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Abstract: Exosomes are cell-derived, nano-sized extracellular vesicles comprising a lipid bilayer
membrane that encapsulates several biological components, such as nucleic acids, lipids, and proteins.
The role of exosomes in cell-cell communication and cargo transport has made them promising
candidates in drug delivery for an array of diseases. Despite several research and review papers
describing the salient features of exosomes as nanocarriers for drug delivery, there are no FDA-
approved commercial therapeutics based on exosomes. Several fundamental challenges, such as the
large-scale production and reproducibility of batches, have hindered the bench-to-bedside translation
of exosomes. In fact, compatibility and poor drug loading sabotage the possibility of delivering
several drug molecules. This review provides an overview of the challenges and summarizes the
potential solutions/approaches to facilitate the clinical development of exosomal nanocarriers.
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1. Introduction

Exosomes, a subclass of extracellular vesicles, are lipid bilayer vesicles with an average
diameter of 100 nm that are secreted by all cell types. Exosomes consist of a multitude of ex-
tracellular and intracellular bioactive compounds, which play a crucial role in cellular com-
munication and cargo transport [1,2]. Extracellular components include tetraspanins (CD9,
CD81, CD63), lipid rafts, flotillin-1, integrins, and transmembrane proteins (Figure 1A).
This is in contrast with intracellular components, which include lipids, nucleic acids, and
various proteins, such as cytoskeleton proteins and heat shock proteins (Figure 1A). Exo-
somes are produced from a specific bilayer organelle called a multivesicular body (MVB)
(Figure 1B). The formation of the MVB includes several phases: (1) inward budding of the
cell membrane, (2) formation of the early-sorting endosome (ESE), (3) formation of the
late-sorting endosome (LSE), where exosome precursors called intraluminal vesicles (ILVs)
are germinating, and (4) transformation of the LSE to a mature MVB (Figure 1B) [1,2]. Exo-
some biogenesis is also associated with specific sorting mechanisms, such as the endosomal
sorting complex responsible for transport (ESCRT), which assists in cargo sequestration
and ILV budding. The diversity shown in exosome development and characteristics aids in
their isolation from other extracellular vesicles.

Exosomes possess favorable pharmacokinetic properties, biocompatibility, and tissue-
targeting abilities due to their phospholipid bilayer structure and various bioactive com-
ponents, such as mRNAs, microRNAs, cytokines, chemokines, and immunomodulatory
compounds. Moreover, exosomes have the ability to suppress inflammation, regulate cell
proliferation, and deliver biotherapeutics [3-6]. Nevertheless, the feasibility of exosomes as
therapeutic agents remains limited, which may be attributed to low exosome production
and poor drug loading. However, in recent years, there has been an increase in research
devoted to overcoming the limitations of exosome-based therapies. The incorporation of
alternative exosome sources, upstream strategies, and downstream strategies have been
used to improve the yield of exosomes. Additionally, adjustments have been made to sev-
eral commonly used drug-loading techniques, and new procedures have been developed
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to improve the drug loading of exosomes. This review summarizes the challenges and
provides potential solutions for exosome production and drug loading to facilitate the
clinical development of exosome nanocarriers.
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Figure 1. A schematic illustration of (A) the structure of a typical exosome and (B) the formation of ex-
osomes. The structure of the exosome consists of intracellular (lipids, nucleic acids, and proteins) and
extracellular components (tetraspanins, lipid rafts, flotillin-1, and transmembrane proteins), which
assist in its characterization and many cellular functions. Exosomes are produced from a multivesicu-
lar body (MVB), which arises from a late-sorting endosome (LSE). The biogenesis of exosomes also
involves specific sorting mechanisms responsible for transportation and an intraluminal vesicle (ILV)
budding in the LSE. The illustration was created with BioRender.com (https://app.biorender.com;
accessed on 16 January 2023).

2. Exosomal Drug Delivery: Challenges
2.1. Exosome Production and Isolation

Although exosomes have been shown to possess invaluable qualities for use in
nanomedicine, their low production rate in unaltered cell cultures remains a key challenge,
preventing bench-to-bedside use. In addition to the low production of exosomes, large
variability in their size also exists, resulting in a lack of reproducibility in batches [1,7,8].
Consequently, the need remains to develop techniques that increase exosome production,
maintain constant morphology, and limit any negative impact on cell cultures. It is worth
mentioning that attention should be given to the shelf-life, stability, and storage of exosomes
in their use as therapeutics.

Exosome isolation methods are important to increase the yield of exosomes. The
currently available techniques for exosome isolation are based on their chemical, physical,
and immunoaffinity assays and adapted from previous methods used for the isolation of
viruses and other vesicles. Ultracentrifugation, the gold standard for exosome isolation,
is one of the most applied techniques. However, its low recovery rate, low purity, and
time-consuming process are not ideal for the implementation of exosomes in nanomedicine.
Other commonly used techniques include polymer-based precipitation, ultrafiltration, size-
exclusion chromatography, immunoaffinity chromatography, and microfluidics (Table 1). It
is worth noting that the method of exosome isolation used may affect the yield and charac-
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teristics such as the size, structure, and biofunction of exosomes [3,9]. Thus, modifications
to current methods and the development of new procedures are required to increase the
yield and purity of exosomes.

Table 1. Comparison of different downstream exosome isolation techniques. The table summarizes
the advantages and disadvantages of each technique and their reported exosome recovery rate.

Isolation Technique Principle Recovery (%) Pros Cons References
Ultracentrifugation =~ Sedimentation rate 5-20 High sample capacity T1me-consum}ng [9,10]
and low cost and low purity
Density gradient Density, size, High purity and Long run time and
. . 1040 : . . [9,11,12]
ultracentrifugation shape protein concentration low yield
Polymer-based . . . . .
precipitation Sedimentation rate 90+ High yield Low purity [13-15]
Moderate purity;
Ultrafiltration Size 30 Mamtams Integrity; low yield due to [9,16,17]
simple and low-cost exosome trapping
in filter pores
High purity, integrity,
Size-exclusion Size 40-80 and .functlonahty; Low extraction [9,18]
chromatography reduction of exosome volume
aggregation
Immunoaffinity Surface marker 90+ Maintain integrity Low capagty and [9,19,20]
chromatography low yield
Low cost and low Low sample
Microfluidics Surface marker 40-90 . . capacity; cargo [9,21,22]
input sample required s
may be modified
Ma.gneh? bead Surface marker 80+ Maintain integrity . Possﬂ)l.e [23,24]
isolation impurities

Preservation is important for maintaining the biological functions of exosomes and
ensuring the ease of their transportation and clinical use [2,25]. Currently, there are various
techniques used to improve the storage, shelf-life, and stability of exosomes. These include
freeze-drying, spray-drying, and cryopreservation [2]. Freeze-drying, which is divided into
three stages—pre-freezing, sublimation drying, and analytical drying, leads to the cooling
of liquid components, followed by freezing. Exosomes that are stored using this method
maintain their original activity but are exposed to membrane damage. Spray-drying in-
volves the use of atomization pressure and hot air for the storage of exosomes, which may
affect the stability of these extracellular vesicles. Cryopreservation, which is conducted
at —80 °C, is the most commonly used method [2]. It enables the short-term storage of
exosomes through the reduction of biochemical activity so that functional stability can be
maintained. Furthermore, several studies have suggested that the addition of cryoprotec-
tants, such as trehalose or DMSO, is mildly protective in maintaining exosome ability [2,26].
Despite these benefits, cryopreservation is associated with membrane destabilization and
protein degradation, which may affect the therapeutic function of exosomes. In addition,
the storage of exosomes for four days at —80 °C has been noted to affect their morphology,
and at 28 days, their biological activity starts to be affected [2,27,28]. Therefore, further
analysis of the storage, stability, and shelf-life of exosomes is of utmost importance.

2.2. Exosome Drug Loading

In addition to low production and reproducibility, another key challenge in the use of
exosomes in nanomedicine is poor drug loading. Exosomes have shown favorable biocom-
patibility and therapeutic targeting abilities, thus making them valuable as a potential drug
delivery tool. However, several factors, such as the exosome size, the pharmacokinetics of
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the drug, and the drug size, may hinder the efficiency of drug loading and require more
specialized techniques [6,8,29,30]. For example, an exosome of a larger size may be loaded
with a drug more easily than one with a smaller size. Moreover, a lipid-soluble drug may
be loaded more quickly than a water-soluble drug. The exosomal structure, coupled with a
therapeutic drug, requires careful consideration in the drug-loading process. Thus, new
and improved procedures should be developed to enhance the effectiveness of exosome
drug loading.

Drug-loading techniques can be categorized based on the time of implementation—
pre-secretory or post-secretory [2]. Pre-secretory drug loading involves the loading of drugs
before the development of the exosome, whereas post-secretory refers to drug loading
after exosome development. Most drug-loading techniques are post-secretory and include
sonication, electroporation, passive incubation, and the freeze-thaw cycle (Table 2).

Table 2. A list of the different exosome drug-loading techniques and their advantages and disadvantages.

Methods Principle Advantages Disadvantages References
Pre-secretory Drug Loading
. . Drug incubated with Easy; effective in Low loading efficacy;
Co-incubation parent cell hydrophobic drugs possible drug toxicity 311
Gene editing Editing of genes Overexpression of specific Low logdmg e.fflicacy; [32]
molecules possible toxicity
Post-Secretory Drug Loading
Mechanical shear force Possible damage to
N Large amount of drug .
Sonication decreases membrane loaded intracellular components [3,33,34]
integrity and integrity
High-voltage electric Effective loading of Possible ageregation: low
Electroporation charge decreases hydrophilic drugs and B8TCE ’ [35]

membrane integrity

nucleic acids

loading efficacy

Passive incubation

Passive diffusion

Effective loading of
hydrophobic drugs; does
not affect exosome

Not useful for hydrophilic
drugs; low drug-loading

[3,34,36-39]

integrity capacity
Repeated freeze-thaw Low loading efficacy;
Freeze-thaw cycles to decrease Easy process possible aggregation and [3,40]
membrane integrity inactivation
Nanosecond electrical . .
. Effective loading of small . .
Nanoporation pulse decreases membrane molecules Possible aggregation [41,42]
integrity
Formation of porous Increased loading capacity May cause hemolysis
Saponin treatment structure on exosome compared to in vivo; requires further [3,43]
membrane electroporation purification
Mechanical stress . .
Extrusion decreases membrane Provides uniform May damage membrane; [3,44]

integrity

distribution

possible drug leakage

The advantages and disadvantages of each drug-loading technique (Table 2) depend
on the experimental settings, type of drug, and source of exosomes. Passive incubation,
for example, is a simple technique that involves the incubation of purified exosomes with
drugs to allow for incorporation into the exosome membrane [36,38,45]. For example,
the small molecule doxorubicin was passively loaded into exosomes by Wei et al. for
osteosarcoma treatment [46]. Passive incubation is primarily used due to its excellent
performance in the incorporation of hydrophobic compounds, such as curcumin [38].
Hydrophobic compounds can interact with the lipid bilayer of the exosome more effectively
than hydrophilic compounds, and thus, can be incorporated into the exosome. The loading
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of hydrophilic compounds can be enhanced with the addition of the mild surfactant
saponin, which, according to studies, induces transient membrane destabilization and
can be used for the loading of large compounds (>200 kDa) [3,43]. However, the use of
saponins may also affect biomolecules, and thus, requires purification before clinical use.
Mechanical methods, such as sonication, nanoporation, and electroporation have been
shown to successfully load small molecules and macromolecules into exosomes [8,30,47,48].
Research conducted by C Liu et al., for example, incorporated one of the mechanical
techniques, i.e., microfluidic sonication, to effectively load PLGA into exosomes isolated
from a human lung carcinoma cell line (A549) [33]. In addition, a study by Rodriguez-
Morales et al. used electroporation to effectively produce insulin-loaded exosomes for the
treatment of diabetes mellitus [35]. It is worth noting that these post-secretory drug-loading
techniques may affect the proteins and nucleic acid drugs that are incorporated into the
exosome and the structure of the exosome. The complexity of some of these methods, such
as nanoporation, may render large-scale use in a clinical setting difficult. Consequently,
there is a great need for effective drug-loading techniques that can be implemented on a
large-scale in nanomedicine.

3. Exosomal Drug Delivery: Solutions
3.1. Exosome Production and Isolation

For the use of exosomes in a clinical setting, large-scale production is required. Re-
search has identified the important areas that should be considered in addressing this
issue. These include the selection of exosome sources and modifications (upstream and/or
downstream) (Figure 2).

3.1.1. Source Selection

Exosomes can be produced from human and non-human sources. Human sources in-
volve exosome production and isolation from the cells and fluids of the body. For example,
stem cells have been shown to increase exosome production and provide larger-sized extra-
cellular vesicles—a characteristic important for effective drug loading [49-51]. Research
by Haraszti et. al. noted that human umbilical cord stem cells produce approximately
four-fold larger-sized exosomes than bone marrow mesenchymal stem cells [52]. Other
cell types need to be studied to evaluate exosome production and the therapeutic ability of
these extracellular vesicles. This may prove to be beneficial in increasing exosome yield
and improving reproducibility across batches.

The non-human sources, which arose from the increasing demand for exosome-
based therapeutics, include prokaryotes (Gram-positive bacteria and Gram-negative bacte-
ria) [53-55], bovine milk [38,56], parasitic helminths [57], plants [58], and protists [59,60].
Compared to human sources, these types of exosome sources are versatile, and hence,
more easily altered in upstream and downstream modifications than the human sources.
Their versatility is beneficial to the large-scale production and use of exosomes in vaccines,
therapeutics, and drug delivery. For example, the vesicles of the Gram-negative Neisseria
meningitidis were approved for use in vaccines [61]. However, a critical setback is that
these exosomes can be immunogenic or allergenic depending on the administration route,
dosage, and dose frequency. Furthermore, several studies have noted that the variability in
the upstream and downstream modifications used to generate these exosomes introduces
experimental bias, which consequently, affects the immunological outcomes [54,55]. In
general, it can be stated that the source from which exosomes are derived may affect their
production and properties, which may cause variable therapeutic outcomes in production.
As a result, careful consideration should be taken in selecting the appropriate source.

3.1.2. Upstream Modifications

Exosome production can be influenced by modifications to the cell culture conditions.
This may include appropriate cell selection and changes to the culture medium, the environ-
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mental parameters, and the method of cultivation. However, the alteration of cell culture
conditions may affect the structure of exosomes and the productivity of the cultured cells.
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Figure 2. Key challenges in exosome production—(A) drug loading and (B) exosome production—are
summarized. The therapeutic value and efficacy of the drug loading of exosomes can be improved
through several methods, including the use of exosome-liposome hybrids and gene editing. The
yield and drug-secreting efficacy of exosome production can be improved through ultrasound, ultra-
centrifugation, and the use of bioreactors. Improvements in drug loading and exosome production
aid in the commercialization of exosome-based therapeutics. The illustration was created with
BioRender.com (https:/ /app.biorender.com; accessed on 16 January 2023).

Soluble Factors

The addition of soluble factors to the cell culture medium can be used to increase
exosome production (Table 3). Bioactive cytokines, such as lipopolysaccharide (LPS) [62],
N-methyldopamine [63], norepinephrine [63], serotonin [64], adiponectin [65], adeno-
sine triphosphate (ATP) [66], Wnt3a [67], calcium (Ca?*) ionophores [64], and plant ce-
ramide [68] have been used in research to increase exosome production (Table 3). Further-
more, the upregulation of NadB, syndecan 4, and six-transmembrane epithelial antigen
of prostate 3 (STEAP3) has increased the exosomes produced in cell cultures [7,69,70].
Research has shown that the genetic overexpressions of tetraspanin CD9 and hypoxia-
induced factor 1 (HIFx) have increased exosome production by 2.4- and 2.2-fold, respec-
tively [71-73]. However, the property and therapeutic efficacy of exosomes may be affected
by the use of soluble factors. As a result, there is hesitancy in the use of soluble factors to
preserve the cell culture environment.
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Table 3. Comparison of different upstream modifications for increased exosome production and their

reported fold increase and effects.

Upstream Modifications Fold Increase Alterations and Effects References
Soluble Factors
. . Upregulation of let-7b increased
Lipopolysaccharide (LPS) 1.37 immunotherapeutic effect [62]
N-methyldopamine and norepinephrine 3 No significant change [63]
Serotonin and calcium 2-25 - [64]
Adiponectin 3 Present in exosomes [65]
ATP 4 No significant change [66]
Present in exosomes;
Wnt3a ) increased neuroprotective abilities (671
Plant ceramide 2.5 - [68]
Chemical/physical stimulation
Hypoxia 15 Depgndent on ce.ll type 5 1ncreased‘ [71,72,74,75]
expression of nucleic acids and proteins
Serum deprivation Varies Decreased exosome protein content [52,76]
Flow/stretch 37 Over 200 proteins expressed differently [77,78]
from typical exosomes
High-frequency ultrasound 8-10 Increased exosome protein content [79]
3D cultivation
3D spheroid culture 2-3 - [80]
20; 140 with
Microcarrier-based suspension tangential flow No significant change [52,81-83]
system
3D print f1br1'11ar scaffold with 100 Decreased exosome protein content [84]
perfusion system
Low-shear unsubmerged 3D-printed s . .
polylactic acid lattice matrix 2 Maintained protein expression [85]
Biomaterials
G . Not . . -
Nitric oxide-releasing polymer significant Enhanced pro-angiogenic activity [86]
thhlum—mcorporatec.i bioactive . N(.)t Enhanced pro-angiogenic activity [87]
glass ceramic significant
Iron-oxide coated o .
. e Increased antioxidant or tissue
poly-lactic-co-glycosidic acid 2 regeneration factors [88]
(PLGA) nanoparticle 8
Modulation of cargo through altered
Bioglass 2 expression of microRNA; enhanced [89]
ability to promote vascularization
EXOtic ~6.8 - [69]

Chemical and Physical Stimulation

Alterations to the cell culture environment may cause cellular adaptation and conse-
quently lead to changes in the characteristics of cells, thus resulting in increased exosome
production. On this basis, chemical or physical damage-mimetic micro-environments
have been created to increase exosome production and subsequent therapeutic functions

(Table 3).
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Chemical stimulations, such as hypoxia, have been shown to produce exosomes with
enhanced therapeutic effects [71,72,74,75]. Serum deprivation, another example of chemical
stimulation, exhibits variable effects on exosome production. Moreover, studies have
revealed that the ability of serum deprivation to increase exosome production depends on
the cellular origin [76,90]. Physical simulation involving flow and stretching factors, such as
bioreactors, can increase exosome production. Studies involving the use of bioreactors have
shown elevated exosome production by up to 37-fold [77,78]. Ambattu et al. employed
another technique, where cells were stimulated with high-frequency ultrasound, resulting
in an 8-10-fold increase in exosome production [79]. It is worth noting that the use of
chemical and physical stimulations may affect the cellular characteristics.

3D Culture

The mode of cultivation, such as 3D culture, can be used to expand the cell culture
area, and exosome production can be increased by continually applying a shear force to the
enlarged area (Table 3). Methods of 3D culture include the hanging drop in a 3D spheroid
culture and the microcarrier-based suspension culture. The efficiency of the hanging-drop
technique plateaued after a 2-3-fold increase [80]. The microcarrier-based suspension
culture, an extensively used suitable method for 3D culture, showed increased exosome
production of approximately 20-fold [81-83]. Additionally, in combination with a tangential
flow filtration system, exosome production was further increased by 140-fold [52]. Recently,
Patel et. al. cultured cells on a 3D-printed hollow fibrillar scaffold with a complementary
perfusion system and reported a 100-fold increase in exosome production [84]. However,
later experiments conducted by Patel et al. demonstrated that the structure and components
of exosomes were substantially affected. It was noted that the extracellular components
were significantly decreased, and the complex process of the 3D printing scaffold required
special training. In another study, Burns et. al. developed a low-shear technique for 3D cell
cultivation that was reported to maintain cell viability, purity, and phenotype [85]. Notably,
in 3D cell cultivation, the conditions of the cell culture and the shear force applied requires
careful evaluation to limit the effects on cell viability and phenotype.

Biomaterials

Biomaterials could improve exosome productivity and their therapeutic ability by
creating a special microenvironment for cellular interaction. Biomaterials used in cell
culture include nitric oxide-releasing polymer [86], lithium-incorporated bioactive glass
ceramic [87], iron oxide-coated polylactic-co-glycolic acid (PLGA) nanoparticles [88], and
bioglass [89] (Table 3). Kojima et al. showed that the application of exosomal transfer into
cells (EXOtic) devices for cell culture significantly increased exosome production and their
therapeutic capability [69]. The EXOtic devices also enhanced the specific mRNA packaging
and the delivery of the mRNA into the cytosol of the target cells, thus facilitating efficient
cellular communication. The combination of biomaterials with cultivation technologies
could also be used to further enhance exosome production.

3.1.3. Downstream Modifications

To address the challenges associated with exosome isolation, new methods have been
developed to improve exosome purity and achieve a greater yield. A one-step sucrose
cushion ultracentrifugation was developed to improve the yield and purity of exosomes
from the established ultracentrifugation. This procedure involves the addition of 30%
sucrose solution followed by cell culture media, without mixing the layers [91]. Gupta
et al. reported that the exosome cup-shaped morphology was greater than differential
ultracentrifugation, thus demonstrating reduced size variability [91]. Modifications have
also been made to other exosome isolation techniques, such as magnetic bead-based iso-
lation and immunoaffinity chromatography. Smith et al. created a simple, size-based
nanoscale deterministic lateral displacement array of microfluidic channels to collect exo-
somes, demonstrating ~50% recovery [92]. In a study by Z et al. an ExoSD microfluidic chip
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with an immunocapture-based method was developed to achieve exosome isolation [93].
The microfluidic chips reported >80% exosome recovery and >83% purity [93]. Heath et al.
developed a cost-effective, high-throughput isolation technique called anion exchange
chromatography to increase exosome yield [94]. Using higher flow rates and step elution,
the authors utilized the net negative charge of exosomes to obtain 2.4x10!! exosomes, a
quantity that was reported to be greater than that obtained using ultracentrifugation and
tangential flow filtration [94].

Research into improving exosome isolation has also regarded the use of aptamer-based
separation techniques [95,96]. Aptamers are single-stranded oligonucleotides that form
distinct structures which bind to targets such as the extracellular components of exosomes
(tetraspanins, transmembrane proteins). Zhang et al. developed a DNA aptamer-based
magnetic isolation process to efficiently increase the yield of exosomes [97]. The process
involved the addition of a biotin-labeled CD63 component to media and the subsequent
separation of the labelled exosomes with streptavidin magnetic beads [97]. Another study
by Song et al. also involved the use of a CD63-targeting aptamer for magnetic bead-based
exosome immunoaffinity isolation [95]. Jiawei et al. developed a magnetic bead-based
isolation technique in which tetraspanin markers (CD63, CD9, CD81) are combined with
metal oxides for exosome isolation [24]. In addition, Zhang et al. discovered a novel three-
step procedure involving PEG precipitation followed by iohexol gradient centrifugation
and size exclusion chromatography for exosome enrichment and recovery [15]. Zhang
et al. reported that the procedure produced high purity and yield of exosomes, resulting in
71% recovery and almost complete elimination of other lipoproteins [15]. Importantly, the
modified or newly developed procedures for downstream modifications may assist in the
large-scale use of exosomes as a drug delivery vehicle in a clinical setting.

3.2. Exosome Drug Loading

The clinical translation of exosomes requires reproducible and technologically accessi-
ble methods to load these extracellular vesicles with the desired drug (Figure 3). Several
techniques have been modified or newly developed to assist in effective exosome drug
loading, as discussed below.

3.2.1. Pre-Secretory Drug Loading

Pre-secretory drug loading can be performed in two ways: (1) the incubation of a
parent cell with the drug or (2) gene editing [98]. In incubation, the drug is directly mixed
with the cell culture medium. The drug is internalized into the cells and subsequently
loaded into exosomes via endogenous mechanisms. This technique is more effective in
hydrophobic drugs due to their ability to interact with the exosome membrane. Research
has shown that drugs such as methotrexate, doxorubicin, cisplatin, and paclitaxel have
been successfully taken up by parent cells and loaded into exosomes for therapeutic
treatment in different cancers [8,47,99]. Additionally, Zhang et al. demonstrated the
transfection of parent cells with a siRNA-targeting tyrosine kinase c-Met in the treatment
of gastric cancer [100]. The exosomes extracted, which were enriched with anti-c-Met
siRNA, resulted in a significant decrease in tumor growth in mouse xenograft models,
thus reversing the resistance of gastric cancer cells in vitro to cisplatin. Pre-secretory drug
loading can also be accomplished through gene editing by adding plasmids to parent
cells to produce exosomes enriched with nucleic acids or proteins. A study done by
Yuan et al. demonstrated effective loading of the potent anti-cancer tumor necrosis factor-
related apoptosis-induced ligand (TRAIL), a molecule known for its poor pharmaceutics, in
mesenchymal stem cell-derived exosomes [30,101]. In addition, O’Brien et al. showed that
miR-134 loaded exosomes were able to successfully reduce cellular invasion and migration
and had improved sensitivity to anti-Hsp90 drugs [102,103]. Recently, a study by Yang et al.
revealed that gene editing, coupled with nanoporation, successfully loaded a phosphatase
and TENsin homolog deleted on chromosome 10 (PTEN) mRNA [104]. According to
Yang et al., when loaded into exosomes, PTEN mRNA, a common tumor suppressor
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gene, produced a 50-fold increase in exosomes and a 1000-fold increase in exosomal
mRNA transcripts compared to other drug-loading methods [104]. The authors further
pointed out that large quantities of PTEN mRNA-containing exosomes were produced,
and following systemic injection, displayed an increased survival rate in PTEN-deficient
glioma mouse models [104]. Importantly, a novel pre-secretory drug-loading technique
was developed by Nawaz et al. using lipid nanoparticles [105]. The authors delivered a
therapeutic agent, VEGF-A mRNA, via lipid nanoparticles and studied the uptake kinetics
and transport of the exogenous nanoparticles [105]. The results showed that the lipid
nanoparticles altered the exosomes as functional extensions to distribute the therapeutic
agent among cells [105]. Additionally, the exosomes themselves increased the production
of the therapeutic component and other pro-angiogenesis agents for the treatment of
inflammatory cardiac conditions [105]. Of note, the cell type used affected the functionality
of the exosomes, whereby cardiac progenitor cells resulted in the lowest production of
inflammatory agents [105]. The pre-secretory drug-loading method and the cell type used
are important factors to consider for effective drug loading and the subsequent use of
exosomes in a clinical setting.

3.2.2. Post-Secretory Drug Loading

Post-secretory drug-loading methods generally work in two ways: (1) the passive
incubation of the drug with the exosomes to allow the drug to attach to the exosome lipid
bilayer membrane, or (2) the use of mechanical or chemical techniques to momentarily
weaken the integrity of the exosome membrane to allow for the diffusion of the drug
into the extracellular vesicles. With the increased interest in the use of exosomes as drug
delivery tools, new approaches for post-secretory drug loading have been considered over
the last few years. Wang et al. developed an acoustofluidic device, which is a combination
of fluid mechanics and acoustics, to perform both exosome drug loading and encapsulation
with silica nanoparticles [39,106-108]. In this single-step process, drug loading significantly
improved with a reported 70% efficacy [39].

Methods based on liposome—exosome fusion have also recently been proposed [109,110].
Additionally, Li et al. successfully incubated and merged the cargo of exosomes with
liposomes containing fusogenic lipids, providing an alternative approach to the efficient
loading of larger molecules [110]. Liposome—exosome hybrids allow for the incorporation
of drugs without compromising the exosome membrane. It combines the advantages
of the liposomes (ease of drug loading) with that of the exosomes (biocompatibility and
targeting abilities) for effective drug loading and delivery. In another study, Yim et al.
established a unique optogenetic exosome system via optically reversible protein—protein
interactions (EXPLORs) [48]. The effective loading of cargo proteins into the exosomes was
demonstrated using a reversible protein—protein interaction module controlled by blue
light via the exosome endogenous biogenesis pathway [48]. It was noted that the protein-
loaded EXPLORs delivered to the cytosols of target cells resulted in a significant increase
in the intracellular levels of cargo proteins and their functions in vitro and in vivo [48].
Osteikoetxea et al. developed a new method for the successful loading of the clustered
regularly interspaced short palindromic repeats (CRISPR/Cas9) into exosomes through the
reversible heterodimerization of Cas9 fusions with exosome-specific components, such as
tetraspanins [111].

New drug-loading methods have also considered the use of ubiquitination tags as a
sorting sequence to facilitate effective drug loading [112]. An engineered ubiquitin tag was
developed, and its fusion with proteins, such as enhanced green fluorescent protein, led to
the loading of proteins into the exosome [112]. Another method involving a short ubiquitin
tag with specific binding to the L-domain motif of Ndfip1 resulted in the efficient loading
of proteins into exosomes [32]. The use of a non-functional mutant Nef protein facilitated
the sorting of proteins into exosomes through its association with the exosomal lipid-raft
microdomains [112]. In addition, Sutaria et al. developed a mechanism for the effective
loading of miR-199a into exosomes via the trans-activating response element sequence,
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trans-activator of transcription, and Lamp2a (a component responsible for the loading of
proteins into exosomes) [113]. In one study, HuR, an RNA-binding protein, was fused to the
tetraspanin CD9 to be localized in the exosomal lumen to facilitate the loading of miR-155
into the exosome [114]. These alternative drug-loading methods, coupled with exosome
isolation methods, may assist in the large-scale use of exosomes in a clinical setting.
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Figure 3. (A) Pre-secretory and post-secretory exosome drug-loading techniques and (B) methods
of drug-loading enhancement. Pre-secretory drug loading, carried out before exosome secretion,
involves (1) the incubation of the parent cell with the drug (transfection) and (2) gene editing. Post-
secretory drug loading, carried out after exosome secretion, generally works in two ways: (1) passive
incubation of the drug with the exosomes to allow the drug to attach to the exosome lipid bilayer
membrane, or (2) the use of mechanical or chemical techniques, such as sonication and electroporation,
to momentarily weaken the exosome membrane integrity to allow for the diffusion of the drug into the
extracellular vesicles. The illustration was crebated with BioRender.com (https://app.biorender.com;
accessed on 16 January 2023).

3.3. Targeted Exosome Delivery

In addition to effective drug loading, the development of targeted exosomes that
are capable of high specificity and prolonged therapeutic function is of importance, as
the ability of exosomes to administer the therapeutics to specific organs/tissues would
reduce the possibility of undesired cellular interactions. Moreover, the administration of
targeted exosomes would result in prolonged systemic circulation through the evasion
of the mononuclear phagocyte system, which would aid in improving the therapeutic
value of exosomes in nanomedicine. As such, a study incorporated various techniques
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to develop effective targeted exosomes and protection from the mononuclear phagocyte
system [30]. The most common approach involves the grafting of hydrophilic polymers,
such as polyethylene glycol (PEG), onto the exosome lipid bilayer membrane. The contact
between exosomes and opsonin is impeded by these hydrophilic polymers, thus leading to
prolonged systemic circulation. To circumvent this, Antes et al. engineered a protective

‘cloaking’ platform for modified exosomes to reduce their clearance by the phagocyte

system [115]. However, despite its simplicity, cloaking must be done on each exosome, and
as such, can be time-consuming,.

Another approach to the development of targeted exosomes involves the modification
of the glycan composition of the surface of exosomes, which plays an important role in
uptake and cellular recognition [116]. Royo et al. reported that changes made to the sialic
residues from glycoproteins produced targeted exosomes for specific organs [117]. Guo
et al. developed targeted exosomes for bone tissue by the insertion of Golgi glycoprotein
1 into the exosome membrane [118]. The glycoprotein carried Wnt agonist 1, which
reportedly reduced bone loss, accelerated fracture healing in colitis, and increased bone
formation in mice [118]. Moreover, the presence of negatively charged phospholipids on
exosomes increased their clearance through macrophages. Accordingly, research involving
the blocking of the phospholipids has resulted in the prolonged circulation of exosomes.

Other approaches to improve the targeting ability of exosomes include the alterations
of integrins and the use of aptamers [4]. The different integrins located on the surface of
exosomes affect their pharmacokinetics and can be used to increase the accumulation of
exosomes in tissues. Rana et al. were able to increase the selective uptake of exosomes in
pancreatic cells by combining the protein Tspan with the extracellular exosome component
integrin o4 [119]. In addition to their use in exosome isolation, aptamers have also been
shown to improve the targeting ability of exosomes. Research by Zou et al. developed
aptamer-functionalized exosomes for cell-type-specific delivery of therapeutics [120]. The
recognition capability of aptamers and the transport functions of exosomes were combined
to effectively deliver molecular therapeutics or fluorophores to target tumor cells [120].

The incorporation of targeted exosomes with various drug-loading methods can
increase the therapeutic value and efficacy of exosomes as a drug delivery tool. Liang
et al. targeted colon cells specifically by fusing Her-2 to the N-terminus of Lamp2 on
exosomes [121]. Following the alteration of the exosome membrane, two therapeutics—5-
fluorouracil (electroporation) and miRNA-21 inhibitor (incubation)—were incorporated
into the exosomes [121]. The authors noted that the method enhanced cellular uptake via
the EGFR receptor-mediated endocytosis in colon cancer cells and successfully suppressed
the tumor [121]. A study by Xu et al. demonstrated the specificity of kartogenin-loaded-
targeted exosomes to the synovial fluid-derived mesenchymal stem cells by the addition of
a specific mesenchymal stem cell-binding peptide (E7) to the exosome surface. The peptide
was bound to Lamp2b, found on the surface of exosomes, and promoted mesenchymal stem
cell chondrogenic differentiation and cartilage repair [122]. In a study by Jia et al., exosomes
were loaded with superparamagnetic iron oxide nanoparticles and curcumin, followed by
the conjugation of the exosome membrane with neuropilin-1-targeted peptides using click
chemistry [123]. Through imaging and therapeutic analysis, Jia et al. reported the successful
production of glioma-targeting exosomes [123]. Targeted exosomes in combination with
drug-loading mechanisms are invaluable to the effective use of these extracellular vesicles
as a drug delivery tool in the therapeutic treatment of various diseases in a large-scale
clinical environment.

4. Conclusions

Exosomes are nanosized lipid-based extracellular vesicles that play an important role
in cellular communication and cargo transport. The immunomodulatory, pharmacokinetic,
and biocompatibility ability of exosomes have rendered these extracellular vesicles invalu-
able as a therapeutic approach for countless diseases. Studies involving the implementation
of exosome-based therapies in the treatment of various diseases have shown great promise.
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However, the use of exosome-based therapies in clinical settings is hindered by several chal-
lenges that require attention. One of the most significant challenges is exosome production
and isolation. Importantly, exosome drug loading has proven difficult, as its effectiveness
depends on the type of drug to be loaded and the source of the exosome. However, as the
interest in exosomes as potential therapeutic agents grows, new mechanisms and modifica-
tions have been made to improve exosome isolation and drug loading for their possible
use in nanomedicine.
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