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In recent years, extracellular vesicles (EVs), specifically exosomes, have emerged as a promising strategy for
treating a wide spectrum of pathologies, such as cancer and COVID-19, as well as promoting tissue regeneration
in various conditions, including cardiomyopathies and spinal cord injuries. Despite the great potential of EV-
based therapies, poor yield and unscalable production of EVs remain big challenges to overcome to translate
these types of treatment to clinical practices. Here, we review different strategies for enhancing EV yield by

physical, biological or chemical means. Some of these novel approaches can lead to about 100-fold increase in EV
production yield, thus bringing closer the clinical translation with regard to scalability and efficiency.

1. Introduction

Extracellular vesicles (EVs), including exosomes, are nanoscale lipid
bilayer membrane capsules secreted by cells. They contain proteins and
genetic materials for local or systemic cell communications (Kalluri and
LeBleu, 2020; van Niel et al., 2018). Multiple EV-based therapies have
been developed in recent years as a novel and alternative strategy to cell
therapies to treat various medical conditions, such as cancer (Kamerkar
etal., 2017; Koh et al., 2017), cardiovascular (Gao et al., 2020; Liu et al.,
2018a; Yadid et al., 2020), neurological (Guo et al., 2019; Perets et al.,
2018) and orthopedic diseases (Fan et al., 2020). The usage of EV-based
therapies holds inherent advantages as compared to cell-based thera-
pies. These include lower immunogenicity, better safety and regulatory
aspects, and the potential to serve as off-the-shelf products. Yet, to reach
industrial-scale production, the poor yield and scalability issues need to
be addressed. The traditional EV production process is based on a costly
2D cell cultivation protocol that requires large quantities of cell culture
plastics, media, and space, highlighting the need for more scalable
methods.

Recently, various factors have been discovered to stimulate exosome
release. As a result, numerous approaches have been developed to in-
crease EV secretion rates and improve production yield. In this review,
we discuss novel methods to stimulate EV production and consider their
strengths and limitations. We explore physical methods, such as me-
chanical loading, geometry, acoustic and electrical stimulation, as well
as several non-physical protocols, including molecular interference,
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environmental factors and external inducers.
2. Stimulating EV production by physical signals
2.1. Mechanical loading

Mechanosensing is a fundamental pathway in cell-cell and cell-
microenvironment communication. It includes a cell’s reaction to a
mechanical load, which can result in EV signaling secretion for near and
far communication (Paolicelli et al., 2019; Turturici et al., 2014). Thus,
mechanical stimulus may interfere with cell EV secretion mechanism
and initiate enhanced production under certain loading conditions.
Several studies have tested the influence of mechanical shear stress on
cell behavior and EV secretion rate under direct flow or turbulence in-
duction (Gazeau et al., 2021; Guo et al., 2021; Patel et al., 2019; Piffoux
et al., 2017). Patel et al. demonstrated that the application of low shear
rate (1.5 x 1072 dyn/cmz) on human dermal microvascular endothelial
cells (HDMEGCs) cultivated on a scaffold consisting of 3D pillars array
resulted in a significant increase in EV secretion, at least 100-fold higher
than that of the hydrostatic control (Patel et al., 2019). Another study
revealed the application of moderate shear stress level (in the range of
0.5 to 5 dyn/cm?) on 3D engineered tissues made of DPSC constructs led
to an increase of over 150-fold in EV production (Guo et al., 2021).
Furthermore, the addition of the mechanosensing YAP-inhibitor resulted
in a dramatic decrease in EV secretion, proving the active
mechanosensitivity-mediated secretion process (Guo et al., 2021).
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Fig. 1. Novel strategies for boosting extracellular vesicle secretion. EV secretion rate can be significantly enhanced up to two orders of magnitude using various
triggers including physical signals, molecular interference, environmental factors, and external inducers.

The application of cyclic tension load is another mechanical stimulus
cells can experience in various tissues, such as skeletal and cardiac
muscle. While exposed to cyclic stretch, hSkMCs were shown to increase
EV secretion by an order of magnitude as compared to static control
(Guo et al., 2021). Similarly, in the work of Wang et al., which studied
the effect of mechanical environment on periodontal immune/inflam-
matory homeostasis, the authors reported a 30-fold increase in exosome
secretion by periodontal ligament cells (PDL cells) under cyclic stretch
application for 24 h, as compared to static cultivation (Wang et al.,
2019).

The immediate advantages of such mechanical stimulations to in-
crease EV secretion are clear and can be beneficial to the transfer to
industrial mass production protocols in a scalable manner with rela-
tively simple bioreactor systems (Fig. 1).

2.2. Geometry

The traditional EV production protocols are based on 2D flask
cultivation, lacking efficiency in the aspects of space, materials, and
yield. Switching to 3D geometries provides more physiological cultiva-
tion conditions and results in a higher yield of EV secretion. Kim et al.
compared the MSC EV secretion values of conventional 2D monolayer
cell culture to 3D hanging droplet spheroids and 3D aggregates formed
by poly(2-hydroxyethyl methacrylate) coating method (Kim et al.,
2018). EV mass quantification revealed a 3-fold increase in EV secretion
in favor of the 3D cultivation methods as compared to 2D monolayer.
Additionally, lowering spheroid diameter led to an up to 6-fold increase
in EV secretion, possibly due to the increase of total effective surface
area. In another work, dynamic cultivation of 3D hMSC spheroids (200
pm microwell array cultured at 30 rpm on orbital shaker) resulted in a
significant increase in EV secretion (Cha et al., 2018). Furthermore, the
EVs contained a variety of therapeutic cytokines related to immuno-
modulation and angiogenesis and showed superior results in angiogenic
and neurogenic assays in vitro. Lastly, a recently published paper proved
the superiority of 3D cultivation in the form of engineered tissues as
compared to the conventional 2D monolayer (Guo et al., 2021). Hy-
drostatic cultivation of 3D engineered tissues seeded with DPSCs or

MSCs resulted in a 5-to-10-fold increase in EV secretion rate as
compared to traditional 2D monolayer cultivation again, showing the
beneficial effect of geometry, specifically 3D cultivation assays, in
enhancing EV secretion rates.

2.3. Acoustic stimulation

Recently, another physical approach to stimulate EV production
using sound waves was reported (Ambattu et al., 2020). By using high-
frequency ultrasound (US) irradiation (4 W, 10 MHz), EV production
was increased 8-10-fold. The stimulation profile included repeated cy-
cles of 10 min US stimulation followed by 30 min of cell incubation.
Stimulation was evoked by a piezoelectric actuator that induced surface-
reflected bulk waves (SRBWs) with high cell viability rates (over 95%).
The study further revealed that the reported enhanced EV secretion
phenomena was regulated by calcium-dependent mechanisms. By
exposing the cells to US stimulation, the authors showed an elevation in
Ca" intracellular levels due to an increased permeability, which trig-
gered the Endosomal Sorting Complexes Required for Transport Ma-
chinery (ESCRT) pathway and elevated CD63 and ALIX levels. This, in
turn, led to increased EV production and secretion rates.

2.4. Electrical stimulation

Low level electric treatment (ET) has been shown to activate intra-
cellular signaling including Rho-GTPase and endocytosis, which are
known to be involved in exosome formation mechanism (Hasan et al.,
2019). Based on this, Fukuta et al. tested the influence of low level
electric treatment on EV secretion (Fukuta et al., 2020). The application
of 0.34 mA/cm? electrical field on murine melanoma and murine
fibroblast cells for 60 min resulted in a significant increase in the EV
secretion rate (1.7-fold) while maintaining cell viability and particle
distribution. Moreover, the addition of Rhosin hydrochloride, a Rho-
GTPase inhibitor, significantly decreased EV particle number, suggest-
ing the involvement of Rho-GTPase activation in ET-mediated EV
secretion. Finally, the quantification of cellular uptake of EVs collected
with or without ET maintained similar uptake values suggested
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comparable EV functionality with or without ET stimulation.
3. Stimulating EV production by molecular interference
3.1. Inhibition of Glycolysis & oxidative phosphorylation

In general, cells under stress are known to increase exosome secre-
tion (Ludwig et al., 2020). The combination of sodium iodoacetate (IAA)
and 2,4-dinitrophenol (DNP) could induce a potent reduction of cellular
energy charge by simultaneously blocking oxidative phosphorylation
and glycolysis (Jackson et al., 2014). Therefore, Jackson et al. hypoth-
esized that blocking cellular pathways of energy production using IAA
and DNP would induce cellular stress and thus effectively boost exosome
production (Ludwig et al., 2020). Indeed, simultaneous inhibition of
glycolysis and oxidative phosphorylation by the combination of IAA/
DNP led to energy depletion in the cells (decreased ATP levels, elevated
AMP levels), stimulating cells to release adenosine, which activated the
A2B receptor system and finally resulted in a 3-to-16-fold increase in
exosome production. Those exosomes did not influence the cell migra-
tion when compared with exosomes derived without IAA/DNP stimu-
lation. Despite these, other differences such as the heterogeneity,
composition, and functional effects in other potency assays might
change and should be examined.

3.2. Endolysosomal trafficking

The biogenesis of exosomes occurs during the process of endosomal
maturation. Interestingly, it has been described that inhibition of lyso-
somal function prevents endosome maturation, leading to an accumu-
lation of intraluminal vesicles in multivesicular bodies (Vanlandingham
and Ceresa, 2009). Ortega et al. set out to evaluate whether interfering
with endolysosomal trafficking through inhibition of endosomal matu-
ration and/or reduction of lysosomal function would stimulate exosome
release, and whether these exosomes retain their bioactive properties
(Ortega et al., 2019). By using RNA interference technology, two known
players in endosomal trafficking, NDRG1 and Rab7, were targeted. The
reduction of NDRG1, but not Rab7, expression led to a two-fold incre-
ment in the release of exosomes. Two other well-known lysosomotropic
agents, chloroquine and NH4Cl, were also tested. Similarly, they
enhanced exosome release but did not alter the size, cargo and bioac-
tivity of exosomes. Overall, the usage of these chemical compounds
offers a straightforward approach to boost exosome production through
inhibition of endolysosomal trafficking.

3.3. Adiponectin

Adiponectin (APN) is a high-molecular-weight (HMW) multimer
secreted exclusively by adipocytes. HMW multidimer adiponectin ac-
cumulates in a variety of tissues, such as the heart and skeletal muscles,
and interacts with T-cadherin, a unique glycosylphosphatidylinositol-
anchored (GPI-anchored) cadherin (Fukuda et al., 2017). Recent
studies have demonstrated that adiponectin isolated from serum can
enter through the endosomal route via binding to T-cadherin, The
adiponectin/T-cadherin system subsequently enhances exosome
biogenesis and secretion (Fukuda et al., 2017; Kita et al., 2019; Obata
et al., 2018). Based on these observations, Nakamura et al. stimulated
exosome biogenesis and secretion via adiponectin binding to T-cadherin
on human adipose-derived MSCs (hMSCs), resulting in an about 3-fold
increase in exosome production compared to those MSCs without APN
stimulation. The exosome production mediated by APN was dose-
dependent within the range of physiological plasma APN concentra-
tions (Nakamura et al., 2020). The group further evaluated the effect of
circulating APN on exosome production in vivo and reported a dose
dependent effect of APN on stimulating exosome release to enhance
hMSC-driven therapy of heart failure in mice.
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3.4. Small molecule modulators

Recent study optimized a quantitative high throughput screen
(qHTS) assay to identify compounds that modulate exosome biogenesis
and/or release by aggressive prostate cancer cells (Datta et al., 2018).
Based on this finding, Wang et al. set out to examine the effects of
selected small molecule modulators on exosome production from MSCs
(Wang et al., 2020). Four FDA-approved drugs (fenoterol, norepineph-
rine, N-methyldopamine, and mephenesin), as well as another nutri-
tional supplement, (forskolin) were selected. The treatment of MSCs
with a combination of N-methyldopamine and norepinephrine led to 3-
fold increase in exosome production by enhancing the expression of
genes related to the ESCRT-independent pathway, such as nSMase2.
Importantly, the intrinsic regenerative effects of MSC exosomes were not
altered, such as inducing angiogenesis, polarizing macrophages, or
downregulating collagen expression. Therefore, these compounds could
be employed to boost exosome secretion from MSCs for practical
application.

4. Stimulating EV production by environmental factors
4.1. Hypoxia

Hypoxia, the condition of insufficient oxygen, is an environmental
stress factor that stimulates exosome release. It has been extensively
studied in a context of tumor biology. Most tumors have an increased
oxygen demand from proliferating cancer cells and low oxygen supply
due to poor vascularization. In response to hypoxia, cancer cells release
exosomes containing proangiogenic micro-RNAs and growth factors
(Shao et al., 2018). Hypoxia can also be utilized for therapeutic exosome
production (Bister et al., 2020). Exposure of cancer cells to severe
hypoxic conditions for 24 h resulted in 2- to 3-fold increase in exosome
release (King Hamish et al., 2012; Tse et al., 2020). Prolonged moderate
hypoxia (1% oxygen for 48 h) was less effective for lung cancer cells, and
caused only 1.3-fold exosomal elevation (Hamish W King et al., 2012).
Other cell lines, such as pancreatic cancer cells and Ewic sarcoma cells,
responded with a 2- to 3-fold EV increase even under moderate hypoxia
(1% oxygen for 24-72 h) (Zeng et al., 2021). The activation of the
hypoxia inducible factor (HIF) signaling pathway seems to be largely
responsible for this effect (King Hamish et al., 2012; Simko et al., 2017).
Further research confirms that the overexpression of HIF without hyp-
oxic stimulation had a similar effect on exosome levels (Gonzalez-King
et al., 2017). A number of studies demonstrated slightly enhanced EV
secretion upon moderate hypoxic treatment (0.5-1% oxygen) of MSCs
(Gonzalez-King et al., 2017; Liu et al., 2020; Zhu et al., 2017). When
hypoxic stimulation was performed at 5%, no elevation in exosome
release was observed, however the properties of the exosomes were still
affected (Almeria et al., 2019; Han et al., 2019). One study demonstrated
decreased EV release upon exposure of MSCs to hypoxic conditions. The
opposite effect may be explained by prolonged exposure (72 h at 1%
oxygen) (Liu et al., 2018b).

Overall, hypoxic stress has the potential to increase exosome pro-
duction. It has been shown that brief, severe exposures to hypoxia seem
to show a greater influence on exosomes secretion when compared to
their exposure to a prolonged, moderate state. So far, the investigation
of hypoxia’s influence on EVs focused on the change in exosome prop-
erties rather its effect on numbers, therefore the optimal conditions for
increased release may not have been identified. Yet, according to
currently available data, hypoxic stimulation seems to be far less
effective compared to most of the above-mentioned strategies.

4.2. Acidity
Low PH is also known to stimulate exosome release. Tumor-

associated acidity, alongside hypoxia, are major determinants in
inducing increased exosome release by human cancer cells (Logozzi
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et al., 2019; Logozzi et al., 2017; Parolini et al., 2009). The exosomal
production seems to depend on the acidity in a direct ratio (Ban et al.,
2015). HEK 293 T cells secreted 5-fold fewer exosomes in high pH (11.0)
and 6-fold more exosomes in low (4.0) pH compared to normal pH
condition. A gradual moderate decrease in the pH from 7.4 to 6.5
resulted in a profound, up to 69-fold, increased exosome release by the
tumor cells. The magnitude of this effect was largely dependent on the
cell line used (Logozzi et al., 2018). So far, moderately reduced pH
seems to be a promising environmental factor to stimulate the exosome
production; it is easy to apply and only mildly affects cell viability.
However, whether acidity is efficient in therapeutically relevant cell
types, such as MSCs, has yet to be investigated.

4.3. Starvation or hyperglycemia

There is limited evidence that insufficient or excess glucose can
stimulate exosome release. Under conditions of glucose deprivation,
immortalized H9C2 cardiomyocytes exhibited around 4-fold increased
secretion of exosomes. Here, unlike in the case of hypoxia, prolonged
starvation resulted in higher exosome release (Garcia et al., 2015). The
combination of moderate hypoxia and hypoglycemia have also resulted
in 3- to 4-fold increase in exosome production, as indicated for
trophoblast cells (Rice et al., 2015). Systematic studies of starvation and
hypoglycemia in the context of exosome release are still lacking to
conclude on their effectiveness.

5. Stimulating EV production by external inducers
5.1. Liposomes

Another strategy to stimulate exosome secretion using liposomes was
tested recently (Emam et al., 2018). Liposomes are known to interact
with cell membranes and stimulate cell activity by endocytosis. Thus,
liposomes might interfere with exosome formation and secretion process
(Cui et al., 2005; Elsabahy and Wooley, 2013; Miller et al., 1998). In this
recent study, several liposome variations were added to four types of
cultivated tumor cell lines (Emam et al., 2018). The addition of neutral
or cationic-bare liposomes resulted in a significant increment of exo-
some secretion (up to 3-fold higher as compared to the control). Inter-
estingly, PEGylation of bare liposomes diminished exosome secretion.
This might be a result of lipid-cell collision interaction, which needs
further investigation. Additionally, exosomes harvested under fluidic
cationic conditions showed significant increase in cellular uptake rates.
The results of this study reflect a new possibility to regulate exosome
secretion rate with customized liposomes.

5.2. Nanoparticles

The regulation and stimulation of exosome secretion by interfering
with the endocytosis process were also tested by surface modified
nanoparticles (Park et al., 2020). In the study of Park et al., iron-oxide
magnetic nanoparticles (NPs) were coated with poly(lactic-co-glycolic
acid) or PLGA and polyethyleneimine PEI. These 100 nm NPs entered
MSCs and stimulated exosome secretion by 5-fold without magnetic
field application and by 20-fold under magnetic field application. The
upregulated endocytosis processes involve stimulation of the autophagy
factor, Rab7, thereby promoting exosome secretion.

6. Conclusions

As discussed here, various stimuli, including physical, chemical and
biological, hold great potential in significantly increasing EV secretion
rate, and bring closer the ability to translate EV-based therapies into the
clinic (as summarized in Table 1). Nevertheless, multiple aspects need to
be addressed to ensure the safety, efficiency, and robustness of such
technologies. The application of physical stimulus shows significant
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elevation in the secretion yield, especially by mechanical load, which
can lead to ~150-fold higher secretion values compared to the tradi-
tional 2D cultivation. Yet, the loading intensity must be carefully chosen
to meet the necessary threshold for secretion stimulation while avoiding
excessive cell stress. Additionally, scaling up such technologies entails
other concerns which need to be addressed during the design process.
This includes the ability to maintain uniform loading field for all culti-
vated cells in a large volume stimulated by external means, such as flow,
stretch, induced electric field or ultrasound induction. Alternatively,
dense cell constructs with proper media exchange that prevent cell
ischemia can be fabricated. It is worth mentioning that EVs secreted by
cells exposed to mechanical strains showed improved functionality with
regard to periodontal tissue homeostasis, bone homeostasis, or neuro-
trophic effects, when compared to their non-stimulated counterparts
(Guo et al., 2021; Lv et al., 2020; Xiao et al., 2021). This is likely due to
the altered cargos after mechanical stimulations, as Guo S and Debbi L
et al. reported.

When it comes to boosting EV secretion via molecular interference,
molecular compounds should meet FDA standards so that the EVs pro-
duced from cells stimulated by those compounds will be safe for further
applications. To achieve this goal, the concentrations of stimulating
compounds concentrations within the produced EVs should be quanti-
fied and analyzed to ensure that they would not pose any safety issue. In
addition, it is important to note that the effective concentration of
certain molecules works in specific cell lines may not work in other cell
lines. Therefore, efforts are needed to optimize the dosages of molecules
for each cell line for gaining the most abundant exosome production.
Thirdly, while the functionality and cargos of EVs have been reported to
be affected by mechanical stimulations (Guo et al., 2021), it remains to
be determined whether the EVs primed after molecular interference will
have altered cargos and what cargos have been changed to induce
improved functionality.

The environmental factors, such as hypoxia, pH and glucose content,
have been mostly studied with regard to EVs property alteration, rather
than EV secretion value. According to current data, pH is by far a more
promising environmental factor, however it still must be tested in clin-
ically relevant cell types, such as MSCs. The combination of environ-
mental factors with physical stimulation may further improve the EV
secretion value.

All the stimulants described here represent different stress factors.
Yet, the downstream mechanism of EV secretion elevation has not been
thoroughly investigated for each of the stimulants. Systematic compar-
ison of most promising stimulants regarding downstream effects may
lead to a common mechanism and potentially enable creation of
genetically enhanced exosome secretion.
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