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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.
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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 . EVs are secreted by most of

the cells and mediate intercellular 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 . 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 comparable to or even better than that of the parent cells . 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 . The regenerative potential of EVs has been

reported in many preclinical studies to treat a myriad of diseases . 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 . Thus, they can be used for targeted delivery of

chemotherapeutic agents and enhance treatment efficacy while minimizing off-target effects . Cancer cell-derived

EVs also possess large numbers of tumor antigens, which can trigger the host’s immune responses to inhibit tumor

growth . 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 . 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 .

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 . 
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2. 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 1).

Figure 1. Scalable production of extracellular vesicles. Physical stimulation, chemical stimulation, 3D culture,

physiological modification, and genetic manipulation can stimulate cells to produce more extracellular vesicles. In addition,

EV-mimetic nanovesicles can be produced via nitrogen cavitation, porous membrane extrusion, and sonication. Created

with BioRender.com.

2.1. 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 .

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 . Generally, the use of bioreactors can increase the yield and concentration of EVs in conditioned

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

. 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 cartilage 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 . 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
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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 . The therapeutic potential of the isolated EVs is unknown, as no

functionality assessments were performed in this entry.

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 .

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 . 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 . 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 . 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 . 3D hanging

drop spheroids and 3D poly(2-hydroxyethyl methacrylate) spheroids produced significantly more EVs than 2D-cultured

BM-MSCs . 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.

2.2. 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 produce more EVs . Ionizing radiation has been reported to increase the number of EVs

produced by cancer cells in a dose- and time-dependent manner . The upregulation of EV production by

cancer cells upon exposure to ionizing radiation has been linked with the DNA-damaged activated p53 signaling pathway

. 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 . 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 . In addition, nonionizing radiation (ultraviolet radiation) , photodynamic

therapy (Foscan  photosensitizer) , and acoustic irradiation (at low power and high frequency)  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 . 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% O ) and heat stress conditions (42 °C for 2 h) . Additionally, nanoporation increased the mRNA cargo of EVs. The

combination of magnetic iron (III) oxide nanoparticles (Fe O ) and a static magnetic field (SMF) was utilized to increase

the small EV secretion of bone MSCs . The highest EV production was recorded in the Fe O  + SMF group, followed

by the Fe O  and untreated groups. In terms of functionality, the small EVs secreted by the Fe O  + SMF-stimulated cells

showed better osteogenic and angiogenic potential than the Fe O  stimulated cells and naïve cells.
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Several studies have reported higher EV production by cancer cells cultured on biomaterials with higher stiffness;

increased ECM stiffness is one of the key changes in the tumor microenvironment . 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 immunomodulatory properties to suppress IL-1β

production by activated macrophages . 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 .

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 induction of oxidative stress and ceramide pathway) , silver-titanium oxide nanoparticles in B16F1

mouse melanoma cells (through induction of oxidative stress) , poly(lactic-co-glycolic acid)-polyethyleneimine (PLGA-

PEI) positively charged-surface-modified nanoparticles containing iron oxide in MSCs (through promotion of MVB

formation) , 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) . In addition, bioactive glass upregulated

the small EV production of MSCs through the activation of the nSMase and Rab GTPase pathways .

2.3. Chemical Stimulation

The addition of chemicals to the culture medium to boost EV secretion has been investigated 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 . 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 . 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 norepinephrine 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 .

In addition, adiponectin, an adipokine, increased the numbers of small EVs produced by MSCs and vascular endothelial

cells through T-cadherin . 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 .

Intracellular calcium ions were reported to modulate EV release . A few studies explored the effects of calcium

exposure on EV production . The results 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 . The neutral and cationic liposomes were reported to

stimulate the EV secretion of tumor cells in a dose-dependent manner . 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.

2.4. Physiological Modification

The quantity and functionality of cell-secreted EVs are likely microenvironment dependent. In the physiological state, the

oxygen level in peripheral tissues, known as “physoxia”, ranges between 1 and 11% . Multiple studies have reported

that hypoxic preconditioning augments the therapeutic efficacy of MSCs . The improved therapeutic efficacy could

be related to the higher EV secretion. Dong et al. showed that UC-MSCs cultured in hypoxic conditions (5% O )

demonstrated a higher proliferation rate and viability than those cultured in normoxia (21% O ) . 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  and spinal cord regeneration  than those

secreted by normoxic cells. Secretion of CD29+, CD44+, CD73+, CD31−, and CD45− EVs from UC-MSCs also increased
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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 . In addition, extreme hypoxic

conditions (0.5% O ) remarkably increased small EV release by MSCs . 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 . 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

.

Since hypoxic conditioning can promote EV production, Gonzalez-King et al. overexpressed hypoxia-inducible factor-1a

(HIF-1a), a vital mediator in low oxygen adaptation, in human dental pulp MSC via lentiviral transduction . 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 conditions, i.e., 0% serum and 1% oxygen

. 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. The 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. .

Enhancement of EV production via thermal stimulation was reported by Hedlund et al. . Induction with thermal (40 °C

for 1 h) and oxidative stress (50–100 µM H O  for 2 h) increased the secretion of CD63+ EVs by leukemia/lymphoma T-

and B-cells . 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 susceptible 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 . 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 , and

Gong et al. found that MGC-803 human gastric cancer cells released more small EVs in response to high temperatures

(40 °C) .

Physiological and intracellular pH are important in many biological processes and cellular metabolism . Kim et al.

reported that a slight difference in the pH of the culture medium affected cell reprogramming and differentiation .

Besides hypoxia, extracellular acidity is another hallmark of cancer because of the accumulation of glycolytic metabolites

such as lactic acid . 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 . Higher secretion of small EVs in acidic pH (pH 4) was also reported by Gong et al. using

MGC-803 human gastric cancer cells . 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 . 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.

2.5. 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 .

Studies by Bobrie et al.  and Ostrowski et al.  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 . More recently, Rab13 and Rab7a were also found to regulate the EV secretion of

cancer cells .

Phospholipase D (PLD) catalyzes phosphatidylcholine hydrolysis to produce phosphatidic acid, an important lipid

messenger involved in cell signaling, including exocytosis and endocytosis . A significant increase in BODIPY-
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ceramide-labeled EV secretion was reported in PLD2-overexpressing RBL-2H3 cells (mast cells), while PLD2-knockout

RBL-2H3 cells demonstrated poorer EV release . 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

. Furthermore, ARF6 has been reported to control the shedding of microvesicles in tumor cells . 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 . 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 . 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 . 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 small EV

secretion of H460, a non-small cell lung cancer cell line . 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. . 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 . 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 . 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 .

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 . 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 . Nonetheless, the effects of EVs on cancer progression warrant further

examination, as mixed results have been reported in different studies .

2.6. Preparation of EV-Mimetic Nanovesicles

Apart from stimulating the cultured cells to produce more EVs, an engineered approach has been developed to produce

large-scale mimetic biologically functional nanovesicles, 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 . EV-mimetic nanovesicles possess properties like those of naturally secreted EVs in terms of

morphology, size, and functions . Physical 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 microscopic 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 cavitation 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 

. 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 . However, it can also be employed for EV-mimetic nanovesicle

preparation. Thamphiwatana et al. used sonication to prepare EVs from macrophages . In their protocol, the
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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 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 . 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 nanovesicles. 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 naturally 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) . EV-mimetic nanovesicles could be used as drug

carriers . They were also more effective than naturally secreted EVs in treating emphysema  and could

induce liver regeneration  in vivo.

Chemical agents, such as alkaline solutions, can be used to break down the cell membrane. 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 . 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 . 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 . 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 effective 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 .

3. Other Factors to Consider

Apart from all the strategies mentioned above to boost the secretion of EVs, optimization 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/cm  compared with the lower seeding density of 100 cells/cm  . 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 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/cm . 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. , who found that BM-MSCs seeded in six-well

plates at a density of 1.4 × 10  cells/well produced fewer EVs than those seeded at a density of 1 × 10  cells/well.

[119]
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Several studies reported that stem cell differentiation affected the therapeutic potential of secreted EVs .

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 . The findings from this entry 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 . 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 . 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 . The uptake of senescent EVs has been shown to induce cell

senescence  and inhibit the osteogenic differentiation of MSCs . 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.

4. Summary

Various methods, including 3D cultures, genetic manipulation, and physical, chemical, and physiological stimulation of EV

secreting cells, as well as EV-mimetic nanovesicle preparation can be used to up-scale the EV production. These

manipulations not only increase EV yield but also 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.
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