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Abstract: Extracellular Vesicles (EVs) are a focus of intense research worldwide, with many groups
exploring their potential for both diagnostic and therapeutic applications. Researchers have char-
acterized EVs into various subtypes, modified common surface markers, and developed diverse
isolation and purification techniques. Beyond their diagnostic potential, EVs are being engineered as
delivery vehicles for various molecules and therapeutics. RNA therapeutics have the potential to
be a transformative solution for patients suffering from chronic and genetic disorders and generally
targeting undruggable targets. Despite the success of many RNA therapeutics in both in vivo studies
and clinical trials, a significant challenge remains in effectively delivering these therapies to the
target cells. Many research groups have adopted the use of lipid nanoparticles (LNPs) and other
nanocarriers to encapsulate RNA therapeutics, aiming to deliver them as stably as possible to ensure
optimal bioavailability and efficacy. While LNPs have proven successful as delivery vehicles, their use
is not without drawbacks, such as accumulation within the body. EVs could be a potential solution to
many of the problems around LNPs and other nanocarriers.
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1. Introduction

Targeted drug delivery is gaining popularity over conventional drug delivery systems,
such as tablets and syrups. Conventional drug delivery can suffer from poor bioavailability,
uncontrolled drug release, the need for repeated drug administration, and fluctuations in
the blood drug levels [1,2]. Drug delivery vehicles, such as nanoparticles, are currently
favored because they address common issues associated with conventional drug delivery.
These solutions include low toxicity, biocompatibility (not eliciting an immune response),
and the ability to pass through biological barriers, such as the plasma membrane and
even the blood–brain barrier. Additionally, targeted drug delivery methods reduce the
need for repeated dosing and improve safety by using smaller amounts of drugs. These
methods enhance drug bioavailability, chemical stability, and solubility [1,3,4]. Widely
used delivery vehicles include viruses, lipid-based carriers such as liposomes and lipid
nanoparticles (LNPs), and synthetic polymers. These vehicles deliver biologically active
molecules, including proteins and nucleic acids such as mRNA, siRNA, shRNA, miRNA,
and sgRNA-based ribonucleoprotein complexes [5–9]. Despite the mentioned delivery
vehicles being more biocompatible than some conventional drugs, they can still elicit
an immune response, prompting the development of more efficient and biocompatible
delivery vehicles.

The knowledge of extracellular vesicles (EVs) has grown remarkably since their discov-
ery around 40 years ago. Initially, EVs were thought to be merely a cell excretion pathway.
However, researchers have since proven their importance in intercellular communication,
as they transport materials such as proteins, lipids, nucleic acids, and other substances
between cells [10,11]. EVs are now considered promising nanocarrier candidates for tar-
geted drug delivery due to their physical properties, including small size, biocompatibility,
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biostability, and safety. They can evade digestive enzymes and survive digestive fluids,
making them suitable nanocarriers for the delivery of easily degradable drugs and other
components. Additionally, their biostability and the ability to escape phagocytosis make
them highly effective for long-distance biological communication. One of their unique
characteristics is targeting specificity, which is highly dependent on the surface membrane
composition that varies according to the cell of origin. EVs can be modified to carry specific
molecules to enhance their recognizability of target cells. Once EVs reach the target cells
(tissue), they can deliver their cargo through membrane fusion or phagocytosis [1,12,13].

Early clinical studies of EVs delivery to cancer patients did not cause any serious
adverse effects. In these studies, autologous DC-derived EVs loaded with tumor antigenic
peptides were administered to patients for the treatment of melanoma and non-small-cell
lung cancer. While EV administration was found to be safe, the therapeutic benefits were
limited [14]. The safety of EVs administration was further demonstrated by recent studies,
where a single high-dose administration of human-derived EVs into mice did not trigger
any acute inflammatory response [15].

Targeting macrophages is the next great frontier in cancer immunotherapy, and we
are encouraged by the monotherapy anti-tumor activity exhibited by exoASO-STAT6 in
preclinical models, which has not been observed among other approaches to date. Extra-
cellular vesicles or exosomes facilitate the delivery of STAT6 antisense oligonucleotides,
aiming to repolarize macrophages from the immunosuppressive M2 phenotype to the
pro-inflammatory M1 phenotype, thereby potentially exerting antitumor effects [16].

In this review, we will discuss extracellular vesicles as targeted drug delivery vehicles and
summarize various methods to isolate, purify, characterize, and modify EVs. Moreover, we will
explore the use of RNA as a therapeutic molecule and highlight applications, key opportunities,
and challenges in loading RNA into exosomes to create tissue-targeted therapy.

2. Extracellular Vesicles

‘Extracellular vesicles’ is a broad term for the heterogeneous populations of nanosized
membranous particles released by eukaryotic and prokaryotic cells. They play a diverse
role in intercellular communication and cargo delivery as they transport functional proteins,
nucleic acids, and other metabolites to the recipient cells. EVs can be found in all types of
mammalian fluids, such as serum, plasma, urine, breast milk, etc. [17–19].

Many researchers have proved that EVs influence several physiological processes,
such as wound healing [20], protection against ischemia/reperfusion injury [21], modu-
lating immune responses [22,23], cancer progression [24], and mediating cardiovascular
diseases [25].

2.1. The Origin and Classification of Extracellular Vesicles

Extracellular vesicles are heterogeneous in size (ranging from 30 to 1000 nm), compo-
sition, cellular origin, and function [26]. EVs can be further classified by size depending
on the cellular origin of the particle. Exosomes or small EVs are the smallest, 30–100 nm;
they are derived from the endosomal pathway (Figure 1A), which is a process where the
plasma membrane buds inwards, creating an endosome in the cytoplasm. Further inward
budding of the endosomal membrane creates intraluminal vesicles (small vesicles inside
the endosome), which leads to the formation of a multivesicular body (MVB). The MVB
either fuses with lysosomes and is degraded or fuses with the plasma membrane, releasing
the intraluminal vesicles into the extracellular space as exosomes [17,27,28].

Unlike exosomes, microvesicles, also called microparticles or ectosomes, are released
by budding from the plasma membrane. Their size ranges from 100 nm to 1 µm [29]. They
can also be referred to as large EVs [28].
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Figure 1. Biogenesis of extracellular vesicles and apoptotic bodies. (A). Exosomes are formed by
fusing the multivesicular body with the plasma membrane and releasing them into the extracellular
space. Microvesicles bud from the plasma membrane. (B). Dying cells release apoptotic bodies and
apoptotic microvesicles.

Cells undergoing apoptosis (programmed cell death) are also known to produce
different subsets of vesicles, termed apoptotic bodies and apoptotic vesicles, which often
range from 500 nm to 2 µm in size and could also be as big as 5 µM [30] (Figure 1B). Like
exosomes, the apoptotic bodies were thought to be garbage bags until it was discovered
that they can deliver materials to healthy cells [31]. There is variability in the literature
when it comes to the size range of the different subtypes of extracellular vesicles. Generally,
exosomes are within the smallest size range, microvesicles are bigger than exosomes, and
apoptotic bodies are the largest. Overlapping sizes among these three categories can also
be found in the literature.

In the absence of accepted molecular markers to distinguish different EV subsets,
they are currently mostly categorized based on their size differences. However, this might
be challenged by the fact that small EVs (exosome-sized) can also bud directly from the
plasma membrane. Osteikoetxea et al. [32] introduced protein-to-lipid ratio as a new
parameter to categorize the subsets of extracellular vesicles. They found that the protein-
to-lipid ratio increases with increasing diameter of the EV subpopulations. Additionally,
they confirmed previous findings that exosomes are particularly rich in cholesterol and
GM1 gangliosides [33]. They concluded that EV subpopulations can be categorized based
on their membrane lipid order, which is a parameter that reflects the lipid packaging
degree. The lipid order of membranes is a crucial parameter because it impacts signaling
pathways. For instance, low-ordered membranes have lower protein–protein interactions,
whereas membranes with high lipid order are typically found at the sites of cell adhesion,
synapses, viral entry, and budding. The data suggest that exosomes are characterized by
high membrane lipid order and high cholesterol content. These characteristics, among
others, could explain the important role of exosomes in intercellular communication [32].
In this review, the terms extracellular vesicles and exosomes are used interchangeably. In
theory, one can differentiate between EVs, an umbrella term, and exosomes, a subtype of
EVs. However, in practice, it is not easy to isolate a pure particular subtype without the
presence of other subtypes.
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2.2. EVs’ Composition

EVs are membrane-enclosed vesicles that can carry a myriad of molecules in their
lumen and on their membranes. As the interest in EVs is growing, scientists are determined
to further understand their composition, as they are potential biomarkers for diseases and
are also important in several medical applications, such as targeted drug delivery [34]. The
composition of extracellular vesicles is related to their cell of origin and, importantly, to
the physiological state of the cell and is influenced by external stimuli acting on the cell
at the time of EV release [35]. Different EV subsets carry different transmembrane and
intraluminal molecules (Figure 2). The cargo can be composed of lipids, nucleic acids,
proteins, and metabolites. Nucleic acids include dsDNA, ssDNA, and various RNA species,
such as mRNA, miRNA, transfer RNA (tRNA), small nucleolar RNA (snoRNA), small
nuclear RNA (snRNA), mitochondrial RNA, mitochondrial DNA, and circular RNA [36].
Even though the composition of exosomes can be very heterogenous, some molecules are
generally conserved across many populations and are considered EV markers. Among
those molecules are the tetraspanins (CD9, CD63, and CD81), which are involved in
several cellular functions, such as cell invasion, fusion, and penetration. Furthermore,
small heat-shock proteins (HSP27, HSP60, HSP 70, and HSP90) are known to regulate the
cellular responses and antigen presentation under stress and are also conserved in exosome
populations [37]. TNFR is also found to be enriched in EVs of different origins [38]. MHCII
molecules are only found on the EVs derived from immune cells [39]. EGFR enriched on
EVs plays a crucial role in the tumor microenvironment [40]. Actin has been reported to
be enriched in EVs [41]; so is tubulin [42]. Other classic EV markers are proteins involved
in membrane fusion and transport, such as Annexin, Flotillin, GTPases, and Rab family
members [43]. Endosomal markers, such as Alix and TSG101, are especially enriched in
exosomes [44]. Lastly, EVs can also carry molecules such as integrins, proteoglycans, lectins,
and ICAM-1, which play a role in the EVs’ binding and uptake by cells [45].

SynBio 2024, 2, FOR PEER REVIEW 4 
 

Figure 1. Biogenesis of extracellular vesicles and apoptotic bodies. (A). Exosomes are formed by 
fusing the multivesicular body with the plasma membrane and releasing them into the extracellular 
space. Microvesicles bud from the plasma membrane. (B). Dying cells release apoptotic bodies and 
apoptotic microvesicles. 

2.2. EVs’ Composition 
EVs are membrane-enclosed vesicles that can carry a myriad of molecules in their 

lumen and on their membranes. As the interest in EVs is growing, scientists are deter-
mined to further understand their composition, as they are potential biomarkers for dis-
eases and are also important in several medical applications, such as targeted drug deliv-
ery [34]. The composition of extracellular vesicles is related to their cell of origin and, im-
portantly, to the physiological state of the cell and is influenced by external stimuli acting 
on the cell at the time of EV release [35]. Different EV subsets carry different transmem-
brane and intraluminal molecules (Figure 2). The cargo can be composed of lipids, nucleic 
acids, proteins, and metabolites. Nucleic acids include dsDNA, ssDNA, and various RNA 
species, such as mRNA, miRNA, transfer RNA (tRNA), small nucleolar RNA (snoRNA), 
small nuclear RNA (snRNA), mitochondrial RNA, mitochondrial DNA, and circular RNA 
[36]. Even though the composition of exosomes can be very heterogenous, some molecules 
are generally conserved across many populations and are considered EV markers. Among 
those molecules are the tetraspanins (CD9, CD63, and CD81), which are involved in several 
cellular functions, such as cell invasion, fusion, and penetration. Furthermore, small heat-
shock proteins (HSP27, HSP60, HSP 70, and HSP90) are known to regulate the cellular re-
sponses and antigen presentation under stress and are also conserved in exosome popula-
tions [37]. TNFR is also found to be enriched in EVs of different origins [38]. MHCII mole-
cules are only found on the EVs derived from immune cells [39]. EGFR enriched on EVs 
plays a crucial role in the tumor microenvironment [40]. Actin has been reported to be en-
riched in EVs [41]; so is tubulin [42]. Other classic EV markers are proteins involved in mem-
brane fusion and transport, such as Annexin, Flotillin, GTPases, and Rab family members 
[43]. Endosomal markers, such as Alix and TSG101, are especially enriched in exosomes 
[44]. Lastly, EVs can also carry molecules such as integrins, proteoglycans, lectins, and 
ICAM-1, which play a role in the EVsʹ binding and uptake by cells [45]. 

 
Figure 2. EVs’ composition. EVs contain various transmembrane molecules, which include
tetraspanins (e.g., CD63, CD9, and CD81), MHC molecules (I and II), integrins, ligands (e.g., PD-L1),
receptors (e.g., EGFR, TNFR), and proteoglycans. Luminal substances include DNA, RNA, pro-
teins (e.g., enzymes, ALIX), cytoskeletal proteins (e.g., actin, tubulin), and metabolites (e.g., sugars,
fatty acids).
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2.3. EVs’ Isolation

A significant hurdle in this domain involves the isolation of extremely pure extracel-
lular vesicles (EVs) or exosomes, ensuring a high recovery rate, and employing a rapid,
cost-efficient approach. Here we discuss several popular EV isolation methods and bring
about their pros and cons (Figure 3). The choice of the isolation and purification method
can depend on several factors, including sample starting volume and application purposes.
Additionally, some of the isolation techniques can be performed sequentially to obtain the
best results in terms of purity and recovery.
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Figure 3. Heatmap displaying the advantages and disadvantages of extracellular vesicle isolation
methods based on purity, yield, concentration, throughput, scalability, cost of production, and
required time.

Isolation by Ultracentrifugation: As simple as it sounds, this technique involves
sedimentation of the particles by centrifugal force depending on their size and density.
Accordingly, larger particles sediment first at lower centrifugal speeds, whereas smaller
particles, i.e., exosomes, would sediment at higher speeds, i.e., 100,000× g. Ultracentrifuga-
tion (UC) is considered one of the most used methods to isolate EVs. It does not require
much expertise or pre-sample preparations, and it is relatively affordable. However, it is
labor-intensive and time-consuming. Differential UC (DUC) and gradient differential UC
(GDUC) are also often used to isolate EVs. With DUC, the cell debris or any larger particles
are first pelleted at 2000–2500× g; then the microvesicles/microparticles are pelleted at
10,000× g, and finally, exosomes or small EVs are pelleted at 10,000–150,000× g. Using
GDUC, the EVs are also separated based on particle size and density; in this technique,
however, the particles are placed in a density gradient medium. A sucrose gradient is
usually used, where different concentrations of sucrose solution are layered on top of each
other in a UC tube, and the sample is then layered on top (Figure 4A). Upon centrifugation
at a high speed (100,000–200,000× g) for a long time (one to five hours), the particles will
reside in the sucrose layer with a density equal to theirs [46,47]. Unlike differential UC,
gradient differential UC offers higher separation efficacy and purity because EVs are not
sedimented with residual proteins or other particles [48].

Immunocapturing: Also known as immunoaffinity isolation technique; the principle is
based on the classic antigen–antibody interaction. Preferably, exosome membrane proteins,
such as the tetraspanins CD9, CD63, and CD81, are used for capture. Magnetic beads,
coated with monoclonal antibodies against the target protein (Figure 4B), are incubated
with EVs, followed by exposure of the sample to magnetic force. The magnetic beads and
the bound EVs are retained, and the rest of the sample is eluted and discarded. This method
is highly specific and should result in very pure EVs [48,49].
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Figure 4. Extracellular vesicle isolation and purification methods (A). Differential centrifugation: (2)
Live and dead cells as well as debris are sedimented out of the cell culture medium at increasing
centrifugal speeds. (3) The cell culture medium then undergoes either UC at 100,000 g or is layered
on top of a sucrose gradient and then centrifuged at 100,000 g (B). Immunocapturing: EVs are
incubated with magnetic beads carrying antibodies against certain EV markers; the suspension is
then added to a column placed on a magnet where the beads binding to EVs are captured and
everything else is eluted; EVs are isolated when the column is removed from the magnet (C). Size
Exclusion Chromatography (SEC): EVs and other small substances will enter the pores; larger
particles will elute first, and smaller particles will be eluted in later fractions (D). Ultrafiltration:
When centrifugal force is applied, the EVs pass through the filter, and the larger particles are retained
(E). Polymer precipitation: non-water-soluble particles, such as EVs, will be expelled out of solution
and sediment as a hydrophilic polymer binds water-soluble substances. The sediment can then
be collected by centrifuging at low speed (F). Anion Exchange Chromatography (AEX): As the
sample is applied to the column, the negatively charged EVs will bind the positively charged matrix
while other substances are eluted. For sample collection, the EVs are desorbed from the matrix by
changing the ionic strength of the buffer. Figure adapted from “Extracellular Vesicle Separation
by Density Gradient Ultracentrifugation”, “Chromatography 2 (Layout)”, and “Anion and Cation
Exchange Chromatography” using BioRender.com (2022). Retrieved from https://app.biorender.
com/biorender-templates. Accessed on 17 January 2023.

Size Exclusion Chromatography (SEC): SEC is a technique based on particle sepa-
ration according to size. EVs are loaded in a column that contains a porous gel. Larger
particles that cannot penetrate the pores will be eluted rapidly in the first fractions, and
smaller particles will be retained and eluted at a slower rate in later fractions, as shown in
Figure 4C. EVs isolated by SEC show high purity and high yield; the method also requires
no preparation of the samples and does not require large sample volumes. However, this
method requires equipment with high costs, and the procedure is time-consuming [50,51].

Ultrafiltration (UF): Like SEC, the main principle is the separation of particles based on
the molecular size. The sample passes through a membrane with a specific pore diameter or
molecular weight cut-off. Impurities or any larger particles that do not make the molecular
weight cut-off will remain in the filter, and particles smaller than pore size will flow through.

BioRender.com
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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A force is required to pull or push the sample through the filters. An example is the
centrifugal force used along with tandem ultrafiltration, as shown in Figure 4D. Tangential
Flow Filtration (TFF) could also be considered a UF technique, where pressure is used as
the force to push excess fluid out of the filter to concentrate the sample. Ultrafiltration is
easy and cost-efficient [41,42].

Polymer Precipitation: EVs are isolated by changing their solubility or their polydis-
persity. In this isolation method, polymers that bind water, such as polyethylene glycol
(PEG), are incubated with the EVs. As the PEG molecules bind water, EVs and, most
probably, other less soluble materials will be expelled out of the solution and precipitate.
The sediment containing EVs can then be collected by ultracentrifugation (Figure 4E). This
method is easy and scalable; however, the purity of the EV preparation is considered poor.
There are many commercial kits available that employ this technique; ExoQuick (System
Biosciences, Mountain View, CA, USA) is one of the most popular [47].

Anion Exchange Chromatography (AEX): In AEX, the negative charge on the surface
of EVs [52] binds to the positively charged chromatography matrix. The EVs are then
eluted from the column by washing with a buffer with higher ionic strength (Figure 4F).
According to Heath et al., AEX is a quick and efficient way to isolate EVs. EVs isolated
by AEX have better purity than EVs isolated by Tangential Flow Filtration, which means
EVs purified by AEX do not have to undergo another purification step [53]. While purity is
good, the yield and concentration are not the best when compared to other methods.

2.4. EVs’ Characterization

Considering the difficulties coming along with the isolation of pure populations of
EV subtypes, it is of utmost importance to fairly characterize the EV samples isolated
before their analysis and/or application in the clinics. The importance of this matter
is emphasized by the International Society of Extracellular Vesicles, which has set forth
guidelines for characterizing EVs [43]. Table 1 shows the advantages and disadvantages of
each characterization method discussed in this section.

Table 1. Summary of advantages and disadvantages of some of the common methods used to assess
the quality of isolated extracellular vesicles and nanoparticles in general.

Method Advantages Disadvantages

Nanoparticle tracking analysis (NTA)
− Minimal sample preparation
− Detects low particle concentration

− Difficulties in distinguishing EVs from
other particles

Dynamic Light Scattering (DLS)
− Speed and simplicity
− Minimal sample preparation − Less accurate for heterogeneous samples

Tunable Resistive Pulse Sensing (TRPS)
− Measurement of EVs in biological

samples without prior isolation
− Reproducibility of data

− The measurable particle size range is
determined by nanopore size.

− Clogging of nanopores with
large particles

− Commercially available devices only
from Izon Science, Ltd. (Christchurch,
New Zealand)

Nano Flow Cytometry (NanoFCM)

− Quantitative
− Measures at a single particle basis
− Detects EV markers
− Can distinguish artifacts and

background noise from EVs

− Specific and high-maintenance
equipment

− Handling of equipment
− Clogging issues

Bead-based Flow Cytometry
− Inexpensive
− Feasible with any standard

flow cytometer

− Semi-quantitative
− Does not measure on a single

particle basis
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Table 1. Cont.

Method Advantages Disadvantages

Western Blot
− Sensitivity
− Specificity

− Need for specific primary antibodies
− Error-prone steps leading to

inconsistent results
− Need for protocol adaptations for each

sample type
− High amounts of starting material
− Time- and labor-intensive
− Semi-quantitative results

Transmission Electron Microscopy
− Allows for visualization of nanoparticles
− Size and marker verification of isolated

EV population

− Time- and labor-intense
− Sample preparation protocol may

influence things like size
and morphology

− Difficult quantification
− Influence of disruptive factors

Nanoparticle Tracking Analysis (NTA) is acknowledged as one of the common tech-
niques for quantifying EVs. This technique uses the ability of particles to scatter light in
addition to the Brownian motion to determine the size and concentration of the particles
in the suspension. When particles are suspended in liquids, the diffusion coefficient and
hydrodynamic radius are calculated, accounting for the temperature of the system and
fluid density [54].

Dynamic Light Scattering (DLS) is another common method used to characterize the
size distribution and concentration of EVs. Like NTA, DLS employs Brownian motion,
which measures size distribution based on the fact that smaller particles diffuse faster
than larger particles. The particle size distribution is determined by the intensity of the
light they scatter upon illumination by a laser beam. Additionally, DLS is also used to
measure the zeta potential of the particles [55,56]. Zeta potential can be simply defined as
the surface charge of EVs or other particles in solution [57]. The zeta potential reflects the
colloidal stability and the tendency of aggregation of particles in the solution. Therefore, it
is very important to investigate the zeta potential of EVs because it can influence biological
processes, such as cellular uptake and cytotoxicity [58]. For instance, EVs with a zeta
potential of +30 mV or higher are considered strongly cationic and could disturb the
negatively charged plasma membrane [59].

Like DLS, Tunable Resistive Pulse Sensing (TRPS) can be used to measure the con-
centration, size distribution, and charge (Zeta potential) of nanoparticles in solution. This
method was first reported in 2007 by Sowerby et al. [60]. In TRPS, resistive pulse sensing
(RPS) is combined with a size-tunable nanopore in a membrane. An electric potential is
applied to the stretchable membrane, which results in a stable and measurable ionic current.
A combination of voltage and pressure is used to direct colloidal nanoparticles through
the nanopore, and whenever a single particle crosses the pore, the current drops, resulting
in a blockade signal or “resistive pulse”. The analysis of this signal and its comparison to
signals acquired with calibration particles with known properties allows the determination
of the size/volume, which is equivalent to signal height, and charge, which is equivalent to
the signal duration (the time it takes the particle to cross the pore) of the measured particle.
In addition, the frequency of measured signals provides insight into the concentration of
the measured particle. The first and so far, only, commercially available TRPS systems are
provided by Izon Science, Ltd. [61].

NanoFlow cytometry (NanoFCM) is another important tool in the characterization
of EVs. NanoFCM combines light scattering and fluorescence detection to measure the
size distribution and concentration of EVs in addition to surface markers at a single-
particle detection level [62,63]. Another way to assess the EVs is using beads-based flow
cytometry. First, EVs are coupled to 4 µm beads, then the beads-coupled EVs are labeled
with antibody(s) of interest, and the samples are washed and measured per normal protocol.
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This method allows for easy semi-quantification of EVs and allows for the detection of
several EV markers with any standard flow cytometer [64,65].

In Western Blot, samples are examined for the presence or absence of certain proteins
of interest. First, protein lysates are separated by molecular weight via gel electrophoresis.
Next, separated proteins are transferred to and immobilized on a membrane to allow
for indirect target detection via antibody binding. However, this technique has several
limitations, such as the need for the availability of primary antibodies that bind specifically
to the protein of interest, inconsistent results originating from error-prone steps, and
the need for protocol adaptations based on the sample type (reducing/non-reducing,
denaturing/non-denaturing). In addition, quite high amounts of starting material are
needed, the method is time-consuming and labor-intensive, and results are only semi-
quantifiable [66,67].

Lastly, electron microscopy (EM) is commonly used for verifying the quality and
integrity of extracellular vesicle preparations, allowing a morphologic analysis of the
vesicles isolated. In transmission electron microscopy (TEM), samples must be dehydrated
and fixed prior to analysis in a vacuum environment; hence, the morphology and size of
the EVs is altered. This can be avoided by the analysis of samples under frozen conditions,
known as cryo-TEM [68–70], making it possible to examine the naturally occurring structure
of EVs [71]. However, EM requires long measurement times and only provides semi-
quantitative results, which are operator- and protocol-dependent. Suboptimal and non-
uniform vesicle adhesion can give a distorted impression about the particle size distribution.
Hence, results must be compared to other techniques [61,62].

2.5. EVs’ Engineering

Extracellular vesicles isolated from cell culture supernatant or different body fluids are
often referred to as natural exosomes. However, natural exosomes have several drawbacks
as a drug delivery vehicle in therapeutics. EVs’ engineering or modification is a key process
to improve their therapeutic potential and their use in clinics. In fact, EVs’ engineering
improves their tissue-targeting specificity, delivery efficiency by escaping the endosomal
compartment, and potency while reducing their rapid clearance from the body and reducing
the possibility of adverse immune reactions. EVs have been reported to be loaded with
cargo such as miRNA, siRNA, nanoparticles, chemotherapeutic agents, and imaging probes.
EVs can either be modified internally by modifying exosome cargo and/or through surface
modifications, where the extravesicular membrane is modified.

2.5.1. Internal Modifications

Post Isolation Modifications: EVs have a lipid bilayer that surrounds a hydrophilic core.
For any modification method to be successful, a complete understanding of the extracellular
vesicles’ structural characteristics, i.e., zeta-potential, surface proteins, and biology of the
cell of origin, is crucial. Cargo or therapeutic materials can be incorporated into EVs
post-isolation by two main approaches: active incorporation and passive incorporation, as
illustrated in Figure 5A–E [1,72].

Passive Cargo Loading: Therapeutic materials or desired cargo can be incubated with
the exosomes post isolation and purification. The drug is then expected to self-assemble
into the lipid bilayer of exosomes (Figure 5A). This simple method has a minor trick: the
drug must be hydrophobic to interact with the hydrophobic membrane of the exosomes.
Curcumin is an example of an unstable, hydrophobic drug whose solubility, stability, and
bioavailability increase when incorporated into EVs, namely exosomes; additionally, its
anti-inflammatory activity also improves, according to Sun D. et al. [73].

Active Cargo Loading: Strategies for active loading of EVs post isolation and pro-
duction include physically triggered strategies, such as electroporation, sonication, and
freeze–thaw cycles (Figure 5B). These methods disrupt the membrane to allow for cargo
entry inside the vesicles.
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Figure 5. Extracellular vesicles post-isolation modification methods. Interior modifications: (A). EVs
are co-incubated with cargo that passively diffuses into the EVs. (B). In electroporation, sonication,
and freeze–thaw techniques, the membrane of the EVs is physically disrupted; cargo is then expected
to diffuse into EVs through pores. (C). With the extrusion method, the membrane is disrupted by
pushing the particles and the cargo through a porous membrane. (D). Chemical transfection method
employs a surfactant to load the EVs. Surface Modification: (E). EVs can be incorporated with
polyethylene glycol (PEG) by incubating them with PEGylated micelles.

Extrusion is one method that yields uniform-size EVs and is known for its high loading
efficiency. As shown in Figure 5C, the technique includes pushing or extruding the EVs–
cargo suspension through a porous membrane (pore size 100–400 nm). The cargo is then
incorporated inside the EVs by agitating the membrane of the vesicles [1,47].

Electroporation involves incubating EVs with cargo, followed by the application of an
electric field. This results in the formation of pores in the extracellular vesicles’ membranes,
and the cargo then defuses inside the EVs. Electroporation is one of the optimal methods
to encapsulate siRNA. This method also has a major disadvantage as it can cause cargo
aggregation, mainly for nucleic acids, due to electrochemical reactions, preventing their
efficient loading inside the EVs.

Sonication is a technique where ultrasonic frequencies are used to disrupt the mem-
brane of extracellular vesicles in suspension, which then allows cargo diffusion [46]. Sonica-
tion was effectively used for the transfer of nucleic acids into EVs. However, it often leads
to the fragmentation of nucleic acids due to the shear forces applied during sonication.
Nevertheless, for encapsulating certain high molecular weight compounds, such as catalase,
into EVs [74,75], the sonication extrusion methods were described as the most efficient,
followed by freeze and thaw cycles [75].

Another method to load cargo into EVs is the use of freeze–thaw cycles. The principle
is similar to sonication, extrusion, and electroporation, where the membrane of EVs is
disrupted to allow cargo loading (Figure 5B). In the case of freeze–thaw cycles, the vesicu-
lar membrane is disrupted by ice crystal formation and reforms during thawing [46]. A
total of 5–10 freeze–thaw cycles at −80 ◦C and room temperature, respectively, are recom-
mended [65]. This loading technique is mild and simple; however, the loading capacity is
lower than sonication and electroporation [72].

In chemical transfection, EVs and cargo are incubated with a surfactant that increases
the permeability of the membrane (Figure 5D), which allows for the penetration of cargo.
Saponin is a frequently used surfactant to achieve loading. Thus, the method is often
referred to as saponin-assisted loading or saponification [1,46]. Saponins were shown to be
effective in loading hydrophobic molecules; however, they are known to have hemolytic
activity, which could be quite harmful when used in in vivo studies. Therefore, it is
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recommended to use minimal concentrations of saponin and to wash EVs thoroughly after
cargo encapsulation [72,76].

2.5.2. Surface Modifications

Like interior modifications, surface modifications can also be achieved by acting on
the parental cell using genetic engineering, simply using a co-incubation method, or by
modifying the EVs post-isolation. Since the surface of the EVs is considered an important
factor in biodistribution and affects the targeting potential of the drug, modifying the
surface could be essential to achieve the desired targeting.

EVs’ surface can be modified by using different components of synthetic lipid par-
ticles. As an example, PEGs (polyethylene glycols) have been incorporated into the EVs’
membrane by incubation. This should increase the half-life and circulation time of EVs and
prolong the exposure to their target-specific receptor [77]. Another approach is modifying
proteins with a targeted sequence (PIP3, Prenylation domain) or by creating fusion proteins
to tetraspanins [78]. To increase the cellular uptake of EVs and escape the endosomal
pathway leading to improved functional delivery of the cargo, the membranes of EVs could
be modified with arginine-rich cell-penetrating peptides [79].

2.6. EVs as Delivery Vehicles

Research is indeed going on in labs around the world to improve the quality of EVs as
nanocarriers and to prove their function in battling different diseases, including cancer. For
instance, Radha Munagala et al. [80] showed enhanced anti-cancer effects and increased drug
bioavailability in vitro against A549 and H1299 (human lung cancer cell lines) when loading the
chemo-preventative drug withaferin A (WFA) and chemotherapeutic drug paclitaxel (PAC) into
exosomes, compared to the usage of free drugs. The drug-loaded exosome efficacy was also
determined by the reduction of IC50 when compared to free drugs. They also proved that the
exosome-loaded drugs suppress the lung tumor xenograft growth in vivo.

Another example is encapsulating Imperialine inside EVs to improve its delivery.
Imperialine is a natural anti-inflammatory component from Bulbus Fritillariae cirrhosae; it
has been shown to be effective against non-small-cell lung cancer (NSCLC) in pre-mature
and early-stage tumors. Imperialine has a short half-life and an unfavorable biodistribution,
which causes issues in clinical applications. To improve the delivery of the drug, EVs come
to the rescue as favorable nanocarriers. In their study, Lin et al. [81] isolated EVs from
human plasma, and Imperialine was loaded into the EVs using the micelle-aided method.
They then attached CC8 ligands to the EVs to target the NSCLC. Their data show that
loading the drug into EVs increased the anti-tumor activity by improving the targeting of
the tumor and the drug retention.

Due to their many advantages, EVs are potential nanocarriers in many studies to treat
and/or alleviate different classes of diseases and disorders. In fact, many of the studies
made it through the pre-clinical phase and are currently in clinical trials (Table 2).

Table 2. Therapies involving exosomes that were approved for starting clinical trials. Examples from
Clinicaltrials.gov.

Description Exosome Source Therapeutic Application Sponsor/Company Status ClinicalTrials.gov
Identifier Ref.

iExosomes with
KrasG12D siRNA to treat

pancreatic cancer with
KrasG12D mutations

Mesenchymal
stromal cells

− Metastatic pancreatic
adenocarcinoma

− Pancreatic ductal
adenocarcinoma

− Stage IV pancreatic
cancer AJCC v8

M.D. Anderson
Cancer Center

Phase 1: Active,
not recruiting NCT03608631 [82]

CDK-004
(exoASO-STAT6) delivers

STAT6 anti-sense
oligonucleotide to M2

macrophages, resulting
in anti-tumor activity.

WT and PTGFRN
overexpressing
HEK293 cells

− Advanced hepatocellular
carcinoma (HCC)

− Gastric cancer metastatic
to liver

− Colorectal cancer
metastatic to liver

Codiak BioSciences
Terminated,
Company

bankruptcy
NCT05375604 [16]
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Description Exosome Source Therapeutic Application Sponsor/Company Status ClinicalTrials.gov
Identifier Ref.

CDK-003 (ExoIL-12) is
composed of exosomes
carrying a chain of the

proinflammatory
molecule IL-12 on its

surface, which generates
local and systemic
anti-tumor activity.

Engineered
HEK293 cells

− Cutaneous T-cell
lymphoma (CTCL) Codiak BioSciences

Phase 1
terminated,

proceeding to
Phase 2.

NCT05156229 [83]

CDK-002 (ExoSTING) are
engineered exosomes that
activate innate immunity

locally in the tumor
microenvironment.

WT, PTGFRN
overexpressed,
and PTGFRN

knock out
HEK293 cells

− Advanced solid tumor Codiak BioSciences Completed NCT04592484 [84]

GDNPs are edible,
non-toxic, and natural

ginger-derived
nanoparticles that exert

anti-inflammatory
properties and

promote healing.

Ginger juice − Irritable bowel syndrome University of
Louisville Completed NCT04879810 [85]

2.7. Native Cargo of Extracellular Vesicles

Extracellular Vesicles (EVs) naturally carry cargo derived from their cell of origin and
reflect its state, which raises important questions regarding the fate of this native cargo when
therapeutic molecules are loaded into the EVs. Specifically, one might wonder whether
this native cargo could interfere with the functionality of the loaded therapeutic agents.
Completely unloading or removing the native cargo from isolated EVs is a challenging
and often impractical goal. However, certain procedures, such as electroporation or freeze–
thaw cycles, can lead to the partial loss of native cargo from the population [86]. Just
as the process of loading therapeutic cargo into EVs is challenging to fully control, the
unloading of native cargo is similarly difficult to manage. As a result, some native cargo will
inevitably remain within the EV population. The positive development is that this residual
native cargo does not appear to pose a significant safety risk. Numerous biosafety studies
conducted with both naïve and engineered EVs, in vitro and in vivo, have consistently
shown that these EVs are generally safe [87,88].

3. Delivery Vehicles and Packaging Systems
3.1. Packaging Systems—Lipid Nanoparticles as a Gold Standard for Non-Viral RNA Delivery

In order to benefit from RNA molecules in curing diseases and/or alleviating symp-
toms, RNA must be delivered properly and protected from degradation by nucleases.
Therefore, RNA molecules should be encapsulated or packaged to allow efficient delivery,
cellular uptake, and intracellular release, hence improving the desired function of the
RNA molecule.

One approach involves the use of lipid nanoparticles (LNPs), which are considered
among the most advanced and promising non-viral RNA delivery systems for treating
a broad range of diseases. LNPs’ advantages and disadvantages are based on their com-
ponents, i.e., structural lipids, cationic ions, stealth lipids, and cholesterol. For instance,
using the appropriate ratio of cholesterol stabilizes the structure of the LNPs and interferes
with the membrane permeability and elasticity [89,90]. The presence of cationic lipids is
important for loading negatively charged nucleic acids. Although these cationic lipids
can mediate efficient nucleic acid encapsulation and disrupt the endosomal membrane to
enable cytoplasmic delivery, they also induce cytotoxicity and opsonization with plasma
proteins, thus raising a safety red flag that indeed limits their use. Instead, pH-sensitive
ionizable cationic amino lipids were developed. They are neutral in charge when adminis-
tered and become ionized after cellular uptake [91]. One example is the ionizable amino
lipid DLin-MC3-DMA (MC3), which is one of the LNP components used to deliver the
first FDA-approved siRNA to treat hereditary transthyretin amyloidosis. Coelho et al. [92]
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identified anti-transthyretin siRNA and encapsulated it in LNPs, generating ALN-TTR02,
a drug that silences the transthyretin (TTR) gene, hence decreasing its production. In the
phase I clinical trial, they noted an 82% TTR reduction [93]. ALN-TTR02 development
was sponsored by Alnylam Pharmaceutics; they also completed two phase II clinical trials
(ClinicalTrial.gov Identifier: NCT01617967 and NCT01961921) and are currently recruiting
for a pregnancy surveillance program (ClinicalTrial.gov Identifier: NCT05040373). MC3
has its advantages but also has slow degradability in the body. This is a problem when it
comes to the delivery vehicle of RNA therapeutics because, mostly, they require repeated
dosing; thus, the vehicle must not accumulate [94]. One biodegradable option would be
the L319-based LNPs, which are as potent and effective as MC3-based LNPs, but they have
shown better elimination from the cellular compartments, according to Maier et al. [95].

3.2. Packaging Systems—Extracellular Vesicles

Nowadays, EVs have emerged as an attractive delivery vehicle for RNA drug delivery.
What makes EVs very attractive delivery vehicles is their low toxicity, hypo immunogenicity,
and biocompatibility. Other advantages of EVs as a packaging system also include their abil-
ity to avoid drug-degrading enzymes, hence extending the half-life of RNA drugs during
delivery. Correspondingly, due to their phospholipid bilayer membrane, the bioavailability
of the drug after loading is improved. Another advantage is their small size, even on the
nanoscale, which allows them to diffuse among cells [1,11,12]. These advantages make
them highly attractive as packaging systems, especially after some studies showed that
they are tolerated after repeated dosing. Mendt et al. showed that MSC-derived exosomes
did not trigger an adverse immune response in vivo despite the repeated dosing (every
48 h for 4 months) [96]. As EVs are a natural packaging system for different RNA molecules,
it is only sensible to load RNA into EVs to target certain cells. In practice, however, the use
of RNA-loaded EVs in clinical development is hampered by their low loading efficiency.

3.3. Hybrid Particles

As already discussed, both LNPs and EVs have their pros and cons (Figure 6). An
alternative approach is forming a hybrid that combines the anticipated benefits of biological
nanoparticles, namely EVs, such as biocompatibility and better delivery efficiency, and the
properties of synthetic particles, i.e., LNPs, including high loading efficiency. A common
method for loading employs nanoparticles loaded with a compound of interest, which
are then co-incubated with EVs, allowing their fusion by different techniques [97]. Sato
et al. [98] used freeze–thaw cycles for the fusion of EVs with loaded liposomes containing
a compound of interest. Chemical transfection approaches are also available to load
cargoes in the EVs, using, for instance, lipofectamine, but this method is not applicable for
in vivo studies due to the toxicity of the cationic lipid. This approach also has the inability
to separate EVs and liposome micelles. Nonetheless, the use of lipid-based vehicles to
efficiently deliver cargo to EVs, forming hybrid EVs or hybridosomes, has been in fact
attracting great attention over the most recent years, triggering the issuing of patents [99]
and further development and commercialization of the technology within novel EV-based
companies, such as Anjarium. Evers M. and P. Vader et al. published their EV–liposome
hybrid nanoparticles as a siRNA delivery vehicle. They noted that the hybrid has increased
biocompatibility and lower in vitro toxicity in comparison to the liposomes. However,
these data were limited to a certain cell type, suggesting cell-specific interactions. They also
showed that hybrids still retain the functional properties of EVs, i.e., the cell of origin [100].
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4. RNA as a Therapeutic Molecule

RNA-based therapeutics have great potential to target a large part of the currently
undruggable genes, but there are significant hurdles around deliverability and stability,
explaining the need for appropriate delivery systems. Generally, RNA delivery hurdles
include efficiency of delivery and uptake, tissue bioavailability, circulatory half-life, and
repeated dosing. Repeated dosing in chronic diseases is considered one of the major
challenges because even if the RNA molecule and its carrier, such as lipid nanoparticles
(LNPs), are improved and optimized to have lower immunogenicity, repeated dosing might
eventually elicit an immune response [91,101].

mRNA vaccines have conquered the vaccination world and possibly changed it forever.
Additionally, these vaccines, which have been released into the market, have opened a
wide door of possibilities in the world of RNA therapeutics. However, unlike the mRNA
vaccines, using RNAs as therapeutics will not be as smooth. To elicit an immune response,
a minimal amount of protein, and hence, mRNA, is required. However, 1000-fold more of
the translated protein is required to reach a therapeutic threshold [91].

One marvelous naturally occurring tool is RNA interference (RNAi). RNAi inhibits
the translation of pathological proteins in a sequence-specific way. This process is executed
by short interfering RNA (siRNA), which serves as a guide for the RNA-induced silencing
complex (RISC), which in turn binds the target sequence and cleaves the RNA, thus
preventing its translation [102]. Indeed, RNAi is an attractive technique that opens doors to
possibilities for treating many diseases and disorders; however, siRNAs cannot be delivered
without a vehicle because (a) they cannot reach the cytosol of target cells on their own, and
(b) they are unstable and immunogenic [100].

4.1. RNA Cargo Loading into EVs

Therapeutic RNA can be loaded into EVs prior to EV isolation, based on the en-
gineering of the secreting cells. The technique relies on the physiological pathways of
intracellular trafficking of RNA into EVs during their biogenesis. One example of RNA
incorporation into EVs through its pre-loading in parental cells was described by Yang et al.,
where miR-124 was overexpressed in MSC-originating EVs loaded with miR-124. These
EVs are currently being tested for the treatment of acute ischemic stroke in a clinical trial
(ClinicalTrial.gov Identifier: NCT03384433) [103]. Physiological RNA loading into EVs is
described to be dependent mainly on the presence of specific sorting sequences in the target
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RNA cargo and their binding by RNA-binding proteins, such as hnRNPA2B1 [104] and
SYNCRIP [105]. This concept was particularly explored in the work of Hung et al., which
described a platform for targeted and modular EVs loading with engineered RNA, the
TAMEL platform [106]. To date, several RNA sequences have been identified as promoting
RNA loading into EVs. For instance, Bolukbasi et al. described a consensus sequence
present in the 3′UTRs of mRNA enriched in tumor cell MVs that promoted two-fold mRNA
enrichment in EVs. Thus, identifying zip-code-like signal sequences can be used to target
mRNA into MVs [107]. Other short-sequence motifs, such as EXOmotifs and Clmotifs, were
also identified as determining the fate of miRNA [108]. These methods are specifically used
to load cargo into the EVs. Another example of RNA loading into EVs explores different
pathways of EV biogenesis. ARRDC1-mediated microvesicles, a subtype of EVs originating
from the cell surface, were recently reported to be loaded with the CRISPR/Cas9 tools.
The genome-editing CRISPR-Cas9/guide RNA complex was delivered via arrestin domain
containing protein 1 [ARRDC1]-mediated microvesicles (ARMMs) to the targeted cells by
fusing Cas9 with the WW domains, which interact with the PPxY motifs of ARRDC1 [9].
The authors demonstrated the functional delivery of the tumor suppressor p53 protein
in vivo using this method. Another approach to loading RNA into EVs is based on their
modification post-isolation. Recent studies from the R. Kalluri group demonstrated elec-
troporation as an efficient loading approach for siRNA cargo targeting oncogenic mutant
KRAS into EVs derived from BJ fibroblast. This resulted in EVs successfully suppressing
the cancer growth of pancreatic ductal adenocarcinoma in vivo and better mice survival [8].
One more recent study from Usman et al. updated that RBCEVs can be used as versatile
therapeutic delivery vehicles for many cargoes, like ASO that antagonizes miR-125b, small
gRNAs, as well as long RNAs such as cas9 mRNA targeting any gene of interest, posing no
risk for horizontal gene transfer as they are enucleated [109].

4.2. The Delivery of RNA-Loaded EVs into Target Cells

For the RNA molecules to function as intended, they must first enter the target cell and
reach the cytoplasm. The RNA molecules will be enclosed by the EVs; hence, the EVs could
unpack their cargo at the cell membrane by direct fusion, or it could enter the cell through
endocytosis, phagocytosis, or macropinocytosis. EVs or any other carrier nanoparticles
should have the keys to enter the target cells; these keys are certain receptors that can be
engineered on the surface of the EVs to bind with the receptors/ligands on the target cell
surface. One example is incorporating fusion proteins, syncytin1 and syncytin2, onto the
surface of the EVs, which can bind to receptors on target cells and facilitate the fusion [110].

Even if the delivery to the cells is successful, the actual delivery and functionality of the
RNA molecules are not guaranteed, as each entry pathway poses its own challenges, such
as degradation by the lysosomes in the cytoplasm [106,111] One solution is the endosomal
escape, which will be described in the next pages.

Researchers also wanted to track the EV delivery pathways inside the cell. However,
due to their small size, highly sensitive methods and specific markers are required for
the molecular tracking of EVs. Toribio et. al. developed [112] a quantitative method to
track EVs after delivery to the cells (EV uptake) based on two reporter proteins, DSP1
and DSP2. As split molecules DSP1 and DSP2 reunite, they produce the full form of a
green fluorescent and luminescent protein. They fused DSP1 to either the N-terminus of
CD9 or CD63 (tetraspanins), and eukaryotic cells were transfected with DSP2. When the
DSP1-expressing EVs are successfully delivered into the cells expressing DSP2, the DSP1
protein will reunite with the DSP2, which activates the two reporter signals.

When the RNA molecules have been delivered to the cytosol and managed to avoid
RNA degradation, they might be able to create a functional response.

4.3. Applications of RNA-Loaded EVs

Dong et al. [87] used microfluidic electroporation in addition to step pulse stimulation
to load IFN-g-mRNA into small EVs (another term for exosomes). They also engineered
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EVs to overexpress CD63, which will be the key to entering the glioblastoma cells. After
treatment, the mRNA-EVs bind to the anti-PDL1 and/or anti-CD71 antibodies, which
are overexpressed by the glioblastoma tumor. The EVs then enter the cells mainly by
clathrin-mediated endocytosis. After entry, the mRNA is translated to produce IFN-g,
which upregulates the expression of MHC-I on the glioblastoma cells, hence affecting their
immunogenicity, as the glioblastoma and other solid tumors tend to downregulate MCH-I
to evade immune surveillance by avoiding antigen presentation [113]. After confirming the
results in vitro using glioblastoma cell lines, they evaluated the biosafety of the EVs. There
was no observed hemolytic toxicity. Additionally, the biosafety and biocompatibility study
in vivo showed no deviation from the normal range of serum markers. The engineered
EVs also did not alter the total red blood cell and white blood cell counts. In vivo studies in
a murine glioblastoma model showed that the mice treated with IFN-g-mRNA EVs every
3 days showed an inhibition of tumor growth and an extension of survival time: media
of 53 days for the treated mice and 29 days for control group mice. After treatment, the
INF-g protein expression was elevated, which resulted in the upregulation of the MHC-1
receptors. The MCH-1 upregulation is correlated with the increase in the CD8+ T-cells
in the tumor microenvironment (TME). The increase in INF-g is also correlated with the
increase in M1-macrophages in the TME. These EVs managed to reprogram the TME,
which allowed the immune system to regain control and act by increasing the infiltration of
immune cells.

A study by Dong et al. [87] investigated many of the topics discussed in this review,
such as the ability of EVs to cross the blood–brain barrier to reach the tumor, the efficacy
of the mRNA therapeutics, and the efficacy of EVs as a packaging system and a delivery
vehicle due to their ability to be engineered and manipulated. They also tested for toxicity
on different levels, including toxicity to organs such as the heart, liver, lungs, spleen, and
kidneys. They also showed that the EVs as a packaging system do not induce a systematic
or local immune response, which adds to their score in biocompatibility.

In 2016, Didiot et. al. [114] explored exosomes as packaging and delivery solutions to
overcome the obstacle of delivering oligonucleotides to treat Huntington’s disease. They
used the co-incubation method to load hydrophobic modified siRNAHTT (modified) into
exosomes. The siRNAHTT exosomes did not induce cytotoxicity or activate the immune
system. In vivo, the siRNAHTT exosomes were internalized by primary cortical neurons and
showed a dose-dependent silencing of Huntington’s mRNA (mRNAHTT). In a previous
study performed by Kordasiiewicz et al. [115], they used about 140 to 700 µg of anti-
sense oligonucleotides (ASO) over two weeks to silence the mRNAHTT. The mRNAHTT

was reduced by about 38% at the 2-week time point, and the reduction persisted for
12 weeks; then, the mRNAHTT levels rose again after 16 weeks. They used transient
infusion to deliver the ASO to the CSF. While using exosomes as a delivery vehicle, Didiot
et. al. [114] managed to silence about 35% of the Huntington’s mRNA in the brain using
3.5–7 µg/mL of siRNAHTT over the course of 1 week (1 µg/day). As mentioned earlier,
the use of nanocarriers should allow for using less concentrations of the drug and reduce
repeated dosing.

One application of the targeted delivery of RNA using EVs is currently in phase
1 clinical trials: iExosomes with KrasG12D siRNA to treat pancreatic cancer with KrasG12D
mutations (ClinicalTrial.gov Identifier: NCT03608631) [82]. The KRAS G1D mutation is the
cause of the majority of pancreatic cancer cases. Therefore, silencing the KRAS G12D gene
is a potential therapeutic approach [116].

5. Limitations in the Filed

As discussed, the RNA molecules are negatively charged and cannot penetrate the
anionic phospholipid bilayer of the cell membrane. Therefore, benefiting from RNA ther-
apeutics is dependent on chemical modifications and protection technologies to ensure
stability and delivery. Otherwise, most of the administered RNA dose will be degraded
by nucleases or simply engulfed by the cells of the innate immune system. An important
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function of the delivery vehicle is to aid the RNA molecules in escaping the endosome
degradation inside the cell. Otherwise, only a tiny fraction of the administered RNA will
function in the cell and the rest will be degraded. This will indeed result in the need for
repeated dosing or increasing the dose to reach and maintain the therapeutic dose [117]. Ad-
ditionally, the size and concentration of the nanoparticle that carries therapeutic molecule
matter because it impacts the stimulation of the innate immune system, as well as the
efficacy of its cellular and tissue distribution [118].

5.1. Endosomal Escape

Aside from all the positives of using extracellular vesicles for therapeutic applications,
exosomes are taken up by cells through endocytosis, and once inside the endosomes, the
cargo can be degraded before reaching its target site [119]. This will indeed result in the
need for repeated dosing or increasing the dose to reach and maintain the therapeutic dose.
Therefore, various strategies have been developed to modify exosomes to enhance their
endosomal escape and improve cargo delivery. An interesting approach is to modify the
surface of the exosomes with pH-sensitive peptides or proteins that can fuse the exosome
membrane and the endosomal membrane [120]. For example, researchers have shown that
fusing a peptide derived from the influenza virus hemagglutinin protein to the membrane
of the EV can enhance the release of cargo from endosomes. Similarly, attaching a pH-
sensitive fusogenic peptide derived from the Ebola virus glycoprotein to EV has been
shown to promote endosomal escape and enhance the delivery of small interfering RNAs
(siRNAs) to the target cells, [111,121]. Another approach is to engineer exosomes to express
membrane proteins that can mediate endosomal escape. For example, researchers have
genetically engineered exosomes to express the lysosomal-associated membrane protein
2B (LAMP2B) on the surface of exosomes, which has been shown to promote endosomal
escape and enhance the delivery of therapeutic proteins to the target cells [4]. Furthermore,
the use of natural or synthetic compounds to enhance exosome-mediated cargo delivery
has been extensively explored. One notable example is the employment of ionizable lipids,
which can facilitate the escape of nanoparticles from the endosome, thereby significantly
improving cargo delivery. Ionizable lipids possess the unique ability to undergo protonation
at the acidic pH found within endosomes, leading to the destabilization of the endosomal
membrane and the subsequent release of the exosome cargo into the cytoplasm. This
approach not only enhances the efficiency of exosome-based delivery systems but also
addresses a critical intracellular barrier to effective RNA delivery, thereby augmenting their
therapeutic potential [122]. These advancements underscore the promise of integrating
exosome technology with innovative molecular strategies to optimize the delivery and
therapeutic impact of RNA therapeutics in clinical settings.

Overall, modifying exosomes to enhance their endosomal escape is an active area of
research, and several promising strategies have been developed to improve the delivery of
therapeutic cargo to target cells.

5.2. Targeted Delivery to Specific Cell Type

The precise delivery of drugs to specific sites within the body for disease treatment
remains a significant challenge in the field of RNA therapeutics. Decades ago, the intro-
duction of nanoparticles as more efficient drug delivery systems aimed to mitigate adverse
side effects in patients [3]. To address this challenge, EVs can be surface functionalized
with targeting moieties capable of recognizing specific targets, predominantly present at
the delivery site [103,123]. These targeting molecules can be categorized into four pri-
mary groups: antibodies, oligonucleotide aptamers, targeting peptides, and miscellaneous
molecules [124]. Antibodies, while highly specific, are costly and pose immunogenicity
concerns. Oligonucleotide aptamers and peptides, with lower affinities but cost-effective
production and easier functional modifications, have garnered increasing attention, boast-
ing better stability and protease resistance compared to antibodies [4]. Peptides, being
smaller and more amenable to in silico selection, offer advantages in terms of speed and
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reliability [125]. Peptides, developed experimentally or via in silico methods, have emerged
as promising targeting molecules. Computational modeling aids in expediting experi-
mental procedures and enhancing peptide features, including selection, binding affinity,
stability, and specificity, thereby expanding the repertoire of available sequences and their
modifications for various targets [126,127].

Extracellular vesicles’ surface modifications to enhance targeting could be achieved by
genetic engineering and chemical modifications. Genetic engineering involves merging the
gene sequence of a protein or a peptide typically displayed on target cells with that of a
specific exosome membrane protein. One example is LAMP-2B, which is commonly used
for surface display. LAMP-2B, part of the lysosome-associated membrane protein family,
is primarily located in lysosomes and endosomes but is also present on the cell surface.
It can be engineered to display targeting sequences on the exosome surfaces. LAMP-2B
is highly expressed on dendritic cell-derived exosomes, and its N-terminus, exposed on
the exosome surface, can be modified with targeting sequences. Genetic engineering is
effective for displaying peptides and proteins on the exosome surface, but it is limited to
motifs that can be encoded genetically. On the other hand, chemical modification allows
for a wider range of natural and synthetic ligands to be attached to exosomes through
conjugation reactions or lipid assembly. Conjugation reactions can modify exosome surface
proteins in a stable, covalent manner, but the complex surface structure of exosomes can
reduce the efficiency of these reactions, and they often lack precise site control. Additionally,
covalent modifications may alter the exosome’s structure and function [128,129]. Peptides
that specifically bind to certain organs or tissues can be identified using phage-display
technology [130] and then genetically attached to the N-terminus of LAMP-2B for targeted
delivery. Donor cells transfected with plasmids encoding these modified peptides generate
exosomes displaying the engineered ligands on their surface. For instance, the rabies virus
glycoprotein (RVG) peptide (TIWMPENPRPGTPCDIFTNSRGKRASNG), which specifically
binds to acetylcholine receptors, has been utilized to create neuro-targeted exosomes for
drug delivery to the central nervous system. In one example, RVG-modified exosomes
loaded with miRNA-124, when injected intravenously, were able to reach ischemic areas in
the cortex and stimulate neurogenesis [103]. iRGD-modified exosomes have been used to
deliver the KRAS siRNA specifically to the αvβ3-expressing A549 tumors in vivo, leading
to targeted KRAS gene knockdown and the suppression of tumor growth [131]. Addi-
tionally, the tLyP-1 peptide (CGNKRTR), which selectively targets neuropilin-1 (NRP1)
and neuropilin-2 (NRP2) receptors, has been used to deliver siRNA specifically to human
non-small-cell lung cancer (NSCLC) cells [132].

While less explored, chemical modification presents a promising approach for cus-
tomizing exosome surfaces for targeted drug delivery. For example, the amine groups
on the exosome proteins can be readily modified with alkyne groups, enabling their at-
tachment to azide-containing reagents via copper-catalyzed azide-alkyne cycloaddition
(CuAAC) “click” reactions [133]. Jia G. et. al. [134] have effectively applied click chem-
istry to modify exosome surfaces by linking them to the glioma-targeting RGE peptide
(RGERPPR). Moreover, these exosomes chemically linked to the glioma-targeting RGE
peptide (RGERPPR) have demonstrated the capacity to cross the blood–brain barrier (BBB)
efficiently and selectively target tumor sites, showing significant anticancer effects in tumor-
bearing mice. Similarly, EVs linked to the peptide c (RGDyK) through biorthogonal click
reactions have effectively crossed the blood–brain barrier (BBB) and reduced inflammation
and cell apoptosis in a mouse model of transient middle cerebral artery occlusion [135].
Chemical modifications have also enabled the conjugation of large biomolecules onto exo-
somes, such as the design of an exosome-based immune checkpoint blocker that interferes
with the CD47-SIRPα checkpoint on tumor cells, enhancing immune cell-mediated tumor
cell engulfment, as Koh et. al. showed in their research [136,137]. Inserting amphipathic
molecules into the exosome lipid bilayer is another promising approach. Exosomes modi-
fied with the DSPE-PEG-based ligands, such as DSPE-PEG-RGD, have shown potential
for targeted drug delivery to tumors. When combined with folate, these exosomes accu-
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mulate in tumor sites, improving uptake and therapeutic effectiveness in vivo [138,139].
Furthermore, chol-conjugated exosomes have been explored for targeted delivery of nucleic
acids and therapeutic agents to tumor tissues, offering enhanced stability and promising
outcomes in antitumor efficacy [140]. These findings underscore the potential of chemical
modification strategies to enhance the targeting and therapeutic efficacy of exosome-based
drug delivery systems [141]. Each of these strategies presents unique challenges, highlight-
ing the need for further research to optimize exosome surface engineering for targeted
therapeutic delivery [17,142–146].

6. Conclusions

In recent decades, there has been a growing interest in exploring the exosomes’ poten-
tial as drug delivery systems, particularly in cancer treatment, where combination therapy
involving drugs and nucleic acids delivered via exosomes is gaining traction. Clinical
trial registrations on clinicaltrials.gov reveal a notable number of ongoing trials investi-
gating the exosomes’ potential, including those focusing on loading exosomes with RNA
molecules. Exosomes offer distinct advantages as carriers for RNA therapeutics. Firstly,
they are naturally occurring and can be sourced from various cell types, offering a broad
range of targeting options and potentially reducing immunogenicity. Secondly, exosomes
efficiently transport diverse molecules, including RNA and small molecules, in a protected
manner, enhancing their stability and half-life. Lastly, exosomes possess tissue-targeting
mechanisms, enabling them to deliver drugs directly to the affected tissues and organs.
While various strategies have been employed to load short nucleic acids, such as siRNA,
shRNA, and mRNA, into exosomes, efficiently encapsulating large mRNAs remains a
challenge. To advance exosome-based RNA therapeutics, achieving cost-effective RNA
cargo loading into the exosomes coupled with surface modifications for targeted delivery is
imperative. Therefore, further attention should be directed towards establishing large-scale
RNA-loaded exosomes for clinical applications.
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