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Abstract

Extracellular vesicles (EVs) represent a class of cell secreted organelles which naturally contain 

biomolecular cargo such as miRNA, mRNA and proteins. EVs mediate intercellular 

communication, enabling the transfer of functional nucleic acids from the cell of origin to the 

recipient cells. In addition, EVs make an attractive delivery vehicle for therapeutics owing to their 

increased stability in circulation, biocompatibility, low immunogenicity and toxicity profiles. EVs 

can also be engineered to display targeting moieties on their surfaces which enables targeting to 

desired tissues, organs or cells. While much has been learned on the role of EVs as cell 

communicators, the field of therapeutic EV application is currently under development. Critical to 

the future success of EV delivery system is the description of methods by which therapeutics can 

be successfully and efficiently loaded within the EVs. Two methods of loading of EVs with 

therapeutic cargo exist, endogenous and exogenous loading. We have therefore focused this review 

on describing the various published approaches for loading EVs with therapeutics.
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1. INTRODUCTION

Extracellular vesicles (EVs), comprising both exosomes and microvesicles are small 

spherical organelles that are derived from intracellular lipid compartments and are constantly 

being shed into the extracellular space and systemic circulation. The presence of the lipid 

bilayer protects the EV cargo from enzymatic degradation while the EVs move from donor 

to recipient cells. First reported by Pan and Johnstone in 1983 (1), EVs were disregarded as 

cellular junk and considered to be part of a disposal mechanism. However, EVs have gained 

increasing attention since the discovery that they serve as vehicles for communication and 

transfer of cellular material between different tissues and cell types (2, 3). Cargo found 
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within EVs includes miRNA (2, 4), lncRNA (5, 6), mRNA (2), proteins (7) and DNA (3, 8, 

9). Similar to early beliefs about EVs, non-coding RNA was also originally thought to be 

cellular waste and was disregarded for its assumed lack of a biological role (10). Ironically, 

both EVs and non-coding RNAs are now implicated in various disease states including 

cancer (11, 12), cardiovascular (13) and neuronal diseases (14). We refer the reader to the 

many excellent reviews on therapeutic EVs (15–18). This review will focus on the various 

methods to load therapeutic cargo into EVs and discuss some of the implications of loading 

including barriers that will need to be overcome as therapeutic EVs make their way to the 

clinic.

2. EV BIOGENESIS PATHWAY

A recent editorial review mentions that “extracellular vesicle” is a broad term designated to 

all the secreted membrane vesicles which include exosomes, microvesicles, ectosomes, 

matrix/calcifying vesicles, prostasomes and oncosomes (19). EVs are heterogeneous 

organelles in nature and could also be broadly classified as exosomes and microvesicles 

based upon the biogenesis pathway through which they arise (Figure 1). Other than the 

manner in which the exosomes and microvesicles are formed, there is no precise distinction 

between the two as they both have overlapping characteristics with each other in terms of 

their vesicle diameter (20) and the markers presented on their extracellular surfaces (21).

Exosomes are small, homogenously distributed vesicles which range mostly from 50–100 

nm in diameter (22). Exosome development progresses through a 3 step process of the 

endosomal pathway: early endosome, late endosome and recycling/degradation or 

exocytosis. The first step is the formation of the early endosome which involves the 

invagination of the plasma membrane. Next steps involve the inward budding of the early 

endosomal membrane which replaces the already existing endosomal luminal space with 

exosomes or small luminal vesicles (23, 24). This vesicle filled body is also referred to as 

the multivesicular body (MVBs). MVBs then fuse with the plasma membrane to release 

exosomes through the process of exocytosis (25) or MVBs could alternatively fuse to the 

lysosomes for degradation (26).

Compared to exosomes, microvesicles are larger in diameter and are more heterogeneously 

distributed in size ranging from 50–1000 nm (27). Microvesicles are formed from the 

outward budding process and fission of the plasma membrane when compared to the inward 

budding process of the exosomes (28). Apart from size and the process through which they 

are formed, microvesicles differ from exosomes not only by lipid content but also by protein 

content. Exosomes contain the ceramide lipid, which is produced within the endosome by 

the hydrolysis of sphingomyelin. Ceramide production is reported to be an essential step in 

exosome biogenesis (22).

3. EVs AS THERAPEUTICS

There are numerous ongoing efforts to develop biomolecular therapeutics to replace or to 

alter expression levels of dysfunctional genes and proteins. Since nucleic acids have been 

reported to rescue diseased conditions, a major focus has been made towards their successful 
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delivery. Delivery of oligonucleotide therapies, however, remains a major hurdle due to rapid 

clearance, lack of tissue specific distribution, and poor cellular uptake. Several strategies 

have been deployed to effectively deliver oligonucleotides, such as viral vectors, liposome 

formulations, peptide conjugation and other approaches; some of which have been evaluated 

clinically (29–31). Nonetheless, significant obstacles remain, including immune recognition 

(32), random integration for viral vectors (33, 34), inflammatory toxicity and rapid clearance 

for liposomes (35, 36). Efforts therefore continue to develop and explore newer delivery 

methods that can overcome these hurdles. One such alternative strategy lies within the use of 

EVs which can be targeted for gene therapy. The therapeutics that primarily could benefit 

from EV delivery are RNA therapeutics as delivery of RNA molecules is restricted due to its 

hydrophilicity and negative charges (37). Since, EVs naturally contain and are shown to 

transfer this RNA cargo to the recipient cells via cell-cell communication, delivery through 

EVs could theoretically achieve the desired phenotypic and gene expression changes in the 

target cells, as has been previously demonstrated (38–40).

EVs are cellular components secreted by cells into the extracellular compartments by 

different organisms including humans (41), plants (42), fungi (43) and bacteria (44). EVs 

isolated from various sources consist of different biological composition and thus, 

depending upon its particular cargo moiety, regulate gene expression in the recipient cells. 

Unmodified EVs isolated from plants, animal milk, mesenchymal stem cells (MSCs), 

endothelial progenitors, dendritic cells (DC) and various other cell types have exhibited 

potential as therapeutics. Zhang and coworkers studied the effects of EVs (referred in the 

article as nanovesicles) that were isolated from grapefruit juice on different stem cells and 

reported that the nanovesicles are involved in protecting the mouse intestine from DSS-

induced colitis (45). Another group reported that EVs isolated from bovine milk could be 

developed as a cost effective and scalable source of therapeutic EVs (46). MSCs have long 

been in the spotlight for their effectiveness in replacement therapies, wherein they have been 

utilized to replace damaged cells by becoming integrated into the affected tissues and 

restoring normal tissue and organ functions (47). It was recently reported that the therapeutic 

effects of MSCs are in fact attributed to the EVs that are secreted by the cells (48, 49). EVs 

isolated from induced pluripotent stem cell derived MSCs (iPSCs) have also been reported 

to attenuate limb ischemia in mice (50) and to promote bone regeneration in osteoporotic 

rats (51). In addition to the plant, animal and human stem cells, EVs could also be harvested 

from human embryonic kidney cells for therapeutic development. HEK293/HEK293T 

(human embryonic kidney) cells have been used extensively to produce recombinant protein 

(52). Because these cells grow quickly and exhibit high transfection efficiency and protein 

production, they have also been adapted to develop therapeutic EVs for RNA and protein 

delivery (53, 54). A recent study conducted by Zhang et al., further verified that HEK293T 

cells EVs have minimal negative effects as its cargo is not enriched by cancer or disease 

related pathways (55).

EVs are also reported to be secreted by both gram positive and gram negative bacteria (56). 

The EVs secreted from bacteria are referred to as the outer membrane vesicles (OMVs). 

OMVs are released by the bacteria as part of its survival mechanism, allowing interaction 

with its environment and assist in the development of resistance to antibiotics (57). As 

bacteria and other pathogens secrete EVs as part of a defense mechanism, studies were 
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conducted to evaluate if antigen presenting cells when infected with pathogens could be used 

to develop EVs as vaccines. One such study involved isolating EVs from dendritic cells that 

were pulsed with Toxoplasma gondii antigens. These EVs containing pathogen specific 

antigens elicited both systemic and humoral response against toxoplasmosis when injected 

into the mice, (58, 59). This and several other ongoing studies have exhibited the potential of 

developing EVs into therapeutic vaccines against infectious diseases in humans and animals 

(60–62).

To be used as carriers for specific cargo, successful application of EV therapeutics is entirely 

dependent upon the extent of cargo loading. Several methods have been briefly addressed in 

the next section which describes loading of therapeutic cargo within the EVs.

4. LOADING MECHANISMS

There are two general processes for loading therapeutic cargo within EVs: exogenous (or 

direct loading) and endogenous. Exogenous methods include the loading of therapeutics 

within EVs once they are isolated. Exogenous loading can be further subdivided into passive 

and active loading (16). Passive loading refers to an incubation of the EVs with the 

therapeutic cargo so that it is passively loaded into the EVs. Active loading requires some 

type of disruption to the EV membrane, typically electroporation or the addition of 

surfactants. Endogenous loading refers to systems comprised of a donor cell that deposits 

the therapeutic cargo directly into the EV prior to its shedding. The most commonly used 

type of endogenous loading includes RNA loading into the EV following expression from a 

vector. Another form of endogenous loading is the cell extrusion method that is discussed in 

more detail below. In the following section we summarize some of the published exogenous 

and endogenous EV loading methods

4.1. Exogenous loading method (active loading)

4.1.1. Electroporation—Electroporation is a process by which transient pores are made 

into the membrane of the EVs to facilitate cargo loading. It is perhaps the most widely used 

method to load therapeutic cargo into EVs. In this method, purified EVs and therapeutic 

cargo are mixed together in an electroporation buffer. The mixture is then electroporated to 

disrupt the EVs’ structure leading to spontaneous pore formation and allowing the cargo to 

become incorporated into the EVs. This is usually followed by incubation at 37° C to allow 

time for the EVs to fully recover (63–65). Once loaded, EVs are washed with PBS to 

remove unloaded cargo, and then purified by ultracentrifugation. Loaded EVs could then be 

used for downstream in vitro or in vivo experiments. Several studies have implemented 

electroporation to load the exosomes with different types of cargo. Alvarez-Erviti et al., were 

the first to successfully load and deliver functional genetic material in vivo using exosomes 

(66). In this study primary dendritic cells from murine bone marrow were harvested and 

engineered to express the neuron specific Rabies Virus Glycoprotein peptide that was fused 

to an EV membrane expressing protein Lamp2b. Exosomes from the engineered cells were 

harvested and electroporated with GAPDH siRNA. Upon intravenous injection of the RVG-

targeted exosomes in mice, neuron specific gene silencing was achieved. This was further 

demonstrated by Shtam, et al., (65),Banizs, et al., (67) and Walhgreen, et al., where RAD51 
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siRNA,luciferase siRNA and MAPK1 siRNA were loaded into exosomes by electroporation 

and successfully delivered to HeLa cells,endothelial cells, monocytes and lymphocytes 

respectively. Walhgreen, et al., carried out a thorough characterization study using 

fluorescent microscopy, northern blotting, and flow cytometry to confirm that the 

electroporated siRNA was encapsulation within the EVs. Lamichhane, et al., studied the 

possibility of delivering dsDNA via EVs (64). Linear dsDNA (750 bp) of the S. cerevisiae 

tRNA Ser (CGA) gene was electroporated into EVs derived from HEK293T cells. Loaded 

exosomes were incubated with HEK293T cells, and the 750 bp DNA fragment was detected 

by PCR in the recipient cells. Electroporation can also be used to load chemotherapeutic 

agents into EVs (63). Tian, et al., used electroporation to load doxorubicin into exosomes 

engineered to express iRGD peptide designed to target αv integrin subunit on the surface of 

cancer cells (63). The drug loaded exosomes were tested in vitro across different breast 

cancer cell lines. Similar to the free drug, loaded exosomes produced a decrease in viability 

in all cell lines evaluated. Unlike blank exosomes containing doxorubicin which showed no 

specific accumulation, iRGD-exosomes containing doxorubicin accumulated at the tumor 

site in vivo within 30 minutes and peaked at 2 hours. Doxorubicin loaded iRGD exosomes 

resulted in a remarkable inhibition in tumor growth compared to PBS, blank exosomes and 

free doxorubicin suggesting that exosomes could serve as an excellent delivery system to 

target and deliver chemotherapeutic agents to tumors.

Several EV and cargo characteristics are important for loading of therapeutic cargo into the 

EVs by electroporation. Lamichhane, et al., studied various parameters that may affect the 

loading of DNA fragments into EVs by electroporation (64). In this study, it was 

demonstrated that greater loading could be achieved by optimizing electroporation 

parameters as well as DNA quantity to obtain an optimal DNA:exosome ratio. The size of 

the DNA fragment was also critical for loading, as loading decreased with increasing 

fragment size, with a great reduction in loading occurring between the 750 and 1000 bp 

fragments. Vesicle size was also shown to be important for DNA loading with larger 

populations of microvesicles exhibiting better loading than smaller exosome-like vesicles 

(64). Similar factors may be important for other types of cargo, but those studies have not 

yet been published.

In summary, electroporation has shown to be useful for loading different types of therapeutic 

cargo into EVs including siRNA, DNA and chemotherapeutic agents. Similarly, it may also 

be used to deliver miRNA, mRNA and proteins. One of the main advantages of 

electroporation is that it has a minimal effect on exosomal components such as ligands and 

receptors present on its membrane surface. The heat generated due to electrical resistance is 

minimal (1° C/pulse) and does not damage the EV membrane (68). However, electroporation 

may trigger the aggregation of EVs, and change their morphological characteristics. This has 

been reported by Hood, et al., (69) and Johnsen, et al., (70). Electroporation may also 

promote aggregation of therapeutic siRNA as reported by Kooijmans, et al., (71). Kooijmans 

and coworkers investigated siRNA loading into EVs by electroporating siRNA cargo with 

and without EVs. They found that electroporating siRNA in the absence of EVs, led to large 

siRNA aggregate formation. This opens up a debate on the accuracy of the loading 

efficiency by electroporation. Thus, careful consideration needs to be taken while 

interpreting the loading using the electroporation method. In addition to cargo aggregation, 
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EVs could also aggregate by fusing together as reported in the case of liposomes (72). Since 

the reports showing siRNA aggregate formation, several groups have employed citric acid 

buffer or the trehalose pulse media to reduce aggregation (68, 70, 71). Trehalose did not 

appear to affect EVs’ size without electroporation, nor did it hinder pore formation upon 

electroporation (70). In spite of the fact that aggregation could be prevented, electroporation 

relies upon the passive loading of the cargo. Thus this method will only be effective when 

the EVs are highly concentrated, and the ratio of the EV particles to the cargo molecules is 

thoroughly optimized. Finally, while electroporation may be useful for smaller studies, its 

lack of scalability in terms of supplying loaded EVs for clinical evaluation is a major 

disadvantage.

4.1.2 Saponin permeabilization—Another method that involves drug loading via 

permeabilization of the EV’s membrane is the use of saponin. Saponin is a detergent like 

molecule that interacts and removes cholesterol from the membrane forming pores without 

destroying the membrane (73, 74). This technique was used to introduce membrane 

impermeable dyes and other cargo within vesicles. This technique was utilized to load the 

protein catalase into exosomes derived from Raw 264.7 macrophages to be used as a drug 

delivery system in Parkinson’s disease therapy (75). Catalase is an antioxidant enzyme that 

functions to protect neuronal tissue from oxidative stress and neurodegradation and has been 

reported to be reduced in Parkinson’s disease (76, 77). In this study, the ability of catalase-

loaded EVs to protect against oxidative stress was evaluated (75). These authors also 

compared different loading techniques (direct incubation, sonication, freeze thaw cycles and 

size extrusion). EVs loaded by direct incubation or saponin permeabilization showed no 

change in EVs size and morphology. Particles undergoing freeze thaw cycles were larger in 

size due to aggregation, whereas sonicated EVs appeared non-spherical. As far as catalase 

loading, EVs loaded using saponin had higher loading that those obtained by incubation or 

freeze thaw, but lower than sonication and extrusion. Moreover, EVs loaded using saponin, 

sonication or extrusion, showed a prolonged release of catalase as measured by retained 

catalase activity over time. In vitro, PC12 cells pretreated with 6-OHDA were used to mimic 

neurodegeneration. EVs loaded by saponin permeabilization and sonication showed the 

highest neuronal survival among all formulations. The formulations were also tested in vivo 

in C57BL/6 mice with acute brain inflammation. Catalase loaded EVs introduced via the 

intranasal route were able to reduce brain inflammation as seen by reduced Reactive Mac 

1+, and higher TH-expressing DA neurons (75). Noteworthy, EVs loaded using saponin 

permeabilization showed better therapeutic effects in vivo than those obtained by sonication 

in spite of lower catalase loading. This might be due to disruption of the exosomes integrity 

due to sonication, making them more vulnerable to degradation via the reticuloendothelial 

system. Fuhrmann, et al., utilized saponin permeabilization to load porphyrins into EVs (78). 

Using saponin at 0.01% w/v for permeabilization resulted in significantly higher loading of 

porphyrins into EVs when compared other loading methods including direct incubation, 

electroporation and extrusion. Saponin permeabilization did not alter size distribution or 

surface charge of the EVs. Loaded EVs were taken up by MDA cells, and functional 

porphyrins were delivered as seen by cell viability changes. While, saponin permeabilization 

is a simple and easy way to load exosomes with therapeutic proteins and effectively deliver 

them to target areas; this method is only demonstrated in a handful of studies. Further work 
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needs to be carried out to determine whether the use of saponin detergents are likely to 

disrupt the EV integrity thereby affecting their immunogenicity. Also, saponin like 

detergents are difficult to remove from EV preparations and could thus affect EV 

morphology, uptake and stability.

4.1.3 Hypotonic dialysis—Hypotonic dialysis relies on osmosis to load vesicles with 

therapeutic agents. EVs are dispersed in a hypotonic solution which causes the EVs to swell 

and form pores. This pore formation renders the membrane permeable for soluble 

therapeutic agents allowing drug loading. The loaded vesicles are then dispersed in an 

isotonic solution which restores the integrity of the EVs and results in drug encapsulation 

(79). Fuhrmann, et al., explored loading of porphyrins into EVs using hypotonic dialysis 

(78). EVs and porphyrin were loaded into a cellulose ester dialysis membrane which was 

placed in 10 mM phosphate buffer, wherein the mixture was continuously stirred at room 

temperature for four hours. Drug loaded EVs were then separated from the mixture by size-

exclusion chromatography. As with saponin loading discussed in the previous section, EVs 

loaded by hypotonic dialysis had exhibited a higher drug content compared to direct 

incubation, electroporation and extrusion loaded vesicles (briefly discussed in section 4.2.3). 

One of the drawbacks with this technique is that it alters the size and charge of the loaded 

EVs. Thus, despite this significantly higher loading, the change in charge and morphology, 

and potentially other EV characteristics that were not evaluated resulted in diminished 

cellular uptake and failed to induce any photo toxicity in MDA-MB-231 breast cancer cells.

4.2 Exogenous loading methods (Passive loading)

4.2.1 Cholesterol conjugation—This technique involves enhancement of EV loading by 

covalently bonding cholesterol to the therapeutic oligonucleotide. Didiot, et al., explored the 

use of cholesterol modified huntingtin gene (Htt) siRNA to improve loading into EVs (40). 

A chemically modified Htt siRNA with a phosphorothioated tail, and 2′-fluoro or 2′-O-

methyl pyrimidine modifications were used to protect against nuclease degradation. 

Cholesterol was then conjugated to the 3′ end of the passenger strand. The hydrophobicity 

imparted by the cholesterol allowed for enhanced membrane association, while the charge of 

the phosphorothioated tail promoted cellular uptake. EVs derived from U87 glioblastoma 

cells were simply loaded with the cholesterol tagged siRNA by incubation at 37° C for 90 

minutes with shaking. The loaded EVs were then separated from the mixture by 

ultracentrifugation. This method produced encapsulation efficiencies in the range of 10–

50%, with 1000–3000 copies of siRNA loaded per EV. Cholesterol conjugation was 

essential for loading as unconjugated siRNA did not associate with the EVs. Electron 

microscopy revealed that the majority of the siRNA were bound to the surface of the EVs 

while a portion was internalized into the vesicles. This finding was also confirmed by zeta 

potential measurements where loaded EVs had a lower surface charge than unloaded EVs. 

Loaded EVs exposed to primary neurons in vitro or unilateral infusion into the striatum in 

vivo decreased both mRNA/protein and mRNA, respectively. These findings indicate that 

the loaded EVs successfully delivered functional siRNA.

Another study by Stremersch, et al., involved loading of cholesterol labeled CD45 siRNA to 

dendritic and lung epithelial cell line EVs (80). They showed that even though the 
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cholesterol siRNA was loaded effectively onto the EVs, and were taken up by dendritic 

JAWS11 and lung epithelial B16F10 cells, functional siRNA could not be delivered in vitro. 

The cause of the inconsistency in efficacy between these two studies is unclear (40, 80). It 

may be due to the type of EV and cells used since both studies used different EV and 

recipient cell combinations. In short, cholesterol conjugation is a straightforward method to 

load therapeutic oligonucleotides into EVs (40).

4.2.2 Simple drug incubation—Research has focused on developing various drug 

formulations with a unified goal to improve their therapeutic and pharmacokinetic profiles, 

especially that of the hydrophobic drugs. Liposomes have been on the forefront of delivering 

therapeutic drugs, improving their pharmacokinetic profile, increasing oral bioavailability 

and retention in the target tissues. However, opsonization and rapid clearance presents a 

potential problem for some of these nanoparticulate systems (35). Several strategies have 

been employed, including PEGylation of the liposomes, to help overcome some of these 

problems (81). EVs resemble liposomes with their similar particle sizes and lipid bilayer. 

Several studies have shown that drugs such as curcumin, doxorubicin and paclitaxel could be 

passively loaded within the EVs (63, 82–84). Curcumin interacted with the lipid membrane 

of the EV to form a curcumin-EV complex (82). Upon administration to the macrophages, 

curcumin-EV complexes exhibited greater anti-inflammatory activity compared to the free 

curcumin. When injected into a lipopolysaccharide (LPS) induced shock mouse model, 

improved survival was observed for the complex compared to the free drug. Curcumin-EV 

and Stat 3 inhibitor-EV complexes administered to the brain via the intranasal route 

protected the mice from LPS-induced brain inflammation, myelin oligodendrocyte 

glycoprotein peptide induced experimental autoimmune encephalomyelitis and delayed 

tumor growth (83). As a result of these preliminary successes, a phase I clinical trial 

(NCT01294072) is currently ongoing to evaluate if plant exosomes could effectively deliver 

the poorly soluble curcumin drug to colon cancer patients. A study was also conducted to 

evaluate the ability of EV complexes with doxorubicin and paclitaxel to cross the blood 

brain barrier in zebrafish (84). Pascucci, et al., reported strong anti-tumorigenic effects can 

be achieved by exposing MSCs with paclitaxel which is then released into the EVs. This was 

the first study to report that MSCs could be used to package and deliver drugs (85, 86).

4.3 Endogenous loading methods

4.3.1 Transfection/Overexpression—One strategy for loading therapeutic nucleic acid 

cargo within EVs is by transfecting oligonucleotides (miRNA/siRNAs/mRNAs) or a plasmid 

that will express the mRNA/miRNA/shRNA directly into the cells. Simple cell transfection 

could cause a passive loading of the cargo in the EVs which could then be used for 

therapeutic purposes. The transfections could be carried out by calcium phosphate method or 

by commercially available lipid reagents such as Lipofectamine, HiPerFect or Exofect 

transfection reagents. Since RNA and protein sequences are easily transfected as synthetic 

oligonucleotides or expressed from a plasmid backbone, this approach could be effectively 

used to package miRNA, siRNA, mRNA and protein within the EVs. Mizrak, et al., reported 

that overexpressing prodrug converting enzyme CD-URPT protein causes CD-URPT mRNA 

and protein to be sufficiently loaded into the EVs (54). When directly injected into the 

schwannomas, mRNA/protein loaded EVs along with systemic administration of 5-
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fluorocytosine was effective in reducing tumor growth. Another incidence of mRNA transfer 

by EVs was reported by Ridder, et al., who engineered glioma and carcinoma tumor cells to 

overexpress Cre mRNA/protein (12). Successful mRNA transfer was reported as Cre 

mediated recombination was observed in mice with Cre reporter background. Zomer, et al., 

and Ridder, et al., both reported that the observed recombination events resulted from Cre 

mRNA translation in the recipient cells since protein was not detected in the EVs (12, 87). 

Furthermore, several studies reported that miRNAs could be efficiently loaded into the EVs 

either by using miRNA expression backbones or by precursor or miRNA mimic/antimiR 

oligonucleotides transfections (53, 88–94). Akao, et al., reported that transfecting chemically 

modified miR-143 in THP-1 macrophages cells causes the modified miRNA to be loaded 

into the EVs (95). This work exhibited that manipulating cells by overexpressing a miRNA 

could be effectively used to load miRNA passively into the EVs. Ohno, et al., exhibited that 

the miRNA loaded EVs could also be targeted effectively to recipient cells by engineering 

their surface with targeting peptides (53). Ohno and colleagues observed that intravenously 

injected EVs accumulated within the tumor and reduced tumor burden. Another study by 

Liu, et al., exhibited that modifying the membrane surface of EV to express the rabies viral 

glycoprotein (RVG) peptide effectively delivers opioid receptor mu siRNA into the brain 

(96). The ease of application for this method makes it highly popular among the EV 

community to package cargo inside of the EVs. However, careful consideration needs to be 

given to the selection of the donor cells as some EV cargo may induce adverse effects in 

vivo. For example, overexpressing a miRNA within the donor cells could result in gene 

expression changes thus causing a change in the contents that are packaged into the EVs. 

Also, this technique compared to electroporation or cholesterol conjugation could show 

lower loading efficiency and requires optimization depending upon the donor cell line and 

its cargo.

4.3.2 Targeted and Modular EV loading approach—As addressed in the previous 

section, RNA molecules have been passively loaded within the EVs either by simply 

transfecting the cells with RNA expression vectors or RNA oligonucleotides (88, 97). 

However, until now, very little work has been done to understand if RNA cargo could be 

actively loaded into the EVs. The targeted and modular EV loading (TAMEL) approach is a 

unique way of actively loading RNA cargo into the EVs by engineering EV-enriched protein 

and a cargo RNA (98). The EV-enriched protein is a fusion protein which consists of a 

transmembrane protein domain and an RNA-binding domain. Hung and Leonard developed 

the TAMEL platform by fusing the MS2 bacteriophage coat protein to EV-enriched protein 

such as Human lamp2b and CD63 which could bind with the cognate MS2 stem loop that 

was engineered onto the cargo RNA (98). HEK293FT cells were used to stably express the 

plasmids that encoded for the proteins along with the cargo RNA which contained the 

mutated and wild type MS2 loops. The EV loading of mRNA molecules greater than 1.5 kb 

was lower compared to the loading of small RNA molecules (less than 0.5 kb). Thus, while 

the TAMEL approach exhibited a unique method of loading cargo in the EVs and achieved 

substantial high loading efficiencies, a failure of any phenotypic changes in the recipient 

cell-lines was observed. This was primarily due to the rapid degradation of the EV cargo 

upon internalization in the recipient cells, highlighting the inefficient endosomal escape 

when taken up by the recipient cell lines. These findings highlight one of the major concerns 
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that limit engineered cells to produce therapeutic EVs. Since the Hung and Leonard study 

was carried out using the HEK293T derived EVs, the possibility exists that the choice of cell 

line by which these therapeutic EVs are made could be responsible for the lack of efficacy 

due to endosomal entrapment. It would be informative to explore engineering platforms in 

other donor cells such as mesenchymal stem cells or dendritic cells. Nevertheless, the 

TAMEL approach provides a unique way of loading RNA molecules within the EVs and 

could serve as preliminary work to build upon.

4.3.3 Cell extrusion generated exosome mimetic nanovesicles—Exosome 

mimetics are cell-derived vesicles that are produced by extruding the donor cells through 

filters of reducing pore sizes (99). Essentially, the vesicles are produced artificially by 

breaking up the cells and then reforming the contents into exosome mimetics as they retain 

some of the physical and biological characteristics of EVs. The exosome mimetic technique 

is shown to produce higher quantities of EVs (approximately 100 fold) when compared to 

the EVs released by the cells (99–101). Furthermore, since cells could be genetically 

engineered to express a specific targeting peptide on the cell surface, and since these 

mimetics maintain the exact topology of the plasma membrane proteins, this method could 

be developed to specifically target intended cells/tissues. Su Chul Jang, et al., developed the 

exosome mimetic nanovesicles to effectively deliver chemotherapeutics such as doxorubicin, 

5-fluorouracil, gemcitabine and carboplatin and study their effects on tumor growth (99). 

Exosome mimetics were developed from human U937 monocytic cells and mouse 

Raw264.7 macrophages incubated with or without the chemotherapeutics. Serial extrusion 

was performed on the cells, followed by iodixanol gradient ultracentrifugation to obtain the 

therapeutic nanovesicles. EVs were also harvested from the same cells to compare the 

efficacy of EV to that of exosome mimetic nanovesicles. Both of the vesicles were similarly 

effective in reducing tumor growth in vivo. When compared to the free drug, 20 fold lower 

amount of exosome mimetics were needed to reduce tumor growth to the same extent. 

Another interesting finding was that when the exosome mimetics were isolated from the two 

cell lines containing the cancer drugs, and injected into an immunocompetent mouse tumor 

model, they both exhibited similar anti-tumor effects with no reported systemic side effects. 

Another study was conducted by Lunavat and colleagues which focused on loading an RNAi 

therapeutic within the exosome-mimetic nanovesicles (101). In this study, two methods of 

loading shRNA cargo into the mimetics were evaluated: firstly by exogenously 

electroporating the siRNA into the cell extruded vesicles and secondly by overexpressing the 

shRNA into the donor cells and then extruding the cells to collect the endogenously 

expressed shRNA nanovesicles. The results from this study were very similar to the previous 

one, showing that the nanovesicles produced using both exogenous and endogenous loading 

methods were both internalized within the recipient cells and caused reduction in the 

expression levels of c-Myc. The positive findings of the study imply that the exosome-

mimetic nanovesicles could in fact be used to overcome some of the scale up issues that are 

currently associated with development of EV therapeutics.

4.3.4 Vexosome hybrid vesicles—Adeno-associated virus (AAV) vector delivery has 

been used in gene therapy studies for the treatment of several genetic diseases including 

central nervous system (CNS) disorders (102, 103). The efficacies of gene transfer and gene 
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expression are limited by the humoral immune responses that produce neutralizing 

antibodies against these wild type AAV vectors (104). Some preliminary work is reported on 

loading the EVs with viral capsids (AAV vectors) which could serve as another method of 

overcoming some of the shortcomings of AAV vector delivery (105–107). These hybrid 

vesicles are referred to as “vexosomes” as they comprise of viral AAV vectors associated 

with EVs. Vexosomes combine the desirable features of both EV and AAV vector systems, 

providing enhanced transfection efficiencies in the recipient cells and EVs protects the 

vector from neutralizing antibodies in vivo. Vexosomes are produced by transfecting the 

AAV vectors into HEK293T cells and conditioned media containing the EVs associated with 

AAV vectors are isolated by the iodixanol gradient centrifugation method. Initial 

characterization of these vexosomes by transmission electron microscopy exhibited 

AAV/EV association with the size range of ~50 to 200 nm (105). A subsequent in vivo study 

showed that vexosomes outperform AAV vectors without EV association when administered 

in the presence of neutralizing antibodies (106). Vexosomes could also be engineered to 

display targeting peptides on their surface to enable enhanced delivery to target tissue. When 

injected systemically in mice, vexosomes crossed the blood brain barrier and enabled 

efficient transduction of central CNS cells (107). This series of studies conducted in the last 

few years highlights the potential of using vexosomes for gene delivery, particularly to the 

difficult to reach CNS cells.

4.3.5 EV sequence sorting mechanism—It is poorly understood how certain RNA 

molecules are preferentially sorted into the EVs. Villarroya-Beltri, et al., identified two short 

sequences which enabled the miRNA containing those sequences to be actively loaded 

within the EVs. These sequences were referred to as EXOmotifs. EXOmotif sequences bind 

to the heterogeneous nuclear riboprotein A2B1 (hnRNPA2B1) which are then loaded inside 

of the EVs (108). Mutating these motifs decreased the expression of miRNAs that were 

sorted in the EVs through protein binding. HNRNPA2B1 is a ubiquitous RNA binding 

protein, shown to regulate mRNA trafficking to axons in neural cells (109) and is also 

involved in regulating mRNAs by binding to the lncRNA (110). HNRNPA2B1 regulates 

mRNA trafficking via a 21-nucleotide sequence called as the RNA trafficking sequence. 

This sequence overlapped with both the EXOmotif sequences that were found to guide the 

miRNA loading into the EVs. Furthermore, the HNRNPA2B1 protein in exosomes is 

sumolyated, meaning it undergoes post-transcriptional modification which controls the 

binding of the protein to the miRNAs and is important for EXOmiRNAs loading into the 

EVs. Another group identified a stem loop forming sequence of 25 nucleotides within the 3′ 
UTR region of mRNA that promoted its accumulation in EVs (111). This sequence was 

called the zipcode sequence which contained miR-1289 binding region and a CUGCC 

sequence which increased the packaging of the mRNA transcript by two-fold when 

compared to the mRNA transcript without the zipcode sequence. As these EV sorting 

sequences could be engineered onto an endogenous gene to increase its loading within the 

EVs these EXOmotif and zipcode sequences provide a unique tool for loading the EVs with 

desired mRNA/miRNA therapeutics for gene therapy.
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5. SUMMARY/PROSPECTUS

We review here various methods and techniques to load therapeutic cargo into EVs, 

including small molecule compounds and nucleic acid drugs. There has recently been much 

anticipation in the development of therapeutic EV delivery systems as they are derived from 

natural cellular processes and may reduce some of the toxicity that is associated with 

nanoparticle delivery systems (112, 113). In addition, with therapeutic EVs, it may be 

possible to deliver their payload to difficult to target tissues such as the CNS (66, 83). 

However, for the promise of therapeutic EVs to be achieved clinically, there must be the 

means to load the EVs with therapeutic cargo that is efficient, cost effective and scalable.

Various methods and techniques have been reviewed to load therapeutic cargo into EVs, 

including small molecule compounds and nucleic acid drugs. In addition to the classes of 

EV loading outlined herein, several recent reports have been published that describe novel 

methods to load EVs with therapeutic cargo. Kim et al., exploited the sonication method to 

load EVs with paclitaxel in order to overcome P-glycoprotein transporter mediated multiple 

drug resistance in cancer cells (114). Drug encapsulated within the EVs increased efficacy 

50 times compared to that of the free drug. To overcome the conventional low efficiency 

loading of proteins, by Yim, et al., reported a new loading approach called exosome for 

protein loading via optically reversible protein-protein interaction (EXPLORs) (115). They 

demonstrated the ability to load intracellular proteins into EVs by successfully delivering 

Cre recombinase into the target cells both in vitro and in vivo.

We review two broad categories of therapeutic EV loading: endogenous and exogenous 

(Figure 2). Endogenous loading implies addition of therapeutic cargo to the EV directly 

from the donor cell while exogenous loading refers to the depositing of cargo into purified 

EVs. Endogenous loading is typically reserved for therapeutic cargo that is expressed from a 

vector or through engineering of the donor cell. The primary advantages of endogenous 

loading include having a complete cellular system that is scalable and that the therapeutic 

cargo is directly loaded into the drug delivery system (i.e. EV). If the therapeutic cargo (i.e. 

siRNA, miRNA, mRNA) is expressed from the donor cell, this obviates the need for 

introducing oligonucleotides, thus offering the potential for substantial cost savings. The 

primary disadvantage of endogenous loading is low loading efficiencies, while the loading 

efficiency for exogenous methods can be quite high, e.g. 3,000 siRNA copies per EV (40) 

and 2.9 μg of drug per μg of EV (82). The disadvantage of exogenous loading is the 

introduction of additional steps to the manufacturing process and in the case of nucleic acid 

delivery, the need for expensive chemically modified oligonucleotides.

In order to compare the findings across different studies, it is important that the authors 

report the loading efficiency as both a percentage (i.e. amount of cargo loaded into EVs 

divided by the amount of cargo exposed to the EVs) and as the number of therapeutic 

molecules/copies of loaded EV. Secondly, the reported dose in mice should be presented as 

the amount of therapeutic cargo injected into mice in addition to the quantity of EVs (e.g. 

total EV number or μg of EV protein). To illustrate this point, we compared the loading 

efficiency and administered dose from published therapeutic EV studies (Table I). Thirteen 

of the 17 studies do not mention the loading efficiency percentage (Table I) therefore it is 
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difficult to directly compare these methods. Granted it would not be helpful to compare a 

technique to load small molecules to one that loads nucleic acid, but it would be useful to 

compare those methods within each class of cargo. The loading percentage among these 

studies is quite large ranging from 0.2 – 80%. Of the 11 in vivo studies presented in Table I, 

7 calculated the dose based upon the amount of EV particles or μg protein administered and 

not the active therapeutic.

It is difficult to speculate at this point in time what might be considered an optimal loading 

efficiency or predict loading efficiencies as data to support this point are sparse. In terms of 

percentage loading (amount loaded/amount added), the higher the better to maximize 

loading efficiency. However, in terms of cargo loaded per EV, it becomes more difficult to 

predict as there will be a saturation point. While Didiot, et al., estimate that the saturation 

point of EVs that are associated with the cholesterol-labeled shRNA is about 3,000 copies 

per EV (40), this topic has not been thoroughly addressed in the literature. For exogenous 

loading, an additional point to consider is the degree to which cargo is attached to the EV 

membrane rather than being internalized within the EV. The stability of the therapeutic agent 

could be compromised if attached to the EV and the ability of the loaded EVs to target 

specific cells or tissues adversely affected.

6. CONCLUSIONS

EVs are of great interest due to their involvement in pathophysiological processes and also 

to their apparent intrinsic ability to transport a wide range of biomolecules across different 

tissues, organs and cells. As several studies have highlighted, successful loading of 

therapeutics, ranging from synthetic oligonucleotides to small molecule compounds to viral 

vectors, can be achieved. Optimization of the techniques to load EVs will reduce cost and 

increase productivity, important factors as therapeutic EVs progress to the clinic.
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Figure 1. 
Biogenesis of Extracellular vesicles. Exosome biogenesis begins with the invagination of the 

plasma membrane followed by the inward budding of the endosome to form multivesicular 

bodies (MVBs) which then fuse with the plasma membrane to release these smaller types of 

EVs. Microvesicles on the other hand are formed directly by the outward budding of the 

plasma membrane.

Sutaria et al. Page 20

Pharm Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Different approaches to load EV therapeutics. EVs could be therapeutically loaded using 

endogenous and exogenous loading techniques. Endogenous approach involves 

overexpressing therapeutic cargo within the donor cells, which eventually gets loaded within 

the EVs. Exogenous approach includes the loading of therapeutic cargo within EVs once 

they are isolated. Depending upon the specific loading technique through which the cargo is 

loaded inside of the EVs, they could be further sub-classified into active and passive loading.
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