40 W), low-pH

culture medium
treatment (LP;
pH 4.0), high-
temperature

treatment (HT;
40 ◦C), H2O2

treatment (H2O2;
250 × 10−6 m),

and hypoxic envi-
ronment treatment

(Hyp; 100% N2)

Human gastric
cancer cells

(MGC803) and
human liver
cancer cells

(HepG2)

Not reported Ultracentrifugation

BCA assay: 1.9-fold
increases in small EV

protein content in UV, LP,
and HT treatments; 1.7-fold
increase in H2O2; 1.5-fold

increase in HYP

Increased uptake
efficiency [116]

Photodynamic
therapy (Foscan®

photosensitizer:
0.02, 0.08, 0.2, 0.5, 2

or 10 µM) and
chemotherapeutic

agent (doxorubicin:
0.1, 0.5, 2, 5, 10 and

50 µM)

Human
prostatic cancer

cells (PC-3)

2 h exposed to
light for 5 s at
a wavelength

of 470 nm
(7.5 J/cm2)

Not reported

NTA: 15- and 6-fold
increases in large EV

particle concentration for
PDT and doxorubicin

treatment, respectively

The released large
EVs may

counterbalance the
desired regional
limitation of a
treatment and
represent an

underestimated
source of adverse

effects during PDT

[19]

Acoustic
irradiation:

surface-reflected
bulk waves

(SRBWs, 4 W) and
electromechanical

hybrid surface
(order of 10 MHz)

Human
glioblastoma

cells (U87-MG)
and

adenocarcinoma
human alveolar
basal epithelial

cells (A549)

10 min
followed by

30 min
postexcitation

incubation
period

Column-based
(PureExo®

Exosome
Isolation Kit)

AChE activity: 1.7-fold
increase in small EV AChE
activity in the first 30 min,
followed by a reduction

Exosome therapy:
cancer vaccine and

biomarker
[117]

Ionizing radiation
(X-ray: 0 Gy;

0.1 Gy; 1 Gy; 10 Gy)

Neuroblastoma
cell lines

(SH-SY5Y and
SK-N-BE)

3 h Ultracentrifugation

Flow cytometry: 2.7-fold
and 4.5-fold increases in

small EV particle concentra-
tion with 0.1 Gy and 10 Gy
radiation, respectively, for

the SH-SY5Y cell line;
3.8-fold increase with 10 Gy
radiation for the SK-N-BE

cell line
Spectrophotometric

quantitation: 1.2-fold and
2.2-fold increases in small
EV protein content with

0.1 Gy and 10 Gy radiation,
respectively, for the

SH-SY5Y cell line; 1.2-fold
increase with 10

Gy radiation for the
SK-N-BE cell line

Increased
proliferation and

invasiveness,
showing side

effects of
radiation therapy

[18]

Electrical
stimulation

(0.34 mA/cm2)

Melanoma cell
line (B16F1) and

murine
fibroblast cell

line (3T3)

1 h Ultracentrifugation

TRPS: 1.26- and 1.7-fold
increases in EV particle
concentration for B16F1

and 3T3 cells, respectively

Not reported [118]

Cellular
nanoporation

(CNP)

Embryonic
fibroblasts

(MEFs) or bone
marrow-derived

dendritic cells
(BMDCs)

4, 8, 12, 16, 20,
and 24 h Ultracentrifugation

DLS and NTA: 50-fold
increase in EV particle

concentration and
>1000-fold increase in

exosomal mRNA
transcripts

Targeted therapy
by transfer of

desired peptides
(through CD74) led

to longer circula-
tory half-life,
significantly

inhibited glioma
tumor growth
in vivo, and

prolonged survival

[119]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Physical
stimulation

Medium
containing
magnetic

nanoparticles
(Fe3O4: 50 µg/mL)

and/or static
magnetic field
(SMF: 100 mT)

BMSCs 7 and 14 days Ultracentrifugation

BCA assay: 1.4-fold
increase in small EV protein

concentration for Fe3O4
group; 1.7-fold increase for

Fe3O4 + SMF group

Enhanced
osteogenesis and

angiogenesis
in vitro and in vivo

[120]

Cyclic stretch (20%
elongation at a
frequency of

10 cycles/min)

Periodontal
ligament cells 24 h Cell culture

supernatant

CD63 ELISA Kit (PS
Capture™ Exosome ELISA

Kit): 33-fold increase in
CD63+ EV concentration

Inhibited IL-1β
production and

pyroptosis of
LPS-primed
macrophage

[121]

Micro-/nanotextured
hierarchical titanium
topography (native
titanium specimens

(SLM); SLM +
250 µm ZrO2
particles + 5%

hydrofluoric acid
(HF) (SLA); SLA +
5 M NaOH (SAH);

SLA + 0.3 wt%
ammonium fluoride
(NH4F) + ethylene

glycol (C2H6O2)
solution (SAO))

BMSCs During cell
culture Kit (EIQ3)

AChE activity: 1.1-fold,
1.7-fold, and 1.6-fold

increases in small EV AChE
activity in SLA, SAH, and
SAO groups, respectively,

compared with SLM group

Improved
osseointegration

in vitro and in vivo
[122]

Platinum
nanoparticles

(10 µM)

Human lung
epithelial

adenocarcinoma
cancer cells

(A549)

24 h Precipitation
(ExoQuick)

BCA assay: 3.9-fold
increase in small EV

protein concentration;
fluorescence polarization:
4.8-fold increase in small
EV particle concentration;
NTA: 4.1-fold increase in

small EV particle
concentration; EXOCET:
5.9-fold increase in small
EV particle concentration

Not reported [123]

45S5 Bioglass® Human MSCs 12 to 72 h or
48 h

Ultracentrifugation
and ultrafiltration

AChE activity: No
significant difference in

small EV AChE
concentration in the first

12 h; 1.3-, 1.4-, and 1.6-fold
increases at 24, 48, and 72 h,

respectively
NTA: No significant

differences in small EV
particle concentration in

the first 12 h; 2.4-, 1.8-, and
2.0-fold increases at 24, 48,

and 72 h, respectively
EXOCET kit: 2.1-fold

increase in small EV particle
concentration at 48 h

HSFCM: 5.4-fold increase
in small EV particle

concentration at 48 h

Promoted
vascularization of

umbilical vein
endothelial cells

in vitro and in vivo

[124]

Chemical
stimulation

Sodium
iodoacetate and

2,4-dinitrophenol
(IAA/DNP)

(in vitro: 1 or 10
µM; ex vivo: 5, 10,
or 30 µM; in vivo:

0.195 or 0.975 µmol)

UMSCC47,
PCI-13, Mel526,

SVEC4–10
(in vitro);

murine kidney
tissue explant
(ex vivo); mice

(in vivo)

72 h (in vitro);
48 h (ex vivo);

14 days
(in vivo)

Size-exclusion
chromatography

BCA assay: 3- to 16-; 1.8-,
and 2.9-fold increases in

small EV protein
concentration in vitro, ex

vivo, and in vivo,
respectively

Possessed similar
biological

properties and
functional effects

on endothelial cells
(SVEC4-10)

[125]

Fenoterol,
norepinephrine, N-
methyldopamine,

mephenesin,
and forskolin

BMSCs 24 h Ultracentrifugation

NTA: 1.7- to 2.3-fold
increase in small EV

particle concentration,
which further increased

when combining
compounds (2.5- to 3-fold)

Possessed
regenerative

activities as control
small EVs

[126]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Chemical
stimulation

Suxiao Jiuxin pill,
tetram-

ethylpyrazine,
or borneol

Murine cardiac
MSCs 48 h

Precipitation
(polyethylene
glycol 4000)

AChE activity: 3.4-fold,
2.4-fold, and 1.3-fold

increases in small EV AChE
activity in Suxiao Jiuxin

pill, tetramethylpyrazine,
and borneol treatments,

respectively

Not reported [127]

Adiponectin (20
µg/mL) from

serum collected
from APN-

knockout mice

T-cadherin-
expressing

murine vascular
endothelial cells

(F2T cells)

36 h Ultracentrifugation

AChE activity: 7.8-fold
increase in small EV AChE

activity; NTA: 2.9-fold
increase in small EV

particle concentration

Adiponectin-
induced small EV

release affected
ceramide

metabolism, which
could be helpful for
adiponectin-related

organ protection
therapy

[128]

High-molecular-
weight adiponectin

(20 µg/mL;
in vitro) or

pioglitazone
(30 mg/kg twice a

day; in vivo)

Human adipose
tissue-derived

MSCs

48 h (in vitro)
and two weeks

(in vivo)
Ultracentrifugation

Densitometry of Western
blot: increased small EV
production in vitro and
in vivo; NTA: 3.3-fold
increase in small EV

particle concentration
in vitro

Augmented the
cardioprotective

effects of MSCs in
transverse aortic

constriction-
operated mice

[129]

Docosahexaenoic
acid (DHA;

100 µM)

Human breast
cancer cells
(MCF7 and

MDA-MB-231)

24 h

Ultracentrifugation
or precipitation
(ExoQuick-TC

reagent)

CD63-GFP fluorescent
spectrometry: 1.1-fold
increase in CD63+ EV

concentration in MCF7 and
MDA-MB-231 cell lines

Increased RNA
content in breast

cancer CD63+ EVs
promoted

anticancer and
anti-angiogenic

activity

[130]

Sodium ionophore
(Monensin; 1, 5,
10 µM), calcium

ionophore (A23187;
1 µM), or human

transferrin
(20 µg/mL)

Human
erythroleukemia
cell line (K562)

7 h for
monensin and
A23187; 12 h

for transferrin
treatment

Ultracentrifugation

AChE activity: 20%, 71.5%,
and 97.6% increases in EV

AChE activity with 1, 5,
and 10 µM of monensin;

1.7-fold increase with
A23187; 1.4-fold
with transferrin

Not reported [131]

Sodium ionophore
(Monensin: 7 µM)

Rab11-
transfected

human
erythroleukemia
cell line (K562)

7 h Ultracentrifugation

AChE activity: 2.0-, 1.8-,
3.8-fold, and 3.7-fold
increases in EV AChE

activity with monensin
treatment in vector, Rab11
wildtype, Rab11 Q70L (a
GTPase-deficient mutant),

and Rab11 S25N
(aGTP-binding deficient

mutant) cells, respectively

Not reported [132]

Calcium phosphate
(CaP) particles (500
and 1000 µg/mL)

Macrophage-
like cells

(RAW264.7) and
monocyte-like
cells (THP-1)

1, 2, 4, 6, 24, 48,
and 72 h

Precipitation (total
exosome isolation

kit)

EXOCET exosome
quantitation assay kit:

2-and 2.5-fold increases in
small EV particle

concentration at 72 h with
500 µg/mL CaP for

RAW264.7 and THP-1 cell
lines, respectively

Not reported [133]

Ionomycin
(2.5 µM) and

TGFβ-1 (5 ng/mL)

Human breast
carcinoma cell

line
(MDA-MB-231),

human lung
carcinoma line

(A549),
and human
pancreatic

carcinoma line
(Panc-1)

30 min of
ionomycin
treatment

24 h of
TGFβ-1

treatment

Density gradient
ultracentrifuga-

tion

CD63+ Slot blot: 5- and
3-fold increases in CD63+

EV concentration for
ionomycin and TGFβ-1
treatments, respectively

Not reported [134]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Chemical
stimulation

Phosphorothioate
(PS) B-class CpG
oligonucleotides
(ODN 2006PS; 2
µM), S. salar DNA
(15 µg/mL), or E.

coli DNA
(15 µg/mL)

Salmon head
kidney

leukocytes
(HKLs), Atlantic
salmon kidney

cells (ASK cells),
chinook salmon

embryo cells
(CHSE-

214 cells), or
HEK293T cells

1 h (2006PS, S.
salar or E. coli

DNA) for
HEK293T cells

Ultracentrifugation

Densitometry of Western
blot (Alix): 10.1-, 16.7-, and
9.1-fold increases in Alix+

EV protein content for
ODN 2006PS-treated HKLs,
ASK cells, and CHSE-214

cells, respectively; for
HEK293T cells, 3.3-, 2.1-,
and 9-fold increases in

Alix+ EV protein content
for 2006PS, S. salar DNA,
and E. coli DNA groups,

respectively

Not reported [135]

Cationic bare
liposomes (CL:
HSPC-based or

DOPE-based; 0.5 to
2 mM) or neutral
bare liposomes

(NL; 0.5 to 2 mM)

Murine
colorectal cancer

cell line (C26),
murine

melanoma
cell line

(B16BL6),
human gastric
cancer cell line
(MKN45), and

human
colorectal cancer
cell line (DLD-1)

48 h
Ultracentrifugation

or precipitation
(ExoQuick-TCTM)

Bio-Rad DC® protein assay:
2.5-, 2.3-, 1.7-, and 1.8-fold

increases in EV protein
concentration with 2 mM of

NL for C26, B16B16,
MKN45, and DLD-1 cell

lines, respectively; 3.4-, 3.4-,
3.7-, and 2.9-fold increases

in EV protein concentration
with 2 mM of HSPC-based

CL for C26, B16B16,
MKN45, and DLD-1 cell

lines, respectively.
DOPE-based CLs further

increased EV protein
concentration (up to

3.17-fold)

Liposome-
stimulated EVs
showed higher
cellular uptake

[136]

Physiological
modification

Hypoxic (1% O2,
0.1% O2, or 1 mM

DMOG)

Breast cancer
cell lines MCF7,

SKBR3, and
MDAMB

231

24 h (1% O2)
or 48 h (0.1%

O2 and
DMOG)

Precipitation
(ExoQuickTM)

NTA: Up to 1.41-fold,
1.94-fold, and 1.45-fold
increases in small EV

particle concentration at 1%
O2, 0.1% O2, and 1 mM

DMOG, respectively

Highlighted the
importance of the

study of
EV-mediated
pathological

hypoxic signaling
in tumor

progression

[137]

Hypoxic (5% O2)
Human

umbilical cord
MSCs

24 h Ultracentrifugation
NTA: twofold increase in

small EV particle
concentration

Better attenuated
OVA-induced
chronic airway

inflammation and
lung parenchyma

fibrosis in mice

[138]

Hypoxic (1% O2) BMSCs 48 h
Ultrafiltration and
density gradient

ultracentrifugation

BCA assay: 1.4-fold
increase in small EV

protein concentration

Better protected
cartilage from

degeneration and
slowed down the
progression of OA
in vitro and in vivo

[139]

Hypoxic (1% O2) BMSCs 48 h
Ultrafiltration and
density gradient

ultracentrifugation

BCA assay: 1.4-fold
increase in small EV

protein concentration

Promoted to a
greater extent

functional
behavioral

recovery in mice
and M1 to M2

phenotype
polarization in vivo

and in vitro

[140]

Hypoxic (1% O2)
and/or serum-free

stimulation
UC-MSCs 72 h Ultracentrifugation

Bradford assay: 5.6-, 4.3-,
and 7.5-fold increases in
CD29+, CD44+, CD73+,

CD31−, and CD45− EVs
(authors identified the EVs

as microvesicles) under
hypoxic conditions,

serum-free stimulation, and
hypoxic and serum-free
conditions, respectively

CD29+, CD44+,
CD73+, CD31−,
and CD45− EVs

promoted
angiogenesis and
were superior in

hypoxia
endothelial cells

[141]

Hypoxic (0.5% O2) Mouse MSCs 24 h Ultracentrifugation
NTA: 1.3-fold increase in

small EV particle
concentration

Superior ability in
proangiogenesis

and antiapoptosis
in vitro and cardiac
protection in vivo

[142]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Chemical
stimulation

Lentivirus
pWPI-HIF-1α-GFP

transduction

Dental pulp
MSCs

Lentivirus
transduction Ultracentrifugation

Densitometry of Western
blot: 3.3-, 6.3-, and 1.5-fold

increases in CD63, CD9,
and CD81 density AChE

activity; 2.1-fold increase in
small EV AChE activity

Superior
angiogenic ability

in vitro and in vivo
via enhanced

expression of the
Notch ligand

Jagged1

[143]

Peripheral arterial
disease conditions

(0% serum and
1% O2)

BMSCs 40 h

Centrifugation
(higher density
EVs (claimed as

microvesicles)) or
ultracentrifuga-

tion (lower
density EVs
(claimed as
exosomes))

BCA assay: 9-fold decrease
in high-density EV protein

concentration; 6.6-fold
increase in low-density EV

protein concentration

EVs contained a
robust profile of

angiogenic
signaling proteins

and induced
angiogenesis

[144]

Heat stress (42 ◦C)

Epstein–Barr
virus (EBV)-

immortalized
human B-

lymphoblastoid
cell

lines (B-LCL)
and Jurkat cell

line

3 h Density gradient
ultracentrifugation

BCA assay: 1.25-fold
increase in EV protein

concentration for all cell
lines

Significantly
increased heat

shock proteins of
cells and EVs but

did not trigger
dendritic cell
maturation

[145]

Heat stress (40 ◦C),
oxidative stress,

cells were treated
for 2 h with

100 µM and 50 µM
H2O2

Jurkat and Raji
cells 1 h Density gradient

ultracentrifugation

Densitometry of Western
blot (CD63): 3- and 15-fold

increases in CD63+ EV
protein concentration after

thermal and oxidative
stress, respectively, for

Jurkat cells; 22- and 32-fold
increases after thermal and

oxidative stress for Raji
cells

Partly provided a
mechanistic

explanation of the
clinically observed

NK-cell
dysfunction in

patients suffering
from

leukemia/lymphoma,
which could be

further impaired in
conditions of
cellular stress

[21]

Cytostatic stress
(0.6 µM

doxorubicin), heat
stress (42 ◦C),

oxidative stress
(2.5 µg/mL

light-induced
Ag-TiO2)

B16F1 mouse
melanoma cell

72 h heat
stress (3 × 2 h) Ultracentrifugation

NTA: 3.6-, 2.5-, and 1.6-fold
increases in small EV

particle concentration after
doxorubicin, heat stress,

and oxidative stress,
respectively

Microenvironmental
conditions altered
small EV cargoes
and explained the

importance of
determining

therapy-induced
host response

[146]

pH (pH 6.0) Mel1 melanoma
cell lines

Cell culture
and medium
conditioning

Density gradient
ultracentrifugation

BCA assay: 3.2- and
6.3-fold increases in

Lamp-2+, CD81+, and Rab
5B+ EVs on days 3 and 4,

respectively

Acidic
microenvironment
favored EV-to-cell

fusion

[12]

pH (pH 4, 7,
and 11) HEK 293 30 min

Precipitation
(ExoQuick

isolation kit)

BCA assay: 5-fold increase
in CD9+, CD63+, and
Hsp70+ EV protein

concentration at pH 4,
while pH 11 gave a

negative result
(3.5-fold decrease)

Acidic pH could
increase the

stability of EVs
in vitro

[147]

Genetic
manipulation

PLD2 cDNA
electroporation RBL-2H3

Murine PLD2
cDNA electro-

poration

Ionomycin
degranulation

then ultracentrifu-
gation

FACS: Twofold increase in
BODIPY-ceramide labeled

EV concentration
Not reported [148]

Rab13 knockdown

Mutant KRAS
DKO-1

colorectal cancer
cells

Rab13 shRNA
transfection Ultracentrifugation

NTA: 14.3-fold decrease in
small EV production when
Rab13 was knocked down

in mutant KRAS cells

Not reported [149]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Genetic
manipulation

Rab27a or Rab27b
knockdown HeLa cell line Transfection Ultracentrifugation

Bradford assay: 2.5- and
2.2-fold decreases in small

EV protein content for
Rab27a knockdown and
Rab27b knockdown cells,

respectively
Densitometry of Western

blot (HLA-DR, Hsc70,
Tsg101): 19.5-, 5.8-, and

3.1-fold decreases in
HLA-DR, Hsc70, and

Tsg101 protein density of
small EVs, respectively, for
Rab27a knockdown cells;

2.5-, 2.4-, and 1.6-fold
decreases in HLA-DR,

Hsc70, and Tsg101 protein
density, respectively, for
Rab27b knockdown cells

Not reported [150]

CD9 lentiviral
transduction

HEK293,
HEK293FT, Raji,

Jurkat, and
HeLa

pLenti6.3-
CD9GFP

lentiviral
transduction

PEG
centrifugation

NTA: 2.5-fold increase in
small EV particle
concentration in

HEK293-CD9GFP cells;
more than 3-fold increase in
HEK293FT-CD9GFP; 2-fold

increase in Raji-CD9GFP
and Jurkat-CD9GFP; no

significant difference for
HeLa-CD9GFP

Not reported [151]

Liver kinase B1
(LKB1) lentiviral

transduction
H460

pCDH-LKB1
lentiviral

transduction
Ultracentrifugation

NTA: 12.5-fold increase in
small EV particle

concentration

Enhanced cell
migration ability
and showed the

ambiguity of
cancer therapy
targeting LKB1

function

[152]

Upregulation of
EIF3C

Hepatocellular
carcinoma cell

lines: PLC5 and
SNU-449

NA
Precipitation (total
exosome isolation

reagent)

Electron microscopy and
NTA: Increased small EV

particle concentration

EIF3C may act as a
cancer target in
cancer therapy

[153]

PIKfyve inhibition
(apilimod or siRNA

transfection)

Human prostate
cancer epithelial
cell line (PC-3)

Apilimod or
siRNA

transfection

Ultracentrifugation
and OptiPrep

density gradient
centrifugation

NTA and BCA assay:
Apilimod treatment

increased small EV particle
concentration 1.6-fold and
small EV protein content

1.4-fold; siRNA transfection
increased small EV particle

concentration 1.5-fold

Not reported [154]

MYC gene
overexpression

hESC-MSC
(HuES9.E1

MSCs)

GFP- or MYC-
containing
lentivirus

transduction

HPLC Not reported

Provided an
infinite supply of

cells for the
production of small

EVs with
cardioprotective

activity

[155]

Preparation
of EV-

mimetic
nanovesicles

Nitrogen cavitation
(400–500 psi at

0 ◦C)

Promyelocytic
leukemia cell
line (HL-60)

20 min Centrifugation
BCA assay: 16-fold increase
in EV-mimetic nanovesicle

protein concentration

Prevented
sepsis-induced

inflammation and
increased animal

survival after
loading of

piceatannol

[156]

Sonication (42 kHz
and a power of 100
W) of the mixture

of macrophage
membranes and

nanoparticle cores

Murine J774
macrophage cell

line
2 min

Macrophage
membranes mixed
with nanoparticle
cores at the ratio

of 1:1

Not reported

Promoted
proinflammatory

cytokine
sequestration and

endotoxin
neutralization

in vitro and in vivo

[157]

Ultrasonication
(20%)

Human
umbilical

cord-MSCs
1 min Centrifugation

18.5-fold increase in
EV-mimetic nanovesicle

production

Enhanced skin
rejuvenation and
promoted wound

healing in vitro and
in vivo

[158]
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Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Serial extrusion
through filters with

diminishing
pore sizes

Human U937
monocytic cells Not reported

OptiPrep density
gradient ultracen-

trifugation

NTA: 100-fold increase in
doxorubicin-loaded

EV-mimetic nanovesicle
particle concentration

Targeted delivery
of

chemotherapeutic
drug had a similar
antitumor effect to
that of doxorubicin-
loaded natural EVs
in vitro and in vivo

[159]

Serial extrusion
through filters with

diminishing
pore sizes

Mouse
embryonic
fibroblasts

NIH3T3 and
human U937

monocytic cells

Not reported

Two-step
OptiPrep density

gradient
ultracentrifugation

Not reported

Therapeutic
vesicles (c-Myc
siRNA-loaded
nanovesicles)

targeted diseases
associated with

c-Myc
overexpression

[160]

Serial extrusion
through filters with

diminishing
pore sizes

Adipose-
derived stem

cells
Not reported

Two-step
OptiPrep density

gradient
ultracentrifugation

NTA: 30-fold increase in
EV-mimetic nanovesicle
particle concentration

Possessed similar
regenerative effects
to those of natural
EVs in vitro and

enhanced
regenerative ability

in emphysema
mouse model

[161]

Serial extrusion
through filters with

diminishing
pore sizes

Not reported

Two-step
OptiPrep density
gradient ultracen-

trifugation

BCA assay: 100-fold
increase in EV-mimetic

nanovesicle protein
concentration

Promoted
hepatocyte

proliferation
in vitro and liver

regeneration
in vivo

[162]

Alkaline solutions
(sodium carbonate

solution)

Human U937
monocytes Not reported

Sonication then
density gradient
ultracentrifuga-

tion

Bradford assay: 200-fold
increase in EV-mimetic

nanovesicle protein
concentration

Reduced the
release of IL-8 from

OMV-treated
endothelial cells

in vitro and
mitigated the
symptoms of

OMV-induced SIRS
in vivo by

dexamethasone-
loaded EV-mimetic

nanovesicles

[163]

Sulfhydryl-
blocking agents
(dithiothreitol

(DTT; 2 mM) and
paraformaldehyde

(PFA; 25 mM))

Mouse
lymphoma cell

line (EL4)
2 h

Ultracentrifugation
and centrifugal

filtration

BCA assay: More than
10-fold increase in

EV-mimetic nanovesicle
protein concentration

Better cellular
absorption and

intracellular release
of doxorubicin
than liposomes;

more effective in
slowing down

tumor growth than
free doxorubicin

and liposome-
encapsulated
doxorubicin

[164]

Other
factors

Seeding density
(1 × 102 cells/cm2

or
1 × 104 cells/cm2)

BMSCs Not reported Ultracentrifugation
and ultrafiltration

NTA: 100-, 85-, 105-, and
50-fold increases in small
EV particle concentration

with 1 × 102 cells/cm2

seeding density compared
with 1 × 104 cells/cm2

seeding density at passages
2, 3, 4, and 5, respectively
CD63 ELISA: 126-, 152-,

201-, and 126-fold increases
in CD63+ EVs with 1 × 102

cells/cm2 seeding density

Not reported [165]

Collection
frequency (single

or double
collection)

BMSCs
12 and/or 24 h

collection
time(s)

Ultracentrifugation
and ultrafiltration

NTA: 1.6- to 2.6-fold
increase in small EV

particle concentration with
two EV collections

compared with a single
collection in 24 h

Not reported [165]



Int. J. Mol. Sci. 2022, 23, 7986 15 of 34

Table 1. Cont.

Strategies Type of Induction Cells
Exposure
Period or
Method

EV Isolation
Method Enhancement Factor Therapeutic

Application References

Other
factors

Cellular senescence
(presenescent and

senescent cells)

Primary normal
human diploid

fibroblasts
(TIG-3 cells)

Serial passage
or ectopic

expression of
oncogenic Ras

Density gradient
ultracentrifugation

NTA: Significant increase in
small EV particle
concentration in
senescent cells

Revealed the role
of small EV

secretion in the
maintenance of

cellular
homeostasis

[166]

Cellular senescence
(presenescent and

senescent cells)

Human prostate
cancer cells
(22Rv1) and

human dermal
fibroblasts
(NHDFs)

Replicative
senescence

(serial passage)
or accelerated

senescence
(irradiation:

4 Gy)

Ultracentrifugation

Vybrant DiI labeling: 3- and
15-fold increases in Vybrant
Dil-labeled EV particles in
accelerated senescent and
replicative senescent cells,

respectively

Not reported [167]

Cellular senescence
(presenescent and

senescent cells)

Human diploid
fibroblasts

(HDFs; TIG-3
cells)

Replicative
senescence

(serial passage)
or induced
senescence

(oncogenic Ras
or doxorubicin

induction)

Ultracentrifugation

NTA: 46.4-, 16.7-, and
6.8-fold increases in small
EV particle concentration
for replicative senescent

cells, oncogenic
Ras-induced senescent cells,

and doxorubicin-induced
senescent cells, respectively

Small EVs from
senescent cells
promoted the

proliferation of
human breast

cancer MCF-7 cells,
showing the

protumorigenic
effect of

senescent cells

[168]

4.1. Three-Dimensional Culture

One technique for increasing EV secretion from cultured cells is using 3D cell culture
systems such as bioreactors and cell spheres. Generally, 3D cell culture systems allow the
expansion of a large number of cells in high density for high yields of EVs, as they provide
a large surface area for cell growth [169].

The bioreactor is the most commonly used 3D cell culture system for large-scale EV
production, as not only does it increase the volume of production, but the mechanical
stimulus provided by the bioreactor stimulates the cultured cells to produce more EVs [170].
Generally, the use of bioreactors can increase the yield and concentration of EVs in con-
ditioned medium and reduce the production time. In a study, the authors found that
umbilical cord-derived MSCs (UC-MSCs) cultured in 3D hollow fiber bioreactors secreted
7.5 times more small EVs than cells cultured in 2D tissue culture flasks [105]. In addition,
the authors found that 3D-EVs were more potent in promoting chondrocyte proliferation
and migration as well as inhibiting chondrocyte apoptosis in vitro. Using an in vivo car-
tilage defect model, the authors proved that 3D-EVs were more effective in promoting
cartilage regeneration. It was postulated that 3D-EVs modulated chondrocyte functions by
activating the TGF-β1 and Smad 2/3 signaling pathways.

Cao et al. demonstrated that the protein yield of small EVs from UC-MSCs cultured
in a 3D hollow-fiber bioreactor was 19.4-fold higher than that from cells cultured in a 2D
conditions [106]. In vivo findings showed that 3D-EVs were more effective than 2D-EVs in
ameliorating cisplatin-induced acute kidney injury, as indicated by better renal function,
less severe pathological changes in renal tubules, and lower infiltration of inflammatory
cells. The authors attributed the renoprotective effects of 3D-EVs to their increased uptake
by tubular epithelial cells and enhanced antiinflammatory activity.

In a study comparing the small EVs secreted by MSCs derived from bone marrow (BM),
adipose tissue (AT), and the umbilical cord matrix (UCM) cultured in a 3D microcarrier-
based Vertical-Wheel™ Bioreactor (VWBR) and a 2D tissue culture flask, the authors found
4.0-fold, 4.4-fold, and 8.8-fold increases in small EV concentration in conditioned medium
and 1.4-fold, 3.7-fold, and 3.9-fold increases in small EV productivity for the 3D cultured
BM-MSCs, AT-MSCs, and UCM-MSCs, respectively, compared with the 2D cultures [107].
The therapeutic potential of the isolated EVs is unknown, as no functionality assessments
were performed in this study.
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Watson et al. reported a 40-fold increase in small EV secretion when human embryonic
kidney (HEK) 293 cells stably expressing hetIL-15 were cultured in a hollow fiber bioreactor
than when they were cultured in a standard 2D culture [108]. Moreover, the study found
that the 3D-EVs contained fewer serum protein contaminants than the 2D-EVs. Large-
scale production of EVs using bioreactors has also been reported in other studies [109,171].
However, these studies did not compare the EV yield with that of 2D cultures. Nonetheless,
data from these studies demonstrated the feasibility of large-scale production of cell-derived
EVs using bioreactors.

In addition, MSCs cultured in collagen scaffolds were found to secrete two times more
small EVs than those cultured in 2D conventional conditions [110]. The 3D-EVs were more
effective in promoting neurological functional recovery of traumatic brain injury models in
rats than 2D-EVs and liposomes. The 3D scaffold is often used with a bioreactor, which
helps to improve the nutrient perfusion and waste removal, which is critical to keep the
cells viable and healthy. Patel et al. cultured human dermal microvascular endothelial cells
(HDMECs) in a 3D-printed scaffold-perfusion bioreactor to collect small EVs [111]. The
authors found that 3D-cultured endothelial cells secreted 100 times (collected on day 1)
and 10,000 times (collected on day 3) more small EVs than those cultured in static scaffold
and tissue culture flasks as assessed by NTA. However, a mere 14-fold increase in CD63
Exo-ELISA analysis was recorded between the 3D-EVs and the 2D-EVs collected from the
tissue culture flasks. Furthermore, the 3D-EVs preconditioned with ethanol demonstrated
a more potent provascularization effect that was attributed to higher concentrations of the
proangiogenic lncRNAs HOTAIR and MALAT1 in 3D-EVs.

Apart from bioreactors, 3D spheroid cultures have been found to increase the secretion
of EVs by cells [112]. 3D hanging drop spheroids and 3D poly(2-hydroxyethyl methacrylate)
spheroids produced significantly more EVs than 2D-cultured BM-MSCs [112]. Interestingly,
the authors found that EV secretion reduced when the size of the 3D spheroids increased.
Thus, size could be an important parameter to optimize when 3D spheroid culture is used
for the large-scale production of EVs.

4.2. Physical Stimulation

Physical stimulation techniques such as irradiation, electrical stimulation, magnetic
field stimulation, mechanical stimulation, and topographic cues have been explored and
used to enhance EV production. Generally, physical stimulation stresses cells to pro-
duce more EVs [172]. Ionizing radiation has been reported to increase the number of
EVs produced by cancer cells in a dose- and time-dependent manner [18,113–115]. The
upregulation of EV production by cancer cells upon exposure to ionizing radiation has
been linked with the DNA-damaged activated p53 signaling pathway [173,174]. These
studies indicated that irradiation could increase the release of EVs from cancer cells, thus
aiding in developing strategies for cancer treatment. However, a study found that ionizing
radiation neither altered EV secretion by cancer cells nor modified the protein cargo of the
secreted EVs [175]. Limited research has explored the effects of ionizing radiation on EV
secretion by normal cells. A study found that ionizing radiation increased the small EV
particle concentration of astrocytes by 1.71 times [115]. In addition, nonionizing radiation
(ultraviolet radiation) [116], photodynamic therapy (Foscan® photosensitizer) [19], and
acoustic irradiation (at low power and high frequency) [117] have been reported to increase
the number of EVs secreted by cancer cells.

Low-level electrical stimulation applied to murine melanoma and fibroblast cells was
found to stimulate EV secretion, possibly through Rho guanosine triphosphatase (GTPase)
activation [118]. In another study, focal and transient electrical stimulation that induced
cell membrane nanoporation increased the EV secretion of mouse embryonic fibroblasts
50-fold, while moderate increases in EV yield were detected in cells cultured in serum-
depletion conditions, hypoxic conditions (1% O2) and heat stress conditions (42 ◦C for
2 h) [119]. Additionally, nanoporation increased the mRNA cargo of EVs. The combination
of magnetic iron (III) oxide nanoparticles (Fe3O4) and a static magnetic field (SMF) was
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utilized to increase the small EV secretion of bone MSCs [120]. The highest EV production
was recorded in the Fe3O4 + SMF group, followed by the Fe3O4 and untreated groups.
In terms of functionality, the small EVs secreted by the Fe3O4 + SMF-stimulated cells
showed better osteogenic and angiogenic potential than the Fe3O4 stimulated cells and
naïve cells.

Several studies have reported higher EV production by cancer cells cultured on bio-
materials with higher stiffness; increased ECM stiffness is one of the key changes in the
tumor microenvironment [20,176]. EVs induced by stiff matrices were found to promote
tumor cell migration and proliferation. Cyclic stretch increased the CD63+ EV secretion
of periodontal ligament cells, and the secreted EVs demonstrated improved immunomod-
ulatory properties to suppress IL-1β production by activated macrophages [121]. Zhang
et al. cultured BM-MSCs on micro-/nanonet-textured hierarchical titanium surfaces and
micro-/nanotube-textured hierarchical titanium surfaces and found that these surface
topographies increased small EV secretion [122].

Multiple studies have tested nanoparticle incorporation to increase the number of
EVs secreted by cultured cells. The nanoparticles found to increase EV secretion include
platinum nanoparticles in human lung epithelial adenocarcinoma cancer cells (through in-
duction of oxidative stress and ceramide pathway) [123], silver-titanium oxide nanoparticles
in B16F1 mouse melanoma cells (through induction of oxidative stress) [146], poly(lactic-co-
glycolic acid)-polyethyleneimine (PLGA-PEI) positively charged-surface-modified nanopar-
ticles containing iron oxide in MSCs (through promotion of MVB formation) [177], and
calcium phosphate particles in macrophage-like RAW264.7 cells and monocyte-like THP-1
cells (through promotion of MVB formation and fusion with the plasma membrane) [133].
In addition, bioactive glass upregulated the small EV production of MSCs through the
activation of the nSMase and Rab GTPase pathways [124].

4.3. Chemical Stimulation

The addition of chemicals to the culture medium to boost EV secretion has been inves-
tigated in several studies. Treatment with sodium iodoacetate (IAA; glycolysis inhibitor)
and 2,4-dinitrophenol (DNP; oxidative phosphorylation inhibitor) was found to increase
the number of small EVs secreted by cancer cells [125]. In addition, IAA/DNP increased
the number of small EVs released into the culture medium from kidney explants. In vivo
validation of the in vitro and ex vivo data was achieved by injecting the IAA/DNP into
mice. In comparison with that in control mice, IAA/DNP injection increased the quantity of
small EVs in the blood. The study partially related the higher small EV production to higher
intracellular 2′-3′-cAMP levels. Wang et al. tested the effects of several small molecules,
including fenoterol, norepinephrine, N-methyldopamine, mephenesin, and forskolin, on
the small EV production of BM-MSCs [126]. The findings showed that all of these small
molecules could stimulate small EV secretion and that the magnitudes of the increases were
affected by the concentrations of each small molecule. Synergistic improvement in exosome
secretion was recorded for the combinations of norepinephrine with forskolin and nore-
pinephrine with N-methyldopamine, but not for the combination of N-methyldopamine
with forskolin. Furthermore, a multiple-component herbal combination in the Suxiao Jiuxin
pill (a traditional Chinese herbal medicine) revealed a synergistic effect in promoting the
small EV secretion of cardiac MSCs via a GTPase-dependent pathway [127].

In addition, adiponectin, an adipokine, increased the numbers of small EVs pro-
duced by MSCs and vascular endothelial cells through T-cadherin [128,129]. In addition,
adiponectin increased the concentration of exosomes in mouse serum, and this increase was
linked to the augmented cardioprotective function of primed MSCs. Docosahexaenoic acid
(DHA) increased the CD63+ EV secretion of breast cancer cells. The DHA-EVs contained
more antiangiogenic miRNAs (miR23b, miR-27b, and miR-320b), which aided in anticancer
action [130].

Intracellular calcium ions were reported to modulate EV release [131,132,178]. A few
studies explored the effects of calcium exposure on EV production [133,134]. The results
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indicated that calcium exposure increased EV production. In a different study, extracellular
DNA and phosphorothioate CpG oligodeoxynucleotides were found to induce Alix+ EV
secretion of HEK293 cells and head kidney leukocytes of Atlantic salmon [135]. The neutral
and cationic liposomes were reported to stimulate the EV secretion of tumor cells in a
dose-dependent manner [136]. However, the PEGylated liposomes diminished the EV
production. Thus, the authors postulated that the influence of liposomes on EV production
was dependent on their physicochemical properties.

4.4. Physiological Modification

The quantity and functionality of cell-secreted EVs are likely microenvironment depen-
dent. In the physiological state, the oxygen level in peripheral tissues, known as “physoxia”,
ranges between 1 and 11% [179]. Multiple studies have reported that hypoxic precondi-
tioning augments the therapeutic efficacy of MSCs [180–182]. The improved therapeutic
efficacy could be related to the higher EV secretion. Dong et al. showed that UC-MSCs
cultured in hypoxic conditions (5% O2) demonstrated a higher proliferation rate and via-
bility than those cultured in normoxia (21% O2) [138]. The hypoxic UC-MSCs produced
more small EVs with higher potency to attenuate chronic airway inflammation and lung
remodeling in ovalbumin-induced asthma mice. The results of another research group
showed that hypoxic BM-MSCs secreted more small EVs with more potent therapeutic
potential in promoting cartilage [139] and spinal cord regeneration [140] than those se-
creted by normoxic cells. Secretion of CD29+, CD44+, CD73+, CD31−, and CD45− EVs
from UC-MSCs also increased in hypoxic conditions, and the angiogenic potential of the
secreted EVs was superior for endothelial cells that were cultured in hypoxic conditions
than those that were cultured in normoxic conditions [141]. In addition, extreme hypoxic
conditions (0.5% O2) remarkably increased small EV release by MSCs [142]. In terms of
functionality, hypoxic small EVs were more effective in promoting myocardial repair than
normoxic small EVs, as they promoted vascularization, reduced cardiomyocyte apoptosis,
reduced scar tissue formation, and enhanced the recruitment of cardiac progenitor cells.
However, contradictory results were reported by Almeria et al., who found no significant
difference in EV secretion by AT-MSCs cultured in normoxic and hypoxic conditions [183].
However, hypoxic priming enhanced the angiogenic potential of the secreted EVs. Apart
from stem cells, hypoxic conditioning also has been found to induce EV secretion by cancer
cells [22,114,116,137,184].

Since hypoxic conditioning can promote EV production, Gonzalez-King et al. overex-
pressed hypoxia-inducible factor-1a (HIF-1a), a vital mediator in low oxygen adaptation, in
human dental pulp MSC via lentiviral transduction [143]. The HIF-1a overexpressed MSCs
produced more small EVs that showed more potent angiogenic potential. Taken together,
hypoxia culture appears to be more suitable for maintaining both stem cell and cancer cell
cultures, as it mimics the native tissue physiological microenvironment. Stem cells and
cancer cells cultured in hypoxic environments are also more biologically active, secreting
more EVs.

Anderson et al. primed BM-MSCs under peripheral arterial disease (PAD)-like condi-
tions, i.e., 0% serum and 1% oxygen [144]. They found that BM-MSCs cultured in PAD-like
conditions secreted more low-density EVs and fewer high-density EVs than the control
cells. Furthermore, the exosomes derived from PAD-like culture elevated the expression
of several proangiogenic signaling proteins. This study showed that serum and oxygen
deprivation could be used in tandem to induce low-density EV secretion. The use of serum
deprivation to induce the EV secretion of mouse embryonic fibroblasts was reported by
Yang et al. [119].

Enhancement of EV production via thermal stimulation was reported by Hedlund
et al. [21]. Induction with thermal (40 ◦C for 1 h) and oxidative stress (50–100 µM H2O2
for 2 h) increased the secretion of CD63+ EVs by leukemia/lymphoma T- and B-cells [21].
Interestingly, the findings also showed that cells responded to stressors differently. The
Jurkat cells were more responsive to oxidative stress, and the Raji cells were more suscepti-
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ble to thermal stress by producing more CD63+ EVs in these culture conditions. Thermal
stimulation of EV production by B-cells was also reported by Clayton et al., who found a
small (1.25-fold) increase in EV secretion when cells were cultured at 40 ◦C for 3 h [145].
Harmati et al. showed that B16F1 mouse melanoma cells produced more small EVs when
they were cultured at 42 ◦C for 2 h three times [146], and Gong et al. found that MGC-803
human gastric cancer cells released more small EVs in response to high temperatures
(40 ◦C) [116].

Physiological and intracellular pH are important in many biological processes and
cellular metabolism [185,186]. Kim et al. reported that a slight difference in the pH of the
culture medium affected cell reprogramming and differentiation [187]. Besides hypoxia,
extracellular acidity is another hallmark of cancer because of the accumulation of glycolytic
metabolites such as lactic acid [188]. Melanoma cells secreted more Lamp-2+, CD81+, and
Rab5B+ EVs that served as intercellular cross-talk mediators in acidic conditions (pH 6.0)
than in buffered conditions (pH 7.4) to transport tumor-associated proteins to the other
cells [12]. Higher secretion of small EVs in acidic pH (pH 4) was also reported by Gong et al.
using MGC-803 human gastric cancer cells [116]. In a study using HEK293 cells, the authors
reported that more CD9+, CD63+, and Hsp70+ EVs were collected from a conditioned
medium of HEK293 cells cultured at pH 4 than from conditioned media of cells cultured
at pH 7 and pH 11 [147]. The findings above demonstrated that cells could respond to
environmental stresses and pathological conditions, such as tumor microenvironment
(i.e., higher temperature, lower oxygen tension, and lower pH level), by altering their EV
production. The changes in EVs produced by cells are also being studied to understand the
cellular response to stress and pathological conditions.

4.5. Genetic Manipulation

Genetic modification of parental cells has been performed to modulate the signaling
pathway regulating EV secretion. Rab proteins are GTPases that regulate vesicle traffic
and have been identified to regulate the secretory pathway of EVs [189]. Studies by
Bobrie et al. [190] and Ostrowski et al. [150] showed that silencing of RAB27A and RAB27B
genes reduced multivesicular endosome (MVE) docking to the plasma membrane and
reduced the small EV secretion of cancer cells. Furthermore, Rab35 depletion resulted
in the accumulation of late endosomal vesicles and reduced exosome secretion in the
oligodendroglial precursor cells [191]. More recently, Rab13 and Rab7a were also found to
regulate the EV secretion of cancer cells [149,192].

Phospholipase D (PLD) catalyzes phosphatidylcholine hydrolysis to produce phos-
phatidic acid, an important lipid messenger involved in cell signaling, including exocytosis
and endocytosis [193,194]. A significant increase in BODIPY-ceramide-labeled EV secretion
was reported in PLD2-overexpressing RBL-2H3 cells (mast cells), while PLD2-knockout
RBL-2H3 cells demonstrated poorer EV release [148]. PLD2 has been found to act as the
effector of the ADP ribosylation factor 6 (ARF6) gene in regulating intraluminal vesicle
(ILV) budding, thus playing an integral role in exosome production [195]. Furthermore,
ARF6 has been reported to control the shedding of microvesicles in tumor cells [196]. Böker
et al. found that the increased exogenous expression of tetraspanin CD9 after lentivirus
transduction enhanced the secretion of small EVs in five cell lines, i.e., HEK293, SH-SY5Y,
HeLa, Raji, and Jurkat, up to threefold [151]. Apart from the molecular pathways reported
above, modulation of P2X7 and SNAREs receptor expression was explored to upregulate
EV secretion, as these proteins have been found to influence EV formation, trafficking, and
secretion in cells [197,198]. The results from these studies indicated that EV production
could be modulated by targeting the key factors involved in the biogenesis and release of
EVs through genetic modification of parent cells.

As discussed above, stress modulates the production of EVs by cells [146,199]. At the
molecular level, p53-regulated exosome production typically occurs in response to the
stress from DNA damage. Yu et al. demonstrated that upregulated transcription of tumor
suppressor-activated pathway 6 (TSAP6) by activated p53 upon γ-radiation increased the
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small EV secretion of H460, a non-small cell lung cancer cell line [200]. It was also found
that transfection of HA-tagged TSAP6 into H460 cells allowed small EV secretion without
stress stimuli. Impaired EV secretion in TSAP6-knockout mice was reported by Lespagnol
et al. [201]. These results indicated that TSAP6 was an essential mediator of p53-regulated
exosome production. In addition, transfection of liver kinase B1 (LKB1), which is known to
modulate the cell functions through the p53 pathway in lung cancer cells, was also found
to increase the secretion of small EVs [152]. The small EVs secreted by LKB1-expressing
cells contained fewer migration-suppressing miRNAs that inhibit cell migration.

Upregulation of eukaryotic translation initiation factor 3 subunit C (EIF3C) in human
hepatocellular carcinoma cells increased the secretion of proangiogenic small EVs [153].
Knockdown of PIKfyve increased the small EV secretion of human prostate cancer epithelial
cells by inhibiting MVB and autophagosome fusion with lysosomes and increasing the
fusion of MVBs and autophagosomes [154].

Cell immortalization is a technique utilized to achieve the consistent production of
EVs on a large scale using the desired cell source. Chen et al. generated highly expansible
human ESC-MSCs by transfecting cells with the MYC gene [155]. The immortalized MYC-
transformed hESC-MSCs bypassed cell senescence and could maintain high proliferation
for more than 20 passages. Notably, the small EVs secreted by the immortalized MYC-
transformed hESC-MSCs exhibited cardioprotective potential in an in vivo myocardial
ischemia/reperfusion injury model. In another study, the same group of researchers
revealed the safety of daily injection of the immortalized MYC-transformed hESC-MSC-
secreted small EVs, as the small EVs did not affect tumor growth [202]. Nonetheless, the
effects of EVs on cancer progression warrant further examination, as mixed results have
been reported in different studies [203–206].

4.6. Preparation of EV-Mimetic Nanovesicles

Apart from stimulating the cultured cells to produce more EVs, an engineered ap-
proach has been developed to produce large-scale mimetic biologically functional nanovesi-
cles, known as EV-mimetic nanovesicles. EV-mimetic nanovesicles are synthetic EVs
that can be produced via top-down (plasma membrane fragmentation) or bottom-up
(supramolecular chemistry) techniques [207]. EV-mimetic nanovesicles possess properties
like those of naturally secreted EVs in terms of morphology, size, and functions [208]. Phys-
ical techniques, such as nitrogen cavitation, porous membrane extrusion, and sonication,
and chemical techniques using chemical agents have been utilized to disrupt the cellular
membranes and then the self-reassembly of lipids and membranes to form lipid vesicles
that contain active ingredients. The advantages of this method are that it is easy to perform,
increases the EV yield, and permits the production of homogenous EVs on a large scale.

Cavitation is a technical word in physics that describes the creation of many micro-
scopic vapor-filled cavities as a result of a rapid pressure change in a liquid. When these
cavities collapse, they produce a powerful shock that causes items to shatter. Nitrogen cavi-
tation refers to the use of nitrogen gas to provide the pressure necessary for cavitation forces
to occur. Gao et al. were the first to report the use of nitrogen cavitation to create synthetic
EVs from white blood cells [156,209]. The cells were broken by expanding bubbles, which
released cellular components into the fluid. Broken cellular membranes created vesicles
with a wide range of particle sizes on their own. Gao et al. discovered that 50–75% of the
cell plasma membrane generated vesicles with diameters of 180–200 nm. Extrusion of the
vesicles through a membrane with 200 nm pore size resulted in EV-mimetic nanovesicles of
uniform size. Nitrogen cavitation produced 16 times more EV-mimetic nanovesicles than
naturally secreted EVs.

Sonication is regularly used for liposome preparation [210]. However, it can also be
employed for EV-mimetic nanovesicle preparation. Thamphiwatana et al. used sonication
to prepare EVs from macrophages [157]. In their protocol, the membranes of mouse
macrophages were purified using a combination of hypotonic lysis, mechanical disruption,
and differential centrifugation before sonication to form membrane vesicles that were
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later fused onto a poly(lactic-co-glycolic acid) (PLGA) core. The EV-mimetic nanovesicles
retained many of the biological properties of the macrophages and were able to treat
sepsis in a mouse bacteremia model. In another study, the authors prepared EV-mimetic
nanovesicles through sonication of human UC-MSCs [158]. The EV-mimetic nanovesicle
yield from sonication preparation was approximately 18.5-fold higher than the yield of
natural EVs secreted by cells cultured in a serum-depleted medium. The EV-mimetic
nanovesicles prepared by sonication were slightly larger than the naturally secreted EVs,
i.e., 133.3 ± 1.8 nm vs. 122.9 ± 2.3 nm, respectively. Nonetheless, both expressed EV
markers, i.e., CD9, CD63, and CD81. In terms of functionality, both EV preparations could
promote wound healing in vivo using a mouse full-thickness excisional wound model.

A few studies have used the serial extrusion technique to prepare EV-mimetic nanovesi-
cles. In general, in this technique, cells are mechanically broken down into nanosized
vesicles by passing them through filters with reducing pore sizes (e.g., 10, 5, and 1 µm).
The produced EV-mimetic nanovesicles can be up to 100 times more abundant than nat-
urally secreted EVs, and they share the common features of exosomes, including size
(30–200 nm) and marker expression (e.g., positive for CD9, CD63, CD81, TSG101, moesin,
and β-actin) [159,160,211,212]. EV-mimetic nanovesicles could be used as drug carri-
ers [159,160,212]. They were also more effective than naturally secreted EVs in treating
emphysema [161] and could induce liver regeneration [162] in vivo.

Chemical agents, such as alkaline solutions, can be used to break down the cell mem-
brane. Under sonication, the membrane components may self-assemble to form EV-mimetic
nanovesicles after neutralizing the pH. Go et al. used human U937 monocytes to make
EV-mimetic nanovesicles via sequential treatment with alkaline solution and sonication
with and without the presence of dexamethasone [163]. The EV-mimetic nanovesicles
exhibited identical physical properties to spontaneously released EVs. In comparison with
the cell culture approach, there was a 200-fold increase in EV generation. The authors also
discovered that the EV-mimetic nanovesicles lacked intracellular compartments such as
cytosolic proteins and nucleic acids. In terms of functionality, the EV-mimetic nanovesicles
loaded with dexamethasone were able to reduce systemic inflammatory response syndrome
(SIRS) caused by the outer membrane vesicles (OMVs) of Gram-negative bacteria.

Sulfhydryl-blocking agents are known to cause cell membrane blebbing [213]. Thus,
they were examined to replace physical processes to induce EV formation. Ingato et al.
exposed a mouse lymphoma cell line to sulfhydryl-blocking agents, i.e., dithiothreitol (DTT)
and paraformaldehyde (PFA), to prepare EVs [164]. Within 2 h, sulfhydryl blocking boosted
EV production by more than tenfold compared with that by cells cultured in standard
conditions for 48 h. EVs created using this approach had better cellular absorption and
intracellular release of doxorubicin than liposomes. Using a mouse model, the authors
showed that the doxorubicin-loaded, sulfhydryl-blocking-produced EVs were more ef-
fective in slowing down tumor growth than free doxorubicin and liposome-encapsulated
doxorubicin. Doxorubicin, a chemotherapy drug, has also been identified to induce cancer
cells to produce more EVs [19,146].

5. Other Factors Affecting Extracellular Vesicle Production

Apart from all the strategies mentioned above to boost the secretion of EVs, optimiza-
tion of the cell culture parameters is critical for the large-scale production of EVs. Patel et al.
found that small EV production was reduced when BM-MSCs were seeded at a high density
of 10,000 cells/cm2 compared with the lower seeding density of 100 cells/cm2 [165]. The
reduction in small EV particle concentration was very prominent at 50- to 105-fold at P2 to
P5, based on the NTA data. The authors attributed the higher small EV production to higher
small EV secretion due to the indirect cell–cell communication when cells are far apart in
low-density culture. Direct cell–cell contact in high-density culture diminished the need
for indirect cell–cell communication via EV secretion. The same observation of reduced
EV production at higher cell seeding density was conserved for HDMECs, HEK cells, and
human umbilical vein endothelial cells (HUVECs). In the same study, the authors found
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that the yield of small EVs increased when the medium collection frequency increased.
Collecting EVs twice every 12 h (total 24 h), every 6 h (total 12 h), and every 3 h (total
6 h) increased the small EV yield by 1.6-fold, 2,4-fold, and 2.0-fold, respectively, compared
with collecting EVs once at the later timepoints when the cells were seeded at a density of
100 cells/cm2. In terms of functionality, it was reported that the provascularization activity
was reduced for small EVs collected from passage 5 cells. These findings suggested that
prolonged cell expansion might diminish the therapeutic efficacy of the secreted EVs. The
poorer therapeutic efficacy of the EVs secreted by the high-passage cells could be linked
with cell senescence after long-term expansion. A reduction in EV secretion by cultured
cells seeded at high seeding densities was also reported by Kim et al. [112], who found that
BM-MSCs seeded in six-well plates at a density of 1.4 × 106 cells/well produced fewer EVs
than those seeded at a density of 1 × 105 cells/well.

Several studies reported that stem cell differentiation affected the therapeutic potential
of secreted EVs [214–216]. Interestingly, in one of these studies, the results showed that
late osteogenic differentiated MSCs (day 21) secreted more small EVs than early osteogenic
differentiated MSCs (day 3), while naïve MSCs secreted the lowest number of small EVs,
even though the differences were not statistically significant [214]. The findings from this
study indicated that cell differentiation influenced not only the quality but the quantity of
the EVs secreted by stem cells.

EVs are among the channels utilized by senescent cells to remove harmful molecules
from the cells (such as cytoplasmic DNA) to maintain cell homeostasis [166]. Senescent cells
secrete more EVs, likely in response to the higher amounts of harmful molecules produced
as cells age. Increased EV secretion by senescent cells was reported in both stem cells and
cancer cells [166–168]. One of the aforementioned studies reported that small EVs secreted
by senescent normal human diploid fibroblast (HDF) TIG-3 cells promoted the proliferation
of human breast cancer MCF-7 cells, but small EVs secreted by presenescent TIG-3 cells
did not [168]. The uptake of senescent EVs has been shown to induce cell senescence [217]
and inhibit the osteogenic differentiation of MSCs [218]. Thus, senescent cells secrete more
EVs, but the secreted EVs might not be usable in the clinic. The findings from these studies
clearly showed that even though some techniques and culture conditions can increase EV
production, the therapeutic potential of the produced EVs may be compromised. Thus, it is
critical to examine the safety and efficacy of upscaled EVs.

6. Translation of EV-Based Therapeutics

Several hurdles are obstructing the clinical translation of EV-based therapeutics. These
stumbling blocks include defining reliable and translatable cell sources, culture conditions,
enrichment methods, characterization, and storage stability and determining the half-life
and biodistribution of EVs [219–221]. In addition, donor variability, differences in the
manufacturing process, and the use of xenogeneic reagents may profoundly impact the
therapeutic activity of EVs [222]. Most studies have stored EVs in phosphate-buffered
saline (PBS) at −80 ◦C for up to six months, but this may change the characteristics and
functional performance of EVs [223]. Freeze-drying can prolong the shelf-life of EVs.
However, the bioactivity of freeze-dried EVs also deteriorates with time. There is also
a lack of information on the ideal route of administration and dosage regimen for EV
therapies. Studies have revealed a short half-life of intravenously transfused exosomes of 2
to 15 min in circulation and accumulation of these EVs in the spleen, lungs, kidneys, and
liver [224–226].

To comply with regulatory requirements, EV-based therapeutics must be produced
in good manufacturing practice (GMP)-accredited facilities based on a standardized EV
production protocol. Quality control is critical to ensure that EVs are consistently produced
and to guarantee the quality standard of commercialized EV-based products produced in
GMP facilities. Safety control must also be applied to secure the safety of EV donors and
recipients. One crucial requirement for the release of EV-based therapeutics would be EV
characterization [222]. The characterization of EVs, including protein marker and single-
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vesicle analysis, was discussed in the MISEV2018 guidelines [227]. Zhang et al. selected
specific batches of small EVs with similar sizes and particles per µg protein to standardize
the EVs used in their study [228]. Consistency of EV size, protein content, and particles per
µg protein is crucial to attain reproducible results in clinical settings. However, the ideal
characteristics of EVs depend on their functional activity and therapeutic use. EV protein,
RNA, and lipid content and non-EV components should be added to the quality control
list to identify the mechanism of action (MoA) of EV-based therapeutics, which is essential
in clinical translation. However, the exact MoA of EV-based therapeutics is difficult to
determine because of the heterogeneity of donor cells and secreted EVs. Furthermore, the
selection of EV isolation methods is important, as different isolation methods may enrich
EVs with different cargo, thus resulting in different efficacies and MoAs [229,230]. Last, the
pathogen safety of EVs, especially on pathogenic viruses, must be emphasized, and the
viral-removal steps should not affect the quality and functionality of EVs, especially for
EVs produced by transgenic cells prepared via the viral-based transfection method.

To date, there is still no gold-standard method for separating EVs from non-EV com-
ponents. There exists a relative relationship between EV yield and purity [231,232]. Highly
purifying EV separation methods always result in lower EV yield. On the other hand, al-
though impurities may affect the functional activity of EVs, the protein coronae around EVs
have been found to enhance the therapeutic efficacy of the EVs, especially for regenerative
or immunomodulatory purposes [233–235]. Hence, the EV enrichment method must be
chosen wisely according to the therapeutic use. Still, applying scalable, reproducible, and
translatable EV isolation techniques is essential. Certain isolation methods can be used
in combination to increase the efficiency of EV isolation, outperforming single-method
isolation approaches. Watson et al. used a combination of GMP-compatible tangential flow
filtration (TFF) and size-exclusion chromatography for large-scale EV production without
compromising the EV functionality [236].

Provided that large-scale manufacturing is necessary for commercializing EV thera-
peutics, bioreactors appear to be the ideal platform, as they have been found to increase
the yield and therapeutic efficacy of EVs. A recent study showed that bioreactors allowed
consistent production of small EVs on a large scale [237]. In addition, disposable bioreactors
are available for GMP-compliant cell cultures. Bioreactors enable more precise control
of the culture environment (e.g., oxygen concentration, glucose concentration, pH, and
temperature) to modulate EV secretion. However, more studies are needed to explore the
effects of combined stimulation with multiple strategies on the yield, safety, and efficacy of
the produced EVs.

7. Conclusions

Ideally, EV preparation techniques should allow the production of large quantities
of highly homogenous EVs in a short period. This is important to enhance the clinical
translatability of EV therapeutics in the future and meet patient demands. The current
review showed the emergence of various methods to achieve this, including 3D cultures,
genetic manipulation, and physical, chemical, and physiological stimulation of EV secreting
cells, as well as EV-mimetic nanovesicle preparation. These manipulations not only increase
EV yield but alter EV cargo and functionality. Thus, careful evaluation of these techniques
is vital to identify suitable large-scale EV production strategies that can increase yield
without sacrificing efficacy or posing harmful risks. Moreover, it would be ideal if the
production strategies also enhanced the therapeutic potential of the produced EVs. It is
worth noting that quality control at all stages of development in line with GMP is needed
for the successful translation of these approaches.
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HEK Human embryonic kidney
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Rejection. Cells 2021, 10, 2989. [CrossRef]

80. Kamal, N.N.S.N.M.; Shahidan, W.N.S. Salivary Exosomes: From Waste to Promising Periodontitis Treatment. Front. Physiol. 2022,
12, 798682. [CrossRef]

81. Han, P.; Bartold, P.; Ivanovski, S. The Emerging Role of Small Extracellular Vesicles in Saliva and Gingival Crevicular Fluid as
Diagnostics for Periodontitis. J. Periodontal Res. 2021, 57, 219–231. [CrossRef] [PubMed]

82. Cohn, W.; Zhu, C.; Campagna, J.; Bilousova, T.; Spilman, P.; Teter, B.; Li, F.; Guo, R.; Elashoff, D.; Cole, G.; et al. Integrated
Multiomics Analysis of Salivary Exosomes to Identify Biomarkers Associated with Changes in Mood States and Fatigue. Int. J.
Mol. Sci. 2022, 23, 5257. [CrossRef] [PubMed]

83. Möller, A.; Lobb, R.J. The Evolving Translational Potential of Small Extracellular Vesicles in Cancer. Nat. Rev. Cancer 2020, 20,
697–709. [CrossRef]

84. Mathew, M.; Zade, M.; Mezghani, N.; Patel, R.; Wang, Y.; Momen-Heravi, F. Extracellular Vesicles as Biomarkers in Cancer
Immunotherapy. Cancers 2020, 12, 2825. [CrossRef] [PubMed]

85. Basu, B.; Ghosh, M.K. Extracellular Vesicles in Glioma: From Diagnosis to Therapy. BioEssays 2019, 41, 1800245. [CrossRef]
[PubMed]

86. De Jong, O.G.; Kooijmans, S.A.A.; Murphy, D.E.; Jiang, L.; Evers, M.J.W.; Sluijter, J.P.G.; Vader, P.; Schiffelers, R.M. Drug Delivery
with Extracellular Vesicles: From Imagination to Innovation. Acc. Chem. Res. 2019, 52, 1761–1770. [CrossRef] [PubMed]

87. Herrmann, I.K.; Wood, M.J.A.; Fuhrmann, G. Extracellular Vesicles as a Next-Generation Drug Delivery Platform. Nat. Nanotechnol.
2021, 16, 748–759. [CrossRef]

http://doi.org/10.1038/onc.2013.560
http://www.ncbi.nlm.nih.gov/pubmed/24441045
http://doi.org/10.1073/pnas.1017667108
http://www.ncbi.nlm.nih.gov/pubmed/21368175
http://doi.org/10.1002/stem.1619
http://www.ncbi.nlm.nih.gov/pubmed/24715691
http://doi.org/10.1038/ncomms8164
http://www.ncbi.nlm.nih.gov/pubmed/25968605
http://doi.org/10.1152/ajpcell.00280.2019
http://doi.org/10.1007/s11883-020-00841-z
http://doi.org/10.1016/j.vph.2020.106790
http://doi.org/10.1016/bs.acc.2020.08.006
http://doi.org/10.3390/pharmaceutics13122056
http://doi.org/10.1111/jnc.15112
http://doi.org/10.3390/ijms22010440
http://www.ncbi.nlm.nih.gov/pubmed/33406804
http://doi.org/10.3389/fcell.2020.623039
http://www.ncbi.nlm.nih.gov/pubmed/33553161
http://doi.org/10.14336/AD.2021.0516
http://doi.org/10.1016/j.jhep.2020.07.014
http://doi.org/10.1111/liv.14189
http://www.ncbi.nlm.nih.gov/pubmed/31286675
http://doi.org/10.1152/ajprenal.00429.2016
http://doi.org/10.3389/fmed.2021.661679
http://doi.org/10.3390/pharmaceutics13050760
http://doi.org/10.3390/cells10112989
http://doi.org/10.3389/fphys.2021.798682
http://doi.org/10.1111/jre.12950
http://www.ncbi.nlm.nih.gov/pubmed/34773636
http://doi.org/10.3390/ijms23095257
http://www.ncbi.nlm.nih.gov/pubmed/35563647
http://doi.org/10.1038/s41568-020-00299-w
http://doi.org/10.3390/cancers12102825
http://www.ncbi.nlm.nih.gov/pubmed/33007968
http://doi.org/10.1002/bies.201800245
http://www.ncbi.nlm.nih.gov/pubmed/31188499
http://doi.org/10.1021/acs.accounts.9b00109
http://www.ncbi.nlm.nih.gov/pubmed/31181910
http://doi.org/10.1038/s41565-021-00931-2


Int. J. Mol. Sci. 2022, 23, 7986 28 of 34

88. Vader, P.; Mol, E.A.; Pasterkamp, G.; Schiffelers, R.M. Extracellular Vesicles for Drug Delivery. Adv. Drug Deliv. Rev. 2016, 106,
148–156. [CrossRef]

89. Elsharkasy, O.M.; Nordin, J.Z.; Hagey, D.W.; de Jong, O.G.; Schiffelers, R.M.; Andaloussi, S.E.; Vader, P. Extracellular Vesicles as
Drug Delivery Systems: Why and How? Adv. Drug Deliv. Rev. 2020, 159, 332–343. [CrossRef]

90. Zhao, Z.; Ukidve, A.; Kim, J.; Mitragotri, S. Targeting Strategies for Tissue-Specific Drug Delivery. Cell 2020, 181, 151–167.
[CrossRef]

91. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F.; Melo, S.A.; Lee, J.J.; Kalluri, R. Exosomes Facilitate Therapeutic
Targeting of Oncogenic KRAS in Pancreatic Cancer. Nature 2017, 546, 498–503. [CrossRef] [PubMed]

92. Kwok, Z.H.; Wang, C.; Jin, Y. Extracellular Vesicle Transportation and Uptake by Recipient Cells: A Critical Process to Regulate
Human Diseases. Processes 2021, 9, 273. [CrossRef] [PubMed]

93. Pham, T.C.; Jayasinghe, M.K.; Pham, T.T.; Yang, Y.; Wei, L.; Usman, W.M.; Chen, H.; Pirisinu, M.; Gong, J.; Kim, S.; et al. Covalent
Conjugation of Extracellular Vesicles with Peptides and Nanobodies for Targeted Therapeutic Delivery. J. Extracell. Vesicles 2021,
10, e12057. [CrossRef] [PubMed]

94. Qi, H.; Liu, C.; Long, L.; Ren, Y.; Zhang, S.; Chang, X.; Qian, X.; Jia, H.; Zhao, J.; Sun, J.; et al. Blood Exosomes Endowed with
Magnetic and Targeting Properties for Cancer Therapy. ACS Nano 2016, 10, 3323–3333. [CrossRef]

95. Mohammadzadeh, R.; Ghazvini, K.; Farsiani, H.; Soleimanpour, S. Mycobacterium Tuberculosis Extracellular Vesicles: Exploita-
tion for Vaccine Technology and Diagnostic Methods. Crit. Rev. Microbiol. 2021, 47, 13–33. [CrossRef]

96. Thakur, A.; Parra, D.C.; Motallebnejad, P.; Brocchi, M.; Chen, H.J. Exosomes: Small Vesicles with Big Roles in Cancer, Vaccine
Development, and Therapeutics. Bioact. Mater. 2022, 10, 281–294. [CrossRef]

97. Pollard, A.J.; Bijker, E.M. A Guide to Vaccinology: From Basic Principles to New Developments. Nat. Rev. Immunol. 2021, 21,
83–100. [CrossRef]

98. Mehanny, M.; Lehr, C.M.; Fuhrmann, G. Extracellular Vesicles as Antigen Carriers for Novel Vaccination Avenues. Adv. Drug
Deliv. Rev. 2021, 173, 164–180. [CrossRef]

99. Santos, P.; Almeida, F. Exosome-Based Vaccines: History, Current State, and Clinical Trials. Front. Immunol. 2021, 12, 711565.
[CrossRef]

100. Tsai, S.J.; Atai, N.A.; Cacciottolo, M.; Nice, J.; Salehi, A.; Guo, C.; Sedgwick, A.; Kanagavelu, S.; Gould, S.J. Exosome-mediated
mRNA delivery in vivo is safe and can be used to induce SARS-CoV-2 immunity. J. Biol. Chem. 2021, 297, 101266. [CrossRef]

101. Nanjundappa, R.H.; Wang, R.; Xie, Y.; Umeshappa, C.S.; Chibbar, R.; Wei, Y.; Liu, Q.; Xiang, J. GP120-Specific Exosome-Targeted T
Cell-Based Vaccine Capable of Stimulating DC- and CD4+ T-Independent CTL Responses. Vaccine 2011, 29, 3538–3547. [CrossRef]
[PubMed]

102. Giacobino, C.; Canta, M.; Fornaguera, C.; Borrós, S.; Cauda, V. Extracellular Vesicles and Their Current Role in Cancer Im-
munotherapy. Cancers 2021, 13, 2280. [CrossRef] [PubMed]

103. Sabanovic, B.; Piva, F.; Cecati, M.; Giulietti, M. Promising Extracellular Vesicle-Based Vaccines against Viruses, Including
SARS-CoV-2. Biology 2021, 10, 94. [CrossRef] [PubMed]

104. Kosaka, N.; Yoshioka, Y.; Fujita, Y.; Ochiya, T. Versatile Roles of Extracellular Vesicles in Cancer. J. Clin. Investig. 2016, 126,
1163–1172. [CrossRef]

105. Yan, L.; Wu, X. Exosomes Produced from 3D Cultures of Umbilical Cord Mesenchymal Stem Cells in a Hollow-Fiber Bioreactor
Show Improved Osteochondral Regeneration Activity. Cell Biol. Toxicol. 2020, 36, 165–178. [CrossRef]

106. Cao, J.; Wang, B.; Tang, T.; Lv, L.; Ding, Z.; Li, Z.; Hu, R.; Wei, Q.; Shen, A.; Fu, Y.; et al. Three-Dimensional Culture of MSCs
Produces Exosomes with Improved Yield and Enhanced Therapeutic Efficacy for Cisplatin-Induced Acute Kidney Injury. Stem
Cell Res. Ther. 2020, 11, 206. [CrossRef]

107. de Almeida Fuzeta, M.; Bernardes, N.; Oliveira, F.D.; Costa, A.C.; Fernandes-Platzgummer, A.; Farinha, J.P.; Rodrigues, C.A.V.;
Jung, S.; Tseng, R.-J.; Milligan, W.; et al. Scalable Production of Human Mesenchymal Stromal Cell-Derived Extracellular Vesicles
Under Serum-/Xeno-Free Conditions in a Microcarrier-Based Bioreactor Culture System. Front. Cell Dev. Biol. 2020, 8, 553444.
[CrossRef]

108. Watson, D.C.; Bayik, D.; Srivatsan, A.; Bergamaschi, C.; Valentin, A.; Niu, G.; Bear, J.; Monninger, M.; Sun, M.;
Morales-Kastresana, A.; et al. Efficient Production and Enhanced Tumor Delivery of Engineered Extracellular Vesicles.
Biomaterials 2016, 105, 195–205. [CrossRef]

109. Gobin, J.; Muradia, G.; Mehic, J.; Westwood, C.; Couvrette, L.; Stalker, A.; Bigelow, S.; Luebbert, C.C.; Bissonnette, F.S.-D.;
Johnston, M.J.W.; et al. Hollow-Fiber Bioreactor Production of Extracellular Vesicles from Human Bone Marrow Mesenchymal
Stromal Cells Yields Nanovesicles That Mirrors the Immuno-Modulatory Antigenic Signature of the Producer Cell. Stem Cell Res.
Ther. 2021, 12, 127. [CrossRef]

110. Zhang, Y.; Chopp, M.; Zhang, Z.G.; Katakowski, M.; Xin, H.; Qu, C.; Ali, M.; Mahmood, A.; Xiong, Y. Systemic Administration of
Cell-Free Exosomes Generated by Human Bone Marrow Derived Mesenchymal Stem Cells Cultured under 2D and 3D Conditions
Improves Functional Recovery in Rats after Traumatic Brain Injury. Neurochem. Int. 2017, 111, 69–81. [CrossRef]

111. Patel, D.B.; Luthers, C.R.; Lerman, M.J.; Fisher, J.P.; Jay, S.M. Enhanced Extracellular Vesicle Production and Ethanol-Mediated
Vascularization Bioactivity via a 3D-Printed Scaffold-Perfusion Bioreactor System. Acta Biomater. 2019, 95, 236–244. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.addr.2016.02.006
http://doi.org/10.1016/j.addr.2020.04.004
http://doi.org/10.1016/j.cell.2020.02.001
http://doi.org/10.1038/nature22341
http://www.ncbi.nlm.nih.gov/pubmed/28607485
http://doi.org/10.3390/pr9020273
http://www.ncbi.nlm.nih.gov/pubmed/34336602
http://doi.org/10.1002/jev2.12057
http://www.ncbi.nlm.nih.gov/pubmed/33643546
http://doi.org/10.1021/acsnano.5b06939
http://doi.org/10.1080/1040841X.2020.1830749
http://doi.org/10.1016/j.bioactmat.2021.08.029
http://doi.org/10.1038/s41577-020-00479-7
http://doi.org/10.1016/j.addr.2021.03.016
http://doi.org/10.3389/fimmu.2021.711565
http://doi.org/10.1016/j.jbc.2021.101266
http://doi.org/10.1016/j.vaccine.2011.02.095
http://www.ncbi.nlm.nih.gov/pubmed/21406265
http://doi.org/10.3390/cancers13092280
http://www.ncbi.nlm.nih.gov/pubmed/34068657
http://doi.org/10.3390/biology10020094
http://www.ncbi.nlm.nih.gov/pubmed/33513850
http://doi.org/10.1172/JCI81130
http://doi.org/10.1007/s10565-019-09504-5
http://doi.org/10.1186/s13287-020-01719-2
http://doi.org/10.3389/fcell.2020.553444
http://doi.org/10.1016/j.biomaterials.2016.07.003
http://doi.org/10.1186/s13287-021-02190-3
http://doi.org/10.1016/j.neuint.2016.08.003
http://doi.org/10.1016/j.actbio.2018.11.024
http://www.ncbi.nlm.nih.gov/pubmed/30471476


Int. J. Mol. Sci. 2022, 23, 7986 29 of 34

112. Kim, M.; Yun, H.-W.; Park, D.Y.; Choi, B.H.; Min, B.-H. Three-Dimensional Spheroid Culture Increases Exosome Secretion from
Mesenchymal Stem Cells. Tissue Eng. Regen. Med. 2018, 15, 427–436. [CrossRef] [PubMed]

113. Al-Mayah, A.; Bright, S.; Chapman, K.; Irons, S.; Luo, P.; Carter, D.; Goodwin, E.; Kadhim, M. The Non-Targeted Effects of
Radiation Are Perpetuated by Exosomes. Mutat. Res. Mol. Mech. Mutagen. 2015, 772, 38–45. [CrossRef] [PubMed]

114. Wysoczynski, M.; Ratajczak, M.Z. Lung Cancer Secreted Microvesicles: Underappreciated Modulators of Microenvironment in
Expanding Tumors. Int. J. Cancer 2009, 125, 1595–1603. [CrossRef] [PubMed]

115. Arscott, W.T.; Tandle, A.T.; Zhao, S.; Shabason, J.E.; Gordon, I.K.; Schlaff, C.D.; Zhang, G.; Tofilon, P.J.; Camphausen, K.A. Ionizing
Radiation and Glioblastoma Exosomes: Implications in Tumor Biology and Cell Migration. Transl. Oncol. 2013, 6, 638–648.
[CrossRef]

116. Gong, C.; Zhang, X.; Shi, M.; Li, F.; Wang, S.; Wang, Y.; Wang, Y.; Wei, W.; Ma, G. Tumor Exosomes Reprogrammed by Low PH
Are Efficient Targeting Vehicles for Smart Drug Delivery and Personalized Therapy against Their Homologous Tumor. Adv. Sci.
2021, 8, 2002787. [CrossRef]

117. Ambattu, L.A.; Ramesan, S.; Dekiwadia, C.; Hanssen, E.; Li, H.; Yeo, L.Y. High Frequency Acoustic Cell Stimulation Promotes
Exosome Generation Regulated by a Calcium-Dependent Mechanism. Commun. Biol. 2020, 3, 553. [CrossRef]

118. Fukuta, T.; Nishikawa, A.; Kogure, K. Low Level Electricity Increases the Secretion of Extracellular Vesicles from Cultured Cells.
Biochem. Biophys. Rep. 2020, 21, 100713. [CrossRef]

119. Yang, Z.; Shi, J.; Xie, J.; Wang, Y.; Sun, J.; Liu, T.; Zhao, Y.; Zhao, X.; Wang, X.; Ma, Y.; et al. Large-Scale Generation of Functional
MRNA-Encapsulating Exosomes via Cellular Nanoporation. Nat. Biomed. Eng. 2020, 4, 69–83. [CrossRef]

120. Wu, D.; Chang, X.; Tian, J.; Kang, L.; Wu, Y.; Liu, J.; Wu, X.; Huang, Y.; Gao, B.; Wang, H.; et al. Bone Mesenchymal Stem Cells
Stimulation by Magnetic Nanoparticles and a Static Magnetic Field: Release of Exosomal MiR-1260a Improves Osteogenesis and
Angiogenesis. J. Nanobiotechnol. 2021, 19, 209. [CrossRef]

121. Wang, Z.; Maruyama, K.; Sakisaka, Y.; Suzuki, S.; Tada, H.; Suto, M.; Saito, M.; Yamada, S.; Nemoto, E. Cyclic Stretch Force
Induces Periodontal Ligament Cells to Secrete Exosomes That Suppress IL-1β Production through the Inhibition of the NF-KB
Signaling Pathway in Macrophages. Front. Immunol. 2019, 10, 1310. [CrossRef] [PubMed]

122. Zhang, Z.; Xu, R.; Yang, Y.; Liang, C.; Yu, X.; Liu, Y.; Wang, T.; Yu, Y.; Deng, F. Micro/Nano-Textured Hierarchical Titanium
Topography Promotes Exosome Biogenesis and Secretion to Improve Osseointegration. J. Nanobiotechnol. 2021, 19, 78. [CrossRef]
[PubMed]

123. Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Kim, J.-H. Platinum Nanoparticles Enhance Exosome Release in Human Lung Epithelial
Adenocarcinoma Cancer Cells (A549): Oxidative Stress and the Ceramide Pathway Are Key Players. Int. J. Nanomed. 2021, 16,
515–538. [CrossRef] [PubMed]

124. Wu, Z.; He, D.; Li, H. Bioglass Enhances the Production of Exosomes and Improves Their Capability of Promoting Vascularization.
Bioact. Mater. 2021, 6, 823–835. [CrossRef]

125. Ludwig, N.; Yerneni, S.S.; Menshikova, E.V.; Gillespie, D.G.; Jackson, E.K.; Whiteside, T.L. Simultaneous Inhibition of Glycolysis
and Oxidative Phosphorylation Triggers a Multi-Fold Increase in Secretion of Exosomes: Possible Role of 2′,3′-CAMP. Sci. Rep.
2020, 10, 6948. [CrossRef]

126. Wang, J.; Bonacquisti, E.E.; Brown, A.D.; Nguyen, J. Boosting the Biogenesis and Secretion of Mesenchymal Stem Cell-Derived
Exosomes. Cells 2020, 9, 660. [CrossRef]

127. Ruan, X.; Ju, C.; Shen, Y.; Liu, Y.; Kim, I.; Yu, H.; Weintraub, N.; Wang, X.; Tang, Y. Suxiao Jiuxin Pill Promotes Exosome Secretion
from Mouse Cardiac Mesenchymal Stem Cells in Vitro. Acta Pharmacol. Sin. 2018, 39, 569–578. [CrossRef]

128. Obata, Y.; Kita, S.; Koyama, Y.; Fukuda, S.; Takeda, H.; Takahashi, M.; Fujishima, Y.; Nagao, H.; Masuda, S.; Tanaka, Y.; et al.
Adiponectin/T-Cadherin System Enhances Exosome Biogenesis and Decreases Cellular Ceramides by Exosomal Release. JCI
Insight 2018, 3, e99680. [CrossRef]

129. Nakamura, Y.; Kita, S.; Tanaka, Y.; Fukuda, S.; Obata, Y.; Okita, T.; Nishida, H.; Takahashi, Y.; Kawachi, Y.; Tsugawa-Shimizu, Y.; et al.
Adiponectin Stimulates Exosome Release to Enhance Mesenchymal Stem-Cell-Driven Therapy of Heart Failure in Mice. Mol.
Ther. 2020, 28, 2203–2219. [CrossRef]

130. Hannafon, B.N.; Carpenter, K.J.; Berry, W.L.; Janknecht, R.; Dooley, W.C.; Ding, W.-Q. Exosome-Mediated MicroRNA Signaling
from Breast Cancer Cells Is Altered by the Anti-Angiogenesis Agent Docosahexaenoic Acid (DHA). Mol. Cancer 2015, 14, 133.
[CrossRef]

131. Savina, A.; Furlán, M.; Vidal, M.; Colombo, M.I. Exosome Release Is Regulated by a Calcium-Dependent Mechanism in K562
Cells. J. Biol. Chem. 2003, 278, 20083–20090. [CrossRef] [PubMed]

132. Savina, A.; Fader, C.M.; Damiani, M.T.; Colombo, M.I. Rab11 Promotes Docking and Fusion of Multivesicular Bodies in a
Calcium-Dependent Manner. Traffic 2005, 6, 131–143. [CrossRef] [PubMed]

133. Shyong, Y.-J.; Chang, K.-C.; Lin, F.-H. Calcium Phosphate Particles Stimulate Exosome Secretion from Phagocytes for the
Enhancement of Drug Delivery. Colloids Surf. B Biointerfaces 2018, 171, 391–397. [CrossRef] [PubMed]

134. Messenger, S.W.; Woo, S.S.; Sun, Z.; Martin, T.F.J. A Ca2+-Stimulated Exosome Release Pathway in Cancer Cells Is Regulated by
Munc13-4. J. Cell Biol. 2018, 217, 2877–2890. [CrossRef]

135. Iliev, D.; Strandskog, G.; Nepal, A.; Aspar, A.; Olsen, R.; Jørgensen, J.; Wolfson, D.; Ahluwalia, B.S.; Handzhiyski, J.; Mironova, R.
Stimulation of Exosome Release by Extracellular DNA Is Conserved across Multiple Cell Types. FEBS J. 2018, 285, 3114–3133.
[CrossRef]

http://doi.org/10.1007/s13770-018-0139-5
http://www.ncbi.nlm.nih.gov/pubmed/30603566
http://doi.org/10.1016/j.mrfmmm.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25772109
http://doi.org/10.1002/ijc.24479
http://www.ncbi.nlm.nih.gov/pubmed/19462451
http://doi.org/10.1593/tlo.13640
http://doi.org/10.1002/advs.202002787
http://doi.org/10.1038/s42003-020-01277-6
http://doi.org/10.1016/j.bbrep.2019.100713
http://doi.org/10.1038/s41551-019-0485-1
http://doi.org/10.1186/s12951-021-00958-6
http://doi.org/10.3389/fimmu.2019.01310
http://www.ncbi.nlm.nih.gov/pubmed/31281309
http://doi.org/10.1186/s12951-021-00826-3
http://www.ncbi.nlm.nih.gov/pubmed/33741002
http://doi.org/10.2147/IJN.S291138
http://www.ncbi.nlm.nih.gov/pubmed/33519199
http://doi.org/10.1016/j.bioactmat.2020.09.011
http://doi.org/10.1038/s41598-020-63658-5
http://doi.org/10.3390/cells9030660
http://doi.org/10.1038/aps.2018.19
http://doi.org/10.1172/jci.insight.99680
http://doi.org/10.1016/j.ymthe.2020.06.026
http://doi.org/10.1186/s12943-015-0400-7
http://doi.org/10.1074/jbc.M301642200
http://www.ncbi.nlm.nih.gov/pubmed/12639953
http://doi.org/10.1111/j.1600-0854.2004.00257.x
http://www.ncbi.nlm.nih.gov/pubmed/15634213
http://doi.org/10.1016/j.colsurfb.2018.07.037
http://www.ncbi.nlm.nih.gov/pubmed/30064087
http://doi.org/10.1083/jcb.201710132
http://doi.org/10.1111/febs.14601


Int. J. Mol. Sci. 2022, 23, 7986 30 of 34

136. Emam, S.E.; Ando, H.; Abu Lila, A.S.; Shimizu, T.; Ukawa, M.; Okuhira, K.; Ishima, Y.; Mahdy, M.A.; Ghazy, F.S.; Ishida, T.
A Novel Strategy to Increase the Yield of Exosomes (Extracellular Vesicles) for an Expansion of Basic Research. Biol. Pharm. Bull.
2018, 41, 733–742. [CrossRef]

137. King, H.W.; Michael, M.Z.; Gleadle, J.M. Hypoxic Enhancement of Exosome Release by Breast Cancer Cells. BMC Cancer 2012,
12, 421. [CrossRef]

138. Dong, L.; Wang, Y.; Zheng, T.; Pu, Y.; Ma, Y.; Qi, X.; Zhang, W.; Xue, F.; Shan, Z.; Liu, J.; et al. Hypoxic HUCMSC-Derived
Extracellular Vesicles Attenuate Allergic Airway Inflammation and Airway Remodeling in Chronic Asthma Mice. Stem Cell Res.
Ther. 2021, 12, 4. [CrossRef]

139. Rong, Y.; Zhang, J.; Jiang, D.; Ji, C.; Liu, W.; Wang, J.; Ge, X.; Tang, P.; Yu, S.; Cui, W.; et al. Hypoxic Pretreatment of Small
Extracellular Vesicles Mediates Cartilage Repair in Osteoarthritis by Delivering MiR-216a-5p. Acta Biomater. 2021, 122, 325–342.
[CrossRef]

140. Liu, W.; Rong, Y.; Wang, J.; Zhou, Z.; Ge, X.; Ji, C.; Jiang, D.; Gong, F.; Li, L.; Chen, J.; et al. Exosome-Shuttled MiR-216a-5p
from Hypoxic Preconditioned Mesenchymal Stem Cells Repair Traumatic Spinal Cord Injury by Shifting Microglial M1/M2
Polarization. J. Neuroinflamm. 2020, 17, 47. [CrossRef]

141. Zhang, H.-C.; Liu, X.-B.; Huang, S.; Bi, X.-Y.; Wang, H.-X.; Xie, L.-X.; Wang, Y.-Q.; Cao, X.-F.; Lv, J.; Xiao, F.-J.; et al. Microvesicles
Derived from Human Umbilical Cord Mesenchymal Stem Cells Stimulated by Hypoxia Promote Angiogenesis Both in Vitro and
in Vivo. Stem Cells Dev. 2012, 21, 3289–3297. [CrossRef] [PubMed]

142. Zhu, J.; Lu, K.; Zhang, N.; Zhao, Y.; Ma, Q.; Shen, J.; Lin, Y.; Xiang, P.; Tang, Y.; Hu, X.; et al. Myocardial Reparative Functions of
Exosomes from Mesenchymal Stem Cells Are Enhanced by Hypoxia Treatment of the Cells via Transferring MicroRNA-210 in an
NSMase2-Dependent Way. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1659–1670. [CrossRef] [PubMed]

143. Gonzalez-King, H.; García, N.A.; Ontoria-Oviedo, I.; Ciria, M.; Montero, J.A.; Sepúlveda, P. Hypoxia Inducible Factor-1α
Potentiates Jagged 1-Mediated Angiogenesis by Mesenchymal Stem Cell-Derived Exosomes. Stem Cells Dayt. Ohio 2017, 35,
1747–1759. [CrossRef]

144. Anderson, J.D.; Johansson, H.J.; Graham, C.S.; Vesterlund, M.; Pham, M.T.; Bramlett, C.S.; Montgomery, E.N.; Mellema, M.S.;
Bardini, R.L.; Contreras, Z.; et al. Comprehensive Proteomic Analysis of Mesenchymal Stem Cell Exosomes Reveals Modulation
of Angiogenesis via Nuclear Factor-KappaB Signaling. Stem Cells Dayt. Ohio 2016, 34, 601–613. [CrossRef]

145. Clayton, A.; Turkes, A.; Navabi, H.; Mason, M.D.; Tabi, Z. Induction of Heat Shock Proteins in B-Cell Exosomes. J. Cell Sci. 2005,
118, 3631–3638. [CrossRef]

146. Harmati, M.; Gyukity-Sebestyen, E.; Dobra, G.; Janovak, L.; Dekany, I.; Saydam, O.; Hunyadi-Gulyas, E.; Nagy, I.; Farkas, A.;
Pankotai, T.; et al. Small Extracellular Vesicles Convey the Stress-Induced Adaptive Responses of Melanoma Cells. Sci. Rep. 2019,
9, 15329. [CrossRef] [PubMed]

147. Ban, J.-J.; Lee, M.; Im, W.; Kim, M. Low PH Increases the Yield of Exosome Isolation. Biochem. Biophys. Res. Commun. 2015, 461,
76–79. [CrossRef] [PubMed]

148. Laulagnier, K.; Grand, D.; Dujardin, A.; Hamdi, S.; Vincent-Schneider, H.; Lankar, D.; Salles, J.-P.; Bonnerot, C.; Perret, B.;
Record, M. PLD2 Is Enriched on Exosomes and Its Activity Is Correlated to the Release of Exosomes. FEBS Lett. 2004, 572, 11–14.
[CrossRef]

149. Hinger, S.A.; Abner, J.J.; Franklin, J.L.; Jeppesen, D.K.; Coffey, R.J.; Patton, J.G. Rab13 Regulates SEV Secretion in Mutant KRAS
Colorectal Cancer Cells. Sci. Rep. 2020, 10, 15804. [CrossRef]

150. Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F.; Schauer, K.; Hume, A.N.;
Freitas, R.P.; et al. Rab27a and Rab27b Control Different Steps of the Exosome Secretion Pathway. Nat. Cell Biol. 2010, 12, 19–30.
[CrossRef]

151. Böker, K.O.; Lemus-Diaz, N.; Rinaldi Ferreira, R.; Schiller, L.; Schneider, S.; Gruber, J. The Impact of the CD9 Tetraspanin on
Lentivirus Infectivity and Exosome Secretion. Mol. Ther. J. Am. Soc. Gene Ther. 2018, 26, 634–647. [CrossRef] [PubMed]

152. Zhang, C.; Xiao, X.; Chen, M.; Aldharee, H.; Chen, Y.; Long, W. Liver Kinase B1 Restoration Promotes Exosome Secretion and
Motility of Lung Cancer Cells. Oncol. Rep. 2018, 39, 376–382. [CrossRef] [PubMed]

153. Lee, H.-Y.; Chen, C.-K.; Ho, C.-M.; Lee, S.-S.; Chang, C.-Y.; Chen, K.-J.; Jou, Y.-S. EIF3C-Enhanced Exosome Secretion Promotes
Angiogenesis and Tumorigenesis of Human Hepatocellular Carcinoma. Oncotarget 2018, 9, 13193–13205. [CrossRef] [PubMed]

154. Hessvik, N.P.; Øverbye, A.; Brech, A.; Torgersen, M.L.; Jakobsen, I.S.; Sandvig, K.; Llorente, A. PIKfyve Inhibition Increases
Exosome Release and Induces Secretory Autophagy. Cell. Mol. Life Sci. 2016, 73, 4717–4737. [CrossRef]

155. Chen, T.S.; Arslan, F.; Yin, Y.; Tan, S.S.; Lai, R.C.; Choo, A.B.H.; Padmanabhan, J.; Lee, C.N.; de Kleijn, D.P.V.; Lim, S.K. Enabling a
Robust Scalable Manufacturing Process for Therapeutic Exosomes through Oncogenic Immortalization of Human ESC-Derived
MSCs. J. Transl. Med. 2011, 9, 47. [CrossRef]

156. Gao, J.; Wang, S.; Wang, Z. High Yield, Scalable and Remotely Drug-Loaded Neutrophil-Derived Extracellular Vesicles (EVs) for
Anti-Inflammation Therapy. Biomaterials 2017, 135, 62–73. [CrossRef]

157. Thamphiwatana, S.; Angsantikul, P.; Escajadillo, T.; Zhang, Q.; Olson, J.; Luk, B.T.; Zhang, S.; Fang, R.H.; Gao, W.; Nizet, V.; et al.
Macrophage-like Nanoparticles Concurrently Absorbing Endotoxins and Proinflammatory Cytokines for Sepsis Management.
Proc. Natl. Acad. Sci. USA 2017, 114, 11488–11493. [CrossRef]

http://doi.org/10.1248/bpb.b17-00919
http://doi.org/10.1186/1471-2407-12-421
http://doi.org/10.1186/s13287-020-02072-0
http://doi.org/10.1016/j.actbio.2020.12.034
http://doi.org/10.1186/s12974-020-1726-7
http://doi.org/10.1089/scd.2012.0095
http://www.ncbi.nlm.nih.gov/pubmed/22839741
http://doi.org/10.1080/21691401.2017.1388249
http://www.ncbi.nlm.nih.gov/pubmed/29141446
http://doi.org/10.1002/stem.2618
http://doi.org/10.1002/stem.2298
http://doi.org/10.1242/jcs.02494
http://doi.org/10.1038/s41598-019-51778-6
http://www.ncbi.nlm.nih.gov/pubmed/31653931
http://doi.org/10.1016/j.bbrc.2015.03.172
http://www.ncbi.nlm.nih.gov/pubmed/25849885
http://doi.org/10.1016/j.febslet.2004.06.082
http://doi.org/10.1038/s41598-020-72503-8
http://doi.org/10.1038/ncb2000
http://doi.org/10.1016/j.ymthe.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29221804
http://doi.org/10.3892/or.2017.6085
http://www.ncbi.nlm.nih.gov/pubmed/29138862
http://doi.org/10.18632/oncotarget.24149
http://www.ncbi.nlm.nih.gov/pubmed/29568350
http://doi.org/10.1007/s00018-016-2309-8
http://doi.org/10.1186/1479-5876-9-47
http://doi.org/10.1016/j.biomaterials.2017.05.003
http://doi.org/10.1073/pnas.1714267114


Int. J. Mol. Sci. 2022, 23, 7986 31 of 34

158. Wang, L.; Abhange, K.K.; Wen, Y.; Chen, Y.; Xue, F.; Wang, G.; Tong, J.; Zhu, C.; He, X.; Wan, Y. Preparation of Engineered
Extracellular Vesicles Derived from Human Umbilical Cord Mesenchymal Stem Cells with Ultrasonication for Skin Rejuvenation.
ACS Omega 2019, 4, 22638–22645. [CrossRef]

159. Jang, S.C.; Kim, O.Y.; Yoon, C.M.; Choi, D.-S.; Roh, T.-Y.; Park, J.; Nilsson, J.; Lötvall, J.; Kim, Y.-K.; Gho, Y.S. Bioinspired
Exosome-Mimetic Nanovesicles for Targeted Delivery of Chemotherapeutics to Malignant Tumors. ACS Nano 2013, 7, 7698–7710.
[CrossRef]

160. Lunavat, T.R.; Jang, S.C.; Nilsson, L.; Park, H.T.; Repiska, G.; Lässer, C.; Nilsson, J.A.; Gho, Y.S.; Lötvall, J. RNAi Delivery by
Exosome-Mimetic Nanovesicles—Implications for Targeting c-Myc in Cancer. Biomaterials 2016, 102, 231–238. [CrossRef]

161. Kim, Y.-S.; Kim, J.-Y.; Cho, R.; Shin, D.-M.; Lee, S.W.; Oh, Y.-M. Adipose Stem Cell-Derived Nanovesicles Inhibit Emphysema
Primarily via an FGF2-Dependent Pathway. Exp. Mol. Med. 2017, 49, e284. [CrossRef] [PubMed]

162. Wu, J.-Y.; Ji, A.-L.; Wang, Z.; Qiang, G.-H.; Qu, Z.; Wu, J.-H.; Jiang, C.-P. Exosome-Mimetic Nanovesicles from Hepatocytes
Promote Hepatocyte Proliferation in Vitro and Liver Regeneration in Vivo. Sci. Rep. 2018, 8, 2471. [CrossRef] [PubMed]

163. Go, G.; Lee, J.; Choi, D.-S.; Kim, S.S.; Gho, Y.S. Extracellular Vesicle–Mimetic Ghost Nanovesicles for Delivering Anti-Inflammatory
Drugs to Mitigate Gram-Negative Bacterial Outer Membrane Vesicle–Induced Systemic Inflammatory Response Syndrome. Adv.
Healthc. Mater. 2019, 8, 1801082. [CrossRef]

164. Ingato, D.; Edson, J.A.; Zakharian, M.; Kwon, Y.J. Cancer Cell-Derived, Drug-Loaded Nanovesicles Induced by Sulfhydryl-
Blocking for Effective and Safe Cancer Therapy. ACS Nano 2018, 12, 9568–9577. [CrossRef]

165. Patel, D.B.; Gray, K.M.; Santharam, Y.; Lamichhane, T.N.; Stroka, K.M.; Jay, S.M. Impact of Cell Culture Parameters on Production
and Vascularization Bioactivity of Mesenchymal Stem Cell-Derived Extracellular Vesicles. Bioeng. Transl. Med. 2017, 2, 170–179.
[CrossRef] [PubMed]

166. Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.; Kanemaki, M.T.;
Obuse, C.; et al. Exosomes Maintain Cellular Homeostasis by Excreting Harmful DNA from Cells. Nat. Commun. 2017, 8, 15287.
[CrossRef]

167. Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M. Senescence-Associated Exosome
Release from Human Prostate Cancer Cells. Cancer Res. 2008, 68, 7864–7871. [CrossRef]

168. Takasugi, M.; Okada, R.; Takahashi, A.; Virya Chen, D.; Watanabe, S.; Hara, E. Small Extracellular Vesicles Secreted from Senescent
Cells Promote Cancer Cell Proliferation through EphA2. Nat. Commun. 2017, 8, 15729. [CrossRef]

169. Hassan, M.N.F.B.; Yazid, M.D.; Yunus, M.H.M.; Chowdhury, S.R.; Lokanathan, Y.; Idrus, R.B.H.; Ng, A.M.H.; Law, J.X. Large-Scale
Expansion of Human Mesenchymal Stem Cells. Stem Cells Int. 2020, 2020, 9529465. [CrossRef]

170. Guo, S.; Debbi, L.; Zohar, B.; Samuel, R.; Arzi, R.S.; Fried, A.I.; Carmon, T.; Shevach, D.; Redenski, I.; Schlachet, I.; et al. Stimulating
Extracellular Vesicles Production from Engineered Tissues by Mechanical Forces. Nano Lett. 2021, 21, 2497–2504. [CrossRef]

171. Artuyants, A.; Chang, V.; Reshef, G.; Blenkiron, C.; Chamley, L.W.; Leung, E.; Hisey, C.L. Production of Extracellular Vesicles
Using a CELLine Adherent Bioreactor Flask. In Bioreactors in Stem Cell Biology: Methods and Protocols; Turksen, K., Ed.; Springer:
New York, NY, USA, 2022; pp. 183–192, ISBN 978-1-07-162018-2.

172. Piffoux, M.; Nicolás-Boluda, A.; Mulens-Arias, V.; Richard, S.; Rahmi, G.; Gazeau, F.; Wilhelm, C.; Silva, A.K.A. Extracellular
Vesicles for Personalized Medicine: The Input of Physically Triggered Production, Loading and Theranostic Properties. Adv. Drug
Deliv. Rev. 2019, 138, 247–258. [CrossRef] [PubMed]

173. Jelonek, K.; Widlak, P.; Pietrowska, M. The Influence of Ionizing Radiation on Exosome Composition, Secretion and Intercellular
Communication. Protein Pept. Lett. 2016, 23, 656–663. [CrossRef] [PubMed]

174. Pavlakis, E.; Neumann, M.; Stiewe, T. Extracellular Vesicles: Messengers of P53 in Tumor-Stroma Communication and Cancer
Metastasis. Int. J. Mol. Sci. 2020, 21, 9648. [CrossRef] [PubMed]

175. Berzaghi, R.; Islam, A.; Hellevik, T.; Martinez-Zubiaurre, I. Secretion Rates and Protein Composition of Extracellular Vesicles
Released by Cancer-Associated Fibroblasts after Radiation. J. Radiat. Res. 2021, 62, 401–413. [CrossRef]

176. IISEV2020 Abstract Book, Journal of Extracellular Vesicles; Taylor & Francis Group: Abingdon, UK, 2020; Volume 9, p. 1784511.
[CrossRef]

177. Park, D.J.; Yun, W.S.; Kim, W.C.; Park, J.-E.; Lee, S.H.; Ha, S.; Choi, J.S.; Key, J.; Seo, Y.J. Improvement of Stem Cell-Derived
Exosome Release Efficiency by Surface-Modified Nanoparticles. J. Nanobiotechnol. 2020, 18, 178. [CrossRef]

178. Taylor, J.; Azimi, I.; Monteith, G.; Bebawy, M. Ca(2+) Mediates Extracellular Vesicle Biogenesis through Alternate Pathways in
Malignancy. J. Extracell. Vesicles 2020, 9, 1734326. [CrossRef]

179. Carreau, A.; Hafny-Rahbi, B.E.; Matejuk, A.; Grillon, C.; Kieda, C. Why Is the Partial Oxygen Pressure of Human Tissues a Crucial
Parameter? Small Molecules and Hypoxia. J. Cell. Mol. Med. 2011, 15, 1239–1253. [CrossRef]

180. Liu, H.; Liu, S.; Li, Y.; Wang, X.; Xue, W.; Ge, G.; Luo, X. The Role of SDF-1-CXCR4/CXCR7 Axis in the Therapeutic Effects of
Hypoxia-Preconditioned Mesenchymal Stem Cells for Renal Ischemia/Reperfusion Injury. PLoS ONE 2012, 7, e34608. [CrossRef]

181. Kim, Y.; Jin, H.J.; Heo, J.; Ju, H.; Lee, H.-Y.; Kim, S.; Lee, S.; Lim, J.; Jeong, S.Y.; Kwon, J.; et al. Small Hypoxia-Primed Mesenchymal
Stem Cells Attenuate Graft-versus-Host Disease. Leukemia 2018, 32, 2672–2684. [CrossRef]

182. Rosová, I.; Dao, M.; Capoccia, B.; Link, D.; Nolta, J.A. Hypoxic Preconditioning Results in Increased Motility and Improved
Therapeutic Potential of Human Mesenchymal Stem Cells. Stem Cells Dayt. Ohio 2008, 26, 2173–2182. [CrossRef]

http://doi.org/10.1021/acsomega.9b03561
http://doi.org/10.1021/nn402232g
http://doi.org/10.1016/j.biomaterials.2016.06.024
http://doi.org/10.1038/emm.2016.127
http://www.ncbi.nlm.nih.gov/pubmed/28082743
http://doi.org/10.1038/s41598-018-20505-y
http://www.ncbi.nlm.nih.gov/pubmed/29410409
http://doi.org/10.1002/adhm.201801082
http://doi.org/10.1021/acsnano.8b05377
http://doi.org/10.1002/btm2.10065
http://www.ncbi.nlm.nih.gov/pubmed/28932818
http://doi.org/10.1038/ncomms15287
http://doi.org/10.1158/0008-5472.CAN-07-6538
http://doi.org/10.1038/ncomms15728
http://doi.org/10.1155/2020/9529465
http://doi.org/10.1021/acs.nanolett.0c04834
http://doi.org/10.1016/j.addr.2018.12.009
http://www.ncbi.nlm.nih.gov/pubmed/30553953
http://doi.org/10.2174/0929866523666160427105138
http://www.ncbi.nlm.nih.gov/pubmed/27117741
http://doi.org/10.3390/ijms21249648
http://www.ncbi.nlm.nih.gov/pubmed/33348923
http://doi.org/10.1093/jrr/rrab018
http://doi.org/10.1080/20013078.2020.1784511
http://doi.org/10.1186/s12951-020-00739-7
http://doi.org/10.1080/20013078.2020.1734326
http://doi.org/10.1111/j.1582-4934.2011.01258.x
http://doi.org/10.1371/journal.pone.0034608
http://doi.org/10.1038/s41375-018-0151-8
http://doi.org/10.1634/stemcells.2007-1104


Int. J. Mol. Sci. 2022, 23, 7986 32 of 34

183. Almeria, C.; Weiss, R.; Roy, M.; Tripisciano, C.; Kasper, C.; Weber, V.; Egger, D. Hypoxia Conditioned Mesenchymal Stem
Cell-Derived Extracellular Vesicles Induce Increased Vascular Tube Formation in Vitro. Front. Bioeng. Biotechnol. 2019, 7, 292.
[CrossRef] [PubMed]
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