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Abstract
Exosomes are 40- to 100- nm cell-originated vesicles derived from endocytic compartments that are released into almost all 
biological fluids. Exosomes are cell-created vesicles that inherit identical phospholipid membrane, explaining a wide applica-
tion of electroporation as a technique for exosomes loading with exogenous cargoes. Another way of loading exosomes with 
therapeutic cargo is to overexpress a certain gene in exosome-donor cells or treat cell line with drug of interest that later will 
be gently enveloped into vesicles based on the process of EV biogenesis. Similarly, to visualize siRNA loading into exosomes 
as well as the exosomal product delivery to recipient cells, we have conducted an experiment where chemical-based exosome 
transfection was used. In this review, we discuss different ways of extracellular vesicle loading with exogenous cargoes and 
their advantages/limitations as well as novel alternative techniques of substance incorporation into nanoparticles.
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Abbreviations
ncRNAs  Noncoding ribonucleic acid
mRNA  Messenger RNAs
DNA  Deoxyribonucleic acids
MVBs  Multivesicular bodies
miRNAs  MicroRNAs
siRNA  Small (or short) interfering RNA
RVG  Rabies viral glycoprotein
EVs  Extracellular vesicles
MV  Microvesicles
CML  Chronic myelogenous leukemia
MAPK1  Mitogen-activated protein kinase 1
MAEC  Mouse-aortic endothelial cell
HuR  Human antigen R
EXPLORs  Exosomes for protein loading via optically 

reversible protein–protein interactions
CRY2  Cryptochrome 2
CIB1  CRY-interacting basic-helix-loop-helix1

Introduction

Pan and Johnstone first discovered exosomes in 1983 and 
in 1989 the same group defined these functional vesicles as 
exosomes [1, 2]. Exosomes are cell-originated vesicles of 
40–100 nm in diameter derived from endocytic compart-
ments that are released into almost all biological fluids [3]. 
The putative primary function of exosomes is to transmit 
cell-to-cell molecular messages through small noncoding 
ribonucleic acid (ncRNAs), messenger RNAs (mRNA), 
deoxyribonucleic acids (DNA), and protein [4]. To date, 
several different types of extracellular vesicles have been 
described and depending on the nature of vesicular secretion 
from cells, extracellular vesicles can be grouped into two 
classes. The first class is known as microvesicles, which are 
directly shed from the cellular membrane. The second class 
is referred to as exosomes, which involves the tightly con-
trolled biogenesis of these vesicles, whereby exosomes are 
released by exocytosis when multivesicular bodies (MVBs) 
fuse with the plasma membrane [4, 5].

The primary components of an exosomal membrane are 
proteins and lipids. Very recently, Zomer et al. showed that 
purified exosomes contain functional microRNAs (miRNAs) 
and small ncRNAs, but detected little mRNA. This study 
also speculated that exosomes specialize in carrying small 
RNA including, regulatory miRNAs [5, 6]. However, since 
exosomes have variable compositions, they can carry differ-
ent information to different cells. The type of cell, or where 
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an exosomes originate, can determine the composition, func-
tion and the molecular message that they are carrying [7].

Role of exosomes in cardiovascular diseases, cancer, 
diabetes and other pathological states has been well docu-
mented. Therefore, there is a possibility of development and 
implementation of novel approach in the treatment of vari-
ous diseases relying on exosomes as therapeutic targets [8]. 
Moreover, great effort has been invested in examination of 
exosomes as drug delivery system for cancer and autoim-
mune/inflammatory disease therapy. Their future potential 
as diagnostic biomarkers and vehicles for the application of 
antitumor agents has yet to be thoroughly understood and 
so far they are in the early stage of research specifically for 
breast cancer [9, 10].

The discovery of different types of extracellular vesi-
cle cargo, as well as the transportation of these vesicles to 
numerous tissues in the body that allows for global cell-to-
cell communication has led investigators to concentrate on 
the therapeutic potential of exosomes, especially as drug 
delivery vehicles. To date, cell-derived vesicles exhibit mul-
tiple advantages over other existing or potential new drug 
delivery methods, including natural composition, small 
size (nanoscale) and immune invisibility. In this review, we 
discuss different ways of extracellular vesicle loading with 
exogenous cargoes and their advantages/limitations as well 
as novel alternative techniques of substance incorporation 
into nanoparticles.

Electroporation

Electroporation or electropermeabilization is the process 
of hydrophilic pore formation due to external electric field 
application that increases cellular membrane permeabil-
ity and allows passage of chemicals, DNA, RNA or drugs 
into the cell [11–13]. Exosomes are cell-created vesicles 
that inherit identical phospholipid membrane, explaining a 
wide application of electroporation as a technique for exo-
some loading with exogenous cargoes [14–17]. After drug 
loading into the vesicle interior through temporary pores, 
recovery of exosome membrane integrity shortly occurs. 
While small hydrophobic molecules spontaneously diffuse 
into exosomes, electroporation has been proposed as con-
venient method for hydrophilic cargo incorporation (siRNA, 
miRNA) [18].

Alvarez-Erviti et al. performed loading of small inter-
fering RNA (siRNA) into dendritic cell exosomes by elec-
troporation [19]. To endow targeting quality, exosomes 
were engineered to express central nervous system-specific 
rabies viral glycoprotein (RVG) peptide that was fused with 
exosomal membrane protein Lamp2b. This group not only 
demonstrated efficient delivery of siRNA with targeted 
exosomes into neuronal cell line (Neuro2A) in vitro, but 

also investigated targeted exosome capabilities for systemic 
siRNA delivery. GAPDH siRNA was successfully deliv-
ered specifically to neurons, microglia and oligodendro-
cytes with RVG-targeted exosomes that were intravenously 
administered. Significant functional knockdown of BACE1 
gene that contributes to cleavage of amyloid precursor pro-
tein and plays role in beta amyloid plaque formation in 
Alzheimer’s disease was achieved applying RVG-targeted 
exosomes loaded with BACE1 siRNA in vivo and in vitro. 
In a study by Banizs et al. luciferase transfected primary 
endothelial cells were treated with luciferase siRNA encap-
sulated with endothelial exosomes (exosome/siRNA Luc) 
by electroporation [7]. The luciferase gene expression in 
endothelial cells decreased by 40% with exosomes/siRNA 
Luc treatment, confirming the effective exosomal delivery 
of siRNA to endothelial cells. Multiple studies have exhib-
ited successful loading of siRNA into exosomes via elec-
troporation as well as delivery of an exosomal product to 
target organ [20–22], however, there are only few reported 
attempts to demonstrate effective incorporation of DNA into 
extracellular vesicles (EVs). Lamichhane et al. have shown 
that nucleic acids larger than miRNA or siRNA can be 
inserted into EVs applying electroporation, approximately 
100 molecules per vesicle [23]. This group also demon-
strated transfer of exogenous DNA to recipient cells by EVs, 
however, functional gene transfer was not observed. Despite 
the fact that electroporation is well known and widely used 
technique, Kooijmans et al. described downsides of elec-
tropermeabilization as it favors extensive siRNA aggrega-
tion, which overestimates the amount of loaded siRNA into 
EVs [24].

This brings a great demand for further exploration of 
novel effective concepts of exosomes loading.

Transfection of exosome‑secreting cells

Another way of loading exosomes with therapeutic cargo 
is to overexpress a certain gene in exosome-donor cells or 
treat cell line with drug of interest that later will be gently 
enveloped into vesicles based on the process of EV bio-
genesis. Several reports demonstrated endogenous inser-
tion of siRNA, miRNA, mRNA and protein into EVs that 
was accomplished via prior vesicle-secreting cell transfec-
tion. Kanada et al. performed loading of plasmid DNA/
mRNA or siRNA into EVs by prior HEK293FT donor-cell 
transfection followed by EV isolation [25]. The study was 
focused on two types of EVs: exosomes and microvesicles 
(MV) and their ability to encapsulate and deliver cargo of 
interest. It was confirmed that reporter mRNA was success-
fully loaded and transferred by both types of EVs, how-
ever, MVs only could encapsulate and deliver plasmid DNA 
to recipient cells. In vivo experiment was also conducted 
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where plasmid DNA-encoding Cre recombinase was effec-
tively transported to tissue in transgenic Crelox reporter 
mice via MVs. In a study by Mizrak et al. HEK293T cells 
were transfected with plasmids to create EVs containing 
suicide gene mRNA and cytosine deaminase anchored to 
phosphoribosyltransferase to treat pre-established schwan-
noma [26]. Local injection of drug containing vesicles into 
schwannoma induced tumor growth regression. Ohno et al. 
engineered targeted exosomes via overexpression of the 
transmembrane domain of platelet derived growth factor 
receptor in donor cells for breast cancer therapeutics [27]. 
Bellavia et al. designed IL3-Lamp2b containing exosomes 
that targeted IL3 receptors overexpressed on hematopoi-
etic cells in chronic myelogenous leukemia (CML) [28]. 
To obtain targeted exosomes that would incorporate anti-
CML drug Imatinib, IL3L-HEK293T donor cells were sim-
ply treated with Imatinib followed by exosome isolation. 
Silencing of BCR-ABL gene that is overexpressed in CML 
was conducted using BCR-ABL siRNA incorporated into 
exosomes via IL3L-HEK293T donor cells siRNA transfec-
tion. It was confirmed that IL3L targeted exosomes con-
taining Imatinib attenuated tumor growth more efficiently 
than Imatinib alone. Similarly, targeted exosomes loaded 
with BCR-ABL siRNA produced effective BCR-ABL gene 
silencing that inhibited tumor growth.

Several reports have demonstrated that simple incubation 
or treatment of exosome-parental cells with drug of interest 
is resulted in substance incorporation into a vesicle during 
EV biogenesis [28]. Kalani et al. performed mouse brain 
endothelial cell treatment with curcumin, a substance that 
has anti-oxidative as well as anti-inflammatory properties 
to obtain curcumin-containing exosomes [29]. Curcumin 
incorporated into endothelial exosomes was administered 
to homocysteine-treated mouse brain endothelial cells and 
resulted in alleviation of homocysteine-mediated oxidative 
stress and cell permeability.

Chemical‑based exosome incorporation 
with exogenous cargoes

Chemical-based exosome transfection that utilizes com-
mercially available transfection reagents have been shown 
to effectively incorporate and deliver siRNA to target cells 
via exosomes. Wahlgren et al. performed exosome loading 
with mitogen-activated protein kinase 1 (MAPK1) siRNA 
applying HiPerFect transfection reagent [30]. In a study by 
Shtam et al. RAD51, RAD52 siRNAs were incorporated into 
exosomes with Lipofectamine via chemical-based transfec-
tion [31]. The authors confirmed a successful administration 
of RAD51 siRNA via exosomes that produced RAD51 gene 
silencing in cancer cells.

Similarly, to visualize siRNA loading into exosomes 
as well as the exosomal product delivery to recipient 
cells, we have conducted an experiment where chemi-
cal-based exosome transfection was used. Endothelial 
exosomes were collected via differential ultracentrifuga-
tion [32] of mouse aortic endothelial cell (MAEC) cul-
ture-conditioned media and labeled with PKH67 green 
dye. Figure 1 shows MAEC that acquired PKH67-tagged 
exosomes. Fluorescently labeled exosomes were loaded 
with red fluorescent-tagged siRNA (Alexa Flour 647), 
using Lipofectamine or ExoFectin transfection reagents. 
For unincorporated siRNA clearance, Exosome Spin Col-
umns were used. The transfected endothelial exosomes 
were administered to MAEC followed by 2 h incuba-
tion. Figure 2 illustrates successful delivery of siRNA to 
recipient MAEC via exosomes. Exosome size and protein 
content were characterized by emission electron micros-
copy and by western blotting (Fig. 3). It was confirmed 
that siRNA loading did not affect endothelial exosome 
integrity. The effective loading and introduction of siRNA 
to recipient cells via exosomes was achieved with both 
transfection reagents and no difference was found. There-
fore, we have visualized both: successful incorporation of 
siRNA into exosomes using chemical-based transfection, 
as well as an effective delivery of siRNA to recipient cells 
via exosomes within 2 h. However, it was reported that 
chemical-based transfection carries several limitations 
including inability to separate exosome vesicles from 
micelles of chemical transfection that questions whether 
the exosomes or the micelles deliver exogenous nucleic 
acids to recipient cells [33, 34]. Thus, further investiga-
tion is required to explore novel advanced techniques for 
exosome sample purification as well as alternative load-
ing tools.

Fig. 1  Chemical-based exosome transfection showed endothelial 
exosomes collected by ultracentrifugation of MAEC (CD31-red) 
culture-conditioned media labeled with PKH67 green dye; MAEC—
mouse aortic endothelial cell. (Color figure online)
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Alternative exosome‑loading techniques

Simple incubation of exosomes with cargo of interest has 
been widely described as one of the alternative exosome-
loading technique [16, 35–37]. In a study by Sun et al., a 
natural polyphenol (curcumin) that possess anti-inflamma-
tory, antioxidant and antineoplastic properties was simply 
incubated with exosomes for substance incorporation [38]. 
Curcumin loading into exosomes improved its solubility, 
stability and bioavailability.

Sonication is based on sonoporation phenomenon and 
is one of the alternative methods of exosome loading. 
In sonoporation, the application of low-frequency ultra-
sound induces cavitation bubble formation [34]. Micro-
bubble burst produces cellular membrane pores that allow 
crossing of RNA/DNA into the cell. Exosome is a cellular 
descendant that has an identical lipid bilayer membrane 

allowing the application of sonication for the purpose of 
exosome transfection. In a study by Lamichhane et al., the 
sonication was applied for siRNA loading into EVs [39]. 
EVs successfully delivered siRNA to recipient cells for 
HER2 gene silencing in breast cancer.

O’Loughlin et al. described a novel approach of siRNA 
modification to allow passive incorporation into EVs [40]. 
Cholesterol-conjugated siRNA due to its lipophilic nature 
could be passively encapsulated into EVs by simple co-
incubation. With this novel approach, the authors accom-
plished human antigen R (HuR) gene silencing to reduce 
tumor growth in EV-treated cells.

In a study by Yim et al. a novel tool for intracellular 
administration of target proteins, named “exosomes for pro-
tein loading via optically reversible protein–protein interac-
tions” (EXPLORs) was developed [41, 42]. To accomplish 
protein loading into exosomes via EXPLOR, cargo protein 
was fused with photoreceptor cryptochrome 2 (CRY2) 

Fig. 2  a Representation of successful delivery of siRNA to recipient 
MAEC via exosomes; a siRNA alone (Lipofectamin); b Fluorescently 
labeled exosomes loaded with red fluorescent-tagged siRNA using 

ExoFectin; c Fluorescently labeled exosomes loaded with red fluo-
rescent-tagged siRNA using Lipofectamine; MAEC—mouse aortic 
endothelial cell. (Color figure online)

Fig. 3  Exosome size and protein 
content characterization showed 
that siRNA loading did not 
affect endothelial exosome 
integrity. a Electron microscopy 
of the isolated exosome sample; 
b Western blotting of exosomal 
proteins
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protein and CRY-interacting basic-helix-loop-helix1 (CIB1) 
protein was anchored to a membrane-associated tetraspanin 
protein CD9. Blue light illumination promotes reversible 
protein–protein interaction of CRY2 and CIB1 that allows 
attachment of cargo protein to membrane and cargo incor-
poration into exosomes through endogenous biogenesis. 
Removal of the illumination source disrupts CRY2-CIB1 
interaction that releases protein cargo into the intraluminal 
space of the exosomes enabling further administration of 
cargo to cytosol of recipient cells via exocytosis.

Future directions

Extracellular vesicles are cell-created vehicles that con-
stantly transport cargoes from one cell to another contrib-
uting to cell signaling that become a promising model for 
effective drug delivery. The great number of studies con-
firmed the loading possibilities of exosomes with exogenous 
molecules as well as successful delivery to recipient cells, 
however, several limitations need to be solved to fully adapt 
this approach in a clinical field. For example, exosome iso-
lation and purification is still a time-consuming process 
with a low outcome, thus, a novel technology is required 
for efficient isolation of purified extracellular vesicles in 
large quantities. In addition, loading techniques require a 
novel approach that will be effective enough to overcome 
recently addressed shortcomings. A few questions need to be 
addressed: (1) weather the process of exosomal loading with 
exogenous cargo produces a disturbance of endogenous mat-
ter of the vesicle; (2) weather there is an interaction between 
incorporated exogenous cargo end preexisting exosomal 
content after vesicular transfection. Nevertheless, nanomedi-
cine is a rapidly developing field that in the near future will 
grant a solution to resolve existing challenges and will confer 
a perspective for personalized therapy application.
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